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Chapter 1

1.1 Miniaturization of sensors

“There’s plenty of room at the bottom”. Just like the desire to get to the moon
in the 1960’s, modern science has its mind set on a challenge. Similar to 50
years ago it has its effect on society, though without a cramped political situation
on the matter. Almost every person with sufficiently working senses noticed
the downsizing of technologies. The famous quote by Richard Feynman in
1959 motivated scientists and companies to make devices as small as possible,
sometimes beyond practicality. Is it necessary to make a smartphone almost as
flat as a piece of paper, making it less comfortable to handle? Of course this
expertise can be picked up for relevant applications in the near future. Despite
the phone being flat, it contains many sensors to provide detailed information on
your physiological status and has much more computing power then was required

to get to the moon in 1969.

This reduction of volume also worked its way into the medical field. Implants are for
example equipped with nanoscopic (nanometer = 10° meter) features to improve
compatibility with the host tissue. Equipping these nano- and microscopic structures
with smart features, might allow clinicians to obtain real-time information on the
patient’s progress. This would be comparable to the smartphone example given
earlier, where a miniaturized integrated sensor provides (chemical) information.
The use of these so-called in vivo sensors would be an enormous step forward as
it would enable clinicians to follow concentration fluctuations of biomarkers and

thereby facilitate clinical studies and theragnostics.

Nowadays, biological receptors are often used for the detection of biological
analytes. In most cases antibodies (Abs) are employed which can be developed
to target a selected analyte in a very specific manner. However, drawbacks of
working with biomolecules are their limited shelf-life and issues regarding their

survival in harsh environmental conditions. Furthermore, the production of Abs
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can be costly.l'2l As an alternative, molecularly imprinted polymers (MIPs) or
synthetic Abs, can be considered. They have comparable specificity, but do not
suffer from the listed drawbacks. To be able to miniaturize these so-called MIP
sensors, control over their synthesis is desirable in means of temporal and spatial
control. This would allow for the production of sensitive polymeric features,
produced in complex patterns, sometimes within the nanoscale. Its production is,
however, accompanied by several challenges. To understand this we have to know

how polymers are made, how MIPs function and how this control can be achieved.

The goal of this thesis is therefore to develop a synthesis route which overcomes
these challenges. This can be achieved by the surface-growing of polymerfilms
from the surface of a substrate using a light source to mediate the reaction.
Ultimately these synthesis procedures are optimized to produce MIP films, which

are tested in a sensor set-up.
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1.2 Polymer synthesis

Polymers, or macromolecules, are made of smaller repeating units called
monomers, linked together by a so-called polymerization reaction. Polymers can
be found in nature, where the best-known examples are DNA, polysaccharides
and proteins. Alternatively, synthetic polymers reside in plastics, electronics and a

vast variety of industrial products such as adhesives and coatings.[®!

Polymerization reactions can be divided into two main classes, namely step-growth
and chain-growth polymerization. This division is based on the reaction mechanics
and is depicted in Figure 1.1. In a step-growth polymerization, monomers are
linked through reaction of their functional moieties in a step wise fashion, without
requiring an initiator. This means that from monomers dimers are formed, two
dimers form tetramers while a monomer and dimer form trimers and so on. These
combinations gradually combine into larger macromolecules. This takes place at
a relatively slow pace due to the fact that high conversions are required to obtain

high molecular weight polymers. No monomers or large polymers can coexist.

Qo Q Q
Q
0 Q o
2" 90°0 Qo
) o \J \_D\D e
Step 6 Q Q\) 9 3 Q
Growth — o i = o) 8 = Q = C)) ‘dd
VO b QO Q
Q e | ¢
6) “Q , o9
- Q d) o

Figure 1.1. Schematic representation of a chain-growth (Top) and step-growth

polymerization (bottom)
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In a chain-growth polymerization, monomers are linked together by adding to
a growing polymer chain, one by one. Following an “initiation” step with the
formation of the reactive center, monomers are linked to the reactive center.
Chain-growth methods include radical, cationic, anionic or ring-opening metathesis
polymerization. After addition of the monomer to the growing chain, the reactive
center is regenerated on the newly added monomer, making it available for
another monomer addition. This step is better known as “propagation”. Following
this mechanistic pathway, high molecular weight polymers are obtained at low
conversions and only polymers and monomers can be found in the reaction
mixture (next to initiator fragments). Propagation is ceased via “termination”
events, which proceed via recombination of radicals or disproportionation for
radical polymerization. Ionic polymerizations are terminated by chain-breaking
events or by combination with a counter ion. Since only radical chain-growth

polymerization is addressed in this thesis, this route will be discussed further.

Unlike in free radical polymerization where high molecular weight polymers are
produced at the first instance, in some radical chain-growth pathways the number
average molecular weight (M) is linearly increasing with conversion. This is
achieved by suppressing termination events or by reversible transfer reactions.
Hereby, the apparent lifetime of the radical is prolonged. Such reactions are
better known as reversible deactivation radical polymerizations (RDRP). An RDRP
is additionally characterized by a narrow molecular weight distribution (which
requires fast initiation) and high end-group fidelity. The evolution of molecular
weight with increasing conversion for step-growth and chain-growth (free radical

and RDRP) polymerizations is displayed in Figure 1.2.
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Figure 1.2. Molecular weight vs conversion plot for step-growth, controlled and

uncontrolled chain-growth polymerization.

Some of the best known RDRPs are atom transfer radical polymerization
(ATRP),51 reversible-addition fragmentation degenerative chain transfer (RAFT)
polymerization!®! and iniferter polymerization.”? These techniques are separately

discussed in the next sections.

Depending on the polymerization strategy, different modes of initiation can
be considered. While initially thermolysis (RAFT) and redox initiation (ATRP)
were the conventional activation routes, photomediation of controlled radical
polymerization has been explored with increasing attention.®! Photoinititation has
the advantage of providing good spatial and temporal control while allowing mild
reaction conditions. The developments in photoinitiation with respect to RAFT and

ATRP are touched upon in their respective sections.
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1.2.1 Atom Transfer Radical Polymerization

Sawamoto*! and coworkers and Matyjaszewski and coworkers!®! first described
ATRP in 1995. The general mechanism of classical ATRP according to Matyjaszewski

is depicted in Figure 1.3.[°!

Termination
ka kt I/
Cul® + Pr—X —~=—>=— x—CuL* + p°
fo Q
M

Figure 1.3. Simplified mechanism of classical ATRP.

Radicals are generated through the activation of a so-called ATRP initiator or
activator. Typically, an ATRP initiator is equipped with a halide, which is kept in a
redox equilibrium with a metal/ligand complex. Such a complex often comprises a
cuprous halide, but other metal complexes are reported as well.[*1%111 The metal
catalyst is kept in solution through complexation with the ligand often consisting
of (tertiary) amines. Activation of the initiator is achieved through extraction and
reversible transfer of the halide from the initiator to the metal/ligand complex.
This yields a radical species, which can undergo propagation. The termination
events in this case are suppressed by favoring the dormant or inactive state in the
redox equilibrium, through the addition of the persistent copper halide radical or
deactivator. Because of this mechanism, all polymers are allowed to grow at the
same pace, which results in a linear increase in the number average molecular

weight with increasing monomer conversion.

A limitation of classical ATRP is the rather limited pool of compatible monomers.
These limitations and challenges arise from interaction with the ligand through
competition (amines) and protonation (acids). Furthermore, purification steps are

required to remove any remaining metal contamination.
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With the introduction of photo-induced ATRPI%!21 these challenges were
addressed. Light exposure contributes to the regeneration of the copper(I)
species (activator) and therefore stimulates polymerization. This is suggested to
be achieved by exciting the metal/ligand complex. Free ligand, which is added in
excess compared to the copper(II) species will act as a reducing agent, generating
copper(l). Additionally, multiple other pathways were suggested to contribute to
the reduction of the catalyst as proposed in Figure 1.4.[*3] This way the copper

concentrations can be drastically reduced to levels below 100 ppm.t4-16

o+ _H' . M
[ P
[ ‘\ hv Br

Br —= L* =—— L
yd
. hv
/ \\ ~— [-Br
I-Pp-Br + CuBriL — Cu'BriL + I-P,

x [Cu"Br/L]* /hv

Figure 1.4. Mechanism of PhotoRDRP as proposed by Frick et al.l*3!

Eventually organocatalysts were introduced for the catalysis of photochemical
ATRP reactions also known as O-ATRP.[}7-20] This made the use of metal catalyst

and their concomitant ligands redundant. A suitable organo photocatalyst (PC)
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is an excellent reductor in excited state. After reducing the alkyl halide and thus
activating radical propagation, the obtained radical cation can efficiently oxidize
the propagating chain back to a dormant state (Figure.1.5).(2:221 This reversible

behavior is usually confirmed and visualized via cyclic voltammetry.[22:23]

hv
PC & pc* PCH+X-

PC PCHX

Figure 1.5. Mechanism of O-ATRP.[?2]

1.2.2 Reversible-addition fragmentation degenerative chain
transfer and iniferter polymerization

Another RDRP procedure is RAFT polymerization.[®! Its mechanism is depicted
in Figure 1.6. With the aid of a so-called RAFT agent, the radical is reversibly
transferred and distributed between an excessive number of dormant chains. The
radical source is in this case a conventional radical initiator, as often used in
free radical polymerization. After initiation, the radical of the propagating chain
adds to the RAFT agent forming an intermediate radical species, entering the
pre-equilibrium. Subsequently this species fragments, allowing reinitiation via the
radical R-group stemming from the RAFT agent. Herewith, the reaction proceeds
to the main RAFT equilibrium where dormant polymer chains are reactivated

through continuous reversible activation.
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Initiation
| — | —— P,
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.
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Figure 1.6. Mechanism of RAFT polymerization.

The composition of the RAFT agent plays a significant role in the success of the

reaction, which is determined by a narrow dispersity, high end-group fidelity

and narrow molecular weight distributions. It generally consists of a dithioester

moiety, R-group and Z-group. In an ideal case the radical is equally stabilized

at the propagating polymer chain and the intermediate dithioester specimen (K

= 1). This allows for easy and quick transfer and therefore rapid deactivation.

The stabilization of the radical on the R-group similarly determines the monomer

compatibility of the specific RAFT agent. The further chemical nature of the

R-group can be selected to have a specific function as end-groups of the RAFT

polymers. The Z-group furthermore stabilizes the intermediate radical species and

10
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has an influence on the transfer event. Control over the polymerization reaction
is obtained by using an excess of RAFT agent compared to radical initiator. By
maximizing chain transfer, termination is, although the same as for a free radical
polymerization, at a negligible rate compared to the rate of transfer. For RAFT
the degree of polymerization is determined by the monomer and RAFT agent

concentration.

To photoinitiate a RAFT polymerization, the photostability of the RAFT agent must
be considered, making this a challenging combination as RAFT agents absorb in the
UV-vis range and may decompose upon light exposure. When using an additional
photoinitiator to perform photoRAFT, the absorption spectra of the initiator and
thiocarbonylthio compound should preferably not overlap to avoid decomposition
of the RAFT agent. A more direct approach is to use the RAFT agent directly as
the main radical source. This strategy is better known as photoiniferter where the
RAFT agent serves as the initiator, transfer agent and terminating agent. After
initiation, which follows a reversible deactivation mechanism, the intact transfer
agents control the polymerization through degenerative transfer similar to RAFT.
This is valid if the decomposition of the RAFT agent is within limits to preserve the
RAFT control mechanism. Photoiniferter is considered the first reported successful

photoRDRP reaction and is therefore a predecessor of RAFT.[24

Another option to circumvent the photolability of the RAFT agent is by using
photoinduced electron transfer RAFT (PET-RAFT).[?% In this method, a photoredox
catalyst, comparable to those used for photoATRP, is used to initiate the reaction.
The excitation spectrum can be shifted by selecting a catalyst whose absorption
spectrum has minimal overlap with the absorption range of the RAFT agent.

Undesired decomposition of the transfer agent can then be avoided.

11
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1.3 Surface functionalization and polymer grafting

Lithography is the method to produce patterns on substrates. Micropatterns
can be generated via a variety of specialized techniques. Several examples are
Dip-pen nanolithography, micro-contact printing and interference lithography,
but there are many more.[?®! In photolithography, patterns are generated upon
light irradiation. Photomasks are mostly employed for the production of polymer
patterns.[?7.281 The photomasks cast a shadow on the substrate. Polymerization is
only driven in the illuminated regions, creating the negative pattern of the casted
shadow, as depicted in Figure 1.7. The opposite is also possible when a positive
photoresist is used. In that case the light is destructive for the resist, leaving the

non-illuminated areas intact.

