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Prepositions

1.

N-hydroxypropyl methacrylamide (HPMA) should be the central element in
any antifouling polymer brush. (this thesis)

2.

The energy- and atom-efficiency of PET-RAFT polymerizations, in combination
with their robustness and options for reaction control, make them a hallmark
for 21st-century chemistry. (this thesis)

3.

Time is the main antagonist in the story, in which polymerization control is the
protagonist.

4.

The task of building a high-grafting density polymer brush by a “grafting to”
approach is as challenging as constructing a dense rainforest from the fully
grown trees.

5.

Fitting of XPS spectra based on DFT calculations will save you from accidentally
fitting a giraffe or elephant into the experimental data.

6.

A good scientist is not defined by race, nationality, gender, or sexual
orientation, but by the ability to dream, hope, learn and think creatively.

7.

Those who forget the real world outside of the lab are deemed to live in an
imaginary one.

8.

The true nature of things is only understood in comparison.
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Chapter 1
General Introduction

Protein Fouling
In a wide range of situations, surfaces will come into contact with solutions that contain
proteins. Such situations may be everyday ones that are easy to see, such as evident from
the growth of biofilms on ship hulls, or less obvious ones, such as protein adsorption on
surfaces of the biosensor. In such situations, the proteins will non-specifically adsorb onto the
surface in contact with the fluid. This process is also called protein fouling (Figure 1).1-6 For
examples related to human health, the biological fluid in this process may be blood that
interacts with a biosensor's surface detecting pathogens or artificial valves in the heart.7 The
fluid may be a lymph or extracellular matrix that interacts with an artificial implant. 8 It also
can be seawater, in which protein adsorption is the first step in the marine fouling process.910 One might think that this simple protein adsorption process should not affect those devices'

performance. However, in the case of biosensors, the biosensor that detects pathogens in the
blood will typically have a problem distinguishing accurately between the pathogenic or
biomarking molecule and any non-specifically adsorbed protein.11 The lifetime and
biocompatibility of, for example, artificial heart valves and implants are evidently affected by
those randomly adsorbing proteins.6, 12 The speed and fuel consumption of the ship sailing in
the sea is strongly influenced by the aforementioned marine fouling.13-15 Thus, protein fouling
is a problem that prevents and hinders the performance of many biomedical and
biotechnological devices.

Figure 1. Schematic representation of protein fouling on surfaces and antifouling surfaces.
There is no simple or single answer to the question: “Why proteins stick so well to almost
any material?”. The problem of protein fouling is complex because of the complex and widely
different structures of proteins. The interactions between different types of proteins in
7
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biological fluids and surfaces are dependent on numerous factors, such as charge, hydration,
structure, and bioaffinity. The process of protein fouling is supported by different proteinprotein interactions, e.g., generically via the Vroman effect,16 but also in a steered manner via
cascades of different biological responses, including thrombocytes and c-complement
activation.17-18 The interaction between proteins and a surface typically happens in aqueous
solutions. Thus, the interactions with water molecules and the organization of water
molecules on both the surface and on proteins are probable key puzzle pieces for the
understanding of protein fouling. The protein may displace or interfere with a relatively
structured layer of water close to the surface.3-4, 19 This process likely constitutes a large
component to the overall driving force for the first proteins to either adsorb or not adsorb
onto the surface. Thus, one type of antifouling materials can be thought of as strongly binding
water, making protein interference with it impossible—ultimately creating a water shield on
the surface, additionally making the surface “

” for proteins. According to some

studies, upon the approach of the protein towards the surface coated with the antifouling
layer, the layer puts pressure on water molecules what creates a thermodynamically
unfavorable osmotic penalty.19-20 On the other hand, highly hydrophobic materials are also
considered to have good antifouling properties. The antifouling mechanism there is based on
those materials' property to reject water and consequently readily release any adsorbed
proteins and cells.21-22
Antifouling Coatings
Antifouling coatings are layers that prevent the non-specific adsorption of proteins. For
both the highly hydrophilic and hydrophobic surfaces, there are numerous approaches for
creating antifouling coatings. The layers can be differentiated by chemical compositions
based on hydrophilic molecules: dextrans,23 proteins,11 amino acids,10, 24 oligoethylene
oxides,25-27 zwitterionic moieties,5, 9, 28-32 and hydrophobic molecules: perfluoropolyethers22
and polysiloxanes.21 The layers can further be divided by their architectures: self-assembled
monolayers (SAMs),2 physadsorbed layers,11,

23

and polymer brushes.1,

5-6, 25-26, 32-42

The

surface's passivation with single or multiple proteins solutions limits the nonspecific
interactions. SAMs have proven to be highly effective in prevention fouling from singleprotein solutions. However, they fail in contact with complex biological fluids.6 The manifold
of protein-protein interactions and cascades of bio-responses make searching for antifouling
8
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coatings in biofluids challenging. The presence of “domino-like” systems in blood, plasma, and
lymph turn the adsorption of one protein into the adsorption of tens or hundreds of proteins
on the material. Thus, the creation of non-fouling surfaces is typically hard in static complex
fluids, but within living environments it seems an almost herculean task. Currently, the
coatings that are most effective in preventing protein fouling from complex biological media,
eukaryotic, and bacterial cells are based on polymer brushes.6, 12, 32, 37, 42
Polymer Brushes
So, “What is a polymer brush?” All polymer brushes are constituted from surface-bound
polymers. However, not every attached polymer to the surface yields a polymer brush. The
polymer on the surface may be structured in three different regimes of conformations
depending on the density of polymer chains: “pancake”, “mushroom”, and “brush”.43-44 The
“pancake” and “mushroom” are the low-density regimes (Figure 2). The polymer chains
usually are collapsed or in a coiled state where the individual polymer chains almost do not
interact with each other and are close to the surface. The polymer “brush” regime, on the
other hand, is a high-density system where all polymer chains are close to each other, with
an overall orientation stretching upwards of individual chains. Many surface-bound polymer
systems are labeled as polymer brushes, with disregard for the grafting density. However,
since the biological effects, including protein fouling, are highly dependent on that density, it
makes sense to distinguish these regimes clearly.30 Therefore, in this thesis, the term “brush”
will be used only for high-density polymer chain regimes.

Figure 2. Schematic representation of different regimes of polymer on a surface.
Polymer brushes are typically synthesized in either of two different approaches, “grafting
to” and “grafting from”. The “grafting to” typically includes attaching the ready polymer to
the surface. The straight-forward nature and one-step attachment advantages of this method
9
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are balanced by commonly complex polymer syntheses and isolations and lower grafting
densities accessible for this method. The polymer brushes are commonly synthesized by a
“grafting from” approach that allows creating polymer systems with higher grafting densities
and thicknesses. The polymer is grown from an initiator layer on the surface. Each polymer
chain is like a tree in a dense rain forest, rising towards the sun. The initiator layer is serving
as the seed for future chains of polymers. The growth of a monomorphic and well-structured
polymer brushes layer from the surface requires a highly controlled polymerization
technique. In practice, it requires as many as possible initiator seeds sprout to produce the
trees with more or less the same height. Just like we rarely see a rain forest with trees that all
have the same height, finding the right instrument on a nano level to achieve this is a
challenge on its own. The currently best instruments to achieve this are surface-initiated
controlled radical polymerizations, such as atom transfer radical polymerization (ATRP),1, 5-6,
12, 25, 35, 38

reversible addition−fragmentation chain-transfer polymerization (RAFT),45-48 and

their derivative techniques. Those polymerizations create polymers with a low polydispersity
(Mw/Mn < 1.5), also on a surface.28, 49-50 Thus, most polymer chains grew from the surface have
similar heights, thereby creating a low-roughness coating. Despite being commonly applied
in industry, the traditional free radical polymerization does not allow us to achieve the
livingness or control over the polymerization provided by ATRP and RAFT, and surfaceinitiated variants thereof yield highly polydisperse and typically thin (< 10 nm) coatings:
without control, no success.51
Controlled Living Polymerizations
Polymerization is the process of reacting individual molecules together to form polymer
chains.52 The polymer may be created via two main polymerization reactions: step-growth or
chain-growth.53 In step-growth polymerizations monomers combine to larger units at each
step, which then again couple to (increasingly larger) reactive moieties to form a longer
polymer molecule; in chain-growth polymerization, monomers add to the growing polymer
chains with an active center such as a free radical. To see how these can be turned into wellcontrolled polymerization reactions, let us compare uncontrolled free-radical polymerizations
with its controlled variants. In free-radical polymerizations, four main stages can be
distinguished: initiation, propagation, termination, and chain transfer. (Figure 3) During the
initiation, the active center of polymerization is created. As the initiator(I●) – “locomotive” is
10
11

1

the first carriage in a long train. The propagation stage includes adding the monomers (M) –
“passenger carriages” to the train – polymer (Pn, Pm). The termination is a process in which
the addition of new monomers to the chain is stopped, and the active center of
polymerization is deactivated. It may happen due to the connection of two radical chains,
interactions with impurities, or radical disproportionation. This termination process is
eventually inevitable. This termination thus has to be outcompeted by chain transfer steps.
Chain transfer occurs when the radical is transferred from a growing chain to a solvent,
monomer, initiator, or another polymer chain. Free-radical polymerization is the most
commonly applied polymerization technique to create polymers. However, it provides only
poor control over the final polymer's polydispersity and its molecular weight, and
uncontrolled chain terminations and chain transfer reactions are the main causes of this. In
the controlled variant of living polymerizations, such as ATRP or RAFT, chain termination is
reduced to a minimal level. In contrast, chain transfer is now actually made intrinsic to chain
elongation, yielding entirely different polymerization kinetics.

Figure 3. Schematic depiction of free radical polymerization.
Atom transfer radical polymerization (ATRP) is a reversible-deactivation radical
polymerization. This technique was independently discovered by Mitsuo Sawamoto54 and by
Krzysztof Matyjaszewski and Jin-Shan Wang.49 At the heart of this polymerization is a
reversible complex between alkyl halides (in further stages macromolecular halides) and a
transition-metal catalyst (Figure 4). The transition-metal catalyst acts as a halogen atom
carrier in a reversible redox process, creating a transient radical species that will transfer a
radical species to a monomer and start a polymerization. The high degree of control over
polydispersity and molecular weight of the final polymer allows applying this technique to
create polymer brushes. The polymer brushes can be grown from halogen-terminated self11
12

assembled monolayers with readily abstractable halogen atoms. The polymerization
proceeds with vinyl or acrylic monomers and a transition-metal ligand complex as catalyst.

Figure 4. Schematic depiction of the ATRP mechanism on a surface.
Reversible addition-fragmentation chain transfer (RAFT) polymerization applies a chaintransfer agent (typically containing a thiocarbonylthio moiety) to achieve control over
molecular weight and polydispersity during a free-radical polymerization.55-56 The
polymerization was discovered in the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) team of scientists led by David Solomon and Ezio Rizzardo.57 The RAFT
polymerization utilizes thiocarbonylthio compounds as chain-transfer agents or RAFT agents
to achieve control over the polydispersity and molecular weight of the final polymer. In this
12
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type of polymerization, the initiator and monomer are present as in traditional free-radical
polymerizations. RAFT polymerization mechanism starts with creating radical species similar
to the free radical polymerization step I (Figure 5). Following the addition of the radical
species to the RAFT agent (chain transfer agent, CTA), the radical species enter an equilibrium
between active and dormant species (steps III and V). The RAFT agent regulates the processes
that typically affect the control and livingness of polymerization (chain terminations and chain
transfer reactions). The free radical from the initiator or growing chain is transferred to the
chain transfer agent creating the main RAFT equilibrium (step V, Figure 5).58 The RAFT
polymerization was applied to synthesize polymer brushes by immobilization of the RAFT
agent on the surface.47, 59 The further introduction of photoredox systems to ATRP and RAFT
polymerizations allows conducting photo-triggered controlled polymerizations.

Figure 5. Proposed Mechanism of Reversible Addition−Fragmentation Chain Transfer
Polymerization.28
Surface-initiated light-triggered controlled polymerization
After being around for about two decades in thermally induced variations, in the last
decade also light-induced variants of ATRP and RAFT have been developed. The introduction
of photo-triggered controlled/living polymerizations transforms the polymer synthesis into
likely one of the most tolerant and versatile chemical reactions feasible: it has the potential
to offer user-friendly, atom-and energy-efficient syntheses with precise molecular weight
13
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control, yet allows the inclusion of an extremely wide range of reactants in several distinct
stages of the process, to allow highly diverse compositions of the growing polymer chains.6062

One of the main advantages of this technique is use of light as an on and off switch of the

polymerization.61-62 Typically, the polymerization catalyst is activated by exposure to light.
This aspect opens the route for creating complex 3D nanostructures. Solar energy is the most
widely available energy source on Earth and the most common energy source and regulator
in nature. Most biopolymers are created utilizing visible spectrum solar light directly or
indirectly. Most photo-triggered controlled polymerizations resemble traditional ATRP and
RAFT processes. Typically, those processes utilize the same initiators or chain transfer agents
such as alkyl halides (ATRP) or thiocarbonylthios (RAFT). The photocatalyst in this process is a
transition metal complex, or the more eco-friendly options like organic dye molecules, such
as methylene blue, fluorescein, rhodamine 6G, Nile red, and eosin Y.63 The mechanism of
photo-triggered controlled polymerizations can be divided into two categories: bond cleavage
or energy transfer processes, and photoredox processes. In the first case, the temporally
excited state species (typically: radicals) are created. In the second, single electron transfer
is the triggering process for polymerization.63-64
Surface-initiated Photoinduced Electron Transfer-Reversible Addition–Fragmentation
Chain Transfer Polymerization (SI-PET-RAFT)
The combination of RAFT agents and photoredox catalysis introduced PET-RAFT
technology. The photo-triggered nature of this polymerization allows easy control of
reactions by turning the light source on/off.63-64 The RAFT agent provides the opportunity to
regulate the molecular weight and polydispersity of the final polymer. Furthermore, the use
of heavy metal-free catalysts yields tools for green polymer synthesis. The immobilization of
the RAFT agent on the surface thus presents a route for applying RAFT and PET-RAFT
techniques of polymerization to surfaces, and the creation of polymer brushes by those
methods.45,

47

The mechanism of this polymerization is similar to traditional RAFT

polymerization with the addition of a photocatalyst that initiates the polymerization. The
excitation of the photocatalyst under visible-light illumination triggers an electron transfer to
the thiocarbonylthio moiety and starts the RAFT polymerization.64 SI-PET-RAFT mechanism
can be further demonstrated in the example of Eosin Y(EY) as photocatalyst and
triethylamine(TEA) as co-catalyst. (Figure 6) The EY and TEA systems can initiate a free radical
14
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polymerization under light in an oxygen-containing environment. The electronically excited
state of EY (EY*) was previously demonstrated to be capable of readily accepting an electron
(i.e., photo-induced electron transfer or PET). TEA or any other tertiary amine can act as an
electron donor able to transfer an electron to EY* to produce an EY radical anion.63-65 Despite
the relative complexity of the PET-RAFT mechanism, the polymerization can be easily applied
for a wide range of applications, including polymer brush synthesis due to its robust oxygen
tolerance and a widely available cheap catalyst.

Figure 6. General scheme of the proposed mechanism of SI-PET-RAFT. 66-67
Antifouling Polymer brushes
As indicated above, water-binding polymer brushes provide significant potential as
antifouling coatings. As ‘best in their class’ examples, polymer brushes based on N-(2hydroxypropyl) methacrylamide, oligo(ethylene glycol) methacrylate, and zwitterionic
methacrylic monomers (carboxybetaine, sulfobetaine, and phosphocholine, methacrylate
and methacrylamide derivatives) and their derivatives have shown an unparalleled resistance
against protein fouling from complex biological fluids, such as blood serum, and media
containing eukaryotic and bacterial cells (Figure 7). Yet, some differences are worthwhile to
note. Oligoethylene glycol-based polymer brushes have shown effective resistance towards
biological fluids, with the non-specific adsorption onto those surfaces from blood plasma in
the range from 10 - 50 pg⋅mm2.6, 26 Moreover, the use of polymerizations with a relatively
good living character allows for smooth polymer brushes and chain end biofunctionalization
15
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with the preservation of most antifouling properties. The main drawbacks of the
oligo(ethylene glycol) based polymer brush coatings are the lack of functional groups, low
loading biofunctionalization, and the long-term instability of the layers.

Figure 7. Main chemical types of antifouling monomers arranged by resistance to nonspecific protein adsorption of corresponding polymer brushes.
Zwitterionic-based poly(carboxybetaine) and poly(sulfobetaine) brushes show an even
better resistance against protein fouling, with even full blood serum fouling down to the range
of 10 - 30 pg⋅mm-2.5-6, 35 Their strong affinity towards water is theorized to be one of the main
reasons for their antifouling properties. Besides this, the possibility of biofunctionalization, by
applying the trivial technique of NHS/EDS active esters (in case of carboxybetaines),5, 32 or via
charge-neutral alkyl azide-based sulfobetaines,29 have shown these classes to function well in
the creation of bioactive interfaces.
Finally, the best antifouling performance was observed for N-(2-hydroxypropyl)
methacrylamide (HPMA) and some of its derivatives, effectively reaching the limit of
detection of highly sensitive techniques such as SPR in protein fouling in the range from
3 - 10 pg⋅mm2.6, 35, 37, 42 It can be said that the success of these HPMA brushes is somewhat
of a riddle: where the theory behind the success of zwitterionic brushes is well developed, it
seems counterintuitive that HPMA would equal this, or even be slightly better in a direct
comparison.29 However successful in its antifouling characteristics, there is a drawback to
these HPMA-based brushes, as the biofunctionalization of these polymer brushes is complex
due to the lack of an easily activated group. Thus, the combination of HPMA with
16
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carboxybetaine in random polymer brushes comes to mind, and this combination was shown
to be an excellent platform for creating biointerfaces for biosensors and biomedical devices.32,
68-69

17
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Thesis outline
Polymer brushes based on zwitterionic, N-(2-hydroxypropyl) methacrylamide, and
oligo(ethylene glycol) methacrylate derivatives can function as excellent coatings to prevent
protein fouling from various biological fluids. However, to be applicable in a truly wide range
of biomedical and biotechnological applications, it is crucial that they can be prepared in a
simple and robust manner and that they allow for a flexible and preferably easy-to-apply
biofunctionalization. This thesis aims to develop new approaches in the creation of antifouling
coatings and their biofunctionalization.
In chapter 2, hierarchical bioactive surfaces were created by visible-light-induced surfaceinitiated living radical polymerization employing tris[2-phenylpyridinato-C2,N]-iridium(III) as
a photocatalyst. Hierarchical antifouling diblock copolymer structures were grown consisting
of N-(2 hydroxypropyl)-methacrylamide (first block) and carboxybetaine methacrylate
(second block). The living nature of the polymerization allowed after attachment of the first
block the reinitiation of polymerization with the second biofunctionalizable block, and also to
create a patterned layer by building controlled biofunctionalized spots onto a uniform and
the generically antifouling underlayer. Despite the well-controlled nature of this approach, it
still requires an inert atmosphere and minor degassing, which prompted us to introduce the
PET-RAFT technique for the creation of antifouling coatings in the following chapters.
Chapter 3 describes our work towards an easy, robust, and environmentally friendly
method of creating antifouling coatings in an aqueous environment, i.e., under atmospheric
conditions without any prior degassing and using heavy-metal catalysts. This new method for
synthesizing antifouling polymer brushes hinges on a novel surface-initiated photoinduced
electron

transfer–reversible

addition-fragmentation

chain

transfer

(SI-PET-RAFT)

polymerization with Eosin Y and triethanolamine as catalysts. This technique was applied to
the preparation of polymer brushes derived from three different monomers: oligo(ethylene
glycol)

methacrylate,

N-(2-hydroxypropyl)methacrylamide,

and

carboxybetaine

methacrylamide. The polymer brushes demonstrated excellent antifouling properties when
exposed to either single-protein solutions or to complex biological matrices, such as diluted
bovine serum.
The work in chapter 3, however, still required a well-defined initiator layer to start the
brush growth from. While this works fine in an academic research lab, it hampers the easy
18
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transferability towards larger-scale applications. Therefore, in chapter 4 we describe
the approach of PET-RAFT polymerization to be extended in the synthesis of a surfacebound bottlebrush polymer. This polymer is constructed with a poly-L-lysine backbone
and N-(2-hydroxypropyl)methacrylamide side chains, with the latter containing 5%
carboxybetaine methacrylamide

monomers

that

eventually

allow

for

additional

(bio)functionalization in solution or after surface immobilization. This approach allowed
the one-step creation of antifouling and biofunctional surfaces, and both are discussed in
detail.
Chapter 5 further explores the possibilities of SI-PET-RAFT polymerization for creating
antifouling polymer brushes on gold surfaces. We have further explored this
polymerization's livingness for the creation of diblock and random copolymer brushes
based on

N-(2-hydroxypropyl)methacrylamide and carboxybetaine methacrylamide

monomers. It will allow the functionalization of those brushes with biologically active
moieties.
Finally, chapter 6 aims to place the obtained results in a broader context and
provides recommendations for further research.
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Chapter 2
Bioactive Antifouling
Surfaces by Visible-LightTriggered Polymerization

Kuzmyn, A. R., Nguyen, A. T., Zuilhof, H., & Baggerman, J. (2019). Bioactive Antifouling
Surfaces by Visible‐Light‐Triggered Polymerization. Advanced Materials Interfaces, 6(12),
1900351. https://doi.org/10.1002/admi.201900351

