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1.1

Fouling in biomedical applications

Non-specific adsorption of biomolecules and microorganisms, a process often referred
to as biofouling (see Figure 1.1 on page 14), is a great challenge in many biomedical
applications.1-2 Complications related to implanted medical devices, for instance, often originate
from fouling; protein and microbe adsorption can cause infection, thrombosis, ongoing
inflammatory responses, fibrosis and even extrusion of the implant.3-5 At the implant site,
proteins typically adsorb within seconds. This process is followed by a cascade of biological
responses, including platelet and c-omplement activation, possibly followed by a foreign body
reaction (collagenous encapsulation and thereby isolation of the implant from the body).3, 6-7
Next to that, in biosensing applications (both in the clinic as well as in research), non-specific
protein adsorption reduces the sensitivity of the measuring device as it leads to background
signals that diminish the signal-to-noise ratio.8-9 In fact, the risk of ‘false positives’ and ‘false
negative’ outcomes as a result of fouling is the major technical issue that prevents many
promising biosensing systems from entering the clinic.10 The performance of drug delivery
carriers is also highly affected by fouling: the adsorption of proteins on the drug carriers
triggers phagocytic uptake by macrophages, causing the rapid clearance from the body, and
thus hampering the drug to reach its target site (e.g. a solid tumor).11-13 It is evident from the
aforementioned examples that fouling has a tremendous impact on today’s healthcare system.
As a result, great efforts have been made to prevent it.1, 5, 10, 14-16 As every fouling process begins
with the spontaneous adsorption of single proteins to a surface (e.g. a sensor surface or the
surface of an implant),6 the focus of research has been on preventing protein adsorption by
incorporation of antifouling coatings on various surfaces. The basic principles on the quest to
non-fouling coatings are outlined in this chapter.

1.2

Antifouling coatings

A wide range of different materials has been developed to diminish the non-specific binding
of proteins.17-18 This includes self-assembled monolayers (SAMs) that are formed by the
spontaneous adsorption of organic molecules onto surfaces, consisting of an anchoring group,
a tail and functional group.19 But also coatings based on oligo-/poly(ethylene glycol) (OEG/
PEG),20-22 amino acids,23 polysaccharides,24 short hydroxyalkyls,25 and zwitterionic polymerbased coatings.1-2 The coatings can be prepared on various types of substrates, such as gold,26-27
glass,28 and semiconductor materials.29-30 Whitesides and co-workers reported one of the first
fundamental studies on protein-repellent layers based on different SAMS on gold,19, 31-32 leading
to a set of empirical guidelines now known as the ‘Whitesides rules’.6 The guidelines state that
good antifouling coatings have: 1) polar functional groups, 2) hydrogen bond acceptors, 3)
no hydrogen bond donors, and 4) no net charge. Although several coatings with excellent
antifouling properties have been reported that do not obey these rules,25, 33-34 the guiding
principles have led to the development of a wide variety of antifouling materials of which PEGbased layers are most noteworthy.35-36
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Poly(ethylene glycol)
PEG (see Scheme 1.1) has been the most widely used antifouling polymer, such that it has
often been termed as the ‘gold standard’ for protein-resistant surfaces.6, 36 PEGylation of
nanoscopic materials like nanoparticles, drug conjugates and micelles for applications such
as drug delivery, has especially drawn much attention.36-37 Despite its frequent use, PEG has
several notable limitations. PEG-based coatings perform well in single-protein solutions, but
their antifouling performance is limited in real-life biological fluids such as blood plasma or
serum.27 Besides that, PEG-based materials are prone to oxidative damage in biological media,
limiting their use in applications requiring long-term stability.19, 38 Enzymatic degradation of
low molecular-weight PEG polymers has been shown to produce toxic metabolites39 and in
some cases hypersensitivity reactions, even anaphylactic shocks were observed upon in vivo
administration of PEG materials.40 PEG was initially considered to be non-immunogenic, but
in several cases anti-PEG antibodies have been shown to be generated as a reaction to PEGylated
delivery particles.40-41 These antibodies may result in faster clearance of the PEGylated drugs
in vivo, reducing the efficiency of the drug. Evidently, for both diagnostic as well as for in vivo
applications there is a demand for better performing antifouling materials.

Figure 1.1   Schematic representation of the non-specific adsorption of proteins (fouling) and the
repellence of proteins by means of a surface coating (antifouling). *Image adapted from http://andrewwhite.com/research/rational.

1.2.1	 Zwitterionic antifouling coatings
HYDRATION
Zwitterionic materials have been brought forward as excellent alternative to PEG because of
their biocompatibility,42 long-term stability in aqueous solutions30 and their great antifouling
properties even in complex biological samples as blood serum and plasma.26-27 Zwitterionic
polymers are overall electrically neutral, but their monomers bear both positive and negative
charges. The positive charge is most often a quaternary ammonium ion and the negative
anion can be either a sulfonate, carboxylate or phosphonate,6 see Scheme 1.1. The charged
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moieties ensure a tightly bound hydration layer and thereby a swollen polymer brush. It
is widely accepted that the degree of hydration is directly correlated to the efficiency of a
material to resist protein adsorption: to bind strongly to a surface, proteins have to come
close, which requires the removal of water and collapse of the brush.17, 43 The strongly bound
water molecules prevent this from happening, and thus act as a physical and energy barrier
that prevents proteins and microorganisms from adsorbing on the surface.44 Electrostatically
induced solvation in zwitterionic coatings generally leads to better hydration than hydrogenbond driven hydration as observed for PEG,17, 44 explaining why zwitterions outperform PEGbased materials.

Scheme 1.1   Chemical structure of PEG and commonly used zwitterionic polymer brushes.

PHOSPHOCHOLINE
The first generation of zwitterionic antifouling materials was inspired by phosphatidylcholine
lipids that are found in cell membranes.45 Phosphatidylcholine is crucial for proper functioning
and communication of a cell as it ensures an inert surface at which biological interactions
between (glyco)proteins can occur.5 The first phosphoryl choline (PC, or phosphocholine)
inspired material was already studied back in 1978,46 but the rather complex synthesis of PCbased monomers (such as 2-methacryloyloxyethyl phosphoryl choline, also often abbreviated
as MPC, see Scheme 1.1) significantly hampered further development.5, 47 The establishment of a
refined synthesis and purification protocol for MPC by Ishihara et al.,48 contributed considerably
to the development of PC-based antifouling materials. Today, MPC polymers are commercially
available worldwide and are utilized in numerous clinical applications such as for soft contact
lenses, cardiovascular devices, and orthopedic devices like artificial hip joints.5
CARBOXY- AND SULFOBETAINES
Systematic investigations of zwitterionic materials are mostly based on sulfobetaines (SB) and
carboxybetaines (CB), which can be attributed to the easy synthesis of the betaine monomers
and subsequent polymers.49-51 SB and CB materials bear a positively charged quaternary
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ammonium cation and a sulfonate or carboxylate anion, respectively. The most commonly used
monomers are the SB-3 and CB-2 monomers, in which the opposite charges are separated
by three or two methylene groups, respectively.1, 52-56 The structure of SB is similar to that
of taurine (2-aminoethane sulfonic acid), which is present in high concentration in the
human body.57 The structure of a CB monomer is similar to that of glycine betaine, which
is vital for the osmotic regulation of living organisms.58 As a result, materials derived from
SB or CB are considered as biomimetic.1 Their biomimetic nature along with their excellent
antifouling characteristics make them interesting for a wide range of applications,13, 59 such
as biosensing,60-61 drug delivery,12, 62 filtration,51, 63-64 as well as for antibacterial65 and marine
coatings.15, 66 A fundamental difference between SB and CB is that CB-based materials can be
directly functionalized (mostly via EDC/NHS chemistry to attach antibodies, see below), and
are therefore often used for biosensing applications.26, 61, 67 However, this functionalization
comes at the expense of charge neutrality.68 Another difference is that the CB-based materials
are pH sensitive: the carboxyl groups will be protonated at low pH. Upon protonation, the
zwitterionic character of the CB is lost, which will impair its antifouling properties.49 SB-based
materials cannot be directly functionalized, but have a sufficient low pKa that they can be
considered pH insensitive.2

1.2.2	 Factors influencing antifouling properties
The aforementioned hydration layer is crucial for excellent protein repellence. Consequently,
the degree to which a coating can be hydrated is considered the key parameter in antifouling
efficiency.2, 17, 69 Whether a coating is well hydrated or not is largely determined by its chemical
nature.44, 69-71 It has been shown that even small changes, like the number of methylene groups
between the positive and negative charge of a zwitterionic monomer, have an effect on the
ability to repel proteins.49, 72 The exact relationship between chemical structure and protein
resistance will be extensively discussed in chapters 3 and 7. Besides the chemical nature, the
physical properties of an antifouling coating also need to be considered. For example: polymer
layers perform better than SAMs,17, 27, 73 and a higher polymer density is generally better than
a low polymer coverage or density.74-76 Protein resistance of SAMs only relies on the hydration
capacity of the functional groups in the topmost part of the monolayer, while for long-chain
polymers both surface hydration as well as steric repulsion (due to chain flexibility) contribute
to the protein-repellent behavior.17
There are two ways to attach coatings with long-chain polymers: either via grafting-from or graftingto polymerizations (see Figure 1.2).1, 17 The grafting-to approach refers to pre-made polymers
that are then tethered to the surface, either by physisorption or covalent attachment. For the
grafting-from approach, initiator molecules are first installed on the surface, enabling polymer
growth from the surface. Although physisorption of polymers is easy and convenient, coatings
prepared by the grafting-from method lead to more stable and thicker coatings with higher
packing densities.1, 6 When individual polymer chains are tethered by one end of the polymer
chain to an interface at high grafting density, they are referred to as ‘polymer brushes’.77 In a
typical grafting-from experiment, first an initiator is attached to a surface from which polymer

General Introduction | 17

chains are grown using a polymerization technique that is initiated by the immobilized
initiator moieties.30, 77 Especially ‘living’ polymerization techniques like atom transfer radical
polymerization (ATRP)78 (discussed in detail below) have yielded many antifouling coatings
with outstanding performance.1, 30, 33, 73 The living character of the polymerization techniques
enables the preparation of antifouling coatings with tunable thicknesses, which might be
relevant for its functioning. For example, Yang et al. demonstrated that their sulfobetaine
polymer brushes of 62 nm showed minimal fouling whereas both thinner and thicker brushes
increased the amount of fouling.56

Figure 1.2   Schematic representation of (A) the relative amount of hydration using a self-assembled
monolayer (SAM), a hydrophilic polymer or a zwitterionic polymer brush, and (B) the result of a
grafting-from and a grafting-to polymer coating.

Environmental conditions like pH,49, 79-80 ionic strength,70, 81 type of ions,72 and temperature74
also affect the antifouling properties, as they can influence the overall charge and/or degree
of hydration of the antifouling coatings. Moreover, it has been shown that the concentration,
complexity, type and source of the used protein solutions (e.g. serum from different species or
just from different donors) also influences the amount of protein that adsorbs on a particular
coating.10, 82
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Surface-initiated atom transfer radical polymerization
(SI-ATRP)
Although conventional radical polymerization is used by industry to produce annually ca.
100 million tons of different type of polymers, the architectural control in these polymers is
very limited.83 Controlled (or “living”) polymerization techniques, like reversible additionfragmentation chain transfer (RAFT), nitroxide-mediated polymerization (NMP) and atom
transfer radical polymerization (ATRP), have been introduced since the 1980s to fulfill the
demand to prepare polymers with more complex compositions (block, gradient, alternating,
etc.), topologies (stars, combs, brushes, etc.) and functionalities (see Figure 1.3).83-84 The
living polymerization techniques allow for the preparation of polymers with great control over
the molecular weight and over the molecular weight distribution.85 Especially ATRP, which was
developed independently by Matyjaszewski’s86-87 and Sawamoto’s group,88 has received great
attention since its discovery in 1995. The success of ATRP can be attributed to a large choice of
(commercially) available initiators, the tolerance towards a wide range of monomers, and to
the fact that the polymerization can be carried out in a variety of solvents and temperatures,
including water at room temperature.85

Figure 1.3   Schematic representation of (A) several polymer compositions, and (B) polymer topologies.

The ATRP mechanism is depicted in Scheme 1.2. The reaction components of a typical ATRP
reaction consist of an organic halide (Pn-X) as the ATRP initiator/macromolecular species, and
a transition metal in the low-oxidation state that is embedded in a complex with one or more
ligands (Mtm/L). The transition metal/ligand complex is often referred to as the ‘activator’. After
abstraction of the halogen from Pn-X, the ‘deactivator’ is generated as an oxidized halogenated
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transition metal complex (X-Mtm+1/L) together with the formed radical (Pn•), which can react
with the provided monomer (M) to form Pn+1•.83, 85 The active radical is then converted into a
dormant species by reacting with the deactivator to form Pn+1-X, from which the cycle can be
repeated. The ‘living’ nature of ATRP is established by the equilibrium between propagating
radicals and dormant chains, in which the equilibrium is strongly shifted towards the dormant
species (i.e. kdeact >> kact).89 The shifted equilibrium favors the deactivation of propagating radicals
and thereby suppresses the undesirable termination reactions (kt).85

Scheme 1.2   ATRP mechanism.

Surface-initiated atom transfer radical polymerization (SI-ATRP), in which ATRP is used to
grow polymer brushes from a surface, maintains all attributes of traditional ATRP.90 The relative
simplicity of the required initiators together with recent progress in surface modification
techniques has made it possible to grow polymer brushes from virtually any surface,77, 90
including that of biomolecules.91-92 The controlled nature of SI-ATRP allows for the preparation
of dense polymer brushes that are highly uniform and have predefined thickness, architecture
and functionality.77, 90 As a result, SI-ATRP has been established as an excellent technique to grow
polymer brushes, which can be used in the biomedical field with applications in separation,
antibacterial and/or antifouling materials, controlled cell adhesion, and biosensing.10, 15, 59 SIATRP has been used throughout the research chapters of this thesis.

1.3

Romantic surfaces

For some applications, like medical implants, an antifouling coating alone would suffice.
However, diagnostic applications require the presence of recognition units (e.g. antibodies,
aptamers, peptides, etc.) to be able to bind a target analyte. The term ‘romantic surface’
was introduced to describe a surface that has both antifouling properties as well as built-in
recognition units (see Figure 1.4).93 It is considered romantic because it repels everything
that it is not interested in, but strongly binds to only that single entity it ‘desires’. Such a
romantic surface is highly valuable for diagnostic purposes, as it can significantly improve the
signal-to-noise ratios of biosensing systems.94-95 The trend towards point-of-care (POC) devices
especially stresses the demand for such surfaces, as measurements with POC devices typically
require small volumes with unprocessed biological fluids (e.g. full blood, urine etc.).96 Sensitive
measurements without background interference are therefore crucial. Romantic surfaces are
also desired for research laboratory procedures, such as for the isolation and detection of
cells and proteins to improve their purity and sensitivity of detection. In the last decade, there
have been various examples60, 67, 97-100 in which zwitterionic coatings have been employed to
fulfill the need of romantic surfaces. However, the immobilization of recognition units is still
challenging and often occurs at the expense of the antifouling properties.61, 68, 100
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Figure 1.4   Schematic representation of a romantic surface.

1.3.1	 Surfaces and surface attachment chemistries
The first step in the preparation of antifouling zwitterionic polymer brushes is the instalment of
an ATRP initiator from which the brushes can be grown. The choice of surface substrate is often
dictated by the specific application in which the antifouling coating needs to be embedded.
Biosensors for example often require a specific type of surface substrate, such as gold (or silver)
for surface plasmon resonance (SPR),101 silicon or silicon nitride for micro-ring resonators,102-103
and (among others) glass or polydimethylsiloxane (PDMS) for microfluidic chips.104 Many
different types of surface chemistries93, 105 have been developed, all with their own characteristic
features in terms of stability, reproducibility, commercial availability of reactants and surface
preference. Thiols on gold and silanes on oxide surfaces are well-known and frequently
used due to their simple preparation methods. They do, however, suffer significantly from
degradation under conditions typically used in biosensing measurements, such as exposure to
PBS buffers.105 Surface modifications based on the attachment of alkynes or alkenes on oxygenfree silicon-based materials often lead to stable and well-ordered monolayers,105-106 but they
are less easily prepared by a non-(surface) chemist. For some types of surface chemistry, there
are commercially available ATRP initiators that can be readily attached in an easy one-step
procedure. Examples are 11-mercaptoundec-1-yl 2-bromo-2-methylpropionate for direct
modification on gold, or 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid for attachment
onto oxide surfaces.107-108 For other surfaces, multi-step procedures have to be designed in
which the surfaces are first functionalized with a surface-active precursor molecule, on which
subsequently an ATRP initiator can be installed.109
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Antifouling surfaces have been extensively studied on flat surfaces, the incorporation of
antifouling coatings is, however, also highly desirable on nanoparticles, drug carriers, microbeads or soft materials such as hydrogels. Nano- and micron-sized particles are frequently
used for biomedical applications including, imaging, drug delivery, cell sorting, biomolecule
separation and quantification.110-111 The non-specific adsorption of proteins, cells or bacteria
can significantly hamper the performance of the particles. Methodologies to efficiently protect
these particles from fouling using zwitterionic coatings are therefore highly desirable.

1.3.2	 Functionalization of antifouling zwitterionic polymer
brushes
The most commonly used method to introduce functionality to antifouling zwitterionic
polymer brushes is the direct modification of the carboxylic acid groups of CB monomers
using EDC/NHS chemistry.26, 52, 61, 97 This method allows for the immobilization of aminebearing (bio)molecules including peptides and proteins. It has, for example, successfully been
used to incorporate anti-ALCAM antibodies to capture ALCAM, a glycoprotein present on
(among others) epithelial cells.52, 97 The disadvantage of this type of functionalization is that a
fraction of the zwitterionic character is lost, which renders the surface more prone to fouling.68
Another approach is to make use of the terminal halogen atom that is left on the polymer chain
end after ATRP by a method called top functionalization or chain end modification.112-114 This
method can be used to install a large variety of functional groups, including amines and azides,
in which the latter can be used for click chemistry (simple, high-yielding reactions that can
be performed under mild conditions).115 This type of functionalization can be used on any
ATRP-grown polymer brush, but is limited to relatively thin brushes (max 20-25 nm) since
the end groups for thicker brushes tend to get buried within the brush.116 Besides, the amount
of incorporated recognition elements is inherently low and cannot be controlled.13 Another
strategy is to copolymerize a non-zwitterionic monomer with functional groups, such as
epoxy units that can efficiently react with amine-bearing molecules.100, 117 However, the more
functional groups are built in, the greater the negative impact on the antifouling performance.

1.4

Thesis outline

As outlined above, antifouling zwitterionic polymer brushes have emerged as excellent candidates
to prevent the non-specific adsorption of biomolecules within various biomedical applications.
However, the criteria that these coatings need to fulfill – like long-term stability, antifouling in
complex samples as full blood and zero immunogenicity – push for the development of even
better antifouling coatings that can be attached onto a wide variety of substrates. The aim of
this thesis is to develop functional zwitterionic polymer brush coated surfaces, and thereby
approaching the ‘romantic surface’ principle, useful for biomedical applications.
In chapter 2, a novel approach is presented in which zwitterionic character and functionality
are unified within a single monomer. The copolymerization of a standard sulfobetaine
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monomer with our new sulfobetaine with built-in azide moiety allows for the formation of
3D-functionalizable antifouling coatings with a tunable amount of functional groups. The
incorporation of 1-5% of this azido-sulfobetaine, functionalized with biotin via click chemistry,
is shown to enable the highly selective binding of streptavidin without the interference of nonspecifically bound proteins.
Most of the literature regarding antifouling coatings considers flat surfaces. However, particles,
both in the nanometer as well as in the micrometer scale, are often used in biomedical
applications and also suffer from fouling. Chapter 3 describes the preparation of antifouling
zwitterionic polymer-coated beads and how to install a variety of functional groups on them
that can be used for further functionalization. Flow cytometry is used to evaluate both the
specific as well as non-specific binding of proteins.
The bead-based system developed in chapter 3 offers a powerful platform to deepen the
understanding of the exact relationship between monomer structure and antifouling
performance. Chapter 4 describes the comparison of several types of antifouling coatings with
a special focus on the influence of the carbon spacer length between the opposite charges of
the zwitterionic monomers.
In chapter 5 the combination of the novel azido monomer (as described in chapter 2) and
the antifouling beads (as described in chapter 3) is described in order to create antifouling
immunoprecipitation beads. Such beads can be used to decrease the background signals due
to non-specific protein binding in mass spectrometry-based proteomics. The chapter describes
the immobilization of antibodies to the antifouling beads, which are subsequently used to
pull-down target proteins together with their interaction partners that are then analyzed by
mass spectrometry.
The ability to be ‘invisible’ for the immune system is highly desirable for applications such as
drug delivery or indwelling devices. Chapter 6 describes how a zwitterionic coating on beads
can prevent phagocytosis by macrophages and that the phagocytosis of beads can be triggered
by functionalization of the antifouling coating with antibodies.
Chapter 7 aims to place the obtained results in a broader context of potential biomedical and
research applications, and provides recommendations for further research.
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Abstract
In order to enhance the sensitivity and selectivity of surface-based (bio)sensors, it is of
crucial importance to diminish background signals that arise from the non-specific binding
of biomolecules, so-called biofouling. Zwitterionic polymer brushes have been shown to
be excellent antifouling materials. However, for sensing purposes, antifouling does no
suffice, but needs to be combined with the possibility to efficiently modify the brush with
recognition units. So far this has only been achieved at the expense of either antifouling
properties or binding capacity. Herein we present a conceptually new approach by
integrating both characteristics into a single, tailor-made monomer: a novel sulfobetainebased zwitterionic monomer equipped with a clickable azide moiety. Copolymerization
of this monomer with a well-established standard sulfobetaine monomer results in
highly antifouling surface coatings with a high, yet tunable amount of clickable groups
present throughout the entire brush. Subsequent functionalization of the azido-brushes,
via e.g. widely used strain-promoted alkyne azide click reactions yields fully zwitterionic
3D-functionalized coatings with a recognition unit of choice that can be tailored for any
specific application. Here we show a proof of principle with biotin-functionalized brushes
on Si3N4 that combine excellent antifouling properties with specific avidin binding from a
protein mixture. The signal-to-noise ratio is significantly improved over traditional chain
end modification of sulfobetaine polymer brushes, even if the azide content is lowered to
1%. This therefore offers a viable approach for the development of biosensors with greatly
enhanced performance.
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2.1

Introduction

Non-specific protein absorption, one of the first stages of (bio)fouling, is a recurring problem
in various fields, such as in biomedical and bioanalytical applications, since it strongly reduces
the sensitivity for the detection of specific targets from complex mixtures.1 In order to prevent
(bio)fouling, antifouling surface coatings are extensively used to minimize non-specific
interactions between (bio)molecules and the substrate. The antifouling capability of coated
surfaces is mainly determined by the internal architecture2 and the resulting hydration of
the used polymer coating. Due to their electrostatically induced hydration layer, zwitterionic
polymeric materials made of carboxy- (CB)3 and sulfobetaine (SB)4-5 monomers perform
extremely well under full-blood and other physiological conditions,6-8 and have thus been
recognized as high-performance antifouling materials.9-10 Progress in polymerization methods,
in particular surface-initiated atom transfer radical polymerization (SI-ATRP),11-14 has
provided access to robust and versatile substrate coatings with full control over brush growth.
Choosing the appropriate monomers for ATRP enables tailoring of surface properties including
antifouling abilities, (bio)compatibility and (bio)molecular recognition. Functionalized
antifouling zwitterion-based polymer brush coatings have been utilized extensively for specific
(bio)molecule immobilization, e.g. in the context of sensing.15 This approach requires the
presence of recognition units within the surface coatings, and various methods for selective
brush modification have been reported. For example, poly(carboxybetaine) brushes (pCB)
can be functionalized using the random coupling of their intrinsic carboxylate groups with
biospecific groups via EDC/NHS chemistry.16,17 However, modification via the carboxyl groups
occurs at the expense of electrical neutrality of the polymer brush, which thus diminishes its
antifouling character.
Furthermore, the antifouling properties of carboxybetaine polymer brushes are sensitive to
pH changes,18 due to protonation of the carboxyl functions at low pH values. These drawbacks
brought the usage of the highly stable, but chemically inert sulfobetaine monomers into focus.4
Lacking intrinsic functionality, modification of sulfobetaine polymer brushes (pSB) has been
achieved by block copolymer structures.19 For example, Ohno and co-workers, constructed
first a zwitterionic pSB layer, onto which a second layer was grown using NHS-modified nonzwitterionic monomers.20 In an alternative approach by Yin,21 functionality was introduced into
pSB brushes via copolymerization of non-zwitterionic glycidylmethacrylate (GMA) monomers.
In this way, addressable epoxide moieties were incorporated into grafted sulfobetaine polymer
chains. Although showing potential as functional antifouling coatings, the introduction of
(10% or 50%) non-zwitterionic epoxide monomers diminished the antifouling performance.
Another approach was shown by our lab via post-modification of fully zwitterionic sulfobetaine
brushes through top exchange reactions of the remaining terminal halogen substituent after
ATRP.22-23 While effective, this approach is limited to relatively thin brushes (20-25 nm), as
in thicker brushes the end groups become buried inside the brush,24 thus rendering them
unavailable for functionalization. In addition, top functionalization allows only for a limited
number of newly introduced anchor points.
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To overcome the limitations outlined above, we present a conceptually new approach that
allows for efficient three-dimensional polymer brush functionalization, without compromising
the zwitterionic character, and thereby fully preserving the antifouling properties of the
resulting coating. To this end, we combine functionality and zwitterionic properties in one
single sulfobetaine-based monomer. Herein we present the efficient synthesis of such clickable
monomer (5) and its subsequent copolymerization with a standard SB monomer using SI-ATRP
(see Figure 2.1, Scheme 2.1). As representative substrate we selected stoichiometric silicon
nitride (Si3N4), as this is an often-used substrate for optofluidic devices such as micro-ring
resonator-based sensing systems.25-27 For this purpose, an efficient and scalable three-step route
towards amine-terminated Si3N4 substrates is also presented, which enables access to surfaceinitiated ATRP. The number of functional groups within the three-dimensional structure of the
brushes can be straightforwardly tuned by control over the monomer ratio. These functional
groups are fully addressable for subsequent post-modification with recognition units of
interest, e.g. via the highly effective Strain-Promoted Azide Alkyne Click (SPAAC) reaction.23,
28-32
In this study, the detailed characterization of the brush composition and modification is
firstly shown by introduction of a fluorine-labeled tag. In addition, as a proof of principle,
functionalization with a biotin recognition unit and exposure to streptavidin-containing
protein mixtures revealed excellent antifouling properties combined with highly efficient and
specific avidin binding.

Figure 2.1   Schematic representation of functional antifouling polymer brushes as obtained from
copolymerization of clickable monomer 5 with a standard SB monomer (see Scheme 2.1).

2.2

Material and methods

2.2.1	 Materials
All chemicals and solvents were purchased from commercial sources and used without further
purification. Tetrabutylammonium bromide ≥98%, 10-undecenoyl chloride ≥97%, sodium
azide (BioUltra) ≥99.5%, N-1-(3-aminopropyl)-N-1-methylpropane-1,3-diamine, sulforyl
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chloride ≥97%, potassium carbonate, copper sulfate · 5H2O, 3-bromopropanesulfonic acid
sodium salt ≥97%, dioxane 99.8%, Hydroxybenzotriazole ≥97% (HOBt), methacrylic acid
(with 250 ppm MEHQ as inhibitor) 99%, ethanol ≥99.8 Chromasolv® absolute for HPLC,
N-(3-(dimethylamino)propyl)methacrylamide 99% (DMAPMA), N,N-diisopropylethylamine
(DIPEA), copper(I)chloride ≥99%, copper(II) chloride 97%, 4-methylmorpholine
99% and 2,2’-bipyridine 99% (Bpy), acetone (semiconductor grade, VLSI PURANAL™
Honeywell 17617), sodium hydroxide ≥98% (anhydrous pellets), sodium chloride ≥99.5%
(BioXtra), sodium phosphate dibasic (anhydrous), hydrofluoric acid (40% puriss. p.a.) and
fibrinogen (fraction I from porcine plasma, 78% protein) were purchased from SigmaAldrich. Trifluoroacetic acid 99% extra pure, di-tert-butyl dicarbonate 97%, imidazole
99%, ethyl acetate >99%, sulfuric acid 96% extra pure, hydrochloric acid 37% solution in
water, dimethyl formamide 99.8% for peptide synthesis, and methyl sulfoxide 99.8%, were
purchased from Acros Organics. Other chemicals were ordered as follows: dichloromethane
(DCM) and avidin (egg white) (VWR International S.A.S.), Silica (Silicycle), TLC silica gel
60F254, potassium chloride (EMPURE®), and potassium dihydrogen phosphate (Merck),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide·HCl (Novabiochem), methanol HPLC
grade (MeOH) (Rathburn Chemicals Ltd.), isopropanol 99.8% HPLC grade (Biosolve
Chemie), 1,3-propanesultone 99% (Alfa Aesar), double polished Si3N4 surfaces (LioniX,
Enschede, NL), 8-(+)-biotinylamino-3,6-dioxa-octyl (1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9ylmethyl carbamate (BCN-biotin) (SynAffix), Si(100) wafers (n-doped, Addison Engineering,
Inc.), Argon 6.0 Instrument (LINDE GAS Benelux B.V.). Deionized water was produced with
a MilliQ Integral 3 system (Millipore). For synthesis procedures and characterization of
synthesized compounds, see Supporting Information.

2.2.2	 Surface characterization
SCA
The wettability of modified surfaces was determined by automated static water contact angle
measurements (SCA) using a Krüss DSA100 goniometer. Droplets of MilliQ water (3 µL) were
dispensed on the surface and angles were measured with a CCD Camera using a tangential
method. The reported values are an average of three equally treated surfaces. For TFAAD- and
NH2-modified surfaces, three droplets per surface where measured and averaged, pSB and
co(azido-SB) surfaces were measured with 1 droplet per surface.
XPS
Modified surfaces were analyzed by X-Ray Photoelectron Spectroscopy (XPS) using a JPS-9200
photoelectron spectrometer (JEOL). The spectra were obtained using monochromatic Al Kα
X-Ray radiation at 12 kV and 20 mA, with an analyzer energy pass of 10 eV for narrow scans.
The obtained spectra were processed using CASA XPS peak fit program (version 2.3.16 PR 1.6).
All high-resolution spectra were corrected with a linear background fitting.
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XRR
The thickness of obtained layers was determined via X-Ray Reflectivity (XRR) using a X’pert
Pro diffraction (PANalytical, Philips) system. The instrumental setup was composed of
a goniometer two axes system PW3050/60, a sample stage holder AP TTK-450, an X-Ray
generator MPPC (40 kV; 40 mA) and a X-Ray tube Empyrean Cu LFF (94300337300x)
DK361647. Used incident beam optics had a radius of 240 mm, a take-off angle of 6° and a
fixed incident beam mask of 5 mm. The diffracted beam optics of the used X-Ray source were
Kα (λ = 1.5418 Å) with a Cu anode, a soller slit of 0.04 rad and a parallel plate collimator of
0.27°. For each sample, a series of the scattered intensity curves was measured at grazing angles
ranging from 0.1° to 3°.
FT-IR
Fourier transform infrared (FTIR) spectra were recorded using a Bruker Tensor 27 FTIR
spectrometer equipped with a Harrick AutoseagullTM and an attenuated total reflectance (ATR)
germanium crystal using an optimized incident angle of 55° (1024 scans). As reference a
freshly etched double polished stoichiometric Si3N4 sample was used. Collected data were
processed using the software OPUS 6.5 and are shown without any corrections.

2.2.3	 Surface modification
SI3N4 SUBSTRATE PREPARATION
A 162 ± 3 nm thick layer of stoichiometric silicon nitride (Si3N4) was deposited by LPCVD
on both sides (double polished) of a silicon wafer without intermediate oxide layer, and
diced into 1 × 1 cm surfaces (Lionix B.V.). The surfaces were rinsed and sonicated for 5 min
in semiconductor grade acetone, rinsed again with the same solvent and dried in a stream
of argon. Surfaces were subsequently cleaned from organic material by 5 min of air-based
plasma. The surfaces were etched by immersing them in a 2.5% aqueous HF solution for 2 min,
followed by rinsing with MilliQ water and drying in a stream of argon.
Immediately after etching, the surfaces were placed in a flat-bottomed reaction vessel containing
neat TFAAD, which was degassed by three freeze-pump-thaw cycles using liquid nitrogen and
argon. After transferring the samples, another two freeze-pump-thaw cycles were performed to
remove residual traces of oxygen and/or water. The reaction was carried out at 150 °C under an
argon atmosphere for 16 h. The reaction vessel was allowed to cool down to room temperature
for 30 min. To remove any physisorbed TFAAD, the surfaces were rinsed, sonicated for 5 min
and rinsed again with DCM and dried in a stream of argon.
DEPROTECTION
TFAAD-modified silicon nitride substrates were placed in a 1 M NaOH solution for 5 min
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under occasional shaking. The reaction was stopped by washing and sonicating the surfaces in
MilliQ water for 5 min. The surfaces were then rinsed with MilliQ water, ethanol, and DCM,
and dried in a stream of argon.
INITIATOR ATTACHMENT
Amine-terminated surfaces were placed into a three-necked flat-bottomed flask under inert
gas atmosphere. 2.0 mL of DCM, 0.6 mL α-bromoisobutyryl bromide and 0.5 mL DIPEA
were added via syringes and the flask was placed on a shaker at 80 rpm overnight. Initiatorfunctionalized surfaces were washed with DCM, sonicated in DCM for 5 min, washed another
time with DCM and dried under a stream of argon. Surfaces were used directly for surface
initiated polymerization.
SURFACE-INITIATED POLYMERIZATION
Surface-initiated Atom Transfer Radical Polymerization (ATRP) was performed under inert gas
atmosphere. All solvents were degassed prior to use by 5 min sonication and 30 min argon
bubbling. 16.1 mg (0.16 mmol, 0.45 eq.) of an Cu(I)Cl/Cu(II)Cl2 (9/1) mixture and 54.7 mg
(0.35 mmol, 1.0 eq.) Bpy were dissolved in 7 mL of an isopropanol/MilliQ water (20/80)
mixture and stirred for 30 min. 3.3 mL of the resulting brown complex solution was transferred
to a flask containing the respective monomer mixture and stirred until full solubilization
(pSB: 876 mg SB; co-55%: 833 mg SB and 54.2 mg 5; co-515%: 746 mg SB and 163 mg 5).
(The required amount of monomer 5 was taken from a thawed aliquot (see synthesis of 5)
and placed into a Schlenk flask and the water removed under vacuum, before the standard
monomer was added.) An initiator-modified surface was placed separately and diagonally into
a Schlenk tube with the modified side downwards, enabling stirring underneath the surface.
1.1 mL of the prepared ATRP solution was transferred into it. After stirring for 1 h at RT, the
polymer brush-modified surface was washed with 20 mL of 60 °C MilliQ water, sonicated for
5 min in MilliQ water, washed with 10 mL of MilliQ water and acetone, respectively, and dried
in a stream of argon.

2.2.4	 Brush functionalization
AZIDO TOP EXCHANGE
Exchanging the terminal bromide of pSB for an azide was done by placing the surfaces in an
aqueous solution of NaN3 (50 mM) and NaI (50 mM). After shaking at 80 rpm for 6 h, the
surfaces were rinsed with MilliQ and dried in an argon stream.
SPAAC
The obtained surfaces were wetted with 20 µL (the minimum amount used to wet a 1 × 1 cm
surface for most efficient use of resources) of a 20 mM solution of BCN-CF3 or BCN-biotin in
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DMSO, respectively, and stored in a Petri dish overnight. The surfaces were placed for 1 h in
pure DMSO and another 1 h in ethanol to remove non reacted material, washed with ethanol
and dried in an argon stream.

2.2.5	 Reflectometry
Antifouling and selective binding studies were performed using a self-made reflectometer,
with a similar set-up as previously described.33-34 A monochromatic linearly polarized laser
(632.8 nm) passes a glass prism, which results in an angle of incidence of 68° (the optimal
angle was determined using Prof. Huygens software) with the solvent-substrate interface. The
reflected light is refracted by the glass prism and split into its p- and s-polarized components
(relative to the plane of incidence) by a beam splitter. The ratio between the separately measured
intensities of the p- and s-polarized components results in the output signal S. The set-up is
combined with a stagnation point flow cell, enabling protein adsorption measurements under
diffusion-controlled conditions.
SPECIFIC AND NON-SPECIFIC PROTEIN BINDING.
A stock solution of 10× PBS (ionic strength 0.8 M) was prepared (phosphate buffered saline,
pH 6.7, composition: 37.0 g L–1 NaCl, 1.0 g L–1 KCl, 2.0 g L–1 KH2PO4 and 2.0 g L–1 Na2HPO4).
Protein solutions were prepared by dissolving fibrinogen (0.5 mg mL–1), avidin (0.1 mg mL–
1
) and a mixture of both (0.5 mg mL–1 of fibrinogen and 0.1 mg mL–1 avidin) in 2× PBS
(ionic strength 0.16 M) and placed on a shaker at 37 °C at 80 rpm for 30 min to ensure full
solubilization.S34 Prior to use, the solutions were two times diluted with MilliQ water to a final
ionic strength of 0.08 M. Surfaces of roughly 1 × 4 cm were required for the reflectometry
measurements. In order to measure the pre-cut 1 × 1 cm Si3N4 surfaces, 1 × 4 cm strips were
cut from a Si(100) wafer and the surface of interest glued onto one end of the silicon strip,
while a dummy Si3N4 surface was glued on the other side for clamping in the reflectometer.
A two components epoxy glue (KOMBI SNEL®, Bison) was used. The glued surfaces were
allowed to dry overnight. The surfaces were placed 1 h before the measurement into 1× PBS to
avoid artefacts caused by swelling of the polymer brushes during measurements.
All reflectometry measurements were carried out at room temperature. Each reflectometry
measurement consisted of a 400 sec injection with PBS, followed by an adsorption/binding
phase of 1000 sec and a desorption/washing phase of at least 400 sec. The amount of protein
adsorbed or bound to each surface was determined in the plateau of the washing phase of
the obtained curve. All experiments were carried out in triplicate. Data processing was done
using Origin (version 8) software, binding curves were smoothened using the 50% percentile
filtering option. In order to get the FIB adsorption on bare Si3N4 and brush-coated surfaces on
the same scale, noise levels (before smoothing) were compared and adjusted accordingly.
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2.3

Results and discussion

2.3.1	 Synthesis and characterization of zwitterionic monomers
The standard sulfobetaine (SB) monomer was obtained via the well-established one-step
nucleophilic ring opening reaction of sultones3-5 (for more details see Supporting Information
Scheme S2.8). However, this approach failed in the presence of an N-azide substituted starting
material due to the reduced nucleophilicity of the tertiary nitrogen. The novel clickable and

Scheme 2.1   top) Synthesis of standard monomer SB: a) acetone, RT, overnight, 91%; (bottom) Synthesis
of clickable monomer 5: b) Boc2O, DCM, 0 °C to RT, overnight, 82%; c) DTR, CuSO4, K2CO3, MeOH,
RT, overnight, 59%; d) 3 bromopropane sulfonic acid sodium salt, DMF, 70 °C, 4 d, 73%; e) 4 M HCl,
dioxane, 24 h, RT, quant.; f) methacrylic acid, HOBt, EDCI·HCl, NMM, DMF s.g., 2 d, RT, 80%.
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zwitterionic monomer 5 was synthesized in an alternative route in five steps as shown in
Scheme 2.1. Standard mono-protection of an appropriate diamine followed by conversion of the
free amine into the azide succeeded in moderate to good yields. The zwitterionic character was
introduced in a nucleophilic substitution reaction of the tertiary amine. Finally, deprotection
and introduction of the polymerizable methacrylamide unit via standard peptide coupling in
the last step, resulted in the desired monomer 5 in good overall yield (28%, typically yielding
5 g of final product per route; see Supporting Information) and high purity. Since 1 g of 5 is
enough for the formation of more than 250 substrates of 1 × 1 cm coated with co-51% polymer
brushes (see below for details), this synthesis is sufficiently efficient for large-scale preparation
of 3D-functionalizable fully-zwitterionic polymer brushes.