N

-
@

Shadow mask

@

Direct laser writing

@

Figure 1.7. Schematic representation of the generation of polymer patterns using

a shadow mask (top) or direct laser writing (bottom).
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When applying greyscale photomasks, different regions are exposed to varying
light intensities. In this way, a local variation in film thickness can be introduced to
the polymer film.[?°l When applying photomasks the resolution is heavily depending
on the resolution limitations for the fabrication of the mask. Additionally, for
different patterns, different masks need to be made, which can be quite tedious.
An alternative is provided by directly writing a pattern on the substrate, as
illustrated in Figure 1.7.3% Laun et al. reported the direct laser writing (DLW)
for copper mediated photoATRP where a pulsed UV laser (351 nm) was used to
produce computer generated motives (checkerboard).3!1 Here the resolution was

limited to optical effects. A film thickness of up to 39 nm was observed.

All methods discussed in this thesis are “grafting-from” approaches, where polymers
are directly grown from a substrate. In the “grafting-to” approach polymers are
synthesized prior to grafting. Although better control and easier characterization
of the polymerization is obtained for the latter, grafting densities are low due
to steric hindrance. To properly asses to which extent surface polymerization is
controlled in a grafting-from approach, polymers are often cleaved of and analyzed

via size exclusion chromatography (SEC).B2

1.3.1 Surface modification using photomediated RDRP

RDRP strategies are investigated for surface modifications with increasing
interest.*3 The advantages of RDRPs, like control over brush size and end-group
fidelity can then also by applied to surfaces, as schematically displayed in Figure
1.8. Thermal RDRP are mainly conducted for surface modification using RAFT.
The photolabile RAFT groups avoid irradiation in the process.**! Thermal RAFT
is, however, a popular route for the grafting from non-planar substrates, where
spatial control is less important or where light irradiation is less homogenous.[34-36]
For planar substrates the reports about photomediated RDRP greatly outnumber

thermal initiated routes.%! In this approach the advantages of photoinitiation and
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controlled polymer brush formation is combined.3”! It allows for the grafting of
complex polymer patterns in three dimensions and by controlling the film thickness
predetermined profiles can be obtained through spatial and temporal control.
Layered polymer films can be constructed with each layer displaying distinctive

properties with the production of (block) copolymers.

o 8 |

Reaction time

Y

Figure 1.8. Schematic presentation of surface initiated RDRP, providing good

over end-group fidelity and control over brush size.

The first surface initiated copper mediated photoATRP was reported in 2013.
The ATRP initiator was immobilized through the formation of a self assembled
monolayer (SAM) on a gold substrate using thiol end-groups. TiO, was added
as photosensitizer for the UV initiated reaction. Brush lengths of more then
200 nm were reported.38 As generally the case with the formation of SAMs, a
long alkyl spacer (around 12 carbons) was preferred to stabilize the monolayer
formation.[*°1 Without using a sensitizer, PMMA films were grafted up to 15 nm film
thickness within 5 hours of exposure time, using a household fluorescent lamp.
401 Interestingly, gradual evolution and optimization of this technique showed the
continuous reduction in copper catalyst concentrations, down to ppb levels.[27:41]
Also with respect to surface grafting, O-ATRP was conducted. Hawker and coworkers
reported the grafting of PMMA (up to 30 nm) with 10-phenyl phenothiazine as the

catalyst using a 405 nm conical lamp and sunlight.’?®1 This work was elaborated by
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the group of Matyjaszewski, who compared efficiency between two different ATRP
initiators for the polymerization of PMMA from silica particles.*?! They confirm that

ethyl 2-bromo-2-phenylacetate (EBPA) is most suitable for grafting methacrylates.

When using photoRAFT, the RAFT agent can be immobilized via the Z- or R-group.
(33341 To ensure direct surface grafting, immobilizing the R-group is in most cases
the better strategy since radicals, and thus propagation chains, are kept on the
surface. However, the additional radical initiator is in this case always added in
solution, which automatically enables polymerization in solution. A third option
is to attach the initiator to the surface. Here brush length and concomitant film
thickness are greatly depending on the RAFT agent concentration, which is in this

case preferably low.[#3]

A more direct approach is photoinitiated photo-iniferter, which was already
reported in 1996, when triblock copolymers could be grafted from polymer
substrates using dithiocarbamates.“44>1 Until recently, dithiocarbamates were
the established iniferters concerning surface initiated polymer grafting. In 2018
surface initiated photoiniferter was reported using trithiocarbonates immobilized

on nanoparticles. !
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1.4 Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs), also known as synthetic Abs, are synthetic
receptor elements (Figure 1.9).1471 Its concept is based on the lock and key model
where a template molecule fits the specific molecular lock, represented by the
MIP. The binding of specific molecules makes it a suitable structure for a variety of
applications such as solid phase extraction, (wastewater) purification,“8-50 affinity

chromatography!®>2l and sensor applications.>3->!

__ Target.
‘ =T P

Figure 1.9. Schematic representation of a molecularly imprinted polymer (MIP)

MIPs generally consist of functional monomer and cross-linker molecules.
In the production phase, the functional monomer arranges itself around the
target molecule, driven by different types of intermolecular interactions both
covalent and non-covalent. For covalent interaction, the formation of a covalent
bond needs to be easily reversible. Although the recognition of the target by
these MIPs is highly specific, the requirements are rather demanding.®® The most
popular route is therefore the non-covalent method, where interactions are based
on the formation of hydrogen bonds, n-n stacking and electrostatic interactions.
571 The binding sites of the MIPs are formed through the arrangement of functional

monomers into a so-called pre-polymerization complex around the target.l>8! By
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polymerizing these monomers and with the addition of a cross-linker molecule,
this complex is fixated into a rigid polymer matrix. An extraction or washing
procedure is subsequently required to extract the target molecule, which produces

the specific binding sites.

Good recognition is dependent on a number of parameters. First, the target molecule
and functional monomers are required to have functional groups suitable for
interaction. Popular functional monomers are therefore acids, such as methacrylic
acid (MAA) and acrylic acid (AA) for the formation of H-bonds,®® or contain
aromatic rings like 2-vinyl pyridine (2-VP) and divinyl benzene (DVB)#86% for n-n
stacking. Secondly, the reaction conditions are of significant importance and greatly
influence the binding efficiency. Several examples are pH, temperature, solvent
and monomer concentration. The pH of the solution determines whether the acidic
monomers and target molecules serve as H-acceptor or donor, depending on their
respective pKas. The pH therefore has to be carefully considered to ensure the
possibility of H-bond formation. Furthermore, the use of polar and protic solvents

can interfere with the formation with H-bonds and must be chosen with care.[¢!l

Temperature plays an important role in how the pre-polymerization complex is
formed. Lower temperatures stabilize the pre-polymerization complex, while
higher temperatures allow for a better interaction between the template and
functional monomer. However, high temperatures are considered to be rather
disruptive for the pre-polymerization complex and should therefore be avoided. It
is therefore beneficial to opt for a photoinitiated procedure that is not performed

at high temperatures.®2!

Solvent does not only play a role in dissolving the involved monomers and targets
but also serves as porogen. The porogen makes the polymeric structures weaker,
more brittle and the binding sides more accessible. It can induce swelling of the

polymer structure and interfere with the intermolecular interaction as stated
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earlier.[3l

Lastly the selected monomers and their respective concentrations need to be
optimized.® An increasing amount of functional monomer (with respect to target
molecule) will result in an increased number of binding sites, which benefits the
sensitivity of the MIP. However, when exceeding the optimal amount of monomer,
aspecific binding is increased. This harms the MIP’s selectivity, possibly to an
extent of being not selective at all. The concentration of cross-linker furthermore
affects the rigidity of the polymer matrix. This amount has to be optimized to
preserve the MIP’s efficiency and thus binding sites per gram polymer. Spivak
reported the use of a functional cross-linker, which negates the latter optimization

process.[63]

The most reported polymerization strategy for MIPs is a free radical polymerization,
mainly because of its straightforward procedure. The reaction is often initiated via
thermolysis (60 °C - 120 °C) of a radical initiator.[%?! Recently more and more data
is reported for the use of RDRP strategies for the production of MIPs. Because of
the achieved control of propagation and termination of the polymerization, the
heterogeneity of the binding sites is improved and concomitantly their quality.
6] The considered RDRP routes are iniferter,[®”] nitroxide-mediated radical
polymerization (NMP),8 RAFT®? and ATRPI79), Although each reaction has been
demonstrated to improve the MIP quality, not each strategy is equally beneficial.
NMP is carried out at elevated temperatures to be able to break the C-ON bond.
Classical ATRP on the other hand is not compatible with acidic monomers and will
exhibit low conversions for several types of functional monomers. The additional
purification procedure to remove the metal catalysts is an extra disadvantage.
RAFT and iniferter have good compatibility with a wide variety of monomers. The
dormant RAFT species will furthermore not interfere with polar or ionic groups
present on the functional monomer or molecular template.l”] RAFT can however

be problematic for the production of MIP thin films, as it requires a tedious
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optimization. This is mainly to avoid undesired polymerization as propagation
would be possible from the exogenous initiator as well as the reversibly released

R-groups.

MIPs can be produced in a variety of shapes and forms. These include MIP beads,
bulk polymers, membranes or thin films.l”?2l To implement MIPs into a sensor,
presynthesized MIP particles are often stamped or sprayed on a substrate.[7374]
This can lead to relatively low coverage of the substrate, poor reproducibility due
to random detachment of the particles and a bulky sensor. An alternative is to
directly and covalently graft a MIP thin film from a substrate in a controlled fashion,

as schematically displayed in Figure 1.10.7°71751 This strategy is explored within

this thesis.
M T o !
M7 ! M hv
4000000 : |
O = Initiator T = Target M = Monomer

Figure 1.10. Schematic representation of a surface grown MIP procedure using

a photomediated RDRP.

MIP thin films are produced on a variety of substrates such as particles, planar
substrates and nano-rods.®?7¢1 They are mainly reported to be used for the
recognition of small molecules.””? Imprinting of macromolecules like proteins
remains challenging. The larger cavity allows smaller molecules to interact, which
reduces selectivity. Furthermore, the conformational changes in macromolecules

like proteins can impede recognition!’s!

When grafting a thin polymer film, imprints are more likely to be situated at the

surface of the polymer matrix. By this so-called surface imprinting, cavities are

19



Chapter 1

more readily accessible for target recognition and allow for more efficient target
removal. This comes with increased binding efficiencies.!”® The morphology of the
films is generally characterized by scanning electron microscopy (SEM) or atom
force microscopy (AFM). Methods to generate surface imprinted thin film include
drop-casting, spin coating, mini-emulsion, micro-contact printing and grafting.

This leads to a variety of possible applications of which a few are listed below.["!

MIP thin films can be grafted directly from quartz crystal microbalance (QCM) chips
to obtain a QCM sensor. This was previously done by applying the drop casting
method and subsequently using UV exposure to cure the monomer mixture.
(72801 A popular material for such applications is polydopamine. It is known for its
simplicity, as the coating is formed over time at ambient conditions by mixing the
dopamine in an alkaline buffer solution.[8821 Another example is the modification
of quantum dots, where amino propyl triethoxysilane (APTES) was used as a
functional monomer for the detection of proteins. Quantum dots are generally
known for their use in fluorescence spectroscopy.[®3 Similar to QCM sensors, gold
sensor chips can be coated for their use in surface plasmon resonance (SPR). Bier
and coworkers presented the production of (ultra)thin films of around 4 nm.[54
Poly-scopoletin was precipitated on the gold chip using electropolymerization after
the target peptide was immobilized.t®>! This resulted in all templates generating a
cavity accessible for binding after extraction, illustrating the efficiency of surface
imprinting with the production of (ultra)thin MIP films. An example of direct grafting
was given by Yin et al. where an ATRP initiator was immobilized on a membrane to
produce tert-butylmethacrylate brushes which were subsequently hydrolyzed to
obtain MAA.!® Imprints were eventually realized by cross-linking the brushes in the
presence of the target analyte with the addition of N,N’-methylenebisacrylamide
and exposure to UV light. A last example is the production of a MIP thin film
through micro-contact imprinting.®”! A glass cover slide was functionalized with

target molecule. First, the target was embedded in functional monomer to allow

20



Introduction

the formation of the pre-polymerization complex. Subsequently the cover slide
was placed on a support containing initiator and cross-linker. After cross-linking
was induced by UV irradiation, the cover slide was removed. The embedded target
was subsequently extracted to free the surface imprints. Several other targets and

strategies were reported, proving the versatility of this technique.#7.76!
1.5 Sensor set-up

1.5.1 Chemical sensors

A chemical sensor is a device that translates chemical input into an electrical signal.
(881 This chemical input can vary from a conformational change of an analyte to a
chemical reaction, a concentration change or composition change. The input acts
on a sensitive layer or receptor layer. Subsequently this information is translated
via a transducer, which converts it into a processable signal. Such transducers can
be electrical, optical, magnetic or based on mass or temperature. The signal is
transformed into an electrical output, which can be processed into interpretable
data (Figure 1.11). The sensing is required to be continuous and the interaction

of the analyte with the transducer needs to be reversible.®!