Abstract
Hierarchical bioactive surfaces are created by visible-light-induced surface-initiated living
radical polymerization employing tris[2-phenylpyridinato-C2,N]iridium(III) as a photocatalyst.
The hierarchical antifouling diblock copolymer structures consist of N-(2-hydroxypropyl)methacrylamide (first block) and carboxybetaine methacrylate (second block). The living
nature of the polymerization is shown by a linear increase in layer thickness (as measured by
atomic force microscopy) and reinitiation of the polymerization to create a patterned second
block of polymer. The chemical structure of the brushes is confirmed by X-ray photoelectron
spectroscopy and attenuated total reflection Fourier transform infrared spectroscopy
measurements. The block copolymer brushes demonstrate excellent antifouling properties
when exposed to single-protein solutions or to bovine serum. The second carboxy betaine
block of the hierarchical antifouling structures can effectively be biofunctionalized with an
anti-fibrinogen antibody. The coated surfaces show a high affinity and specificity to
fibrinogen, while preventing non-specific adsorption from other proteins in bovine serum.
Introduction
Bioactive surfaces have an indispensable role in a variety of biomedical applications such
as biosensing, tissue engineering, and bioimplants.1 Those surfaces optimally display
immobilized bioactive molecules that can interact with cells, proteins or other active
biological elements of interest.2 Nevertheless, many bioactive surfaces exposed to complex
biological media have difficulties curbing the non-specific adoption of proteins.3 Therefore,
practical application of such bioactive layers requires the incorporation of antifouling layers.4
Different strategies are employed for creating such antifouling coatings, including
functional self-assembled monolayers (SAMs),5 polymer layers by “grafting-to” methods,6-7
and polymer brushes by “grafting-from” methods.8-13 For example, oligo(ethyleneglycol)terminated alkyl SAMs are able to resist or decrease fouling from single-protein solutions.14
Also poly(ethyleneglycol) (PEG) polymer-coated surfaces obtained by grafting-to methods
show significant resistance to non-specific protein adsorption.15 Nevertheless, neither of
these approaches is able to fully prevent fouling from complex biological matrices such as
blood plasma or serum.16-17 In contrast, polymer brushes created by grafting-from methods
have demonstrated remarkable resistance to biofouling from complex biological matrices,
especially those based on zwitterionic polymers,18-19 such as polycarboxybetaines based on
29
30

the corresponding methacrylate/amide (CBMA),12,

20

polysulfobetaines from their

methacrylate/amide precursor (SBMA),9, 21-22 but also formally uncharged polymer brushes
derived from N-(2-hydroxypropyl) methacrylamide (HPMA).10, 23
Surface-initiated atom transfer radical polymerization (SI-ATRP) is the most frequently
used approach for creating antifouling polymer brush coatings.10, 13, 24 However, SI-ATRP is a
thermal reaction that requires a rigorous control over oxygen-free reaction conditions, which
makes the reaction difficult to scale up and only provides uniform coatings. In response, new
and easy-to-use approaches towards versatile polymer brush coatings were developed, 25-26
such as activator regenerated by electron transfer (ARGET)12, 27 and initiators for continuous
activator regeneration (ICAR).28 In addition, light-induced polymerizations have been
developed, so as to allow spatial and temporal control over the surface coating. 29 For
example, surface-initiated photoinduced single-electron transfer living radical polymerization
reactions (SET-LRP)23 and surface-initiated photoiniferter-mediated polymerization (SIPIMP)8, 20 have been used to create antifouling polymer brushes. However, those techniques
utilize UV light that is not suitable for all types of monomers, as it may trigger uncontrolled
photopolymerizations. Recently, a new technique was introduced for surface-initiated visiblelight-triggered living radical polymerization (LT-LRP) mediated by transition metal-based
photoredox chemistry, e.g. by iridium complexes.30-33 This method requires only a small
amount of catalyst and allows to create, in a highly controlled manner, complex patterns of
polymer brushes using visible light.32, 34
A good bioactive antifouling layer balances two objectives, namely, maximizing
immobilization of bioreceptors and minimizing the non-specific adsorption of proteins.4, 35
However, a significant amount of immobilized bioreceptors itself increases the non-specific
adsorption of proteins, due to fouling nature of bioreceptors on their own, as well as due to
the changes in brush structure.36-37 In contrast, a low amount of immobilized bioreceptors
might decrease the biosensing capabilities of the bioactive surfaces, but better maintains the
antifouling properties of the polymer brushes. The balance between these two factors
determines the performance of antifouling bioactive surfaces, i.e. robust antifouling behavior
and efficient capture of analytes.
The effective biofunctionalization of polymer brushes without impairing antifouling
properties still poses a challenge. The two main methods used for post-polymerization
30
31
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biofunctionalization of antifouling polymer brushes are chain-end modification24, 38-39 and
side-chain modification.10,

40

The latter method can be achieved using three different

approaches via homopolymers with reactive side chains,18 copolymers with both reactive and
unreactive side chains,36 or thirdly, diblock copolymer brushes with only the upper block being
functionalized.39 The immobilization of the bioactive elements on the chain end of polymer
brushes allows to largely preserve the structure of the brush and its antifouling properties.
However, the quantity of immobilized bioactive molecules is significantly lower than with
side-chain functionalization. The side-chain modification approach is typically based on
activating functional groups of the side chains of (co)polymer brush. This approach allows
reactive groups to react with biomolecules to immobilize a large quantity of biomolecules
along the chain, while still maintaining significant antifouling. Two recent examples led us to
our current work. First, the combination of a sulfobetaine with a clickable but still zwitterionic
sulfobetaine, which allows fully three-dimensional loading of biomolecules.21 Second, a
random

copolymer

brush

of

N-(2-hydroxypropyl)

methacrylamide

(HPMA)

and

carboxybetaine methacrylamide (CBMAA), in which the latter could be bioconjugated via the
use of activated ester reactions.37 While both aspects highlight important facets in particular
high loading of bioactive moieties, the first approach starts to display loss of antifouling
properties upon high degrees of loading, while the second impairs the structure of the brush
causing changes in the hydrodynamic properties of the polymer chains, crosslinking of lateral
chains, and steric hindrance. Diblock copolymer brushes with only the upper block
modification might constitute a compromise approach that allows to immobilize a significant
number of biomolecules where they can most readily interact with the biomarkers of interest
(i.e. near the outside of the brush), and simultaneously nearly fully preserves the lower block
of the antifouling polymer brush structure and consequently the antifouling properties of
whole system.41-42
Herein, we introduce a robust and facile method for the formation of temporally and
spatially tuned antifouling bioactive polymer brushes using LT-LRP. With this method we
synthesized for the first time biofunctional antifouling diblock copolymer brushes based on
N-(2-hydroxypropyl) methacrylamide (HPMA) at the bottom of the brush, and carboxybetaine
methacrylate (CBMA) at the top. The resulting brushes were characterized extensively by
X-ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM), attenuated
total reflection Fourier-transform infrared spectroscopy (ATR-FTIR), and scanning Auger
31
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microscopy (AES). The bottom poly(HPMA) block was chosen because it seems to yield
the best antifouling properties of the routinely studied brushes,10,

40, 43

while the

poly(CBMA)

after

significant

brushes

display

functionalization.18,

40

surface-initiated

living

polymerization

conditions

high

We outline
radical
and

antifouling
that

the

properties

Ir(ppy)3-mediated

polymerization
for

further

even

allows

for

light-triggered
well-controlled

reinitiation from poly(HPMA) brush.

Moreover, we show that this technique yields spatial control over the brush formation
and biofunctionalization.32 The antifouling character, as studied by fluorescence
microscopy, is verified in single protein solutions and also in complex biological media.
Finally, we demonstrate selective capture by antibody functionalized poly(CBMA) in
complex media, which indicates the application potential of these block copolymer
brushes.
Results and discussions
The method employed to create hierarchical bioactive antifouling diblock copolymer
brushes consists of four consecutive steps including LT-LRP (Scheme 1). From an initiatorcoated silicon nitride surface poly(HPMA) brushes are grown via LT-LRP. Subsequently, a chain
extension was performed from the poly(HPMA)-coated surfaces with a protected
carboxybetaine derivative. The carboxybetaine monomer was chosen for the second block
because of the exceptional antifouling properties of the CBMA-based polymer brushes and
for the well-explored synthetic pathways of biofunctionalization of those brushes. 18 A tertbutyl ester-protected carboxybetaine methacrylate-based poly(CBMA-tBu) was utilized, as
direct polymerization of carboxy betaine monomers did not succeed (see below).44 Thirdly,
deprotection of the protected carboxyl groups in the poly(CBMA-tBu) polymer yielded the
carboxybetaine polymer and, finally, bioactive moieties were coupled to the CBMA block via
NHS/EDC activation of the carboxyl groups.
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Scheme 1. Schematic depiction of the method to create hierarchical bioactive surfaces.
Poly(CBMA)-poly(HPMA)-diblock brushes are grown from an initiator SAM on silicon nitride
via LT-LRP, and subsequently biofunctionalized via further activation of the carboxyl groups
of poly(CBMA) polymer block.
Visible light-triggered polymerization of poly(HPMA) brushes. The poly(HPMA) brushes
of

different

thickness

were

grown

from

11-(trichlorosilyl)undecyl-2-bromo-2-methylpropanoate

self-assembled
by

LT-LRP.

monolayers
The

of

selected

trichlorosilane self-assembled monolayers have been previously reported as suitable
for anchoring of polymer brushes.23, 45-46 The successful grafting of the initiator monolayer
was confirmed by XPS. The XPS narrow-scan spectrum of the C1s region (Figure S1a,
Supporting Information) shows three peaks. The peak at 285.0 eV is attributed to the
carbon atoms in the alkyl backbone of the initiator, and the peaks at 286.7 and 289.3 eV
are assigned to the carbon atoms adjacent to the ester [C-O] and bromide [C-Br], and
33
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the carbon from the carbonyl group, respectively. The observed ratio between [C-C/H] :
[C-O] : [C-Br] : [C=O] peaks is 12.1 : 1.0 : 1.1 : 0.8, which corresponds to the theoretically
expected ratio of 12 : 1 : 1 : 1. Also, the experimentally obtained spectrum corresponds
well to a simulated XPS spectrum (Figure S2, Supporting Information) based on the core
orbital energy levels calculated by density functional theory (DFT).47-48 In addition,
peaks of the bromine end-group were found at 71 eV in the XPS Br3d narrow-scan
spectrum (Figure S1b, Supporting Information), further confirming the presence of
the initiator on the surface.
Poly(HPMA) brushes with different thicknesses were grown from the initiator-coated
surfaces by LT-LRP utilizing Ir(ppy)3 as a photocatalyst. The kinetics of the polymer brush
growth – from 0 to ca. 80 nm – were followed by measuring by AFM the dry thickness of the
polymer layer as function of the reaction time. The AFM topography images of brush-coated
surfaces revealed homogeneous layers with an average roughness of Rq of 1.5 ± 0.3 nm
(Figure S3a, Supporting Information). The thickness of the brush increased linearly in time,
which confirms the controlled nature of the polymerization (Figure 1a and Table S1,
Supporting Information). The polymerization proceeded faster using an LED (380 nm)
average rate of polymerization 0.22 ± 0.01 nm·min-1 compared to a halogen lamp
0.16 ± 0.01 nm·min-1 (white light, see emission spectrum, Figure S4, Supporting
Information). This could be caused by both the difference in intensity between these light
sources and the higher absorption coefficient of Ir(ppy)3 at 380 nm compared to that at
visible light-wavelengths (see spectrum of light absorption, Figure S5, Supporting
Information). The dependence of the polymerization rate on the light intensity was
previously demonstrated by Hawker and coworkers.31 A higher light intensity leads to an
increased amount of excited photocatalyst and therefore to more activation of the
polymerization initiator. The possibility of using a conventional broad-emission light source,
such as a halogen lamp, confirms the ease of use and robustness of this approach for
creating antifouling layers.
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Figure 1. Dry thickness of polymer brushes as function of the polymerization time, as
determined by AFM (a) for poly(HPMA), and (b) for poly(CBMA-tBu) grown from the
poly(HPMA) macroinitiator thickness 20 nm.
The chemical structure of the synthesized poly(HPMA) brushes was confirmed by ATR-FTIR
(Figure 2a). The FTIR spectrum of poly(HPMA) brushes with a thickness of 20 nm shows the
typical broad stretching bands of hydroxyl (O-H) and amide (N-H) bonds around 3300 cm-1.
The C=O stretch (amide I) and the coupled N-H deformation and C-N stretch (amide II) bands
of the secondary amide group are visible at 1650 cm-1 and 1530 cm-1, respectively. The weak
absorption at 1730 cm-1 corresponds to C=O stretching of the ester groups present in the
initiator layer. These results are in good agreement with the expected chemical structure of
poly(HPMA) on the surfaces.
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The chemical structure was further confirmed by XPS. The wide-scan XPS spectrum shows
– after the various washing steps – no residual iridium on the poly(HPMA)-coated surfaces
(Figure S6, Supporting Information). The narrow-scan XPS C1s spectrum (Figure 2c), measured
on poly(HPMA)-coated surface with a thickness of 20 nm, displays a broad peak at 285 eV
with a shoulder between 286-287 eV, attributed to overlapping signals, and a smaller peak at
288 eV attributed to the carbonyl atom. The spectrum was deconvoluted by fitting it with four
peaks centered at 285.0 eV assigned to C-H and C-C bound atoms, at 285.9 eV from the C-N
atoms, at 286.6 eV from the C-O atoms, and at 287.9 eV from the C=O atoms. The ratio
between [C-C/H] : [C-N] : [C-O] : [N-C=O] peaks is 3.8 : 1.1 : 1.1 : 1.0, which is in excellent
agreement with the theoretically expected composition of

the poly(HPMA) structure

(4 : 1 : 1 : 1). Moreover, the C1s spectrum correlates well with the simulated C1s XPS
spectrum obtained by DFT calculations (Figure S7, Supporting information).47-48 The
combination of AFM, XPS and IR data thus clearly confirm the presence of poly(HPMA)
brushes on the initiator-coated surface.
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Figure 2. (a) ATR-FTIR spectra of (1) poly(HPMA) brushes with a thickness of 20 nm,
(2) poly(HPMA)-poly(CBMA-tBu) copolymer with a total thickness of 30 nm, and (3)
poly(HPMA)-poly(CBMA) copolymer thickness 30 nm. Narrow-range XPS spectra of the (b)
N1s and (c) C1s regions for (1) poly(HPMA) brushes of 20 nm thickness, and (2) poly(HPMA)poly(CBMA-tBu) copolymer of 30 nm thickness.
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Introduction of second block of poly(CBMA-tBu) on poly(HPMA). The living nature of the
LT-LRP polymerization should allow to grow a second polymer block from the poly(HPMA)
brush macroinitiator. Initial attempts to grow polymer brushes of CBMA on poly(HPMA) by
LT-LRP with Ir(ppy)3 in mixtures of water, ethanol, methanol and DMF resulted in selfpolymerization of the solution. Polymerization of CBMA in DMF or other non-protic
polar solvents was not possible due to solubility issues of the monomer. Thus, a carboxylprotected monomer, CBMA-tBu, was used for the synthesis of the second block. The AFM
topography measurement confirmed an overall homogeneous layer without irregularities
and pinholes and featuring a roughness of Rq = 1.2 ± 0.3 nm (Figure S4b, Supporting
Information). The kinetics of growth of poly(CBMA-tBu) brush was again linear,
thereby confirming that controlled nature of this polymerization step (Figure 1b
and Table S2, Supporting Information). The rate of polymerization of CBMA-tBu
monomer (halogen lamp 1.5 ± 0.2 nm·h-1 and LED lamp 1.1 ± 0.3 nm·h-1) is lower due
to the charged nature of the monomer that causes repellence of the approaching
monomer by the growing charged polymer brushes. This has been observed for this
monomer before, showing also a slow polymerization rate with conventional ATRP.49
Moreover, it was demonstrated previously that reinitiation is not effecting the
polymerization rate by Hawker at al.31-32 The chemical structure of the CBMA-tBu
copolymer was confirmed by ATR-FTIR (Figure 2a) and XPS. In the ATR-FTIR spectrum of
poly(CBMA-tBu)-poly(HPMA)-coated surfaces a strong ester-based C=O stretching peak
appears at 1733 cm-1, i.e. significantly different from the amide-based C=O peak at
1650 cm-1 observed for the poly(HPMA) block. The XPS N1s narrow scan (Figure 2b)
shows an additional peak at 402.6 eV, which indicates the presence of positively charged
nitrogen [N+] in the chemical structure of the layer. The peak at 399.5 eV in those
spectra corresponds to the neutral nitrogen [N-H] present in the poly(HPMA) layer below the
second block. The relatively high intensity of the [N-H] peak, even with a 10 nm second
poly(CBMA-tBu) block, is probably due to a relative low density of the latter. The charged nature
of CBMA-tBu and bulky nature of tBu group in the monomer can cause the polymer chains
to repel each other, which likely results in a lower density of the second block. Moreover, the
XPS C1s narrow scan spectrum (Figure 2c) shows the appearance of a peak at 289.5 eV
attributed to ester carbon atoms [O-C=O], and an increase in intensity of the peaks at
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286.0 eV [C-N], and 286.7 eV [C-O]. The overall data demonstrate the successful growth
of poly(CBMA-tBu) brushes from poly(HPMA) macroinitiator yielding poly(CBMA-tBu) layer
as the second block of the copolymer.
In order to generate a zwitterionic CBMA polymer top block, the tert-butyl ester moieties
of the poly(CBMA-tBu)-poly(HPMA) diblock polymer brush structures were deprotected
by exposure to undiluted trifluoroacetic acid at room temperature for 1 h. The ATRFTIR spectrum of the deprotected poly(CBMA)-block-poly(HPMA) shows the appearance of
a new peak at 1670 cm-1 corresponding to the C=O stretching vibrations of the
carboxylic acid groups. Also, an increase in the intensity of the hydroxyl stretching at
3200 cm-1 was observed. These changes indicate the occurrence of the carboxylic acid
groups in the copolymer (Figure 2a). Moreover, the XPS wide-scan spectra (Figure
S8, S9, Supporting Information). show a decrease of the carbon signals relative to the
oxygen and nitrogen signals, which is in line with the loss of carbon due to the hydrolysis
of the tert-butyl ester.
Patterning of poly(CBMA-tBu) brushes. An advantage of the LT-LRP approach is that it
enables the formation of complex 3D-structured copolymer brush layers by using a mask and
tuning the thickness of the different blocks. This was demonstrated by the growth of
CBMA-tBu on poly(HPMA) with a patterning mask. From various observations, it became clear
that the poly(CBMA-tBu) only grew in irradiated regions, whereas no growth was observed in
regions without illumination. First, the resulting patterns could be easily observed with an
optical microscope (Figure 3a), because the SiN surface changes its color in a regular fashion
with a change of the thickness of the polymer brush layer on top. The dark pinkish stripes
correspond to the thinner poly(HPMA) layer, the green to the poly(HPMA)-poly(CBMA-tBu)
layer and the scratch (yellowish) in the middle of Figure 3a reveals the bare silicon nitride
underneath, which was used as reference for the thickness evaluation. The 3D structure of
corresponding layers was also confirmed by AFM studies of a uniformly coated poly(HMPA)
layer onto which a pattern of locally grown poly(CBMA-tBu) was attached. Figure 3b shows a
uniform poly(HPMA) layer thickness of 20 nm and a poly(HPMA)-poly(CBMA-tBu) layer
thickness of 50 nm. The thickness of 20 nm for the poly(HPMA) layer corresponds to the
thickness before patterning, which demonstrates that the second block only grew in the
illuminated areas. Thirdly, the selective growth of the poly(CBMA-tBu) top block was further
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confirmed by Auger intensity mapping of the nitrogen signal at 382 eV (Figure 3d). The
different amount of neutral nitrogen [N-H] in patterned areas and non-patterned areas is
shown by different intensities of red color.
This patterned growth thus also opened up the possibility of local biofunctionalization of
the designed patterned layer, via the local immobilization of BSA-FITC on the surface. After
deprotection (see above), the CBMA surfaces were biofunctionalized with BSA-FITC utilizing
NHS/EDC active ester chemistry. Only fluorescence was observed in the CBMA-patterned
areas, indicating that BSA-FITC was only present in these areas (Figure 3c). This approach
enables the local biofunctionalization of antifouling surfaces, while the antifouling property
in the non-functionalized areas is unaffected.