2.3.2	 Surface modification and grafting of functional
copolymers
In contrast to silicon-enriched silicon nitride,36 the modification of so-called stoichiometric
Si3N4, which is commonly used in optofluidic sensing devices, requires harsher conditions
under which the ATRP initiator (tertiary bromide) is not stable. Consequently we developed an
alternative route, in which first an amine-terminated monolayer is introduced (Scheme 2.1ac). To this end, we used a heat-induced alkene-based covalent attachment of trifluoroacetamide
decene (TFAAD) on cleaned Si3N4 substrates (for an efficient scaled-up synthesis of TFAAD, see
Supporting Information), analogous to what was recently reported for GaN surfaces.37 This
was followed by deprotection of the base-labile trifluoroacetamide group to yield the amineterminated monolayer. Successful introduction and subsequent removal of fluorine during these
steps was shown by XPS analysis and contact angle measurements. The characteristic surface
composition38 of the TFAAD monolayer is visible from the XPS carbon narrow scan, clearly
showing four peaks (Figure 2.2, for more detailed XPS analysis see Supporting Information
Figure S2.2-Figure S2.4).
The absence of the CF3 and the carbonyl signal after basic treatment, confirmed the successful
removal of the trifluoroacetamide group. The static water contact angle decreased from 71 ± 1°
(CF3-terminated monolayer) to 55 ± 1° due to the more hydrophilic primary amine groups,
which is in good agreement with previously reported values by Carvalho et al.39 This fast and
efficient route towards amine-terminated monolayers is a useful tool and widely applicable to
other substrates, including glass.39
The acid bromide-based ATRP initiator was introduced according to previously described
procedures (Scheme 2.2c), yielding an increase in static water contact angles to 73 ± 1°,
in accordance with reported values (72°) (see Supporting Information Figure S2.5 for XPS
spectra).23 Subsequently, surface-initiated polymerization was performed, using optimized
conditions of previously reported ATRP procedures (including scale, time and stirring
conditions) to ensure the formation of homogeneous polymer brush coatings.9,22,34 The fraction
of azide functionalities in the resulting polymer brush could be controlled straightforwardly by
copolymerization of variable amounts of 5 with respect to the standard SB monomer, whilst

Tunable 3D-Functionalization of Fully Zwitterionic Antifouling Coatings | 41

fully maintaining the zwitterionic character (Scheme 2.2, route ‘3D’). Polymer brushes with
0% (pSB), 5-% (co-55%) and 15% (co-515%) of 5 were grown and all showed characteristic static
water contact angles of below 20° (for pictures of SCA measurements see Supporting Information
Table S2.1). This indicates a preserved highly hydrophilic character of the copolymer brushes.
The increasing azide content could be visualized by G-ATR-FTIR measurements (Figure 2.5A),
while the thickness of the obtained polymer coatings was measured by XRay Reflectivity and
appeared to be 51 ± 2 nm (see Supporting Information Table S2.2).

Figure 2.2   XPS C1s narrow scan spectra of (top) TFAAD-modified and (bottom) deprotected, amineterminated Si3N4 substrates.

XPS analysis clearly confirmed the presence of azide moieties within the copolymer brush
(Figure 2.3). Beside the characteristic 1 : 1 ratio of the amide (397.8 eV) and ammonium signal
(400.6 eV), two new nitrogen signals in the N 1s spectra of the co-55% and co-515%-brush at
398.7 eV and 402.6 eV (in a ratio of 1 : 2) could be discerned, which can be attributed to the
three nitrogen atoms of the introduced azide. The obtained ratios of the intensity of the azide
with respect to the ammonium signal give rise to the actual copolymer composition, which
was calculated to be 5% for the co-55% and 13% for the co-515% brushes, i.e. in agreement with
the monomer feed ratio.
For reference, we also prepared top-functionalized brushes using the previously reported 2D
approach by our group (Scheme 2.2, route ‘2D’).22 To this end, ATRP with the standard SB
monomer was performed, followed by top exchange of the terminal halogen in a nucleophilic
substitution reaction using sodium azide in an extra step. Because a maximum of only one
azide moiety per polymer chain was introduced in these pSB-N3 brushes, no azide signal could
be observed by XPS (for XPS spectra see Supporting Information Figure S2.8) or G-ATR-FTIR
(Figure 2.5A), which is in stark contrast with the straightforward detection of azides in the
copolymers discussed above.
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Scheme 2.2   Stepwise modification of Si3N4 surfaces yielding functionalized copolymer brushes: a)
TFAAD neat, 150 °C, 16 h; b) 1.0 M NaOH, RT, 5 min; c) α-bromoisobutyryl bromide, DCM, RT, 24 h; d)
100-n% SB, n% 5, Cu(I)/Cu(II) (90/10), Bpy, isopropanol/water (20/80), RT, 2 h; e) 50 mM aq. NaN3,
50 mM NaI, 6 h, RT; f) BCN-R, DMSO, RT, 16 h.
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Figure 2.3   XPS nitrogen narrow scan spectra of azido-copolymers with various content of clickable
monomer 5: pSB, co-55% and co-515% (for narrow scans of C 1s region see Supporting Information Figure
S2.6-S2.8).

To demonstrate the effective functionalization of the azide moieties in the copolymer brush,
these groups were first of all reacted with a CF3-labeled bicyclooctyne (BCN-CF3) (under SPAAC
conditions, see Scheme 2.2). Due to their relatively high sensitivity factor, fluorine atoms can be
sensitively measured by XPS. As a result, small amounts of as well as minute changes in fluorine
content can be detected, which thus allows for a detailed characterization of the functionalized
brushes. XPS wide scan spectra of the resulting BCN-CF3 functionalized co-(5-CF3)5%- and
co-(5-CF3)15%-polymer brushes showed a clear increase in the fluorine signal intensity upon
raising the content of 5 from 0% via 5% (Figure 2.4A) to 15% (Figure 2.4B). Based on the
atomic ratios, 85 ± 1% of the azide moieties had been successfully converted for both the
co-55%- and co-515%-coatings, which indicates that the SPAAC reaction had occurred clearly
beyond the solution interface. XPS nitrogen narrow scan spectra (Figure 2.4C) of co-(5-CF3)n%polymer brushes showed the disappearance of the characteristic azide signal at 402.6 eV under
formation of a new signal at 399.5 eV. The latter signal can be attributed to the nitrogen atoms
from the triazole ring that is formed during the SPAAC reaction. The incorporation of fluorine
is furthermore visible in the carbon narrow scan as a fluorine-bound carbon signal, showing a
characteristic shift to higher binding energies of 292.9 eV (Figure 2.4D). The functionalization
of chain end-modified pSBN3-brushes could, in line with the inability to detect the azide signal,
not be detected by XPS (for spectra see Supporting Information Figure S2.9).
As XPS only allows analysis of the top ~20 nm of the brush, complementing G-ATR-FTIR
measurements were performed to provide insight into the full layer composition of the grafted
copolymer brushes. The increasing amount of azide within the grafted copolymer chain
was visualized by an increasing intensity of the characteristic azide stretching vibration at
2104 cm–1 (Figure 2.5A).

44 | Chapter 2

Figure 2.4   (top) XPS wide scan spectra after SPAAC reaction of azido-copolymer coatings on Si3N4 with
BCN-CF3: A) co-(5-CF3)5%- and B) co-(5-CF3)15%-polymer brush; (bottom) exemplary N 1s (C) and C
1s (D) narrow scan of co-(5-CF3)15%-polymer brush (for narrow scan spectra of co-(5-CF3)5%-polymer
brush see Supporting Information Figure S2.10).

The spectra also display the characteristic carbonyl stretching at 1646 cm–1 and N–H bending
vibration at 1534 cm–1 of amides as well as the C–N stretching vibration at 1485 cm–1. Figure
2.5B shows the spectra before and after fluorine labeling of co-515%-polymer brush with BCNCF3. The characteristic azide stretching vibration at 2104 cm–1 disappeared due to conversion
into a triazole heterocycle after SPAAC reaction. In addition, the carbonyl stretching vibration
of the BCN-CF3 ester appears at 1718 cm–1. These combined XPS and G-ATR-FTIR findings
confirm the successful and uniform 3D-functionalization of the brush coating throughout its
entire thickness.

2.3.3	 Sensing performance of co-(5-biotin)n% coatings
The sensing capability of the presented azido-copolymer brush coatings as bioactive
substrates was investigated by measuring their antifouling and specific binding capacities
with reflectometry, following an earlier reported procedure by our group.34 The antifouling
properties were evaluated by measuring the non-specific adsorption of fibrinogen (FIB), a
large protein from blood plasma that strongly binds to hydrophobic surfaces.40 The relatively
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high concentration (0.5 mg mL–1) used in this study ensures not only fast equilibration, but
more importantly also presents challenging fouling conditions. To assess the specific protein
binding, the well-studied biotin-avidin interaction was chosen.41-42 Co-5n%-polymer brushcoated surfaces were compared to 2D top-functionalized pSBN3 polymer brushes. All substrates
were reacted with BCN-biotin using the aforementioned SPAAC reaction (see Scheme 2.2). In
this way, top-functionalized pSB-biotin polymer brushes as well as co-(5-biotin)1% and co-(5biotin)5% copolymer coatings were prepared. Figure 2.6 summarizes the obtained reflectometry
data. While on bare Si3N4 substrates strong fouling by FIB was observed, all brush coatings
fully preserved their antifouling properties, independently of the amount of introduced biotin
recognition units (FIB binding ~0 RU, Figure 2.6A). From the experiments with avidin (Figure
2.6B), it can firstly be concluded that the specific binding of avidin to chain end-modified pSBbiotin did not result in a significant signal and could not be distinguished from a standard pSB
brush without biotin units. This means that under these conditions no specific binding could
be discerned for the top-functionalized brush, which can be attributed to the challengingly
thick polymer brush coatings used in this study (exceeding 35 nm; for respective thicknesses
see Supporting Information Table S2.2). While such thicknesses are optimal for antifouling
purposes, for such brushes the chain ends are more buried and therefore less accessible for
modification as compared to those on relatively thin polymer layers.34 Secondly, and in sharp
contrast, our homogeneously 3D-modified co-(5-biotin)n% polymer brush coatings both
yielded a clear avidin response. Co-(5-biotin)1% surfaces showed a binding of 0.28 ± 0.04 RU;
this value increased by a factor of 2.6 for co-(5-biotin)5% surfaces (0.72 ± 0.02 RU). The non-

Figure 2.5   (Comparison of G-ATR-FTIR spectra of A) pSB, co-55%, co-515%-polymer brushes grafted
from Si3N4-initiator substrates and B) co-(5-CF3)15%-polymer brush after SPAAC reaction of co-515%polymer brush with BCN-CF3.

46 | Chapter 2

linear increase from 1 to 5% biotin modification can be attributed to a surface coverage with
avidin that approaches full coverage in case of the co-(5-biotin)5% brushes, leaving some of the
biotin units unbound.

Figure 2.6   Protein adsorption and binding onto bare and polymer brush-coated Si3N4 surfaces as
measured by reflectometry. (A) FIB (0.5 mg mL–1) adsorption onto bare Si3N4, pSB, co-51% and co-55%polymer brushes; (B) binding curves of avidin (0.1 mg mL–1) on BCN-biotin-functionalized pSB-N3,
co-51% and co-55%-polymer brushes. (C) Bar plot summarizing FIB adsorption (0.5 mg mL–1) and avidin
binding of pure avidin (0.1 mg mL–1) and a protein mix solution of 0.1 mg mL–1 avidin and 0.5 mg mL–1
FIB onto the various functionalized surfaces.
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For sensing purposes, it is required to be able to specifically bind a distinct protein or other
analyte from a protein mixture without the interference of other (bio)molecules present, thus
functioning as a romantic surface.43 To this end, the specific binding of avidin was measured
from a 1 : 5 protein mixture of avidin (0.1 mg mL–1) and FIB (0.5 mg mL–1). As depicted in
Figure 2.6C, the avidin binding from the protein mix was (within experimental error) identical
to the binding of avidin from a single protein solution, demonstrating that the binding of the
target protein is not hampered by aspecific protein binding. With this we show that the use
of azide-modified copolymer brush coatings as presented in this study, is a straightforward,
generally applicable approach to create high performance (bio)active sensing platforms for
the effective and specific binding of an analyte, while fully preserving optimal antifouling
conditions.

2.4

Conclusion

In conclusion, the concept of unifying zwitterionic character and clickable moieties in a single
monomer, as demonstrated here for monomer 5, enables formation of 3D-functionalizable
antifouling brushes by copolymerization of this monomer with a standard zwitterionic SB
monomer. The introduced azide moieties are homogeneously distributed throughout the
polymer brush, leading to an efficient and thickness-independent brush modification. The
introduced amount of azide groups can be adjusted to the required application by control
over the monomer ratio (e.g. depending on size of the analyte to be bound). Subsequent
modification with a recognition unit of interest, yields a highly efficient sensing platform for
selective binding with retained, excellent antifouling properties. Incorporation of 1%-5% of
monomer 5 was shown to achieve an unprecedented degree of loading in a proof of principle
sensing assay using the well-known biotin-avidin interaction. We anticipate this new approach
to be of general interest for sensing applications that demand excellent antifouling performance
in combination with a tunable degree of functionalization.
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2.7

Supporting Information

2.7.1	 Synthesis of azido-SB (5)

Scheme S2.1   Synthesis of azido-SB 5: a) Boc2O, DCM, 0 °C to RT, overnight; b) DTR, CuSO4, K2CO3,
MeOH, RT, overnight; c) 3 Bromopropanesulfonic acid sodium salt, DMF, 70 °C, 4 d; d) 4 M HCl,
Dioxane, 24 h, RT; e) Methacrylic acid, HOBt, EDCI·HCl, NMM, DMF s.g., 2 d, RT.

TERT-BUTYL (3-((3-AMINOPROPYL)(METHYL)AMINO)PROPYL)CARBAMATE 1
10.9 g Boc2O (50 mmol, 1.00 eq) in 500 mL DCM were dropwise added to a solution of
72.6 g N-(3-aminopropyl)-N-methylpropane-1,3-diamine (500 mmol, 10.0 eq) in 500 mL
DCM over a course of 14 h at 0 °C. The reaction mixture was allowed to warm up and was
stirred for another 12 h at RT. The white precipitate was filtered off and the filtrate concentrated
in vacuum. The crude mixture was diluted with 200 mL of DCM and washed three times with
MilliQ water (3 × 100 mL). Drying of the combined organic layer over Na2SO4 and evaporation
of the solvent yielded the product as a colorless oil.

Scheme S2.2   Compound 1.

[C12H27N3O2, M = 245.37 g/mol], Yield: 10.1 g (41.0 mmol, 82%)
H-NMR (400 MHz, CDCl3, 300 K) δ 5.44 (s, 1H, 4H), 3.11 (q, 3JHH = 5.6 Hz, 2H, 5H), 2.68
(t, 3JHH = 6.9 Hz, 2H, 11H), 2.32 (2t, 3JHH = 7.0 Hz, 4H, 7,9H), 2.13 (s, 3H, 8H), 1.56
1
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(2dt, 3JHH = 6.8 Hz, 4H, 6,10H), 1.38 (s, 9H, 1H), 1.33 (s, 2H, 12H).
C-NMR (101 MHz, CDCl3) δ 156.1 (s, C3), 78.8 (s, C2), 56.4 (s, C7), 55.6 (s, C9), 42.1 (s,
C8), 40.5 (s, C11), 39.9 (s, C5), 31.1 (s, C10), 28.5 (s, C1), 27.0 (s, C6).
13

ESI+ (MeOH): calc.: m/z = 246.2176 [M+H]+; det.: m/z = 246.2167 [M+H]+.
IMIDAZOLE-1-SULFONYL AZIDE HYDROSULFATE DTRS4
16.1 mL of sulforyl chloride (200 mmol, 1.0 eq.) was added dropwise to an ice-cold suspension
of 13.0 g NaN3 (200 mmol, 1.0 eq.) in dry ACN (100 mL) and the reaction mixture was stirred
overnight at RT. 25.9 g of imidazole (380 mmol, 1.9 eq.) was added in portions and stirring
was continued for another 3 h at RT. Afterwards 200 mL EtOAc were added before the organic
layer was washed with MilliQ water (2 × 100 mL and NaHCO3 (2 × 100 mL). Drying over
MgSO4 and filtration yielded the free imidazole-1-sulfonyl azide. To obtain the sulfuric acid
salt, 10.6 mL of H2SO4 (200 mmol, 1.0 eq.) were dissolved in 100 mL of EtOAc and added
dropwise to the filtrate. The reaction mixture was stirred for another hour at RT and then placed
in the freezer overnight. The resulting crystals were filtered and washed with EtOAc, before
being dried to yield the product as white crystals.

Scheme S2.3   DTR.

[C3H4N5O6S2, M = 270.21 g/mol], Yield: 30.2 g (111 mmol, 56%)
H-NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1H, 4H), 8.93 8.82 (m, 1H, 1H), 8.03 (dd,
JHH = 2.0 Hz, 4JHH = 1.6 Hz, 1H, 3H), 7.45 (dd, 3JHH = 2.0 Hz, 4JHH = 1.7 Hz, 1H, 2H).

1
3

C-NMR (101 MHz, DMSO-d6) δ 137.8 (s, C1), 134.4 (s, C2), 130.1 (s, C3).

13

ESI+ (MeOH): calc.: m/z = 174.0080 [M]+; det.: m/z = 174.0080 [M]+.
TERT-BUTYL (3-((3-AZIDOPROPYL)(METHYL)AMINO)PROPYL)CARBAMATE 2
9.57 g of 1 (39.0 mmol, 1.0 eq.), 10.8 g of K2CO3 (78.0 mmol, 2.0 eq.) and 98 mg of
CuSO4 (0.39 mmol, 1 mol%) were suspended in 400 mL MeOH. Subsequently 12.7 g of DTR
(46.8 mmol, 1.2 eq.) was added in portions at 0 °C and stirred the reaction mixture at RT
overnight. After evaporation of MeOH the crude mixture was dissolved in DCM and water and
the organic layer washed three times with MilliQ water. Combined organic layers were dried
over Na2SO4 and concentrated. Flash column chromatography using a gradient from 5-10%
EtOH in DCM yielded the product as slightly yellow oil.
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Scheme S2.4   Compound 2.

[C12H25N5O2, M = 271.37 g/mol], Yield: 6.25 g (23.0 mmol, 59%)
H-NMR (400 MHz, CDCl3) δ 5.31 (s, 1H, 4H), 3.32 (t, 3JHH = 6.8 Hz, 2H, 11H), 3.15 (q,
JHH = 6.4 Hz, 2H, 5H), 2.47 – 2.35 (m, 4H, 7,9H), 2.19 (s, 3H, 8H), 1.73 (p, 3JHH = 6.9 Hz,
2H, 10H), 1.63 (p, 3JHH = 6.6 Hz, 2H, 6H), 1.41 (s, 9H, 1H).
1
3

C-NMR (101 MHz, CDCl3) δ 156.2 (C3), 79.0 (C2), 56.3 (C7), 54.7 (C9), 49.5 (C11), 41.8
(C8), 39.8 (C5), 28.5 (C1), 26.8 (C10), 26.6 (C6).
13

ESI+ (MeOH): calc.: m/z = 272.2081 [M+H]+; det.: m/z = 272.2069 [M+H]+; 294.1900
[M+Na]+; det.: m/z = 294.1888 [M+Na]+.
3-((3-AZIDOPROPYL)(3-((TERT-BUTOXYCARBONYL)AMINO)PROPYL)
(METHYL)AMMONIO)PROPANE-1-SULFONATE 3
4.70 g of 2 (17.3 mmol, 1.0 eq.) and 3.90 g of 3-bromopropanesulfonic acid sodium salt
(17.3 mmol, 1.0 eq.) were suspended in 100 mL DMF s.g.. After stirring the reaction mixture
at 70 °C for 2 days, 4.50 mL DIPEA (26.0 mmol. 1.5 eq.) were added and the suspension was
stirred for 1 hour at 70 °C. Another eq. of 3bromopropanesulfonic acid sodium salt (3.90 g,
17.3 mmol) was added and the reaction mixture was stirred for 3 d at 70 °C. After filtering off
the formed NaBr, the solvent was evaporated and the crude mixture was dissolved in DCM/
EtOH (1:1) and the formed precipitate filtered off over zeolite. The resulting solution was
purified by flash column chromatography using a gradient of 10-75% EtOH in DCM. The
product was isolated as white foam.

Scheme S2.5   Compound 3.

[C15H31N5O5S, M = 393.50 g/mol], Yield: 5.00 g (12.7 mmol, 73%)
H-NMR (400 MHz, DMSO-d6) δ 6.96 (t, 3JHH = 5.1 Hz, 1H, 4H), 3.47 (t, 3JHH = 6.5 Hz, 2H,
11H), 3.44 – 3.36 (m, 2H, 12H), 3.31 – 3.19 (m, 4H, 7,9-H), 3.03 – 2.98 (m, 2H, 5-H),
2.97 (s, 3H, 8H), 2.47 (t, 3JHH = 6.9 Hz, 2H, 14H), 2.01 – 1.86 (m, 4H, 10,13H), 1.78 (dt,
3
JHH = 14.4, 6.4 Hz, 2H, 6H), 1.38 (s, 9H, 1H).
1
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C-NMR (101 MHz, DMSO-d6) δ 155.6 (C3), 77.8 (C2), 60.2 (C12), 59.1 (C7), 58.2 (C9),
47.8 (C11), 47.7 (C8), 47.5 (C14), 37.0 (C5), 28.2 (C1), 22.2 (C6), 21.4 (C10), 18.5 (C13).
13

ESI+ (MeOH): calc.: m/z = 394.2119 [M+H]+, 416.1938 [M+Na]+, 809.3984 [2M+Na]+;
det.: m/z = 394.2099 [M+H]+, 416.1918 [M+Na]+, 809.3942 [2M+Na]+.
3-((3-AMINOPROPYL)(3-AZIDOPROPYL)(METHYL)AMMONIO)PROPANE-1SULFONATE 4
1.44 g of 3 (3.66 mmol, 1.0 eq.) were suspended in 8.0 mL dioxane before 4.0 mL of
hydrochloric acid (4.0 M) were added. The resulting solution was stirred overnight at RT. The
solvent was removed under vacuum and the resulting viscous compound co-evaporated with
water until a slightly yellow solid foam formed.

Scheme S2.6   Compound 4.

[C10H23N5O3S·HCl, M = 329.84 g/mol], Yield: 1.20 g (3.66 mmol, 100%)
H-NMR (400 MHz, DMSO-d6) δ 7.90 (s, 2H, 1H), 3.49 (t, 3JHH = 6.5 Hz, 2H, 8H),
3.47 – 3.40 (m, 2H, 9H), 3.39 – 3.32 (m, 2H, 4H), 3.32 – 3.26 (m, 2H, 6H), 2.99 (s, 3H,
5H), 2.94 – 2.83 (m, 2H, 2H), 2.54 – 2.50 (m, 2H, 11H), 1.96 (m, 6H, 3,7,10H).
1

C-NMR (101 MHz, DMSO-d6) δ 60.1 (C9), 58.7 (C4), 57.8 (C6), 47.8 (C8), 47.7 (C5),
47.4 (C11), 36.1 (C2), 21.5 (C3), 20.1 (C7), 18.5 (C10).
13

ESI+ (MeOH): calc.: m/z = 294.1594 [M+H]+, 587.3116 [2M+H]+; det.: m/z = 294.1582
[M+H]+, 587.3093 [2M+H]+.
3-((3-AZIDOPROPYL)(3-METHACRYLAMIDOPROPYL)(METHYL)AMMONIO)
PROPANE-1-SULFONATE 5
557 mg of HOBt (4.12 mmol, 1.2 eq.), 790 mg of EDCI·HCl (4.12 mmol, 1.2 eq.), 1.45 ml
of NMM (10.3 mmol, 3.0 eq.) and 0.35 mL of methacrylic acid (4.12 mmol, 1.2 eq.) were
dissolved in 5 mL of DMF s.g. and stirred at RT. After 2 h, 1.13 g of 4 (3.43 mmol, 1.0 eq.)
dissolved in 2 mL of MilliQ water were added, and the resulting yellow solution was stirred
for 3 d at RT. The DMF was removed in vacuo, the obtained crude dissolved in 40 mL of MilliQ
water and extracted with EtOAC (4 × 50 mL). The aqueous phase was concentrated under
high vacuum at RT and the collected product purified by column chromatography. Starting
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the column with DCM : EtOH (1 : 1) elutes all coupling reagents and side products, while
flushing afterwards with MeOH (100%) isolates the product containing impurities (MeOH
was removed using a water bath at 25 °C at 50 mbar). A second column starting directly
with MeOH (100%, Rf = 0.3) yielded the pure product as a slightly yellow foam (986 mg,
2.73 mmol, 80%), which allows for the modification of 270 1 × 1 cm substrates with a
co-(5)1%-polymer brush. In order to prevent spontaneous polymerization during storage, the
product was dissolved in water and proportioned in twenty equal fractions that were stored
frozen at –80 °C prior to use for surface modification.

Scheme S2.7   Compound 5.

[C14H27N5O4S, M = 361.46 g/mol], Yield: 986 mg (2.73 mmol, 80%)
H-NMR (400 MHz, DMSO-d6) δ 8.05 (t, 3JHH = 5.7 Hz, 1H, 5H), 5.67 (s, 1H, 2aH), 5.34
(s, 1H, 2bH), 3.47 (t, 3JHH = 6.5 Hz, 2H, 15H), 3.44 3.38 (m, 2H, 10H), 3.31 3.23 (m,
4H, 8,13H), 3.20 (t, 3JHH = 6.0 Hz, 2H, 6H), 2.97 (s, 3H, 9H), 2.47 (t, 3JHH = 6.8 Hz, 2H,
12H), 2.00 1.89 (m, 4H, 11,14H), 1.88 1.81 (m, 5H, 1,7H).
1

C-NMR (101 MHz, DMSO-d6) δ 167.7 (C4), 139.8 (C3), 119.3 (C2), 60.0 (C10), 59.1
(C8), 58.3 (C13), 47.8 (C15), 47.7 (C9), 47.5 (C12), 35.9 (C6), 22.0 (C7), 21.5 (C14), 18.6
(C1), 18.5 (C11).
13

ESI+ (MeOH): calc.: m/z = 362.1857 [M+H]+, 384.1676 [M+Na]+; det.: m/z = 362.1833
[M+H]+, 384.1656 [M+Na]+.

2.7.2	 Synthesis of SB
3-((3-METHACRYLAMIDOPROPYL)DIMETHYLAMMONIO)PROPANE-1-

Scheme S2.8   Synthesis of SB: a) N-(3-(di-methylamino)propyl)methacrylamide, 1,2-propane-sultone,
acetone, RT, overnight, 91%.
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SULFONATE (SB)S1
12.2 g of 1,3-propanesultone (100 mmol, 1.8 eq.) were dissolved in 150 mL acetone and
cooled to 0 °C. After addition of 10.0 mL of N-(3-(dimethylamino)propyl)methacrylamide
(55.0 mmol, 1.0 eq.) the reaction mixture was allowed to warm up to room temperature and
stirred overnight. The resulting precipitate was filtered off and washed rigorously with 500 mL
acetone. After drying under high vacuum the desired product was obtained as white powder
and stored under argon in the fridge.

Scheme S2.9   SB monomer..

[C12H24N2O4S, M = 292.39 g/mol], Yield: 14.7 g (50.0 mmol, 91%)
H-NMR (400 MHz, D2O) δ 5.68 (s, 1H, 3a-H), 5.44 (s, 1H, 3b-H), 3.49 – 3.40 (m, 2H, 11H), 3.38 – 3.29 (m, 4H, 6,8-H), 3.08 (s, 6H, 9,10-H), 2.94 (t, 3JHH = 7.2 Hz, 2H, 13-H),
1

2.24 – 2.11 (m, 2H, 12-H), 2.07 – 1.96 (m, 2H, 7-H), 1.90 (s, 3H, 1-H).

C-NMR (101 MHz, D2O) δ 171.95 (C4), 138.76 (C2), 121.33 (C3), 62.12 (C11), 61.81
(C8), 50.68 (C9,10), 47.14 (C13), 36.15 (C6), 22.21 (C7), 18.08 (C12), 17.57 (C1).
13

ESI+ (MeOH): calc.: m/z = 293.1530 [M+H]+, 315.1349 [M+Na]+, 585.2986 [2M+H]+,
607.2806 [2M+Na]+; det.: m/z = 293.1515 [M+H]+, 315.1332 [M+Na]+, 585.2956 [2M+H]+,
607.2774 [2M+Na]+.

2.7.3	 Synthesis of TFAAD

Scheme S2.10   Synthesis of TFAAD: a) 10-undecenoyl chloride, 4M NaN3, TBAB, 0°C, overnight; b)
TFA, DCM, RT > reflux, overnight, 72% over two steps.

TRIFLUOROACETAMIDE-PROTECTED 10-AMINO-1-DECENE TFAAD 6S45
66 mg of tetrabutylammonium bromide (0.25 mmol, cat.) and 12.16 g of 10-undecenoyl
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chloride (60.0 mmol, 1.0 eq.) were combined and cooled to –3 °C. Aqueous sodium azide
solution (3.90 g in 15 mL MilliQ water) was added dropwise, keeping the temperature below
5 °C. The reaction mixture was stirred for 24 h at 0 °C. After addition of 15 mL of cold DCM, the
organic phase was washed two times with 15 mL of cold MilliQ water and dried over Na2SO4.
During the whole workup process solvents and solutions were kept as cool as possible. The
resulting acyl azide was directly reacted with 6.0 mL trifluoroacetic acid (78 mmol, 1.30 eq.).
The reaction mixture was allowed to warm up, stirred at RT until gas formation had stopped
and then refluxed at 40 °C overnight. Washing three times with 15 mL of saturated sodium
bicarbonate solution, drying over sodium sulfate and removal of the solvent under reduced
pressure gave the crude product. Purification was achieved by column chromatography (100%
DCM; Rf = 0.8) and Kugelrohr distillation (0.4 mbar, 176 °C), which yielded the desired
product with a purity of 98% (GC-MS).

Scheme S2.11   TFAAD

[C12H20F3NO, M = 251.29 g/mol], Yield: 10.8 g (43.1 mmol, 72% over two steps)
H-NMR (400 MHz, CDCl3) δ 6.54 (s, 1H, 11H), 5.79 (ddt, 3JHH = 16.9, 10.2, 6.7 Hz, 1H,
2H), 5.02 – 4.89 (m, 2H, 1H), 3.34 (q, 3JHH = 6.8 Hz, 2H, 10H), 2.03 (q, 3JHH = 7.0 Hz,
2H, 3H), 1.57 (p, 3JHH = 7.1 Hz, 2H, 9H), 1.42 – 1.20 (m, 10H, 4,5,6,7,8H).
1

C-NMR (101 MHz, CDCl3) δ 157.4 (q, 2JCF = 36.6 Hz, C12), 139.2 (C2), 115.9 (q,
JCF = 187.9 Hz, C13), 114.6 (C1), 40.1 (C10), 33.9 (C3), 29.4 – 29.0 (C4,5,6,7,9), 26.8
(C8).
13
1

ESI+ (MeOH): calc.: m/z = 252.1570 [M+H]+, 274.1389 [M+Na]+; det.: m/z = 252.1562
[M+H]+, 274.1379 [M+Na]+.

Scheme S2.12   Synthesis of BCN-CF3: a) DCC, DMAP, RT, overnight.
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2.7.4	 Synthesis of BCN-CF3
100 mg of (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (0.67 mmol, 1.0 eq.), 139 mg
of 4(trifluoromethyl)-benzoic acid (0.73 mmol, 1.1 eq.), 151 mg of DCC (0.73 mmol,
1.1 eq.) and DMAP (catalytic amount) were dissolved in 2 mL DCM and stirred overnight at

Scheme S2.13   BCN-CF3

RT. After filtration and evaporation of DCM, the crude was purified by column chromatography
(EtOAc:heptane (1:5), Rf = 0.8) yielding the product as white solid, which was stored in the
freezer (–20 °C).
[C18H17F3O2, M = 322.33 g/mol], Yield: 169 mg (0.53 mmol, 79%)
H NMR (400 MHz, DMSO-d6) δ 8.17 (d, 3JHH = 8.1 Hz, 2H, 13,17H), 7.71 (d, 3JHH = 8.2 Hz,
2H, 14,16H), 4.46 (d, 3JHH = 8.3 Hz, 2H, 10H), 2.39 – 2.16 (m, 6H, 2,3,6H), 1.74 – 1.59 (m,
2H, 7H), 1.58 – 1.48 (m, 1H, 9H), 1.11 – 0.96 (m, 2H, 1,8H).
1

C NMR (101 MHz, DMSO-d6) δ 165.64 (C11), 133.86 (C12), 130.12 (C13,17), 125.61 –
125.50 (C14,15,16), 98.92 (C4,5), 63.86 (C10), 29.34 (C2,3,6), 21.57 (C7), 20.58 (C1,8),
17.60 (C9).
13

ESI+ (MeOH): calc.: m/z = 323.1259 [M+H]+, 345.1078 [M+Na]+; det.: m/z = 323.1242
[M+H]+, 345.1061 [M+Na]+.
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2.7.5	 Additional XPS data

Figure S2.1   XPS data of bare Si3N4: (left) N 1s narrow scan and (right) F 1s narrow scan.

Figure S2.2   XPS data of TFAAD-modified Si3N4: (left) N 1s narrow scan and (right) F 1s narrow scan.
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Figure S2.3   XPS data of amine-modified Si3N4: (left) N 1s narrow scan and (right) F 1s narrow scan.

Figure S2.4   Comparison of XPS wide scans of bare Si3N4, Si3N4-TFAAD and Si3N4-NH2.
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Figure S2.5   (left) schematic representation of initiator-modified Si3N4 and XPS data of initiator-coated
Si3N4: (middle) wide scan and (right) C 1s narrow scan.

Figure S2.6   (top) schematic representation of pSB on Si3N4 and (bottom) XPS data: (left) wide scan and
(right) C 1s narrow scan.
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Figure S2.7   (top) schematic representation of co-55%- and co-515%-polymer brushes on Si3N4 with
(middle) characteristic XPS wide scan and (bottom) XPS C 1s narrow scan spectra, respectively.

62 | Chapter 2

Figure S2.8   (top left) schematic representation of pSB-N3 polymer brush on Si3N4; (top right) XPS wide
scan, (bottom left) XPS C 1s narrow scan and (bottom right) XPS N 1s narrow scan.
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Figure S2.9   top left) schematic representation of pSB-CF3 polymer brush on Si3N4; (top right) XPS wide
scan, (bottom left) XPS C 1s narrow scan and (bottom right) XPS N 1s narrow scan.
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Figure S2.10   top) schematic representation of co-(5-CF3)5% polymer brushes on Si3N4 and (bottom) XPS
data of: (left) C 1s narrow scan and (right) N 1s narrow scan.
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2.7.6	 SCA and thicknesses of polymer brushes

Table S2.1   Pictures and obtained values of static water contact angle measurements of polymer brushes
possessing different azide content. top: pSB, top-functionalized pSB-N3 and pSB-biotin; middle: co-51% and
co-(5-biotin)1%; bottom: co-55% and co-(5-biotin)5%.

Table S2.2   Polymer brush thicknesses of reference pSB and biotin functionalized copolymer brushes
used for reflectometry calculations. Thicknesses are recorded in nm.
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2.7.7	 XRR Scattering Profiles of Functionalized Polymer
Brushes

Figure S2.11   Exemplary X-Ray reflectivity scattering profile of co-(biotin-SB)1% polymer brush on
Si3N4 with fit.
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Abstract
Micro- and nano-sized particles are extensively used in various biomedical applications.
However, their performance is often drastically hampered by the non-specific adsorption
of biomolecules, a process called biofouling. Although antifouling coatings have been
extensively studied on flat surfaces, their use on micro- and nanoparticles remains
largely unexplored, despite the widespread experimental uncertainties that arise due to
biofouling. Here we describe the preparation of magnetic micron-sized beads coated with
zwitterionic sulfobetaine polymer brushes that display strong antifouling characteristics.
These coated beads can then be equipped with recognition elements of choice, to
enable the specific binding of target molecules. Firstly we present a proof of principle
with biotin-functionalized beads that are able to specifically bind fluorescently labeled
streptavidin from a complex mixture of serum proteins. Moreover, we show the versatility
of the method by demonstrating that it is also possible to functionalize the beads with
mannose moieties to specifically bind the carbohydrate-binding protein concanavalin
A. Flow cytometry is used as a suitable read-out system, as this shows via a quick and
automated analysis of thousands of individual beads per second, that thus modified beads
only bind the specifically targeted proteins, with minimal non-specific protein adsorption
from other proteins that are present. These antifouling zwitterionic polymer-coated beads
therefore provide a significant advancement for the many diagnostic and other bio-sensing
applications that require stringent antifouling conditions.
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3.1

Introduction

Nano- and micron-sized particles have emerged as powerful platforms for many biomedical
applications,1-5 including imaging, drug delivery, cell sorting as well as for biomolecule
detection, separation and quantification. Especially magnetic particles have been shown to be
highly valuable due to their quick and easy separation from their sample matrix, simply by
applying an external magnetic field.1-2 Despite their frequent use in biomedical applications,
these particles often suffer from the non-specific adsorption of biomolecules like cells and
proteins, a process called biofouling.5-7 In sensing applications, fouling of the particle surface
hampers the sensitivity and selectivity towards its target, leading to deteriorated signal-to-noise
ratios and resulting in false positive or false negative outcomes.8-9 To improve the performance
of these particles, it is crucial to incorporate antifouling coatings on the surface of the particles
to prevent biofouling.
Antifouling coatings have been extensively studied, yet mainly on flat surfaces.10-11
Oligo(ethylene glycol) (OEG) and poly(ethylene glycol) (PEG)-based materials are the most
studied and frequently used antifouling coatings.12,13 However, PEG-based materials are prone to
autoxidation, which limits their use for applications requiring long-term stability.14-15 Moreover,
their performance is limited when exposed to complex, real-life biological fluids,16 i.e. the
conditions typically observed in biomedical applications. Polymeric zwitterionic materials have
been brought forward as excellent alternatives due to their high protein resistance in complex
protein mixtures such as blood plasma and serum,16-17 combined with their long-term stability
in aqueous solution,18 and biocompatibility.19 Grafting-from polymerization via Atom Transfer
Radical Polymerization (ATRP),20 i.e. growing polymer brushes from a surface, has become
the method of choice for the preparation of zwitterionic coatings. It yields antifouling,
densely packed coatings with tunable thicknesses.21 Carboxybetaines (CB) and sulfobetaines
(SB) have become the zwitterionic monomers of choice due to their commercial availability,
straightforward synthesis and outstanding performance.22-23
Although antifouling coatings have been widely investigated on flat surfaces, their use in
nano- and micro-sized particles remains largely unexplored. Apart from a small number of
studies describing the use of PEG-derived materials,9, 24 or zwitterionic coatings prepared
by a grafting-to method with modified poly(acrylic acid),8, 25 only two preliminary studies by
Jia et al.6 and Yang et al.7 describe ATRP-prepared zwitterionic carboxybetaine polymer (pCB)
coated nanoparticles for sensing purposes. However, both of these studies lack not only a
sophisticated biological read-out system that allows for the discrimination between specific
and non-specific protein binding, but also the ability to perform analysis on single beads rather
than on the bulk. We anticipated therefore, that a sensing platform based on ATRP-prepared
antifouling beads that can be analyzed by flow cytometry would be highly valuable. Flow
cytometry is indispensable in biomedical research and is routinely used in clinical diagnostics,
e.g. to monitor the course and treatment of HIV infections and to determine the prognoses and
optimal treatment for several types of cancers.26-28 Moreover, flow cytometry allows for the
simultaneous and multiparametric analysis of hundreds to thousands of cells or micron-sized
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particles per second,26 which makes it a very powerful and frequently used read-out system.
Here we demonstrate that flow cytometry is also an excellent technique to study specific versus
non-specific binding on micron-sized particles.

Figure 3.1   Schematic representation of (A) a non-modified bead with a significant amount of
non-specifically bound proteins, (B) an antifouling zwitterionic polymer-coated bead that repels all
biomolecules (before functionalization with a biorecognition unit), and (C) an antifouling polymercoated bead equipped with a recognition unit that specifically binds its target while still being able to
repel all non-wanted proteins.

In this chapter we describe a route towards generically antifouling zwitterionic sulfobetaine
(pSB)-coated beads that still can bind a specific protein of interest (see Figure 3.1). To this aim,
magnetic amine-functionalized beads (Dynabeads; 2.8 µm diameter) were selected as starting
material. These beads are compatible with flow cytometry instruments, stable in both aqueous
solutions and organic solvents, and can be easily separated from solvents/reactants due to
their magnetic core. Top-functionalization of the pSB-coated beads with biotin or mannose
allowed for the specific binding of streptavidin or concanavalin A (ConA) from complex
biological media, respectively. These pSB-coated beads showed excellent antifouling properties
combined with the selective binding of the protein of interest. This platform shows therefore
great potential for the development of a range of bio-assays that require ultra-low biofouling
conditions.