<:| Receptor Layer
Transducer

Electrical read out

N4

Figure 1.11. General schematic representation of a general chemical sensor set-

up.
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To measure concentration fluctuations a transducing system is coated with a
receptor layer. Due to their comparable specificity to Abs, surface grown MIPs
are a suitable alternative. The binding of target molecules to MIPs could then be

transduced using electrical impedance spectroscopy.

1.5.2 Electrical impedance spectroscopy

Impedance is comparable to electrical resistance but does not only account for the
ratio in magnitude of the electrical potential and the current but also the phase.
[90-921 This means impedance is measured in a system with an alternating electrical
current (AC). Impedance spectroscopy in an AC system does not only provide
information on the resistive properties, like in DC, but additionaly gives information
on the capacitive properties of the system. Furthermore, measurements in a DC
sensor set-up only provide information on the complete cell, as the voltage is
fixed. For AC, different components can be separately characterized by sweeping

the AC’s frequency.

RT ] —

Figure 1.12. Randles cell used as a model in electrical impedance spectroscopy.
R1 representing the solution resistance, R2 representing the charge transfer

resistance and the electrochemical double layer represented by the capacitor.

The electrical cell which can be used as a model for electrical impedance
spectroscopy is better known as the Randles cell, depicted in Figure 1.12. R1
represents the solution resistance, which is in series with the charge transfer

resistance (R2) parallel to a capacitor. This capacitor represents an electrochemical
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double layer, in this case the interface between the liquid and the MIP film.[73.74]
The optimal frequency range, or sensor region, has to be determined. In other
words, at which frequency is the signal to noise ratio optimal. Limit of detection is
typically three times the noise intensity. Output of a Randles cell can be displayed
in a Bode plot as depicted in Figure 1.13 showing an upper and lower plateau
phase representing the combination of R1 and R2, and R1 respectively. The impact
of multiple parameters affecting the double layer can be monitored in between
the plateau phases, including the binding of target molecules. This can be used
to directly characterize and visualize the binding properties of the surface grown

MIPs.

R1+R2

1Z]1Q

Frequency / Hz

Figure 1.13. Simplified Bode plot for a Randles cell (both axes logarithmic). Upper

plateau represents the sum of R1 and R2. Lower plateau phase represents R1.
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1.6 Step-growth polymerization towards the production
of biomaterials

Side projects discussed in this thesis revolved around the development of
synthesis procedures to produce biomaterials for the formation of microstructures
including particles or more complex 3D printed structures. These were produced
to assess their potential use in tissue engineering. Reactions used for conjugation,
post-modification or step-growth polymerizations within these projects are briefly

introduced in the next sections.

1.6.1 Michael addition reactions

Thiol-ene Michael additions are reactions between activated, electron poor vinyl
groups and nucleophilic thiols yielding a thioether. They are generally used to
efficiently link small molecules to each other or to bigger structures and surfaces.
931 Furthermore, by using bifunctional precursors, polymers can be synthesized
via a step-growth polymerization®*®31 and cross-linked polymer networks can be
formed.[®%! Additionally, such materials can be made degradable when using acrylic
linkers to introduce ester moieties to the polymer chain making them interesting

for bio-applications.

The thiol-ene Michael addition reaction is classified as a click reaction. Requirements
to be classified as such are described by Sharpless.!®”°8! Several examples are a
high reaction rate, orthogonality and generation of high yields. The reaction is
often used in polymerization chemistry for post-modification of polymeric materials
because of the straightforward conversion of RAFT end-groups into thiols (through

aminolysis).[®
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Figure 1.14. Mechanism of nucleophile or base catalyzed Michael addition.

The reaction is catalyzed by a base or nucleophile initiating the mechanistic cycle,
as depicted in Figure 1.14. In both cases, a nucleophile will add to the activated
vinyl group.[*%! For the base catalyzed route, the thiol will be deprotonated by
the base, allowing it to act as a nucleophile before entering the same mechanistic
cycle. The hereby formed zwitterion will deprotonate a thiol which will then add to

an available vinyl group, forming the thioether.[101-103]

1.6.2 Morita-Baylis-Hillman reactions

The Morita-Baylis-Hillman (MBH) reaction yields interesting adducts, producing
densely functionalized molecules.[*%%! This makes it possible to post-modify MBH
products through a variety of reactions. MBH reaction is an addition reaction
involving an electron poor double bond (acrylates) and aldehydes. Similar
to Michael additions, a base is required to catalyze the reaction.!*%! For MBH
additions, a tertiary or hindered amine or phosphine is preferred. The reaction
is known for its low reaction rates, despite several reported improvements.[1%! A
simplified mechanistic cycle is depicted in Figure 1.15.[!%! An enolate is formed
after addition of the nucleophilic catalyst (intl). This allows the addition of the

aldehyde to form the second zwitterionic intermediate (int2). From int2 to int3,
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a proton transfer is involved, whereafter the base is released, yielding the MBH
product. The rate determining step in the early phase of the reaction is the proton
transfer. Aggarwal proposed that the reaction was autocatalyzed through the
formation of the alcohol groups above 20% conversion.['%] These moieties were
found to catalyze the proton transfer.l*®”l Aggarwal confirmed higher reaction rates

through the addition of methanol.

OH OMe
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ROH
@
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Int 2

Figure 1.15 Proposed mechanism for Morita-Baylis-Hillman reaction.[t0!

Klok and coworkers!t08-1101 e]aborated on the applications of MBH reactions with the
production of densely functionalized polymers through a step-growth mechanism.
Different procedures and catalyst/monomer combinations were tested and
optimized. Polymerization was slow, yielding polymers up to 1700 g-mol?, which

is in line with the reputation of this reaction.
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1.7 Goal and general overview

This thesis reports the investigation and development of synthesis routes to
produce surface-grown MIPs. Photomediated polymerization is a key component
to progress this field towards miniature designs and multi target arrays. Therefore,
both photoiniferter and photoATRP were developed towards these applications with
the latter being optimized and tested for the detection of histamine. Furthermore,
side projects revolving around the development of novel polymeric materials

towards their use in tissue engineering are presented.

Chapter 2 embarks the beginning of this journey with the exploration of
metal-free ATRP (or O-ATRP). Since classical ATRP is not compatible with acidic
monomers, which are very popular for their use in MIPs, the possibilities of the
metal-free procedure are investigated in this context. This was assessed with
the polymerization of methacrylic acid (MAA) in solution and elaborated to
polymerization in a continuous flow process. Ultimately, PMAA brushes were

grafted from silicon wafers.

The development of titanium-grown MIPs targeting histamine is described in
Chapter 3. Polymer films were grafted using the metal-free ATRP procedure
explored in Chapter 2, using a UV-laser. Detailed chemical characterization of
the MIP film was reported to support the discussion on the optimization process.
The performance of the MIP films in a sensor set-up was directly visualised using

impedance spectroscopy.

In Chapter 4 a surface initiated photoiniferter procedure was presented as an
alternative to metal-free ATRP. Xanthates were used as iniferter agents and
immobilized on silicon wafers. PMA brushes were grafted upon UV-exposure and

characterized.
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Chapter 5 covers the development of functional polymer resins for their application
in two-photon polymerization (2PP). This was achieved by adding trithiocarbonates
to the resin and subsequently inducing a RAFT mechanism. The 3D printing of
microstructures in 2PP and preliminary post-modification experiments via the

RAFT end-groups were presented.

A Morita-Baylis-Hillman step-growth polymerization to produce functional polymer
particles was described in Chapter 6. The MBH polymers were cross-linked by
exploiting the MBH adducts via thiol-ene Michael additions. The microparticles
were subjected to degradation experiments, post-modification through the

formation of imines and to cell studies.

An appendix with additional data (figures and tables) can be found in Chapter 7.
The reader is referred to the appendix when “A” precedes a figure or table number
(e.g. Figure Al). The used materials and characterization methods are listed in
Chapter 8. A general summary (samenvatting), conclusion and outlook can be

found in Chapter 9.

At the end a list of publications and contributions is added before ultimately

concluding with the acknowledgements (dankwoord).
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Chapter 2

2.1 Abstract

The organocatalyzed photo-atom transfer radical polymerization (photoATRP)
using 10-phenylphenothiazine (PTH) as catalyst was studied towards its use
in methacrylic acid polymerization and surface grafting. The organocatalyzed
photoATRP of methyl methacrylate (MMA) was first optimized for continuous flow
synthesis in order to assess the livingness of the polymerization. MMA can be
polymerized in batch and in flow, however, conversions are limited by the loss
of bromine functionality and hence high conversions have to be traded in with
increasing dispersities. Also methacrylic acid (MAA) is polymerized successfully
in continuous flow with similar limitations. Flow conditions have been transferred
to surface grafting from silanized silicon wafers. Presence of ATRP initiators
after silanization is confirmed by secondary ion mass spectrometry and x-ray
photoelectron spectroscopy. Dense PMAA brush films are successfully produced,

which is not directly accessible via classical copper-mediated ATRP techniques.
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2.2 Introduction

The grafting of polymer brushes from planar substrates or from 3-dimensional
particles is a widely used strategy for the modification of surface properties
of objects.l] The surface of an object is the first barrier in contact with the
environment and determines the longevity, toxicity and destination of materials.
(231 Therefore, its characteristics are of the highest importance in, for example,
biology, medical sciences and generally in materials engineering.! The
discovery of reversible deactivation radical polymerization (RDRP) has enabled
the exploration of high-value polymer materials with complex architectures.
And this with relative synthetic ease.l®) RDRP allows the precise fine-tuning of
materials towards their desired properties. The three most reported controlled
radical polymerization strategies are reversible addition fragmentation transfer
(RAFT),®! nitroxide mediated polymerization (NMP)[”! and atom transfer radical
polymerization (ATRP).[&°1 All of these techniques are available for surface grafting
if the respective initiators or control agents are immobilized on surfaces prior to
polymerization. Yet, with the selection of a suitable polymerization strategy for
surface chemistry, a few issues have to be considered, such as the generation
of radicals in solution (and thus polymerization in solution) or harsh reaction
conditions (e.g. high temperature). ATRP is in this case a good choice as the
initiator can be immobilized on the substrate, thereby keeping in principle all
growing chains on its surface. In combination with photoinduced ATRP, which was
recently introduced, spatial control can be easily realized, which serves as an

additional benefit.[t0.11

ATRP is, as the name implies, based on the transfer of the halide from the initiator
to a metal/ligand complex. The resulting radical propagates to form a polymerin a
chain like fashion. Controllability is driven by a persistent radical effect resulting in

an excess of dormant polymer species, reversibly deactivated by the halide. This
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limits termination reactions and provides control over the polymerization process.
5121 A limitation of conventional ATRP is the use of a metal catalyst and the
corresponding ligand.[*3! In general, the metal/ligand complex does not permit to
polymerize acidic or amine carrying monomers, setting a quite stringent limitation
to the technique. Fantin et al.l'¥! proposed several strategies to overcome the
issue with acidic monomers, presenting chain end cyclization as the main cause
of termination next to competition with the ligand or its protonation.t*>! Solutions
were offered by exchanging bromine for chlorine (less effective leaving group)
or by lowering the pH to avoid carboxylate anion formation. Twelve years after
the effect of light on ATRP was assessed for the first time,[*6! Hawker presented
a photocontrolled ATRP reaction using an iridium based photoredox catalyst,!*”!
showing the ability to use methacrylic acid (MAA) in a statistical copolymer with
benzyl methacrylate. Haupt later built on that research by surface grafting PMAA
in a polymer network using ethylene glycol dimethacrylate as crosslinker towards
the production of surface grafted molecularly imprinted polymers (MIPs).[!8]
With both groups obtaining satisfying results while using an excess of non-acidic
monomers, success could be achieved possibly by avoiding end cyclization to a
large extent. Yet, in their study crosslinking polymerization (creating a network
rather than individual brushes) was employed so that livingness of polymerizations
could not be assessed. Next to iridium based chemistry, also organocatalysts were

introduced recently for photoATRP,[19-30]

In there, photoredox catalysts fulfill the role of the metal catalyst creating
propagating radicals after halide abstraction. This is achieved through the oxidative
quenching cycle after photoexcitation of the organocatalyst. Issues with the metal/
ligand complex are in this case avoided, allowing organocatalyzed photoATRP to
work in a broader pH window than classical copper-mediated ATRP. Hence a test
in how far these organocatalysts are suitable for acidic monomer polymerization

and for surface grafting is highly promising.
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Treat et al. reported the successful use of 10-phenylphenothiazine (PTH) as photo-
organocatalyst for the polymerization of methyl methacrylate (MMA) (Scheme
2.1) and benzyl methacrylate.[**! Good polydispersity (< 1.2) was obtained (given
below 30% conversion) for PMMA. M_vs conversion was presented with molecular
weight data obtained via proton nuclear magnetic resonance (*H NMR). End-
group fidelity was confirmed by performing chain extensions, although ESI-MS
data seemed to show peaks, which correspond to species with loss of bromine

functionalities.