Figure 3. (a) Optical microscope image of line-patterned 30 nm thick poly(CBMA-tBu) layer
on a uniformly coated 20 nm thick poly(HPMA) layer, with a scratch (orange bar) that was
used as reference for the thickness measurement. (b) AFM topography of sections 1 and 2 in
(a). (c) Fluorescence microscope image of a deprotected patterned poly(CBMA-tBu) layer with
immobilized BSA-FITC. (d) Intensity mapping of the nitrogen Auger signal at 382 eV.
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Biospecific capture with poly(CBMA)-poly(HPMA)-coated surfaces. To demonstrate the
applicability of the poly(CBMA)-poly(HPMA)-coated surfaces for biosensing applications, antifibrinogen (AntiFbg) antibodies were immobilized on the surfaces. Fibrinogen (Fbg) was
chosen as an analyte, since it also shows significant non-specific adsorption on non-modified
surfaces and has been frequently used as a model protein for fouling determination. AntiFbg
has strong affinity to the α-chain of human fibrinogen, allowing an efficient capture of
fibrinogen. The immobilization of AntiFbg was achieved by activating the carboxylate groups
along the CBMA chains using NHS/EDC chemistry and subsequently binding the antibody via
active ester coupling. The design of bioactive surfaces requires to have not only high affinity
to the analyte but also an excellent resistance to fouling from complex biological media.
Therefore, poly(CBMA)-poly(HPMA)-coated surfaces were used with thicknesses of 20 nm
and 10 nm for the HPMA and CBMA block, respectively. The thicknesses of these blocks were
chosen to balance between antifouling performance of the bottom layer – for which typically
> 15 nm brushes are required – and loading of bioactive elements and antifouling
performance of the top layer.50 A thicker second block allows for a higher loading of antibody
but – since antibodies themselves are not antifouling, but rather: fouling - at the same time
might reduce the fouling performance.
The coated surfaces were challenged by contacting them with fluorescent single-protein
solutions of BSA-FITC, Fbg-Alexa647, and Str-FITC, respectively, and by a 10% biotinylated
bovine serum (BS) solution in PBS for 15 min; this time is typically sufficient to assess the
adsorption of proteins onto stable polymer brushes.10 The fouling by biotinylated BS was
detected by subsequent exposure to Str-FITC solution, which binds to the biotin residues of
any fouling serum proteins present on the surface.43 The fluorescence intensity of exposed
bare SiN surfaces is high, due to the high non-specific adsorption of proteins from
corresponding solutions (Figure 4a and Table S3, Supporting Information). The introduction
of poly(HPMA) on the surface of SiN drastically lowers the intensity of fluorescence after
exposure to biofouling solutions. This confirms that poly(HPMA) brushes synthesized by the
LT-LRP technique preserve its original highly effective antifouling properties, as previously
reported for poly(HPMA) brushes synthesized with ATRP and SET-LRP methods.10, 23 The
diblock copolymer structure of poly(HPMA) and poly(CBMA) also showed similarly high
antifouling properties to both the three single-protein solutions and to the biotinylated
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bovine serum solution. Both poly(HPMA) and poly(CBMA) are strongly hydrated polymers
leading to their excellent antifouling properties.10, 43, 51
The bioactive antifouling surface was created by biofunctionalizing the second block of
poly(HPMA)-poly(CBMA) with AntiFbg antibodies. The resulting surface was exposed as well
to the different single-protein solutions and to the biotinylated bovine serum solution. The
poly(HPMA)-poly(CBMA)-AntiFbg showed excellent resistance to the nonspecific adsorption
of Str-FITC, BSA-FITC and biotinylated serum proteins. In addition, it demonstrated the
effective and specific capture of Fbg-Alexa647 from single protein solution (Figure 4a)
compared polymer brush structures also indicated that a lower grafting density for the second
layer may allow for a higher loading of antibody.52
We have further challenged the created AntiFbg-poly(CBMA)-poly(HPMA)-coated
surfaces, for specific capture not only from single-protein solution but also from complex
biological media, by exposing the surface to BS containing Fbg-Alexa647 (0.1 mg·mL-1). Also,
here the fouling from BS was detected by fluorescence from Str-FITC that labeled the
adsorbed biotinylated BS proteins. The specific capture was detected by fluorescence from
Fbg-Alexa647. On bare silicon nitride fluorescence was observed from both BS labeled with
Str-FITC and Fbg-Alexa647 (Figure 4b). On bare silicon nitride fluorescence was observed
from both BS labeled with Str-FITC and Fbg-Alexa647 (Figure 4b, Table S4). The bare silicon
nitride has lower fluorescence intensities of protein adsorption from BS compared with the
intensities observed for BS without Fbg-Alexa647 added. This is most likely due to the
presence of Fbg-Alexa647 that also adsorbs on the surface and replaces some adsorbed BS
proteins (Vroman effect). While on the poly(CBMA)-poly(HPMA)-coated surfaces nearly no
fluorescence was observed from both the BS and Fbg (Figure 4b). However, on the AntiFbg
functionalized block copolymer only fluorescence from the Fbg-Alexa647 was observed. The
significant fluorescent signal of Fbg-Alexa647 as analyte and no signal from fouling of
proteins attributed to BS on the surface that were exposed to BS containing Fbg-Alexa647
(0.1 mg·mL-1). The fluorescence signal from Fbg-Alexa647 on the AntiFbg-poly(CBMA)poly(HPMA)-coated surfaces is significantly higher (P < 0.0001) in case of capture from BS
compared to that from single-protein solutions. A possible reason for this might be
interaction of Fbg with other proteins present in the serum, in particular thrombin. This
could cause dimerization of Fbg into fibrin dimers or oligomers, which can also be captured
by AntiFbg on the surfaces.53 Nevertheless, these results pave the way for the creation of
42
43

2

biosensors that recognize analytes selectively in different complex biological media.

Figure 4. (a) Fluorescence intensities of Fbg-Alexa647 (0.1 mg·mL-1), BSA-FITC
(0.1 mg·mL-1), Str-FITC (0.1 mg·mL-1), and Str-FITC labeled 10% diluted biotinylated bovine
serum (BS) on (1)

bare

SiN

AntiFbg-poly(CBMA)-poly(HPMA).

(2),
(b)

poly(HPMA),

(3)

Fluorescence

poly(CBMA)-poly(HPMA),
intensities

of

(4)

Fbg-Alexa647

(0.1 mg·mL-1) in 10% diluted biotinylated bovine serum. The Str-FITC was used for
labelling proteins from bovine serum labeled with fluorescent signal attributed to
non-specific adsorption of proteins from bovine serum.
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Conclusion
We designed a new approach to create bioactive polymer brush-coated surfaces using
light-triggered living radical polymerization (LT-LRP). We demonstrated the potential of this
approach to obtain patterned biospecific polymer brushes on top of an independently
patternable

non-fouling

base

layer.

As

an

example

in

case,

N-(2-hydroxypropyl)methacrylamide (HPMA, 1st block) and carboxybetaine methacrylate
(CBMA, 2nd block) were grown successively from initiator-coated surfaces via LT-LRP with
Ir(ppy)3. The designed block copolymers showed excellent antifouling properties in
single-protein solution of bovine serum albumin, streptavidin and fibrinogen, and also in
diluted bovine serum medium. Furthermore, conjugation of anti-human fibrinogen
antibody on the poly(HPMA)-poly(CBMA)-coated surfaces demonstrated the high
selectivity

of

the

bioreceptor to fibrinogen in complex biological medium without

impairment of the proteins resistance. We thus envision that the strategy presented herein
can be efficiently applied in highly sensitive biosensing devices, along several lines currently
ongoing in our labs.
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Experimental Section
Materials. All chemical reagents were used without further purification, unless otherwise
specified. Tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3), N,N-dimethylformamide (DMF),
2-(dimethylamino)ethyl methacrylate, tert-butyl bromoacetate, N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), and albumin
fluorescein isothiocyanate conjugate from bovine serum (BSA-FITC) were purchased from
Sigma-Aldrich, and N-(2-hydroxypropyl) methacrylamide (HPMA) from Polysciences, Inc.
Fibrinogen from human plasma, Alexa Fluor™ 647 conjugate (Fbg-Alexa647), and mouse antifibrinogen monoclonal antibody (AntiFbg) were acquired from Thermo Fisher Scientific.
Streptavidin-fluorescein isothiocyanate conjugate (Str-FITC) was purchased from BD
Biosciences. 11-(Trichlorosilyl)undecyl 2-bromo-2-methylpropanoate was purchased from
Gelest, Inc. Silicon substrates coated with 50 nm of LPCVD silicon nitride were acquired from
Siltronix. Deionized water was produced with Milli-Q Integral 3 system Millipore, Molscheim,
France (Milli-Q water). Bovine serum was obtained and biotinylated as previously described.43
2-tert-Butoxy-N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-2-oxoethanaminium

(CBMA-

tBu) monomer synthesis. The synthesis was performed as previously reported. 49 2(Dimethylamino)ethyl methacrylate (5.00 g, 31.8 mmol) and tert-butyl bromoacetate (8.68 g,
34.3 mmol) were reacted in acetonitrile (20 mL) for 24 h at 50 °C under Ar protection.
Following the addition of ethyl ether (250 mL) to the reaction mixture, the product
precipitated, and the obtained white crystals were isolated and dried under vacuum. The
resulting CBMA-tBu monomer was immediately stored under argon protection at -20 °C.
1H

NMR (400 MHz) (D2O) δ (ppm): 1.40 (s, 9H, -OC(CH3)3), 1.83 (s, 3H, CH2=C(CH3)COO-),

3.26 (s, 6H, -CH2N(CH3)2CH2COO-), 3.94 (t, 2H, J = 3 Hz, -COOCH2CH2N(CH3)2CH2-), 4.23 (s, 2H,
CH2N(CH3)2CH2COO-), 4.56 (t, 2H, J = 3 Hz, CH2=C(CH3)COOCH2CH2N(CH3)2), 5.70 and 6.06 (s,
2H, CH2=C(CH3)COO-). Yield: 90%. (See Supporting Information, Figure S11 for the NMR
spectrum)
Light Source. A halogen lamp (see Supporting Information, Figure S4 for the emission
spectrum) and an LED with maximum intensity at 380 nm (Intelligent LED Solutions product
number: ILS-XO05-S380-0058-SC211-W2) were used. The light intensity of the halogen lamp
was measured to be 3.5 µW/cm2; the LED current was set at 700 mA, corresponding to a total
radiometric power of 2.9 W, according to manufacturer specifications.
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Formation of initiator‐functionalized self‐assembled monolayers (SAM). The substrates
were rinsed with, acetone, absolute ethanol (EtOH) and Milli-Q water and blown dry under a
gentle stream of Ar. Subsequently, the surfaces were exposed to an air plasma in a plasma
cleaner (Diener electronic GmbH, Germany) for 5 min. The freshly activated surfaces were
immediately immersed in a freshly prepared solution of 11-(trichlorosilyl)undecyl-2-bromo2-methylpropanoate (1 mg·mL-1) in dry toluene at RT for 16 h. The substrates were
subsequently rinsed with toluene, acetone, EtOH and Milli-Q water and blow dried with Ar.
Synthesis of visible‐light‐triggered poly(HPMA) brush. HPMA monomer (536 mg,
3.74 mmol) was dissolved in DMF (2 mL). The obtained solution was deoxygenated by
bubbling Ar through for 30 min under stirring and kept in the dark by wrapping the flask in
aluminum foil. Subsequently, Ir(ppy)3 (3 mg, 4 μmol) was added to the solution under Ar
protection. The polymerization solution was stirred for 15 min and transferred by syringe to
individual deoxygenated crimped vials containing the initiator-coated SiN wafer substrates,
which were closed immediately afterwards. Immediately after this, the polymerization was
conducted by irradiating the vials with visible light from a halogen or LED light source for
different periods of time. In these experiments, the light source was placed 3-4 cm from the
substrates and an airflow was used to cool the vials. The polymerization was stopped by
turning off the light. The samples were removed from the solution and subsequently rinsed
with DMF, acetone, absolute ethanol, and water, and blown dry under a gentle stream of Ar
(see for a picture of the set-up Figure S12, Supporting Information).
Formation of poly(CBMA‐tBu)brushes grown on poly(HPMA)‐coated surfaces. CBMA-tBu
monomer (285 mg, 0.95 mmol) was dissolved in DMF (2 mL). The obtained solution was
deoxygenated by bubbling through with Ar for 30 min under stirring and in the dark by
wrapping the flask in aluminum foil. Afterwards, Ir(ppy)3 (3 mg, 4 μmol) was added to the
solution under argon flow. The polymerization solution was stirred for 15 min and transferred
via syringe to individual deoxygenated crimped vials containing poly(HPMA) coated SiN
substrates, which were closed immediately afterwards. Subsequently, the polymerization was
conducted by irradiating the vials with visible light from a halogen or LED light source for
different periods of time. The light source was placed 3 - 4 cm from the substrates and an
airflow was used to cool the vials. The polymerization was stopped by turning off the light.
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The samples were removed from the solution and subsequently rinsed with DMF,
acetone, absolute ethanol, and water, and dried by blowing with Ar.
Micro‐patterned poly(CBMA‐tBu) on poly(HPMA)‐coated surfaces. A specifically designed
micro-patterned mask (see Supporting Information, Figure S13) was placed on top of
a poly(HPMA)-coated silicon nitride surface and placed in a vial. The micro-patterned
brushes of poly(CBMA-tBu) were grown on the of poly(HPMA) brush surface using the same
procedure of chain extension of poly(HPMA) as described above.
Deprotection of poly(CBMA‐tBu) moieties. The poly(CBMA-tBu)-poly(HPMA)-coated
surfaces were immersed in trifluoroacetic acid for 1 h at RT to remove the tBu protective
groups, and generate a poly(CBMA) block. Afterwards, the samples were washed with MilliQ water and ethanol and dried by blowing with Ar.
Biofunctionalization of poly(CBMA)‐poly(HPMA). The poly(CBMA)-poly(HPMA)-coated
surfaces were incubated in freshly filtered Milli-Q water for 15 min at RT, followed by
incubating in a mixture of NHS (5 mL, 0.1 M) and EDC (5 mL, 0.5 M) in 10 mM NaCl for
30 min. Afterwards, the activated surface was washed with Milli-Q water, and incubated
for 30 min in a protein (BSA-FITC or AntiFbg, 0.1 mg·mL-1) solution in phosphate-buffered
saline (PBS; pH 7.4). The residual of non-covalently bound proteins was removed by
rinsing with PBS and Milli-Q water. The surface was deactivated with glycine blocking
solution (pH 6.0, 1 M) for 30 min, and afterwards rinsed with Milli-Q water.
Fluorescence microscopy. Fluorescence images of the patterned bioactive layers were
taken with a widefield fluorescent microscope (Zeiss Axioskop 2+). A Leica TCS SP8
confocal laser scanning microscope (CLMS) (Leica Microsystems, Mannheim, Germany)
was used to measure protein fouling and specific interactions of the coated surfaces. A
Leica HyDTM hybrid detector was used in photon counting mode to measure the
intensity of the fluorescence signal. A 10× objective was used and the samples
were set in focus by maximizing the reflected light intensity from the laser.
Fluorescence images were obtained by accumulating 10 consecutive images. Images
were analyzed with the Leica LAS X Life Science software.
Protein adsorption and selective capture. The protein fouling and selective capture ability
of the coated surfaces in complex biological media were investigated by incubating surfaces
in BSA-FITC (0.1 mg·mL-1), Fbg-Alexa647 (0.1 mg·mL-1), Str-FITC (0.1 mg·mL-1), 10% diluted
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biotinylated bovine serum, and in 10% diluted biotinylated bovine serum containing FbgAlexa647 (0.1 mg·mL-1) for 15 min at RT. The surfaces exposed to biotinylated bovine
serum were then copiously washed with PBS (10 mL, pH 7.4), followed by exposure to
Str-FITC (0.1 mg·mL-1) for 15 min at RT. Afterwards the samples were rinsed with PBS
(10 mL, pH 7.4) and Milli-Q water (10 mL), and subsequently dried by blowing with Ar.
Further, the samples were mounted on glass slides and the intensity of fluorescence of
adsorbed proteins was measured.
X‐ray photoelectron spectroscopy (XPS). XPS measurements were performed using a
JPS-9200 photoelectron spectrometer (JEOL Ltd., Japan). All the samples were analyzed
using a focused monochromated Al K X-ray source (spot size of 300 μm) radiation at 12 kV
and 20 mA with an analyzer energy pass of 10 eV. XPS wide-scan and narrow-scan spectra
were obtained under UHV conditions (base pressure 3 × 10-7 Pa). All narrow-range spectra
were corrected with a linear background before fitting. The spectra were fitted with
symmetrical Gaussian/Lorentzian (GL(30)) line shapes using CasaXPS. All spectra were
referenced to the C1s peak attributed to C–C and C–H atoms at 285.0 eV.
Attenuated total reflection Fourier‐transform infrared spectroscopy (ATR‐FTIR). IR spectra
were recorded on a Bruker Tensor 27 FT-IR spectrometer (Massachusetts, United States)
with an Auto Seagull Pro IR attachment and Ge hemispherical ATR crystal attachment. The
spectrum of an unmodified plasma cleaned sample was measured as a background and was
subtracted from the spectra of modified samples. In addition, a linear baseline correction
was applied. Spectra were acquired with 256 scans at a resolution of 4 cm−1. The starting
angle was set at 68°, and with the p-polarization angle is 90° (horizontally polarized)
Atomic force microscopy (AFM). AFM surface topography images were acquired by an
Asylum Research MFP-3D SA AFM (Oxford Instruments, United Kingdom). A sharp knife was
used to scratch the surfaces. The scratched surfaces were sonicated in a mixture of MilliQ water and absolute EtOH (1:1) to remove the residuals from scratching. The surfaces
were subsequently dried with Ar, and the scratched surfaces were directly measured by
AFM. The height differences between scratched and intact surface in AFM topography
images were used to determine the thickness of polymer layers. Gwyddion software was
used to process and analyze the AFM topography images.54
Scanning Auger electron spectroscopy (AES). Scanning AES measurements were performed
at room temperature with a scanning Auger electron microscope (JEOL Ltd., Japan, JAMP48
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9500F field emission scanning Auger microprobe) system. Elemental mapping was analyzed
by AES. Elemental images were acquired with a primary beam of 10 keV and 8 nm probe
diameter was used. The take-off angle of the instrument was 0°.
Electronic Core Level Calculations. All calculations were done with the GAUSSIAN 16
program.55 The geometries of the different systems were optimized at the B3LYP/6-311G(d,p)
level of theory. Natural bond orbital (NBO) analysis was employed to obtain the core orbital
energies.56
Supporting information is available free of charge at the Wiley Online Library website:
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Abstract
This work presents a new method for the synthesis of antifouling polymer brushes using
surface-initiated photoinduced electron transfer–reversible addition–fragmentation chain
transfer (SI-PET-RAFT) polymerization with Eosin Y and triethanolamine as catalysts. This
method proceeds in an aqueous environment under atmospheric conditions without any
prior degassing, and without use of heavy metal catalysts. The versatility of the method is
shown by using three chemically different monomers: oligo(ethylene glycol) methacrylate, N‐
(2-hydroxypropyl)methacrylamide and carboxybetaine methacrylamide. In addition, the
light-triggered nature of the polymerization allows the creation of complex three-dimensional
structures. The composition and topological structuring of the brushes are confirmed by Xray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The kinetics of the
polymerizations are followed by measuring the layer thickness with ellipsometry. The
polymer brushes demonstrate excellent antifouling properties when exposed to singleprotein solutions and complex biological matrices such as diluted bovine serum. This method
thus presents a new simple approach for the manufacturing of antifouling coatings for
biomedical and biotechnological applications.
Introduction
Non-specific interactions between engineering materials and complex biological fluids
obstruct the performance of many biotechnological and biomedical devices.1-2 In particular,
non-specific adsorption of protein or fouling from biological media can cause issues such as
blockage of flow-through separation columns and porous membranes,3 non-specific response
of label-free affinity-based biosensors,1, 4 reduced circulation time of nanocarriers in the
bloodstream,5 and bacterial attachment on contact lenses.6-7 The fouling can be curbed by
introducing antifouling coatings on the surfaces of the materials that are in contact with a
biological matrix.1-2, 8-10 The creation of these coatings that can resist non-specific interactions
with a biological medium still poses a challenge, in particular their formation in mass
manufacturing processes.1, 8, 11-12
Numerous approaches to create antifouling coatings have been developed, for example,
based on self-assembled monolayers13 and “grafted to”14-15 and “grafted from”1-2, 8-9, 11-12, 1622

polymer coatings. Although self-assembled monolayers and “grafted to”-polymer layers
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can decrease adsorption from single-protein solutions, most of them fail when contacted with
complex biological matrices, such as blood serum or cells.13-15 The introduction of surfaceinitiated living radical polymerization (SI-LRP) provided a new efficient instrument to form
antifouling layers based on “grafted from”-polymer brushes.23 For instance, polymer brushes
based on oligo(ethylene glycol) methacrylate,2, 9, 18 N‐(2-hydroxypropyl) methacrylamide,20, 22,
24

carboxybetaine methacrylamide,2, 9, 17, 20, 24-25 sulfobetaine methacrylamide10, 21, 26 and their

derivatives have shown remarkable resistance to nonspecific adsorption of proteins and also
cells from complex biological fluids. Surface-initiated atom-transfer radical polymerization (SIATRP) is the most commonly applied SI-LRP method thus far.1-2, 8, 19-20, 27 The well-controlled
nature of SI-ATRP allows to tune the thickness and density of polymer brushes in order to
achieve the best resistance to nonspecific protein adsorption.23, 28 The versatility of SI-ATRP
allowed to grow polymer brushes from almost any type of surfaces.29 However, the SI-ATRP
technique uses relatively high concentrations of metal-based catalysts to generate radicals
from alkyl halides,8, 10, 18, 20-21 provides limited means to structure the brush layer in either
composition or thickness, and requires a rigorous control over an oxygen-free atmosphere to
perform the reaction in. Therefore, new approaches have been developed that overcome
these limitations.
An approach based on single-electron transfer living radical polymerization (SET-LRP)
strongly reduced the amount of Cu0 needed to conduct the polymerization.22 Recently, our
group introduced the use of light-triggered living radical polymerization (LT-LRP) using an
iridium-based catalyst, which allowed to control the thickness and functionality of antifouling
polymer brushes in a spatial manner (via patterning) and over time (via intensity and duration
of the illumination). This thus opened up the possibility to create micro-patterned antifouling
bioactive layers with a controlled thickness and functionality per pattern.24 However, the third
limitation still remains: despite the well-controlled and tunable nature of SI-ATRP, SET-LRP,
and LT-LRP, they all require an oxygen-free environment during the polymerization.8-9, 11-12, 18,
20, 22, 24