3.2

Materials and methods

3.2.1	 Materials
All chemicals and solvents were used without further purification. α-Bromoisobutyrylbromide
(98%), trimethylamine (BioUltra, ≥99.5%), copper (I) chloride (≥99%), copper(II) chloride
(97%), sodium azide (BioUltra, ≥99.5%), DMSO (anhydrous, ≥99.9%), acetone semiconductor
grade (VLSI PURANAL™ Honeywell 17617), tris(3-hydroxypropyltriazolylmethyl)
amine (THPTA; 95%), copper(II) sulfate pentahydrate (98%) and (+)-sodium l-ascorbate
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(BioXtra, ≥99.0%) were purchased from Sigma-Aldrich. Dimethylformamide (DMF) for
peptide synthesis (99.8%) and mono-propargylamine (≥99%) were obtained from Acros
Organics, 2,2’-bipyridine (98%) from Alfa Aesar, isopropanol (HPLC) from Biosolve,
2,2,3,3,4,4,4-heptafluorobutylamine (97%) from Fisher Scientific, dichloromethane
(DCM) from VWR International S.A.S., and 8-(+)-biotinylamino-3,6-dioxa-octyl(1R,8S,9S)bicyclo[6.1.0]non-4-yn-9-ylmethyl carbamate (BCN-biotin) from SynAffix. MilliQ was
produced with a MilliQ Integral 3 system (Millipore).
Dynabeads (DynabeadsTM M-270 amine; 2.8 µm diameter) and concanavalin A-Alexa Fluor
647 conjugate (ConA-AF647) were purchased from Invitrogen Life Technologies. Bovine
serum albumin-Alexa Fluor 488 conjugate (BSA-AF488) was obtained from Thermo Fisher
and streptavidin-phycoerythrin conjugate (Strep-PE) from eBioscience. Bovine blood sample
collection was approved by the Board on Animal Ethics and Experiments from Wageningen
University (DEC number: 2014005.b).

3.2.2	 Synthesis
The synthesis of all non-commercially available compounds has been previously described,
as detailed below. The 3-((3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate
(SB) monomer and BCN-2,2,2,-trifluoroacetate (BCN-CF3) were described by Lange et al.,29
1-(11-azidoundecanyl)-α-D-mannopyranoside (mannose-C11-azide) by Debrassi et al.,30 and
the 13,13,14,14,15,15,16,16,16-nonafluorohexadec-1-yne (F9-alkyne) by Pujari et al.31

3.2.3	 Bead handling
During all collection and washing steps, beads were collected using a magnetic stand
(Promega) which allows for quick and easy separation of the beads from solvent and reactants.
All reactions described below are based on 100 µL (corresponding to approximately 3 mg
beads, containing ~2 × 108 beads) of the original non-modified bead suspension as provided
by the manufacturer. If no bead volume is mentioned, solvent (MilliQ) was removed and the
beads were resuspended in the solvent of choice. In all cases, unless stated otherwise, 2 mL
Eppendorf tubes were used for bead modifications. After each reaction, the beads were stored
in a small amount of MilliQ at 4 °C until further use.

3.2.4	 Initiator attachment
The bromo-initiator was incorporated by first drying 100 µL of amine-terminated Dynabeads
in a vacuum oven at 50 °C for 2 h. The dried beads were resuspended in 1.25 mL of dry DCM
and transferred to a glass tube with screw-cap connection. The bead suspension was bubbled
with argon while 700 µL of triethylamine and 370 µL (3 mmol) of α-bromoisobutyryl bromide
was added. The glass tube was closed with a screw cap, covered with aluminum foil and placed
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for 3 h on an end-over-end shaker at RT. The beads were washed with copious amounts of DCM
to dissolve any precipitate that might have formed. The beads were transferred to an Eppendorf
tube and washed twice with isopropanol and twice with MilliQ.

3.2.5	 Surface-initiated polymerization
Surface-initiated Atom Transfer Radical Polymerization (SI-ATRP) was performed as previously
described29 with slight modifications. Solvents were degassed by sonication (5 min) and
argon bubbling for 30 min. Reactants were kept under argon atmosphere during all steps. A
mixture of 41.0 mg 2,2-bipyridine and 12.1 mg of a Cu(I)Cl/Cu(II)Cl2 (9/1) mixture was
prepared in a glove box under an argon atmosphere, dissolved in 5.25 mL of isopropanol/
MilliQ (1/4) and stirred for 15 min. Using argon flushed needles, 2 mL of the resulting
brown solution (containing 0.1 mmol (1 eq.) bipyridine and 0.045 mmol (0.45 eq) copper
mix) was then transferred to a Schlenck flask containing 731 mg (2.5 mmol, 25 eq.) of the
3-((3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate (SB) monomer. This
mixture was stirred for 15 min, or until full solubilization of the SB monomer. Meanwhile, the
required amount of initiator-functionalized beads was bubbled with argon for 10 min in a total
volume of 1 mL of degassed isopropanol/MilliQ (1/4). The monomer-containing solution was
then transferred (2 mL) to the beads to a final volume of 3 mL. The polymerization reaction
was carried out for 1 min at RT, while shaking by hand to ensure proper dispersion of the
beads. The reaction was stopped by pouring the solution into an Erlenmeyer flask and adding
MilliQ while swirling, until the solution turned blue. The blue color indicates the oxidation,
and thereby inactivation, of the copper catalyst, which hence stops the polymerization reaction.
The pSB-coated beads were collected using a magnet and washed two times with isopropanol/
MilliQ (1/4), twice with PBS, and twice with MilliQ.

3.2.6	 Top-functionalization of polymer-coated beads
FLUOROBUTYLAMINE32
Substitution of the terminal halogen with a fluorine-containing molecule for XPS analysis was
achieved by immersing pSB-coated beads in a 2 M solution of 2,2,3,3,4,4,4-heptafluorobutylamine
in DMF (290 µL of the fluoroamine and 210 µL of DMF), in a small glass tube closed with a
screwcap. The glass tube was covered with aluminum foil and placed in an oil bath at 65 °C;
the beads were allowed to react for 16 h. The next day, the reaction tube was cooled to RT and
the beads were transferred to an Eppendorf tube and washed twice with DMF, twice with PBS
and twice with MilliQ.
AZIDE INTRODUCTION33
Azide moieties were introduced on pSB-coated beads by immersing the beads in 1 mL of a 0.5
M solution of sodium azide in PBS in a with aluminum foil covered Eppendorf tube. The tube
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was placed on an end-over-end shaker for 16 h at RT. The pSB-azide beads were 3 times washed
with PBS and twice with MilliQ.
ALKYNE INTRODUCTION
Alkynes were introduced using a 2 M solution of propargylamine (128 µL for 1 mL) in PBS.
The solution was added to the pSB beads, which were allowed to react in an Eppendorf tube,
covered with aluminum foil, overnight on an end-over-end shaker at RT. The pSB-alkyne beads
were 3 times washed with PBS and twice with MilliQ.

3.2.7	 Click chemistry: brush functionalization
BRUSH FUNCTIONALIZATION USING STRAIN-PROMOTED AZIDE-ALKYNE
CYCLOADDITION (SPAAC)29
For the reaction of azide-functionalized polymer brush-coated beads with BCN-biotin or BCNCF3, first a 40 mM stock solution of the BCN compound was prepared in anhydrous DMSO
(stored at –20 °C). To an Eppendorf tube, 100 µL of this solution and 100 µL of pSB-azide
beads, suspended in MilliQ, were added to a final BCN concentration of 20 mM. The tube was
placed on an end-over-end shaker overnight at RT; the beads were then subsequently washed
two times with DMSO, twice with PBS and twice with MilliQ.
BRUSH FUNCTIONALIZATION USING COPPER-CATALYZED AZIDE-ALKYNE
CYCLOADDITION (CuAAC)
For the click reaction on azide-containing beads with 13,13,14,14,15,15,16,16,16nonafluorohexadec-1-yne (F9-alkyne), two stock solutions were prepared: a 10 mL aqueous
solution containing 2.5 mM CuSO4·5H2O (6.24 mg) and 50 mM (+)-sodium l-ascorbate (99.0
mg), and a 1 mL solution of 12.5 mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA,
5.43 mg) and 100 mM of the F9-alkyne (38.4 mg) in DMSO. 100 µL of each solution was
added to an Eppendorf tube and 10 times diluted by adding the alkyne/azide-functionalized
beads suspended in 800 µL of DMSO/MilliQ (1/1). This resulted in the following final
concentrations: 0.25 mM CuSO4, 5 mM sodium ascorbate, 1.25 mM THPTA and 10 mM of the
alkyne. For an effective click reaction of mannose-C11-azide with alkyne-terminated beads, the
protocol had to be modified, which was done via the guidelines provided by Hong et al.34 Three
stock solutions were prepared: a 10 mL aqueous PBS solution containing 1 mM CuSO4·5H2O
(2.49 mg) and 5 mM THPTA (21.7 mg), a 10 mL aqueous PBS solution containing 12.5 mM
(+)-sodium l-ascorbate (24.8 mg), and 2 mL containing 5 mM mannose-C11-azide (3.8 mg).
The following was added, in this order, to an Eppendorf tube: 400 µL of DMSO, 200 µL of PBS
containing the alkyne-terminated beads, 100 µL of the CuSO4/THPTA solution, 100 µL of the
mannose-C11-azide solution and finally 200 µL of the sodium ascorbate solution to initiate the
reaction. The final concentrations of the reactants: 100 µM CuSO4, 500 µM THPTA, 2.5 mM
ascorbate and 500 µM of mannose-C11-azide.
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The CuAAC reactions were performed overnight (16 h) on an end-over-end shaker at RT. The
beads were washed twice with DMSO, DMSO/MilliQ (1/1), PBS and MilliQ, respectively.

3.2.8	 Bead characterization
XPS
X-ray Photoelectron Spectroscopy (XPS) samples were prepared by concentrating the beads (in
MilliQ) and dropcasting 10 µL of this suspension onto a piece of Si(111) (Siltronix, N-type,
phosphorus doped), which was cleaned by rinsing and sonicating for 5 min in semiconductor
grade acetone followed by oxygen plasma treatment (Diener electronic, Femto A) for 5 min at
50% power. The dropcast samples were subsequently dried in a vacuum oven at 50 °C for at
least 2 h before XPS measurements were started. XPS spectra were obtained using a JPS-9200
photoelectron spectrometer (JEOL) with monochromatic Al-Kα X-Ray radiation at 12 kV and
20 mA. The obtained spectra were analyzed using CASA XPS software (version 2.3.16 PR 1.6).
FT-IR
Fourier Transform Infrared Spectroscopy (FT-IR) samples were prepared by drying ~10 µL
of MilliQ-washed beads in a vacuum oven at 50 °C for at least 2 h. The dried beads were
transferred to a small piece of gold-coated Si(111) and subsequently measured by a Bruker
Tensor 27 IR spectrometer, connected to a Bruker Hyperion 2000 IR microscope with a liquid
nitrogen-cooled MCT-detector. Both apparatuses were controlled using Bruker’s OPUS software.
The microscope was used to select an area with a sufficient amount of beads and a proper
background position. 128 Scans were taken for each background and sample measurement.
FLOW CYTOMETRY
Beads were suspended in 0.5 mL of PBS and shortly vortexed before measuring with a BD FACS
Canto IITM (BD Biosciences) flow cytometer. Per sample 10.000 single beads were measured;
for the gating strategy that was used, see Supporting Information. Data analysis was performed
using FlowJo software V10.
CONFOCAL MICROSCOPY
Fluorescence images were taken using a confocal laser scanning microscope (Leica TCS SP8X
system), equipped with a 63×/1.2NA water immersion objective. BSA-AF488 and Strep-PE
were excited using a white light pulsed (repetition rate 40 MHz) laser selecting the 488-laser
line and 561-laser line, respectively. Fluorescence emission was collected between 500–530
nm for AF488 and the PE fluorescence emission was selected by measuring between 570–610
nm. Images were captured in photon-counting mode, accumulating photons over 10 frames.
The pinhole was set to 0.39 Airy units, and an optical zoom of 8.00 was used to capture the
images. Confocal images were analyzed with the LAS AF Lite (version 2.6.0) software.
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3.2.9	  Antifouling and specific binding studies
SERUM LABELING
Bovine blood serum samples were obtained from healthy cows via coccygeal vein sampling.
Serum was collected using VACUETTE® tubes (4 mL Z Serum Separator Clot Activator 13 ×
75 gold cap-gold ring, PREMIUM) from Greiner Bio-One. Serum from 3 individual cows was
pooled and heated for 30 min at 56 °C in a water bath (to inactivate complement) and stored
at –20 °C. Labeling of serum proteins was performed using an AnaTagTM HiLyteTM Fluor 488
microscale protein labeling kit (AnaSpec, Inc.) according to the manufacturer’s instructions
using 84 µL of serum per batch. After labeling, the samples were concentrated using Amicon
Ultra-4 Centrifugal Filter tubes (Millipore BV). The filters were first washed with PBS, labeled
serum was added and the tubes were centrifuged for 35 min at 3363 g at 4 °C. The obtained
concentrated labeled serum had a final concentration of 21.2 mg/mL. From this a 10% SerumHLF488 solution was reconstituted with a concentration of 6 mg/mL.
SERUM BIOTINYLATION
The same pooled cow’s serum that was used for the HiLyte Fluor 488 serum labeling was
also used for biotinylation. Serum proteins were biotinylated using an EZ-Link Sulfo-NHSLC-Biotin reagent, using the manufacturer’s instructions. To a 2 mL Eppendorf tube, 60 mg of
serum proteins and 429 μL of a 100 mM sulfo-NHS-biotin solution (in PBS) were added to a
final volume of 2 mL. Assuming that all proteins in serum have a molecular weight of 70 kDa,
50 equivalents of sulfo-NHS-biotin was used relative to the amount of proteins. The reaction
was carried out at RT for 60 min. Non-bound reagents were removed by using a desalting
PD-10 column (Sephadex), following the manufacturer’s gravitation protocol with PBS as the
eluent. The concentration of the obtained biotinylated serum (Serum-Biotin) was adjusted to a
10% serum solution (6 mg/mL).
PROTEIN DILUTION SERIES
Two-fold serial dilutions (200 µL each) were prepared from the following protein solutions:
1 mg/mL bovine serum albumin-Alexa Fluor 488 conjugate (BSA-AF488), 100 µg/mL
streptavidin-phycoerythrin conjugate (Strep-PE) and 10% HiLyte Fluor 488-labeled serum
(Serum-HLF488, ~6 mg/mL). To each dilution, either 2×106 non-modified beads or 2×106
pSB beads were added. Beads were counted using a cell-counting chamber to ensure equal
amounts of beads. Samples were covered with aluminum foil and placed on an end-over-end
shaker for 1 h at RT. The beads were washed 3 times with PBS and analyzed by flow cytometry
for their fluorescence.
QUANTIFICATION BY ELISA
Non-modified beads and pSB-coated beads (10×106 beads per sample, counted using cell
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counting chamber) were incubated with Serum-Biotin, washed 3 times with PBS, followed
by incubation with horseradish peroxidase conjugated streptavidin (Strep-HRP. 1:100 dilution
from purchased stock solution) or directly with Strep-HP. Beads were washed five times with
PBS, transferred to a new Eppendorf tube, and washed an additional 5 times to ensure that all
non-bound Strep-HRP had been removed. Twofold serial dilutions (1.7 serial dilutions for the
Serum-Biotin samples) were made of the bead samples, with each a final volume of 50 μL.
To each dilution, 200 μL 3,3’,5,5’-tetramethylbenzidine (TMB) solution was added, followed
by 100 μL 4% HCl to stop the enzymatic reaction. The optical density was measured in a 96well plate at 450 nm and subtracted by the absorbance measured at 620 nm to correct for
irregularities within the plastic.
PROTEIN BINDING STUDIES
For each sample, 100 µL of protein solution (or PBS only) was prepared into 2 mL Eppendorf
tubes prior to the addition of 2 µL of beads. Single protein solutions or protein mixtures were
prepared in the following concentrations: 50 µg/mL Strep-PE, 50 µg/mL concanavalin A-Alexa
Fluor 647 conjugate (ConA-AF647), 0.5 mg/mL BSA-AF488, and 10% Serum-HLF488( ~6
mg/mL). PBS buffer with additional CaCl2 (1 mM) was used for each sample that contained
ConA-AF647. After adding the coated beads to the protein solutions, the tubes were covered
with aluminum foil and placed on an end-over-end shaker for 1 h at RT. The beads were then
washed 3 times with PBS and analyzed by either flow cytometry or confocal microscopy.

3.3

Results and discussion

3.3.1	 Coating beads with zwitterionic polymer brushes
Our first step in the surface modification towards an antifouling bead with installed
recognition elements was the introduction of an Atom Transfer Radical Polymerization
(ATRP) initiator, which could be achieved straightforwardly by reacting the amino groups of
the beads with the acid bromide group of bromoisobutyryl bromide (Scheme 3.1, route a).
Successful incorporation of the initiator was confirmed by X-ray Photoelectron Spectroscopy
(XPS) analysis (Figure 3.2), which showed the appearance of distinctive peaks characteristic
for the element bromide (see Supporting Information, Figure S3.2 for XPS narrow scans).
Moreover, FT-IR spectroscopy demonstrated the appearance of a carbonyl peak at 1732 cm–1
(see Supporting Information, Figure S3.9). From the installed initiator, zwitterionic polymer
brushes were grown via ATRP,20 based on our previously described procedure.29 Polymer
brushes were grown using the zwitterionic sulfobetaine monomer (SB) to yield pSB-coated
beads (Scheme 3.1, route b).
The beads were analyzed by XPS (Figure 3.2), and the growth of the zwitterionic coating
was confirmed by the appearance of two sulfur peaks, S 2s (232.0 eV) and S 2p (168.0 eV),
originating from the negatively charged sulfonate group. In addition, the XPS N 1s spectrum
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Scheme 3.1   Overview of chemical modifications on amine-terminated beads to yield functionalized
antifouling pSB-coated beads. The reaction conditions represented by the arrows are: (a) 2.4 M
2-bromoisobutyryl bromide, DCM, Et3N, RT, 3 h. (b) Cu(I)/Cu(II) (9/1), bipyridine, isopropanol/
MilliQ (1/4), 1 mmol SB, RT, 1 min. (c1) 2 M heptafluorobutylamine, DMF, 65 °C, 16 h. (c2) 0.5 M
NaN3, PBS, RT, 16 h. (c3) 2 M propargylamine, PBS, RT, 16 h. (d1) SPAAC, 20 mM BCN-R1, DMSO/MilliQ
(1/1), RT, 16 h. (d2) CuAAC, 10 mM F9-alkyne, 0.25 mM CuSO4, 5 mM sodium ascorbate, 1.25 mM
THPTA, DMSO/MilliQ (1/1), RT, 16 h. (d3) CuAAC, 500 µM mannose-C11-azide, 100 µM CuSO4, 2.5
mM sodium ascorbate, 500 µM THPTA, DMSO/MilliQ (1/1), RT, 16 h..

shows the expected characteristic 1 : 1 ratio of the amide (409.5 eV) and ammonium (412.4
eV) peaks. The equal ratio of these two peaks implies that the signal of the underlying bead can
no longer be detected, which indicates a sufficiently thick polymer layer (clearly in excess of
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~10 nm) that is required for good antifouling performance.18 The XPS C 1s spectrum displays
three distinguishable peaks corresponding to the C–C carbon atoms at 285.0 eV, the carbon
atoms next to a heteroatom (C–O, C–N and C–S) at 286.3 eV and a peak corresponding to the
carbonyl of the amide bond at 287.7 eV. Reassuringly, the XPS wide scan, N 1s and C 1s spectra
of the polymer brush-coated beads are practically identical to previously obtained spectra for
flat surfaces (see chapter 2).18, 29 Worthwhile to mention is the small, remaining Br peak in the

Figure 3.2   (A) XPS wide scans of non-modified beads, initiator-functionalized and pSB polymer-coated
beads. (B) XPS C 1s and (C) N 1s narrow scans of pSB-coated beads. The spectra show the successful
growth of zwitterionic polymer brushes from the beads.
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XPS wide scan of the pSB-coated beads that can still be discerned in the top spectrum of Figure
3.2A. This peak can be attributed to the terminal bromides that are retained at the polymer
chain ends after ATRP. As described below, these bromides offer a useful functional handle to
introduce specific recognition elements.

3.3.2	 Antifouling properties of pSB-coated beads
Traditionally, antifouling properties of coated surfaces are evaluated by investigating the
amount of non-specifically bound proteins by using single-protein solutions of bovine serum
albumin (BSA), lysozyme or fibrinogen.12-13, 22 More recently, it has become common practice
to also include more complex biological media such as (diluted) blood plasma or serum.
These more challenging conditions are typically used in biomedical applications and also
turned out to be required to discriminate a high-efficacy antifouling surface from a moderately
protein-repelling one.35, 36 For the evaluation of our pSB-coated beads, we therefore selected
not only fluorescently labeled BSA (BSA-AF488, 0.5 mg/mL), but also included an in-house
fluorescently labeled 10% cow’s serum solution (Serum-HLF488, ~6 mg/mL). The SerumHLF488 solution has a 12 times higher total protein concentration than the BSA-AF488
solution, and contains – aside from BSA – also naturally occurring immunoglobulins and other
serum proteins. Immunoglobulins, among other proteins like human serum albumin (HSA)
and complement components, have been found on PEG-based surfaces that were exposed to
human blood plasma,37 and these types of proteins might therefore contribute to fouling of
the beads presented in this study. The ability of the pSB-coated beads to repel all the proteins
in the used BSA and serum solutions was evaluated using flow cytometry. To this end, nonmodified beads and pSB-coated beads were incubated with either the BSA-AF488 or SerumHLF488 solution, and their fluorescence was measured after several washing steps. Per sample,
10,000 single beads were analyzed (see Supporting Information, Figure S3.10, for the gating
strategy and corresponding explanation on gating). Figure 3.3 shows the fluorescence data of
these beads, displayed as a histogram, showing the number of beads for a given fluorescent
intensity of a selected fluorophore. Beads incubated in protein-free PBS are taken as reference
point, while beads with a higher fluorescence than the PBS beads (shifted to the right side
of the gate, which is depicted as a dashed line in the histogram) are considered as positive.
Positive beads therefore indicate a significant increase in fluorescence, and therefore protein
binding, as compared to beads incubated in PBS only. A pronounced shift in fluorescence was
observed (Figure 3.3A) for non-modified beads that were incubated with either BSA-AF488
or Serum-HLF488, indicating a significant amount of non-specifically bound proteins on these
beads. In other words, non-modified beads suffer strongly from protein fouling. The pSB-coated
beads, however, showed no difference in fluorescence between incubation in PBS or BSAAF488 solution (as can be concluded from the identical blue and dark green peaks in Figure
3.3B), and only a minor increase when comparing the beads incubated with Serum-HLF488
to beads incubated in PBS. This clearly demonstrates the excellent antifouling properties of the
pSB-coated beads: the coating strongly reduces non-specific binding of fluorescently labeled
proteins, including proteins from a complex protein mixture.
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Figure 3.3   Schematic representation of (A) a non-modified bead with a significant amount of
non-specifically bound proteins, (B) an antifouling zwitterionic polymer-coated bead that repels all
biomolecules (before functionalization with a biorecognition unit), and (C) an antifouling polymercoated bead equipped with a recognition unit that specifically binds its target while still being able to
repel all non-wanted proteins.

The mean fluorescence intensity (MFI), normalized to the intensity of beads incubated in PBS,
of non-specifically bound proteins to either non-modified or pSB-coated beads is summarized in
Figure 3.4. Also from these data it is evident that non-modified beads showed clear non-specific
protein adsorption when exposed to BSA-AF488 and Serum-HLF488 solutions. Non-modified
beads also showed a clear increase in the non-specific binding of fluorescently labeled ConA
and a small but significant increase with labeled streptavidin (ConA-AF635 (MFI = 14053) and
Strep-PE (MFI = 454), respectively), which are used for specific binding studies as described
below. In contrast, pSB-coated beads displayed a nearly absent non-specific binding of BSAAF488, Strep-PE and ConA-AF635. Only under the most challenging biofouling conditions
that were studied, i.e. incubation with Serum-HL488, pSB-coated beads started to show a slight
increase in protein adsorption (MFI = 272). However, this adsorption is only a fraction of the
amount adsorbed on non-modified beads (MFI = 1830). Finally, it is worthwhile to point out
that inherent to the used method, the MFI of different fluorescently labeled protein solutions
cannot be directly compared with respect to the amount of bound protein (see Supporting
Information).
To get further quantitative insight in the antifouling behavior of pSB-coated beads versus nonmodified beads, the beads were incubated with protein solutions at different concentrations.
To this end, serial dilutions were prepared from BSA-AF488, Strep-PE, and serum-HLF488
solutions and added to the beads (see Supporting Information, Figure S3.12). In all cases, pSB-
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Figure 3.4   Representative flow cytometry data summarizing the mean fluorescence intensity (MFI)
of non-modified and pSB-coated beads incubated with PBS, BSA-AF488 (0.5 mg/mL), Serum-HLF488
(10%, ~6 mg/mL), Strep-PE (50 µg/mL) or ConA-AF635 (50 µg/mL). MFI values are corrected for
the auto-fluorescence of the beads by subtracting MFI values of their corresponding PBS samples, see
Supporting Information, Table S3.1 for non-corrected values.

coated beads performed evidently better than non-modified beads. In fact, a direct comparison
between non-modified beads and pSB-coated beads that were incubated with either BSAAF488
or Strep-PE was not feasible, as the amount of fouling on pSB beads was near zero. What can
be concluded is that pSB-coated beads showed less fouling at the highest protein concentration
than non-modified beads do with a more than 500 times diluted protein sample. Non-modified
and pSB beads incubated with serum-HLF488 could be directly compared, as detectable fouling
was also seen on pSB beads (for the four highest tested concentrations). Across these serum
dilutions, ranging from 10 to 1.25%, the pSB-coated beads showed a factor 6−10 less fouling
(MFI) than non-modified beads. To verify these results, the amount of adsorbed protein on the
beads was also assessed via a horseradish peroxidase (HRP) assay, similar to the well-known
enzyme-linked immunosorbent assay (ELISA, see the Supporting Information, Figure S3.15).
The beads were incubated with 10% biotinylated serum followed by Strep-HRP incubation or
Strep-HRP directly. Serial dilutions were prepared from the bead samples, and the enzymatic
(by HRP) conversion of TMB was measured at 450 nm. From the obtained titration curves
the relative amounts of bound Strep-HRP could be determined, and hence the amount of
bound biotinylated serum, by comparing the number of beads necessary to obtain half of
the maximum optical density (OD450 value). Almost no direct Strep-HRP adsorption could
be detected – that is, in a solution in which Strep-HRP is the only protein, it basically does
not absorb onto the pSB-coated beads – which makes a quantitative comparison with nonmodified beads unfeasible. Only when using serum, labeled with biotin and in the presence
of Strep-HRP, fouling was seen on pSB beads, and thus a comparison could be made with nonmodified beads. Five to six times more pSB beads were needed to obtain an amount of signal
similar to non-modified beads. This indicates that under these conditions, pSB beads contain
5−6 times less adsorbed serum proteins than the non-modified beads. The quantification by
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ELISA, therefore, corresponds well with the MFI ratio of 6 as obtained by flow cytometry for
the same serum dilution (10%), confirming the power of flow cytometry as an accurate means
to measure the degree of biofouling.

3.3.3	 Functionalization of pSB-coated beads
Figure 3.3 shows the excellent antifouling properties of the pSB-coated beads. However, to
use such beads for sensing purposes, they need to be combined with specific recognition
elements. For this purpose, the terminal bromide that remains at the chain ends after ATRP
can be used to incorporate biologically relevant molecules, as was already previously shown
on poly(sulfobetaine)-coated silicon nitride surfaces.38 To test the ability to modify pSB-coated
beads in a similar fashion, several coupling reactions were performed which all aimed for the
incorporation of fluorinated compounds – incorporation of fluorine facilitates the monitoring
of the surface reactions by XPS, due to the high sensitivity of this technique towards fluorine
atoms. Initially, pSB-coated beads were reacted with heptafluorobutylamine (Scheme 3.1,
route c1). The appearance of a small, but distinct F 1s peak (686.0 eV) (Figure 3.5) and the
concomitant disappearance of the Br 3d peak (see Supporting Information, Figure S3.5) in the
XPS wide scan of these beads, indicated a successful substitution reaction, which thus confirms
the availability of the terminal halide on the coated beads for surface reactions. To investigate the
usability of pSB-coated beads for subsequent functionalization by click chemistry, the terminal
bromides were first converted into azide moieties using sodium azide (Scheme 3.1, route c2).33

Figure 3.5   F 1s peaks from XPS wide scans obtained from pSB beads substituted with
heptafluorobutylaimine, pSB-azide beads functionalized with BCN-CF3 via SPAAC, and pSB-azide beads
functionalized with F9-alkyne via CuAAC. The appearance of F 1s peaks in these XPS spectra indicates the
successful functionalization of the polymer-coated beads with fluorinated model compounds.
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The resulting pSB-azide beads were analyzed by FT-IR (see Supporting Information, Figure
S3.9), showing a clear azide signal at 2110 cm–1. The incorporation of azides could be further
confirmed by the additional peaks (apart from the amide and ammonium peak) in the XPS N
1s narrow scan (see Supporting Information, Figure S3.4) that could be assigned to the azide
moiety, similar to what was previously observed for azides within sulfobetaine brushes (chapter
2).29 The pSB-azide beads were then functionalized via the widely-used Copper-Catalyzed AzideAlkyne Cycloaddition (CuAAC)34 or Strain-Promoted Alkyne Azide Cycloaddition (SPAAC)29
click chemistry reactions using a fluorinated alkyne (F9-alkyne, Scheme 3.1, route d2) or a
CF3-labeled bicyclooctyne (BCN-CF3, Scheme 3.1, route d2), respectively. The CuAAC reaction
showed the most evident F 1s peak (Figure 3.5). After correcting for the fact that the CuAAC
reaction was performed with an alkyne containing nine fluorine atoms while with the SPAAC
reaction only three fluorine atoms per molecule were incorporated, the CuAAC reaction was
found to be more efficient than the SPAAC reaction (see Supporting Information, Figure S3.6
and Figure S3.7 for wide scans with atomic percentages) under the applied conditions.
The above described results demonstrate that the terminal halogen atoms that are present on
the polymer chain ends after ATRP can indeed be used for further functionalization of the
polymer-coated beads in a versatile manner. Either by directly substituting the halide with a
functional amine, or by first installing an azide moiety on the bead to introduce the appropriate
(bio)molecule via click chemistry. As a result, a large variety of different (biological) relevant
molecules can be incorporated onto the beads (of which two examples will be described
below).

3.3.4	 Specific binding on functionalized pSB beads
To illustrate the ability to specifically bind a protein target onto the modified beads from a
mixture of other proteins, pSB-azide beads were functionalized with BCN-biotin in order to bind
streptavidin (Strep-PE). The specific and non-specific binding of fluorescently labeled proteins
on the thus prepared pSB-biotin beads was first evaluated by confocal microscopy (Figure
3.6). To this end, non-modified beads were incubated with either BSA-AF488 or Strep-PE,
and pSB and pSB-biotin beads were incubated with a mixture of BSA-AF488 (0.5 mg/mL) and
Strep-PE (50 µg/mL). The green channel, visualizing BSA-AF488, clearly showed non-specific
binding on non-modified beads (Figure 3.6, left column, top panel). In contrast, no (nonspecific) BSA-AF488 binding was observed on pSB and pSB-biotin-coated beads (Figure 3.6,
left column, middle and bottom panel). In the red (PE) channel, no bound Strep-PE was visible
except on pSB-biotin beads (Figure 3.6, right column, bottom panel), indicating solely specific
binding of Strep-PE to the biotin moieties. Strep-PE did not show any non-specific binding to
non-modified beads, which is consistent with the limited amount of bound streptavidin as
measured by flow cytometry (see Figure 3.4). Interestingly, it was observed that non-specific
binding of BSA-AF488 was rather patchy (better visible in Supporting Information, Figure
S3.16), while the specific binding of Strep-PE was more evenly distributed. It has been shown
before that serum albumin clusters are formed upon adsorption of this protein onto solid
surfaces, especially at high protein concentrations that favor protein-protein interactions.39-40
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Whether the homogenous distribution of streptavidin is a result of specific binding rather than
non-specific binding remains elusive.

Figure 3.6   Confocal images of non-modified, pSB-coated and pSB-biotin beads incubated with BSAAF488 (0.5 mg/mL) or Strep-PE (50 µg/mL) or a mixture of the two. The green channel shows the
fluorescence as measured with a 488-laser line and 500-531 band-pass filter, the red channel with a
561-laser line with 570-610 band-pass filter.

The pSB-biotin beads were also analyzed by flow cytometry (Figure 3.7), including incubation
under the more challenging conditions with Serum-HLF488 solutions. Beads incubated with
PBS were again used as a reference. The histogram for PBS (blue), BSA-AF488 (dark green)
and Serum-HLF488 (light green) incubated beads are near identical (Figure 3.7A). That is, a
shift in fluorescence was practically absent for pSB-biotin beads, irrespective of what protein
or protein mixture it was incubated with. This indicates fully retained antifouling properties
of the beads after biotin functionalization. On the contrary, a clear shift in fluorescence was
observed when the pSB-biotin beads were incubated with the target analyte, Strep-PE (Figure
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3.7B), confirming the results obtained by confocal microscopy. The capacity to specifically
bind Strep-PE was not hampered by the presence of a complex mixture of other proteins,
as in Figure 3.7B the Strep-PE peak for beads incubated with Serum-HLF488 (magenta) is
identical – both in peak width and peak position – to the peak of beads incubated with BSAAF488 (orange). The relative sharpness of the peaks, as compared to beads in PBS, indicates
the homogeneous functionalization of the beads with biotin and the subsequent binding of
Strep-PE. After incubation at higher streptavidin concentrations, the fluorescence intensity of
bound Strep-PE to pSB-biotin beads remained unchanged (see Supporting Information, Figure
S3.13), indicating saturation of Strep-PE on those beads. The non-Gaussian distribution of the
fluorescence intensity of Strep-PE on pSB-biotin beads might be explained by the tetravalent
nature of streptavidin: one streptavidin protein might bind to one or multiple biotin moieties
on the bead surface.

Figure 3.7   Flow cytometry data of pSB-biotin beads incubated with PBS or a mixture of Strep-PE (50
µg/mL) and either BSA-AF4888 (0.5 mg/mL) or Serum-HLF488 (10%, ~6 mg/mL). (A) 488 channel
showing BSA-AF488 and Serum-HLF488 binding, PBS (blue) and BSA-AF488 (dark green) overlap, (B)
PE channel showing Strep-PE binding, Strep-PE mixed with BSA-AF488 (orange) overlap with Strep-PE
mixed with Serum-HLF488 (magenta).

To demonstrate that the use of pSB-coated Dynabeads is not limited to the ‘classic’, well-known
biotin-streptavidin interaction with high affinity, but can also be extended to other more
weakly binding interaction partners, we also investigated the ability of pSB beads functionalized
with mannose to specifically bind ConA (50 µg/mL) from a mixture with BSA-AF488 or
Serum-HL488. To this end, pSB beads were functionalized with propargylamine to first install
alkyne moieties on the bead surface (Scheme 3.1, route c3), followed by a CuAAC reaction
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with mannose-C11-azide (Scheme 3.1, route d3). Similar to pSB-biotin beads, pSB-mannose
beads showed no fouling of BSA-AF488 and only slight protein adsorption when incubated
with Serum-HLF488. In contrast, ConA-AF365 was specifically bound by the pSB-mannose
beads from both protein mixtures (see Supporting Information, Figure S3.14), although the
same level of fluorescence as for Strep-PE on pSB-biotin beads could not be reached. This could
be explained by the weaker interaction between ConA and mannose, and/or by a less efficient
incorporation of propargylamine or subsequent mannose attachment. Nonetheless, the ability
to detect ConA demonstrates the versatility of pSB-coated beads, and illustrates their great
potential to be used in sensing applications.
We envision that the here developed bead-based platform may serve multiple purposes as a
generic tool to 1) study antifouling materials in a quick and scalable manner (further discussed
in chapter 4), 2) investigate the interaction of poorly-understood interaction partners, 3) isolate
biomolecules (e.g. proteins or cells, further discussed in chapter 5) and 4) serve as a biosensor
system that requires stringent antifouling conditions. Billions of antifouling beads are easily
prepared at once, which enables not only good statistics (thousands of beads are typically
measured per sample versus 1 chip in e.g. SPR analysis, see chapter 7 for a more detailed
discussion), but also provides an easy and affordable way of screening reaction conditions (e.g.
the effect of certain additives on antifouling behavior). Due to the versatility of the beads with
regard to functional group installment, this platform would serve well to investigate yet to
be identified or poorly-understood interaction partners. Tailor-made molecules like sugars or
peptides attached to the antifouling beads could, in combination with flow cytometry and other
techniques, aid to get a better understanding of interacting biomolecules (e.g. which sugar/
glycan is bound by which protein) without background interference. Alternatively, the beads
can be used to capture a specific protein (as will be discussed in chapter 5), cell or microbe
from a complex pool of other biological entities, to be either used as biosensor platform that
requires stringent antifouling conditions or to obtain highly pure biological materials.

3.4

Conclusion

We present a novel route towards top-functionalized zwitterionic polymer-coated micronsized beads. These beads show good antifouling properties and are able to specifically bind
a target protein, even from a complex mixture of serum proteins. Confocal microscopy and
flow cytometry measurements both revealed that non-specific adsorption of BSA and hardly
any adsorption of serum proteins occurred on pSB-coated beads, while streptavidin and ConA
could be specifically bound to pSB-biotin and pSB-mannose beads, respectively. The ability to
discriminate between specific and non-specific binding on many particles simultaneously,
together with the high dynamic range of protein detection, makes flow cytometry an excellent
technique to study biofouling on micron-sized particles.
The unique combination of excellent antifouling properties and specific binding of target
proteins with a routinely used technique as flow cytometry as read-out makes this platform
attractive for biosensing applications that require stringent antifouling conditions. Moreover, the
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versatility of the beads with respect to the installment of functional groups via click chemistry
(either SPAAC or CuAAC, with azide or alkyne on the bead) or substituting the terminal halide
with an amine of choice, also enables these beads to be used for the investigation of a wide
range of tailor-made recognition elements.
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3.7

Supporting Information

3.7.1	 Additional XPS spectra

Figure S3.1   XPS spectra of non-modified Dynabeads: (A) wide scan and narrow scans of (B) N 1s
and (C) C 1s. The peak labeled as C’ is probably from a C–O or C–N species which originates from the
bare Dynabead (as obtained from the supplier) and can also be found in beads modified with an ATRP
bromo-initiator (Figure S3.2).
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Figure S3.2   XPS spectra of Dynabeads functionalized with α-bromoisobutyryl bromide: (A) wide scan
and narrow scans of (B) N 1s and (C) C 1s. The peak labeled as C’ originates from the bare Dynabead.
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Figure S3.3   XPS wide scan of pSB-coated beads.

Figure S3.4   XPS spectra of pSB-azide beads: (A) wide scan and (B) N 1s narrow scan.
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Figure S3.5   XPS spectra of pSB-F7 beads, as obtained via the substitution reaction between
heptafluorobutylamine and the terminal bromide of the pSB-coated beads: (A) wide scan and (B) C 1s
narrow scan.
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Figure S3.6   XPS spectra of pSB-CF3 beads as obtained via a SPAAC reaction of BCN-CF3 with pSB-azide
beads: (A) wide scan and narrow scans of (B) N 1s and (C) C 1s.
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Figure S3.7   XPS spectra of pSB-F9 beads as obtained via a CuAAC reaction of the F9-alkyne with pSBazide beads: (A) wide scan and narrow scans of (B) N 1s and (C) C 1s.
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Figure S3.8   XPS spectra of pSB-biotin beads: (A) wide scan and narrow scans of (B) N 1s and (C) C 1s.
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3.7.2	 FT-IR spectroscopy

Figure S3.9   FT-IR spectra of non-modified, pSB-azide and pSB-alkyne beads.

Figure S3.9 shows a clear carbonyl peak at 1736 cm–1 for pSB-alkyne and pSB-azide-coated beads
that originates from the methacrylamide monomer, while for pSB-azide beads an additional
azide peak at 2112 cm–1 is clearly visible. The alkyne absorption band of pSB-alkyne beads
could not be convincingly observed (at 2119 cm–1 a very small peak could be seen), most likely
due to the intrinsically weak signal of the C≡C stretch vibration. Moreover, the C≡C–H stretch
vibration that should appear around 3330-3270 cm–1, overlaps with other signals and could
therefore also not be detected. However, subsequent successful CuAAC reactions on the pSBalkyne beads, indicated successful instalment of the alkynes.
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3.7.3	 Additional flow cytometry data

Figure S3.10   Representative gating on non-modified, pSB and pSB-biotin beads after being measured
by flow cytometry. 10,000 single beads were measured per sample.