Br — et .
N * n o~ N Br +@ n o~
X S CLD S
S S

Scheme 2.1. Schematic representation of metal-free ATRP using

R= O-CHj

10-phenylphenothiazine.

Miyake first reported the use of perylene as a visible light catalyst!?®], and achieved
good end-group fidelity. Over time the same group reported the development of
better catalysts and their design in the visible light range, giving better control
over molecular weight.[?:311 The procedure was also optimized for polymerization
in a continuous flow reactor.?) The results were in line with the general
observation that flow chemistry for controlled radical polymerizations increases
polymerization rate and improve polymerization performance.32-3! However the
optimized conditions to preserve the quality of the polymer products (i.e. low
polydispersity) came with the cost of reaching only intermediate conversions,
often around 70%. Furthermore metal-free ATRP was mechanistically studied in
detail by Matyjaszewskil*?l, In parallel to these publications, reports were made
about the use of different organocatalysts for metal-free ATRP, like anthracene
and pyrenef??l, eosin Y and erythrosin B[?%1 or about metal-free ATRP in an

applied context like thermo responsive gelst*?! or surface engineering of magnetic
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nanoparticles for bio-applications.t#!!

Surface grafting of PMMA brushes using PTH as organocatalyst was reported by
Hawker on planar wafers!®’! and on SiO, nanoparticles by Matyjaszewski.l*?! No
report has yet been made for brush formation of acidic monomers, which may
have interesting biomedical application due to their polyelectrolyte character.
Also the employment of amine carrying functional monomers!*?! is via such route

enabled due to absence of ligand competition.

In here, the potential of metal-free ATRP is further explored. Batch and flow
polymerization techniques were exploited to gain a more thorough understanding
of the reaction using PTH as photo-organocatalyst. Subsequently the applicability

in surface-induced ATRP of MAA was investigated on silicon wafers.
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2.3 Experimental Section

2.3.1 Synthesis of 10-phenyl(phenothiazine)

The protocol to synthesize the organocatalyst 10-phenyl(phenothiazine) was

adopted from Treat et al.[**’ 'H-NMR spectrum was displayed in Figure A1l.

2.3.2 Synthesis of 11-(trichlorosilyl)undecyl 2-bromo-2-
phenylethanoate

EDC
DMAP
pyridine
P HO NN NN ——
OH O\/\/\/\/\/\
Br Br X

Scheme 2.2. Synthesis of undec-10-en-1-yl 2-bromo-2-phenylethanoate,

precursor of the eventual trichlorosilane

2-Bromo-2-phenyl acetic acid (2.0 g, 9.3 mmol, 1.0 eq.) and 10-undecen-1-ol
(1.9 mL; 9.3 mmol; 1.0 mmol) were dissolved in ethyl acetate (50 mL). The
mixture was cooled to 0 °C. Subsequently DMAP (113 mg; 0.93 mmol; 0.1 eq.),
EDC (1.96 g; 10.2 mmol; 1.1 eq.), and pyridine (0.83 mL; 10.2 mmol; 1.1 eq.)
were added. The mixture was stirred overnight and left to cool down to room
temperature. The organic phase was washed with 1 M HCI (50 mL) and with brine
(2 x 50 mL). Subsequently, the organic phase is dried over MgSO,. The product is

isolated via flash chromatography.

e HSICl, o
NSNS N o EEE——— S O
© Karstedt's catalyst o Sél\ ol
r r |

Scheme 2.3. Synthesis of 11-(trichlorosilyl)undecyl 2-bromo-2-phenylethanoate
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A round bottom flask was loaded with the isolated precursor molecule under
argon. 2 drops of Karstedt’s catalyst and 20 mL of trichlorosilane were added
subsequently and the mixture was stirred overnight. The unreacted trichlorosilane
was removed under vacuum and the remaining product was stored in the freezer
inside the glovebox. NMR indicates 100% conversion (missing vinyl protons) ‘H
NMR (400 MHz, CDCl,) &: 7.67-7.45 (m, 2H), 7.45-7.28 (m, 3H), 5.35(s, 1H),
4.32-4.01 (m, 2H), 1.71-1.51 (m, 4H), 1.47-1.36 (m, 4H), 1.36-1.19 (m, 12H)

ppm. Spectrum given in Figure A2.

2.3.3 Metal-free ATRP batch polymerization procedure

For every reported batch polymerization the same procedure was carried out. A GPC
vial (1.5 mL) was filled with PTH (1 mg, 3.75-10-3 mmol, 0.05 eq), monomer (3.75
mmol, 50 eq.) and dissolved in DMAc (0.8 g). Subsequently the vial was flushed
with Argon and finally EBPA was added, the amount depending on the targeted
degree of polymerization (Table Al). The UV-LEDs (370 nm, 0.65 mW:cm=2at a
distance of 4 cm, Figure A29) were switched on and the mixture was vigorously
stirred. Aliquots for GPC and NMR analysis were taken at predetermined times.
Preparation for analysis with ESI-MS comprised three times precipitation of the

polymer in cold hexane.

2.3.4 Metal-free ATRP flow polymerization procedure

For every reported flow reaction the same procedure was carried out. A Schlenkflask
was loaded with PTH (5 mg, 1.88-10-2mmol, 0.05 eqg.), monomer (37.5mmol, 100
eq), EBPA (65.6 pL, 0.375 mmol, 1 eq.) and 10 mL of DMAc. The mixture was
deoxygenated by five freeze-pump-thaw cycles and backfilled with N, The mixture
was stored in the freezer inside the glovebox. To perform the flow reaction two gas
tight syringes (SGE) of 1 mL were wrapped in aluminium foil and filled with the

prepared mixture. Subsequently the syringes were attached to a syringe pump
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(Chemtrix) operating at varying flowrates to obtain reaction times of 10, 20, 40,
60, 90 and 120 minutes. All reactions were carried out in the same 200 pL reactor,
consisting of PFA tubing (0.5 pm inner @) wrapped around a UV fluorescent
lamp (365 nm emission maximum, £6 mW-:cm2). The reactor was placed in a
temperature controlled water bath, and monitored using a thermocouple. The

temperature of the lamp was in this way always kept below 30 °C.

2.3.5 Metal-free ATRP surface grafting procedure

Surface grafting of PMAA was performed on silicon wafers of 1 cm?. To clean
the wafers they were treated with piranha solution, HCI (pH 3) and Ammonium
solution/H,0, mixture (1:1). The cleaned wafers were transferred to the glovebox
for silanization. The synthesized silane was added in excess to the in toluene
submerged wafers together with a minimum of 3 equivalents of dry TEA. Ultimately
the wafers were rinsed with toluene, THF, EtOH and demineralized water. The

silanized wafers were analysed with XPS, ToF-SIMS.

For the surface grafting PTH (1 mg) and MAA (250 uL) were dissolved in DMAc
(1 mL). This mixture was flushed with argon for 15 minutes and added to the
silanized wafer in an airtight costum-made chamber with a quartz glass window,
kept under argon pressure (Figure A3). For reactions with a shadow mask, the
mask was placed directly on the wafer inside the reaction chamber. The chamber
was directly placed under a UV fluorescent lamp (365 nm, £2 mW-cm=2) and left
to react for three hours. After the reaction, the wafer was cleaned with THF, EtOH

and MilliQ and analysed by XPS, ToF-SIMS and AFM.
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2.4 Results and Discussion

2.4.1 Organocatalyzed photoATRP in batch

The reaction was first carried out in batch as described in literaturel*®l and optimized

for use in a continuous flow reactor on the example of MMA polymerization.

Figure 2.1 compares the molecular weights for organocatalyzed photoATRP of
MMA obtained by gel permeability chromatography (GPC) and calculated via *H
NMR. While both methods are known to be generally reliable, a considerable
mismatch is observed at conversions below 20%. While the number average
molecular weights obtained via *H NMR (M, ..) follow the calculated theoretical

molecular weight, M displays a semi-controlled behavior with a stagnating

n,GPC
M_ up to about 20% conversion, where it merges with the theoretical plot.
Experiments targeting different degrees of polymerization (DP) suggest that M_ ..
merges with the theoretical molecular weight at lower conversions when lower
initiator concentrations are employed. Closer inspection of literature data reveals
that to varying degree the same effect had been observed before.[*t Even though
extensive tests were carried out, no reason for the mismatch could be identified,

leaving a question mark on low conversion data obtained via the method.
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8000 —

6000 —

4000

2000 —

Molecular weight / g-mol’

T T T T T
0 20 40 60 80

Conversion | %

Figure 2.1. M_vs conversion plot for PMMA using 10-phenylphenothiazine (MMA/1/
PTH=100/1/0.05) demonstrating a mismatch between GPC and ‘H NMR data.

Concomitantly — well-fitting to this discrepancy — a comparatively high dispersity
(P) was obtained for the polymers (Table Al). Electrospray ionization - mass
spectrometry (ESI-MS) revealed that a certain fraction of polymer chains had
their bromine eliminated (Figure A4), which was also seen in literature — but which
can also be explained by bromine elimination during the ESI process.[**! Still, the
observed loss in chain-end functionality assumingly contributes to a rather high
b of 1.55 (at DP = 100). Regardless, the results from the synthesis of PMMA
are well in line with literaturel**#°1 and were hence used for benchmarking the
polymerization of MAA (Figure A5) which needs to be methylated in order to be

measured on regular tetrahydrofuran-size exclusion chromatography setups.
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2.4.2 Polymerization in flow

The reaction conditions for polymerization in batch were then transferred and
adjusted to a continuous flow process. Due to an improved light efficiency of photo
flow reactors compared to their batch counterparts, a faster reaction rate and
thus shorter reaction times are expected.[32:33 For the polymerization of MMA the
reaction time required to reach about 50% conversion was reduced from 12 hours
to 2 hours (Table A2), a reduction that is well in line with experience gathered
on a variety of photoRDRP systems.[33] However, D was increased to 2.2 which is
on first glance unusual. Also for this reaction ESI-MS confirmed loss of bromine

groups (Figure A6). Increasing M with conversion shows the apparent living

n,GPC
nature from the start, which is in contrast with the results from the batch reaction.

However, between 20 and 30% conversion, the M seems to stagnate, which

n,GPC
is hypothesized to be caused by the high light efficiencies reached in the flow
reactor. This makes the polymers more vulnerable to the loss of end-groups at
longer reaction times (Figure A7) due to bimolecular termination. The employed
flow reactor could hence be already too efficient to carry out successful high
conversion polymerizations. Reducing light intensity might improve end group
fidelity. However, the concomitant increasing reaction time would make this

strategy barely feasible for this set-up.
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Figure 2.2. Schematic display of the used photo flow reactor. On the r.h.s. the M_
vs conversion plot is given for the polymerization of MAA using metal-free ATRP

in such reactor.

Yet, flow polymerization offers interesting insights into the kinetics of the reactions,
and is very well suited for screening of reaction conditions. Thus, also for PMAA
the procedure was optimized for flow (Figure 2.2), The polymerization rate was
increased tremendously going from 10 h reaction time for 35% conversion to
2 hours for 65% (Table A3). Since SEC analysis of PMAA is tedious, only M_ ..
was obtained. Again, molecular weights were in excellent agreement with the
theoretical values. While flow operation gives advantages over the polymerization
with regards to reaction rate, no fully satisfying yields (at concomitantly low
dispersities) could be reached. For this type of polymerization, flow chemistry is
an excellent tool for the kinetic assessment of the reaction, but serves only poorly
as a method of production. The general observations made herein are generally

in good agreement with the study by Miyake and coworkers.?’! No further
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optimization of the flow process was hence made, as the data gathered were
sufficient for transfer of reaction conditions to surface grafting. Flow chemistry
and surface grafting are comparable in the sense that also in surface reactions,
typically small optical pathlengths are realized. Hence, surface grafting is in its
reaction efficiency and end group conservation probably more comparable to a

flow process than its batch counterpart in case of photoinduced reactions.