This also applies to novel surface-initiated approaches based on reversible addition–

fragmentation chain transfer (SI-RAFT)30 and photoiniferter-mediated polymerization (SIPIMP):31-33 no heavy metal catalysts are required, and a wide compatibility with a large
number of monomers exists, but they still require oxygen-free conditions to sustain the
controlled radical polymerization.
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Recently, a new RAFT-based technique was introduced: photoinduced electron transfer–
reversible addition–fragmentation chain transfer (PET-RAFT).34-37 This method allowed to
synthetize polymers in a controlled fashion in the presence of oxygen. The mechanism and
living nature of PET-RAFT polymerizations were previously investigated by Jiangtao Xu et al.38
They proposed that the reaction proceeds according to a reductive quenching cycle of EY in
which TEOA acts as a sacrificing electron donor to reduce oxygen in the polymerization
system. The reduction of oxygen allows the polymerization to proceed in an oxygencontaining environment. In addition, the mild conditions and water compatibility enabled the
synthesis of polymers grafting of polymer chains from a DNA and living cells.35-36 Moreover, it
was recently shown that this method is also suitable for surface-initiated polymerization of
polymer brushes.37
Herein, we show the synthesis of antifouling polymer brushes employing surface-initiated
photoinduced

electron

transfer–reversible

addition–fragmentation

chain

transfer

polymerization (SI-PET-RAFT). We demonstrate that this method is suitable for growing
brushes in water with an accessible and affordable organic photocatalyst, Eosin Y. The applied
technique is thus free from heavy metal. We have synthesized polymer brushes based on
three different types of antifouling monomers: oligo(ethylene glycol) methacrylate, N‐(2hydroxypropyl) methacrylamide and carboxybetaine methacrylamide (see Scheme 1), as
these represent three main chemical approaches towards minimizing the nonspecific
adsorption of proteins by polymer brushes. Moreover, we aimed for a truly robust method
that should allow polymerization in two- and three-dimensional patterns of all three of those
chemically different monomers in oxygen-tolerant conditions. The composition, thickness
and pattern formation of the resulting brushes were characterized extensively by X-ray
Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM) and imaging ellipsometry.
The antibiofouling properties of the synthetized polymer brushes were analyzed using
fluorescence confocal laser scanning microscopy (CLSM) of surfaces exposed to singlefluorescent protein solutions and bovine serum.
Experimental section
Materials. All chemical reagents were used without further purification, unless otherwise
specified. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid N‐succinimidyl ester (RAFT61
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NHS), (3-Aminopropyl)triethoxysilane (APTES), triethanolamine (TEOA), eosin Y (EY),
triethylamine (TEA), poly(ethylene glycol) methyl ether methacrylate (average Mn 300)
(MeOEGMA), ethanol (EtOH) (99.9%), acetone (99.5%), dry tetrahydrofuran (THF, 99.9%), and
phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich, N‐(2-hydroxypropyl)
methacrylamide (HPMA) was obtained from Polysciences, Inc., and streptavidin-Alexa488
conjugate (Str-Alexa488) and bovine serum albumin-Alexa488 conjugate (BSA-Alexa488)
were purchased from Fisher Thermo Scientific. Silicon substrates were acquired from
Siltronix. Deionized water was produced with a Milli-Q integral 3 system Millipore,
Molscheim, France (Milli-Q water). (3-Acryloylamino-propyl)-(2-carboxy-ethyl)-dimethylammonium (CBMA) was synthetized according to a previously described procedure. 11-12, 20
Bovine serum was obtained and biotinylated as previously described.21
Light Source. LEDs with a maximum intensity at 410 nm (Intelligent LED Solutions product
number: ILH-XO01-S410-SC211-WIR200) were used, current was set at 700 mA,
corresponding to a total radiometric power of 2.9 W, according to manufacturer
specifications.
Formation of RAFT agent‐functionalized monolayers. The substrates were rinsed with,
acetone, absolute ethanol (EtOH) and Milli-Q water and blown dry under a gentle stream of
Ar. Subsequently, the surfaces were exposed to an oxygen plasma for 5 min in a plasma
cleaner (100 W; 5 mbar O2; Diener electronic GmbH, Germany). The freshly activated surfaces
were immediately immersed in a freshly prepared solution of (3-aminopropyl)triethoxysilane
(APTES) (1 mg·mL-1) in absolute ethanol at RT for 16 h. The substrates were subsequently
rinsed with EtOH and Milli-Q water and blow dried with Ar. After immobilization of the APTES
on surfaces the substrates were submerged in a solution of RAFT-NHS (20 mg, 53 µmol) and
TEA (7 mg, 10 µL, 72 µmol) in 1 mL of dry THF at RT for 16 h. The substrates were subsequently
rinsed with THF, acetone, EtOH and Milli-Q water and blow dried with Ar. The substrates were
stored under Ar protection before use.
SI‐PET‐RAFT synthesis of polymer brushes. A stock solution with photocatalyst was prepared
containing: EY (25 mg, 39 µmol), TEOA (160 mg, 1.6 mmol) in 10 ml of Milli-Q water. The
monomer HPMA (178 mg, 1.3 mmol) or MeOEGMA (94 mg, 0.3 mmol) or CBMA (76 mg,
0.3 mmol) was dissolved in Milli-Q water (1 mL) and subsequently 10 µL of the stock solution
was added. The mixture was vortexed and added to the vials containing surfaces with
immobilized RAFT agent. Immediately after this, the polymerization was conducted by
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irradiating the vials with visible light from a LED light source for different periods of
time. The thickness of polymerization solution on top of the surfaces was 2 mm. In
these experiments, the light source was placed 3 - 4 cm from the substrates (Figure S1,
Supporting information), to prevent substantial heating of the samples with the light. The
polymerization was stopped by turning off the light. The samples were removed from the
solution and subsequently rinsed with Milli-Q water and ethanol, and blown dry under a
stream of Ar.
X‐ray photoelectron spectroscopy (XPS). XPS measurements were performed using a JPS9200 photoelectron spectrometer (JEOL Ltd., Japan). All the samples were prepared and
stored under ambient conditions, prior to analysis using a focused monochromated Al Kα
X-ray source (spot size of 300 µm) radiation at 12 kV and 20 mA with an analyzer energy
pass of 10 eV. XPS wide-scan and narrow-scan spectra were obtained under UHV conditions
(base pressure 3⋅10-7 Pa). All narrow-range spectra were corrected with a linear background
before fitting. The spectra were fitted with symmetrical Gaussian/Lorentzian (GL(30)) line
shapes using CasaXPS. All spectra were referenced to the C1s peak attributed to C–C and C–H
atoms at 285.0 eV.
Static water contact angle measurements. The wettability of the modified surfaces was
determined by automated static water contact angle measurements with the use of a Kruss
DSA 100 goniometer. The volume of a drop of demineralized water is 3 µL. Contact angles
from sessile drops measured by the tangent method was estimated using a standard error
propagation technique involving partial derivatives.
Spectroscopic ellipsometry. The polymerization kinetics were followed by measuring the dry
thickness of the brushes using an Accurion Nanofilm_ep4 Imaging Ellipsometer. The
ellipsometric data were acquired in air at room temperature using light in the wavelength
range of λ = 400.6 – 761.3 nm at an angle of incidence of 50°. The data were fitted with EP4
software using a multilayer model.
Atomic force microscopy (AFM). AFM surface topography images were acquired by an
Asylum Research MFP-3D SA AFM (Oxford Instruments, United Kingdom). Gwyddion software
was used to process and analyze the AFM topography images.39
Fluorescence microscopy. A Leica TCS SP8 confocal laser scanning microscope (CLMS) (Leica
Microsystems, Mannheim, Germany) was used to measure protein fouling and specific
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interactions of the coated surfaces. A Leica HyDTM hybrid detector was used in photon
counting mode to measure the intensity of the fluorescence signal. A 10× objective was used
and the samples were set in focus by maximizing the reflected light intensity from the laser.
Fluorescence images were obtained by accumulating 10 consecutive images. Images were
analyzed with the Leica LAS X Life Science software.
Protein fouling studies. Fouling of the coated surfaces by individual proteins or in complex
biological media were investigated by incubating surfaces in single-protein solution of StrAlexa488 (0.5 mg·mL-1) or BSA-Alexa488 (0.5 mg·mL-1), or in a 10%-dilution biotinylated
bovine serum 15 min at RT. The surfaces were then washed with PBS (10 mL, pH 7.4). The
samples exposed to biotinylated bovine serum were further labeled and followed by exposure
to Str-Alexa (0.5 mg·mL-1) for 15 min at RT. Afterwards the samples were again rinsed with
PBS (10 mL, pH 7.4) and Milli-Q water (10 mL), and subsequently dried by blowing with Ar.
Further, the samples were mounted on the glass slides and measured the intensity of
fluorescence of adsorbed proteins.
The limit of detection was determined by placing 1 µL droplets containing known
concentrations of BSA-Alexa488 on plasma-cleaned silicon oxide surfaces. The droplets were
allowed to dry. The spot sizes of the dried drops were measured, allowing to calculate a
surface density of the dried protein in ng·mm-2. The fluorescence intensity of the spots was
measured according to method described above.
Electronic core level calculations. All calculations were done with the GAUSSIAN 16
program.40 The geometries of the different systems were optimized at the B3LYP/6-311G(d,p)
level of theory. Natural bond orbital (NBO) analysis was employed to obtain the core orbital
energies.41
Results and discussions
Synthesis of initiator-coated surfaces. The antifouling polymer brushes were created in
four steps starting from bare silicon surfaces (Scheme 1). The surfaces were first coated with
a RAFT agent-functionalized monolayer, which was then used for surface-initiated
polymerization of the brushes. To this aim bare silicon surfaces were first oxidized using an
air plasma for 5 min and subsequently coated with (3-aminopropyl)triethoxysilane (APTES).
The

amine-terminated

surfaces

were

reacted

with

4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester (RAFT-NHS) yielding a RAFT
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agent-functionalized monolayer. From the RAFT agent-coated surfaces antifouling polymer
brushes were grown using SI-PET-RAFT, in the presence of eosin Y (EY) and triethanolamine
(TEOA) as catalysts, based on poly(ethylene glycol) methyl ether methacrylate (average Mn
300) (MeOEGMA), N-(2-hydroxypropyl) methacrylamide (HPMA) and carboxybetaine
methacrylamide (CBMA). We will now discuss each step in detail.

Scheme 1. Schematic depiction of the air-tolerant SI-PET-RAFT technique to make
antifouling polymer brushes.
The silicon surfaces were functionalized with the initiator in two stages. First, the silicon
surfaces were functionalized with APTES. The successful modification with APTES was
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confirmed with XPS. The XPS wide-scan spectrum showed main peaks that correspond to O1s,
C1s, N1s and Si2p atoms (Figure 1a). The experimental ratio between C : N was 4.3 : 1.0, i.e.
slightly higher than the theoretical elemental ratio in the compound (3: 1), which is attributed
to atmospheric contamination. The high content of oxygen in the XPS spectrum confirms the
presence of a thin silicon oxide layer. The XPS narrow-scan spectrum of the C1s region (Figure
1b) can be deconvoluted with two peaks. The peak at 285.0 eV is attributed to the carbon
atoms in the alkyl backbone of APTES, and the peaks at 286.5 eV is assigned to the carbon
atoms adjacent to the amino group [C-N]. The observed ratio between the [C-C/H]: [C-N]
peaks is 1.7 : 1.0, which is comparable to the theoretical ratio of 2 : 1 between [C-C/H]: [C-N].
The XPS spectrum of the C1s region of the APTES monolayer is also in agreement with the
predicted XPS spectrum based on calculated core orbital energy levels as obtained by density
functional theory (DFT) calculations (Figure S2).42-43 The XPS wide-scan spectrum also allowed
to estimate the thickness of the APTES monolayer based on the Si : C ratio. 44 This thickness
was estimated to be 0.5 ± 0.1 nm, in line with expectations for an APTES monolayer.

Figure 1. XPS characterization of the APTES and initiator-functionalized monolayers. (a)
Wide-scan spectra of the APTES (grey line) and initiator-functionalized monolayers (red line),
the inset shows the narrow-scan spectrum of the S2s region. (b) Corresponding narrow-scan
C1s spectra.
The initiator-functionalized surfaces were created by exposing previously prepared APTESmodified surfaces to 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester
(RAFT-NHS) (Scheme 1). The reaction was conducted in dry THF in the presence of
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triethylamine. The success of the reaction was confirmed by XPS. In the XPS wide-scan
spectrum main peaks can be observed that correspond to O1s, C1s, N1s, S2s and Si2p atoms
with a ratio of 5.2 : 1.0 : 0.4 for C : N : S. The theoretical ratio for these elements is 8.0 : 1.0 :
1.0 in case of a 100% conversion of the reaction between APTES and RAFT-NHS. Based on
the C / N ratio obtained from eight samples 29 ± 4% of the surface-bound amines has
reacted to hold an RAFT agent moiety (Equation S1). This was confirmed by the narrowrange C1s spectrum, which can be fitted with three major peaks attributed to [C-C/H] at
285.0 eV, [C-NH, N≡C] at 286.4 eV and [S=C-S, NH-C=O, N≡C-C] at 288.X eV. DFT-based
simulations of the C 1s spectrum agree with this peak assignment (Figure S3).42-43 In
addition, the presence of sulfur was clearly shown in the XPS S2s narrow-scan spectrum
(Figure 1a, inset) with peak maximum at 228 eV, indicating the presence of the RAFT-agent
on the surface. This results are in accordance with previously published XPS spectra of RAFTagent.30 The thickness of the obtained layer has increased in comparison with the APTES
monolayer and was calculated to be 1.1 ± 0.2 nm based on the C / Si ratio. Moreover, the
static water contact angle of the coated surfaces before and after RAFT-NHS
modification increased from 54° to 97°. All together, these characterizations confirm the
successful immobilization of the RAFT agent on the silicon oxide surfaces.
Synthesis and characterization of poly(MeOEGMA), poly(CBMA) and poly(HPMA)
brushes. Poly(HPMA), poly(MeOEGMA) and poly(CBMA) brushes with different thicknesses
were grown from the RAFT-agent-coated surfaces by SI-PET-RAFT using Eosin Y, as a
photocatalyst. Eosin Y was used because it has been shown to be oxygentolerant photocatalyst for polymerizations.45 The polymerizations were conducted in
Milli-Q water solution in presence of triethanolamine (TEOA). The AFM topography images
of brush-coated surfaces through the range of the thicknesses from 4 nm to 45 nm
revealed highly homogeneous layers with roughnesses of Rq = 0.36 ± 0.03 nm for
poly(HPMA), Rq = 0.14 ± 0.04 nm for poly(MeOEGMA), and Rq = 0.50 ± 0.18 nm for
poly(CBMA). The chemical composition of each synthetized polymer brush was confirmed
by XPS (only layers > 20 nm thickness are discussed, so as to minimize the effects of the
underlying Si surface and original APTES monolayer). The XPS wide-scan spectrum of a
poly(MeOEGMA) layer with a thickness of 27 nm, as determined by ellipsometry, showed
two main peaks for O1s and C1s in a ratio of 1.0 : 2.6 (Figure 2a). The XPS narrow-scan
spectrum of C1s region shows three main peaks of carbon atoms: [C-C/H]: [C-O]: [O-C=O]
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in a ratio of 2.8 : 9.4 : 1 (Figure 2b). In addition, this C1s narrow spectrum was simulated
for two MeOEGMA monomers (Figure S3, Supporting information) with an average Mw
of 300 (Mw = 278.35 and Mw = 322.40). The simulated spectrum gives a ratio between
[C-C/H]: [C-O]: [O-C=O] of 3 : 10 : 1, which is in good agreement with the ratio found
by fitting the experimental data.42-43 The static water contact angle of poly(MeOEGMA)coated surfaces was determined to be 49 ± 1°, indicating the formation of an
hydrophilic layer. In summary, the XPS, AFM and contact angle data confirm the presence of
well-defined poly(MeOEGMA) brushes.

Figure 2. XPS characterization of: Poly(MeOEGMA) brushes: (a) wide-scan spectrum, and
(b) narrow-scan C1s spectrum. Poly(CBMA) brushes: (c) wide-scan spectrum with inset
narrow-scan spectrum of N1s region, and (d) narrow-scan C1s spectrum. Poly(HPMA)
brushes: (e) wide-scan spectrum, and (f) narrow-scan C1s spectrum.
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The XPS wide-scan spectrum of poly(CBMA) brushes with an ellipsometric thickness of
29 nm (Figure 3c) shows three main peaks related to O, N, and C atoms, in a ratio of 2.6 :
1.8 : 12.6. This indicates an enhanced carbon content compared to the expected ratio
based on the elemental composition of the poly(CBMA) structure: 3 : 2 : 12, due to
atmospheric contamination. The zwitterionic nature of poly(CBMA) brushes was
confirmed also by XPS narrow-scan spectrum of N 1s region that displays two chemically
different types of nitrogen atoms [N+] and [NH] in a ratio 1 : 1.3. The deviation from 1 : 1
ratio seems to be an XPS-induced change, as noted by Van Andel et al.21 The narrow-scan
XPS C1s spectrum (Figure 2d) displays two broad peaks at 285.X eV and 286.3 eV assigned to
[C-C/H] and [C-N] atoms, and a smaller peak at 287.7 eV attributed to the carbonyl and
carboxyl atoms. The ratio between the [C-C/H]: [C-N]: [C=O] peaks is 5.5 : 4.6 : 1.8, which
indicates a relatively high aliphatic carbon content compared to the theoretically
expected composition of the poly(CBMA) structure (5 : 5 : 2). The poly(CBMA) layers also
showed high hydrophilicity with a static water contact angle of 20 ± 1°. The overall
physicochemical characterization for the poly(CBMA) layers is in good agreement with the
properties found for poly(CBMA) layers synthetized using other polymerization methods
such, as ATRP and PIMP.2, 11-12, 20-21, 33
The chemical composition of poly(HPMA) brushes was also confirmed by XPS. The XPS
wide-scan spectrum of poly(HPMA) brushes with an ellipsometric thickness of 26 nm
(Figure 2e) shows three main peaks related to O1s, N1s, and C1s electrons, in a 1.8 : 1 : 7.6
ratio, which is in agreement with the elemental composition of the poly(HPMA) structure
(2 : 1 : 7). The narrow-scan XPS C1s spectrum (Figure 2c) displays a broad peak at 285.X eV,
with a shoulder between 286-287 eV, attributed to overlapping signals from aliphatic,
alcohol and amine carbon atoms, and a smaller peak at 288.2 eV attributed to the carbonyl
atom. The spectrum was deconvoluted by fitting it with four peaks at: 285.0 eV assigned to
aliphatic [C-H] and [C-C] atoms, at 285.7 eV from the [C-N] atoms, at 286.6 eV from the
[C-O] atoms, and at 288.2 eV from the NH-C=O atoms. The fitted ratio between the [C-C/H]:
[C-N]: [C-O]: [C=O] peaks is 3.6 : 1.2 : 1.2 : 1.1, which correlates with the theoretically
expected composition of the poly(HPMA) structure (4 : 1 : 1 : 1). Accurate fitting is in this
case difficult, due to the overlap between the [C-C/H], [C-N] and [C-O] peaks, in line with
previously reported experimental and simulated C1s XPS spectra.24 The poly(HPMA)
brushes displayed a static water contact angle of 49 ± 1°, confirming the formation of a
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hydrophilic brush. In summary, also well-defined poly(HPMA)

brushes

could

be

made by this SI-PET-RAFT method, and yield characteristics that correspond to that
of analogous coatings made by other methods, such as SET-LRP,22 ATRP20 and LT-LRP.24
Kinetics of polymer brush growth. The kinetics of the polymer brush growth for all
three monomers were followed by measuring the polymer brush layer thicknesses with
scanning ellipsometry (Figure 3). The polymer brushes all demonstrated a linear growth
in the first hour, which indicates the controlled nature of the polymerization. This allows
tuning of the polymer brush thickness from 0 to 40 nm, and reaching thicknesses higher
than 10 nm within the first 20 min of polymerization under ambient conditions, i.e. in an
oxygen-containing environment. Thicknesses higher than 10-15 nm are required for
significant resistance towards non-specific adsorption from complex biological matrices by
polymer brushes based on
CBMA.18,

20-21

antifouling

monomers

such

MeOEGMA,

HPMA

and

The rate of polymerization during the first hour for poly(MeOEGMA),

poly(HPMA) and poly(CBMA) were determined to be 0.44 ± 0.04, 0.51 ±0.05 and
0.21 ± 0.04 nm·min-1, respectively. [Note: The concentration of the HPMA monomer was
increased four times in comparison with CBMA and MeOEGMA protocols. Lower
monomer concentrations of HPMA did not allow to create brushes thicker than 14 nm.]
After 2 h of the polymerization of kinetics all three monomers had slowed down, which is
probably related to gradual oxidation of the photocatalyst.37,