Figure S3.10 shows the dot plots of beads measured by flow cytometry, with on the x-axis the
forward scatter (FSC) and on the y-axis the side scatter (SSC). The forward scatter is a measure
for the size of the measured particle, while the side scatter is a measure for the granularity
of the particle. Each dot represents one measuring event of a bead or a cluster of beads. A
population of beads (beads with similar properties, found roughly within the same area of
the dot plot) can be selected by setting the gate (represented here as black circles). For further
reading about flow cytometry, the reader is referred to the excellent textbook by Shapiro.S1
Figure S3.10 shows that more than 86% of the total events are single beads, demonstrating that
the measured beads are well dispersed. The percentages of single beads were also very similar
for non-modified beads, pSB-coated and pSB-biotin beads. For each measurement 10,000
single beads were measured, and only these single beads were used for further analysis, i.e.
each histogram as shown below and in the main text represent single beads only.
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Figure S3.11   Representative flow cytometry data of non-modified and pSB-coated beads incubated
with (A) PBS or ConA-AF635 and (B) PBS or Strep-PE.
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Table S3.1   Representative flow cytometry data summarizing MFI values of non-modified and pSBcoated beads incubated with PBS, BSA-AF488 (0.5 mg/mL), Serum-HLF488 (10%, ~6 mg/mL), StrepPE (50 µg/mL) or ConA-AF635 (50 µg/mL). Samples using the same gate are clustered.

Inherent to the used method, the MFI of different fluorescently labeled protein solutions
cannot be directly compared with respect to the amount of bound protein. For example,
there is a significant difference in MFI observed between BSA-AF488 (MFI = 34038) and
Serum-HLF488 proteins (MFI = 2285) and this can most likely be attributed to the different
fluorescent properties of the used fluorophores (Alexa Fluor 488 is known to be a highly
fluorescent dye) and/or by the degree of fluorophores per protein.
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Figure S3.12   Flow cytometry data of pSB and non-modified beads, incubated with (A) BSA-AF488
(highest concentration: 1 mg/mL), (B) Strep-PE (highest concentration 100 µg/mL) or (C) SerumHLF488 (highest concentration: 10% serum, ~6 mg/mL).
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Figure S3.13   Flow cytometry data of pSB-biotin beads incubated with either 50 µg/mL or 100 µg/mL
Strep-PE. The orange and magenta peaks completely overlap, demonstrating that there is no difference in
the amount of Strep-PE binding, despite the difference in concentration.

Figure S3.14   Representative flow cytometry data of pSB-mannose beads incubated with PBS, a mixture
of ConA-AF635 (50 µg/mL) with either BSA-AF488 (0.5 mg/mL) or Serum-HLF488 (10%, ~6 mg/
mL).
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3.7.4	 Quantification assay

Figure S3.15   HRP quantification assay on non-modified beads and pSB-coated beads, incubated with
(A) Strep-HRP and (B) with 10% biotinylated serum followed by incubation with Strep-HRP. 10×106
Beads were incubated with protein solutions, serial dilutions were prepared from these samples before
TMB (substrate for HRP) was added and the OD450 was determined.
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3.7.5	 Additional confocal microscopy images

Figure S3.16   Confocal images of non-modified beads incubated with BSA-AF488 and pSB-biotin beads
incubated with Strep-PE, both images were taken in such a way that the whole bead is visualized rather
than a cross-section of the beads.the amount of Strep-PE binding, despite the difference in concentration.

Figure S3.16 shows the patchy non-specific adsorption of BSA-AF488 proteins on nonmodified beads and the homogeneous binding of Strep-PE to pSB-biotin beads.

3.8
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Abstract
Non-specific adsorption of biomolecules to solid surfaces, a process called biofouling,
is a major concern in many biomedical applications. Great effort has been made in the
development of antifouling polymer coatings that are capable of repelling the non-specific
adsorption of proteins, cells and micro-organisms. In this respect, we herein contribute
to the understanding of which polymer brush results in the best antifouling coating. To
this end, we compared five different monomers: two sulfobetaines, a carboxybetaine, a
phosphocholine and a hydroxyl acrylamide. The antifouling coatings were analyzed using
the in chapter 3 described bead-based method with flow cytometry as read-out system.
This method allows for the quick and automated analysis of thousands of beads per
second, enabling fast analysis and good statistics. We report the first direct comparison
made between a sulfobetaine with opposite charges separated by two and three methylene
groups and a carboxybetaine bearing two separating methylene groups. It was concluded
that both the distance between opposite charges and the nature of the anionic groups have
a distinct effect on the antifouling performance. Phosphocholines and simple hydroxyl
acrylamides are not often compared with the betaines. However, here we found that they
perform equally well or even better, with as overall antifouling ranking: HPMAA ≥ PCMA2 ≈ CBMAA-2 > SBMAA-2 > SBMAA-3 >> non-modified beads (HPMAA being the best).
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4.1

Introduction

Non-specific adsorption of biomolecules to surfaces is a major concern in many applications,
including drug delivery systems, medical implants, and diagnostic devices.1-2 Compromised
sensitivity of diagnostic tests3 and adverse immune responses against drug delivery carriers
and indwelling medical devices,4 illustrate the great need for effective non-fouling materials.
Two decades ago, Whitesides and co-workers performed a systematic study on the efficiency
of different monolayers to suppress protein adsorption,5-6 leading to a set of empirical
guidelines that is now often referred to as the ‘Whitesides rules’.7 These guidelines state that
good antifouling layers have: 1) polar functional groups, i.e. are hydrophilic, 2) hydrogen
bond acceptors, 3) no hydrogen bond donors, and 4) zero net charge. Many different types of
antifouling materials have been developed that follow these guidelines of which poly(ethylene
glycol) (PEG) based layers are probably the most widely studied and used.8-9 Despite their
frequent use and ability to prevent protein adsorption from single protein solutions, their
antifouling capability is limited when exposed to complex biological media such as blood
plasma and blood serum.10 As an attractive alternative to PEG, zwitterionic materials have
been extensively studied due to their stability in aqueous solutions,11 biocompatibility12 and
excellent antifouling properties, even in complex biological media.10, 13 Carboxybetaine (CB)
and sulfobetaine (SB) monomers are most commonly used to graft zwitterionic brushes from
surfaces, because of their commercial availability and straightforward synthesis.14-15 Next to
that, phosphocholine-based (PC) polymers are the only zwitterionic antifouling materials that
are FDA approved and used to enhance the performance of medical devices16 and thereby form
another important class of antifouling materials. Interestingly, non-zwitterionic materials like
simple hydroxyl-containing monomers have also been shown to perform really well, even in
complex media,17-19 even though these materials do not fully follow the ‘Whitesides rules’ by
being only moderately hydrophilic and containing hydrogen bond donors.
In the last decade, initial systematic studies have attempted to reveal the exact relationship
between monomer structure and antifouling performance.10, 14, 17, 20-25 These studies showed
that even small changes in monomer structure can influence the antifouling performance
of the resulting polymer brushes quite significantly. Important factors include, but are not
limited to: type of polymerizable group (methacrylate, acrylate, methacrylamide),17 nature
of the hydrophilic groups (hydroxyl, quaternary ammonium, sulfonate, carboxylate,
phosphonate)10, 17, 26-27 and the carbon spacer length (CSL),14, 17, 22, 24-25 which is defined as the
number of methylene groups between the cationic and anionic groups (or between hydroxyl
and acrylamide). Despite such studies, a general understanding of the ultimate antifouling
material has not yet been reached. Most systematic studies either focused on carboxybetaines
or sulfobetaines (or a combination thereof) or on hydroxyl-containing polyacrylamides. Direct
comparisons of any betaines with the hydroxyl monomers is scarce. In addition, PC-based
materials are rarely the topic of systematic studies, probably because of their challenging
synthesis.16, 28 Studies including sulfobetaines typically only consider SB-3 (a sulfobetaine
with three methylene groups between opposite charges). Although SB-3 shows good protein
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resistance, it’s antifouling efficiency is not as high as observed for CB-2.10 This can be explained
by their different CSL, and besides that, differences in hydration between the anionic groups in
CB and SB monomers have also been reported.26 Two recent studies compared the effect of the
CSL in sulfobetaines on their hydration states and fouling behavior for different ionic strength
and type of ions.24-25 It was concluded that at non-physiological, low ionic strength conditions
(i.e. 10–3 – 10–1 M, whereas isotonic phosphate-buffered saline (PBS) and blood serum are
typically > 0.15 M) p(SB-2) surfaces performed less well regarding non-specific protein
adsorption than p(SB-3). This was attributed to the stronger intra/inter-chain interactions
within the p(SB-2) brushes, resulting in less hydrated polymer layers.25 The fact that SB-2
monomers were, up to our knowledge, never related to SB-3 and CB-2 monomers under the
physiological conditions for which zwitterionic materials have been shown to be so useful,
prompted us to directly compare polymer brushes derived from the SB-3, SB-2 and CB-2
monomers and thereby deepen our understanding of the structural dependence of monomers
on the antifouling performance of resulting polymer brushes. To make a more comprehensive
comparison to other main classes of well-performing polymers, polymer brushes derived from
a PC and a hydroxyl acrylamide monomer were also included in the study.
Herein, we compare the antifouling performance of polymer brushes derived from two
sulfobetaines, SBMAA-3 and SBMAA-2, a carboxybetaine CBMAA-2, a phosphocholine PCMA2, and a hydroxyl acrylamide HPMAA (Scheme 4.1). Polymer brushes were grown and evaluated
using our bead-based platform as described in chapter 3. In this method, beads are coated
with a polymer brush using standard Surface-Initiated Atom Transfer Radical Polymerization
(SI-ATRP) conditions. The adsorption of proteins on the coated beads was evaluated using
a purified protein solution (bovine serum albumin (BSA)) and a complex protein solution
(bovine serum) and measured using flow cytometry.29 The study yielded a clear order of the
antifouling capacity of the derived brushes, and detailed insights in the influence of the various
factors involved in different media.

4.2

Materials and methods

4.2.1	 Materials
All chemicals and solvents were used without further purification. Acetone (HPLC grade;
99.9%, BIOSOLVE BV), N,N-dimethylformamide (DMF) (Fisher Scientific), methanol (MeOH)
(HPLC grade, Rathburn Chemicals Ltd.), dichloromethane (DCM) (VWR International
S.A.S.), isopropanol (HPLC grade; BIOSOLVE), absolute ethanol (EtOH) (Fisher Scientific),
dry tetrahydrofuran (Sigma-Aldrich) and deionized water produced with a MilliQ Integral
3 system (Millipore, Molsheim, France) were used as solvents. N-(3-(dimethylamino)
propyl)methacrylamide (DMAPMAA) (99%), sodium 2-bromoethane-1-sulfonate (98%),
N,N-diisopropylethylamine (DIPEA), copper(I)chloride (≥99%), copper(II)chloride (97%),
copper(I)bromide (99.999 trace metals basis), copper(II)bromide (99.999% trace metals basis),
2,2’-Bipyridine (99%), α-bromoisobutyryl bromide (98%), β-propiolactone, 1,1-diphenyl-
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2-picryl hydrazyl (DPPH) (97%), 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
(Me4Cyclam) (98%) and 2-methacryloyloxyethyl phosphocholine (PCMA-2) (97%) were
all purchased from Sigma-Aldrich. 1,3-Propanesultone was ordered from Alfa Aesar (99%),
11-mercaptoundec-1-yl 2-bromo-2-methylpropionate (MBMP) from Prochimia. Bovine serum
albumin-Alexa Fluor 488 conjugate (BSA-AF488) and EZ-Link Sulfo-NHS-LC-Biotin were
obtained from Thermo Fisher and streptavidin-phycoerythrin (PE) conjugate from eBioscience.
AnaTag HiLyte Fluor 488 micro scale protein labeling kit was obtained from AnaSpec, Inc.
PD10 desalting columns were bought from GE Healtcare, flat gold substrates of Au sputtered
on glass (1 × 1 cm) were purchased from Xantec and magnetic Dynabeads (Dynabeads M-270
amine, 2.8 µm in diameter) were purchased from Invitrogen Life Technologies. The N-(2Hydroxypropyl)methacrylamide (HPMAA) monomer was obtained from Polysciences, Inc.
Phosphate-buffered saline (PBS) buffer pH 7.4 (5.4 mM Na2HPO4 ∙ 2H2O, 1.3 mM KH2PO4,
154 mM NaCl) was used for all experiments, unless stated otherwise.

4.2.2	 Synthesis of SBMAA-2, SBMAA-3 and CBMAA-2
SBMAA-3
3-((3-Methacrylamidopropyl)dimethylammonio)propane-1-sulfonate
(SBMAA-3)
was
synthesized based on previously reported methods (see also chapter 2).30 12.2 g (100 mmol)
1,3-Propanesultone was dissolved in 150 mL acetone and cooled to 0 °C. After adding 10.0 mL
of (55.0 mmol) DMAPMAA, the reaction mixture was allowed to warm up to room temperature
and stirred overnight. The resulting precipitate was filtered off and washed rigorously with
500 mL acetone. After drying under high vacuum, the desired product was obtained as a
white powder (15.1 g, 51.7 mmol, 94%). The monomer was stored in the fridge at 4 °C. (For
detailed characterization, see Supporting Information)
SBMAA-2
For the synthesis of 2-((3-methacrylamidopropyl)dimethylammonio)ethane-1-sulfonate
(SBMAA-2), 5.0 g DMAPMAA (29 mmol) and 6.2 g 2-bromoethane sulfonate (29 mmol) were
added to a 250 mL round-bottom flask. The reagents were dissolved in 100 mL DMF under
nitrogen atmosphere and vigorous stirring at 60 °C overnight. Next, 5.1 mL DIPEA (43 mmol)
was added and 2 h later followed by another equivalent of 2-bromoethane sulfonate. The
reaction mixture was stirred for an additional three days at 70 °C. DMF was removed under
reduced pressure and the resulting mixture filtered over a plug of silica using EtOH:DCM (1:1),
followed by flushing with MeOH to elute the product. A second column using 100% MeOH
yielded the product as a white solid (4.5 g, 16 mmol, 56% isolated yield). The product was
stored in the freezer at –20 °C. (For detailed characterization, see Supporting Information)
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CBMAA-2
The synthesis of 3-((3-methacrylamidopropyl)dimethylammonio)propanoate (CBMAA-2) was
based on the procedure of Rodriguez-Emmenegger et al.31 47.2 g (277 mmol) of DMAPMAA
and a small amount diphenylpicryl hydrazyl (DPPH) as inhibitor were dissolved in 250 mL dry
THF and cooled to 0 °C. 25.0 g (347 mmol) of β-propiolactone was dissolved in 50 mL of dry
THF and dropwise added to the DMAPMAA solution. After 3 h at 0 °C, stirring was continued
for 24 h at 4 °C. The formed precipitate was filtered off over a glass filter and the filtrate was
washed with THF and ether. The product was dissolved in MeOH and subsequently precipitated
in THF to yield a white solid (30.0 g, 124 mmol, 45% yield). The product was stored in the
freezer at –20 °C. (For detailed characterization, see Supporting Information)

4.2.3	 Initiator attachment
AU SURFACES
Prior to use, Au surfaces (Xantec) were rinsed with EtOH, MilliQ water and again EtOH,
followed by drying in an argon stream. The Au surfaces were immersed in a 2.5 µL/mL
solution of 11-mercaptoundec-1-yl 2-bromo-2-methylpropionate (MBMP) in absolute EtOH.
The immersed surfaces were placed on a shaker (80 rpm) at room temperature for 24 h.32 The
initiator-modified surfaces were cleaned by rinsing with, and sonicating in, EtOH, followed by
rinsing with EtOH, MilliQ water, EtOH and DCM, and dried in a stream of argon.
BEADS.
Amine-terminated Dynabeads™ (M-270 Amine) were functionalized with an ATRP-initiator
based on a previously described procedure (see also chapter 2).29 In short, 600 µL of Dynabeads
were dried in a vacuum oven at 50 °C for at least 2 h. The beads were resuspended in 2 mL of
dry DCM and 0.5 mL (2.9 mmol) of DIPEA before 0.6 mL (4.9 mmol) of α-bromoisobutyryl
bromide was added. The reaction flask was wrapped with aluminum foil and placed overnight
on an end-over-end shaker at room temperature. The beads were washed with copious amount
of DCM, then washed twice with 1 mL of isopropanol and twice with 1 mL of MilliQ water.
The beads were used the same day for surface-initiated polymerization.

4.2.4	 Surface-initiated polymerization of SBMAA-3, SBMAA-2,
CBMAA-2 and PCMA-2
Surface-initiated Atom Transfer Radical Polymerization (SI-ATRP) was performed according to
previously described procedures29, 33 with slight modifications. All steps were performed under
an argon atmosphere in Schlenk flasks, and solutions were transferred using argon-flushed
syringes.
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AU SURFACES
An isopropanol/MilliQ water mixture (20/80) was degassed by 5 min of sonication and 30
min of argon bubbling. 16.1 mg (0.16 mmol) of an Cu(I)Cl/Cu(II)Cl2 (90/10) mixture and
54.7 mg (0.35 mmol) 2,2’-bipyridine were dissolved in 7.0 mL of the isopropanol/MilliQ
mixture and stirred for 15 min. From the resulting brown solution, 1.1 mL was transferred
per flask containing 1.00 mmol of the appropriate monomer (292 mg SBMAA-3, 278 mg
SBMAA-2, 242 mg CBMAA-2 and 295 mg PCMA-2, respectively). After 15 min of stirring,
except for PCMA for which sample handling was performed as quick as possible to avoid
polymerization in solution, the reaction mixtures were transferred to the initiator-modified
gold surfaces. The surfaces were placed separately and diagonally in Schlenk flasks with the
modified surfaces facing downwards, enabling stirring underneath the surfaces and avoiding
sedimentation of solids on the reactive side of the chip. The polymerization reactions were
carried out for 12 min at room temperature while the flasks were covered with aluminum foil.
The reactions were stopped by rinsing with, and sonicating in, 60 °C MilliQ water for 5 min.
The surfaces were rinsed with acetone and dried in a stream of argon. Surfaces were stored in
an argon glovebox until further use.
BEADS
SI-ATRP on beads was performed similarly as on the above described gold surfaces with the
following exceptions: 23.0 mg (0.23 mmol) of the Cu(I)Cl/Cu(II)Cl2 (90/10) mixture and
78.1 mg (0.5 mmol) 2,2’-bipyridine were dissolved in 8.2 mL of degassed isopropanol/
MilliQ. To each monomer, 900 µL of the Cu-Bpy mixture was added, which was subsequently
transferred to a flask containing initiator-modified beads (amount of beads comparable to 100
µL non-modified beads) dispersed in 200 µL of the isopropanol/MilliQ mixture. The reaction
was carried out in an aluminum-covered Schlenk flask which was placed under a 45° angle
on a shaker (80 rpm). The reaction was stopped by collecting the beads with a magnetic stand
(Promega) and washing them with copious amounts of MilliQ, twice with phosphate-buffered
saline (PBS pH 7.4), and then again twice with MilliQ. The beads were stored in MilliQ in a
refrigerator (4 °C) until further use.

4.2.5	 Surface-initiated polymerization of HPMAA
SI-ATRP using HPMAA was adapted from a protocol developed by Rodriguez-Emmenegger et
al.19 All steps were performed under an argon atmosphere and using Schlenk flasks. Absolute
EtOH and initiator-functionalized Dynabeads in 0.5 mL of EtOH were degassed by performing
eight freeze-pump-thaw cycles using liquid nitrogen to freeze and 30 °C water to thaw. To
a mixture of 3.1 mg (14 µmol) CuBr2, 9.6 mg (67 µmol) CuBr and 20.5 mg (80 µmol) of
Me4Cyclam, 4 mL of degassed EtOH was added. After rigorous stirring and a short sonication
step, the resulting bright blue reaction mixture was transferred to a flask containing 480 mg
(3.4 mmol) of HPMAA and this mixture was stirred until HPMAA was fully dissolved. To the
beads and to an initiator-modified gold surface in 0.5 mL of degassed EtOH, 2 mL of HPMAA
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solution was added to a final volume of 2.5 mL. The flasks were placed on a shaker (at an 45°
angle, shaking at 80 rpm) covered in aluminum foil and allowed to react for 2.5 h at 30 °C.
The surface and beads were washed with EtOH, the surface also sonicated in EtOH for 5 min,
and rinsed with MilliQ.

4.2.6	 Surface characterization
STATIC WATER CONTACT ANGLE (SCA)
The wettability of modified gold surfaces was determined by automated static water contact
angle measurements using a Krüss DSA100 goniometer. Droplets of MilliQ water (3 µL) were
dispensed on the surface and angles were measured with a CCD Camera using a tangential
method.
X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
Prior to XPS analysis, modified beads (in MilliQ) were dropcasted on a plasma-cleaned piece of
Si(111) and dried in a vacuum oven at 50 °C for at least 2 h.29 Dropcasted beads and modified
gold surfaces were subsequently analyzed using a JPS-9200 photoelectron spectrometer (JEOL,
Japan). The spectra were obtained using monochromatic Al Kα X-Ray radiation at 12 kV and
20 mA, with an analyzer energy pass of 10 eV for narrow scans. The obtained spectra were
processed using CASA XPS peak fit program (version 2.3.16 PR 1.6).
Polymer brush layer thicknesses on gold surfaces were calculated using the following equation:32,
34
d = ln(IAu0)/IAu ∙ λAu ∙ cosθ, where d = thickness (in nm) of the organic layer, IAu0 = intensity
of XPS signal of Au 4f7/2 at 83.9 eV (relative to C1s signal) in unmodified gold, IAu = intensity
of XPS signal of Au 4f7/2 (relative to C1s signal) in modified gold, λAu = effective attenuation
length of Au 4f electrons in the organic films (using a value of 3.858 nm as reported by
Petrovykh et al.35), θ = the photoelectron emission takeoff angle relative to the surface normal
(10°).
ZETA POTENTIAL
Zeta (ζ) potential measurements were performed using a Zetasizer Nano-ZS apparatus (Malvern
Panalytical), equipped with a He-Ne laser operating at 633 nm and a dip cell with palladium
electrodes (ZEN1002, Malvern Panalytical). Bead suspensions were prepared in PBS pH 7.4 (1
mL total), vortexed prior to use, and transferred to disposable cuvettes (PS 2.5 mL, CAT NO.
7590, BRAND). Measurements were performed at 25 °C.The Zetasizer MalvernVer. 7.02 software
was used to acquire the data. The voltage was manually set to 4 V and used in combination
with monomodal measurement settings (to allow measurements in PBS). Measurements were
performed using 2 min equilibration time, 10-100 runs (automatically determined) per
measurement, five subsequent measurements per sample and using Smoluchowski’s model to
determine the zeta potentials. All measurements were carried out in duplicate.
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4.2.7	 Serum labeling
Bovine serum was obtained as described in chapter 3.29 Bovine blood serum samples were
obtained from healthy cows via coccygeal vein sampling. Serum was collected using Vacuette
Blood Collection tubes (4 ml Z Serum Separator Clot Activator 13 × 75 gold cap-gold ring,
premium) from Greiner Bio-One. Blood sample collection was approved by the Board on
Animal Ethics and Experiments from Wageningen University (DEC number: 2014005.b).
Serum samples (from three different cows) were combined, and heated for 30 min at 56 °C
in a water bath to inactivate any immunologically active complement proteins. Serum samples
were stored at –20 °C and prior to use thawed and centrifuged at 9000 × g for 2 min.
Serum proteins were biotinylated using an EZ-Link sulfo-NHS-LC-Biotin reagent, using the
manufacturer’s instructions. Assuming that the average molecular weight of serum proteins
is 70 kDa, 50 equivalents of sulfo-NHS-biotin to serum proteins were used. The reaction
was carried out at room temperature for 60 min. Non-reacted material was removed using a
desalting PD-10 column (GE Healthcare), following the manufacturer’s gravitation protocol
with PBS as eluent. The concentration of the obtained biotinylated serum (Serum-biotin) was
adjusted with PBS to 10% serum solution (i.e. ∼6 mg total protein/mL).

4.2.8	 Antifouling studies
FLOW CYTOMETRY
For each type of polymer-coated beads 3 samples were prepared: beads incubated in PBS,
beads incubated in a BSA-AF488 (0.5 mg/mL in PBS) solution and beads incubated in 10%
biotinylated serum. To a 2 mL Eppendorf tube, 200 µL of the appropriate solution and 2 µL
of the appropriate beads dispersion were added and mixed. The tubes were covered with
aluminum foil and placed on an end-over-end shaker for 30 min at room temperature. The
beads were collected using a magnetic stand and washed three times with PBS. The beads
that were incubated with biotinylated serum were subsequently incubated for 30 min with
a streptavidin-phycoerythrin conjugate (Strep-PE, 1:50 dilution), followed by washing three
times with PBS. After the last washing step, the beads were resuspended in 0.5 mL PBS and
transferred to FACS tubes. The beads were analyzed with a BD FACS Canto A (BD Biosciences)
flow cytometer. Per sample, 10,000 single beads were measured. BSA-AF488 was visualized in
the FITC-channel and Strep-PE in the PE channel. Data analysis was performed using FlowJo
software V10.
SURFACE PLASMON RESONANCE
p(SBMAA-2) and p(SBMAA-3) functionalized gold surfaces were glued onto sample holders
(Xantec) using super glue gel (Bison). Protein adsorption was measured by SPR using a Biacore
3000 (GE Healthcare) at 25 °C with a constant flow of 2 µL/min. Protein adsorption was
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monitored by first wetting the surfaces by flowing running buffer (PBS) for 30 min followed
by injection of a BSA-containing solution (1 mg/mL) or dialyzed bovine blood serum (10%,
33% and 100% in PBS) for 20 min, followed by washing with running buffer. The response
obtained after injection, relative to the starting baseline, was taken as a measure for the amount
of protein fouling. To correct for baseline drifts, linear background subtraction was applied
(Origin version 8.5) to all obtained sensorgrams.

4.3

Results and Discussion

4.3.1	 Synthesis of SBMAA-3, SBMAA-2 and CBMAA-2
While the phosphocholine (PCMA-2) and hydroxyl methacrylate (HPMAA) are commercially
available, the sulfobetaines (SBMAA-3 and SBMAA-2) and carboxybetaine (CBMAA-2)
monomers had to be synthesized. Zwitterionic betaines are typically prepared via a ring-opening
reaction of a sultone or a lactone with an acrylate or acrylamide like N-(3-(dimethylamino)
propyl) acrylamide (DMAPMAA) to yield the desired sulfobetaine or carboxybetaine,
respectively.36 The carbon spacer length between the opposite charges of the resulting betaines
can be tuned by changing the size of the ring. Various one-step ring-opening syntheses have
been described with high yield and easy purification.30-31, 37 SBMAA-3 and CBMAA-2 were
synthesized in this fashion using DMAPMAA with 1,3-propanesultone30 (as described in
chapter 2) and 1,3-propiolactone,31 respectively. Following this synthetic approach, a sultone
with two methylene groups, a β-sultone, should yield the SBMAA-2 monomer. Yet, it has been
reported that β-sultones are too instable to be isolated.38 Two alternative approaches have been
described to obtain a sulfobetaine with a carbon spacer length of two: the Michael addition
of ethenesulfinyl chloride with N,N-dimethylaminoethyl methacrylate,36 and the nucleophilic
substitution reaction of 2-bromoethanesulfonic acid with DMAPMA.25 We improved the latter
approach with respect to the yield and purity by adding reactant and base in a stepwise manner,
and by performing two columns to subsequently isolate and purify the product. The thus
acquired SBMAA-2 monomer was obtained in an improved yield of 56% at a 5 g scale. See for
characterization the Supporting Information.

4.3.2	 Modification of gold surfaces
To establish the right polymerization conditions to obtain brushes of equal thickness for each of
the monomers, polymer brushes were first grown from gold-coated glass chips, after which the
reaction conditions were transferred to functionalize microbeads (Scheme 4.1). Polymer brushcoated gold substrates allowed the determination of wetting properties and layer thicknesses
of the grafted polymer brushes. For this purpose, the surfaces were functionalized with an
ATRP initiator via the self-assembly of 11-mercaptoundec-1-yl 2-bromo-2-methylpropionate
(MBMP) on the gold layer. SI-ATRP was subsequently performed to grow polymer brushes
from the surface using SBMAA-3, SBMAA-2, CBMAA-2, PCMA-2 or HPMAA as monomer. The
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zwitterionic brushes were grown following our developed procedure as described in chapter
2,33 while the p(HPMAA) brushes were grown as described by Rodriguez-Emmenegger and
co-workers.19 The XPS wide scan spectra (see also Supporting Information Figure S4.1A, S4.3A,
S4.5A, S4.7A for quantitative analysis), water contact angles and polymer thicknesses of the
obtained surfaces are shown in Figure 4.1, while the XPS narrow scan spectra are presented in
the Supporting Information (Figure S4.1, S4.3, S4.5, S4.7).
The XPS wide scan spectra showed the expected elements for each type of polymer brush.
That is, besides oxygen, nitrogen and carbon for the p(HPMAA) and p(CBMAA-2) layers, also
phosphorus (133 eV for P 2p, 190 eV for P 2s) for the phosphocholine-based brushes and

Scheme 4.1   Schematic overview of stepwise polymer brush formation from gold surfaces and
dynabeads. (a) MBMP, EtOH, 24 h, RT; (b & d) for SBMAA-3, SBMAA-2, CBMAA-2, PCMA-2: Cu(I)/
Cu(II) (90/10), 2,2’-bipyridine, isopropanol/water (20/80), 12 min, RT, for HPMAA: Cu(I)/Cu(II)
(90/10), Me4Cyclam, EtOH, 2.5 h, 30 °C; (c) α-bromoisobutyryl bromide, DIPEA, DCM, overnight, RT.
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sulfur (166 eV for S 2p, 230 eV for S 2s) for the sulfobetaine-based brushes, were detected.
Moreover, the carboxy- (Figure S4.5C) and sulfobetaines (Figure S4.1C, S4.3C) showed the
characteristic 1 : 1 ratio of the ammonium (401–402 eV) and amide nitrogen (398–399 eV)
in the N 1s narrow scan spectra, confirming the successful growth of intact betaine-based
coatings. The p(HPMAA) and p(PCMA-2) brushes showed only one peak in the N 1s narrow
scans (Figure S4.9 and S4.7), which corresponds to either the quaternary ammonium (PCMA2, 401 eV) or the amide nitrogen (HPMAA, 400 eV). For all five tested monomers, a distinct
carbonyl, C–N/C–O and C–C peak could be observed in the XPS C 1s spectra at 288–289 eV,
286 eV and 285 eV, respectively.
In each wide scan spectrum a gold (Au 4f) peak was visible at 85 eV, allowing us to calculate
the thicknesses of the coatings. The zwitterionic polymer brushes were grown under identical
conditions and reaction times (~12 min), which lead in all cases to brush thicknesses between
20–22 nm. Polymer thicknesses of ~20 nm have been shown to be proficient to obtain excellent
antifouling performances.39 The polymerization of HPMAA turned out to be non-optimal
using our standard polymerization method in water. Therefore a modified procedure using
Me4Cyclam as ligand and EtOH as solvent was used.19 Using the Me4Cyclam/EtOH protocol,
a layer of 13 nm was obtained for the p(HPMAA) brushes. It is known that ATRP reactions
carried out in less polar solvents (EtOH) are slower than ATRP reactions performed in water,40
explaining why after 2.5 h at 30 °C thinner brushes were obtained for the HPMAA monomer.
The static water contact angle of the zwitterionic layers were all found to be below 20°,
showing their excellent wetting behavior that is often described as key for good antifouling
performance.2 A water contact angle of 45° was found for the p(HPMAA) layers, which is in
good agreement with previously reported HPMAA-based coatings,19, 41 suggesting a sufficiently
thick brush for good antifouling properties. The contact angle is in line with the hydrophilic
nature of the monomer, but, of course, not as low as those obtained for the zwitterionic
coatings.

4.3.3	 Modification of microbeads
Magnetic Dynabeads were coated with p(SBMAA-3), p(SBMAA-2), p(CBMAA-2), p(PCMA-2)
or p(HPMAA) brushes via a SI-ATRP procedure that was adapted to beads (as was described
in chapter 3),29 but similar in terms of concentrations and reaction times compared to the
brushes grown on the flat gold surfaces. As the ATRP procedures used on gold surfaces resulted
in polymer brushes of similar thicknesses for all monomers, it was assumed that the brushes
on the beads will also result in comparable thicknesses for the different monomers. To modify
the beads, an ATRP initiator was installed on amine-terminated magnetic Dynabeads via the
reaction of the amine groups with α-bromoisobutyryl bromide, followed by ATRP for each
of the monomers.29 XPS wide scan spectra and characteristic narrow scan spectra are shown
in Figure 4.1 for each of the polymer-coated beads (for quantitative evaluation of wide scans
and additional narrow scan spectra see Supporting Information Figure S4.2, S4.4, S4.6, S4.8,
S4.10).
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XPS spectra showed a similar composition for the polymer-coated beads as compared to the
coated gold surfaces (with the obvious exception that no Au 4f peak was seen in the wide scan
spectra of the beads). The p(SBMAA-3) and p(SBMAA-2)-coated beads displayed two minor

Figure 4.1   Overview of XPS spectra obtained for gold (Au) surfaces and Dynabeads modified with
SBMAA-3, SBMAA-2, CBMAA-2, PCMA-2, or HPMAA polymer brushes, respectively. Reported thicknesses
are based on the average of two measurements and based on XPS Au/C ratios. Wide scan spectra and either
the N 1s or C 1s narrow scan spectrum are depicted for the modified beads.
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silicon peaks at 149 and 100 eV, which correspond to the underlying Si(111) surface on which
the beads were deposited for the XPS measurement. The characteristic 1 : 1 ratio of the nitrogen
peaks in the N 1s spectrum, corresponding to the quaternary ammonium at 401–402 eV and
the amide nitrogen at 398–399 eV, were clearly observed for p(SBMAA-3)- and p(SBMAA-2)coated beads.
However, this 1 : 1 ratio was not obtained for p(CBMAA-2)-coated beads; at best 44%
ammonium versus 56% for the amide was found. This is in contrast to the results obtained
for the p(CBMAA-2)-coated gold surfaces. It was not caused by an insufficient thickness of the
polymer layer, but turned out to be a time-dependent degradation of the p(CBMAA-2) layers
within the XPS. This was revealed by XPS analysis of p(CBMAA-2) brushes that were grown for
12 min, as in the standard procedure, but in additional experiments also grown for 30 min and
90 min on both gold surfaces and beads. However, in none of these the 1 : 1 ammonium to
amide peak ratio was observed (see Figure S4.11). Based on the XPS spectra, we speculated that
there was an effect of time between sample preparation and XPS analysis on the nitrogen ratio.
To evaluate this unexpected observation, the 12 min gold sample was measured twice, without
taking the sample out of the ultra-high vacuum (UHV) chamber of the XPS, with 12 h in
between the two measurements. In the second measurement the ammonium peak had become
appreciably smaller (see Figure 4.2), indicating that the p(CBMAA-2) coatings degrade over a
relatively short period of time within the vacuum of the XPS. This also explains why an intact
CBMAA-2 brush could be measured on a gold substrate but not on a bead substrate, as the gold
surfaces could be directly measured after preparation while the beads were first dropcasted
on a silicon substrate and dried for several hours in a vacuum oven. The disappearance of the
ammonium peak was also observed for p(CBMAA-2)-coated gold surfaces upon storage for
several days in an argon glovebox (data not shown).

Figure 4.2   XPS N 1s narrow scan of a p(CBMAA-2)-coated gold surface grown via 12 min of SI-ATRP,
measured directly after preparation (fresh) and remeasured after ~12 h (remeasured) within the same
XPS measurement (i.e. without taking the sample out of the UHV chamber of the XPS apparatus).
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As the brush thicknesses stayed more or less the same (see Figure S4.12), and the relative
nitrogen to carbon-oxygen percentages increased slightly upon storage, we hypothesize that an
elimination reaction occurred in which a C2H3COO– group is eliminated and a tertiary amine
remains on the polymer brush (which thereby loses its quaternary character). It has been
reported that CB-2 monomers and resulting polymers are unstable in both acid and base and
can undergo a Hofmann elimination.42-44 A similar degradation process was not observed for
the sulfobetaine or phosphocholine polymer brushes; it is currently not known whether the
degradation we observed is specific for the UHV conditions required for the XPS analysis, or
whether it also takes place to a significant degree upon prolonged storage in other media. While
CB-2-based polymer layers have been established as one of the best antifouling coatings,2 this
type of degradation has – to the best of our knowledge – never been evaluated in relation to
the corresponding antifouling properties. The beads that were used for antifouling studies were
kept in an aqueous solution at all steps and did not undergo any drying phase as is required
for XPS analysis.

Figure 4.3   Schematic representation of antifouling experiments on non-modified and polymer-coated
beads using biotinylated serum proteins. Non-specifically adsorbed serum proteins on the beads are
subsequently incubated with fluorescently labeled streptavidin. The fluorescence intensity reflects the
amount of adsorped proteins. Polymer-coated beads largely repel the serum proteins and show therefore
low fluorescent intensities.

4.3.4	 Antifouling performance
It was shown in chapter 3 that the antifouling performance and specific binding capabilities of
polymer coatings can be reliably evaluated using a bead-based platform with flow cytometry
as read-out system.29 Flow cytometry allows for the automated measurement of thousands of
micron-sized particles per second, enabling quick analysis and good statistics.45 Hence, the
obtained p(SBMAA-3), p(SBMAA-2), p(CBMAA-2), p(PCMA-2) and p(HPMAA)-coated beads
were compared for their antifouling behavior using this platform. To this end, the polymercoated beads were either incubated in PBS, in a solution containing fluorescently labeled
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BSA, or in a biotinylated 10% serum solution. Beads incubated with biotinylated serum were
subsequently stained with fluorescently labeled streptavidin (see Figure 4.3 for a schematic
representation). We chose to first biotinylate the serum proteins because a higher fluorescence
signal, and therefore sensitivity, could be obtained as compared to the directly fluorescently
labeled serum described in chapter 3.29 This we rationalize by noting that the serum proteins
can be equipped with multiple biotin units, which can all be bound by streptavidin, while each
streptavidin can in turn all have multiple fluorescent groups (see Figure 4.3), and by the higher
fluorescence of PE compared to HLF-488. The increase in sensitivity enabled us to discriminate
a good performing antifouling layer from an excellent one.
For each sample the median fluorescence intensity (MFI) was corrected for the auto-fluorescence
of the beads by subtracting the MFI value of a bead sample that was incubated in only PBS (see
Table S4.1-Table S4.2 for non-corrected values). The corrected MFI values are depicted in Figure
4.4 Adsorption of more fluorescently labeled proteins onto the beads leads evidently ta a higher
fluorescence intensity of those beads. Hence, a higher fluorescence intensity corresponds to
a higher degree of fouling. All polymer-coated beads can clearly suppress the non-specific
adsorption of proteins as compared to the non-modified (NM) beads (by more than 2 orders
of magnitude for BSA and 1 order of magnitude for 10% serum). In fact, it can be concluded
that all polymer-coated beads were able to suppress the adsorption of BSA to levels within
the experimental noise. While in itself a useful result, antifouling properties towards single
protein solutions do not allow extrapolation towards the antifouling behavior in more complex
biological media, like serum solutions.10 When the beads were incubated with the 10% serum
solution, differences between the monomers could be observed. These observations lead to
the following ranking of antifouling performance based on the amount of adsorbed serum
proteins: HPMAA ≥ CBMAA-2 ≈ PCMA-2 > SBMAA-2 > SBMAA-3 >> non-modified beads.

4.3.5	 Factors determining the antifouling properties of
polymer brushes.
Considering the two sulfobetaine-based coatings, p(SBMAA-2)-coated beads performed
better (factor 2.8) in a 10% serum solution than p(SBMAA-3)-coated beads, which should be
attributed to the difference in carbon spacer length between the charges. This is in line with
studies that investigated the antifouling behavior of p(carboxybetaines)10, 13 and p(N-hydroxyl
alkyl amide) materials20, 46 with varying carbon spacer length; reducing the distance between the
charges results in improved antifouling properties. Conversely, it was found by Wang et al.25 that
p(SB-3), compared to p(SB-2) and p(SB-4), is best in preventing non-specific BSA adsorption
at non-physiologically low ionic strengths, while at salt concentrations > 0.1 M no differences
were seen in BSA adsorption. It has been shown that the behavior of p(SB) materials is highly
dependent on the ionic strength as the intra/inter-chain associations between sulfobetaine
units can be disrupted by the addition of salt, leading to swelling of the polymer brush.24-26 The
combination of our data and literature data leads to the following picture: with smaller CSL
(less hydrophobic methylene moieties) the interaction between oppositely charged groups is
stronger. This charge-charge interaction can be weakened by increasing the salt concentration.
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Figure 4.4   Antifouling performance of polymer-coated Dynabeads measured by flow cytometry. Nonmodified beads (NM) and polymer brush-coated beads were either incubated with fluorescently labeled
BSA (0.5 mg/mL) or biotinylated serum (10% serum solution, ~6 mg/mL) and fluorescently labeled
streptavidin. The median fluorescence intensity (MFI) of the beads was corrected for the MFI values
obtained for beads incubated in PBS. Presented data are averages from at least duplicates of independently
performed experiments. Standard deviations are presented as error bars. The inset shows a zoom-in of
the same data.