2.4.3 Grafting of PMAA brushes

In order to prepare for surface reactions a silicon wafer was treated with piranha
solution and subsequently silanized. The utilized silane was priorly coupled to
an ATRP initiator, namely a-bromophenylacetate. The wafer was exposed to
UV-light (365 nm, 2.5 mW:cm-2) for 3 hours in an airtight and custom-made
reaction chamber provided with a quartz glass window. Water contact angle
(WCA) confirmed a significant change of the wettability from an 80 ° contact
angle for the silanized wafer to 50 °© contact angle after polymerization suggesting
the successful formation of PMAA brushes (Figure A8). This result was supported
by grazing angle infrared spectroscopy, where a carbonyl stretch vibration band

demonstrates the presence of a polyacrylate on the surface.

While wetting and FTIR-ATR measurement give qualitatively good results, we
proceeded to analyze the surfaces in depth for further characterization. In Figure
2.3a and 2.3b a mass spectrum generated via Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) is depicted. The presence or abundance of fragments
from structures relevant to the different modification steps provide qualitative
information on the success of the respective modification. In Figure 2.3b the
intensity of the peak assigned to bromine, which represents the ATRP initiator
and thus the silane, indicates a successful silanization. As no bromine is observed
for the blank wafer (cleaned with piranha solution), silanization clearly causes

the signal to appear. After surface grafting of PMAA the bromine signal is less
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intense but still significantly prominent. This indicates the bromine end groups
are maintained to a good extent during grafting. To confirm the polymer grafting
the methacrylic acid fragment is analyzed in Figure 2.3a. As a reference a PMAA
polymer indicated in green was drop casted on a silicon wafer. The wafer subjected
to the polymer grafting procedure (blue) shows exactly the same peaks and hence
confirm the presence of a PMAA polymer film. As expected both the blank and the

silanized wafers do not show any according signal.
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Figure 2.3. a) ToF-SIMS spectrum showing the presence of the methacrylic acid.
b) ToF-SIMS spectrum showing the presence of the bromine after silanization
and metal-free polymerization c) C 1s XPS spectra confirming the presence of
methacrylic acid with the complying change in the intensity of the peak at 289,2

eV. All spectra were normalized to the maximum of intensity.

Additionally, x-ray photoelectron spectroscopy was performed to confirm the

grafting of PMAA. Figure 2.3c shows the C 1s spectra of a silanized silicon wafer
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and of a wafer subsequently grafted with PMAA. The spectrum representing the
silanized silicon wafer shows the carbon-carbon bond mainly stemming from the
alkyl spacer incorporated in the silane. C-O and O-C=0 represent the ester moiety
found in the ATRP initiator. The important increase of the intensity of the peak
at 289,2 eV attributed to carboxylic acid moiety originating from PMAA shows
that the polymerization was successful.[*!] Thus, also XPS confirms the presence
of a PMAA film on the wafer. At the same time, the XPS spectrum shows signals
corresponding to silicon, indicating that the film thickness is less than about 8-10
nm since this is the information depth of XPS by excitation with Al Ka X-ray. A

possible explanation for this limited film thickness is discussed below.
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Figure 2.4. Topography of silicon wafer of the scratch test obtain via AFM. Left
graph depicts scratch test for area exposed to light and right graph depicts
topography for area in the dark.

Atomic force microscopy (AFM) was thus used to determine the exact layer
thickness. To obtain additional information on spatial control a shadow mask was
applied, exposing a rectangular pattern to the light source. A scratch test revealed
a film thickness of 3-4 nm for the illuminated areas, as depicted in Figure 2.4,
which is in good agreement with the XPS results. However, also in the dark region,

a film thickness of maximum 0.3 nm was observed, indicating that patterning
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does work via usage of shadow masks, but still leads to a slight homogenous
grafting on the whole surface. This effect was seen before in copper-mediated
photoATRP,[*] and it can be hypothesized that this is due to light scattering or
diffusion of radicals to non-illuminated areas. The obtained film thicknesses
are compared to many other grafting methods relatively small, yet, the layers
obtained do have a significant effect on the surface properties (see contact angle
measurements). The fact that no bigger brushes were grafted may be explained
by the loss of bromine functionality as observed in the flow polymerizations. By
losing end group fidelity, chain growth is irreversibly stopped, and also extend

illumination no longer has a beneficial effect in creating thicker layers.

2.5 Conclusions

The organocatalyzed photoATRP polymerization was studied towards its use in
methacrylic acid polymerization and surface grafting with this polyelectrolyte. Using
PTH as catalyst for photoATRP, successful polymerizations of methyl methacrylate
and methacrylic acid are carried out. Reactions were optimized for continuous
flow synthesis. It was shown that the PTH-mediated photoATRP is not overly
suited for production of solution based polymers (in accordance to literature),
but it allows for good assessment of the polymerization quality since the small
optical pathlengths in the microreactor mimic the conditions of surface grafting.
A somewhat confusing result is the observation of a mismatch between NMR and
GPC-derived average molecular weights at lower conversions. Closer inspection
of literature data reveals that this might not be an uncommon observation and
the effect is well reproducible. An explanation for this effect can at this time
not be given. Yet, when significant conversions are reached, good agreement
of all data is observed, allowing for straightforward assessment of livingness of
the polymerization. After MAA polymerization was likewise found to be successful

under flow conditions, conditions were transferred to surface grafting of silicon
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wafers. Successful grafting with linear MAA brushes was qualitatively confirmed
by contact angle measurements and FTIR spectroscopy. Closer inspection of the
grafting success by ToF-SIMS and XPS analysis unambiguously confirms this
result. Film thicknesses are, however, relatively low. AFM scratch tests reveal
a film thickness of 3-4 nm in illuminated areas on the wafer. While this layer is
hence quite thin, wetting behavior shows that it is sufficient to change the surface

characteristics of the waver significantly.

Grafting polyelectrolytes is typically challenging and we have shown that PTH-
catalyzed photoATRP is a good methodology to reach this aim. Via classical ATRP
methods, this could not as easily be achieved. Future work will focus on improving
the patterning of the surfaces. Being able to graft a large variety of monomers
with apolar, polar or ionic moieties is of uttermost importance to tailor surfaces
for biomedical application and PTH seems to be a good catalyst to mediate the
grafting of all these monomers. Further, by removing copper from the reaction,
potential toxicity of surfaces is completely avoided, which is an additional benefit

for future applications.

56



Organocatalyzed PhotoATRP of Methacrylic Acid

2.6

[1]

[2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

References

R. Barbey, L. Lavanant, D. Paripovic, N. Schiuwer, C. Sugnaux, S. Tugulu,

H.-A. Klok, Chem. Rev. 2009, 109, 5437-5527.

A. Albanese, P. S. Tang, W. C. W. Chan, Annu. Rev. Biomed. Eng. 2012,
14, 1-16.

A. Verma, F. Stellacci, Small 2010, 6, 12-21.

K. Matyjaszewski, N. V. Tsarevsky, J. Am. Chem. Soc. 2014, 136, 6513-
6533.

W. A. Braunecker, K. Matyjaszewski, Prog. Polym. Sci. 2007, 32, 93-146.

J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J. Jeffery, T. P. T. Le, R. T. A.
Mayadunne, G. F. Meijs, C. L. Moad, G. Moad, E. Rizzardo, S. H. Thang,
Macromolecules 1998, 31, 5559-5562.

J. Nicolas, Y. Guillaneuf, C. Lefay, D. Bertin, D. Gigmes, B. Charleux, Prog.
Polym. Sci. 2013, 38, 63-235.

M. Kato, M. Kamigaito, M. Sawamoto, T. Higashimura, Macromolecules

1995, 28, 1721-1723.
J.-S. Wang, K. Matyjaszewski, J. Am. Chem. Soc. 1995, 117, 5614-5615.

X. Pan, M. A. Tasdelen, J. Laun, T. Junkers, Y. Yagci, K. Matyjaszewski,
Prog. Polym. Sci. 2016, 62, 73-125.

J. Laun, M. Vorobii, A. de los Santos Pereira, O. Pop-Georgievski, V.
Trouillet, A. Welle, C. Barner-Kowollik, C. Rodriguez-Emmenegger, T.

Junkers, Macromol. Rapid Commun. 2015, 36, 1681-1686.

57



Chapter 2

[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

V. Coessens, T. Pintauer, K. Matyjaszewski, Prog. Polym. Sci. 2001, 26,
337-377.

M. Fantin, A. A. Isse, A. Gennaro, K. Matyjaszewski, Macromolecules

2015, 48, 6862-6875.

M. Fantin, A. A. Isse, A. Venzo, A. Gennaro, K. Matyjaszewski, J. Am.

Chem. Soc. 2016, 138, 7216-7219.

H. Mori, A. H. . Mlller, Prog. Polym. Sci. 2003, 28, 1403-1439.

Z. Guan, B. Smart, Macromolecules 2000, 33, 6904-6906.

B. P. Fors, C. J. Hawker, Angew. Chemie Int. Ed. 2012, 51, 8850-8853.

Z. Adali-Kaya, B. Tse Sum Bui, A. Falcimaigne-Cordin, K. Haupt, Angew.
Chemie 2015, 127, 5281-5284.

N. J. Treat, H. Sprafke, J. W. Kramer, P. G. Clark, B. E. Barton, J. Read de
Alaniz, B. P. Fors, C. J. Hawker, J. Am. Chem. Soc. 2014, 136, 16096-
101.

G. M. Miyake, J. C. Theriot, Macromolecules 2014, 47, 8255-8261.

X. Pan, C. Fang, M. Fantin, N. Malhotra, W. Y. So, L. A. Peteanu, A. A.
Isse, A. Gennaro, P. Liu, K. Matyjaszewski, J. Am. Chem. Soc. 2016, 138,
2411-2425.

A. Allushi, S. Jockusch, G. Yilmaz, Y. Yagci, Macromolecules 2016, 49,
7785-7792.

E. H. Discekici, C. W. Pester, N. J. Treat, J. Lawrence, K. M. Mattson, B.
Narupai, E. P. Toumayan, Y. Luo, A. J. McGrath, P. G. Clark, J. Read de
Alaniz, C. J. Hawker, ACS Macro Lett. 2016, 5, 258-262.

58



Organocatalyzed PhotoATRP of Methacrylic Acid

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Z. Huang, Y. Gu, X. Liu, L. Zhang, Z. Cheng, X. Zhu, Macromol. Rapid
Commun. 2017, 38,1600461.

B. L. Ramsey, R. M. Pearson, L. R. Beck, G. M. Miyake, Macromolecules

2017, 50, 2668-2674.

R. M. Pearson, C.-H. Lim, B. G. McCarthy, C. B. Musgrave, G. M. Miyake,
J. Am. Chem. Soc. 2016, 138, 11399-11407.

J. C. Theriot, C.-H. Lim, H. Yang, M. D. Ryan, C. B. Musgrave, G. M.
Miyake, Science 2016, 352, 1082-1086.

C. Kutahya, F. S. Aykac, G. Yilmaz, Y. Yagci, Polym. Chem. 2016, 7, 6094-
6098.

X. Liu, L. Zhang, Z. Cheng, X. Zhu, Polym. Chem. 2016, 7, 689-700.

M. Chen, S. Deng, Y. Gu, J. Lin, M. J. MacLeod, J. A. Johnson, J. Am.
Chem. Soc. 2017, 139, 2257-2266.

J. C. Theriot, B. G. McCarthy, C.-H. Lim, G. M. Miyake, Macromol. Rapid
Commun. 2017, 1700040.

C. Tonhauser, A. Natalello, H. Léwe, H. Frey, Macromolecules 2012, 45,

9551-9570.
T. Junkers, B. Wenn, React. Chem. Eng. 2016, 1, 60-64.

P. Derboven, P. H. M. Van Steenberge, J. Vandenbergh, M.-F. Reyniers, T.
Junkers, D. R. D’'hooge, G. B. Marin, Macromol. Rapid Commun. 2015,
36, 2149-2155.

B. Wenn, M. Conradi, A. D. Carreiras, D. M. Haddleton, T. Junkers, Polym.
Chem. 2014, 5, 3053.

59



Chapter 2

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

J. Gardiner, C. H. Hornung, J. Tsanaktsidis, D. Guthrie, Eur. Polym. J.
2016, 80, 200-207.

A. Melker, B. P. Fors, C. J. Hawker, J. E. Poelma, J. Polym. Sci. Part A
Polym. Chem. 2015, 53, 2693-2698.

M. Chen, M. J. MaclLeod, J. A. Johnson, ACS Macro Lett. 2015, 4, 566-
569.

A. Kermagoret, B. Wenn, A. Debuigne, C. Jéréme, T. Junkers, C.

Detrembleur, Polym. Chem. 2015, 6, 3847-3857.