46

However, it is has been

shown before that it is possible to grow thicker brushes by refreshing the polymerization
solution or conducting the polymerization in presence of oxygen consuming
agent.34, 37 This indicates that the living nature of the polymers is not lost during PET-RAFT
polymerization. Moreover, it has been reported that the rate of polymerization in an
oxygen-containing environment in PET-RAFT polymerization conditions is slower and less
controlled than that in an inert atmosphere,47 although such factors do clearly not prevent
the smooth growth of thick, homogeneous polymer brushes.
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Figure 3. Dry thickness of poly(MeOEGMA), poly(CBMA) and poly(HPMA) brushes as
function of the polymerization time, as determined by ellipsometry.
The relatively fast rate and oxygen-tolerant nature of the polymerization allow the SI-PETRAFT technique to be easily scaled up and used in a wide range of biotechnological and
biomedical applications. Moreover, we demonstrate that the SI-PET-RAFT technique can be
used with relatively low concentrations of monomer (typically 0.3 – 1.3 M) and photocatalyst
(~ 39 mM) that creates favorable conditions for its mass application.
Patterning. Another significant advantage of our SI-PET-RAFT approach is that it enables
the formation of complex 3D-structured polymer brush layers by using a mask and tuning its
thickness. This was demonstrated by the growth of poly(HPMA) from a RAFT agentfunctionalized surface with a patterning mask. This resulted in a surface with a patterned
polymer (Figure S5, Supporting information), with a brush thickness of 30 nm in the exposed
regions. In addition, we conducted a control experiment in which a plasma-cleaned silicon
substrate without immobilized RAFT-agent was submerged into the polymerization solution
and exposed to the same polymerization conditions for 4 h. The sample showed a negligible
71
72

amount of absorbed monomer by XPS and an average thickness of 2.1 ± 0.3 nm. This confirms
that the polymerization indeed proceeds via the RAFT agent linked to the surface.
Antifouling properties of polymer brushes synthetized by SI-PET-RAFT. To demonstrate
the antifouling properties of the obtained polymer brushes, they were challenged with
fluorescently labeled single-protein solutions of streptavidin-Alexa488 conjugate (StrAlexa488, 0.5 mg·mL-1) and of bovine serum albumin-Alexa488 conjugate (BSA-Alexa488,
0.5 mg·mL-1), and by 10-fold diluted biotinylated bovine serum (BS), in each case for 15 min.
The fouling by biotinylated BS was detected by subsequent exposure to the Str-Alexa488
solution, which binds to the biotin residues of any fouling serum proteins present on the
surface. The bare silicon surface showed high fluorescence intensities from all three
solutions (Figure 4), indicating significant fouling. The fluorescence intensity of all polymer
brush-coated samples was low after exposure, and similar to the background level measured
for unexposed surfaces (Figure 4). The limit of detection of this fluorescent label-based
method was determined to be ~ 0.3 ng·mm-2 (corresponding to a fluorescent intensity of
about 6 a.u.), by measuring the fluorescence intensity and size of spots of dried drops
with known concentrations of fluorescence-labeled proteins (Figure S6, Supporting
information). The fluorescence intensities of all polymer brush coated surfaces after
exposure are below the detection limit. Overall, the synthetized polymer brushes showed
good antifouling properties (< 0.3 ng·mm-2) towards single-protein solution as well as
complex biological liquids such as diluted bovine serum.
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Figure 4. Fluorescence intensity at 500-550 nm of bare silicon, poly(MeOEGMA), thickness:
27 nm, poly(CBMA), thickness: 29 nm and poly(HPMA), thickness: 26 nm, before and after
exposure to solutions of Str-Alexa488 (0.5 mg·mL-1), BSA-Alexa488 (0.5 mg·mL-1) and StrAlexa488 labeled 10% diluted biotinylated bovine serum (BS).
Conclusions
We developed a simple light-induced and oxygen-tolerant way for creating antifouling
polymer brushes. The brush growth involved a surface-initiated photoinduced electron
transfer–reversible addition–fragmentation chain transfer (SI-PET-RAFT) polymerization. The
polymerization was conducted using visible light in an aqueous environment in the presence
of eosin Y and triethanolamine as catalysts. We demonstrated that this approach creates welldefined antifouling polymer brushes based on: oligo(ethylene glycol) methacrylate, N‐(2hydroxypropyl)methacrylamide and carboxybetaine methacrylamide. The designed polymer
brush coatings showed good antifouling properties in single-protein solutions of bovine
serum albumin, streptavidin, and also in diluted bovine serum medium. The absence of heavy
metal catalysts, the tolerance towards the presence of oxygen, and the photo-triggered
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nature of this polymerization method allow this technique to be used for the construction of
patterned surfaces, and also to be readily scaled up. We envision that the simplicity of this
technique will facilitate the introduction of antifouling coatings based on polymer brushes in
mass manufacturing of biomedical and biotechnological devices.
Supporting information is available free of charge at the ACS Publications:
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Abstract
In this work, we compare three routes to prepare antifouling coatings that consist of PLLHPMA bottlebrushes. The poly(L-lysine) (PLL) backbone is self-assembled onto the surface by
charged-based interactions between the lysine groups and the negatively charged silicon
oxide surface, whereas the poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) side chains,
grown by RAFT polymerization, provide antifouling properties to the surface. First, the PLLHPMA coatings are synthesized in a bottom-up fashion through a grafting-from approach. In
this route, the PLL is self-assembled onto a surface, after which a polymerization agent is
immobilized and finally HPMA is polymerized from the surface. In the second explored route
the PLL is modified in solution by a RAFT agent to create a macroinitiator. After self-assembly
of this macroinitiator onto the surface, the HPMA is polymerized from the surface by RAFT.
In the third and last route, the whole PLL-HPMA bottlebrush is initially synthesized in solution.
To this end, HPMA is polymerized from the macroinitiator in solution and the PLL-HPMA
bottlebrush is then self-assembled onto the surface in just one step (grafting-to). Additionally,
in this third route, we also design and synthesize a bottlebrush polymer with a PLL backbone
and HPMA side chains, with the latter containing 5% carboxybetaine (CB) monomers that
eventually allow for additional (bio)functionalization in solution or after surface
immobilization. These three routes are evaluated in terms of: ease of synthesis, scalability,
ease of characterization and a preliminary investigation of their antifouling performance. All
three coating procedures result in coatings that show antifouling properties in single-protein
antifouling tests. This method thus presents a new, simple, versatile and highly scalable
approach for the manufacturing of PLL-based bottlebrush coatings that can be synthesized
partly or completely on the surface or in solution, depending on the desired production
process and/or application.
Introduction
The non-specific adsorption of proteins on a surface, i.e. fouling, is an initial step in the
process of accumulation of unwanted biomaterial on that surface. The adsorption of such
biomolecules and biomaterials impairs the functions of biotechnological and biomedical
devices, whose correct functioning is crucially dependent on the availability of a non-fouled
surface.1 Surface modification by means of the application of antifouling coatings is
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advantageous for, e.g., manufacturing biosensors,2 implants,3,4 bioactive surfaces,5 and even
big objects like the hull of a ship.6
Especially for sensing low concentrations of a target analyte in complex media, there is a
demand for facile surface modifications to impart biosensors with antifouling properties in
order to prevent non-specific interactions and thereby enhance the signal-to-noise ratio.7
Antifouling coatings frequently consist of polyethyleneglycol (PEG)8,9 or zwitterionic
polymers.10–15 More recently, however, also poly(N-(2-hydroxypropyl)methacrylamide)
(polyHPMA) brushes grown by controlled radical polymerizations have been reported to
result in stable and highly antifouling coatings, on a par with –and in some cases
outperforming– zwitterionic

coatings.7,13,16–19

Although the antifouling properties of

poly(HPMA) brushes are not entirely understood, the reported fouling levels are extremely
low, even despite being a hydrogen bond donor and displaying a moderate wettability.
Mechanisms that are proposed are related to the ability to bind water.16,18
These polymeric coatings can be created via a grafting-from approach, in which a polymer
is grown from the surface.20,10,11 This is currently considered a highly promising route towards
antifouling coatings in terms of long-term antifouling properties, as it leads to a high-density
brush structure on the surface with tunable thickness.21–23 However, despite these
advantageous properties of polymer brushes grown via the grafting-from method, there is a
major hurdle to be overcome if these antifouling coatings are to be applied reproducibly on
large, industrially relevant scales.24 Namely, these grafting-from polymer brushes are typically
fabricated by surface-initiated, controlled living polymerization in the presence of a metal
catalyst and in an oxygen-free environment.11,13,18,25,26 Since this is typically a rather critical
technique, it is difficult to scale up and implement in, e.g., industrial production lines in a
reproducible manner.20,23 For this reason, there is a need to investigate other macromolecular
coatings that can potentially match the antifouling properties of these coatings, but at the
same time allow easy and reproducible fabrication.11,13,20,25 To this aim, one-step coatings
using zwitterionic antifouling polymer brushes with a catechol end group were developed for
grafting-to surface anchoring.27,28 In addition, Honda et al. created randomly composed block
copolymers of zwitterionic antifouling groups, combined with triethoxy silanes for surface
binding, to create antifouling coatings on glass.23
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Another well-known example of combining antifouling groups with polydentate surface
anchoring moieties are poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) polymers, which
are known to assemble onto silicon oxide, metal oxide and polymeric surfaces.29–34 PLL-g-PEG
self-assembles on silicon oxide at pH > 2 through multiple electrostatic attractions between
the negatively charged surface (SiO2 isoelectric point (IEP) ~ 2.2)35 and the positively charged
pendant amine groups present in PLL (IEP ~9.5),36 leaving the PEG chains oriented away from
the surface.34 Despite the ease of application and good antifouling properties of such PLL-gPEG coatings, their use under certain circumstances can be limited due to properties inherent
to PEG chains: PEG is known to undergo oxidative degradation, which may yield toxic
compounds and leads to degradation of the coating, and has been shown to elicit antibody
expression in vivo.37–41
In response to these limitations, Morgese et al. published in 2018 a study on polymers with
PLL backbones that were grafted with other types of antifouling polymer brushes, such as
poly(2-oxazines) and poly(2-oxazolines) to create bio-interfaces that resist protein
adsorption.31 However, the promising HPMA polymer was not included as a candidate in this
study, and the authors only considered the grafting to approach. Therefore, we aimed to
develop and investigate a bottlebrush macromolecule with poly(HPMA) grafted side chains
for antifouling properties, together with a PLL backbone for multivalent surface interactions
to achieve strong surface anchoring to silicon oxide surfaces.28 Previously, PLL and HPMAbased polymers have been combined in hybrid macromolecules for the synthesis of gene
delivery agents,42 or as transfection reagents with minimized toxicity.43 However, to the best
of our knowledge, PLL-HPMA bottlebrushes have not yet been used for the creation of
antifouling coatings. The overall goal of this project is to construct PLL bottlebrush coatings in
an easy and highly scalable manner without loss of antifouling performance, and the current
paper is the first step in this approach for PLL-HMPA bottlebrushes as antifouling coatings.
In this study, silicon oxide was used as a model substrate because of its relevance in, e.g.,
biosensors44 and microfluidic devices.45 We explored three different routes towards such a
coating with varying degrees of grafting-to and grafting-from components (Figure 1).
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-

Route A: a coating was completely grafted-from the surface. First, PLL was self-

assembled on the surface. The RAFT agent that allows for polymerization was
subsequently reacted to the PLL coating, after which HPMA side chains were RAFTpolymerized from the PLL backbone.
-

Route B: a coating that was partly grafted-from the surface. The RAFT agent

(RA) was coupled to PLL in a solution to synthesize a PLL-RA macroinitiator. The PLLRA was self-assembled on the surface and HPMA was finally RAFT-polymerized from
the RA-modified PLL coating.
-

Route C: a completely pre-synthesized, grafted-to coating. HPMA was RAFT-

polymerized from the PLL-RA macroinitiator in solution to create PLL-HPMA
bottlebrushes. These bottlebrushes were then self-assembled on the surface in one
single step.
For the growth of the poly(HPMA) brushes, photoinduced electron transfer–reversible
addition-fragmentation chain transfer (PET-RAFT) technique was applied. This polymerization
technique is oxygen tolerant, metal-free and can be applied to polymerizations in water,46,47
works with an accessible and affordable organic photocatalyst (EosinY),46,45 and has been
shown to be also applicable to the surface-initiated polymerization of different monomers.48
Especially this final feature makes PET-RAFT very suitable for our purpose, as it works well
both in solution as well as from a surface. Subsequently, we determined and evaluated the
various properties of the thus formed coatings in detail, including ease of synthesis,
scalability, reproducibility, modularity, and ease of characterization. Finally, we performed a
preliminary investigation of the antifouling performance obtained for these three coating
approaches, and provide a perspective on the use of such PLL-HPMA bottlebrush coatings for
antifouling purposes.
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Figure 1. Schematic overview of the solution-based synthesis of the macroinitiator (PLLRA) and PLL-HPMA bottlebrush structure (top). The three investigated routes A–C towards
surface-immobilized PLL-HPMA bottlebrushes (bottom). PLL is poly(L-lysine), RA is RAFT
agent, HPMA is 2-hydroxypropyl methacrylamide.
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Results and discussion
We will first discuss the synthesis of the PLL-HPMA bottlebrush-based coatings on silicon
oxide surfaces, as obtained via the three different routes presented in
Figure 1. Afterwards, the results of antifouling studies on the coatings prepared by these
different routes will be discussed and evaluated.
Route A: PLL-poly(HPMA) coating via the grafting-from procedure
In route A, the poly(HPMA)-based coating was completely grafted-from the surface. First,
PLL was self-assembled on the surface, followed by coupling of the surface-bound PLL to the
RAFT agent (RA), and finally, the polymerization of the poly(HPMA) side chains from the PLL
backbone (Figure 2).
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Figure 2. Schematic depiction of the construction of the PLL-RA coating via a grafting-from
approach, followed by SI-PET-RAFT to grow poly(HPMA) brushes.
A1: Self-assembly of Poly(L-lysine) on SiO2
PLL-HPMA bottlebrush-coated surfaces were prepared in this first route by building the
layer from the surface upwards. To this end, PLL (Mw = 15-30 kDa) was self-assembled to form
a monolayer by overnight immersion of freshly cleaned, negatively charged silicon oxide
surfaces in a 0.1 mg/ml solution of PLL in HEPES buffer (following the procedure reported by
Morgese et al.31). Upon modification of the silicon oxide surfaces with PLL, the presence of
a thin layer of polymers on the surfaces was confirmed by analytical techniques. Firstly, by
90

X-ray photoelectron spectroscopy (XPS) we found signals corresponding to the presence
of nitrogen (at 400 eV) and carbon (285 eV) on the surface (Figure 3, top). Furthermore, the
C1s narrow scan measurements showed the characteristic signals for the amide carbonyls
(C=O, 288.4 eV), and for the C–N and C–C=O carbon atoms (both at 286.4 eV). Since
these monolayers were too thin to be measured by ellipsometry (vide infra), we used the
Si/C ratio in the XPS wide scan to calculate the average thickness of the layer,49,50
which was approximately 0.5 nm, which is in good agreement with values reported in the
literature.51,52 The static water contact angle (SWCA) of the PLL-coated surfaces was < 20°,
displaying the very hydrophilic character of the coating due to the charges on the
protonated terminal amines. These combined data suggest that PLL was deposited as a
monolayer on the SiO2 surfaces.

Figure 3. XPS wide scan spectrum and C1s narrow scan spectrum of self-assembled PLL on
silicon oxide (top), surface-bound PLL, functionalized with RAFT agent (middle) and
poly(HPMA) grafted from RAFT agent-modified silicon oxide (after 80 min polymerization)
(bottom). On the left, the chemical structure of the analyzed surface is depicted.

90
91

4

A2: Surface immobilization of RAFT agent on PLL-modified SiO2
While a fraction of the pendant amine groups of PLL was involved in surface binding, the
remaining free primary amines of the PLL coating can be used to immobilize a RAFT agent to
allow in the following step the polymerization from the surface. To this end, an NHS-activated
RAFT agent was reacted with the surface-bound PLL overnight in dry THF (see Figure 2, step
A2). In the XPS spectrum of the thus prepared surface (Figure 3, middle), we found an
expected increase in both the C1s (285 eV) and N1s (399 eV) signals in the wide scan, since
these elements are predominantly present in the RAFT agent. Moreover, indicatively, we
detected sulfur (S2s, 227 eV), which confirms the presence of the RAFT agent. Based on the
N/S ratio obtained from XPS wide spectra, roughly 40% of all PLL primary amines have reacted
to hold a RAFT agent moiety (Figure S8). Taking into account that also a portion of the primary
amines is involved in surface binding by electrostatic interactions, this conversion can be
considered relatively high, compared to what would be maximally feasible for still strongly
surface-bound PLL. The conversion was also confirmed in the C1s narrow scan, which showed
that the carbonyl signal at 288 eV became more dominant, which can be attributed to the
introduced carbonyl and thiocarbonyls. As expected, the thickness of the coating increased
upon the addition of the RAFT agent to approximately 1.3 nm. The SWCA of the RAFTmodified surfaces increased to 42°, in line with the more hydrophobic nature of the RAFT
agent.
A3: PET-RAFT polymerization of HPMA on RAFT agent modified SiO2
Poly(HPMA) side chains were grown from the RAFT-modified, PLL-covered silicon oxide
surfaces by surface-initiated PET-RAFT in water using visible light and Eosin Y as an oxygen
tolerant photocatalyst, which allowed polymerization in air.46,48 Triethanolamine (TEOA) was
used as a co-catalyst,46 and also acted as a sacrificing electron donor to reduce oxygen in the
polymerization system.48 The study of the polymer growth kinetics showed a linear growth
for the first 40 min (Figure 4), which indicates the controlled nature of this surface-initiated
polymerization. The leveling off after 40 min might indicate a reduced availability of the RAFT
groups by either increased steric hindrance or chemical degradation.
The chemical composition of the grown poly(HPMA) brushes was studied using XPS, while
ellipsometry was used to determine the layer thickness of the polymer brushes. After 80 min
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of polymerization, the coating reached a total thickness of 32.0 ± 0.2 nm. Similar growth rates
have been reported for this HPMA monomer using PET-RAFT on silane anchoring layers.48 This
implies that from a self-assembled polymeric PLL starting layer, the polymerization works
equally well compared to well-defined silane monolayers. Figure 3 shows the XPS spectra for
the polymer brushes that were grown for 80 min. In the wide scan, only three main peaks are
observed, namely O1s (531 eV), N1s (388 eV), and C1s (285 eV) in a 1.8 : 1 : 8.3 ratio. This is in
reasonable agreement with the elemental composition of the poly(HMPA) structure (2 : 1 : 7)
and previously published papers on HPMA brushes, which report a ratio of 1.8 : 1 : 7.6,48 given
the possibility of atmospheric contamination
In the C1s narrow scan, a clear, more intense signal around 286 eV could be discerned,
compared to the RAFT agent-terminated surfaces from before the polymerization. This
indicates the increase of C–heteroatom species, which is in agreement with the structure of
the HPMA polymer. The SWCA of the polymer layers reached a stable SWCA of ~50° after 40
min of polymerization. Additionally, after 80 min of polymerization, the layers showed a low
roughness (see Figure S12) as could been expressed by a root mean square roughness: Rq =
2.44 ± 0.44 nm as measured by AFM (see supporting information). Overall, these data suggest
a surface structure that is similar to that previously reported for HPMA polymer brushes
grown by different surface-initiated controlled polymerization methods.13,18,48
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Figure 4. Polymerization kinetics of both on-surface PET-RAFT polymerizations of HPMA:
Route A3: polymerization on RAFT agent-modified surfaces that were obtained by reacting
NHS-RAFT with surface-immobilized PLL (orange). Route B2: polymerization on RAFT agentmodified surfaces that were obtained by the self-assembly of a PLL-RA macroinitiator (blue).
Thicknesses were measured in duplicate by ellipsometry.
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Route B: Synthesis and self-assembly of a PLL-RA macroinitiator and HPMA
polymerization from PLL-RA-modified surfaces.
In route B the coating was only partly grafted-from the surface. The RA was first coupled
to PLL in a solution to synthesize a PLL-RA macroinitiator. This PLL-RA macroinitiator was then
self-assembled on the surface, after which HPMA was polymerized from the RA-modified PLL
side chains (Figure 5).