For larger CSL, only a small amount of salt is required, while for e.g. SBMAA-2 higher ionic
strengths will be required. Once swelling takes places, the hydration of such closely spaced
charged (as in p(SB-2) brushes) is also increased, and as a result such brushes are more diffuse
and swollen than p(SB-3) brushes at 100 mM NaCl concentration. This suggests that in the low
ionic strength regime p(SB-3) brushes are more swollen/better hydrated than p(SB-2) brushes,
which is in line with the finding that their antifouling characteristics under these conditions
are better than p(SB-2) (as indeed found by Wang et al.25). While relevant for a mechanistic
understanding, this regime is of little practical importance, as in most biologically relevant
samples the ionic strength is > 0.1 M. In contrast, p(SB-2) brushes get more swollen than
p(SB-3) brushes in the > 0.1 M salt regime and should therefore perform better at higher
salt concentrations (Figure 4.4). To study the differences between p(SB-2) and p(SB-3) in
more detail, the difference between SBMAA-3 and SBMAA-2 was also evaluated using surface
plasmon resonance (SPR), a commonly used method to study antifouling. Figure 4.5 confirms
that, when using 3.3%, 10% or 33% serum solutions, SBMAA-2 consistently outperforms
SBMAA-3 in terms of antifouling performance. In addition, the relative difference is bigger for
more dilute samples, and like in the bead assay at 10% serum SBMAA-2 adsorbs about 3× less
protein than SBMAA-3 (see also Figure 4.4). This also shows the relative quantitative agreement
between these techniques.
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Figure 4.5   Protein adsorption from 3.3%, 10% or 33% cow serum on p(SBMAA-3)- and p(SBMAA2)-coated gold surfaces as measured by SPR. Averages of three independent measurements are shown,
error bars represent standard deviations of those measurements. The SPR data were obtained using
dialyzed serum solutions as otherwise artefacts were seen in the sensorgrams caused by differences in salt
concentration (see Supporting Information for further explanation).

Besides the comparison between SBMAA-2 and SBMAA-3, Figure 4.4 also reveals the
differences between SBMAA-2 and CBMAA-2; these data constitute – to the best of our
knowledge – the first direct experimental comparison of the antifouling behavior of polymer
brushes derived from SB-2 or CB-2 monomers. Figure 4.4 shows that p(CBMAA-2) performs
better than p(SBMAA-2) in a 10% serum solution. As the chemical structures of CBMAA-2
and SBMAA-2 are the same except for their anionic group, it can be concluded that as anionic
group carboxylates outperform sulfonates. Sulfonate anions are larger than carboxylates, and
have their negative charge distributed over more oxygen atoms. As a result, it is expected that
more water will surround sulfonates than carboxylates, but that water will be more strongly
bound by carboxylates. This qualitative picture has indeed be simulated accurately by Jiang
and co-workers.47 Together this suggests that a material with few but tightly bound water
molecules is more effective in resisting non-specific adsorption of proteins than a material
with more water molecules that are loosely bound. To further asses the properties of the
polymer brushes, the zeta potential of the polymer-coated beads was also measured, see Figure
S4.13. All polymer-coated beads yielded moderately negative zeta potentials, as was previously
reported for zwitterionic particles.48-50 The zeta potential for p(SBMAA-3), p(SBMAA-2) and
p(CBMAA-2) are within the same range: –9.7 ± 0.7, –8.2 ± 1.1, and –11.1 ± 0.6, respectively.
Given the similarity in their zeta potential, the observed difference in antifouling capacity of
the beads cannot be accounted for by differences in the surface charge of the sulfobetaine- and
carboxybetaine-coated beads. It is unclear whether the aforementioned degradation of the
p(CBMAA-2) layers in vacuum or inert atmosphere plays a role in the obtained zeta potential
and antifouling properties of this material.
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As can be seen in Figure 4.4, p(HPMAA) performs better than the sulfobetaines, and slightly
better than p(CBMAA-2) and p(PCMA-2). That p(HPMAA) performs similar or better than
p(CBMAA-2) is consistent with literature19, 27 Why HPMAA and other simple hydroxyl
methacrylamide monomers perform so well is not entirely understood. In comparison to
zwitterionic brushes, they are only moderately hydrophilic and ionic solvation, as occurs for
zwitterionic materials, is stronger than hydrogen-bonding solvation.17, 19 It might be related
to tightly bound water molecules by hydrogen bond bridges that can be formed between one
water molecule and the hydroxyl and amide group of the same monomer unit. Preliminary
quantum chemical calculations on model systems (B97/6-311+G(d,p) using a PCM selfconsistent reaction field model to simulate water) yielded complexation energies of a HPMAA
unit and water – bound by two hydrogen bonds (Figure 4.6) – of 6 to 12 kcal/mol. These
data indeed point to strong hydration of HMPAA, and in combination with the antifouling data
indicate the usefulness of deeper analyses. Besides the hydration properties, the low surface
charge of p(HPMAA)-coated beads may also contribute to its excellent antifouling properties;
p(HPMAA)-coated beads showed the lowest zeta potential of the five monomers tested within
this study (see Figure S4.13).

Figure 4.6   Hydration of an HPMAA model via H-bonds consisting of N–H∙∙∙O and O–H∙∙∙H
interactions (B97D/6-311+G(d,p)-optimized structure; see text for details).

Similar to the hydroxyl acrylamide monomers, phosphocholines are not often compared to
other types of antifouling polymer brushes. In a study by Rodriguez-Emmenegger27 it was
found that p(PC) performed less well than p(SB-3) and p(CB-2) – in contrast, we observe that
p(PCMA-2) did better than p(SBMAA-3) and equally good as p(CBMAA-2). Noteworthy, the
zeta potential of p(PCMA-2) is lower than for the sulfobetaine- and carboxybetaine-coated
beads (see Figure S4.13).
Based on our findings, we thus conclude that p(HPMAA)-coated beads are best capable of
resisting non-specific protein adsorption from BSA and serum solutions, while all zwitterionic
brushes are good, but not as good. In selecting the optimal antifouling coating – besides
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the actual antifouling performance – several other factors come into play, depending on
the application. 1) pH of the medium: the antifouling performance of p(CBMAA-2) is pHdependent14 as the zwitterionic character is lost upon protonation of the carboxylic acid
at low pH. 2) Ionic strength and temperature: the antifouling characteristics of sulfobetaines are
highly dependent on ionic strength and temperature23-25, 51 due to strong intra/inter-chain
interactions between the sulfobetaine moieties. These are so strong, that without any added
ions, sulfobetaine-based polymers can even be used as the basis of self-healing antifouling
materials.52,53 3) Biofunctionalization: CBMAA-2 and HPMAA are the only monomers that can
directly be functionalized within the brush with bio-recognition elements,2, 19 albeit at the
cost of diminished antifouling properties;54 for sulfobetaines an efficient synthesis of azidefunctionalized monomers is available, that allows azide-alkyne click-based biofunctionalizations
to take place without loss of the zwitterionic character (see chapter 2, 5 and 6).33 4) Ease
of use: The growth of sulfobetaine brushes is extremely reproducible and allows for minor
deviations from the protocol. Growing HPMAA brushes, on the other hand, turned out to
be more challenging, and was found to be more sensitive to oxygen contamination. Further
optimization of the synthetic protocols for p(HPMAA) would be well deserved given its
antifouling characteristics. PCMA-2 easily self-polymerizes55 and was therefore slightly less
robust in use than the sulfobetaines. 5) FDA approval: of the materials under study only PCMA2-based brushes are currently FDA approved for biomedical applications.16 6) Characterization:
p(CBMAA-2) brush characterization was challenging due to the aforementioned degradation
process during UHV analysis. These six factors involved in the use of these different antifouling
brushes imply that further research into this field is both required and worthwhile.

4.4

Conclusion

In this study we systematically compared five hydrogen-bonding and zwitterionic polymer
brushes for their antifouling performance using a bead-based assay. In essence, all brushes fully
prevent the non-specific adsorption in single-protein BSA solutions. In solutions containing
more complex protein mixtures (e.g. a 10% serum solution) fouling is reduced by at least
an order of magnitude as compared to non-modified beads, but no complete antifouling is
observed for any monomer. Our observations lead to the following antifouling ranking based
on the amount of adsorbed serum proteins: HPMAA ≥ CBMAA-2 ≈ PCMA-2 > SBMAA-2 >
SBMAA-3 >> non-modified beads.
Each brush has its own advantages and disadvantages, which may direct the preferred use in
different situations. Of the family of sulfobetaines, we show for the first time that p(SBMAA-2)
performs consistently better in antifouling studies than p(SBMAA-3), due to the reduced spacer
length between opposing charges. The excellent performance of p(HPMAA) – equal to or better
than any of the zwitterionic monomers under study – is likely related to strong and multiple
hydrogen bond formation and/or low surface charge.
We have shown that our bead-based platform is suitable for screening different antifouling
coatings for their antifouling capabilities. As thousands of beads can be prepared and analyzed
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at once, it is a valuable and statistically robust method to measure the antifouling behavior of
polymer-coated beads in detail.
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4.7

Supporting Information

4.7.1	 Characterization of synthesized monomers
3-((3-METHACRYLAMIDOPROPYL)DIMETHYLAMMONIO)ETHANE-1SULFONATE (SBMAA-2)

Scheme S4.1   SBMAA-2 structure.

Yield: 4.5 g (16 mmol, 56%), [C11H22N2O4S, M = 278.37 g/mol]
H NMR (400 MHz, D2O) δ 5.62 (s, 1H, 3a), 5.37 (s, 1H, 3b), 3.65 – 3.55 (m, 2H, 11-H),
3.34 – 3.23 (m, 6H, 6,8,12-H), 3.05 (s, 6H, 9,10-H), 1.97 (dt, J = 14.9, 6.7 Hz, 2H, 7-H),
1.83 (s, 3H, 1H) ppm.
1

C NMR (101 MHz, D2O) δ 171.99 (C-4), 138.82 (C-2), 121.36 (C-3), 62.20 (C-8), 59.17
(C-11), 50.93 (C-9,10), 44.05 (C-6), 36.13 (C-12), 22.28 (C-7), 17.60 (C-1) ppm.
13

ESI+ (MeOH): calc.: m/z = 301.1198 [M+Na]+; det.: m/z = 301.1187 [M+Na]+.
IR (ATR): ν = 3382 (w, N–H stretching), 3041 (w, asymmetric CH2 stretching), 2947 (w,
asymmetric CH2 stretching), 1656 (m, C=O bending), 1614 (m, alkene stretching), 1524 (m,
N–H bending), 1202 (s, SO2 symmetric stretching), 1038 (s, SO3 stretching) cm–1.
3-((3-METHACRYLAMIDOPROPYL)DIMETHYLAMMONIO)PROPANE-1SULFONATE (SBMAA-3)

Scheme S4.2   SBMAA-3 structure.

Yield: 15.1 g (51.7 mmol, 94%), [C12H24N2O4S, M = 292.39 g/mol]
H NMR (400 MHz, D2O) δ 5.68 (s, 1H, 3a-H), 5.44 (s, 1H, 3b-H), 3.49 – 3.40 (m, 2H, 11-

1
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H), 3.38 – 3.29 (m, 4H, 6,8-H), 3.08 (s, 6H, 9,10-H), 2.94 (t, J = 7.2 Hz, 2H, 13-H), 2.24
– 2.11 (m, 2H, 12-H), 2.07–1.96 (m, 2H, 7-H), 1.90 (s, 3H, 1-H) ppm.
C NMR (101 MHz, D2O) δ 171.95 (C4), 138.76 (C2), 121.33 (C3), 62.12 (C11), 61.81
(C8), 50.68 (C9,10), 47.14 (C13), 36.15 (C6), 22.21 (C7), 18.08 (C12), 17.57 (C1) ppm.
13

ESI+ (MeOH): calc.: m/z = 293.1530 [M+H]+, 315.1349 [M+Na]+, 585.2986 [2M+H]+,
607.2806 [2M+Na]+; det.: m/z = 293.1515 [M+H]+, 315.1332 [M+Na]+,
585.2956 [2M+H]+,607.2774 [2M+Na]+.
IR (ATR): ν = 3305 (w, N–H stretching), 3031 (w, asymmetric CH2 stretching), 2977 (w,
symmetric CH2 stretching), 1656 (m, C=O bending), 1614 (m, alkene stretching), 1546 (m,
N–H bending), 11911174 (s, SO2 symmetric stretching ), 1038 (s, SO3 stretching ) cm–1.
3-((3-METHACRYLAMIDOPROPYL)DIMETHYLAMMONIO)PROPANOATE (CBMAA-2)

Scheme S4.3   CBMAA-2 structure.

Yield: 30.0 g (124 mmol, 45%), [C12H22N2O3, M = 242.32 g/mol]
H NMR (400 MHz, D2O) δ 5.63 (s, 1H, 3a-H), 5.39 (s, 1H, 3b-H), 3.48 (t, J = 7.8 Hz, 2H,
6-H), 3.32 – 3.20 (m, 4H, 8,11-H), 2.99 (s, 6H, 9,10-H), 2.62 – 2.52 (m, 2H, 12-H), 2.03
– 1.90 (m, 2H, 7-H), 1.84 (d, J = 1.2 Hz, 3H, 1-H) ppm.
1

C NMR (101 MHz, D2O) δ 176.53 (C-13), 172.03 (C-4), 138.81 (C-2), 121.29 (C-3),
61.93 (C-11), 61.19 (C-8), 50.55-50.46 (C-9,10), 36.19 (C-6), 30.71 (C-12), 22.22 (C-7),
17.56 (C-1) ppm.
13

ESI+ (MeOH): calc.: m/z = 243.1703 [M+H]+, 265.1523 [M+Na]+; det: m/z = 243.1698
[M+H]+, 265.1517 [M+Na]+.
IR (ATR): ν = 3284 (m, carboxylate), 3037 (w, asymmetric CH2 stretching), 2957 (w,
symmetric CH2 stretching), 1734 (w, carboxylic acid C=O bending), 1658 (m, amide C=O
bending), 1591 (s, alkene stretching), 1540 (s, N–H bending) cm–1.
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4.7.2	 Additional XPS spectra

Figure S4.1   XPS spectra of gold surfaces coated with SBMAA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) S 2p
narrow scan spectrum.
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Figure S4.2   XPS spectra of Dynabeads modified with SBMAA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum. SBMAA-2-coated Dynabeads were dropcasted on a Si(111) surface to allow for
XPS analysis. *The two extra peaks (to the right of the S 2p peak) in the wide scans and the minor oxygen
peak in thw oxygen narrow scan spectrum originate from the underlying SiO layer.
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Figure S4.3   XPS spectra of gold surfaces coated with SBMAA-3 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) S 2p
narrow scan spectrum.
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Figure S4.4   XPS spectra of Dynabeads modified with SBMAA-3 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum. SBMAA-3-coated Dynabeads were dropcasted on a Si(111) surface to allow for
XPS analysis (hence the small Si peaks in the wide scan spectrum).
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Figure S4.5   XPS spectra of gold surfaces coated with CBMAA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum and (B) N 1s narrow scan spectrum.
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Figure S4.6   XPS spectra of Dynabeads modified with CBMAA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum. CBMAA-2-coated Dynabeads were dropcasted on a Si(111) surface to allow for
XPS analysis.
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Figure S4.7   XPS spectra of gold surfaces coated with PCMA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum.
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Figure S4.8   XPS spectra of Dynabeads modified with PCMA-2 polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) P 2p
narrow scan spectrum. PCMA-2-coated Dynabeads were dropcasted on a Si(111) surface to allow for XPS
analysis.
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Figure S4.9   XPS spectra of gold surfaces coated with HPMAA polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum.
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Figure S4.10   XPS spectra of Dynabeads modified with HPMAA polymer brushes grown via SI-ATRP:
(A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum and (D) O 1s
narrow scan spectrum. p(HPMAA)-coated Dynabeads were dropcasted on a Si(111) surface to allow for
XPS analysis.
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Figure S4.11   XPS N 1s narrow scan spectra of p(CBMAA-2)-coated gold surfaces grown via SI-ATRP for
12, 30 and 90 min. The surfaces were placed together inside the XPS chamber and measured sequentially
in the order of 12, 30 and 90 min ATRP. Without having taken the samples out of the XPS, the 12 min
gold surface was measured again. These data revealed that the time within the XPS chamber affects the
relative heights of the N 1s peaks.
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Figure S4.12   XPS wide scan spectra of a p(CBMAA-2)-coated gold surface prepared by 12 min SI-ATRP:
either measured directly (A) or after approximately 12 hours (B) without having taken the sample out
of the XPS.

4.7.3	 Zeta potential measurements

Figure S4.13   Zeta potentials of non-modified (NM) and polymer-coated Dynabeads, measured in PBS
pH 7.4 at 25 °C. Presented data are averages of two independent measurements, standard deviations are
presented as error bars. *NM beads showed positive zeta potentials in MilliQ (30.6 ± 0.7) whereas all
polymer-coated beads were negative in MilliQ.

146 | Chapter 4

4.7.4	 Additional flow cytometry data

Table S4.1   Median fluorescence data (FITC-channel) obtained for non-modified and polymer-coated
beads incubated in PBS or BSA-AF488 (0.5 mg/mL in PBS). PBS values are subtracted from BSA values to
obtain the corrected values. The listed averages and standard deviations are used for Figure 4.4.

Table S4.2   Median fluorescence data (PE-channel) obtained for non-modified and polymer-coated
beads incubated in PBS or biotinylated serum (~6 mg/mL) followed by Strep-PE. PBS values are subtracted
from values for serum to obtain the corrected values. The listed averages and standard deviations are used
for Figure 4.4.
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4.7.5	 SPR experiments
During our SPR experiments using sulfobetaine-coated surfaces, we observed a negative dip
in the relative response units just after sample injection. The signal only stabilized after an
extended time of flushing with running buffer. The dip was attributed to the difference in
salt concentration between running buffer and sample. This is supported by a similar dip
that was observed when we injected buffer with an increased salt concentration. No dip was
observed when a sucrose solution was injected with equal salt concentration between sample
and running buffer. The dip is probably caused by a sudden swelling of the brushes caused by
a difference in salt concentration between serum and the running buffer. Sulfobetaine-based
materials swell considerably with increased ionic strengthS1, S2 and as the refractive index lowers
upon swelling,S3 a decrease in signal can be observed. To avoid salt effects, 100% bovine serum
(pooled from 3 adult cows) was dialyzed against the running buffer. The serum dilutions were
prepared from the dialyzed serum solution. Long injection times and low flow rates were
needed in order to get enough fouling to be able to discriminate SBMAA-3 from SBMAA-2.
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Abstract
Proteins play an essential role in many biological processes, typically acting in multiprotein complexes. To fully understand how proteins function within these complexes,
both in health and disease, it is crucial to identify the protein-protein interactions.
Immunoprecipitations followed by mass spectrometry (IP-MS) have been shown to
be a powerful tool to determine those interactions. However, it is often challenging to
discriminate true protein interactors from contaminating proteins that bind nonspecifically to the IP beads. Many strategies have been developed to combat this issue,
but very few have tackled it at the core, namely via reducing the non-specific binding
of proteins onto the IP beads. Here, we describe the preparation of antifouling azidefunctionalized polymer-coated beads that can be equipped with an antibody of choice via
click chemistry. We show the preparation of generic anti-GFP immunoprecipitation beads
to target GFP-fusion proteins. Our antifouling anti-GFP coupled beads show similar GFP
capture efficiency, but with strongly reduced non-specific protein binding, as compared
to commercially available anti-GFP beads. As a result, in an IP-MS experiment many
contaminating proteins were identified for the commercially available beads, whereas
our antifouling beads were able to co-purify known interaction partners of the used
GFP-tagged bait protein with minimal contamination. The antifouling antibody-coated
beads therefore provide an excellent novel tool to identify unknown protein-protein
interactions.
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5.1

Introduction

Proteins are the workhorses of life as they take part in essentially all biological processes.
In this, they rarely operate alone, but typically act in multi-protein complexes.1 To fully
understand biological mechanisms, both in health and disease, it is therefore crucial to reliably
identify protein interaction partners.2-3 In the last decades, along with other techniques like
yeast two-hybrid,4-5 immunoprecipitation followed by mass spectrometry (IP-MS) has been
proven to be a powerful tool to identify these protein-protein interactions, mainly due to
the continuing improvement in accuracy and speed of mass spectrometers.6-7 In a typical IPMS experiment, a solid support with antibodies against a bait protein is used to pull-down
protein complexes. The captured proteins are subsequently converted into peptides that are
analyzed by mass spectrometry.8 The stable core subunits from a multi-protein complex are
usually readily identified, but it remains challenging to distinguish subunits that, for example,
bind non-stoichiometrically or with low affinity, from that of contaminating proteins that
are non-specifically retrieved from the biological sample.7, 9 In fact, the majority of proteins
typically being identified during an IP-MS experiment are non-specific binders.7 The nonspecific binders most frequently originate from proteins sticking to the solid support itself, e.g.
the sepharose or agarose beads, and to a smaller degree to the non-specific binding of proteins
to the antibodies that are attached to the bead or to protein tags (such as GFP).7, 10
Several approaches have been developed in order to discriminate true protein-protein
interactions from background noise. Stringent washing conditions are easily implemented, but
these do often lead to the loss of (target) proteins precipitated from weak or transient protein
interactions.11 Another common strategy is to use Stable Isotype Labeling with Amino acids in
cell Culture (SILAC),12-13 in which cells containing bait proteins are grown in ‘heavy’ medium
containing amino acids that are isotopically labeled, while negative controls cells (without bait
proteins) are grown in standard ‘light’ medium. An IP-MS experiment can then be performed
on the combined samples, the ratios between the heavy and light peaks should then indicate
whether the identified protein is a true interactor or a non-specific binder. Recently also
label-free quantitative methodologies have been developed that are less laborious and more
suitable for high-throughput screenings than SILAC.9 Moreover, software tools have also been
developed and lists of common contaminants are being compiled to assist in the data analysis
and interpretation of IP-MS experiments.11, 14-15 Nonetheless, the majority of proteins identified
in an IP-MS experiment are still non-specific binders and specific interactions cannot always
be unambiguously determined, especially close to the threshold level where signal-to-noise
ratios are low.7, 9 The above described methodologies all seem to take non-specific binding as
an inevitable aspect of an IP-MS experiment, instead of tackling the issue at its core, via the
reduction of that non-specific binding on the solid support.
Non-specific binding of biomolecules to solid surfaces, often referred to as fouling, is a
recurring problem in various biomedical and bioanalytical applications.16 To prevent or reduce
fouling, various types of antifouling surface coatings have been investigated, yet mainly on
flat surfaces.17-19 Poly(ethylene glycol) (PEG)-based materials are the most frequently used and
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studied coatings; however, their long-term stability and performance in real-life biological fluids
like blood are too limited for many biomedical applications.20-22 Polymeric zwitterionic coatings
have emerged as excellent alternatives.16-17 Their outstanding antifouling properties have been
attributed to the formation of an electrostatically induced hydration layer, which facilitates the
repellence of proteins.23 It has been widely investigated which exact properties,24-27 e.g. nature
of charged groups or thickness of polymer layer, determine the antifouling performance of a
zwitterionic coating, as well as ways to functionalize the polymers with biomolecules to tune
their applicability.28-32 Given their success, zwitterionic coatings are increasingly implemented
in applications, for example on indwelling medical devices to reduce wear and fouling,33-34 to
enhance the sensitivity of biosensing platforms,29, 35-36 and for the production of antimicrobial
surfaces.37
The identification of protein-protein interactions via IP-MS procedures relies on the ability
to discriminate true interactors from non-specific binders. We therefore anticipated that
the incorporation of antifouling materials into the existing IP-MS methodologies would be
highly valuable. By coating the solid support with an antifouling coating, similar as described
previously,38 the adsorption of non-specific binders can be greatly reduced, which will make
the identification of true protein interactors more reliable and straightforward.
Here we show the development of antifouling zwitterionic polymer-coated magnetic beads
that can be functionalized with antibodies and subsequently be used within a standard IP-MS
protocol (see Figure 5.1 for schematic representation of the IP-MS workflow). To this end,
we integrated our previous work on antifouling beads (as described in chapter 3)38 with that
of copolymer brushes that incorporate azide functionalities within the still fully zwitterionic
polymer layer (as described in chapter 2).28 The incorporated azide moieties were used as a
reactive handle to allow efficient attachment of antibodies via click chemistry. As an example to
show the potential of this approach, antibodies against GFP were used in an IP-MS experiment
with nuclear extracts of HeLa cells in which a GFP-tagged Methyl-CpG-binding domain protein
3 (MBD3-GFP) was stably expressed. Our beads showed a strong reduction in non-specific
protein binding in both flow cytometry and IP-MS based measurements, and thereby a highly
improved performance when compared to commercially available anti-GFP beads.

5.2

Materials and methods

5.2.1	 Materials
α-Bromoisobutyryl bromide (98%), N,N-diisopropylethylamine, copper(I) chloride (≥99%),
copper(II) chloride (97%), dimethyl sulfoxide (DMSO) (anhydrous, ≥99.9%), iodoacetamide
and acrylamide were purchased from Sigma-Aldrich. Dimethylformamide (DMF) for peptide
synthesis (99.8%) was obtained from Acros Organics and dried over heat-activated molecular
sieves (3Å), 2,2’-bipyridine (98%) was purchased from Alfa Aesar, isopropanol (HPLC grade)
from BioSolve, and dichloromethane (DCM) from VWR International S.A.S.
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Figure 5.1   Schematic representation of IP-MS/MS workflow using antibody-functionalized magnetic
beads, with or without antifouling coating: 1) The beads are mixed with a complex protein mixture. 2)
Beads are separated from the protein sample using a magnet. Beads with antifouling coating bind only
target proteins while other proteins are being repelled, whereas beads without antifouling coating bind
target proteins, but also contain non-specifically bound proteins. 3) Subsequent protein analysis by nano
LC-MS/MS shows a significant reduction in contaminating proteins for the antifouling beads.

MilliQ was produced with a MilliQ Integral 3 system (Millipore). Dynabeads (Dynabeads M-270
amine; 2.8 μm diameter) were purchased from Invitrogen Life Technologies, and GFP-Trap®_M
(anti-GFP VHH coupled to magnetic microparticles) and GFP-binding protein (anti-GFP VHH
purified protein) from Chromotek. Phycoerythrin (PE)-conjugated Goat anti-mouse IgG
antibody (aMouse-PE, clone: Poly4053) was obtained from Biolegend. Bovine serum albuminAlexa Fluor 488 conjugate (BSA-AF488) and EZ-Link Sulfo-NHS-LC-Biotin were obtained
from Thermo Fisher, streptavidin-phycoerythrin (Strep-PE) conjugate and streptavidin-FITC
(Strep-FITC) from eBioscience. Lissamine rhodamine B PEG3 azide (Azide-lissamine) was
purchased from Tenova Pharmaceuticals, and endo-BCN-PEG4-NHS ester (BCN-NHS) from tebubio. Complete™ Protease Inhibitor Cocktail, trypsin and mouse monoclonal anti-GFP antibody
(IgG1κ, clones 7.1 and 13.1) were obtained from Roche. Bradford reagent was purchased from
Bio-Rad, Fetal Calf Serum (FCS) from Gibco, Bolt™ sample buffer from Invitrogen, GelCode®
Blue Stain Reagent from Thermo Scientific, ECL western blotting detection reagent from GE
Healthcare and goat anti-mouse IgG antibody-HRP conjugate (AP127P) from Millipore.

5.2.2	 Synthesis
The syntheses of 3-((3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate (SB3)
monomer and 3-((3-azidopropyl)(3-methacrylamidopropyl)(methyl)ammonio)propane-1sulfonate (azido-SB) monomer were performed as described in chapter 2.28
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5.2.3	 Bead handling
For all collection and washing steps, beads were separated from solvent and reactants using
a magnetic stand (Promega). In all cases, unless stated otherwise, reactions with beads were
performed in 2 mL Eppendorf tubes; this allows for better bead collection when using the
magnetic stand. To ensure similar amount of beads, beads were counted using a Bürker counting
chamber prior to antibody immobilization, flow cytometry analysis, western blotting and IPMS.

5.2.4	 Initiator attachment
The required amount of Dynabeads, i.e. 500 µL of bead suspension as supplied by the
manufacturer, was transferred to a glass tube with screwcap connection. The liquid of this bead
suspension was removed using a magnet, the beads were further dried in a vacuum oven at
50 °C for 2-4 h. The beads were resuspended in 2 mL of dry DCM, to this bead suspension
0.5 mL of N,N-diisopropylethylamine and 0.6 mL of α-bromoisobutyryl bromide were added.
The reaction tube was wrapped with aluminum foil and placed overnight on an end-over-end
shaker at room temperature (RT). Afterwards, the beads were washed with copious amounts of
DCM, washed twice with isopropanol, and subsequently twice with MilliQ water. This protocol
was adapted from previous work (chapter 3 and 4).28

5.2.5	 Surface-initiated polymerization
Surface-initiated atom transfer radical polymerization (SI-ATRP) was performed as previously
described (see chapter 2 and 3), but adapted to the use of beads and azido-SB monomer.28, 38 All
steps were performed under argon atmosphere in Schlenk flasks and solutions were transferred
via argon-flushed needles. A mixture of isopropanol/MilliQ water (20/80) was degassed by
5 min sonication and 30 min of argon bubbling. Within a glove box, 78.1 mg (0.50 mmol)
2,2’-bipyridine and 23.0 mg (0.23 mmol) of an Cu(I)Cl/Cu(II)Cl2 (9/1) mixture was added
to a Schlenk flask, the flask was then transferred to the fume hood where 8.2 mL of the
degassed isopropanol/water mixture was added. The resulting mixture was stirred for 15 min
at RT. Meanwhile, the required amount of thawed aliquot containing azido-SB monomer in
MilliQ (28.9 mg, 0.08 mmol, for pSB-co-(azido)8% beads) was transferred to a Schlenk flask,
MilliQ from this aliquot was removed under reduced pressure before the SB3 monomer (269
mg, 0.92 mmol, for pSB-co-(azido)8% beads) was added. To the monomer mixture, 900 µL of
brown copper/bipyridine-containing solution was added and stirred for 15 min at RT to fully
solubilize the monomers. Initiator-functionalized Dynabeads were resuspended in 200 µL of
isopropanol/MilliQ mixture and bubbled with argon for 10 min. The monomer-containing
ATRP solution was transferred to the beads, the flask was closed, covered with aluminum foil
and placed on a shaker at 80 rpm for 15 min at RT. The reaction was stopped by opening the
sample to air, pouring the solution into an Erlenmeyer flask and adding MilliQ while swirling,

Protein Identification by Immunoprecipitation-Mass Spectrometry Using Antifouling Microbeads | 155

until the solution turned blue (which indicates the inactivation of the copper catalyst that
typically takes ~5 sec). The pSB-co-(azido)8%-coated beads were collected using a magnet and
then washed once with isopropanol/MilliQ (1/4), twice with MilliQ water and twice with PBS
pH 7.4. The beads were stored in PBS at 4 °C until further use.

5.2.6	 Bead characterization
XPS
X-ray photoelectron spectroscopy (XPS) samples were prepared as previously described.38 In
short, beads (in MilliQ) were concentrated and dropcasted onto a piece of Si(111) (Siltronix,
N-type, phosphorus doped), which was cleaned by sonicating for 5 min in semiconductorgrade acetone followed by oxygen plasma treatment (Diener electronic, Femto A) for 5 min
at 50% power. The samples were subsequently dried in a vacuum oven (15 mbar) at 50 °C for
at least 2 h. XPS spectra were obtained using a JPS-9200 photoelectron spectrometer (JEOL,
Japan) with monochromatic Al Kα X-ray radiation at 12 kV and 20 mA. The obtained spectra
were analyzed using CASA XPS software (version 2.3.16 PR 1.6).

5.2.7	 Antibody production and purification
Monoclonal TA99 antibody (IgG2a) was produced by a hybridoma cell line obtained from the
American Tissue Culture Collection (ATCC® HB-8704™) that was cultured in Roswell Park
Memorial Institute (RPMI) medium (Lonza), supplemented with l-glutamine, 10% fetal calf
serum (FCS), 100 μg/mL penicillin and 100 μg/mL streptomycin, at 37 °C and 5% CO2. The
antibody was isolated from the hybridoma cell line supernatant by repetitive passing of the
supernatant over a Pierce Thiophilic Adsorption column (Thermo Fisher Scientific) according to
the manufacturer’s protocol. The concentration of the antibody was determined by a Nanodrop
1000 Spectrophotometer and checked for its purity using SDS-PAGE.

5.2.8	 Antibody functionalization
BCN-NHS
The antibody of choice (the mouse IgG2a TA99 or alpaca VHH anti-GFP antibody) was
concentrated and transferred to PBS (pH 6.5) buffer using Amicon Ultra 0.5 mL 0.3 kDa
Molecular Weight Cut Off (MWCO) centrifugal filter tubes (Merck Millipore) using the
manufacturer’s instructions. The antibodies were subsequently labeled at a 4 mg/mL antibody
concentration with an endo-BCN-PEG4-NHS ester (BCN-NHS) linker in a 1 : 8 ratio (assuming
that the molecular mass of the mouse IgG TA99 is 150 kDa and that of antiGFP is 14.1 kDa)
by adding the BCN-NHS linker from a stock solution in which the linker was dissolved in dry
DMF, to a final DMF concentration of 10%. The antibody was incubated with the linker under

156 | Chapter 5

ambient conditions at RT for 1 h. The reaction was stopped by removing unreacted BCN-NHS
by washing 3 times with 500 µL PBS pH 6.5 using the filter tubes (in which the first 2 times
10 min centrifugation at 2100 g was used and the third time 30 min centrifugation at 2100 g).
AZIDE-LISSAMINE STAINING
BCN-labeled antibodies (4 mg/mL) were incubated with Azide-Lissamine in PBS pH 7.4 with
an antibody/Azide-Lissamine molar ratio of 1 : 20 and a final DMSO concentration of 10%. The
reaction was carried out overnight under ambient conditions at RT, with the reaction mixture
protected from light. The resulting reaction mixture was directly used for SDS-PAGE without
further purification.

5.2.9	 Antibody attachment to beads
BCN-labeled antibodies were attached to pSB-co-(azido)8% beads (∼50 × 106 beads) at an
antibody concentration of 0.25, 1 or 4 mg/mL in PBS pH 7.4, in a final volume of 50 µL in
a PCR tube. The tube was fixed on an end-over-end shaker which was placed vertically, and
incubated overnight at RT. To obtain homogeneous attachment it is crucial to have a proper
dispersion of the beads, for further details on this, see the Supporting Information. The beads
were transferred to a 2 mL Eppendorf tube and 3 times washed with PBS pH 7.4. The beads
were stored in PBS at 4 °C.

5.2.10	  Serum biotinylation
Bovine serum was obtained and biotinylated as previously described (chapter 3 and 4).38 In
short, sera of three adult cows were pooled and heated at 56 °C for 30 min (to inactivate
complement proteins). Serum proteins were biotinylated using an EZ-Link Sulfo-NHS-LCBiotin reagent, using the manufacturer’s instructions. Assuming that the average molecular
weight of serum proteins is 70 kDa, 50 equivalents of sulfo-NHS-biotin to serum proteins
was used. The reaction was carried out at RT for 60 min. Non-bound reagents were removed
using a desalting PD-10 column (Sephadex, from GE Healthcare), following the manufacturer’s
gravitation protocol with PBS as eluent. The concentration of the obtained biotinylated
serum (Serum-Biotin) was adjusted to 10% serum solution (∼ 6 mg/mL) with PBS. Bovine
blood sample collection was approved by the Board on Animal Ethics and Experiments from
Wageningen University (DEC number: 2014005.b).

5.2.11	  Flow cytometry
TA99-functionalized pSB-co-(azido)8% beads (∼2 × 106 beads) were incubated in PBS, BSAAF488 (0.5 mg/mL) or anti-Mouse-PE (1 : 50 dilution). Serum binding was evaluated by
incubating the beads with Serum-Biotin (10% solution) followed by Strep-FITC (1 : 200

Protein Identification by Immunoprecipitation-Mass Spectrometry Using Antifouling Microbeads | 157

dilution). Specific binding of anti-Mouse-PE was evaluated by first incubating the beads in
Serum-Biotin, followed by a mixture of anti-Mouse-PE and BSA-AF488 or a mixture of antiMouse-PE and Strep-FITC. All protein solutions were diluted in PBS. Anti-GFP-functionalized
pSB-co-(azido)8% beads and Chromotek bead (2 × 106 beads per sample) were incubated in
PBS, free GFP (10 µg/mL), first by Serum-Biotin followed by Strep-PE (1 : 50 dilution) or a
mixture of GFP and Serum-Biotin followed by Strep-PE. All incubation steps were performed
for 30 min in 100 µL of total volume on an end-over-end shaker at RT and protected from
light using aluminum foil, followed by 3 times washing with 1 mL of PBS. The beads were
subsequently resuspended in 500 µL PBS, transferred to a FACS tube and analyzed with a BD
FACS Canto A (BD Biosciences) flow cytometer. For each sample, 10.000 beads were measured.
GFP, BSA-AF488 and Strep-FITC were visualized using the FITC channel, fouling was visualized
by Strep-PE using the PE channel. Data analysis was performed using FlowJo LLC Software V10.

5.2.12	  Cells
CELL CULTURE
Wild-type (WT) HeLa cells (HeLa B-50 from ATCC (CRL-12401)) and HeLa cells stably
expressing MBD3-GFP (kindly provided by prof. dr. M.Vermeulen from the Radboud Institute of
Molecular Life Sciences (RIMLS))9 were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) supplemented with 10% FCS, 100 μg/mL penicillin and 100 μg/mL streptomycin at
37 °C and 5% CO2.
CELLULAR EXTRACTS
For whole cell lysates, cells were harvested at ~90% confluency using trypsin, washed twice
with cold PBS and centrifuged at 4 °C for 5 min at 400 g. For whole cell extracts of WT HeLa
cells, the cells were resuspended in 5 pellet volumes of cold lysis buffer (150 mM NaCl, 50 mM
Tris pH 8.0, 1% NP40 and 20% glycerol) and incubated for 1 h on an end-over-end shaker at
4 °C. The cell lysates were centrifuged in Eppendorf tubes for 20 min at 21000 g (maximum
speed) and 4 °C. The supernatants were stored at −80 °C.
NUCLEAR EXTRACTS
Nuclear extracts of WT and MBD3-GFP HeLa cells were prepared according to Smits et al.9
The cells were resuspended in 5 volumes of cold Buffer A (10 mM HEPES/KOH pH 7.9, 1.5
mM MgCl2, 10 mM KCl) and incubated on ice for 10 min in a 15 mL tube. The cells were
centrifuged for 5 min at 400 g and resuspended in 2 cell volumes of Buffer A, supplemented
with 0.15% NP40 and complete protease inhibitor. The cells were transferred to a Dounce
homogenizer and after 30-40 strokes with a Type B pestle, the resulting lysate was centrifuged
for 15 min at 3200 g at 4 °C. The pellet, containing the nuclei, was washed once with 1 mL of
PBS and centrifuged for 5 min at 3900 g at 4 °C. The pellet was resuspended in 2 pellet volumes
of Buffer C (420 mM NaCl, 20 mM HEPES/KOH pH 7.9, 20% v/v glycerol, 2 mM MgCl2, 0.2

158 | Chapter 5

mM EDTA, 0.1% NP40, 0.5 mM DTT and complete protease inhibitors) and transferred to an
Eppendorf tube. The suspension was incubated for 1 h on an end-over-end shaker at 4 °C and
centrifuged for 30 min at 18000 g at 4 °C. The supernatants were aliquoted and stored at −80
°C until further use. Protein concentrations were determined using Bradford reagent.