X. Pan, C. Fang, M. Fantin, N. Malhotra, W. Y. So, L. A. Peteanu, A. A.
Isse, A. Gennaro, P. Liu, K. Matyjaszewski, J. Am. Chem. Soc. 2016, 138,
2411-2425.

Y. Yang, X. Liu, G. Ye, S. Zhu, Z. Wang, X. Huo, K. Matyjaszewski, Y. Lu, J.
Chen, ACS Appl. Mater. Interfaces 2017, 9, 13637-13646.

J. Yan, X. Pan, M. Schmitt, Z. Wang, M. R. Bockstaller, K. Matyjaszewski,
ACS Macro Lett. 2016, 5, 661-665.

E. Kellens, H. Bové, M. Conradi, L. D'Olieslaeger, P. Wagner, K. Landfester,
T. Junkers, A. Ethirajan, Macromolecules 2016, 49, 2559-2567.

X. Pan, M. Lamson, J. Yan, K. Matyjaszewski, ACS Macro Lett. 2015, 4,
192-196.

60



Chapter 3

Laser-grafted Molecularly Imprinted
Polymers for the Detection of Histamine
From Organocatalyzed Atom Transfer

Radical Polymerization.

G. Ramakers, G. Wackers, V. Trouillet, A. Welle, P. Wagner, T. Junkers, Submitted.




Chapter 3

3.1 Abstract

Molecularly imprinted polymer (MIP) based biomimetic sensors are finding their
way into the biomedical world. However the in vivo applications are to date left
unexplored. To open up to this area, sensors need to have high reproducibility,
require miniaturization and must be free of toxic materials (such as heavy metals).
In here, to address these requirements, a metal-free photo atom transfer radical
polymerization (ATRP) grafting procedure is described using a pulsed UV-laser as
light source to create thin molecularly imprinted polymer (MIP) films on a sensor
surface. Film formation and properties are analyzed and discussed. MIP films were
templated towards the target molecule histamine, for which in vivo studies can
reveal unknown pathological pathways of inflammatory bowel diseases. Using
impedance spectroscopy, the biosensor surface is characterized in comparison
to non-imprinted film grafts and a high sensitivity towards the target molecule is

identified, revealing a limit of detection of 3.4 nM histamine solutions.
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3.2 Introduction

Molecularly imprinted polymers (MIPs) are cross-linked polymers that have the
ability to bind to specific target molecules with high affinity.[*! The binding sites in
MIPs are produced by polymerizing functional monomers into a cross-linked matrix
in presence of a target molecule. By extracting the target, a cavity or imprint
is formed, which specifically rebinds the target molecule. Target recognition is
mainly based on molecular interaction via hydrogen bond formation, n-n stacking
and electrostatic interactions. MIPs are in use for a variety of applications.
Prominent examples are solid phase extraction (e.g. water purification),>#! affinity
chromatography,>® controlled release arrays (e.g. controlled drug release)”-°1 and
analytical detection in biomimetic sensors.[*0-3] The latter generally comprise a
receptor layer deposited on top of a transducer to obtain an electrical or opticalli*13]
readout. In the realm of chemical sensors, MIPs are widely reported receptor
type as they allow for high sensitivity, comparatively good selectivity and most
of all extended shelf life stability.(*617] Typically, sensor substrates are planar,[t81°]
spherical or rod-like,?%! and are coated with molecularly imprinted material. Ways
to achieve this comprise the coating of sensor elements with MIP powder or - less
often found in literature - the grafting of a polymeric matrix from the surface.
When exposing the MIP sensor to analyte concentrations, the target can bind,
changing the properties of the receptor layer. Detection methods include the heat
transfer method (HTM),?1221 where the change in heat transfer can be related
to the change of the insulating properties of the MIP layer, or electrochemical
impedance spectroscopy, where the change in electrical resistance of the receptor

layer under influence of the analyte is followed.[?324]

Conventionally MIPs are prepared in solution, where polymerization into a cross-
linked matrix results in formation of a rigid monolith. Grinding of the MIP material is

then required to obtain a powder suitable for sensor coating. A popular alternative
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is the use of suspension polymerization,[?>2¢! allowing for direct synthesis of MIP
particles that can be deposited on a substrate. Both methods work well, yet result
in reproducibility issues due to random detachment of MIP particles during sensor
use and an uneven surface coverage. A way to circumvent these problems is
the direct grafting of a MIP layer from the substrate. Additionally, grafting of
polymer films allows for the creation of more complex sensor designs as this
strategy is less robust compared to coating/stamping methods and would allow

for miniaturization of the sensor.

Miniaturized biosensors attract an increasing interest from the biomedical side
where small sensors allowing for in vivo studies would grant valuable information
with respect to the mechanics of pathologies and theranostics. However, to reach
this goal, sensors require improved MIP stability and a homogenous coverage of

the involved sensor elements to yield reliable results.

The most commonly used synthesis route towards MIP materials is conventional
free radical polymerization, which is relatively straightforward and effective.
However, as applications become more specialized the use of reversible deactivation
radical polymerization (RDRP) is more and more considered. The most-used RDRP
routes are atom transfer radical polymerization (ATRP),?7:28! reversible addition
fragmentation degenerative chain transfer (RAFT)?1 and nitroxide mediated
polymerization (NMP).[3°] RDRPs have been investigated for the synthesis of MIPs
in how they influence the quality of the MIPs and their eventual affinity to their
target.[*931321 Generally, they provide a better control over the polymer matrix,
which results in several benefits. Depending on the chosen polymerization strategy,
these include the ability to post-modify the MIP,[*°] control film thicknesses!*® and

graft patterned receptor layers.[33!

The use of RDRP for MIP synthesis is, however, not without problems. Specifically

ATRP is hindered due to the fact that typically acidic monomers (or other strongly
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H-bonding monomers) must be used to form the required pre-polymerization
complexes between monomers and a chosen target molecule. Since ATRP is very
sensitive to such monomers, polymerizations do not proceed with ease in such
case, and surface grafting is almost prohibitive. In recent years, several solutions
were proposed to circumvent this issue. Fantin et al. suggested to work in an
acidic environment to prevent end-group cyclization.** Michl et al. built on this
by selecting SI-ARGET-ATRP and were able to graft poly(methacrylic acid) (PMAA)
brushes with a film thickness of approximately 60 nm within 1 hour reaction
time.[3%1 However, since recognition of targets in MIPs can greatly depend on the
formation of H-bonds this can be a troublesome solution. Haupt and coworkers
reported the grafting of P(MAA-co-EGDMA) MIP films from SiO, nanoparticles
and planar substrates using iridium catalyzed photoATRP.[3¢! Polymerization was
successful and they report the binding characteristics of the MIP grafted SiO,
nanoparticles targeting testosterone and S-propranolol. In this case the abundance
of cross-linker possibly prevented end-cyclization, which allowed for continuation
of the polymerization in presence of the acidic monomer. Yet, this approach
makes use of a transition metal catalyst, which must be avoided when developing
sensors that may later be used in in vivo applications. Lately, we had shown
that photoinitiated metal-free ATRP could be the answer to this problem, using a
photoredox organocatalyst, namely 10-phenylphenothiazine (PTH) to mediate the
polymerization.[37:38] Using this method, we were able to graft PMAA brushes, with

film thicknesses of around 6 nm on planar surfaces.[3%

For producing a MIP sensor based on a photoinduced MIP grafting method,
histamine was chosen as target molecule due to its wide occurrence in biological
environments and availability of MIP recipes for MIP monolith synthesis.[#%-421 The
human body utilizes histamine as a neurotransmitter in the brain and as part of the
immune response.[*>#4 Less known is histamine’s function in gut motility and the

deregulation of histamine concentration in various diseases such as irritable bowel

65



Chapter 3

syndrome.[#4-4¢] Besides biomedical applications, histamine is also found in various
food products such as fermented vegetables and in spoiling fish.[*”1 Although food
safety and biomedical applications are quite different, they share the need for
quick and easy detection methods. Electrochemical impedance spectroscopy is
one of these methods and involves the application of an AC voltage between the
sensor chip, which acts as the working electrode, and a counter electrode while
the current and phase shift are monitored. The method is safe to perform inside
the human body as long as voltages stay below 65 mV,8 quick, and necessary
equipment comes at low cost. Binding of target molecules onto the MIPs can be
monitored with this method due to the displacement of aqueous solution in the
cavities by the less conductive target molecule, which increases the impedance
due to a drop in capacity at the interface of the chip and sample liquid.**! Figure
3.1 gives an overview on the used grafting technique and the working principle of

the impedimetric sensor.
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Figure 3.1. Schematic representation of the histamine MIP sensor production
starting with the surface activation (top) with the immobilization of an ATRP initiator,
MIP grafting through a metal-free ATRP procedure using phenyl phenothiazine

(PTH) as the organocatalyst (middle) and sensor characterization (bottom).

In this work we present a metal-free synthesis route for the surface initiated
grafting of a MIP film targeting histamine using a metal-free photoATRP. For this,
MAA is copolymerized with ethylene glycol dimethacrylate (EGDMA) in presence of
histamine to produce the cross-linked MIP matrix. The MIP films are grafted from
planar titanium electrodes, which were chosen for their low resistivity and good
biocompatibility, making them ideal for in vivo applications. We also introduce
the usage of a pulsed UV excimer laser for initiation of the grafting reaction. In
combination with a 2D scanner, this gives access to defined polymer patterns on a

surface without the need of using a shadow mask, a feature that will be beneficial
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in future studies towards multiple target MIP patterns (with the inclusion of non-
imprinted planes).33 Yet, in here we focused on homogenous MIP layers that can
be obtained from organocatalyzed ATRP laser grafting as a first proof of concept
study. The composition of the obtained MIP films is discussed and subsequently the
procedure is optimized and layers are characterized via impedance spectroscopy-

based sensor measurements.

3.3 Experimental Section

3.3.1 Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed with the Novocontrol Alpha-A High
Performance Modular Measurement System (Novocontrol technologies GmbH &
CO. KG, Montabaur, Germany) over a range of 100 mHz to 10 MHz at a signal
amplitude of 65 mV. The Alpha Active Sample Cell which comes with the device
contains reference capacitors and resistors which are used as a reference to

increase accuracy.

3.3.2 Measurement cell

An in house developed measurement cell designed for impedance heat-transfer
measurements as described by Stilman et al.l53 was utilized for the impedance
measurements. The measurement cell is composed of PEEK for chemical resistance
and contains a viewing glass to allow visual inspection of the sensor chip. The
connection to the back of the MIP or NIP sensor is made by connecting a wire to
the copper heating table while the other wire is connected to the gold wire inside
the liquid compartment through shielded cables. A PID controller regulates the
temperature of the sensor cell to 37 °C to ensure a stable temperature during

measurement.
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3.3.3 Silanization of substrates

Titanium electrodes and silicon wafers (1 x 1 cm?) were subsequently treated with
Piranha solution, HCI (pH =1) and a NH,OH/H,0, mixture (1:1) with intermediate
washing steps with demineralized water. The silicon wafers were functionalized
additional to the titanium electrodes because the roughness of the titanium
substrates didn’t allow for proper GAATR-IR analysis. The substrates were
transferred to the glove box in a Petri dish and submerged in dry toluene. The
synthesized silane equipped with ATRP initiator was added in excess (10 pl for 10
substrates) together with a minimum of three equivalents of dry triethyl amine.
'H NMR spectrum of the silane can be found in the appendix (Figure A2). The
silanized samples were rinsed with toluene, THF, absolute EtOH and demineralized
water and blown dry with a N, blowing gun. Reaction was confirmed via XPS

(Figure A9) and ToF-SIMS (Figure A10)

3.3.4 MIP surface grafting

Purified stock solutions of MAA, EGDMA and Dimethyl acetamide (DMAc) were
separately flushed with nitrogen for 15 minutes. Varying equivalents of both
monomers (always 3 mmol in total) and 0.5 ml of DMAc were added to 1 mg of PTH
under nitrogen atmosphere (*H NMR spectrum of PTH is displayed in Figure Al).
When producing MIPs a DMAc solution was saturated with histamine before use. A
custom-made chamber loaded with a silanized substrate was thoroughly flushed
with nitrogen and kept under pressure. The reaction mixture was subsequently
transferred to the reaction chamber. The photo polymerization reaction was
induced with a 351 nm pulsed excimer laser (ATLEX 1000-I, ATL Lasertechnik
GmbH) featuring a 6 x 8 mm? beam after passing through a prism. Energy was
set to 1.5 mJ per pulse of around 4-6 ns. Pulse frequency was set to 100 Hz and

the energy was reduced by a factor 100 by using a reflective filter. The laser was
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set to pulse 60000 times, which equals a 10 min reaction procedure. Afterwards,
the substrates were rinsed with THF, abs. EtOH and distilled water and blown
dry with a N, blowing gun. The silicon wafers were analysed with GAATR-FTIR
and the titanium electrodes were characterized using XPS (Figure A12) and ToF-
SIMS (Figure Al11). The MIP containing titanium electrodes (and non-imprinted

counterparts) were characterized in the impedance sensor set-up.