Figure 5. Schematic depiction of the build-up of the PLL-RA coating in a partly grafting-to
approach, followed by SI-PET-RAFT to grow polyHPMA brushes.
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B1: Synthesis and self-assembly of PLL-RA macroinitiator on SiO2
Route B started with the synthesis of a RAFT agent-functionalized PLL polymer
macroinitiator that could afterward be immobilized on the surface (Figure 5). By reacting a
part of the amine end groups with an NHS-activated RA, we envisioned that enough lysine
moieties would be left unreacted to achieve efficient binding of PLL to the silicon oxide
surface in the subsequent self-assembly process. Therefore, we chose a 1 : 3 ratio of NHS-RA
: lysine monomer in the synthesis of PLL-RA. The synthesized PLL-RA macroinitiator was first
of all characterized by 1H NMR spectroscopy, also allowing for the determination of the actual
achieved RA : lysine ratio, which was found to be 1 : 9.8 (Figure S1, Supporting information).
This ratio was also supported by the elemental composition of the PLL-RA after
immobilization on a silicon oxide surface: by comparing the ratios between the N 1s and S2s
signals in XPS we found the RAFT : lysine ratio to be 1 : 8.5, which is comparable to the ratio
found by 1H NMR (Figure S9, Supporting information).
Several reasons could account for the lower observed degree of RAFT agent incorporation.
First of all, the reaction was stopped after 16 h, which might be before full conversion had
been reached. The lower degree might have also been affected by the relatively low solubility
of PLL and NHS-activated RAFT agent in a common solvent (HEPES buffer with 10 v/v% DMSO),
or by partial hydrolysis of the NHS ester. Finally, partial protonation of the amine end groups
might have lowered the conversion of the reaction.
Nevertheless, having approximately 9 out of 10 lysines available for surface anchoring
likely leads to a more stable coating, while still having enough initiation points for the growth
of relatively long polymer brushes. This was demonstrated by the successful growth of
poly(HPMA) brushes from silicon oxide surfaces that were coated by the PLL-RA
macroinitiator, as discussed below. The PLL-RA macroinitiator formed a monolayer by selfassembly on a freshly cleaned silicon oxide surface using the same protocol as in route
A1 (Figure 5). XPS analysis of this coating revealed signals for the elements N (at 400 eV),
C (285 eV) and S (231 eV) on the surface. In addition, the C1s narrow scan showed the
characteristic signals for the amide carbonyls (N–C=O, 288.2 eV), and the nitrogen- and
carbonyls-bound carbon atoms (C–N and C–C=O), both at 286.2 eV (Figure 6).
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The layer thickness of the PLL-RAFT macroinitiator coating was calculated using the
Si2p : C1s ratio from the XPS wide scan, and was found to be approximately 2.2 nm, which
thicker than the value obtained in route A (1.3 nm), in which an analogous coating was
created by reacting the NHS-RA moiety on pre-assembled PLL. The assembled PLL-RA
coating (in route B) had a SWCA of 36°, which is slightly less hydrophobic than the PLL-RA
coating from route A (SWCA of 42°). This could be ascribed to the fact that the coupling of
the RAFT agent to PLL in solution (step B1) occurs randomly on the entire polymer, while the
coupling on the surface (step A2) predominantly occurs on the top (solution-exposed)
part of the PLL coating. Therefore, in route B a smaller fraction of the RAFT moieties
could have an upward orientation compared to the PLL-functionalized polymer discussed
in route A, which would explain the reduced increase in the hydrophobic character of the
overall coating for route B.
B2: PET-RAFT polymerization of HPMA on PLL-RA macroinitiator-modified SiO2
Once the PLL-RA macroinitiator was immobilized on the surface, poly(HPMA) brushes were
grown using PET-RAFT conditions, as described in the previous paragraph (Figure 5). The layer
thicknesses of the polymer coatings that were grown for different time intervals were
measured using ellipsometry, allowing the comparison of the kinetics of the polymerization
for routes A and B (Figure 4). The rate of polymerization is similar for the first 40 min, which
implies that the amount of RAFT agent and hydrophilicity of the surface are not ratedetermining. After 40 min, the polymerization in route A seems to continue, while the route
B polymerization seems to level off. This might be due to the different availability of RA at the
surface as discussed in step B1.
Figure 6 shows the XPS data of a polymer brush that was grown for 80 min, and which had
a thickness of 21 nm, as determined from ellipsometry. In the wide scan, we see three main
peaks, namely for the elements O1s (532 eV), N1s (400 eV) and C1s (285 eV) in a 2.3 : 1 : 9.1
ratio, which is in reasonable agreement with the ratios found in the full grafting-from
procedure in route A (1.8 : 1 : 8.3). In this case, also a very small signal is visible from the
silicon oxide surface (Si2p, 102 eV), which confirms the slightly thinner coating as already
measured by ellipsometry. Also, the C1s narrow scan gave a very similar spectrum as
previously observed for the poly(HPMA) coating in route A. The SWCA stabilized after 30 min
polymerization of HPMA to ~50°. AFM topology measurements of the surfaces after 80 min
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of polymerization revealed a somewhat higher roughness Rq = 5.47 ± 0.75 nm compared to
surface A3 (2.44 ± 0.44 nm). This is probably due to the more hydrophobic, hence less soluble,
character of the initial PLL-RA. Overall, it can be concluded that the polymerization by PETRAFT from the PLL-RA macroinitiator-modified surfaces was possible in only two surface
modification steps. The coupling of the RAFT agent to the PLL polymer in solution did not
significantly affect the final polymerization step, which implies that the surface modification
procedure can be shortened by one step.
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Figure 6. XPS wide scan spectrum and C1s narrow scan spectrum of self-assembled
macroinitiator PLL-RA (top) and poly(HPMA) grafted from these surfaces (80 min
polymerization) (bottom). On the left, the chemical structure of the analyzed surface is
depicted.
Route C: PLL-HPMA coating via the grafting-to procedure
Route C comprises a completely pre-synthesized, grafted-to coating. HPMA was first
polymerized from the PLL-macroinitiator in solution to create PLL-HPMA bottlebrushes. These
bottlebrushes were then self-assembled on the surface in one single step (Figure 7).
Furthermore, bottlebrushes with carboxybetaine groups that offer the possibility for later
biofunctionalization (PLL-HPMA/CBMA) were also synthesized and immobilized on a surface
using the method presented in route C.
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Figure 7. Schematic depiction of the build-up of the PLL-HPMA coating in a completely
grafting-to approach.
C1: Solution synthesis and surface immobilization of PLL-HPMA by PET-RAFT
polymerization of HPMA from PLL-RA macroinitiator
The previously discussed routes (A and B) required two or three consecutive surface
modification steps to create a PLL-HPMA coating on silicon oxide. While route B is thus
certainly attractive in terms of scalability, we considered it to be of even more interest to
further decrease the number of surface modifications steps, so as to have a one-step
procedure for the coating of silicon oxide surfaces by PLL-HPMA bottlebrush polymers. In such
a route, the full polymer, a backbone polymer (PLL) with polymeric poly(HPMA) side chains is
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pre-synthesized in solution, and only subsequently applied to the surface. To this aim,
poly(HPMA) side chains were grown from the PLL-RA macroinitiator, which was already
synthesized for route B, in solution (Figure 7). From the RAFT agent side groups of this
macroinitiator, poly(HPMA) chains were grown by PET-RAFT polymerization in water using
visible light, Eosin Y as an oxygen tolerant photocatalyst and triethanolamine (TEOA) as a cocatalyst, in line with the conditions used in route B to grow the poly(HPMA).48 Extensive
dialysis allowed the isolation of the PLL-HPMA bottlebrush that could then be characterized
by 1H NMR spectroscopy (Figure 8). In the 1H NMR spectrum, peaks at δ 3.08 ppm and
δ 3.84 ppm confirm the presence of the poly(HPMA) side chains of the bottlebrush. From
the ratio between the

1H

signal at δ 4.15 ppm from the PLL backbone and the

1H

signal at

δ 3.84 ppm from HPMA, the ratio between HPMA monomer : lysine monomer was found to
be 1.4 : 1. Combining this ratio, with the previously determined RA : lysine ratio of the PLLRA macroinitiator, the average chain length of the each HPMA side chain could be calculated
to be roughly 14 repeating monomers, corresponding to approximately 2 kDa. The total
weight of the PLL-HPMA bottlebrush was calculated to be 41 kDa (see calculations in
Supporting Information).
The polymer molecular weight and polydispersity index (PDI) were determined by gel
permeation chromatography (GPC) in water. Based on calibration by a set of poly(ethylene
glycol) standards and a poly(HPMA) standard, a molecular weight of approximately 43 kDa
was found, i.e. close to the NMR-derived value. Furthermore, from GPC a polydispersity index
(PDI) of 1.4 was determined. Further characterization by dynamic light scattering (DLS)
revealed a narrow size distribution with an intensity peak maximum at a hydrodynamic radius
of 77 nm in water (Figure S11, Supporting information).
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Figure 8. 1H NMR spectrum of the PLL-HPMA bottlebrush synthesis in solution (in D2O, 400
MHz, 298 K).
The synthesized PLL-HPMA bottlebrushes were allowed to self-assemble on silicon oxide
surfaces by overnight immersion of in a 0.1 mg·mL–1 solution of PLL-HPMA in HEPES buffer.
XPS analysis of this coating (Figure 9) showed signals for N (at 399 eV) and C (285 eV) on the
silicon oxide surfaces, which is in agreement with the presence of a monolayer of PLL-HPMA.
The C1s narrow scan measurements showed the expected signals for the amide
carbonyls (C=O, 288.2 eV), and carbon-nitrogen and carbon-carbonyls (C–N and C–C=O),
both at 286.2 eV). The layer thickness of the PLL-HPMA coating was calculated using the
Si2p : C1s ratio from the XPS wide scan and was found to be approximately 0.9 nm. While this
is a rather low layer thickness for a surface-immobilized bottlebrush polymer, it should be
pointed out that the XPS thickness measurements were taken under ultra-high vacuum
conditions, creating a collapsed polymer layer (which will expand upon immersion).
Furthermore, the found dry thickness is in agreement with other types of surfaceimmobilized PLL-based bottlebrushes reported in literature.29–31 The self-assembly of PLLHPMA lead to the formation of a smooth layer (see Figure S12), as the reported roughness
by AFM was Rq = 2.37 ± 0.05.
100

99

The SWCA of this PLL-HPMA coating was approximately 20°. This hydrophilic character
might be due to the polar (partially charged) amine groups of the PLL within the coating that
are close to the solvent interface due to relatively low layer thickness of the overall coating.
However, the SWCA of the PLL-HPMA self-assembled coating is higher than for the PLL
monolayer with comparable thickness observed for step A1 (which has a reported SWCA
below 20° for a 0.5 nm surface-immobilized brush) due to the presence of poly(HPMA).
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Figure 9. XPS wide scan spectrum and C1S narrow scan spectrum of self-assembled PLLHPMA (top) and PLL-HPMA/CBMA (bottom). On the left, the chemical structure of the
analyzed surface is depicted.

Carboxybetaine-doped HPMA brushes for biofunctionalization purposes. We have further
improved the concept of PLL-HPMA one-step antifouling coatings by incorporating the
possibility for biomolecule immobilization, which is highly desirable for selective binding in,
e.g., biosensors and tissue engineering.7,53,54 The polymerization of HPMA from the PLL-RA
macroinitiator was also performed in the presence of a second antifouling monomer that
contains a carboxylate group to allow for easy activation by conventional coupling strategies,
e.g. NHS/EDC, to couple bioactive moieties. To this end, we selected a zwitterionic
carboxybetaine

(CBMA)

monomer

that

was

also

used previously

for

surface

functionalization.7,10,13,55 To this aim, 5% of CBMA monomer was used for this polymerization,
keeping the conditions the same as described for the PET-RAFT solution polymerization. The
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obtained PLL-HPMA/CBMA polymer was analyzed by 1H NMR spectroscopy (Figure S5,
Supporting information). We observed the expected additional signals coming from the CBMA
monomers, when comparing to the PLL-HPMA bottlebrush spectrum. Based on 1H NMR
integration, the content of CBMA was calculated to be 7.7% (see Figure S5). The somewhat
higher incorporation of CBMA monomer likely stems from the previously reported difference
in reactivity between the monomers.48 The polymer molecular weight and PDI were
approximated using GPC and gave an MW of approximately 53 kDa and a PDI of 1.6. In
addition, DLS gave a narrow size distribution in water with a maximum at a hydrodynamic
radius of 111 nm (see Figure S11).
The synthesized PLL-HPMA/CBMA bottlebrushes were allowed to self-assemble on silicon
oxide surfaces under similar conditions as described above. XPS analysis of this coating (Figure
9), revealed signals for the elements N (at 400 eV) and C (285 eV) on the silicon oxide surfaces.
The layer thickness of the PLL-HPMA/CBMA coating was calculated using the Si2p : C1s ratio
from the XPS wide scan and was found to be approximately 1.3 nm, which is in accordance
with the formation of a monolayer of PLL-HPMA/CBMA. The C1s narrow scan measurements
showed the expected signals for the amide carbonyls (C=O, 288.2 eV), carbon-nitrogen and
carbon-carbonyls (C–N and C–C=O, both at 286.1 eV). The higher amount of carbon-nitrogen
and carbon-carbonyl signals compared to the PLL-HPMA layer (44% vs. 38%) could be
explained by the presence of the CBMA monomer that contains an additional carbonyl group.
The layer thickness of the PLL-HPMA/CBMA coating was calculated using the Si2p : C1s ratio
from the XPS wide scan, and was found to be approximately 1.3 nm. This layer was thus
slightly thicker than the PLL-HPMA monolayer, which might be explained by the longer side
chains. The SWCA of the PLL-HPMA/CBMA coating was approximately 22°, which is very
similar to the PLL-HPMA analog. The self-assembly of the PLL-HPMA/CMBA lead to the
formation of a smooth layer (Figure S12, Supporting information), as the reported roughness
by AFM was Rq = 1.16 ± 0.05.
Having successfully incorporated CBMA in the PLL-HPMA bottlebrushes, a broad and
versatile platform for (bio)functionalization was created. For both poly(HPMA) and
poly(CBMA), the antifouling properties are most probably related to the strong binding of
water molecules.56 The combination of these polymers was previously utilized in polymer
brush systems which showed good antifouling properties.14,57 By activation of the carboxylate
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groups – either in solution or on the surface – antibodies or other bioactive molecules can be
installed for monitoring specific interactions in, e.g., biosensor platforms.7,14,58–60
Antifouling properties of PLL-HPMA coatings. Having successfully immobilized the three
different PLL-HPMA bottlebrush coatings on the silicon oxide surface, a preliminary
investigation of their antifouling properties was performed. We quantified the amount of
protein adsorption by fluorescence microscopy, by exposing the PLL-HPMA bottlebrush
coatings to fluorescently labeled protein solutions.13,23,28 This method allows for a limit of
fluorescent protein detection of 300 pg·mm–1 and thus suffices for initial testing.48 For this
study, lysozyme (LYS) and bovine serum albumin (BSA) were used as model proteins at
concentrations of 0.1

mg·mL–1

in PBS and contacted with the surfaces for 15 min before

washing with PBS. BSA was chosen since it is one of the most common proteins in blood
plasma with an overall negative charge at pH 7.4 (PBS buffer).61 LYS is a relatively small,
hydrophilic protein and was used because of its overall positive charge at pH 7.4 (PBS
buffer).62 As controls for the protein adsorption experiments, we used bare silicon oxide
surfaces, PLL-modified surfaces, and surfaces modified with commercially available PLL-PEG,
which is known to have good antifouling properties.30
The unmodified silicon oxide surface showed high fluorescence intensities from both
solutions (Figure 10), indicating significant fouling. PLL-coated silicon oxide was used as
a control and already showed less fouling compared to the bare silicon oxide surface,
probably due to the hydrophilic and charged nature of the sample, which contributes to the
antifouling properties.20 However, there still is a significant amount of fouling by BSA
visible on the PLL-coated silicon oxide, likely due to the oppositely charged nature of BSA
and PLL. The PLL-PEG-coated silicon oxide control sample, showed the expected low
fluorescence intensities, which confirms the functioning of the procedure and antifouling
behavior. The fluorescent intensities for PLL-HPMA-based antifouling coatings were
observed on the background level. These data show that PLL-HPMA coatings that were
synthesized in different ways (route A, B, or C) show antifouling properties close to the limit
of detection.
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Figure 10. Fluorescence intensities of different uncoated and coated silicon oxide surfaces
(see table) after exposure to solution containing BSA-AF488 and LYS-FITC.
Comparing the different routes towards PLL-HPMA bottlebrush coatings
Coatings made by routes A, B and C showed very similar antifouling properties in singleprotein solutions, irrespectively of any possible difference in their built-up, thickness, surface
topology and/or brush density. However, depending on the to-be-coated surface and
application, one can foresee that a certain route might be preferred over the other two.
Both routes A and B lead to relatively thick and dense coatings since the HPMA was
grafted-from an initiator-modified surface. This could be beneficial for stability and long term
use since the underlying anchoring layer is better shielded from the environment.
Route A showed the straightforward application of PLL as a multivalent, amine-terminated
anchoring layer, on which a polymerization agent can be attached (step A1). PLL could,
therefore, be an alternative to the often used silanes.63–65 The follow-up steps are versatile
with regard to the polymerization agent, technique, and monomer of choice.
In route B, the number of on-surface reactions is reduced to one. In solution, a
macroinitiator is synthesized by a one-step coupling method. After that, the macroinitiator
can be easily self-assembled on the surface, after which polymers can be grafted on the
surface. This approach has also been used by Jain et al.,66 who modified a polymer with
polymerization initiator groups and embedded this new polymer in a layer-by-layer assay on
porous membranes, to eventually grow polymer brushes from these membranes in a
grafting-from approach. The pre-synthesis of the macroinitiator in solution, allows for precise
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control over the amount of embedded polymerization agent, and could be specifically
beneficial in cases were the anchoring layer (PLL) and the to be polymerized monomer are
impossible to synthesize in solution because of opposite polarities (or other properties that
are challenging to combine in synthesis).
Both route B and C might result in less long-term stable coatings compared to route A since
the electrostatic interactions, that assure surface binding, are partly sacrificed by attaching
the RAFT agent (route B) or poly(HPMA) side chains (route C) prior to surface binding.
Route C is easiest to apply on a surface and by far the easiest to scale-up, because of the
one-step self-assembly and lack of on-surface reactions. The complete synthesis in solution
allows control and knowledge of the composition, weight and dimensions of the formed
polymer. Also, this approach allows precise and quantifiable immobilization of (bio)molecules
in solution, which typically requires smaller quantities of the (bio)molecule of interest in the
overall coating process or on the surface. The synthesis procedure in solution takes time and
requires purification. However, once synthesized, only very small amounts of PLL-HPMA (as
little as 0.1 mg·mL–1) are needed to coat a surface, which makes it very desirable and costeffective when a coating needs be applied to multiple or large surfaces.
Conclusion
In this work, we developed three different routes (A–C) to prepare effective antifouling
coatings that consist of PLL-HPMA bottlebrushes. In these coatings, the poly(L-lysine) (PLL)
backbone self-assembles onto a silicon oxide surface by charge-based interactions between
the lysine groups and the negatively charged surface, whereas the poly(N-(2hydroxypropyl)methacrylamide) (HPMA) side chains contribute to the antifouling properties.
The PLL-HPMA bottlebrush polymer coatings were produced using grafting-from
techniques by polymerizing HPMA from the surface (route A and B) and grafting-to of a presynthesized PLL-HMA bottlebrush (route C); the latter case – taking place fully under ambient
conditions with only water as solvent – is both very easy for repeated and/or large-scale use,
and allows detailed characterization of the finally polymer in solution, while methods A and
B have to rely on surface-sensitive analytical methods for characterization. Additionally, in
route C, a bottlebrush was synthesized that contains 5% carboxybetaine (CB) in its side chains,
which offers the possibility for further functionalization after an ester activation step.
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Overall, all surface modification routes (A–C) yield coatings that show single-protein
antifouling properties and are worthy of further, more detailed antifouling studies.
Supporting Information
The Supporting information contains a description of the used materials and methods,
supporting NMR, XPS, IR, DLS, and GPC data and calculations.
Supporting information is available free of charge at the ACS Publications:
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Abstract
Surface-initiated photoinduced electron transfer–reversible addition-fragmentation chain
transfer (SI-PET-RAFT) is for the first time used for the creation of antifouling polymer brushes
on gold surfaces. The living nature of this method allows for the creation of random and
diblock copolymer brushes based on N-(2-hydroxypropyl) methacrylamide (HPMA) and
carboxybetaine methacrylamide (CBMA). The incorporation of poly(HPMA) in the polymer
brush structure provides good antifouling properties. The introduction of the CBMA into the
polymer brushes opens the route for further brush functionalization by versatile activated
ester chemistry. The chemical composition of the brushes is confirmed by X-ray
photoelectron spectroscopy (XPS), and the polymer brush thickness is determined by
spectroscopic ellipsometry. The polymer brushes demonstrate good antifouling properties
against undiluted human serum, as monitored by quartz crystal microbalance with dissipation
(QCM-D) and surface plasmon resonance (SPR) spectroscopy in real-time. This approach
represents a route towards building antifouling and functional copolymer brushes in a
scalable, robust, oxygen-tolerant, and heavy metal-free way that opens up applications in
biosensing and tissue engineering.
Introduction
Biologically active surfaces play a crucial role in biosensors, tissue engineering, and other
biomedical devices.1-2 Those surfaces are functionalized with biologically active moieties that
perform certain biological functions, such as specific cell adsorption or interaction with a
specific protein or analyte.3 Bioactive surfaces usually need to perform in complex biological
media such as blood, saliva, or urine.1, 4-6 Those fluids typically contain numerous types of
proteins and cells that may interfere with the performance of the bioactive surface. Such nonspecific adsorption by proteins and cells from biological media on the surfaces is called
fouling.7-8 Thus, the practical application of bioactive surfaces requires antifouling layers
capable of preventing protein and cell fouling from complex biological media.9-10
Antifouling coatings can be generated by immobilizing self-assembled monolayers (SAMs)
or “grafted-to” or “grafted-from” polymer coatings on a surface.6, 11-14 The SAMs are broadly
applied to introduce different functionalities. Notably, oligo(ethyleneglycol)-terminated and
zwitterionic SAMs can resist or decrease fouling from single-protein solutions and cell
cultures.4 The “grafted-to” polymers based on ethyleneglycol oxide, polyoxazoline, poly(N-(2116
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hydroxypropyl) methacrylamide) and zwitterionic moieties have shown good resistance
towards single-protein solutions and moderate to good resistance towards more complex
biological media.12,