5.2.13	  Immunoprecipitations
For each immunoprecipitation sample, ~18.6 million beads were used, which is equal to 10 µL
of Chromotek bead slurry. All measurements were carried out in triplicates. WT Hela whole cell
lysate was used for the evaluation of non-specific protein binding on the beads. Non-modified
Dynabeads, pSB-co-(aGFP)8% Dynabeads and Chromotek beads were equilibrated 3 times by
magnetic separation in whole cell lysate buffer (150 mM NaCl, 50 mM Tris pH 8.0, 20%
glycerol and 1% NP40). Next, the beads were incubated for 90 min at 4 °C with 1 mg whole
cell lysate. Beads were subsequently washed three times in whole cell lysis buffer, three times
in PBS + 1% NP40 and three times in 50 mM ammonium bicarbonate. After the washing steps,
beads were subjected to on-bead trypsin digestion (see below).
For the co-IP-MS experiments, nuclear extracts of MBD3-GFP expressing HeLa cells and WT
Hela cells were subjected to GFP enrichment using Chromotek or pSB-co-(aGFP)8% beads. In
brief, beads were equilibrated three times in buffer C by magnetic separation at 4 °C. After
equilibration, 1 mg of nuclear extract was added and the beads were incubated for 90 min at
4 °C on an end-over-end shaker. The beads were washed twice in buffer C, twice in buffer C
without NP40 and twice in 50 mM ammonium bicarbonate. For mass spectrometry analysis,
the beads were subjected to on-bead trypsin digestion (see below). For western blot analysis,
the beads were suspended in 1× Bolt™ sample buffer and boiled for 5 min. The total volume of
supernatant was used for western blotting and compared with 50 µg of the total nuclear extract
(5% of the total input used for IP).

5.2.14	  SDS-PAGE and Western blot
Antibody labeling was evaluated using Any kD Mini-PROTEAN® TGX™ Precast Protein gels
and Precision Plus Protein™ Dual Color Standards from Bio-Rad, with 10 µg protein per
sample. Fluorescently labeled proteins were visualized using a Bio-Rad ChemiDoc™ XRS+
apparatus using the standard EtBr filter (580 AF 120 Band Pass Filter) followed by staining with
GelCode® Blue Stain Reagent.
For western blot analysis of proteins subjected to IP, proteins were separated on a Bolt™
bis-tris 4-12% SDS-PAGE gradient gel (Invitrogen). After SDS-PAGE separation proteins were
blotted on a nitrocellulose membrane using the transblot turbo transfer system (Bio-Rad).
After the transfer, the membrane was blocked in 5% skimmed milk powder in tris-buffered
saline Tween-20 (TBST) for 45 min at 25 °C. The membrane was then incubated overnight at
4 °C with a mouse monoclonal anti-GFP antibody. After overnight incubation, the membrane
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was washed trice in TBST and incubated with a goat anti-mouse IgG antibody-HRP conjugate
for 60 min at RT. The membrane was washed trice in TBST and imaged on a ChemiDoc™ XRS
(BioRad) using ECL western blotting detection reagent.

Scheme 5.1   Overview of chemical modifications of antibodies and amine-terminated beads to yield
magnetic antifouling beads with coupled antibodies. Notes: (A) Functionalization of antibodies using
endo-BCN-PEG4-NHS ester (BCN-NHS) linker. The NHS part of the linker reacts with free primary amines
of the antibody to yield BCN-functionalized antibodies. (B) Installation of the ATRP initiator by reacting
α-bromoisobutyryl bromide with amine-terminated Dynabeads, followed by the copolymerization of a
standard sulfobetaine (SB) with an azide-functionalized sulfobetaine (Azido-SB) using ATRP, to generate
antifouling beads with m% of azide moieties. (C) Combining the BCN-functionalized antibodies from
(A) with the functional antifouling beads of (B) via the Strain-Promoted Azide−Alkyne Cycloaddition
(SPAAC) reaction of BCN with the incorporated azides, to create antibody-functionalized beads.
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5.2.15	  Sample preparation for mass spectrometry
Bead-precipitated proteins were subjected to on-bead trypsin digestion as described by Smith
et al.9 In brief, beads were resuspended in elution buffer (2 M urea, 100 mM Tris pH 7.5 and 10
mM DTT) and incubated for 20 min at 25 °C. After 20 min 50 mM acrylamide was added and
further incubated for 30 min at 25 °C in the dark. After alkylation, 0.35 µg of trypsin was added
and incubated overnight at 25 °C. After overnight trypsin digestion, the obtained peptides were
desalted and concentrated by C18 Stagetips according to Rappsilber et al.,39 with the modification
that on top of the Stagetips, 1 mg LiChroprep C18 beads were used. After Stagetip processing,
peptides were applied to online nano LC-MS/MS using a 60 min acetonitrile gradient from
8-50%. Spectra were recorded on a LTQ-XL mass spectrometer (Thermo Scientific) and
analyzed according to Wendrich et al.40 Data visualization was performed in Adobe Illustrator
and R. The data are represented as volcano plots in which the –10log-transformed P-values of a
False Discovery Rate (FDR)-corrected t-test are plotted against the 2log of the relative label-free
quantification (LFQ) intensities.40 Identified proteins are considered significant (black dots)
with a 2log fold-change (FC) > 2 and a P-value < 0.05, as indicated by the gray lines.

5.3

Results and Discussion

5.3.1	 Zwitterionic polymer-coated beads with azide
functionality
To obtain antifouling polymer-coated microbeads we used Surface-Initiated Atom Transfer
Radical Polymerization (SI-ATRP),41 in which the zwitterionic polymer brushes are grown
from the surface via controlled radical polymerization. SI-ATRP has become the method of
choice to create high-performance antifouling layers, as it yields densely packed coatings of
tunable thicknesses.16, 42 We combined here our previous work on antifouling beads made by
SI-ATRP38 with that on azide-functionalized coatings on flat surfaces28 (see Scheme 5.1B). The
azide functionalities can be incorporated by the copolymerization of a standard zwitterionic
sulfobetaine monomer (SB) with that of a tailor-made azide-functionalized sulfobetaine (azidoSB), enabling the incorporation of azide moieties at the desired percentages while retaining a
fully zwitterionic brush.
As the first step an ATRP initiator was installed by reacting amine-terminated magnetic
Dynabeads with bromoisobutyryl bromide as similarly as described in chapter 3. This was
followed by the copolymerization of the standard SB monomer with azido-SB, with azidoSB percentages m = 0 to 16%, to obtain pSB-co-(azido)m% beads. The successful growth of the
copolymer brushes was confirmed by XPS, showing the appearance of two sulfur peaks (168
eV for S 2p, 232 eV for S 2s) in the XPS wide scan, that originate from the negatively charged
sulfonate group (Figure 5.2A, pSB-co-(azido)8% beads). The XPS C 1s spectrum shows the C−C
peak at 285.0 eV, the carbon atoms next to a heteroatom (C−O, C−N, and C-S) at 286.2 eV
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and the carbonyl peak at 287.6 eV. The experimentally derived percentages of 48.4% (C−C),
41.5% (C−O, C−N, and C-S) and 10.1% (carbonyl) fit well to the theoretical percentages of
50%, 41.6% and 8.3%, respectively. The 1 : 1 ratio of the positively charged ammonium (402.4
eV) and amide (399.5 eV) peaks that is characteristic for these amide-linked zwitterionic
moieties is clearly seen in the XPS N 1s spectrum (Figure 5.2C), confirming polymer brushes
of sufficient thickness.38 Moreover, from deconvolution of the N 1s spectrum of pSB-co(azido)8% beads, two additional peaks (400.8 and 404.6 eV, 2 : 1 ratio) can be discerned that
correspond to the azide functionalities of the incorporated azido-SB monomers. Based on the
area of those azide peaks, it follows that 7% of azido-SB was incorporated within the polymer
brushes, which is close to the aimed 8% azido-SB. The azide peaks fitted in Figure 5.2C are near
the limit of detection by XPS; for more pronounced azide peaks see Supporting Information

Figure 5.2   (A) XPS wide scans, (B) XPS C 1s narrow scans and (C) XPS N 1s narrow scans of pSB-co(azido)8% beads. The spectra show the successful growth of zwitterionic copolymer brushes of SB and
azido-SB monomer from Dynabeads. The Si peaks in the wide scans correspond to the silicon substrate
onto which the beads were drop casted prior to XPS analysis.
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Figure S5.3, which shows the N 1s spectrum of pSB-co-(azido)16% beads. In line with this, the
azide signals of pSB-co-(azido)m% beads with m ≤ 4% were too low to be detected in the XPS 1
Ns spectra (data not shown). The XPS wide scans and the C and N 1s spectra of pSB-co-(azido)
beads are virtually identical to previously shown azido-SB brushes on flat surfaces (Figure
m%
2.3 and Figure S2.7).28

5.3.2	 Antibody coupling to antifouling beads
The introduction of azide moieties within the antifouling coating allows for the
functionalization of the polymer brushes via click chemistry, e.g. by the Copper-Catalyzed
Azide−Alkyne Cycloaddition (CuAAC)43 or Strain-Promoted Azide−Alkyne Cycloaddition
(SPAAC).44 We have previously shown the incorporation of mannose and biotin on zwitterionic
sulfobetaine polymer-coated beads via CuAAC and SPAAC, respectively (see chapter 3).38 To
use the antifouling beads for immunoprecipitations, the beads need to be functionalized with
antibodies. A commercially available BCN-NHS linker was chosen to couple antibodies to the
pSB-co-(azido)m% beads (see Scheme 5.1). The primary amines of the antibody can react with
the NHS group to form a stable covalent amide bond, while the BCN moiety can react with
the azides within the polymer layer via the aforementioned SPAAC reaction, to form a stable
triazole ring. Antibodies were first reacted with the BCN-NHS linker followed by reacting
the BCN-antibody conjugate with pSB-co-(azido)m% beads, as this allows for the removal of
unreacted or hydrolyzed BCN-NHS linker from the samples. When the linker would be first
attached to the beads (overnight reaction) the NHS group could get hydrolyzed, lowering the
amount of attachment sites for the antibody onto the beads. Moreover, unreacted NHS sites
after antibody coupling would need to be blocked to prevent unspecific protein coupling to
the beads in later steps. Both inconveniencies are avoided when first the antibodies are reacted
with the linker; the remaining linker is then washed away before coupling the antibodies to
the beads. In addition, to prevent antibody aggregation and obtain sufficient labeling, it turned
out that the antibody concentration and pH during the reaction were both crucial. From pilot
experiments it was established that the best results were obtained when the BCN-NHS labeling
of antibodies was carried out at pH 6.5 at 4 mg/mL antibody concentration.
The monoclonal mouse IgG2a TA99 antibody against tyrosinase-related protein 1 (TYRP1),45
which is expressed on melanoma cells, was used as a model antibody to optimize the antibody
coupling to pSB-co-(azido)m% beads.The attachment of the BCN-NHS linker to obtain BCN-TA99
was evaluated by reacting the BCN-TA99 conjugate with an azide-functionalized fluorophore:
Azide-Lissamine. Unmodified TA99, BCN-TA99 and Lissamine-TA99 were loaded on an SDSPAGE gel, after which a fluorescence image was taken to visualize the Lissamine, followed by
Coomassie blue staining (see Figure 5.3; see Supporting Information Figure S5.4 for full-size
gel images). The Coomassie-stained gel showed clear bands corresponding to the heavy (50
kDa) and the light chain (25 kDa) of the TA99 antibody in all samples. The fluorescence image
only showed the heavy and light chain of Lissamine-TA99, confirming the successful reaction
of BCN-NHS with TA99 and the subsequent reaction of BCN-NHS with Azide-Lissamine.
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Figure 5.3   Coupling efficiency and antifouling performance of TA99 antibody to pSB-co-(azido)8%
(pSB) beads. (A) Evaluation of BCN-NHS coupling to TA99 antibody by SDS-PAGE analysis. Untreated TA99
antibody, TA99 labeled with BCN-NHS (BCN-TA99), and BCN-TA99 reacted with Azide-Lissamine (LissTA99) are visualized by fluorescence and Coomassie blue staining. (B) Representative flow cytometry
data of non-modified Dynabeads (NM), pSB-co-(azido)8% (pSB) and pSB-co-(TA99)8% (pSB-TA99) beads
measured for their antibody attachment and antifouling performance. The TA99 antibody attachment is
visualized using an aMouse-PE antibody, fouling is measured by incubating the pSB-co-(TA99)8% beads
in 10% Serum-Biotin followed by staining with Strep-FITC. (C) Flow cytometry data of (B) depicted as
bar plot based on the median fluorescent intensities (MFI). MFI values were corrected by subtracting the
corresponding auto-fluorescence values of beads incubated in PBS.
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Subsequently, the attachment of BCN-TA99 to pSB-co-(azido)m% beads to create pSB-co-(TA99)
beads was investigated using flow cytometry. The percentage of azido-SB was varied from
m%
m = 0, 2, 4, 8 to 16%, and the TA99 antibody concentration during the coupling reaction to
beads was varied from 0.5, 1, 2, 4 to 8 mg/mL (see Supporting Information Figure S5.8 and
Figure S5.9). The antibody attachment was evaluated by fluorescence using a phycoerythrinconjugated goat anti-mouse antibody (aMouse-PE). Figure 5.3B displays pSB-co-(TA99)8%
beads that were made using a 4 mg/mL BCN-TA99 antibody concentration. A clear shift in
fluorescence intensity was seen for pSB-co-(TA99)8% beads stained with aMouse-PE as compared
to pSB-co-(azido)8% beads in PBS, indicating successful attachment of TA99 onto the polymercoated beads. Staining pSB-co-(azido)8% beads with aMouse-PE did not result in any change in
fluorescence intensity, excluding the possibility of non-specific binding of aMouse-PE antibody
to the polymer-coated beads.
The antifouling performance of the beads was examined by staining with fluorescently labeled
BSA (BSA-AF488) or biotinylated serum (Serum-Biotin) followed by fluorescently labeled
streptavidin (Strep-FITC). pSB-co-(azido)8% and pSB-co-(TA99)8% beads did not show any
increase in BSA-AF488 binding as seen by the fluorescence intensity within the FITC channel,
when compared to the corresponding beads incubated in PBS (Figure S5.7), proving their
antifouling behavior against single-protein solutions. The beads were also incubated in the
more challenging 10% biotinylated serum solution. This serum solution has a 12 times higher
total protein concentration than the BSA-AF488 solution, and also contains a whole range
of other proteins of which several, like naturally occurring immunoglobulins, were found
on PEG-based surfaces that were exposed to blood plasma.46 pSB-co-(TA99)8% beads stained
with Serum-Biotin followed by Strep-FITC showed an increase in fluorescence as compared to
the PBS control (Figure 5.3). However, the increase is significantly less (factor five based on
the median fluorescence intensity (MFI)) than the non-specific adsorption of serum proteins
on non-modified Dynabeads (NM). Despite the attachment of an antibody, the antifouling
properties of the pSB-co-(azido)8% beads could therefore largely be maintained. We choose
pSB-co-(azido)8% beads combined with antibody coupling at 4 mg/mL as the optimal balance
between high-loading of antibody versus fouling.

5.3.3	 Antifouling anti-GFP beads
To make a generic bead suitable for IP-MS experiments, pSB-co-(azido)8% beads were
functionalized with antibodies against the Green Fluorescence Protein (GFP). GFP is widely
used, among many other applications, in the form of a fusion protein as an epitope tag.12, 47 A
genetic fusion between a gene of interest and the gene encoding GFP is readily obtained using
standard molecular cloning techniques; the fused genes can subsequently be expressed in cells
or whole organisms.47-48 The GFP fusion proteins may then be used for multiple purposes
including the visualization of dynamic cellular events, determination of protein localization and
for biochemical pull-down assays including co-immunoprecipitations.9, 49 The use of an epitope
tag like GFP or His for IP-MS experiments has several advantages: excellent antibodies against
e.g. GFP are readily available, whereas the availability of antibodies against endogenous proteins
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Figure 5.4   Coupling efficiency and antifouling performance of aGFP antibody to pSB beads. (A)
Evaluation of BCN-NHS coupling to aGFP by SDS-PAGE analysis. Untreated aGFP antibody, aGFP labeled
with BCN-NHS (BCN-aGFP), and BCN-aGFP reacted with Azide-Lissamine (Liss-aGFP) are visualized
by fluorescence and Coomassie blue staining. (B) Flow cytometry data of pSB-co-(azido)8% (pSB) beads,
pSB-co-(aGFP)8% (pSB-aGFP) beads prepared using a 4 mg/mL aGFP concentration and non-modified
Dynabeads (NM). aGFP antibody attachment is visualized by capturing free GFP and fouling by incubating
with 10% Serum-Biotin followed by staining with Strep-PE. (C) Flow cytometry data of (B) depicted as
bar plot based on the median fluorescent intensities (MFI). MFI values are corrected for auto-fluorescence
by subtracting MFI values of beads incubated in PBS.
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is limited and they vary highly in affinity and specificity. Besides that, despite its relative large
size of 27 kDa, GFP itself has no major contribution in the co-purification of contaminating
proteins.12 We therefore generated a generic antifouling bead that can be used to pull-down
GFP-fusion proteins by attaching an antibody against GFP (aGFP) to pSB-co-(azido)8% beads.
To minimize the increase of non-specific binding upon loading the zwitterionic coating with
proteins,50 only the variable domains (VHH domain) from an anti-GFP heavy chain antibody
– i.e. the part that actually binds to the antigen – also known as nanobodies obtained from
camelids,51 were used to capture GFP.
Similar to TA99, aGFP was labeled with BCN-NHS at a 1 : 8 antibody to linker ratio and the
reaction was evaluated using Azide-Lissamine, followed by SDS-PAGE analysis (see Figure 5.4).
As can be seen from the fluorescence image, Liss-aGFP is visible at the expected size of 14.1 kDa,
indicating successful labeling of aGFP by BCN-NHS. The BCN-aGFP antibody was then coupled
to pSB-co-(azido)8% beads to obtain pSB-co-(aGFP)8% beads and those beads were then analyzed
by flow cytometry (Figure 5.4).The attachment of BCN-aGFP to the beads was indirectly proven
by capturing free GFP, which was spiked in biotinylated serum. Compared to the PBS control,
there is no detectable shift in fluorescence of GFP to the antifouling pSB-co-(azido)8% beads
without coupled anti-GFP, demonstrating that GFP does not adsorb in a non-specific manner.
With the pSB-co-(aGFP)8% beads however, there is a clear increase in fluorescence intensity and
therefore a significant amount of selectively captured GFP. The antifouling performance of the
pSB-co-(aGFP)8% beads was measured by staining the in Serum-Biotin incubated beads with
Strep-PE. Similar to pSB-co-(TA99)8% beads fouling was observed, but significantly less than
on non-modified Dynabeads (factor eight). With the pSB-co-(aGFP)8% beads a factor eight less
fouling was observed compared to non-modified beads, while with pSB-co-(TA99)8% beads a
factor five less fouling was obtained. This can most likely be attributed to the aforementioned
smaller size of the aGFP antibody as compared to TA99, which aids to reduce the amount of
non-specific protein binding.
Here and in previous work (chapter 3)38 we have established that the pSB-co-(azido)m% beads
prevent or reduce fouling significantly compared to corresponding non-modified beads. To
benchmark the performance of pSB-co-(aGFP)8% beads, both regarding GFP binding efficiency
and antifouling properties, a comparison was made with commercially available magnetic
Chromotek GFP-Trap® beads. These beads are specifically intended for immunoprecipitation,
and are already coated with anti-GFP antibodies, and these and similar type of beads are often
used for immunoprecipitations targeting GFP-fusion proteins.9, 52-53 Our pSB-co-(aGFP)8% beads
were prepared with the exact same alpaca anti-GFP VHH domain antibody as on the Chromotek
beads, enabling a fair comparison between the two types of beads. The Chromotek beads were
compared with pSB-co-(aGFP)8% beads that were prepared at a BCN-aGFP concentration of 0,
0.25, 1 or 4 mg/mL. The pSB-co-(aGFP)8% beads prepared at 0 mg/mL are identical to the pSBco-(azido)8% beads. All beads were incubated with 10% biotinylated serum solution, which was
spiked with free GFP, followed by a subsequent staining with Strep-PE. The Chromotek beads
appear less monodisperse than the Dynabeads (see Supporting Information Figure S5.10), as
can be seen from the forward and side scatter flow cytometry plots. The forward scattering
is a measure for the size of the particles being measured. Based on size, clear distinct groups
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(populations) could be discriminated for single, double and multiple Dynabeads. Chromotek
beads on the other hand show such large diversity in size that it was not possible to only select
(gate for) the single beads. In order to make a fair comparison between the Dynabeads and
Chromotek beads, all beads were used for further analysis, whether singlets or not.

Figure 5.5   Flow cytometry data of non-modified Dynabeads, pSB-co-(aGFP)8% beads prepared with
an aGFP antibody concentration of 0, 0.25, 1 or 4 mg/mL, and commercial aGFP Chromotek beads.
All beads were incubated in PBS or in a protein mixture of free GFP (10 µg/mL) and serum proteins
(10% Serum-Biotin), followed by staining with Strep-PE. Serum binding was measured in the PE channel
whereas GFP capture was measured using the FITC channel. Median Fluorescence Intensities (MFI) of
each sample were corrected by subtracting the PBS values of their corresponding samples.

For each bead event measured by flow cytometry, fouling in the PE channel and GFP capture
in the FITC channel were measured simultaneously. Figure 5.5 summarizes the intensities
of 10,000 bead events per sample. The depicted median fluorescence intensities (MFI) were
corrected for the MFI of beads incubated in PBS. All pSB-co-(aGFP)8% beads show substantial
reduction in fouling compared to non-modified Dynabeads, and a slight increase in fouling
with increasing amount of attached antibody. Chromotek beads showed to be even more
fouling than non-modified Dynabeads. When comparing the amount of captured GFP, there is
negligible non-specific binding of GFP to non-modified Dynabeads and pSB-co-(azido)8% beads
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(the 0 mg/mL sample), but clear GFP binding by all three pSB-co-(aGFP)8% beads in an almost
linear relationship. The amount of captured GFP protein by Chromotek beads was comparable to
pSB-co-(aGFP)8% beads prepared with 4 mg/mL aGFP. In the subsequent immunoprecipitation
experiments we therefore used the 4 mg/mL pSB-co-(aGFP)8% beads.
In Figure 5.5 (aGFP) and Figure S5.8 (TA99) it was observed that coupling of an increased
amount of antibody to the beads, leads to increased fouling on those beads. In other words,
when using a highly efficient antifouling coating the amount of fouling is largely determined
by the amount of attached antibody. The amount of antibody coupled to the beads can be varied
in three ways: a) by changing the percentage of incorporated azido-SB (higher percentages
leads to more antibody attachment, see Supporting Information Figure S5.8), b) by varying the
antibody concentration during the coupling of the BCN-antibody to the azide-bearing beads
(higher concentration leads to more antibody attachment, Figure 5.5 and Figure S5.9), and c)
by changing the BCN-NHS to antibody ratio (data not shown). Depending on the application,
the balance between on the one hand high antibody loading and corresponding binding
capacity, and on the other hand fouling might differ and thus can be optimized accordingly.

5.3.4	 Immunoprecipitations using antifouling beads
Since pSB-co-(aGFP)8% beads could capture similar amounts of GFP as commercial
Chromotek GFP-Trap® beads (Figure 5.5) – but with much less non-specific binding – it
was anticipated that the pSB-co-(aGFP)8% beads had sufficient antibody loading for their use
in immunoprecipitations in which GFP-fusion proteins are captured from cellular extracts at
endogenous concentrations. To test this, nuclear extracts were prepared from WT and MBD3GFP expressing HeLa cell lines. The MBD3-GFP transgene was created using bacterial artificial
chromosome (BAC) recombineering to ensure near endogenous MBD3-GFP protein expression
to avoid artifacts associated with overexpression.48, 54 The MBD3 protein is known to bind
to hydroxymethylated DNA and assembles in the Nucleosome Remodeling and Deacetylase
(NuRD) complex. The MBD3/NuRD complex has been well characterized55-56 and Chromotek
beads have been previously used for immunoprecipitations targeting MBD3-GFP, followed by
label-free quantitative mass spectrometry-based protein analysis.9 Hence, targeting MBD3-GFP
and its interaction partners by commercial Chromotek beads serves as an adequate approach by
which we can compare our novel pSB-co-(aGFP)8% beads.
The ability of pSB-co-(aGFP)8% beads to capture MBD3-GFP in an immunoprecipitation
experiment was first investigated by incubating the beads in MBD3-GFP-containing nuclear
extract, the proteins that were bound by the beads were analyzed by western blotting (see Figure
5.6). After the immunoprecipitation, a thick and clear GFP band is seen (the band indicated
as ‘bound’) which demonstrates that the pSB-co-(aGFP)8% beads are capable of capturing GFPfusion proteins at endogenous expression levels. These positive results prompted us to use the
pSB-co-(aGFP)8% beads in an comparative IP-MS experiment with Chromotek beads targeting
MBD3-GFP.
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To evaluate the amount of non-specific binding on non-modified, pSB-co-(azido)8% and
Chromotek beads in an immunoprecipitation experiment, the beads were first incubated in
whole cell lysate prepared from WT Hela cells (i.e. without the MBD3-GFP target protein)
and analyzed by nano LC-MS/MS. The data were visualized in volcano plots (see Figure 5.7A
and 5.7B) in which the statistical significance of identified proteins, represented as dots, is
plotted against the relative label-free quantification intensities (LFQ) between two samples. In
other words, the x-axis shows the relative difference between the samples where the protein
intensities of a first sample is related to that of a second sample and expressed as an exponent
of two. Statistical significant proteins are presented as black dots, the grey lines represent the
set thresholds. In whole cell lysates of WT Hela cells, 47 non-specifically bound proteins were
identified as being significant for the non-modified Dynabeads as compared to 6 proteins
for the pSB-co-(azido)8% beads. Likewise, 71 proteins were identified using Chromotek beads
compared to 18 proteins with pSB-co-(azido)8% beads. This shows also by IP-MS that the azidoSB coating greatly reduces the amount of non-specifically bound proteins, which were – in an
analysis of the individual dots in the volcano plot – largely identified as ribosomal proteins.

Figure 5.6   Western blot analysis before (input) and after immunoprecipitation (bound) with pSBco-(aGFP)8% beads and nuclear extracts of MBD3-GFP expressing HeLa cells. The input loaded on gel
corresponds to 5% of the total amount of nuclear extract that was used before immunoprecipitation. The
total amount of bound proteins was loaded on gel after immunoprecipitation

Having established a reduced amount of fouling on pSB-co-(aGFP)8% beads as compared to
the Chromotek beads, the beads were subjected to co-IP-MS using MBD3-GFP-containing
HeLa extracts. In an ideal co-IP experiment, only the bait protein (in this case the MBD3-GFP
protein) and its interaction partners are detected, as any other protein might incorrectly be
acknowledged as a binding partner of the bait protein. When using tagged/fusion proteins as
bait protein for IP-MS, it is common practice to minimize the risk of false positives by using
as a control a protein extract identical to that of the bait protein, but without the tagged bait
protein itself.9 Only the proteins that are enriched (i.e. with a 2log(FC) > 2) in the protein
extract expressing the tagged bait protein, are considered as valuable candidates. The same
methodology was followed here: pSB-co-(aGFP)8% and Chromotek beads were separately
incubated in nuclear extracts of MBD3-GFP expressing HeLa cells (bait samples) as well as in
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Figure 5.7   Mass spectrometry-based analysis of protein enrichment using non-modified, pSB-co(azido)8%, pSB-co-(aGFP)8% and Chromotek beads represented as volcano plots. Statistically enriched
proteins are identified using a FDR-corrected t-test. The –10log-transformed P-values of the t-test (y-axis)
are plotted against the relative label-free quantification (LFQ) intensities (x-axis). Proteins are considered
significant (black dots) with a 2log fold-change (FC) > 2 and a P-value < 0.05, as indicated by the grey
lines. A) Non-modified and pSB-co-(azido)8% beads subjected to WT Hela whole cell lysate, B) pSB-co(aGFP)8% and Chromotek bead subjected to WT HeLa whole cell lysate, and C) pSB-co-(aGFP)8% and D)
Chromotek beads incubated in either WT HeLa nuclear extract or MBD3-GFP HeLa nuclear extract.
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nuclear extracts of WT HeLa cells (control samples). Under the conditions tested, only one
relevant known interaction partner (GATAD2A) of MBD3 was identified with the Chromotek
beads (see Figure 5.7D). The bait MBD3-GFP fusion protein as well some other proteins of the
NuRD complex were only visible within the background, while at the same time five proteins
were incorrectly identified as statistically relevant. Our pSB-co-(aGFP)8% beads on the other
hand, were capable of enriching the MBD3-GFP protein (highlighted in green, Figure 5.7C)
and identifying eight known interaction partners of MBD3.9, 55-56 Only one protein (presented
as a red dot in Figure 5.7C), close to the FC > 2 threshold, could not be identified as one of the
MBD3 interaction partners and is therefore expected to be a non-specific binder. Noteworthy,
the total number of detected proteins was much higher for the Chromotek beads than for the
pSB-co-(aGFP)8% beads, whereas the amount of meaningful identified proteins, proteins from
the NuRD complex, was considerable higher for the pSB-co-(aGFP)8% beads. As the number of
beads, nuclear extract solutions and the reaction conditions were identical for both type of
beads, and the amount of GFP captured in flow cytometry experiments was highly similar, the
difference between them can be attributed to their difference in fouling. The fouling proteins
do not only increase the risk of incorrectly identified protein-protein interactions but also
hamper the identification of true interactors (as seen here for the Chromotek beads). These
results stress the importance of reducing the non-specific binding of proteins within an IP-MS
experiment. We have shown here that, in parallel with other strategies, antifouling beads can
facilitate the identification of novel protein-protein interactions.

5.4

Conclusion

The use of antifouling antibody-coated beads that can be used within existing IP-MS procedures
strongly reduces the amount of contaminating proteins, resulting in both a strong reduction
in false positively identified protein-protein interactions and a more sensitive detection of true
association partners. Such antifouling sulfobetaine-based polymer brushes were obtained by
the copolymerization from the surface of microbeads of a standard sulfobetaine (SB) and an
functionalizable azide-containing sulfobetaine (azido-SB), followed by the coupling of antiGFP nanobodies. The antifouling anti-GFP beads showed similar GFP binding efficiency but
significantly decreased fouling as compared to commercially available Chromotek beads. As
a result, within a co-IP-MS experiment, the antifouling beads displayed enrichment of the
bait protein MBD3-GFP, together with seven other proteins which are known to operate in
the same protein complex as MBD3, together with a strongly reduced amount of fouling. We
hereby show the importance of reducing the non-specific binding of proteins within IP-MS
experiments and demonstrate that the incorporation of antifouling coatings has great potential
in diminishing contaminating proteins which can strongly facilitate the identification of true
protein-protein interactions.
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5.7

Supporting Information

5.7.1	 Additional XPS spectra

Figure S5.1   XPS spectra of non-modified Dynabeads: (A) wide scan and narrow scans of (B) N 1s and
(C) C 1s. C’ probably originates from a C–O or C–N species.
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Figure S5.2   XPS spectra of Dynabeads functionalized with α-bromoisobutyryl bromide: (A) wide scan
and narrow scans of (B) N 1s and (C) C 1s. The peak labeled as C’ originates from the bare Dynabead
(see Figure S5.1).
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Figure S5.3   XPS wide scans (left) and XPS N 1s narrow scans (right) of pSB-co-(azido)16% beads. The
spectra show the successful growth of zwitterionic copolymer brushes of SB and azido-SB monomer from
beads as seen by the appearance of sulfur signals in the wide scans, the 1 : 1 ratio of ammonium versus
amide nitrogen peak and the appearance of N 1s azide peaks.

5.7.2	 Obtaining homogeneous bead samples
In order to obtain homogeneous samples, i.e. sharp peaks by flow cytometry, it is essential to
keep the beads in suspension during all steps as the beads settle quickly. In the first step, where
amine-terminated Dynabeads are reacted with α-bromoisobutyryl bromide, this is achieved
by placing the reaction tube on an end-over-end shaker. During ATRP, the homogeneity of
the samples is maintained by shaking on an incubator shaker at 80 rpm. We used a wide flask
(diameter of ~3.5 cm) with a round shaped bottom under an angle of approximately 45° to
create a large surface area (if the tube that is used is too narrow the beads will settle despite
the shaking). All functionalization, staining and protein incubation steps were performed in
separate PCR tubes which were taped on an end-over-end shaker (4 rpm) of which the rotating
wheel was placed exactly perpendicular to the table. If the rotating wheel is placed under an
angle the beads will settle against the wall of the tube, which should be avoided. The smaller
the volume the more challenging it becomes to keep all beads in suspension. The narrow PCR
tubes ensure that the suspension will stay at the bottom of the PCR tube, gravity together with
rotation will keep the beads in suspension. Volumes ranging from 20-150 µL can be reliably
used when using the PCR tubes. When larger volumes are desired, 2 mL Eppendorf tubes can
be reliably used with volumes ≥ 200 µL. In this case the exact placement of the tube on the
end-over-end shaker is less crucial as the entire bead volume will be ‘rolling’ through the tube
(for this reason 1.5 mL Eppendorf tubes together with small volumes are less suitable as part of
the sample will be retained at the bottom of the tube and part is likely to get stuck in the lid,
leading to inhomogeneous samples). We used a maximum of 2 × 106 beads per µL of sample.
It is also recommended to quickly collect all beads after each incubation step by a pulse spin of
a few seconds in an Eppendorf centrifuge.
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5.7.3	 Full size SDS-PAGE gels

Figure S5.4   Full size SDS-PAGE gel of untreated TA99 antibody, TA99 labeled with BCN-NHS (BCNTA99), and BCN-TA99 reacted with Azide-Lissamine (Liss-TA99). Visualization by fluorescence (left)
using Bio-Rad ChemiDoc™ XRS+ with standard 580 AF 120 filter followed by Coomassie blue staining
(right). The very bright band at low molecular weight corresponds to free Azide-Lissamine.

Figure S5.5   Full size SDS-PAGE gel of untreated aGFP antibody, aGFP labeled with BCN-NHS (BCNaGFP), and BCN-aGFP reacted with Azide-Lissamine (Lissamine-aGFP). Visualization by fluorescence (left)
using Bio-Rad ChemiDoc™ XRS+ with standard 580 AF 120 filter followed by Coomassie blue staining
(right). The very bright band at low molecular weight corresponds to free Azide-Lissamine.

180 | Chapter 5

5.7.4	 Additional flow cytometry data

Figure S5.6   Typical side/forward scatter plot of Dynabeads as obtained by flow cytometry. A total of
10.000 single beads were acquired per sample and used in further analysis. This type of gating was used
for Figure 5.3, Figure 5.4, Figure S5.7 and Figure S5.8.

Figure S5.7   Typical flow cytometry data of pSB-co-(TA99)8% beads. In the PE channel (left), pSB-co(TA99)8% beads in either PBS or stained with an anti-Mouse-PE antibody are shown. The FITC channel
(right) shows pSB-co-(TA99)8% beads in PBS and incubated with BSA-AF488, as well as pSB and nonmodified (NM) beads incubated with BSA-AF488. This data confirms the attachment of TA99 by the
fluorescence increase of anti-Mouse-PE stained beads and the resistance of these beads against the nonspecific binding of BSA-AF488 to these beads.
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Figure S5.8   Flow cytometry data of pSB-co-(TA99)m% beads. In PE channel (left), pSB-co-(TA99)m% beads
in PBS and with anti-Mouse-PE antibody staining are shown (m = 2, 4, and 16%). The FITC channel
(right) shows pSB-co-(TA99)0% and non-modified (NM) beads in PBS, and NM and pSB-co-(TA99)m% (m
= 0, 2, 4, 16) beads incubated with Serum-Biotin followed by Strep-FITC. This data shows the increased
TA99 attachment with increasing azido percentages. Increased fouling is observed for increased TA99
attachment, although the amount of fouling is still significantly lower than for NM beads.

Figure S5.9   Flow cytometry data of pSB-co-(TA99)8% beads. pSB-co-(TA99)8% beads in PBS are shown
together with pSB-co-(TA99)8% beads prepared by using 0.5, 1, 2, 4 or 8 mg/mL TA99. Beads were
stained using an anti-Mouse-PE antibody. This data shows the increased TA99 attachment with increasing
TA99 concentration in the preparation of pSB-co-(TA99)8% beads.
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Figure S5.10   Example of flow cytometry gating for the comparison of Dynabeads and Chromotek
beads. All bead events are selected, 10.000 bead events were measured per sample. This type of gating was
used for Figure 5.5.

5.7.5	 Additional nano LC-MS/MS data

Figure S5.11   Mass spectrometry-based analysis of protein enrichment using non-modified, pSB-co(azido)8%, pSB-co-(aGFP)8% and Chromotek beads represented as volcano plots. Statistically enriched
proteins are identified using a FDR-corrected t-test. The relative label-free quantification (LFQ) intensities
(x-axis) are plotted against the –10log-transformed P-values of the t-test (y-axis). A) Non-modified and
Chromotek beads, and B) pSB-co-(azido)8% and pSB-co-(aGFP)8% beads, subjected to WT HeLa whole cell
lysate.
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Abstract
Particles (nano- to micron-sized) represent highly promising platforms for drug delivery,
particle-based vaccines and in vivo imaging. One of the major obstacles to fulfill the
potential of these particles is the formation of a protein corona by non-specific adsorption
of proteins onto the particle surface. The formation of a protein corona promotes not only
adverse effects such as clearance from the blood stream by cells from the mononuclear
phagocytic system, like macrophages, but also inflammation and uncontrolled localization.
Poly(ethylene glycol) (PEG) has been used as antifouling material to prevent protein
adsorption onto particles. To overcome the limitations of PEG-based coatings in terms of
antifouling performance and immunogenicity, zwitterionic polymer brushes grown from
a surface have been shown to have excellent antifouling properties and attachment of such
coatings onto the particles is therefore of high interest to advance the use of these particles
in biomedical applications. In this study, we show that such a zwitterionic coating strongly
reduces fouling and creates ‘stealth’ beads that remain nearly invisible for macrophages,
resulting in strongly reduced phagocytosis of these beads. Immobilization of ovalbumin
on these antifouling beads did not affect their stealth characteristics. However, when the
beads were specifically targeted to the Fc gamma receptor on macrophages by binding
of ovalbumin-specific antibodies of the IgG2a isotype, they were efficiently phagocytosed.
These results show the high potential of functionalized zwitterionic polymer brushes for
in vivo particle-based applications.
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6.1

Introduction

Spatially and temporally controlled drug delivery strategies are in high demand, as controlled
release of drugs at specific therapeutic sites can significantly lower the systemic drug dose and
prevent damage to healthy tissues.This contributes to a better disease treatment and quality of life
of treated patients.1 A new area in this field is the development of theranostics: nanotherapeutic
systems that can simultaneously diagnose cancer, deliver therapy and monitor the effect of the
therapy.2-4 Theranostics often rely on nanoparticles that can both be used for imaging as well as
for drug delivery.2, 4 The major obstacle to fulfill the potential of these multi-functional particles
is their rapid clearance from the blood stream by the mononuclear phagocytic system (MPS).1
Macrophages of the MPS have the ability to remove the nanoparticles from the blood stream
within seconds after intravenous administration, preventing the therapeutic agents to reach
their target site.5-6 The macrophages typically recognize the particles by so-called opsonins
that become non-specifically bound to the particle upon in vivo administration, and which
are often referred to as a protein corona.7 Opsonins are those blood serum proteins that aid
in phagocytic recognition, such as complement proteins C3-5 and immunoglobulins.1, 8 The
formation of a protein corona does not only prevent a drug carrier to reach its target site, but
can also cause the accumulation of carriers in tissues of the MPS, resulting in inflammation,
release of toxic products as well as to uncontrolled localization.9 It is evident that prevention of
non-specific adsorption of opsonins to theranostic particles is highly desired.
An often employed strategy to avoid the formation of a protein corona is through the incorporation
of protein-repellent (also referred to as antifouling) materials. To achieve this, poly(ethylene
glycol) (PEG) is most commonly utilized.3, 10-11 Despite the frequent use of PEGylated particles,
PEG has various shortcomings. The protein-repellent capacity of PEG materials in body fluids is
limited,12 PEG is prone to oxidative damage13-14 and enzymatic degradation of PEG molecules
has been shown to produce toxic metabolites upon in vivo administration.15-16 In addition,
anti-PEG antibodies have been detected on several occasions in response to injected PEGylated
particles.16-17 The formation of anti-PEG antibodies has adverse effects on PEGylated drug
carriers as it leads to fast clearance of the drug vehicles due to antibody-mediated phagocytosis.
These limitations have shifted the development towards zwitterionic particles.9 Zwitterions
are defined as molecules that bear both positive and negative charges, but are overall charge
neutral. Zwitterionic polymer brush coatings have been shown to have excellent antifouling
properties, which can be attributed to a layer of tightly bound water molecules, also referred
to as a hydration layer, that prevents proteins from adsorbing to the zwitterionic coating.18-19
On flat surfaces, it has been shown that the best zwitterionic antifouling coatings are prepared
by the grafting from approach using Surface-Initiated Atom Transfer Polymerization (SI-ATRP), in
which polymers are grown from the surface (see chapter 2).18, 20-21 This method yields polymer
brush coatings of high density with excellent antifouling properties.22 This method has,
however, hardly been used on solid particles. Studies that utilize zwitterionic polymer brushcoated particles are typically used for other applications than avoiding phagocytic clearance,
such as improved stability of immobilized enzymes23 or antimicrobial activity.24 To the best of
our knowledge, only one study by Jiang et al.,25 reported the use of zwitterionic polymer brush-
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coated nanoparticles to avoid phagocytic uptake. However, functionalization and targeting of
these particles to specific cell types was not part of this study.
Building on the work described in chapters 3-5 on zwitterionic polymer brush-coated beads,
here we show a proof-of-principle study with the antifouling microbeads prepared via SIATRP that can effectively prevent phagocytosis by murine macrophages. Fluorescent beads
were used to enable quantification of their internalization by flow cytometry and confocal
microscopy. The incorporation of functional zwitterionic monomers allowed for the effective
modification of the brushes with proteins and antibodies. Functionalization with the model
protein ovalbumin (OVA), did not lead to an increase in phagocytosis, illustrating the stealth
character of the zwitterionic polymer brush-coated beads. In addition, we show the targeting
of antigen-presenting cells via the direct and indirect labeling of IgG2a antibodies onto the
antifouling beads, leading to Fc gamma receptor-mediated phagocytosis. This shows the high
potential of antifouling ZPB-coated particles, functionalized with specific recognition elements
for the targeting of specific cells.