3.4 Results and Discussion

3.4.1 Surface grafting of MIPs.

To develop a surface MIP protocol, the known recipe for bulk monolith MIP synthesis
was used as reference. MIP efficiencies depend mostly on the choice of monomers,
ratio of monomers and choice of porogen. In principle, no large difference between
surface grafted and bulk polymerized MIPs should exist. Variations can, however
be required in order to account for different reactivities when grafting chains
compared to solution processes. Thus, as a starting point a 1:4 MAA:EGDMA ratio
was chosen for the surface grafting based on monolith protocols.“! All reactions
were initiated using a pulsed UV excimer laser operating at 351 nm. The laser
repetition rate was 100 Hz and the energy per pulse was set to 1.5 mJ]/pulse and
attenuated via a factor 100 reflective filter. The 6 x 8 mm?2 laser beam is directly
projected onto the substrate. To assess if control over the polymerization can be
acquired, the reaction procedure time was varied between 0 and 10 minutes. After
10 minutes the risk to polymerize EGDMA in solution (via direct UV-initiation of
the monomer) increases, which is undesirable and thus needs to be avoided. In
earlier work, we had reported on the use of a fluorescent UV-lamp for the grafting
of MAA brushes.[31 Compared to broadband UV light sources, the laser appeared
to be beneficial, as we previously observed significant EGDMA polymerization in

solution before any detectable polymer grafting had occurred. The laser allows
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for better tuning of light intensities and provides generally better preciseness.
The high energy input per pulse provides fast initiation and therefore allows for
surface grafting and stopping the reaction before the undesired polymerization in

solution can take place.

The MIP films were first grafted from planar silicon substrates as the low roughness
is ideal for grazing angle ATR-FTIR analysis. The IR spectra of non-imprinted
polymer films (these are cross-linked networks formed by the same MIP recipe in
absence of any template molecule), depicted in Figure 3.2, show the appearance
of typical acrylate-related vibration bands with increasing reaction time. Spectra
were normalized to the peak at 1233 cm™ which can be assigned to the SiO,
stemming from the substrate. The relative peak intensity at 1732 cm (carbonyl)
and 1169 cm (C-0 stretch), both being indicative of the ester and acid moieties
per polymer repeat unit are plotted against the reaction time to visualize the
progress of the reaction. A similar increase in peak intensity can be observed
for both peak positions as should be expected. From the steady increase in peak
intensity it can be concluded that film growth is continuous and that the film layer

is becoming thicker with time.
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Figure 3.2. Normalized IR spectra of grafted P(MAA-co-EGDMA) films after

varying reaction times (left). The relative intensities of the relevant peaks for the
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methacrylic monomers (carbonyl at 1732 cm™ and C-O stretch 1169 cm™) are

plotted against reaction time (right).

After polymerization of a non-imprinted polymer (NIP) matrix was confirmed on
silicon substrates, the procedure was transferred to titanium electrodes. Titanium
is the superior metal compared to silicon to be used in impedance spectroscopy
due to its low resistivity and hence presents the better electrode material in a
biosensor. Since titanium has a higher surface roughness compared to the pristine
silicon substrates employed in the first tests, no reliable grazing angle ATR spectra
could be recorded. In order to confirm the success of polymerization and to check
the composition of the polymer film, the samples were characterized via XPS and
ToF-SIMS. Both methods give detailed insights into the chemical makeup of the
surface grafts and allow for a near-quantitative analysis of the composition and
homogeneity. To test if the monomers copolymerize during the grafting process
in the same way as in solution, the ratio between the functional monomer MAA
and cross-linker EGDMA was varied. When using a ratio of 1:4, with EGDMA in
abundance, both ToF-SIMS and XPS (Figure A12) confirmed the presence of a thin
polymer film evidenced by the clear presence of 2 characteristic peaks in the C
1s spectrum at 286.8 eV and 289.1 eV attributed to C-O and O=C-0 respectively.
B3%THowever, in XPS, the ratio of the O=C-0 and C-O contributions had a value of
~ 0.8 and thus was comparable to the ratio obtained for a pure EGDMA polymer,
only slightly higher. This did not unambiguously confirm the presence of MAA.
When further increasing the MAA concentration by using ratios of 1:1, 2:1 and 4:1
(MAA:EGDMA) no significant increase of the O-C=0 concentration was observed.
The contribution of titanium was however significantly higher for the two highest
MAA concentrations, indicating a thinner polymer film (Table A4). Considering
the sampling depth of 8 to 10 nm achieved in XPS, the detection of the substrate
signal indicates a thickness of the polymer film smaller than 8 nm. Titanium

signals detected in ToF-SIMS were given in Figure A13. For ToF-SIMS, however,
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an increase in the contribution of MAA was observed starting from a 2:1 ratio

(MAA:EGDMA). When working with lower MAA concentrations, its contribution is

distinguishable from pure EGDMA grafted samples. The evolution of the observed

MAA contribution is displayed in Figure 3.3.
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Figure 3.3. Ratio of molecular fragments, obtained via ToF-SIMS, specifically
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upper left) plotted

against the used monomer ratio to estimate the actual composition of the polymer

film (upper right). The experimental monomer ratios are MAA:EGDMA 0:1, 1:4,
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On first glance, XPS and ToF-SIMS seem to yield contradictory results. However,
the hypothesis may be drawn that MAA is predominantly grafted at the end of the
polymer chain, which is followed by a stop of film growth. This is in line with the
relatively low film thicknesses observed, and also with our previous study where
we also observed that MAA causes termination of chain growth before thicker
brush layers can be formed.[**] We assume that film thickness is more limited
when MAA is copolymerized, resulting in thinner cross-linked films at higher MAA
concentrations (and thus higher abundance of titanium in XPS analysis). This
concomitantly can result in MAA being only present in the very top layer of the
film, making an observable difference in ToF-SIMS, where only the topmost layer
is visualized whereas in XPS the information stems here from the overall film. This
results in a presence of MAA (and hence potential receptor sites) beyond a certain
threshold (in this case 2:1 MAA:EGDMA). These hypotheses are backed-up by the

sensor characterization assays, which are described in the next section.

3.4.2 Biomimetic measurements

After surface characterization had confirmed the presence of a cross-linked
polymer film, and build-in of MAA on the film top layer, we proceeded to evaluate
the quality of MIPs. Therefore, films were grafted in presence of the histamine
target molecule, followed by washing out the target molecule from the surface
after laser grafting. The MIP concept requires only formation of binding sites at the
top of the polymer matrix, hence limited film thicknesses do not pose a problem,
and also the incorporation of functional monomer only at the surface is in principle
sufficient. Characterization of the formation of MIP receptor cavities is best directly
evaluated by impedimetric sensor measurements. To evaluate the usability of the
MIP coating for impedimetric biodetection of histamine dilutions in PBS were made
ranging from 5 nanomolar to 1 micromolar concentrations. For each measurement

a new sensor chip was placed onto the chip holder of the measurement cell and
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after closing the cell and filling it with unspiked PBS the setup was left to stabilize for
an hour to ensure equilibrium conditions. After one hour an impedance spectrum
from 100 mHz to 10 MHz was taken by sweeping three times during 8 minutes.
After completion of the sweeps the next concentration of histamine spiked PBS
was injected and the sensor was left to stabilize for half an hour before taking the
next impedance spectrum and this was repeated until the last concentration. The
same experiments were performed with a NIP and with a MIP sensor which was
exposed to histidine instead of histamine to evaluate the cross selectivity of the
coating. Even though the binding of histamine to the MIP coating occurs at a fast
rate the sensor should be left to stabilize due to the temperature dependency of
the conductivity . After acquiring the spectra the data were analysed and plotted
as impedance amplitude versus frequency graphs (Bode plots) such as shown in
Figure 3.4. From these graphs, it was concluded that at low frequencies electrode
polarization takes place, which causes the impedance to rise dramatically in that
region. This effect is common for any metal electrode submerged into liquid as
positively charged ions will be attracted to the negatively charged surface where
they form a charged layer of ions. This so called double layer capacitor has a high
impedance at low frequencies and decreases with increasing. At high frequencies
in the MHz range the impedance decreases until it reaches a plateau where cable
resistance, solution resistance and the resistance of the MIP layer dominates. The
ideal frequency range for these measurements was determined to be from a few
hundred hertz up to a few kilohertz. In this region the spectra of the different
concentrations are clearly separated while in the lowest and highest region the

effect size is negligible compared to the earlier described effects which are in play.

75



Chapter 3

1000

Impedance Z ()
o

10000 -

Impedance Z (Q)

1000

100

0.1 1 10 100 1000 10000 100000 1000000
Frequency f (Hz)

Figure 3.4. Bode plot of a MIP sensor measurement with indicated sensor region

and electrode polarization in the low frequency region.

For the results displayed in Figure 3.5, 610 Hz was determined to be the optimal
frequency. As can be seen from the graph the sensor responds even to the lowest
concentration (5 nM) of histamine in PBS and keeps showing and increase in
impedance amplitude for increasing concentrations. The Limit of Detection (LoD)
was determined by taking the standard deviation of three impedance sweeps
and multiplying it by three, this value is then used to acquire the corresponding
concentration, which is around 3.4 nM. The ability to measure concentrations
of histamine in the nanomolar range allows for various applications in both
medical and a food industry context. Experiments with decreasing concentration
have proven to be not feasible in a usable timeframe as the release of histamine
from the MIP layer occurs at a low speed. The NIP gives barely any response to
histamine, which proves it to be a capable control for non-specific binding due to

the selective interaction of histamine with the sensor coating. The lack of response
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of the NIP sensor is an important condition for the ability to perform differential
measurements in complex matrices. Histidine however seems to interact with
the MIP layer in a repeatable fashion. The decrease shown by histidine might be
caused by increased conductivity of the solution or by molecular relaxations of

histidine under influence of the AC signal.
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Figure 3.5. Dose-response curve of the MIP and NIP sensors at 610 Hertz for
histamine and histidine. The limit of detection was determined to be 3.4 nM of
histamine in PBS. The error margin is smaller than the symbol size and hence not

clearly visible.
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3.5 Conclusion

A planar titanium substrate was successfully functionalized with a histamine-
molecularly imprinted polymer film using an organocatalyzed metal-free
photoATRP. MIP polymer films were produced via laser grafting of mixtures of
MAA and EDGMA, and the laser provided very high control over film growth
and allowed for the formation of cross-linked layers without initiating any bulk
polymerization in the solution above the substrate, a side reaction that was
observed before when classical UV-lamps were used. Nevertheless, NIP and
MIP polymer films with thicknesses of few nanometers could be produced via
our procedure. The composition of the thin film was investigated via grazing
angle ATR-FTIR, XPS and ToF-SIMS. These characterizations revealed the
necessity of working with an excess of methacrylic acid to ensure formation
of suitable binding sites on the polymer film surface compared to classical
bulk MIP synthesis. The reason for the difference is not fully revealed,
but it may be assumed that film growth is stopped or at least significantly
hindered after first MAA monomer units are build-in, causing decreasing
film thicknesses with increasing MAA content in the monomer solution and
presence of polymerized MAA only at the film top layer. Formation of MIP
receptor sites was, however, very successful. The response of the MIP film
in impedimetric sensor measurements was strong enough that the absolute
impedance can be used directly without any fitting as a measurement for the
histamine concentration. This is indicative of a high sensitivity of the MIP, and
hence abundant presence of suitable receptor sited. In contrast, the lack of
response from the NIP film layers shows that the binding of histamine to the
MIP is not unspecific. The NIP can be utilized as a correction factor to perform
differential measurements for more complex matrices such as patient fluids
or liquids in the food industry. The substantially increased surface coverage

over traditional powder based MIPs and NIPs, and the inherently more
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resilient coating are an advantage as this development allows for further
miniaturization of the impedimetric sensor concept, and concomitantly for
better reliability of the sensors, as the polymer films are covalently attached

to the electrode substrates.
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Chapter 4

4.1 Introduction

Methods to alter surface characteristics have been investigated intensively in
recent years. Surface properties define the interaction of materials with their direct
environment and can determine their fate. This is especially important within a
biomedical context, where parameters like biocompatibility and toxicity come into
play. The grafting of synthetic polymers to modify surfaces is interesting as a vast
library of monomers is available, allowing for precise fine tuning of the surface
properties. By choosing a reversible deactivation radical polymerization (RDRP)
reaction, the polymer film thickness can be controlled and desired end-groups can
be obtained.!!! The latter grants the option to modify the surface further through
chain extensions, formations of block copolymers or through bio-conjugation with

the addition of biomolecules.