15

The “grafted-from” approach allows the synthesis of high-density,

covalently bound polymer brush systems.16 Polymer brushes based on zwitterionic
methacrylates and methacrylamides,14,

17

N-(2-hydroxypropyl) methacrylamide12,

18

and

oligo(ethyleneglycol) methacrylates11 have demonstrated excellent antifouling properties in
contact with different complex biological media such as blood, blood plasma, serum, and cell
cultures.1, 6
Polymer brushes are commonly synthesized via surface-initiated atom-transfer radical
polymerization (SI-ATRP).5,

14, 17, 19-21

The well-controlled nature of this polymerization

technique allows accurate tailoring of the brush height. Generally, ATRP requires relatively
high concentrations of copper halide salts to generate radicals from alkyl halides and an
oxygen-free environment. Single-electron transfer living radical polymerization (SET-LRP)22
and iridium-catalyzed light-triggered living radical polymerization (LT-LRP) allow a significant
decrease in the amount of heavy metal catalyst and provide the option to tune the thickness
and/or create patterned structures on surfaces using light.18 However, those polymerization
techniques still require an oxygen-free environment. In response to this, new approaches,
based on reversible addition−fragmentation chain transfer (RAFT), have been introduced. 23
In particular, photoinduced electron transfer-RAFT (PET-RAFT) polymerizations have been
developed, through which polymer brushes can be synthesized in the presence of oxygen and,
additionally, do not require heavy metal catalysts.12, 24 Also, the light-triggered nature of this
technique facilitates the production of hierarchical, patterned structures.24-25 The mild
conditions of PET-RAFT techniques, utilizing Eosin Y and triethanolamine (TEOA) as a catalyst
in an aqueous environment, were also applied to synthesize polymers from both cells and
DNA.26-27 Nevertheless, RAFT and RAFT-derived techniques have not yet been employed to
create antifouling polymer brushes on gold surfaces, the substrate of choice for surface
plasmon resonance (SPR) and quartz crystal microbalance (QCM) based label-free biosensors.
Polymer brush-based coatings have previously been demonstrated to provide good
antifouling properties when brought in contact with human and bovine serum, cell cultures,
and other complex biological matrixes.6,

11, 14, 17-18, 21-22

However, incorporating bioactive

moieties in polymer brushes structure without affecting antifouling properties still poses a
117
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challenge.28 Overall, there are two main post-polymerization methods for the
biofunctionalization of antifouling polymer brushes: chain end modification and side chain
modification. Chain end biofunctionalization of polymer brushes preserves the polymer
brushes' antifouling properties, although with a necessarily limited number of immobilized
biorecognition elements (per polymer chain).6, 11, 29 Side chain functionalization, on the other
hand, does provide a high amount of immobilized biomolecules per polymer chain. 5,

28

However, this typically strongly impairs the fouling resistance of such polymer brushes.
Therefore, copolymer brushes have been developed for the creation of bioactive antifouling
coating.14,

17, 30

The combination of highly antifouling moieties and biofunctionalizable

antifouling moieties has been shown to provide large amounts of immobilized bioreceptor
while preserving the antifouling properties of the original brush.17, 30-31
Herein we apply surface-initiated PET-RAFT (SI-PET-RAFT) for the synthesis of antifouling
polymer

brushes

based

on

N-(2-hydroxypropyl)

methacrylamide

(HPMA),

oligo(ethyleneglycol) methacrylate (MeOEGMA), and carboxybetaine methacrylamide
(CBMA). Furthermore, we explore the living character of this technique for the creation of
random and diblock copolymer brushes based on HPMA and CBMA. The incorporation of
CBMA in polymer brushes would allow subsequent biofunctionalization and application of the
coatings in tissue engineering and biosensing. The antifouling properties of all created
coatings were tested by subjecting them to undiluted human serum and monitoring of protein
adhesion in real-time by both SPR and QCM-D techniques.
Experimental section
Materials. All chemical reagents were used without further purification unless otherwise
specified. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester (RAFTNHS), cysteamine, triethanolamine (TEOA), eosin Y (EY), triethylamine (TEA), poly(ethylene
glycol) methyl ether methacrylate (average Mn 300) (MeOEGMA), ethanol (EtOH) (99.9%),
acetone (99.5%), dry tetrahydrofuran (THF, 99.9%), phosphate-buffered saline (PBS) (pH =
7.4), and human serum type AB male (HS) were purchased from Sigma-Aldrich. N-(2Hydroxypropyl) methacrylamide (HPMA) was obtained from Polysciences. Inc. Gold-coated
silicon wafers and surface plasmon resonance (SPR) chips were acquired from Ssense. Quartz
crystal microbalance chips were acquired from Quantum Design GmbH. Deionized water was
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produced with a Milli-Q integral 3 system Millipore, Molsheim, France (Milli-Q water). (3Acryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-ammonium

(CBMA)

was

synthesized

according to a previously described procedure.17, 24
Light Source. LEDs with a maximum intensity at 410 nm (Intelligent LED Solutions product
number: ILH-XO01-S410-SC211-WIR200) were used, and the current was set at 700 mA,
corresponding to a total radiometric power of 2.9 W, according to manufacturer
specifications.
Formation of RAFT agent-functionalized monolayers. The RAFT-agent immobilization was
conducted accordingly to previously published procedures.12, 24
SI-PET-RAFT synthesis of polymer brushes. The polymerization was conducted according to a
modification of a previously reported procedure.4, 18 A dye stock solution with photocatalyst
was prepared to contain: EY (25 mg, 39 µmol) and TEOA (160 mg, 1.6 mmol) in 10 mL of
Milli-Q

water.

The

monomer

[ HPMA

(178

mg,

1.3

mmol),

or

MeOEGMA

(94 mg, 0.3 mmol), or CBMA (76 mg, 0.3 mmol), or for random copolymer HPMA
(190 mg, 1.3 mmol) and CBMA (34 mg,
water (1 mL) and subsequently 10 µL

0.14

of

the

mmol)]
stock

was

dissolved

solution

was

in

Milli-Q

added.

The

mixture was vortexed and added to vials containing surfaces with immobilized RAFT
agent so that the liquid formed a thin layer (ca 2 mm)
Immediately after

this, polymerization

visible light from a LED light source
source

was

top

of

the

off

the light source.

surfaces.

was conducted

by irradiating the vials with

for

these experiments, the light

1

h.

In

placed 3–4 cm from the substrates. The polymerization was

by switching
solution

on

The samples

were

then

removed

stopped
from the

and subsequently rinsed with Milli-Q water, ethanol, and blown dry under a

stream of argon.
The diblock copolymer was synthesized using solutions for the first block solutions [HPMA
(178 mg, 1.3 mmol) dissolved in Milli-Q water (1 mL)] and subsequently 10 µL of the dye stock
solution. The polymerization was conducted for 1 h. The surfaces were removed from
the solution and subsequently rinsed with Milli-Q water, ethanol, and blown dry under a
stream of argon. Subsequently, the thus modified surfaces were submerged in a new solution
for the synthesis of the second block [CBMA (76 mg, 0.3 mmol) with 10 µL of the dye stock
solution in a total of 1 mL of Milli-Q water]. This solution was also irradiated for 1 h. Then the
surfaces were removed and washed with Milli-Q water, ethanol, and blown dry under a
119
stream of argon.
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X-ray photoelectron spectroscopy (XPS). XPS measurements were performed using a JPS9200 photoelectron spectrometer (JEOL Ltd., Japan). All samples were analyzed using a
focused monochromated Al Kα X-ray source (spot size of 300 µm) at a constant dwelling time
for wide-scan 50 ms and narrow-scan of 100 ms and pass energy: wide-scan 50 eV narrowscan: 10 eV. The power of the X-ray source was 240 W (20 mA and 12 kV). Charge
compensation was applied during the XPS scans with an accelerating voltage of 2.8 eV and a
filament current of 4.8 A. XPS wide-scan and narrow-scan spectra were obtained under ultrahigh vacuum conditions (base pressure 3⋅10–7 Pa). All narrow-range spectra were corrected
with a linear background before fitting. The spectra were fitted with symmetrical
Gaussian/Lorentzian (GL(30)) line shapes using CasaXPS. All spectra were referenced to the
C1s peak attributed to C–C and C–H atoms at 285.0 eV.
The XPS depth profiling was performed utilizing an Argon source operating in small cluster
ion mode at 500 eV. Each sputtering cycle lasted 10 s, and XPS spectra were acquired in
between sputtering steps. The twin anode X-ray source was used at 15 kV and 10 mA.
Static water contact angle measurements. The wettability of the modified surfaces was
determined by automated static water contact angle measurements using a Krüss DSA 100
goniometer. The volume of a drop of demineralized water is 3 µL. Contact angles from sessile
drops measured by the tangent method were estimated using a standard error propagation
technique involving partial derivatives.
Spectroscopic ellipsometry. The polymerization kinetics were followed by measuring the
dry thickness of the brushes using an Accurion Nanofilm_ep4 Imaging Ellipsometer. The
ellipsometric data were acquired in air at room temperature using light in the wavelength
range of λ = 400.6 – 761.3 nm at an angle of incidence of 50°. The data were fitted with EP4
software using a multilayer model.
Quartz crystal microbalance with dissipation monitoring (QCM-D). QCM-D was used to
measure mass changes as well as viscoelastic and structural properties of the various films.3233

The measurements were performed by using gold-coated quartz resonators (AT-cut, Biolin

Scientific, Sweden) with a fundamental frequency (f0) of 5 MHz in a QCM-D set-up (Q-Sense
E4, Biolin Scientific, Sweden) at 18 C. The QCM-D sensors were cleaned with a multistep
cleaning procedure. The sensors were cleaned with UV-ozone treatment (Procleaner
UV.PC.220, Bioforce Nanosciences,) for 10 min, dipped in 2% sodium dodecyl sulfate solution
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for 30 min, and rinsed with demineralized water. After the sensors were dried with a gentle
flow of argon, they were treated with UV-ozone cleaning for another 10 min as stated in the
literature.34-35 All solutions were bubbled with argon before the experiments to eliminate
dissolved oxygen that may cause problems with the baseline. Before each experiment, the
PBS buffer solution was pumped via a peristaltic pump (Ismatec high precision multichannel
dispenser) with a flow rate of 50 µL/min for at least 15 min to have a stable baseline. QSoft
(version 2.8.0.913 Analyzer) and DFind (version 1.2.7) software was used to record and
process the data, respectively.
Frequency (Δf) and dissipation shifts (ΔD) were acquired real-time at the 3rd (15 MHz), 5th
(25 MHz), 7th (35 MHz), 9th (45 MHz), and 11th (55 MHz) harmonic overtones. The 3rd (15 MHz)
overtones were reported for comparison of different polymer coatings. The change in
frequency of the quartz crystal can be associated with a change in mass (wet) after
implementation of a film, resulting in the Sauerbrey equation (1)36 where Δm = areal mass
density of the film, ∆fn = frequency shift, n = harmonic number, and C (17.7 ng·cm–2·Hz–1) =
mass sensitivity constant:
𝐶𝐶𝐶𝐶

∆m=𝑛𝑛𝑛𝑛∆fn

(1)

Surface plasmon resonance (SPR). SPR spectra were obtained on an SPR device from
Kinetic Evaluation Instruments (The Netherlands). The baseline was acquired by running PBS
buffer for at least 15 min. Subsequently, the undiluted human serum was introduced to the
cuvette for 15 min. The solution was washed afterward with PBS buffer. The mass of the
adsorbed protein was calculated accordingly to equation (2):
∆m (pg⋅mm2) = ∆Response / (m°Conversion factor (m°⋅(mm2 /ng)) ⋅ 1000 (2)

In this equation, the conversion factor is equal to 122 m°⋅(mm2 ⋅ng-1)
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Results and discusions
The method applied to produce antifouling polymer brushes by Surface-Initiated
Photoinduced

Electron Transfer-Reversible Addition–Fragmentation Chain

Transfer

Polymerization (SI-PET-RAFT) consists of three consecutive steps (Scheme 1). The first step
was immobilization of a cysteamine self-assembled monolayer on the gold surface. This was
followed by incorporation of RAFT agent by reacting an active ester of the RAFT agent [4cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester (RAFT-NHS)] with the
primary amine of cysteamine monolayer. In the third step, PET-RAFT polymerization was
conducted under visible-light irradiation in the presence of Eosin Y (EY) and triethanolamine
(TEOA) (Scheme 1). Each step is now discussed in detail.

Scheme 1. Schematic depiction of the formation of antifouling coatings on Au by SI-PETRAFT.
Immobilization of RAFT agent on the gold surface. Gold surfaces were functionalized with
the RAFT agent in two steps. Initially, the self-assembled monolayer of cysteamine was
immobilized on the gold surface. Formation of the cysteamine monolayer was confirmed with
XPS. The XPS wide-scan spectrum showed four main peaks that correspond to O1s, C1s, N1s,
and Au4d atoms (Figure 1a (2)). The experimental ratio between C : N : S was 4.5 : 1.0 : 1.0,
i.e., the carbon content was significantly higher than the theoretical elemental ratio in the
compound (2 : 1 : 1). This is attributed to atmospheric contamination and the initial presence
of a significant amount of carbon in the bare gold layer (also present after extensive plasma
cleaning of the sample). The ratio between N and S species correspond to theoretically
122
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expected value. The XPS narrow-scan spectrum of the S2p region (Figure 1b (2)) can be
deconvoluted into two peaks that can be assigned to S2p1/2 (163.3 eV) and S2p3/2 (162.0 eV)
in the [C–S–Au] species.

5
Figure 1. (a) XPS characterization of the cysteamine and RAFT-functionalized monolayers:
(1) wide-scan bare gold surface, (2) cystamine monolayer; (3) RAFT agent functionalized
monolayer. (b) Narrow-scan XPS data of the S2p region of the corresponding surfaces.
The RAFT agent functionalized surfaces were created according to a previously published
procedure12, 24 by exposing the surface to 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
N-succinimidyl ester (RAFT-NHS) in the presence of triethylamine (TEA) (Scheme 1). The
success of the reaction was confirmed by XPS characterization. In the XPS wide-scan spectrum
an increase of the S2s peak intensity was observed as well as the appearance of two new
peaks at 168.6 eV (S2p3/2) and 169.8 eV (S2p1/2) in the narrow-scan of the S2p region, which
correspond to the thiocarbonylthiol [S–C=S] species. The ratio between [S–C=S] and [C–S–Au]
species in S2p and S2s XPS narrow-scans was obtained from five samples and indicated that
on average 32 ± 4% of the surface-bound amines had reacted with RAFT-NHS. This degree of
conversion is similar to values previously reported for (3-aminopropyl)triethoxysilane on
silicon oxide surfaces.12,

24

Also, the surface gained a more hydrophobic character after

modification with RAFT-NHS as the static water contact angle increased from 34 ± 1° to
92 ± 1°.
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Synthesis and characterization of poly(MeOEGMA), poly(CBMA), and poly(HPMA) brushes.
Polymer brushes based on MeOEGMA, CBMA, and HPMA have shown unparalleled resistance
to non-specific adsorption of proteins.11-12, 18, 21, 24 Thus, employing a robust, oxygen-tolerant,
and heavy metal-free polymer brush route such as the SI-PET-RAFT technique for the
synthesis of these brushes on gold surfaces has the potential to allow easier access to such
surfaces. Poly(HPMA), poly(MeOEGMA), and poly(CBMA) brushes were therefore grafted
from the RAFT agent-coated surfaces by SI-PET-RAFT using Eosin Y as a photocatalyst in water
according to a previously published procedure.12, 24 The chemical composition of the coatings
was characterized by XPS, and the polymer brush thickness was determined by spectroscopic
ellipsometry. The polymerization of MeOEGMA on gold was conducted for 1 h, reaching an
average thickness of 29 ± 1 nm. The XPS wide-scan spectrum of a poly(MeOEGMA) layer with
a thickness of 29 nm showed two main peaks for O1s and C1s in a ratio of 1.0 : 2.7 (Figure 2a).
The C1s
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The XPS wide-scan spectrum of poly(CBMA) brushes, with an ellipsometric thickness of
11 ± 1 nm after 1 hour of SI-PET-RAFT polymerization, (Figure 3c) showed four main peaks
related to C, O, N, and Au atoms, in a ratio of 6.6 : 1.0 : 1.0 : 0.2. The lower content of
oxygen in the XPS wide-range spectra may be related to degradation of the CBMA polymer
during exposure to X-rays. The narrow-scan XPS C1s spectrum (Figure 2d) displayed
three peaks: [C–C/H] (285.0 eV) : [C–N] (286.3 eV) : [C=O] (287.8 eV) in a ratio of
2.7 : 2.5 : 1 that correlates well with the theoretically expected composition of the
poly(CBMA) structure (2.5 : 2.5 : 1). The poly(CBMA) layers also showed high
hydrophilicity with a static water contact angle of 18 ± 1°.
Poly(HPMA) brushes achieved an average thickness of 41 ± 1 nm after 60 min of irradiation.
The XPS wide-scan spectrum of the poly(HPMA) brushes (Figure 2e) showed three main peaks
related to O1s, N1s, and C1s, in a 1.6 : 1.0 : 7.7 ratio. This is in reasonable agreement with the
expected elemental composition of the poly(HPMA) structure (2 : 1 : 7), given the presence
of some atmospheric contamination. The fitted ratio in the XPS C1s spectrum between the
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[C–C/H] (285.0 eV) : [C–N] (285.8 eV) : [C–O] (286.5 eV) : [NH–C=O] (288.0 eV) peaks is
3.7 : 1.2 : 1.2 : 1, which closely corresponds to the theoretically expected composition
of the poly(HPMA) structure (4 : 1 : 1 : 1). The poly(HPMA) brushes displayed a static water
contact angle of 40 ± 1°, and all these physicochemical characteristics are highly similar to
those of poly(HPMA) brushes synthesized by other techniques and on other types of
surfaces or initiator layers.12, 14, 22, 24

5

Figure 2. (a) XPS wide-range scans of the three polymer brush layers under study. (b-d)
Narrow-scan XPS C1s spectrum of (b) poly(MeOEGMA) brushes [41 nm], (c) poly(HPMA)
brushes [29 nm], and (d) poly(CBMA) brushes [11 nm].
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Synthesis of poly(HPMA)-poly(CBMA) random and diblock copolymer brushes. To overcome
the challenges of the biofunctionalization of antifouling polymer brushes without impairing
their antifouling properties, the combination of HPMA and CBMA and combination in
hydroxy-terminated and methoxy-terminated oligo(ethyleneglycol) methacrylate using ATRP
and other methods has been used in both random copolymer brushes. 17, 31 Analogously, we
have applied the SI-PET-RAFT technique for the synthesis of random copolymer brushes of
HPMA and CBMA (Scheme 2 “Random brush path”). Furthermore, we exploited the living
nature of PET-RAFT polymerizations for the production of a diblock copolymer brush of HPMA
and CBMA (Scheme 2 “Diblock brush path”). Here we strove for a bottom layer of HPMA, as
this displays an overall superior antifouling behavior, while the CBMA block combines still
very good antifouling properties with functionalizability.
The random copolymer brushes were synthesized according to the SI-PET-RAFT procedure,
adding a monomer mixture of CBMA and HPMA in the molar ratio 1 : 10. The polymerizations
were conducted for by submerging gold surfaces that were covalently functionalized with
RAFT-agent in the polymerization solutions containing EY and TEOA, and subsequent
irradiation for 60 min. The ratio of the two monomers was chosen based on previous studies
of this type of random copolymer brush from the perspective of antifouling and bioreceptor
immobilization properties.17, 30 The diblock copolymer brush was analogously synthesized in
two steps: First, the bottom block of poly(HPMA) was grown for 60 min. After which surfaces
were washed and placed in new polymerization solution contanining CBMA. The top block of
poly(CBMA) was added by another 60 min polymerization.