6.2

Materials and methods

6.2.1	 Materials
All chemicals and solvents were used without further purification. Anhydrous dimethylsulfoxide
(DMSO), 2-bromoisobutanoic acid N-hydroxysuccinimide ester, bovine serum albumin (BSA),
albumin (OVA) chicken egg grade VII, and monoclonal anti-chicken egg albumin antibody
(anti-OVA IgG1, OVA-14, ascites fluid) were purchased from Sigma-Aldrich. SPHERO™ Amino
Fluorescent Pink Magnetic Particles (Spherotech beads) were obtained from Spherotech,
Dynabeads M-270 amine from Invitrogen Life Technologies, fetal calf serum (FCS) from Gibco,
and Roswell Park Memorial Institute (RPMI) medium from Lonza. DRAQ7 was purchased from
BioStatus, streptavidin-phycoerythrin (Strep-PE) conjugate from eBioscience, bovine serum
albumin-Alexa Fluor 488 conjugate (BSA-AF488) from Thermo Fisher, and endo-BCN-PEG4NHS ester (BCN-NHS) from tebu-bio. Phycoerythrin (PE) conjugated goat anti-mouse IgG
antibody (aMouse-PE, clone: Poly4053, 0.2 mg/mL) and anti-chicken ovalbumin antibody
(anti-OVA IgG2a, clone TOSGAA1, 0.5 mg/mL) were bought from BioLegend. MilliQ was
produced with a MilliQ Integral 3 system (Millipore).

6.2.2	 Synthesis
The syntheses of 3-((3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate (SB3)
monomer and 3-((3-azidopropyl)(3-methacrylamidopropyl)(methyl)ammonio)propane-1sulfonate (azido-SB) monomer were performed as previously described (chapter 2).21
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6.2.3	 Initiator attachment
Amine-terminated Dynabeads were reacted with α-bromoisobutyryl bromide as previously
described (chapter 5). Initiator attachment on amine-terminated Spherotech beads was
performed as follows: 300 µL of Spherotech bead slurry was washed twice with 500 µL
MilliQ and after removal of all the all MilliQ the beads were dried in a vacuum oven (15
mbar) at 50 °C for 2 h. Within a glovebox, a 50 mM solution of 2-bromoisobutanoic acid
N-hydroxysuccinimide ester in anhydrous DMSO was prepared. Outside of the glovebox, the
dried beads were resuspended in 500 µL of this solution and incubated on an end-over-end
shaker for 3 h at RT. Thereafter, the beads were washed twice with DMSO and twice with MilliQ.
The beads were immediately used for further modification.

6.2.4	 Surface-initiated polymerization
Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP) on initiator-equipped
Dynabeads and Spherotech beads using SB monomer to yield pSB beads, was performed as
previously described (chapter 4), with the modification that brushes were grown for 15 min.
The copolymerization of SB and azido-SB to yield pSB-co-(azide)8% Dynabeads was performed
as described in chapter 5.

6.2.5	 X-Ray Photoelectron Spectroscopy (XPS)
Prior to XPS analysis, modified beads (in MilliQ) were dropcasted on a plasma-cleaned piece
of Si(111) and dried in a vacuum oven at 50 °C for at least 2 h. The beads were subsequently
analyzed using a JPS-9200 photoelectron spectrometer (JEOL, Japan).The spectra were obtained
using monochromatic Al Kα X-Ray radiation at 12 kV and 20 mA, with an analyzer energy
pass of 10 eV for narrow scans. The obtained spectra were processed using CASA XPS peak fit
program (version 2.3.16 PR 1.6).

6.2.6	 OVA functionalization, characterization and
immobilization on beads
Ovalbumin (OVA) labeling with endo-BCN-PEG4-NHS ester (BCN-NHS) and subsequent
characterization, using Azide-Lissamine and SDS-PAGE, and immobilization on pSB-co(azide)8% Dynabeads was performed as described in chapter 5.

6.2.7	 Cell culturing and phagocytosis assay
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CELLS
RAW 264.7 cells (ATCC) were grown using RPMI medium supplemented with 10% FCS, 2 mM
l-glutamine, 100 µg/mL penicillin and 100 µg/mL streptomycin, at 37 °C and 5% CO2. Cells
were passaged twice a week at 80-90% confluency.
PHAGOCYTOSIS
The RAW cells were harvested using a cell scraper, centrifuged for 5 min at RT, resuspended
in fresh medium and counted using a Bürker counting chamber. The cells were seeded in a
12-wells plate with 0.5 × 106 cells per well in 1 mL of medium. The cells were allowed to
recover for 60 min in an incubator (37 °C and 5% CO2). After that, the medium was refreshed
and the beads were added to the cells in a 1 : 10 cells to beads ratio. Beads and cells were
incubated together for 4 h in the incubator. The cells were then analyzed by light microscopy
followed by flow cytometry analysis.

6.2.8	 Microscopy
LIGHT MICROSCOPY
Pictures of cells (within the 12-wells plate) were made using an EVOS FL Cell Imaging system
(Thermo Fisher Scientific).
CONFOCAL MICROSCOPY
For confocal microscopy imaging, the phagocytosis assay was performed in an ibiTreat µ-Slide
8 Well chambered coverslip (purchased from ibidi). Per well, 2 × 105 cells were seeded
which were allowed to recover overnight in an incubator (incubated at 37 °C and 5% CO2)
The next day, the medium was refreshed and the cells were incubated with 1 × 106 nonmodified (NMS-S) or pSB-coated Spherotech beads (pSB-S) in a total volume of 250 µL. Cells
and beads were incubated together for 4 h within the incubator. The cells were stained with
carboxyfluorescein succinimidyl ester (CFSE) based on a procedure described by Piazzon et al.26
The entire staining procedure was performed within the chambered coverslip. Cells were 3
times carefully washed with 250 µL of 0.1% BSA/PBS (RT). To each well, 125 µL of 0.1% BSA/
PBS was added, and supplemented with 125 µL of CFSE solution to a final concentration of 18
µM CFSE. The cells were stained in the incubator for exactly 10 min. The staining solution was
replaced with cold medium and the cells were incubated on ice for 5 min. The cells were 3
times washed with ice-cold PBS, and were subsequently analyzed in PBS using a confocal laser
scanning microscope (Leica TCS SP8X system), equipped with a 63×/1.2NA water immersion
objective. CFSE and Spherotech beads were excited using a white-light pulsed (repetition rate
40 MHz) laser selecting the 488-laser line. Fluorescence emission was collected between 500
and 531 nm for CFSE, and the emission of the Spherotech beads between 570 and 610 nm.
Confocal images were analyzed with the LAS AF Lite (version 2.6.0) software.
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6.2.9	 Flow cytometry
BEADS
The antifouling performance of the beads was evaluated by incubating 2 × 106 beads in either
PBS, BSA-AF488 (0.5 mg/mL) or 10% biotinylated bovine serum solution, both diluted in
PBS, as described in chapters 4 and 5. Immobilization of OVA on pSB-co-(azide)8%-D beads
was evaluated by incubating the beads with anti-OVA IgG2a (1 : 50 dilution), followed by antiMouse-PE (1 : 50 dilution).
CELLS
After the phagocytosis assay, cells and beads were collected from the 12-wells plate using a
cell-scraper, 0.5 mL of the obtained suspension was directly transferred to a FACS tube. To each
sample, viability dye DRAQ7 was added (1 : 4000 dilution). The samples were first gated on
single live cells (10,000 events) before further analysis on fluorescence and SSC/FSC.
Cells and beads were analyzed with a BD FACS Canto A (BD Biosciences) flow cytometer. BSAAF488 was visualized in the FITC-channel, Strep-PE, anti-Mouse-PE and Spherotech beads in
the PE-channel, and DRAQ7 in the APC-Cy7-A channel.

6.3

Results and Discussion

6.3.1	 Phagocytosis of Spherotech beads by RAW cells
To be able to study the phagocytic uptake of beads by confocal microscopy and flow cytometry,
fluorescent magnetic amine-terminated Spherotech beads were selected. The Spherotech beads
were coated with zwitterionic polymer brushes via SI-ATRP using a standard sulfobetaine (SB)
monomer. The successful brush formation was confirmed by X-ray Photoelectron Spectroscopy
(XPS) (for XPS spectra and discussion on the results, see the Supporting Information). RAW
cells, from a murine macrophage cell line, were used to study the phagocytosis of Spherotech
beads with (pSB-S) and without (NM-S) antifouling coating (see Figure 6.1). To this end, RAW
cells were incubated with either pSB-S beads or NM-S beads. Initial studies by light microscopy
imaging (see Figure 6.2) showed clear phagocytosis of the NM-S by the RAW cells: numerous
beads per cell were internalized. In fact, in some of the cells so many beads were taken up that
the position of the cell nuclei became visible. In contrast, the pSB-S beads were only scarcely
taken up by the macrophages, showing that the pSB-S beads had stealth characteristics that
made them nearly undetectable for the RAW cells.
RAW cells incubated with NM-S were also studied using confocal microscopy, see Figure 6.3.
The cells were visualized using CFSE staining (in green), while the fluorescent NM-S beads are
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Figure 6.1   Overview of beads used: Spherotech and Dynabeads either non-modified (NM) or coated
with a covalently grown zwitterionic antifouling coating (pSB). Antifouling Dynabeads were also
equipped with functional azide moieties (pSB-co-(azide)8% beads). These beads were further modified by
the immobilization of TA99 antibody, ovalbumin (OVA) or first by OVA and then by an anti-OVA antibody.

shown in red. The CFSE panel shows two cells, both with areas where the CFSE staining is absent.
In the overlay panel it can be seen that the beads are located in those areas. This confirms that
the beads were indeed internalized by the macrophages and not just attached to the outside of
the cells. An overview picture of a large number of cells is given in the Supporting Information
Figure S6.3. The great majority of beads were internalized; occasionally a bead was observed
at the outside of a cell.
To quantify the difference in phagocytosis between the beads with and without the antifouling
layer, the cells were analyzed by flow cytometry (Figure 6.4). Three different samples were
compared: RAW cells only, to which no beads had been added, and RAW cells incubated with
either NM-S or pSB-S beads. Figure 6.4 displays single live cells (see Supporting Information
Figure S6.4 for gating strategy). As the Spherotech beads are fluorescent, phagocytosis of the
beads will cause an increase in fluorescent intensity of the cells (Figure 6.4, left panel). A
higher fluorescence intensity indicates that more beads have been internalized. RAW cells only
show one peak for ‘empty’ cells, whereas the cells incubated with NM-S beads, showed, next to
empty cells, also peaks with a clear increase in fluorescence. The results show that NM-S beads
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were phagocytosed by the RAW cells, probably via complement or scavenger receptors that
are directed against proteins that were non-specifically adsorbed to the NM-S beads.8 Different
peaks can be distinguished for cells that have phagocytosed 1, 2, 3 and more than 3 beads per

Figure 6.2   Optical images of RAW 264.7 cells after incubation with NM-S or pSB-S beads.

cell, as indicated in the graph. The relative amounts were quantified by gating and presented
as bar plots (Figure 6.4, middle column). Of the cells incubated with NM-S beads, only 12%
of the cell population had not taken up any beads, while the rest of the cells did contain
phagocytosed beads. The majority of cells (57%) had internalized even more than 3 beads.
In strong contrast, incubation with pSB-S beads resulted in 88% empty cells, 7% of cells with
1 bead, 3% of cells with 2 beads and a negligible amount of cells with more than 2 beads per
cell. This illustrates the ability of ZPB coatings to suppress phagocytosis by macrophages and
confirms the initial results as obtained by light microscopy. In addition to the fluorescence

Figure 6.3   Confocal microscopy image of CFSE-stained RAW 264.7 cells incubated with fluorescent
NM-S beads.
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data, the cells with phagocytosed beads were also analyzed by evaluating their side (SSC) and
forward (FSC) scattering. SSC is a measure of granularity, the degree of sub-cellular structures
within a cell, whereas FSC is a measure of size. RAW cells without beads showed a relatively
uniform population with low granularity. However, cells that were exposed to NM-S showed
a significant increase in SSC, which can be explained by the increase in granularity due to
internalized beads. In contrast, the pSB-S beads showed a similar population as the RAW cells
only. The gates that were set to quantify the amount of beads per cell (as indicated in the left
panel of Figure 6.4) were also used to color-code the cells presented in the right panel of
Figure 6.4. The cells that internalized > 3 beads (in blue) showed higher SSC as compared to
cells with less beads, confirming that the SSC can also be used as a measure for the amount of
beads that are taken up by the cells, albeit less accurately than by fluorescence.

6.3.2	 Selective phagocytosis of Dynabeads
The pSB-S (Spherotech) beads showed a strong reduction in phagocytosis by RAW cells as
compared to NM-S beads (Figure 6.2 and Figure 6.4). However, when the pSB-S beads were
evaluated for their antifouling performance in protein solutions, these beads were not as
antifouling as expected based on the phagocytosis assay (see Supporting Information Figure
S6.5). We hypothesized that the Spherotech beads have a relatively low loading of amine groups
at their surface, which is confirmed by the absence of a nitrogen peak in XPS wide scan spectra
of the NM-S beads (see Supporting Information Figure S6.1C). The low surface concentration
of amines on the beads would also result in a low initiator density, which is undesirable as a
low initiator density has been shown to yield low-density coatings with inferior antifouling
performance as compared to high-density brushes.27-28 In previous chapters we used Dynabeads,
which are non-fluorescent but have high amine loading (see Supporting Information Figure
S3.1) on which dense zwitterionic polymer brushes can be grown that show good antifouling
capacity,29 and for which even better anti-phagocytosis character can be expected. Experiments
on functionalized antifouling coatings were therefore continued using Dynabeads.
The ability to functionalize the antifouling particles with molecules for specific targeting is
highly valuable for in vitro and in vivo applications. Here we show a proof of principle for this
by using antifouling Dynabeads that were covalently functionalized with an antibody of the
IgG2a isotype. The Fc region of this antibody isotype can bind to Fc receptors on RAW cells and
thereby target the beads to these macrophages. To create zwitterionic polymer brush-coated
Dynabeads that are also functionalizable, the beads were coated by the copolymerization of
a standard SB monomer and a zwitterionic azide-functionalized monomer (azido-SB, see
Supporting Information Scheme S6.1). We used 8% of azido-SB monomer, yielding pSB-co(azide)8%-D beads (see Figure 6.1). The incorporation of azide functionalities allows for the
post-polymerization modification of the coatings with biomolecules via click chemistry. We
first immobilized a TA99 IgG2a antibody onto the beads to yield pSB-co-(TA99)8%-D beads, via
the click reaction of functionalized TA99 antibodies to pSB-co-(azide)8%-D beads, as described in
detail in chapter 5. The TA99 antibody recognizes tyrosinase-related protein 1 (TYRP1), which
is a glycoprotein found in melanocytes. Within this study, TA99-functionalized beads were used
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Figure 6.4   Flow cytometry analysis of live single cells: RAW cells only, RAW cells incubated with NM-S,
and RAW cells incubated with pSB-S beads. The data are presented as histograms of fluorescence measured
in the PE channel (left); data from histograms have been quantified and displayed as bar plots (middle),
and SSC-A against FSC-A (right). Numbers indicate the number of beads per cell. Corresponding colors in
histograms, bar plots and SSC/FSC plots indicate cell populations with similar numbers of phagocytosed
beads.

as a positive control for FcγR-mediated phagocytosis. Non-modified (NM-D) and antifouling
Dynabeads, with and without TA99, were used for a phagocytosis assay and analyzed by light
microscopy (see Figure 6.5A-D) and flow cytometry. The results show that NM-D beads were
phagocytosed by the RAW cells, whereas the phagocytosis of pSB-co-(azide)8%-D beads was
clearly prevented. The immobilization of TA99 on the antifouling beads (pSB-co-(TA99)8%-D)
induced clear targeted phagocytosis of the beads by the macrophages. Phagocytosis of the pSBco-(TA99)8%-D beads likely occurred via Fc gamma receptor-mediated phagocytosis,30 which
is phagocytosis induced by the binding of the Fc receptors on phagocytic cells to the Fc region
on the antibodies.
To further assess the influence of immobilized proteins on the outside of the beads, pSB-co(azide)8% beads were functionalized with ovalbumin (OVA) as model protein. To immobilize
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OVA onto the pSB-co-(azide)8% beads, OVA was first functionalized with a BCN-NHS linker; we
will refer to the product as BCN-OVA (see Supporting Information Scheme S6.1). The NHS
group of this linker reacts with the free amines of the OVA protein, while the BCN moiety
allows for subsequent attachment to the azide-presenting beads via the Strain-Promoted
Azide−Alkyne Cycloaddition (SPAAC) reaction.21, 31 To evaluate whether the BCN-NHS linker
was successfully attached to OVA, BCN-OVA was incubated with Azide-Lissamine (a fluorescent
dye), as this should then yield an efficient SPAAC reaction, and analyzed by SDS-PAGE (see
Figure 6.6A). The Coomassie stained gels showed clear OVA bands for untreated OVA, BCNOVA and Liss-OVA at the expected size of 43 kDa. The fluorescence image showed only a clear
band after the reaction with Azide-Lissamine, confirming the successful labeling of BCN-OVA.

Figure 6.5   Phagocytosis assay analyzed by light microscopy using RAW 264.7 cells that were incubated
with (A) no beads, (B) NM-D, (C) pSB-co-(azide)8%-D, (D) pSB-co-(TA99)8%-D, (E) pSB-co-(OVA)8%-D,
(F) ) pSB-co-(OVA)8%-D labeled with anti-OVA IgG2a antibody. In all panels the scale bar corresponds to
50 µm.
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BCN-OVA was then incubated with pSB-co-(azide)8% beads to yield the pSB-co-(OVA)8% beads
(see Figure 6.1). The attachment of OVA onto those beads was evaluated by incubating the
beads with an anti-OVA antibody, and subsequent staining with a secondary anti-mouse-PE
antibody. The evident shift in PE fluorescence confirmed the successful attachment of OVA on
the beads (Figure 6.6B).
The prepared pSB-co-(OVA)8% beads were subsequently subjected to the phagocytosis assay.
Figure 6.5E shows that pSB-co-(OVA)8% beads were not internalized, from which it can be
concluded that the attachment of proteins such as OVA, does not directly induce phagocytosis
by the macrophages. By binding an anti-OVA (IgG2a) antibody (Figure 6.5F) to these pSBco-(OVA)8% beads, the macrophages were targeted to the beads and were thereby efficiently
phagocytosed. This shows that the presence of the IgG2a antibody induced the targeted
phagocytosis (as with the TA99 antibody), and not the presence of an immobilized protein
itself. The results from Figure 6.5 show therefore that, depending on the design of the bead,
phagocytosis can either be induced or prevented.
The RAW cells were also analyzed by flow cytometry, see Figure 6.7. The data shown above
(using Spherotech beads, Figure 6.4) demonstrated that the SSC of cells can be used to assess
the degree of phagocytosis. The SSC was therefore also used to quantify the phagocytosis of
the non-fluorescent Dynabeads. Only the macrophages that were incubated with either the
NM-D or the antifouling beads linked to IgG2a showed an increased SSC and thus increased
phagocytosis. The pSB-co-(azide)8% and pSB-co-(OVA)8% beads did not show significant changes
in SSC as compared to RAW cells only, confirming the microscopic analysis that the RAW
macrophages did basically not phagocytose these highly antifouling beads. The functionalized
pSB-co-(OVA)8% beads do therefore display a nearly ideal stealth character. Besides that, cells
incubated with antifouling Dynabeads (pSB-co-(azide)8% and pSB-co-(OVA)8%) showed no

Figure 6.6   Evaluation of BCN-NHS coupling to OVA by SDS-PAGE. Untreated OVA, OVA labeled with
BCN-NHS (BCN-OVA), and BCN-OVA reacted with Azide-Lissamine (Liss-OVA) were visualized by
Coomassie staining and fluorescence. (B) Flow cytometry data of pSB-co-(OVA)8% beads incubated with
anti-OVA (IgG2a) stained with anti-Mouse-PE antibody.
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differences compared to RAW cells that were not brought into contact with the beads. This
suggests that antifouling Dynabeads, with their denser zwitterionic polymer brush layers, are
better in preventing phagocytosis than the Spherotech beads, which showed that about 10%
of cells phagocytosed one or two pSB-S beads. This is in line with the aforementioned better
antifouling performance of the Dynabeads as compared to the Spherotech beads, and confirms
the need of high performance antifouling layers to fully prevent phagocytosis.
Taken together, the results illustrate the potential of zwitterionic polymer coatings for in vitro
and in vivo use. The immobilization of a protein itself (here OVA) does not affect the stealth
characteristics of the coated beads, as is demonstrated by their ability to almost completely resist
phagocytosis. The fate of the antifouling bead can therefore be determined by the introduction
of a targeting molecule, as we have shown for the IgG2a antibodies that target Fc gamma receptors
on macrophages. Such particles with stealth character can be utilized in various applications,
such as the direct targeting of antigen-presenting cells (APCs) such as macrophages (as we
have shown), which can be of use to enhance antigen presentation to boost vaccination
efficiency.32 Especially microbeads of 2-3 µm size (as our beads of 2.8 µm) have been shown
to be adequate candidates for particle-based vaccine development.33-34 Secondly, zwitterionic
polymer brush-coated particles can be used as drug delivery carriers to enhance transport of
the drug to the targeted site (e.g. tumor). Thirdly, functionalized antifouling particles can be
used for the isolation of cells or proteins in the presence of APCs, without being cleared from
the solution. It should be noted that when antibodies are used to target stealth beads to specific
cells, the antibodies should not contain the Fc regions that can bind to Fc receptors in order
to prevent unwanted phagocytosis. For this purpose, only the antigen-binding part (Fab and
F(ab’)2 fragments) of antibodies, llama antibodies or nanobodies should be used. In all these
examples, a reduction of the non-specific protein adsorption onto the functionalized particles
and corresponding ability to resist phagocytosis, would greatly improve the performance of
those particles.

Figure 6.7   Flow cytometry SSC plots of RAW cells incubated in RPMI medium, or incubated with NMD, pSB-co-(azide)8%-D, pSB-co-(OVA)8%-D, or pSB-co-(OVA)8%-D beads labeled with anti-OVA IgG2a.
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6.4

Conclusion

In this study it was shown that microbeads coated with antifouling zwitterionic polymer
brushes, grown via surface-initiated polymerization, can effectively prevent phagocytosis.
Non-modified beads were efficiently internalized by murine macrophages (RAW 264.7 cells),
whereas the zwitterionic polymer brush-coated beads were only scarcely taken up , and thereby
remained nearly undetectable for the macrophages. Also immobilization of ovalbumin on the
antifouling beads did not increase their phagocytosis by macrophages, meaning that such OVAfunctionalized zwitterionic polymer brush-coated beads keep their stealth characteristics. In
contrast, the immobilization of IgG2a antibodies onto OVA-functionalized beads enabled the
specific targeting of the beads to the Fc gamma receptors on the macrophages, inducing active
internalization of the antifouling beads. The results show the high potential of functionalized
zwitterionic polymer coatings for targeted in vivo delivery with numerous biomedical
applications, like theranostics and vaccine development.
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6.7

Supporting Information

Scheme S6.1   Schematic representation of modification on beads.
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6.7.1	 XPS spectra

Figure S6.1   XPS spectra of non-modified Spherotech beads (NM-S). (A) wide scan spectrum, (B) C 1s
narrow scan spectrum, (C) N 1s narrow scan spectrum. Please note that the beads were dropcasted on a
Si(111) surface to allow for XPS analysis (hence the Si peaks in the wide scan spectrum).
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Figure S6.2   XPS spectra of Spherotech beads coated with SB polymer brushes (pSB-S) grown via SIATRP. (A) wide scan spectrum, (B) C 1s narrow scan spectrum, (C) N 1s narrow scan spectrum.
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6.7.2	 Additional confocal microscopy images

Figure S6.3   Confocal images of RAW 264.7 cells after incubation with NM-S beads. (A) panel showing
CFSE-stained cells in green, (B) showing beads in red, (C) transmission image, and (D) overlay image of
image A-C.

206 | Chapter 6

6.7.3	 Additional flow cytometry data

Figure S6.4   Example of gating on single live cells using DRAQ7 as dead/live marker (DRAQ7 stains
dead cells). The events with high fluorescence intensity therefore represent the dead cells. The cells within
in the gate are considered single live cells and were used for further analysis. Both Spherotech beads as
well as Dynabeads were gated this way.

Figure S6.5   Fouling on Spherotech beads as measured by flow cytometry. Non-modified beads (NM,
solid lines) and pSB-coated beads (dashed lines) were incubated in either PBS, BSA-AF488 (0.5 mg/mL in
PBS) or by 10% biotinylated bovine serum followed by Streptavidin-FITC. A higher fluorescence intensity
indicates that more proteins have adsorbed on the beads, i.e. a higher degree of fouling.
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6.7.4	 Preparation of antifouling Spherotech beads
To be able to study the phagocytic uptake of beads by confocal microscopy and flow cytometry,
fluorescent amine-terminated micron-sized beads were selected as starting point: SPHERO™
Amino Fluorescent Pink Magnetic Particles (Spherotech beads, S). To obtain antifouling
polymer-coated beads via Surface-Initiated Atom-Transfer Radical Polymerization (SI-ATRP)
as we previously reported (chapter 3-5),S1 first an ATRP-initiator needed to be coupled to the
beads. To this end, the amine-terminated Spherotech beads (NM-S, see Scheme S6.1) were
reacted with α-bromoisobutanoic acid N-hydroxysuccinimide ester in dry DMSO. This was
followed by the surface-initiated polymerization of a standard sulfobetaine monomer (SB)
to yield the antifouling polymer brush-coated Spherotech beads (pSB-S). The growth of the
polymer brushes was evaluated by X-ray Photoelectron Spectroscopy (XPS), see Supporting
Information Figure S6.2. The XPS wide scan spectrum, which shows the elemental composition
of the material analyzed, showed the appearance of two sulfur peaks at 168 eV (S 2p) and 229
eV (S 2s), which both correspond to the sulfur atom in the sulfonate group of the sulfobetaine
monomer. When looking in more detail to the analyzed elements, the nitrogen narrow scan
showed the 1 : 1 ratio of the positively charged ammonium (399.1 eV) and (401.9 eV) peaks,
that is characteristic for the amide-linked sulfobetaine polymer brushes.S1-S2 In addition, the
XPS C 1s spectrum could be deconvoluted in three peaks: the C−C peak at 284.7 eV, the peak
corresponding to the carbon atoms next to a heteroatom (C−N, and C–S) at 288.4 eV and the
carbonyl peak at 286.2 eV. Taken together, the XPS results confirm the successful zwitterionic
brush growth on Spherotech beads.
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Antifouling Zwitterionic Polymer-Coated Microbeads as Measured by Flow Cytometry. ACS Appl. Mater. Interfaces 2017, 9,
38211-38221.
S2. Lange, S. C.; van Andel, E.; Smulders, M. M. J.; Zuilhof, H. Efficient and Tunable Three-Dimensional Functionalization of
Fully Zwitterionic Antifouling Surface Coatings. Langmuir 2016, 32, 10199-10205.
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It is evident from the large number of research papers that have been published on the
prevention of fouling in biomedical applications, that fouling is a considerable problem
that hampers the performance of, among others, biosensors, drug delivery carriers and
indwelling devices. In previous chapters new tools and insights were presented to expand
the usability of zwitterionic polymer brushes in biomedical applications. In this chapter,
the most important findings of each chapter are discussed and recommendations are given
for future research.
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7.1 Chapter 2: Efficient and Tunable ThreeDimensional Functionalization of Fully Zwitterionic
Antifouling Surface Coatings
As outlined in chapters 1 and 2, romantic surfaces1 are highly desired for diagnostic purposes.
Surfaces that only bind the target biomolecule and repel all other unwanted material can greatly
improve the signal-to-noise ratio and thereby improve the sensitivity and selectivity of the
diagnostic measurement. A protein-repellent surface alone will not suffice; recognition units
are required that need to be immobilized on the antifouling coating. This poses an intrinsic
challenge: incorporating functional units – which are not antifouling by themselves – are
prone to deteriorate the protein-repellent capacity of the antifouling coating. For this reason,
we aimed to develop a method that introduces functionality to an antifouling brush, while
maintaining the overall highly zwitterionic nature of the brush. A monomer that combines both
zwitterionic character and functionality within a single molecule was therefore a promising
approach. Chapter 2 described the synthesis of a novel sulfobetaine-based monomer that is
equipment with an azide functionality. The copolymerization of this azido-SB monomer with a
standard sulfobetaine resulted in 3D-functionalizable antifouling zwitterionic polymer brushes
that were grown from silicon nitride surfaces. Subsequent functionalization of the brushes
with biotin enabled the specific binding of avidin and prevented the non-specific binding of
fibrinogen, thus demonstrating the desired romantic character of the modified surface.

7.1.1	 Surface chemistry
Although the emphasis of chapter 2 is on the synthesis, polymerization and functionalization
of the azido-SB monomer, we also developed a reproducible and scalable method to grow
polymer brushes from stoichiometric silicon nitride (Si3N4) surfaces, which turned out to be
non-trivial. The stability of the polymer is important for reliable sensing measurements and it
has been shown that most degradation of polymer brushes occurs at the surface interphase.2-4
It is therefore crucial to develop a stable attachment chemistry. We modified stoichiometric
silicon nitride surfaces for future use in mirroring resonator or other optofluidics-based
sensing devices.5-6 Alkyne/alkene chemistry on Si-based substrates has been shown to give
stable and well-ordered layers,7-8 outperforming silane- or phosphonic acid-based surface
chemistries. The modification of silicon-enriched silicon nitride using functionalized alkenes
was reported before9-10 and can be performed analogously to alkyne/alkene chemistry on
hydrogen-terminated silicon surfaces.11 Initially, we used the same modification procedures
as reported for hydrogen-terminated silicon on our Si3N4 surfaces, but this turned out to
be non-satisfactory (both in terms of reproducibility as well as in amount of incorporated
functionality). It has been reported that the surface groups of freshly etched Si3N4 surfaces
consist primarily of Si–F (as also seen by the inorganic F that we observed in the XPS narrow
scan; see chapter 2 Supporting Information Figures S18 and S19), Si–OH, Si–O–Si and Si–
NH2 groups, and does not contain significant amounts of Si–H (as is the case for the siliconenriched silicon nitride surfaces).12-13 This explains why the usage of alkenes/alkynes under
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mild conditions on the Si3N4 surfaces, primarily targeting Si–H groups, was unsuccessful. To
modify the Si3N4 surfaces with alkenes, harsher conditions were needed to be able to react
the alkenes with the nitrogen/oxygen-containing functional groups (we employed 150 °C
overnight using the neat alkene under argon atmosphere). That the alkenes indeed reacted with
the nitrogen/oxygen species was confirmed by the atom ratios obtained from XPS analysis. The
carbon narrow scan (see chapter 2, Figure 2) showed an atomic ratio of 1.0 : 1.1 : 2.6 : 7.4 for
the (from left to right) CF3, carbonyl, C–O/C–N and C–C peaks, which is in good agreement
with the expected ratios of 1 : 1 : 2 : 8.

7.1.2	 Introducing functionality to zwitterionic polymer brushes
Various methods have been developed to introduce functionality to antifouling coatings.14-20 As
mentioned in previous chapters, the direct functionalization of CB-based brushes via EDC/NHS
chemistry is probably the most widely used approach.21-22 This type of functionalization has
yielded various examples of polymer brushes capable of binding target molecules with high
specificity from complex protein mixtures.20, 23 The main advantage of this approach is that
standard CB monomers can be used that can be functionalized with readily available chemicals
according to established protocols.22 However, upon functionalization of the carboxyl groups,
the zwitterionic character of the polymer brushes is partially lost.21 This type of functionalization
changes the key feature of antifouling zwitterionic coatings: the combination of highly polar
moieties with an overall zero net charge. Besides that, the degree of functionalization is difficult
to control and is highly dependent on the exact reaction conditions such as buffer composition,
reagent concentration and type of coating.24-27 It has been demonstrated that even without
the incorporation of recognition elements, fouling can increase on CB-based brushes upon
EDC/NHS activation and subsequent deactivation of the CB carboxyl groups.21, 28 It remains
challenging to fully deactivate the unreacted activated carboxyl groups, which decreases
the antifouling capacity. Besides these drawbacks, initial studies in our laboratory showed
degradation of CB brushes upon storage (as also described in chapter 4). This underlines the
need to develop a method in which functionality can be introduced to zwitterionic coatings
without the use of carboxybetaines, as demonstrated in chapter 2.
Another approach to introduce functionality to polymer brushes is the copolymerization of
functional non-zwitterionic monomers within a brush,14, 30 which has the advantage that
the number of functional groups can be tuned, and that the amount of available functional
groups (in the top part of the polymer brush) is independent of brush thickness. Our approach
using the zwitterionic azido-SB monomer has the same beneficial features, with the additional
improvement of a fully zwitterionic polymer brush. Hu and Emrick29 developed parallel to our
work a method in which they equipped a choline phosphate (reverse from phosphocholine,
see Scheme 7.1) monomer with an alkyne, which they further functionalized via coppermediated click chemistry. The polymers were grown in solution, and as a result the antifouling
properties and specific binding capabilities were not investigated. Parallel to the synthesis of
the azido-sulfobetaine we worked on a similar molecule (see Scheme 7.1): a phosphocholine
with alkyne functionality. However, we encountered spontaneous polymerization31 and this
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made it very challenging to handle, purify and store the functionalized monomer. We therefore
continued with the sulfobetaine. Considering the results obtained in chapter 4, in which the
phosphocholine clearly outperforms the sulfobetaines, it is still of interest to evaluate and
compare both the binding capacity and the antifouling performance of the azido-SB (or of
the azido-SB analog with carbon spacer length of two methylene groups between the opposite
charges) with the alkyne-functionalized choline phosphates and phosphocholines. It would
then also be interesting to evaluate whether the alkyne-functionalized CP shows similar selfpolymerization behavior as the PC, and whether the functional zwitterionic monomers can
indeed outperform CB brushes that are functionalized via EDC/NHS chemistry.This comparison
could give insight to which degree and under what experimental conditions the extra synthetic
effort to make the novel monomers is justified by their improved performance.

Scheme 7.1   Chemical structures of alkyne-functionalized choline phosphate (CP) monomer as
described by Hu et al.29 and alkyne-functionalized phosphocholine (PC) monomer. Alkynes are indicated
in green, quaternary ammonium cations in red and phosphonate anions in blue.

A small functional group as the azide (or alkyne) was chosen as a reactive handle, as it is
less likely to disrupt the brush conformation and/or influence the antifouling capacity. The
incorporation of an azide moiety allows for the functionalization via the CuAAC32 (chapter
3) and SPAAC33-34 (chapter 2-6) click reactions. The copper-free SPAAC reaction is attractive
as commercially available functional strained alkynes (e.g. BCN-biotin or BCN-NHS) can be
used, which can simply be added to the azide-bearing coatings without the need of other
reagents. The definition of a click reaction, as introduced by Sharpless and co-workers,
states that a click reaction should be modular, give high yield, have a wide scope, produce
minimal side products and should work under mild reactions.35 However, high yields are
not always easily obtained, especially at surfaces,36-37 which has most likely to do with steric
hindrance. It could therefore be interesting to introduce higher yielding click reactions as this
might lower the amount of required functional groups that need to be incorporated in the
polymer brushes, likely improving the antifouling performance. A click reaction that yields
quantitative conversion is the sulfur fluoride exchange (SuFEx) reaction, which was introduced
by Sharpless and co-workers.38 SuFEx has recently been made applicable for surface-based
reactions.39-40 Even at the surface, SuFEx yields (near-)quantitative conversion. The surfacetethered sulfonyl fluoride can react with silyl ethers or primary amines (see Scheme 7.2).
The reactivity of SuFEx towards amines makes the reaction especially interesting as amine
groups are highly abundant in proteins and other biomolecules, which can via this route be
directly immobilized. A nice feature of click chemistry reactions is their orthogonality,41 i.e.
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they occur without interfering with other reactions. It could be interesting to create functional
antifouling polymer brushes that are able to incorporate different types of recognition units on
one surface. Dual (or more) functionality can be either introduced within the same monomer
or by the copolymerization of separately functionalized monomers. Examples of combinations
are SuFEx with strain-promoted oxidation-controlled cyclooctyne-1,2-quionone cycloaddition
(SPOCQ) or CuAAC (see Scheme 7.2), thiol-ene with CuAAC or CuAAC with a norbornenetetrazine combination.41-42

Scheme 7.2   General scheme of A) surface-bound SuFEx with amines and B) dual functionalization via
CuAAC and SuFEx.

Next to the copolymerization of functional monomers, top functionalization of zwitterionic
polymer brush chain ends provides another strategy to immobilize recognition units while
retaining a fully zwitterionic brush. Previous studies19, 43-44 (and also the work described in
chapter 3) have shown that it is possible to introduce functionality via this method. In chapter
2 we compared our 3D-functionalization of azido-SB brushes with the top functionalization
of SB brushes. We were, however, not able to provide evidence that the top functionalization
reactions were successful at all (no characteristic azide signals in XPS and IR, nor avidin
binding in reflectometry measurements). We hypothesize that the success of this mode of
functionalization is to a large degree dependent on the thickness and density of the brush:
as the brush becomes thicker more of the chain ends will get buried inside the brush.45 The
brushes described in chapter 2 were > 35 nm in thickness, and were most likely too thick
for successful top functionalization. Besides, ATRP of hydrophilic monomers in aqueous
solutions is challenging as the polymerization is so fast that it limits the controlled nature of the
polymerization and thereby increases the chance of chain termination (i.e. losing the available
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Br sites).46 Taken together, the copolymerization of functional zwitterionic monomers provides
probably the best strategy to obtain surfaces with romantic character.

7.2 Chapter 3: Specific Binding on Antifouling
Zwitterionic Polymer-Coated Microbeads as Measured
by Flow Cytometry
Particles of various sizes are used for a wide range of different applications, including drug
delivery, imaging, cell sorting and biosensing.47-49 Like for flat surfaces, fouling on the surface
of the particles can strongly compromise their performance. In chapter 3 we described how
zwitterionic antifouling polymers can be effectively introduced onto microbeads via SIATRP. The brushes were functionalized via the top functionalization of the polymer chains
to incorporate biotin and mannose binding sites. The beads were shown to generically repel
proteins from a 10% serum solution while being able to effectively capture streptavidin or
ConA from this solution, respectively. Flow cytometry was used as read-out system and proved
to be a powerful tool to evaluate the non-specific as well as specific binding of proteins on
thousands of beads simultaneously. The outcomes and procedures described in chapter 3 were
used as a foundation for the research described in chapter 4, 5 and 6.

7.2.1	 Beads
Initially we selected three types of amine-functionalized beads: Dynabeads M-270 amine (Life
Technologies), ReliZyme beads (type EA403/M, Resindion) and fluorescent, amine-modified
polystyrene beads (Sigma-Aldrich). We aimed to immobilize an ATRP initiator onto those beads
using 2-bromo-2-methylpropionic acid and EDC/NHS chemistry. The amount of initiator that
we could incorporate, also when using other coupling reagents, did not fulfill our needs for
high-density polymer brushes. We hypothesized that this was caused by the steric hindrance
experienced by the reagents at the surface. In agreement with this hypothesis, the reaction of an
acid bromide (α-bromoisobutyryl bromide) in dry DCM, was found to be much more effective
and thus formed a good starting point for SI-ATRP on both the Dynabeads and ReliZyme beads.
The polystyrene beads could not be functionalized via this procedure as they are unstable
in organic solvents. We continued our further studies with the Dynabeads because of their
monodispersity, correct size for flow cytometry, and their excellent stability in both organic
and aqueous media. In addition, due to their magnetic core, Dynabeads are easily separated
from reaction mixtures using a magnet.