126
128

5

Scheme 2. Schematic depiction of the synthetic pathways to create diblock and random
poly(HPMA)-poly(CBMA) brushes by SI-PET-RAFT.
The diblock and random copolymer brushes were characterized by XPS and ellipsometry.
The XPS wide-scan spectrum of random poly(HPMA)-poly(CBMA) brushes, with an
ellipsometric thickness of 26 nm, showed four main peaks related to C1s, O1s, N1s, and Au4d
atoms, in a ratio of 8.1 : 1.0 : 1.7 : 0.1. The increase of C1s, and O1s peaks with respect to
poly(HPMA) brushes (XPS ratios poly(HPMA) 41 nm O1s : N1s : C1s correspond 1.6 : 1.0 : 7.7)
is related to contribution of CBMA moieties to the copolymer structure (Figure 3a). Further
confirmation of the incorporation of CBMA in the brush structure was provided by the XPS
N1s narrow-scan, (Figure 3b) due to the appearance of a signal related to the quaternary
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ammonium species [N+] at 403.4 eV. The ratio between [N+] (403.4 eV) : [NH] (400.2 eV) in
XPS N1s narrow-scan was determined to be 1.0 : 8.7, which indicates a HPMA / CBMA ratio
of 1 : 9 in close agreement with the ratio used in the solution that contained both
monomers. The random copolymer brushes displayed a more hydrophilic static water
contact angle of 32 ± 1° than poly(HPMA) brushes (41 ± 1°) due to the CBMA moieties.
The XPS wide-range spectrum of the diblock poly(HPMA)-poly(CBMA) brushes, with an
average total ellipsometric thickness of 54 ± 2 nm (41 ± 1 nm first block poly(HPMA) and
13 ± 2 nm second block poly(CBMA)), showed four main peaks related to C1s, O1s, N1s, and
Au4d atoms, in a ratio of 7.3 : 1.0 : 1.4 : 0.0 (Figure 3c). The ratio between [N+]
(403.2 eV) : [NH] (400 eV)) in the XPS N1s narrow-scan was determined at 1.0 : 5.2.
(Figure 3d). Here the relatively low ratio of N+ species to NH is related to the low
grafting density of the second block, the limited presence of available reinitiations
sides, and degradation of N+ under XPS conditions. The diblock brushes displayed a
static water contact angle of 29 ± 1°. The higher affinity to water in this copolymer brush
is related to CBMA species' presence on top of the poly(HPMA) brush.
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Figure 3. Random versus diblock polymer brushes. (a-b) Poly(HPMA)-poly(CBMA) random
brushes: (a) XPS wide-range characterization. (b) N1s XPS narrow-scan. (c-d) Poly(HPMA)poly(CBMA) diblock polymer brushes: (c) XPS wide-range characterization. (d) N1s XPS
narrow-scan.
The diblock polymer brush structure was further confirmed by XPS depth profiling (Figure
4). The XPS N1s narrow-scan was monitored after equal intervals of exposure to the Ar+ beam.
The disappearance of [N+] signal in the spectrum with the progression of sputtering indicates
the presence of CBMA species on the top of the first poly(HPMA) block of the brush.
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Figure 4. XPS depth profile of diblock poly(HPMA)-poly(CBMA). The spectra were recorded
at 10 seconds interval while exposing the coating to the Ar+ beam.
Antifouling properties. The design of antifouling biointerfaces requires excellent resistance
to fouling from complex biological media. Thus, the prepared polymer brushes were
challenged by contacting the surfaces with undiluted human serum (HS) for 15 min. SPR and
QCM-D techniques were used to asses the amount of non-specifically adsorbed protein.
Overall, all polymer brushes under current study perform showed good antifouling coatings
(see Table 1), and we will discuss the detailed results per technique (QCM-D and SPR,
respectively).
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QCM-D fouling measurements for all polymer brushes, with the only exception of
poly(CBMA) brushes, showed a degree of protein fouling from HS below the detection limit
(Figure 5, right) Interestingly, for non-charged polymer brushes and copolymer brushes the
frequency value increased reversibly upon exposure to undiluted human serum. Such a
change implies a decrease in mass of the film upon exposure (Figure 5, left). The increase in
frequency upon exposure to HS also was correlated with changes in the dissipation, related
to the viscoelastic properties of the brush. While basically no change in the dissipation were
observed for poly(HPMA), a slight increase was seen for poly(MeOEGMA), the poly(HMPA)poly(CBMA) diblock, and the poly(HPMA)-poly(CBMA) random copolymer. These
observations can be rationalized with an osmotic-pressure induced change in the water
content of the polymer brush and concomitant morphological changes within the brush. Such
loss of water has previously described in the literature.37-38 Both the frequency and the
dissipation returned to their pre-exposure levels for all non-changed brushes after washing
with PBS, thus indicating that no loss or gain of the covalently bound mass of the brush had
occurred, in line with the reversibly changeable water content. Only with pure CBMA and
uncoated Au fouling occurred, as seen from a decrease in frequency, i.e. increase of mass due
to adsorbed protein. These findings were substantiated by our SPR measurements, which
displayed a lower limit of detection.

Figure 5. QCM-D data showing the change in mass upon exposure to undiluted human
serum (HS) for the various coatings.
The SPR measurements provided more detailed information about the antifouling
properties of the layers, due to the overall higher sensitivity of SPR analysis as an method to
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determine protein fouling. This allowed to show small but significant significant
differences

between

the

various

brushes:

poly(HPMA)

(10

±

3

pg·mm–2)

poly(MeOEGMA) (126 ± 31 pg·mm–2) and poly(CBMA) (55 ± 23 pg·mm–2) brushes. Despite
the overall similar sensitivity factors of SPR and QCM-D machines. SPR allows more detailed
and thorough investigation of the fouling in contrast to confocal laser scanning
microscopy or QCM-D techniques. The slightly higher fouling than previously reported
for the random poly(HPMA)-poly(CBMA), poly(MeOEGMA) brushes by SPR, and
poly(CBMA) by QCM-D created by other techniques such as ATRP can be related to
possible lower grafting density of the coatings. It can be further explained by the two-step
immobilization of the RAFT agent. The protein fouling on the diblock and
random copolymer brushes from undiluted HS was determined to be 40 ± 18 pg·mm–2
and 53 ± 35 pg·mm–2, respectively. It also should be noted that we observed
significant differences in the extent of fouling on the blanc bare gold surface as
measurements in SPR and QCM-D. This may be related to a different type of gold in chips
and difference in actual sensitivity of both methods.

Figure 6. The SPR sensorgram of the change in angle upon contact with undiluted HS on
bare gold and gold coated with various polymer brushes (left), irreversible fouling from HS
obtained from SPR measurements (right).
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Conclusions
We applied surface-initiated photoinduced electron transfer–reversible additionfragmentation chain transfer (SI-PET-RAFT) technique for the creation of well-defined
antifouling

polymer

brushes

based

N-(2-hydroxypropyl)methacrylamide,
Furthermore, the synthesis
based

on

of

on
and

random

oligo(ethylene

glycol)

carboxybetaine
and

diblock

methacrylate,
methacrylamide.

polymer

brushes

N-(2-hydroxypropyl)methacrylamide and carboxybetaine methacrylamide

was demonstrated. Thus, providing a route for the application of SI-PET-RAFT for the
creations of biofunctional antifouling surfaces. All created coatings showed good
antifouling properties towards the undiluted human serum. Due to the simple overall
approach of producing these antifouling and functional surfaces, we envision that they can
be efficiently used in biosensing devices, tissue engineering, and other applications of
bioactive surfaces.
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Chapter 6
General Discussion and
Future prospects

General Discussion
Numerous antifouling surfaces were designed and extensively studied for various
applications.1‐7 The dramatic increase in research publications on the antifouling and
bioactive surfaces highlights the importance of this area of research. In this thesis, the main
focus was on creating light‐tunable and, in further stages, oxygen‐tolerant and heavy‐metal
free methods for achieving antifouling, functional and bioactive surfaces.
In the strive towards simple and versatile techniques for the creation of antifouling
bioactive and functional coatings, two main techniques were developed: surface‐initiated
visible‐light‐triggered living radical polymerization (LT‐LRP) (explored in chapter 2)8 and
Surface‐Initiated Photoinduced Electron Transfer‐Reversible Addition–Fragmentation Chain
Transfer Polymerization (SI‐PET‐RAFT) (explored in Chapters 3,4,5).9‐10 The LT‐LRP technique
allowed polymer brushes synthesis with an unparalleled level of control and tunability by
light. Those aspects thus allowed the creation of precisely controlled three‐dimensional,
bioactive poly(HPMA)‐poly(CBMA) diblock architectures on the surfaces. On the other hand,
the SI‐PET‐RAFT – that provided average control of the polymerization – provided a highly
desirable oxygen‐tolerant and heavy‐metal free polymerization method. The requirements of
more traditional techniques – such as surface‐initiated atom transfer radical polymerization
(SI‐ATRP)3, 11 – of an oxygen‐free environment and, in some cases, the use of Schlenk lines to
create antifouling coatings, make such techniques hard to apply for non‐specialists and
seriously hampers mass manufacturing. Thus, one of the crucial aspects of the SI‐PET‐RAFT
technique is oxygen‐tolerance. It will allow non‐specialists use with almost no special
equipment needed and can, in principle, even be scaled up further to ship's hull coatings and
mass production of next‐generation diagnostic devices. We have conducted an additional
experiment utilizing the most successful antifouling monomer by this technique described in
Chapters 3‐5 by just sunlight, yielding thickness 23 nm after 15 min of polymerizations.
(Figure 1)
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Figure 1. SI‐PET‐RAFT polymerization of HPMA on silicon surface by sunlight (a)
experimental setup in 8040 lab in Helix building in Wageningen University. (b) XPS narrow C1s
scan of obtained poly(HPMA) brush. (c) XPS wide scan of poly(HPMA) after 15 min of
polymerization.
The control over the polymerization grafting density, overall structure, and homogeneity
over the surfaces are important aspects of creating antifouling polymer brushes. 12 The
roughness, grafting density, and overall structure and homogeneity affects the antifouling
performance of polymer brushes.12‐13 Another aspect of the controlled polymerizations is
their living nature. This property allows the formation of more complex architectures on the
surface, in particular diblock copolymer brushes. Those structures have a unique potential to
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combine the best possible antifouling properties with a high loading of bioactive moieties at
the top of the coating, which is ideal for developing bioactive surfaces.8, 14

Figure 2. Schematic depiction of bioactive antifouling surfaces that interact specifically
only with certain biomolecules.
The antifouling surfaces can have numerous applications on their own, but the true summit
of their capabilities is for them to be an integral part of bioactive surfaces. 15 Those surfaces
play a crucial role in biosensors and tissue engineering, interacting specifically only with
certain biomolecules or cells (Figure 2). This means that the introduction of the bioactive
moiety in the antifouling polymer brush is the second challenging task. It has become quite
obvious that using the side chains of the whole brush for attaching biomolecules affects the
antifouling properties of the system (Figure 3). Solving the problem of polymer brush
biofunctionalization has, therefore, been attempted by combining two main aspects:
chemical and architectural control. The chemistry of the attachment of biomolecules to the
polymer brushes has utilized many different approaches, such as “click” chemistries based on
azide‐alkyne cycloadditions,16 (inverse electron‐demand) Diels–Alder cycloadditions and
derived chemistries,12 active ester chemistries such as NHS/EDC,5‐6, 8, etc. While the oldest of
these, active ether NHS/EDC chemistry has stayed the most popular post‐polymerization
modification of polymer brushes, likely given its easy application for a wide range of
compounds. This can be easily explained by the near‐ubiquitous presence of amine groups in
bioactive agents, such as antibodies, peptides, and proteins. The architecture approaches aim
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to focus on only some of the polymer brush's side groups, using a post‐polymerization
modification of side chains, to obtain either of the four options: uniform monoblock
modifications, random or diblock copolymer approaches that allow functionalizing part of the
brush, or end chain functionalization (Figure 3). The aspect of creating random and diblock
copolymer brushes was explored in chapters 2 and 4, 5. The degree of functionalization, the
resulting bioactivity, and the effects on the antifouling properties were investigated in more
detail in chapter 2. Our research has confirmed that the use of diblock polymer brushes
provides the possibility for a high capture of model analytes, and actually even higher than
full side‐chain functionalization of a single block of CBMA based polymer brush. We further
explored the possibility of introducing a CBMA moiety using SI‐PET‐RAFT in poly(HPMA)
diblock and random copolymers.

6

Figure 3. Different architectural pathways for the functionalization of polymer brushes.
The “grafted‐from” polymer brush as a complex polymer system caused many debates
around the question “What is actually on the surface?”. It also induced a search for “grafted‐
to” alternatives for the creation of polymer brush systems. The search for a method to build
a high grafting‐density polymer brush system in one step via a “grafted‐to” approach may
have some successes. Still, for now, the grafting density of “grafted‐from” polymer systems
and architecture was not fully reproduced by “grafted‐to” attempts.17‐18 One of such attempts
towards a “grafted‐to” approach was further explored with bottle brush structures based on
PLL‐HPMA in chapter 4. The one‐step immobilization of PLL‐HPMA bottle brushes achieved
by this technique did not achieve the thickness and grafting densities of “grafted‐from”
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polymer brushes – as e.g. observed from XPS and ellipsometry measurements – yet they
displayed good antifouling properties against single-protein solutions.
The N-(2-Hydroxypropyl) methacrylamide or HPMA monomer was the favorite monomer
throughout this thesis for the construction of antifouling layers, and it was applied in all
chapters of this thesis. The research on HPMA-based antifouling coatings evidenced that little
is known about the complex behavior of even more complex biological matrixes such as
human serum and bovine serum on different types of antifouling surfaces. The question about
the mechanisms of fouling resistance on the overall non-zwitterionic, non-charged coatings
and, to some extent, zwitterionic coatings remain open. The antifouling mechanisms of noncharged polymer brushes like poly-HPMA and zwitterionic polymer brushes may be
significantly different, e.g. because the water affinity and interactions between polymer
chains are significantly different. The full understanding of the interactions of complex
biological media with artificially created bioactive antifouling coatings will open new horizons
for biosensing, tissue engineering, implants, drug delivery, and biomimetic research.
Future prospects
The antifouling polymer brush-based coatings have demonstrated, in both the work
described in this thesis and in many other publications, remarkable antifouling capabilities
close to 0 pg·mm2, or more correctly: close to the detection limit of the fouling monitoring
technique.4, 7, 11 In the lab environment, those coatings were applied as bases of bioactive
surfaces for numerous biosensors. Nevertheless, those coatings are not used in the mass
manufacturing of biosensing or tissue engineering devices. Likely, the complexity of the
synthesis of those coatings plays a big part in the lack of large-scale applications. We claim
that this is about to change with the techniques developed in this thesis: SI-PET-RAFT is the
first of the techniques that may bring covalently bound polymer brushes towards mass
manufacturing as it is both robust, easy to use, and highly scalable.
Search for the perfect monomer to create antifouling and, more importantly, bioactive
antifouling coatings is still ongoing. Initially, it has long been considered that highly
hydrophobic coatings (water contact angle much higher than 100 o)19-20 would provide
effective antifouling properties. Next, hydrophilic self-assembled monolayers were
introduced in the 1990s. Those layers provided good resistance to single-protein solutions but
poor resistance towards complex biological media. The introduction of polyethylene glycol
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and highly hydrophilic zwitterionic layers (water contact angle < 20 o) provided a remarkable
resistance towards fouling from complex biological liquids.4-5, 21-23 The next step was HPMA
monomer that broke a paradigm of highly hydrophilic layers with water contact angle ranging
from 40 to 45o.4, 7, 11 Do we make an almost full circle? From hydrophobic to hydrophilic to
less hydrophilic layers? Will the next best antifouling monomer be superhydrophobic? The
interactions with water and attempts to mimic nature will be crucial aspects for the next
antifouling monomer design. The other aspect that will be considered is the easy
biofunctionalization of monomers. Thus, the monomer hybrid of HPMA with an oligoethylene
bridge to the carboxyl group for easy functionalization may be an interesting option. The
oligoethylene bridge may provide the necessary gap between the antifouling part that
interacts and the water structure and the biofunctionazable part (Figure 4).

6
Figure 4. Suggested structure of next-generation antifouling and biofunctionalizable
monomers for the creation of bioactive surfaces based on HPMA (full name: 3-(2-(2-hydroxy3-methacrylamidopropoxy)ethoxy)propanoic acid).
Most of the work described in this thesis was done on silicon, silicon nitride or gold
surfaces. The functionalization of those layers is performed by different types of chemistries,
such as silane-based chemistry for silicon,21, 23 thiol-based attachment for gold,5-6, 12 etc. It is
no secret that the structure of the initial monolayers of initiators and RAFT agents is slightly
different from the surface to surface. It also should be noted that antifouling and bioactive
coatings are required on different types of surfaces. Thus, another future research direction
in this area may thus focus on the application of surface-independent approaches, for
example, based on dopamine and tannic acid for grafted-to or grafted-from polymer brush
growth. Progress in that direction was made utilizing dopamine as an anchoring layer for
antifouling layers24 or by the creation of dopamine-zwitterionic structures for the one-step
immobilization of antifouling or bioactive coatings on the surface.18 This approach may
provide a viable alternative to the SI-PET-RAFT technique. While finally, since “one size fits
all” - solutions in science are rare, it may be feasible and/or necessary to combine such a
145
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surface-independent approach with SI-PET-RAFT, and as far as I can imagine this is the future
of the research in and applications of antifouling bioactive coatings.
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Summary

This thesis centered on the study and development of control light-triggered techniques
for the creation of polymer brushes. The designed structures are applied as antifouling and
bioactive coatings.
Chapter 1 provides a general introduction to the problem of protein fouling and ways to
curb it. This chapter focuses on the antifouling polymer brushes and on methods and
techniques to create those structures on the surface. This chapter also dives into mechanisms
of the control polymerizations such as ATRP and RAFT as main techniques for the creation of
polymer brushes. The light-triggered control polymerization mechanism and techniques
applied in the next chapters are also discussed in detail.
Hierarchical bioactive surfaces are introduced in Chapter 2 for future application in
biosensing and tissue engineering. Those surfaces are created by visible light-induced surfaceinitiated living radical polymerization employing tris[2-phenylpyridinato-C2,N]iridium(III) as a
photocatalyst. The hierarchical antifouling diblock copolymer structures consist of N-(2hydroxypropyl)-methacrylamide (HPMA; first block) and carboxybetaine methacrylate
(CBMA; second block). The living nature of the polymerization is shown by a linear increase in
layer thickness over time (as measured by atomic force microscopy, AFM), and by the
possibility for reinitiation of the polymerization to create a patterned second block of the
polymer. The chemical structure of the brushes is confirmed by X-ray photoelectron
spectroscopy (XPS) and attenuated total reflection infrared spectroscopy (IRRAS)
measurements. The block copolymer brushes demonstrate excellent antifouling properties
when exposed to single-protein solutions or to bovine serum. The second carboxybetaine
block of the hierarchical antifouling structures can effectively be biofunctionalized with an
anti-fibrinogen antibody. The coated surfaces show a high affinity and specificity to fibrinogen
while preventing non-specific adsorption from other proteins in bovine serum.
We used the gained knowledge of controlled photopolymerization for further exploration
of applications of surface-initiated photoinduced electron transfer–reversible additionfragmentation chain transfer (SI-PET-RAFT) polymerization in water (Chapter 3). This novel
process proceeds in an aqueous environment under atmospheric conditions without any prior
degassing, and without the use of heavy metal catalysts, with Eosin Y and triethanolamine as
catalysts for the synthesis of antifouling polymer brushes. The versatility of the method is
shown by using three chemically different monomers: oligo(ethylene glycol) methacrylate,
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HPMA, and CBMA. In addition, the light-triggered nature of the polymerization allows the
creation of complex three-dimensional structures. The composition and topological
structuring of the brushes is confirmed by XPS and AFM. The kinetics of the polymerizations
are followed by measuring the layer thickness with ellipsometry. The polymer brushes
demonstrate excellent antifouling properties when exposed to single-protein solutions and
complex biological matrices such as diluted bovine serum. This method thus presents a new
simple and robust approach for the manufacturing of antifouling coatings for biomedical and
biotechnological applications.
We further push the SI-PET-RAFT boundaries for the creation of PLL-HPMA bottlebrushes
as antifouling coatings in Chapter 4. The poly(HPMA) side chains, grown by PET-RAFT
polymerization, provide antifouling properties to the surface. In this chapter such brushes are
prepared in three different ways, and subsequently investigated for their antifouling
potential. First, the PLL-HPMA coatings are synthesized in a bottom-up fashion through a
grafting-from approach. In this route, the PLL is self-assembled onto a surface, after which a
polymerization agent is immobilized, and finally HPMA is polymerized from the surface. In the
second explored route the PLL is modified in solution by a RAFT agent to create a
macroinitiator. After self-assembly of this macroinitiator, the HPMA is polymerized from the
surface by RAFT. In the third and last route, the whole PLL-HPMA bottlebrush is synthesized
in solution. To this end, HPMA is polymerized from the macroinitiator in solution and the PLLHPMA is then self-assembled onto the surface in just one step (grafting-to). Additionally, in
this third route, we also design and synthesize a bottlebrush polymer with a PLL backbone
and HPMA side chains that contain 5% CBMA monomers that allow for additional
(bio)functionalization in solution or after surface immobilization.
These three routes are evaluated with respect to the following terms: ease of synthesis,
scalability, ease of characterization, and a preliminary investigation of their antifouling
performance. All three coating procedures result in coatings that show good antifouling
properties in single-protein antifouling tests. This method thus presents a new, simple,
versatile, and highly scalable approach for the manufacturing of PLL-based bottlebrush
coatings that can be synthesized partly or completely on the surface or in solution, depending
on the desired production process and/or application.
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In Chapter 5, SI-PET-RAFT was applied for the creation of antifouling polymer brushes on
gold surfaces. The living nature of this method allowed the creation of random and diblock
copolymer brushes based on HPMA and CBMA. The introduction of the CBMA into the
polymer brushes opens the route for further brush functionalization by versatile active ester
chemistry. The chemical composition of the brushes was confirmed by XPS, and the polymer
brush thickness was determined by spectroscopic ellipsometry. The polymer brushes
demonstrate good antifouling properties against undiluted human serum monitored by
quartz crystal microbalance with dissipation (QCMD-D) and surface plasmon resonance (SPR)
spectroscopy in real-time. This approach further widens the road towards building highly
antifouling and still functional copolymer brushes in a scalable, robust, oxygen-tolerant, and
the heavy metal-free way that opens up applications in biosensing and tissue engineering.
Chapter 6 discusses and highlightes previous chapters with a focus on open questions in
antifouling, polymer brushes, and surface modification research. It also looks at the future of
this research, in particular to perfect antifouling and functional monomers, and surfaceindependent approaches for the surfaces modification.
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