7.2.2	 Applications of antifouling beads
Antifouling zwitterionic polymer-coated beads have a wide range of applications.Three different
applications of antifouling microbeads have been discussed within this thesis: 1) a bead-based
platform to study antifouling coatings (chapter 4), 2) their use in IP-MS procedures to improve
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sensitivity and specificity in the identification of protein-protein interactions (chapter 5), and
3) the use of antifouling coatings to evade or specifically induce phagocytic take-up by antigenpresenting cells (chapter 6). However, there are numerous other interesting possibilities. In
theory, polymer brushes can be grown from the surface of any type of particle as long as an
initiator molecule can be efficiently installed (at relatively high density), i.e. the coatings can be
readily implemented for a wide range of applications. Two additional applications are described
below.
Hydrophilic interaction chromatography (HILIC) is a relatively new method to effectively
separate polar compounds, such as nucleic acids, carbohydrates and proteins, on a polar
stationary phase.The polar compounds have higher affinity to the column and are therefore more
strongly retained than non-polar compounds, enabling better separation. Several studies have
reported the use of zwitterionic polymer-coated microbeads as a stationary phase for HILIC.50-52
In fact, these are among the few studies in which microbeads were used with a zwitterionic
coating prepared via the grafting-from approach using living polymerization techniques such
as ATRP and RAFT. It is of interest to compare the different types of antifouling materials for
their performance in HILIC. The incorporation of functionality to the beads is desired for their
use in affinity chromatography or affinity-based purification.53 Affinity chromatography is the
combination of chromatography with biologically-related binding agents, or ‘affinity ligands’,
that are immobilized on the stationary phase. Examples are the immobilization of streptavidin
to purify biotinylated compounds, immobilization of Protein A/G to purify immunoglobulins,
or nucleic acids to trap RNA or DNA via the hybridization of complementary strands. Yu et al.54
reported the preparation of PEG-based microspheres on which protein G was immobilized
to purify IgG antibodies. However, the purification efficiency from complex solutions was
not investigated. It must be noted that there is little difference, in terms of bead design and
purification mechanism, between affinity chromatography and immunoprecipitations.
Consequently, considerations (as discussed in chapter 5 and below) for applying antifouling
beads in IP-MS do also apply here. Immunoprecipitations refer to protein antigens purified by
means of antibodies, whereas the interactions employed in affinity chromatography are not
limited to the use of antibodies.
Flow cytometric bead-based assays, such as cytometric bead arrays (CBA), are commonly
used for biomolecule detection as they require small sample volumes, enable multiplexing,
and allow for the quick and automated analysis of a large number of samples.49, 55-56 The
development towards improved bead-based assays follows the same trajectory as for other
applications that face the implications of fouling. There are various studies that show improved
performances of the microbeads by coating them with PEG,57-58 and several examples that
incorporate zwitterionic moieties have also been reported.59-60 However, coatings using
zwitterionic polymer brushes installed via the grafting-from approach are scarce. The beads
developed in chapter 3 can be readily applied in existing protocols due to their compatibility
for flow cytometry measurements. To enable multiplex assays, it would be beneficial to use (or
develop) color-encoded beads56, 61 as this allows the simultaneous measurement of different
antigens within the same sample. Evidently, it is of great interest to determine the sensitivity
that can be reached using the antifouling beads.
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7.2.3	 Romantic beads
In chapter 3, functionalization of zwitterionic polymer-coated beads was achieved via top
functionalization. It provides a versatile approach for brushes that are not too thick, in which
the halogen atom at the chain ends can be converted into a wide range of functional groups. For
instance, as shown in chapter 3, the beads can be functionalized by substitution of the terminal
halogen atom by a primary amine, which allows for the incorporation of a functional groups
such as alkenes or alkynes.62 Difficulties may arise when organic solvents need to be used (as
was needed to dissolve the fluorinated amino compound, see chapter 3, Scheme 3.1), because
the zwitterionic polymer-coated beads tend to aggregate under these conditions. Converting
the halogen atom into an azide moiety is therefore preferred: this reaction is performed in PBS
in which the zwitterionic beads are most easily handled. Besides, azide functionalities give
highly characteristic signals, both in IR and XPS, which enable monitoring of the progress of
the surface reaction, and they allow for subsequent click chemistry reactions. However, the
aforementioned drawbacks to top functionalization also apply to the polymer-coated beads
described in chapter 3: the signals are relatively low and depend on the brush thickness and
density. The generally applicable copolymerization of the azido-SB (or other functionalized
zwitterionic monomers), as introduced in chapter 2, is therefore preferred, and was for this
reason used in chapter 4, 5 and 6.

7.3 Chapter 4: Systematic Comparison of Zwitterionic
and Non-Zwitterionic Antifouling Polymer Brushes on a
Bead-Based Platform
Despite numerous studies on the use of zwitterionic antifouling coatings there is still a need
for systematic, comprehensive studies to reveal the exact relationship between the monomer
structure and antifouling performance. In chapter 4 we evaluated the antifouling properties of
five different polymer coatings on a bead-based platform (as was presented in chapter 3). For,
as far as we know, the first time a direct comparison was made between a sulfobetaine with two
and three methylene groups between opposite charges (SBMAA-2 and SBMAA-3, respectively)
and a carboxybetaine with a carbon spacer length of two methylene groups (CBMAA-2).
Flow cytometry results showed that p(SBMAA-2) performs better in terms of antifouling than
p(SBMAA-3), and that CBMAA-2 outperforms both sulfobetaines. This underlines that both
carbon spacer length and the nature of the anionic group have an influence on the antifouling
capacity. Interestingly, the non-zwitterionic p(HPMAA) performed equally well or better than
all the tested zwitterionic coatings. Based on the obtained results the following ranking was
made (with HPMAA being the best): HPMAA ≥ CBMAA-2 ≈ PCMA-2 > SBMAA-2 > SBMAA-3
>> non-modified beads.
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7.4

SPR versus beads

Different type of techniques are available that can be used to study the antifouling performance
of surface coatings, of which SPR is probably the most frequently used method.20, 63-65 SPR is
a sensitive label-free sensing technique that allows for quantitative in real-time monitoring
of protein adsorption, making it a very powerful tool to evaluate antifouling performance.
However, we encountered various experimental challenges while evaluating our SBMAA-3 and
SBMAA-2 monomers with SPR. Although SBMAA-2 outperformed SBMAA-3 in all cases, it was
troublesome to obtain sensorgrams of high quality. For instance, a negative drift in the SPR
signal was seen in most of the cases, of which the slope was not only changing over time but
also often different for the individual channels on the same chip. To improve the results, the
polymer brushes were allowed to swell/equilibrate by flowing for 3000 sec with PBS buffer
before injecting the protein samples. Although this improved the results considerably, even
after overnight equilibration a drift in signal was still present. The use of a reference channel in
which only PBS was injected could also not completely resolve the issue (probably because the
Biacore 3000 system does not allow for the simultaneous injection of two different solutions in
two different channels). The drift in signal might be caused by the slow desorption of polymer
brushes. The initiator molecules were attached on the SPR gold chip via the self-assembled
monolayer (SAM) formation of free thiols, which are known to have limited stability.7 The
desorption of polymer brushes during antifouling studies has to our knowledge, however, not
yet been reported. Another complicating factor was a sharp negative dip that was observed in
the sensorgrams right after switching back from serum solution to PBS, which hampered the
analysis of the sensorgrams. The signal slowly (> 15 min) stabilized with running PBS buffer.
We hypothesized that the negative dip was caused by a difference in salt concentration between
buffer and serum solution. Dialysis of the serum solution against the PBS buffer largely prevented
the presence of the dip, confirming our hypothesis. Noteworthy, sensorgrams on bare gold did
lead to straight baselines and high quality sensorgrams (without dip after sample injection),
confirming proper functioning of the SPR apparatus. We also observed that thorough cleaning
procedures (using aqueous SDS and NaOH solutions) were required after each measurement
to prevent increased fouling in following runs. Taken all measures together, a single SPR run
became very time-consuming and still only resulted in sensorgrams of moderate quality. It
must be noted that part of the issues described here might be caused by the specific setup
used. For this study a Biacore 3000 was used, which is a frequently used high-performance
SPR machine. It is, however, designed for premade sensor chips (usually carboxymethylated
dextran-coated gold chips: CM5), while for our purpose, separate chips were modified and
glued by hand in the chip holder. This required dried polymer brush-coated gold chips, which
might have caused part of the aforementioned challenges. On the other hand, bare gold chips
that were mounted in the same way resulted in good sensorgrams.
The difficulties faced using SPR prompted us to use beads to evaluate the antifouling performance
of the different monomers. Using beads has several advantages. Firstly, it is fast: many beads
can be made at once and flow cytometry measures each sample, containing thousands of
beads, within a minute. Secondly, many beads are evaluated with every single measurement
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which is in strong contrast with the SPR chips in which only one surface can be measured at
a time, and this manifold allows for reliable statistics. Thirdly, the bead-based platform allows
for the determination of both specific as well as non-specific protein binding within the same
sample. Also considering the observed degradation of the p(CBMAA-2) brushes, we anticipated
that a measurement technique that is not influenced by possible mass loss of the antifouling
brushes would be more trustworthy. The drawback of using the beads is that the thickness of
the antifouling is difficult to measure and that labeled proteins or serum needs to be used,
which might influence the protein adsorption process.
The beads, as well as SPR, do not give additional information on the behavior of polymer
brushes such as their swelling or state of hydration. Other techniques like neutron reflectivity66
and quartz crystal microbalance with dissipation monitoring (QCM-D)67 that also provide
information about the hydration and swelling of the brushes are highly valuable to deepen
the understanding of the antifouling capacity of different polymer brushes. It is of interest to
validate our hypothesis on the differences between the swelling behavior of poly(SBMAA-3)
and poly(SBMAA-2) brushes under different ionic strength using these techniques.
As many beads can be prepared at the same time and samples can be efficiently measured,
the bead-based platform would be highly suitable to investigate the influence of different
additives/components on the antifouling properties of the polymer brushes. For example, the
influence of detergents, which are often used in bio-assays and which have been shown to
influence the swelling of SB polymer brushes, warrants further study.68 The presence of nucleic
acids, membrane fragments or lipids, which may be present in biological fluidics, could also
influence the antifouling performance. Detailed insight in their effect could help to understand
the fouling process and improve current laboratory protocols that use antifouling materials.

7.4.1	 Molecular structure-function relationships
The results obtained in chapter 4 resulted in the following ranking based on their antifouling
performance: HPMAA ≥ PCMA-2 ≈ CBMAA-2 > SBMAA-2 > SBMAA-3 >> non-modified
beads. It is evident that all polymer brushes were able to effectively repel BSA from a singleprotein solution and greatly reduced the amount of fouling when exposed to 10% serum as
compared to non-modified beads. Beads incubated in 10% serum all showed detectable protein
adsorption, which allowed comparison of the different polymer brushes: the differences
between the tested sulfobetaines and other monomers was clearly visible. This underlines the
high discriminating power of the bead-based platform. However, the approach taken did not
allow to fully differentiate between the p(HPMAA), p(PCMA-2) and p(CBMAA-2) brushes.
Evaluation of the antifouling performance with less diluted serum could possibly yield more
pronounced differences between those monomers, as higher concentrations typically result in
higher fouling.65, 69 In contrast, our SPR results showed larger differences between SBMAA-2
and SBMAA-3 with more dilute solutions. A series of different serum solutions with varying
concentration would therefore be most appropriate in an attempt to make the differences
between the monomers more clear.
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Our results showed that SBMAA-2 performs better than SBMAA-3 using a 10% serum solution,
while other studies have shown that CBMAA-2 performs better than CBMAA-3 and CBMAA-5.20,
70
These results do suggest that the shorter the chain length the better the antifouling properties
and therefore that a spacer with a single methylene group would be the ultimate choice.
However, Zhang et al.70 and Vaisocherova et al.20 have shown that CBMAA-1 and CBAA-1,
respectively, perform equally well as the CBMAA-2/CBAA-2 monomers (all below/near the
limit of detection by their SPR instrument in their experimental setup) under physiological
conditions, but less well at low pH or ionic strength. It might be that differences become
visible when the polymer brushes are exposed to more challenging incubation conditions. The
degradation that we and others observed for CBMAA-2 materials71-73 is likely to be absent for
the CBMAA-1 monomer as it does not allow for a Hofmann elimination (loss of C2H3COO–),
suggesting that CBMAA-1 might be the better choice. SBMAA-1 has not been part of any
systematic study (as far as we are aware of). A thorough study comparing SBMAA-1, SBMAA-2,
SBMAA-3, CBMAA-1 and CBMAA-2 for their stability and antifouling performance under
stringent conditions, such as using 100% blood plasma or serum with long exposure times, is
therefore desired.
Despite the frequent (commercial) use of PCMA-2, not many systematic antifouling studies have
been performed using phosphocholines. It has been shown for other types of monomers that
(meth)acrylamides yield better antifouling brushes than their (meth)acrylate counterparts.70,
74
Whether the PCMAA-2 performs better than PCMA-2 is currently unknown, but this is of
high interest as better antifouling properties are to be expected. Besides, only then a direct
comparison can be made with the CBMAA-2 and SBMAA-2 monomers. Simulation studies
have shown that the CSL has limited effect on the hydration properties of the quaternary
ammonium cation, but it is of great influence on the sulfonate and carboxylate anions.75-76 It
is however, unknown whether the CSL between opposite charges has an effect in the case of
phosphocholines.
The aforementioned choline phosphate (CP) zwitterionic monomers are also interesting
candidates.They are prepared via a one-step ring-opening reaction and can be functionalized.77-78
Interestingly, CP-based materials have been shown to resist protein adsorption while they
strongly adsorb to cell membranes. This was explained by the interaction between the CP
dipole and the dipole of the PC lipid head groups that are present in the cell membrane.77, 79
This has interesting implications for drug delivery and tissue engineering. Recently, Li et al.80
reported that CP-based liposomes show better protein resistance and prolonged circulating
time in mice as compared to PC-based liposomes. The CP liposomes did not show affinity for
PC membranes, which is in contrast with the earlier reports on CP materials.77, 79 The authors
explained this by the rigid liposome structure that prevents the orientation of the CP moieties
towards the PC groups within the membranes of cells (or PC liposomes). Taken together, a
detailed comparison, both in terms of protein resistance and cell adhesion, between polymer
brushes grown via SI-ATRP of PC and CP derivatives is desired.
Our data and simulations studies81 suggest that the ability to repel proteins is related to how strong
water molecules are bound to the polymer brush, and not to the number of water molecules
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that are bound. Hydration as a result of hydrogen-bonded solvation is considered to be weaker
than the hydration observed for ionic solvation.82-83 Following this reasoning, based on the
chemical structure of HPMAA, it should perform considerably less well than the zwitterionic
monomers. Yet, the excellent performance of HPMAA observed by us and others64, 84 cannot be
explained in this way. The complexation energies we found for the hydrogen bonds between
a water molecule and HPMAA were considerably high (6-12 kcal/mol) and might therefore
explain the excellent performance of HPMAA. More detailed simulation studies could provide
a better understanding of the excellent performance of a simple hydroxyl acrylamide and could
guide the design of novel and superior monomers. Whether a combination of zwitterionic
properties together with the ability to form hydrogen bond bridges (two hydrogen bonds
between one water molecule and one monomer) will increase the antifouling performance,
remains to be elucidated. That is, it remains an intriguing – yet so far unanswered – question
whether the introduction of a hydroxyl group in between the amide and ammonium group
(same position as in HPMAA) will lead to improved hydration and thereby antifouling capacity
(see Scheme 7.3 for several proposed structures). In addition, it is of interest to investigate the
influence of the methyl group in the HPMAA monomer as HEMA and HEAA (see SScheme
7.4) have also been shown to yield excellent antifouling properties,74 and whether introducing
multiple hydroxyl groups would have a beneficial effect on their antifouling performance (see
proposed structure in Scheme 7.4).

Scheme 7.3   Proposed novel monomers, new elements are indicated in green.

Recently, there has been a great interest in understanding the effect of salt on the properties
of zwitterionic polymer brushes.66, 85-89 SB polymer brushes have been shown to be especially
responsive to the presence of salt,76 which can be explained by the strong inter/intra-chain
interactions within the SB brushes due to the near-equal charge density of the quaternary
ammonium cation and the sulfonate anion. Notably, these inter/intra-chain associations have
been utilized to create antifouling surface coatings that show self-healing properties upon
the addition of water.90 The inter/intra-chain interactions can be disrupted upon addition of
salt as the ions can screen the charges of the zwitterions, preventing them to interact with
one another. As a result, upon addition of salts the SB polymer brushes swell and increase
their state of hydration, which leads to an improved antifouling performance.67 CB polymer
brushes on the other hand, bear charges with quite different charge densities leading to fewer
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associations and are hence less responsive to salt.91 The exact effect of salt on the polymer
properties, is dependent on monomer structure,66-67, 85 density and thickness of the brushes,92
but also on ionic strength as well as on the type of ions that are added.85, 88 This results in a
complex interplay of different effects which are not yet entirely understood. Some generalized
observations are that anions have more effect than cations,66-67, 85 and that monovalent anions
like chlorine and bromine have a positive effect on the extent of brush swelling while divalent
ions such as SO42– have adverse effects and elicit more complex behavior.66-67, 85, 88 The studies
towards a better understanding of the effects of salt on the antifouling behavior of zwitterionic
polymer coatings have primarily focused on the effect of Cl–, Br– and SO42–, which overlooks
the ions that are predominantly present in biological fluids and PBS buffers, like HCO3–, Ca2+,
Mg2+ and HPO42–/H2PO4–. Studying the influence of those ions in mixtures at physiological
concentrations could assist in understanding discrepancies observed between brushes
evaluated in single ion-solutions and that of brushes exposed to blood serum or plasma (as
with our comparison between SBMAA-2 and SBMAA-3) and could potentially lead to the use
of specialized buffers for enhanced biosensing performance.

7.5 Chapter 5: Specific Protein Identification by
Immunoprecipitation-Mass Spectrometry Using
Antifouling Microbeads
Immunonoprecipitation followed by mass spectrometry (IP-MS) has been shown to be a
powerful bead-based tool to study protein-protein interactions.93-94 However, it is often
challenging to differentiate between true protein interactors and proteins that bind nonspecifically. In chapter 5 the use of antifouling beads to reduce background signals in IPMS experiments was presented. Functionalization of the zwitterionic polymer brushes via
the copolymerization with azido-SB monomers (chapter 2) enabled the immobilization
of antibodies via click chemistry. A generic antifouling anti-GFP bead was prepared which
showed a similar amount of GFP capture as commercial beads, yet with much less binding of
contaminating proteins. Our anti-GFP beads showed efficient capture of GFP-fusion proteins
from cell lysate and were able to co-purify known interaction partners of the used GFP-tagged
bait protein. This illustrates the high potential of those beads to identify unknown proteinprotein interactions.

7.5.1	 Preparation of IP-MS beads
The generic antifouling anti-GFP beads described in chapter 5 showed reduced binding of
contaminating proteins in both flow cytometry and IP-MS measurements, as compared to
both non-modified beads and commercially available anti-GFP beads that are widely used
for immunoprecipitations. However, a considerable amount of fouling was still observed
when the beads were exposed to a 10% serum solution. Optimization of the zwitterionic
coating preparation as well as the antibody attachment will aid in reaching the full potential
of antifouling beads in IP-MS procedures. Further optimization of polymerization time, azido-
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Scheme 7.4   Chemical structures of reported and novel monomers as described in the text.

SB percentage, BCN-NHS linker to antibody ratio, antibody concentration and reaction time
during antibody immobilization could yield improved antifouling performance of the polymer
coatings. In chapter 4 it was shown that the standard SBMAA-3 monomer is not the best
monomer. Copolymerization of the azido-SB with other monomers such as SBMAA-2, HPMA
or PCMAA-2 might therefore be considered. The functionalized PC and CP monomers (Scheme
7.1) are also valuable candidates to be tested. Our data showed that the immobilization of a
‘standard’ IgG antibody (TA99) lead to more fouling than the attachment of the VHH domain of
a camelid antibody (anti-GFP), probably caused by the smaller size of the latter. The antifouling
properties are imparted by the zwitterionic polymer brushes, anything else on the beads is
likely to increase the amount of fouling. Oriented antibody immobilization could lead to a
further improvement of the beads. The use of covalently bound oriented llama antibodies (VHH
domains) has been shown to improve sensor sensitivity up to a factor 800 as compared to the
same antibody randomly oriented.95 As oriented immobilized antibodies are more effective in
binding their target, it is expected that less antibody is needed per IP-MS experiment, which
also could improve the IP-MS outcome by better suppressing non-specific binding. A significant
drawback of this method is that oriented attachment of the llama antibodies requires protein
engineering. IgG antibodies can also be used for oriented immobilization, for example, using
boronic acids targeting the N-glycans on the Fc regions from the antibodies.96-97

7.5.2	 Immunoprecipitations
In chapter 5 we showed the preparation of a generic anti-GFP bead that was used to capture
MBD3-GFP and its known interaction partners. Evidently, it would be of interest to use the
novel antifouling anti-GFP-functionalized beads to discover new protein-protein interactions.
Analogously to generic anti-GFP beads, additional generic beads directed against other epitope
tags, such as c-myc, FLAG, and His-tag,98 can also be prepared to expand the usability of the
beads. It must be noted that even without MS analysis, these generic beads can be of great value
for the purification of tagged proteins.99 The immobilization of streptavidin is also valuable as
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it allows for the binding of a wide variety of biotinylated antibodies, and can hence be used to
capture a wide range of antigens. Within this thesis we have shown the successful attachment
of biotin, mannose, camelid anti-GFP nanobody, mouse IgG TA99 antibody and chicken OVA
to the antifouling beads. It is therefore likely that other recognition units can also be readily
incorporated.
Once recognition units are immobilized on the antifouling beads, they can subsequently be
used to ‘precipitate’ tagged or non-tagged bait proteins and study the co-purified interacting
proteins by mass spectrometry. Alternatively, the beads can be used to identify unknown
allergens via the immobilization of IgE antibodies. IgE antibodies help to combat parasites in
healthy individuals but also play a pivotal role in the response to allergens.100 It is therefore
of interest to immobilize IgE antibodies (or first anti-IgE antibodies to make the beads more
generic) of allergic individuals to the antifouling beads and incubate them in a pool of possible
allergens. MS analysis of bound biomolecules could then identify to which allergens the IgE
antibodies were raised. The use of antifouling beads will aid in identifying true allergens and
lower the risk of false-positive candidates.

7.5.3	 IP-MS as a tool for antifouling studies
Besides the use of functionalized antifouling beads in IP-MS experiments to study proteinprotein interactions, the beads can also be used as a tool to study antifouling behavior. Although
the major proteins that play a role in fouling have been identified, such as immunoglobulins,
albumin, fibrinogen and complement factors,101 the exact mechanism and compositions of
fouling proteins are poorly understood. It has been shown that serum or plasma from different
individuals, age of individuals and type of species can cause differences in the amount of
fouling.84, 102 Besides, there have been only a few studies that focus on antifouling in solutions
different than single-protein solutions or blood plasma/serum, such as urine, saliva, milk and
fruit juices.28, 102-103 The bead-based platform as described within this thesis, followed by mass
spectrometry analysis can provide valuable information to deepen the understanding of fouling.
Recently, such a study was performed on nanoparticles incubated in cell culture media.104

7.6 Chapter 6: Targeted Phagocytosis of
Functionalized Stealth Microbeads by Macrophages
The performance of particles for in vivo applications such as imaging and drug delivery is
significantly hampered by non-specific protein adsorption as this induces phagocytic uptake
by macrophages and other antigen-presenting cells. This leads to the rapid clearance of the
particles from the blood stream, preventing the particles from reaching their target site. Coating
the particles with an antifouling layer can significantly reduce the amount of fouling on the
particles and hence suppress their phagocytic uptake. In Chapter 6 we showed a proof-ofprinciple study in which the zwitterionic polymer-coated microbeads were able to prevent
phagocytosis by murine macrophages. Immobilization of ovalbumin (OVA) on the beads
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did not result in an increase in phagocytic uptake. Only when the beads were specifically
targeted to the macrophages by the direct or indirect coupling of IgG2a antibodies, for which
the macrophages have a receptor, the antifouling beads were efficiently internalized. While only
a first, preliminary study, our work does illustrate the great potential of zwitterionic polymer
brushes for in vivo applications.

7.6.1	 Antigen presentation
In chapter 6 we showed that antifouling beads coated with OVA were not phagocytosed, whereas
beads coated with IgG2a antibodies were efficiently taken up by macrophages. By coating the
beads with antibodies, antigen-presenting cells (APCs), such as macrophages and dendritic
cells, can efficiently phagocytose the beads following the binding of their Fc receptors (FcR)
to the Fc region of the antibody. The mouse IgG2a antibody isotype can bind to activating Fc
receptors (FcgRI, FcgRIII and FcgRIV) on APCs and is the most potent IgG subclass to promote
phagocytosis and upregulation of maturation markers such as CD80 and CD86.105 The enhanced
phagocytosis will promote the major histocompatibility complex (MHC) presentation of beadderived peptides on the surface of the APCs. Together with the IgG2a, induced upregulation of
the costimulatory surface markers CD80 and CD86, will signal naive antigen specific T cells to
become activated.105-106 The stealth characteristics of the OVA-functionalized antifouling beads
can therefore be transformed into immune stimulating beads by binding them to the anti-OVA
IgG2a antibodies, ensuring effective presentation of OVA peptides. Immobilization of proteins
or biomolecules that are associated with pathogens (instead of OVA) together with antibodies
with Fc regions that target these activating Fc receptors, could serve as promising candidates
for vaccine development. Macrophages and dendritic cells (DCs) express both activatory
and inhibitory FcγRs, the balance of which helps to regulate their activation status. Immune
complexes of antigen and antibody isotype that binds the inhibitory FcγRIIB receptor, were
shown to induce an immature/tolerogenic DC phenotype that resulted in the suppression
of autoreactive T cells.107 Induction of tolerance might therefore be promoted by targeting
antigen-carrying stealth beads with FcgRIIB. This could offer therapeutic applications for
allergies and autoimmune diseases. Whether the antifouling polymer-coated beads will indeed
improve antigen presentation or can be used to induce tolerance remains to be elucidated.

7.6.2	 In vivo applications
The 2.8 µm Dynabeads presented in Chapter 6 were used to show the potential of the SIATRP-grown zwitterionic coatings. Beads in this size range have high potential for particlebased vaccine development.108-109 In contrast, for in vivo imaging or drug delivery applications,
smaller particles are more common practice (in the range of 2-300 nm110). The incorporation
of zwitterionic units in nanoparticle systems has recently been utilized to improve drug
delivery and in vivo imaging. For example, zwitterion-coated quantum dots111 and zwitterionic
dendrimer-entrapped gold nanoparticles112 have been used for enhanced tumor imaging in
mice, while zwitterionic micelles have been proposed as promising drug delivery carriers.113-115
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Few studies have used SI-ATRP to coat nanoparticles,22, 116 and even less have applied them for
in vivo applications. It is therefore of interest to transfer the methodologies for micron-sized
particles developed within this thesis to nanoparticles and investigate their performance in
both in vitro and in vivo experiments.
On flat surfaces it has been shown that polymer coatings prepared via the grafting-from approach
yield the best antifouling performances, and it is expected that this is also true for polymer
brushes grown from nanoparticles. However, it is difficult to predict the differences in
antifouling performance of nanoparticle with zwitterionic coatings prepared by SI-ATRP with
that of zwitterionic dendrimers, nanoparticles formed by the self-assembly of diblock polymers
(zwitterionic and hydrophobic block), zwitterionic micelles and zwitterionic liposomes. We
have only just begun to understand the behavior of these different type of nanoparticles in
vivo, and further studies on these various types of nanoparticles are needed to determine and
compare their antifouling performance.

7.6.3	 The future of antifouling materials
Antifouling coatings are being implemented in a wide variety of applications, ranging from
medical implants and marine coatings to biosensing systems.117 Recently, new applications have
emerged such as their use in anti-icing coatings for aviation,118 or their ability to capture, kill
and release bacteria.119 Improvements, new features and novel applications are continuously
being added, which will further expand the usage and scope of antifouling polymer brushes. As
different applications have different requirements and as antifouling performance is dependent
on many factors (type of coating, type of protein solution, temperature, ionic strength, time
of exposure, etc.), a ‘one fits all’ antifouling material cannot fulfill all requirements. A ‘fit-forpurpose’ approach, in which the antifouling coating is specifically tailored to the application, is
therefore in the author’s view best suited. A better understanding of which antifouling material
performs best in what situation, is therefore highly desired.
Antifouling coatings have high potential in many biological applications, but their implementation
is often challenging. To increase the usage of zwitterionic polymer coatings in common
(biology) laboratory practice, the technology should be either (further) commercialized and/
or procedures should be developed that allow for the formation of zwitterionic coatings on
a common laboratory bench. High performance antifouling coatings are usually prepared by
SI-ATRP, however, this method requires stringent oxygen-free laboratory procedures which
are non-trivial for a non-chemist. Several adjustments have been made to make the SI-ATRP
procedure less sensitive to oxygen,120 for example by the addition of reducing agents, however,
ATRP remains a delicate method for which alternatives are highly appreciated.
Taken together, this thesis provides new insights and tools to efficiently introduce functionality
to zwitterionic polymer brushes and to incorporate these brushes onto a bead-based platform.
This thesis thereby considerably contributes to the applicability of zwitterionic polymer
brushes for biomedical applications.
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Summary
The non-specific adsorption of biomolecules, often referred to as fouling, is a recurring issue
in many biomedical and bioanalytical applications. For example, the non-specific adsorption
of proteins diminishes the signal-to-noise ratio of biosensing systems, while protein coronas
formed on drug delivery vehicles hamper the drug to reach its target site due to fast removal
by phagocytic cells. Zwitterionic polymer brushes have been brought forward as excellent
candidates to prevent fouling. This thesis provides tools and insights to improve antifouling
performance in general, to efficiently introduce functionality to zwitterionic polymer brushes
and to transfer existing knowledge of antifouling coatings on flat surfaces onto microbeads.
In addition, two applications for the antifouling zwitterionic polymer-coated microbeads are
also presented.
Chapter 1 provides an introduction to antifouling coatings in general and to zwitterionic
polymer brushes in particular. This chapter also introduces the concept of a romantic surface:
a surface that repels all biomolecules except that special one it is interested in. Chapter 2
describes a novel approach on how to create such romantic surfaces. An azide-functionalized
sulfobetaine is introduced that enables the 3D-functionalization of fully zwitterionic polymer
brushes. The number of built-in functional groups could be tuned by the co-polymerization of
this novel azido-SB monomer with a standard sulfobetaine. The incorporated azide moieties can
then be used to couple recognition units of choice using “click” chemistry. Functionalization
of the brushes with biotin units enabled the specific binding of avidin without the interference
of the non-specific binding of fibrinogen.
Particles of various sizes are being used for a wide range of biomedical application, including
drug delivery, imaging, cells sorting and as biosensing platform. As on flat surfaces, fouling
compromises the performance of these particles. Chapter 3 describes a methodology to
efficiently coat microbeads with zwitterionic antifouling coatings. Top functionalization of
the polymer brush chain ends was used to introduce various functional groups, including
biotin and mannose moieties. The beads were able to specifically bind streptavidin and ConA,
respectively, in the presence of a 10 % serum solution. Flow cytometry was shown to be a
powerful tool to evaluate both non-specific as well as specific binding of proteins in a quick
and automated manner. The methodology developed in chapter 3 was used for chapters 4, 5
and 6.
Chapter 4 presents a systematic comparison of various antifouling polymer brushes to deepen
the understanding on the exact relationship between monomer structure and antifouling
performance. Sulfobetaines with three methylene groups between opposite charges (SB-3)
have often been compared to carboxybetaines with two separating methylene groups (CB-2).
In chapter 4, for the first time, a direct comparison was made between SB-3, CB-2 and SB-2 (a
sulfobetaine with two separating methylene groups), revealing that both carbon spacer length
as well as the nature of the charged groups have an influence on the antifouling capacity. A
phosphoscholine and a hydroxyl acrylamide monomer were also shown to produce excellent
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antifouling surfaces. It was also demonstrated that the bead-based platform, as described in
chapter 3, provides a great tool to evaluate antifouling performance.
Immunoprecipitation followed by mass spectrometry (IP-MS) is a powerful technique to
study protein-protein interactions. The differentiation between true protein interactors and
proteins that bind non-specifically is, however, often challenging. Chapter 5 describes the
use of zwitterionic polymer brush-coated microbeads to reduce background signals in IPMS experiments. The azide-functionalized sulfobetaine monomer that was introduced in
chapter 2, was used to enable the immobilization of antibodies via click chemistry. Antifouling
anti-GFP beads were produced, which showed similar levels of GFP capture as commercially
available anti-GFP beads, but with strongly reduced non-specific protein binding. In an IP-MS
experiment many contaminating proteins were identified with the commercially available antiGFP beads, whereas the antifouling anti-GFP beads were able to almost exclusively purify the
GFP-tagged bait protein and its known interaction partners.
The non-specific adsorption of proteins onto intravenous injected particles often leads to
the rapid clearance from the blood stream by phagocytic cells like macrophages and other
antigen-presenting cells. This drastically hampers the in vivo performance of the particles.
Chapter 6 describes the use of antifouling zwitterionic polymer brush-coated microbeads to
prevent phagocytosis by murine macrophages. The functionalization of the antifouling beads
with proteins did not result in a significant increase in phagocytic uptake. On the other hand,
when the beads were specifically targeted to the macrophages by the immobilization of IgG2a
antibodies, the beads were actively internalized via Fc receptor-mediated phagocytosis. This
chapter demonstrates the high potential of functionalized zwitterionic polymer brush-coated
particles for in vitro and in vivo applications.
Chapter 7 provides a general discussion on the most important achievements that are outlined
within this thesis. Special attention is given to suggestions for future research. Novel monomers
are proposed that may lead to improved antifouling capacity. In addition, potential applications
of antifouling beads are discussed.
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Samenvatting
De aspecifieke adsorptie van eiwitten en ander biomateriaal aan oppervlakken, gedefinieerd
als (bio)fouling, vormt een terugkerend probleem in veel biomedische toepassingen. Het
leidt bijvoorbeeld tot een verslechterde signaal-ruis verhouding in diagnostische testen en
kan verhinderen dat een bepaald medicijn op de juiste plek in het lichaam terecht komt.
Eiwitafstotende coatings, en dan met name coatings die bestaan uit zogenaamde zwitterionische
polymeerlagen, kunnen hier een oplossing bieden. Vanwege de hoge dichtheid aan positieve en
negatieve ladingen kan dit type coatings zeer goed water vasthouden. De waterlaag voorkomt,
door de fysieke en energetische barrière, dat eiwiten aan de coatings kunnen binden. In dit
proefschrift wordt uiteengezet hoe deze polymeerlagen verder kunnen worden verbeterd en
hoe herkenningselementen aan de coatings vastgezet kunnen worden die in staat zijn specifiek
een molecuul te binden. Op deze manier wordt een ‘romantisch’ oppervlak gecreëerd:
een oppervlak dat al het biomateriaal afstoot, behalve dat ene molecuul waar het naar op
zoek is. De opgedane kennis voor het maken van romantische, eiwitafstotende coatings op
vlakke oppervlakken is vervolgens gebruikt voor het coaten van bolvormige microbeads.
De antifouling microbeads kunnen voor verschillende toepassingen binnen de biochemie/
biomedische wereld gebruikt worden.
Hoofdstuk 1 geeft een algemene introductie over eiwitafstotende coatings en introduceert
het concept romantisch oppervlak. Hoofdstuk 2 beschrijft een nieuwe aanpak hoe zulke
romantische oppervlakken gecreëerd kunnen worden. Hiertoe wordt een zwitterionisch
monomeer (sulfobetaine) geïntroduceerd die is uitgerust met een reactieve azide groep.
De azide groepen maken het mogelijk om over de hele hoogte van de polymeerlaag een
gewenst herkenningselement vast te zetten mét behoud van het zwitterionisch karakter
van de polymeerlaag. De mate van inbouwing van deze herkeningselementen kan worden
gecontroleerd door het nieuwe azido-sulfobetaine monomeer te copolymeriseren met een
standaard zwitterionisch monomeer. De ingebouwde azide groepen kunnen vervolgens worden
gebruikt voor het koppelen van herkenningselementen met behulp van klikchemie. Biotine dat
op deze manier aan de polymeerlaag gekoppeld was, bleek in staat om zeer selectief het eiwit
avidine te binden maar tegelijkertijd het ook aanwezige (‘plakkerige’) eiwit fibrinogeen af te
stoten.
In veel biomedische toepassingen wordt gebruikt gemaakt van zogenaamde beads (bolvormige
polymeerdeeltjes variërend van enkele nanometers tot enkele honderden micrometers in
grootte), voor onder andere drug delivery, imaging, en voor de diagnostiek. Fouling zorgt net als
op vlakke oppervlakken voor een verminderde specificiteit en daarmee toepasbaarheid van deze
beads. Hoofdstuk 3 beschrijft hoe magnetische beads van enkele micrometers groot kunnen
worden voorzien van een zwitterionische polymeerlaag. Aan de uiteinden van de polymeerketens
konden verschillende soorten functionele groepen worden vastgezet, waaronder biotine en
mannose verbindingen. Met deze microbeads konden specifiek respectievelijk streptavidine en
conanavaline A uit een 10% serum oplossing gebonden worden. Flowcytometrie werd hierbij
geïntroduceerd als een nieuwe techniek voor het op een snelle en geautomatiseerde wijze
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kwantitatief meten van zowel specifieke als aspecifieke (fouling) eiwitadsorptie. De methodiek
beschreven in hoofdstuk 3 werd ook gebruikt voor de hoofdstukken 4, 5 en 6.
In hoofdstuk 4 worden verschillende polymeerlagen met elkaar vergeleken om de relatie
tussen monomeerstructuur en eiwitafstotend vermogen te kunnen bepalen. Sulfobetaines
met drie methyleengroepen tussen de tegengestelde ladingen (SB-3) worden vaak vergeleken
met carboxybetaines met twee methyleengroepen (CB-2). In hoofdstuk 4 wordt voor de
eerste keer een directe vergelijking gemaakt tussen SB-3, CB-2 en SB-2 (een sulfobetaine
met 2 methyleengroepen tussen de tegengestelde ladingen). Hieruit bleek dat zowel de
ketenlengte tussen de tegengestelde ladingen als het type anion bepalend zijn voor de mate
waarin eiwitadsorptie plaatsvindt. Daarnaast hebben we ook gekeken naar een zwitterionisch
phosphoryl chloride en een niet zwitterionisch hydroxyl metacrylamide monomeer, beide
bleken over zeer goede antifouling eigenschappen te beschikken.
Immunoprecipitatie gevolgd door massa spectrometrie (IP-MS) is een veelgebruikte op beads
gebaseerde techniek voor het bestuderen van eiwit-eiwit interacties. Het blijft echter zeer
uitdagend om onderscheid te maken tussen echte interacties en eiwitten die aspecifiek blijven
plakken aan de beads. In Hoofdstuk 5 wordt beschreven hoe de aanwezigheid van een een
eiwitafstotende polymeerlaag op een microbead de hoeveelheid achtergrondsignaal als gevolg
van aspecifieke eiwitbinding in IP-MS experimenten kan reduceren. Het azide bevattende
monomeer, zoals beschreven in hoofdstuk 2, werd hierbij gebruikt voor het vastzetten van
antilichamen op de zwitterionische coating. Microbeads voorzien van GFP antilichamen
lieten net zoveel GFP binding zien als commercieel verkrijgbare beads, maar met een sterk
gereduceerde hoeveelheid aspecifieke eiwitbinding. Dit zorgde voor een sterk verbeterde
identificatie van een GFP fusie eiwit in een IP-MS experiment.
De aspecifieke binding van eiwitten aan medicijndragers leidt vaak tot een snelle verwijdering
van deze deeltjes uit de bloedbaan door fagocyterende cellen van het immuunsysteem, nog
voor dat de deeltjes de juiste plek kunnen bereiken. Hoofdstuk 6 laat zien dat door het
introduceren van de zwitterionische coating op microbeads kan worden voorkomen dat
deze microbeads worden gefagocyteerd door macrofagen. Wanneer de microbeads werden
voorzien van specifieke IgG2a antilichamen konden de macrofagen deze microbeads herkennen
en daardoor specifiek opnemen met behulp van Fc-receptor gemedieerde fagocytose. De
microbeads kunnen dus naar gelang met rust worden gelaten of specifiek worden opgenomen.
Dit illustreert de potentie van dit soort polymeer gecoate microbeads voor in vitro en in vivo
toepassingen.
Hoofdstuk 7 omvat een algemene discussie over de belangrijkste bevindingen die beschreven
zijn in de voorafgaande hoofdstukken van dit proefschrift, waarbij met name aandacht is voor
suggesties voor verder onderzoek.
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