On planar substrates, combining the advantages of controlled polymerizations with
the advantages of photo-initiation allows for the engineering of complex structures
and patterns with the addition of spatial and temporal control over the reaction.
[2-41 Two of the most studied and best known photoRDRP strategies for the surface
grafting of polymers are photo-initiated atom transfer radical polymerization
(photoATRP) and photo reversible addition-fragmentation degenerative chain-
transfer (photoRAFT)[2>71 For photoATRP, a catalyst is used to reduce the activator
upon photoexcitation, yielding a radical accessible for propagation.t®°! Although
initially requiring metal/ligand complexes, the employment of organocatalysts
was reported more recently.['%!11 In photoRAFT, although not strictly required,
similar catalysts are often employed to enhance polymerization rate and initiation
efficiency.[®12-151 A more direct approach is through direct excitation and activation
of the thiocarbonylthio moiety present in RAFT agents. The RAFT agent will
subsequently generate a radical to initiate the polymerization reaction. This is

called photoiniferter, as the transfer agent is involved in inijtiation, transfer and
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termination. This reaction was first described by Otsu and coworkers, who used
dithiocarbamates to obtain the first controlled “living” radical polymerization.[67!
Despite dithiocarbamates being the benchmark photoiniferter agents for more
than a decade, polymerizations were relatively inefficient and slow. Additionally,
poor control was commonly observed due to dithiocarbamates being poor transfer
agents. Trithiocarbonates (TTCs) were explored for their potential as iniferter
agents.['81°] Qiao and coworkers presented a photoinferter process using a TTC
excited via blue light irradiation (A__ = 460 nm).2% This way photodegradation
of the TTC, which is a risk when exposed to UV light, is avoided by selectively
targeting the n-n* transition.2!] Conversions up to 95% after 16 h reaction time

and dispersities as low as 1.06 were reported.

Additionally, xanthates proved to be good iniferter agents for the polymerization
of vinyl esters through UV irradiation, providing good control over the mass
distribution (B = 1.2-1.3). Conversions > 80% were observed for 90 minutes
reaction time, greatly exceeding the polymerization rate of TTCs.?2l This was
confirmed by Carmean et al. where TTCs and xanthates were compared for the
production of ultra-high molecular weight poly(dimethylacrylamide), reducing
reaction time from 10 hours to 30 minutes.t?3! Reports of blue light initiation of

xanthates show diminished time benefits.[24:25]

Surface initiated photoiniferter is left relatively unexplored. After introducing
photoiniferter for the surface grafting of polymers using dithiocarbamates in
1996,1?%1 photoiniferter from nanoparticles using TTC was reported only very
recently.[?”] To the best of our knowledge no photoiniferter grafting from planar
substrates using xanthates, as displayed in Figure 4.1, or using TTCs has been
reported until date. The reason xanthates are also mentioned is that they are
interesting for their fast initiation, which might be necessary to compensate for

the absence of the undesired exogenous catalysts.
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Photoiniferter mechanism
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Figure 4.1. Schematic representation of photoiniferter mechanism using

xanthates

The factthat photoiniferter requires no additional catalyst makes it highly interesting
for bio applications. A polymer application where photoiniferter exhibited highly
promising results is molecularly imprinted polymers (MIPs), where exploiting the
controlled nature of photoRDRPs results in improved binding efficiency.?8! In the
quest to produce in vivo MIP sensors, direct surface-grown MIPs allow for better
surface coverage, better reproducibility and sensor miniaturization.?®! Surface
initiated photomediated RDRP allows for the creation of complex patterns in a
controlled fashion.l Acidic monomers are highly prevalent in MIP research as they
tend to form hydrogen bonds for target recognition. This can be problematic when
using photoATRP since ATRP is typically not compatible with the acidic functional
monomers. Photoiniferter can be a great alternative as it is compatible with a vast

library of monomers, including acids.

In this chapter the surface grafting of poly(methyl acrylate) (PMA) from planar
SiO, substrates using immobilized xanthate iniferters through UV irradiation

is presented. The polymer film was characterized using Fourier transferform
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infrared spectroscopy (FTIR), atomic force microscopy (AFM), x-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-

SIMS). The results were critically assessed and discussed.

4.2 Experimental Section

4.2.1 Synthesis of 4-hydroxybutyl 2-bromopropanoate

o) Br DCC, pyridine

HO/\/\/OH + ﬁ EEE—— HO/\/\/O\A)\ Br
H

Scheme 4.1. Synthesis of 4-hydroxybutyl 2-bromopropanoate.

A mixture of butanediol (7.30 g, 81 mmol), N,N'-dicyclohexylcarbodi-imide or DCC
(4.13 g 20 mmol) and pyridine ( 1 mL, 12 mmol) is cooled on ice. Subsequently
2-bromopropionic acid (1.5 mL, 16.7 mmol) dissolved in acetone (14 mL) was
added dropwise and left to stir overnight. The mixture was filtered and extracted
with ethyl acetate and brine, washed 2 times with 5% HCI and another two times
with brine. Ultimately the product was purified over a column (hexane/ethyl
acetate 1/1) and analyzed with *H NMR and ESI-MS. Yield = 29% (1.10 g). 'H
NMR (400 MHz, Chloroform-d) 6 4.35 (t, J = 7.4 Hz, 1H), 4.19 (t, J = 6.5 Hz, 2H),
3.66 (t, J = 6.7 Hz, 2H), 1.80 (d, J = 6.9 Hz, 3H), 1.78 - 1.71 (m, 2H), 1.67 -
1.60 (m, 2H). (Figure A14).
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4.2.2 Synthesis of 4-hydroxybutyl 2-((ethoxycarbonothioyl)thio)
propanoate (xanthate silane precursor)

Xanthate silane precursor
s S
o) +
HO ™" \@)\Br /\o)J\sf K'Y — HO/\/\/O\Q)\S*O/\

Scheme 4.2. Synthesis of xanthate silane precursor.

To synthesize the xanthate silane precursor, 550 mg (1.18 eq) of 4-hydroxybutyl
2-bromopropanoate was dissolved in 5 mL ethanol with 335 mg (1 eq) of potassium
ethyl xanthate salt and stirred over night at room temperature. The mixture was
extracted two times with diethylether/pentane (2/1), two times washed with
distilled water and dried with MgS04. The product was purified by recycling on
size exclusion chromatography (SEC) with chloroform as eluens. Ultimately the
product was analyzed with *H NMR. Yield = 45% (250 mg). *H NMR (400 MHz,
Chloroform-d) d 4.63 (q, J = 7.1 Hz, 2H), 4.38 (q, J = 7.4 Hz, 1H), 4.19 (t, ] =
6.5 Hz, 2H), 3.68 (t, J = 6.7 Hz, 2H), 1.81 - 1.71 (m, 2H), 1.69 - 1.60 (m, 2H),
1.57 (d, J = 7.4 Hz, 3H), 1.42 (t, J = 7.1 Hz, 3H). (Figure A15).

4.2.3 Synthesis of 4,4-diethoxy-9-0x0-3,10-dioxa-8-aza-4-
silatetradecan-14-yl 2-((ethoxycarbonothioyl)thio)propanoate
(Xanthate silane)

Xanthate silane

o
~O 8 ~~oH /N\/\/Si/oa _— i i
If W)LO ¢ b Of,ﬁ/\/\uko/\/\/o\g/LsJ\o/\

Scheme 4.3 Synthesis of Xanthate silane.
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To synthesize the xanthate silane, 250 mg of the precursor (1 eq.) was added
to 233 pL of 3-(triethoxysilyl)propyl isocyanate (1 eq.) in 1 mL of dry toluene
in a glovebox. A trace of dibutyltin dilaurate was added and the reaction was
stirred overnight at 40 °C. The mixture was exposed to high vacuum overnight
and used without further purification and stored at -20 °C in a glovebox. The
product was analyzed with *H NMR and revealed a quantitative yield. *H NMR (400
MHz, Chloroform-d) & 4.93 (s, 1H), 4.66 (q, J = 7.1 Hz, 2H), 4.41 (q, J = 7.4 Hz,
1H), 4.24 - 4.05 (m, 4H), 3.85 (q, J = 7.0 Hz, 3H), 3.73 (q, J = 7.0 Hz, 3H), 3.19
(s, 2H), 1.78 - 1.61 (m, 6H), 1.60 (d, J = 7.4 Hz, 3H), 1.44 (t, J = 7.1 Hz, 3H),
1.29 - 1.22 (m, 9H), 0.78 - 0.58 (m, 2H). (Figure A16).

4.2.4 Silanization of silicon substrates

, —
S\i\/ S'/—o
o o
Si-on % s s
/0 \/OIS‘i\/\/H O/\/\/O s)ko/\ O\o s
8i-OH P e si—0- H  ~~_0 J N
X o [¢] \ _=Siku~_N_O s” 0
o 00 T o
Iy > Si o
Si-OH dry Toluene \
\ o
T
/0 Si-0
Si-0 v
LIV L]

Scheme 4.4. Silanization of silicon substrates with xanthate silane.

After cleaning and activation with piranha, HCI (pH = 1) and ammonium/hydrogen
peroxide solution the silicon wafers (1 cm?), each sample was placed in a vial
in the glovebox with 1 mL dry toluene and 4 pL of the ethyl xanthate triethoxy
silane. The samples were left to react overnight at 50 °C and subsequently rinsed
with toluene, THF, ethanol and water. When not immediately used, samples were

stored in the dark. The samples were characterized with XPS and ToF-SIMS.
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4.2.5 Surface grafting of poly(methyl acrylate)
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Scheme 4.5. Surface grafting of poly(methyl acrylate).

For the polymer grafting procedure the silanized sample was placed in a
custom-made chamber (Figure A3), flushed with N,. Methyl acrylate (MA, 0.2
mL) and DMSO (0.8 mL) were purged with nitrogen and added to the silanized
sample. The chamber was placed under a UV fluorescent tube lamp (365 nm,
+1.2 mW-cm2) and left to react for varying reaction times up to 1 hour. The
reacted samples were washed with THF, EtOH and water. The polymer-grafted

samples were characterized with grazing angle FTIR, ToF-SIMS, XPS and AFM.
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4.3 Results and Discussion

Prior to grafting, the silicon wafers were activated for photoiniferter by immobilizing
xanthate containing silanes. The selection of xanthates over TTCs is based on the
fast photolysis rate of the former in UV light.[?3! Although mediocre control is
reported in combination with acrylates,*°! fast generation of surface radicals can be
beneficial for the induction of surface grafting. Fast photolysis concomitantly leads
to the hypothesis that reversible deactivation is expected to be the predominant

control mechanism with respect to degenerative chain transfer.[23!

First, the xanthate moiety was incorporated through a widely used substitution
reaction in the synthesis of RAFT agents, substituting bromine for sulfur from the
xanthate salt.3!! Subsequently, the R-group was provided with an alcohol group.
This allows the iniferter agent to be tethered to 3-aminopropyltriethoxysilane
(APTES) via the R-group approach, with the formation of a urethane link. This
is a fast and easy reaction, often exhibiting quantitative yields.[3?1 Attaching the
R-group was selected over the Z-group as the propagating radicals were in this
way kept on the surface, minimalizing the generation of radicals in solution and

thus solution polymerization.t*!

Silanized and PMA grafted silicon substrates were characterized with XPS and
ToF-SIMS to confirm and assess the success of xanthate immobilization and
polymer grafting. To confirm silanization, ToF-SIMS was able to nicely detect the
sulfur containing fragments as depicted in Figure 4.2. Additionally, it verified the
presence of the ethyl ester fragment and CNO- corresponding to the urethane
functionality in the silane spacer. In contrast to the CNO- fragment, which is still
detectable after polymerization, the sulfur signal has decreased to the level of the
blank sample without silane as can be seen in Figure 4.2A. This could indicate
degradation of the xanthate functionality upon UV radiation. The grafting of PMA
was confirmed with the detection of CH,O" (the pending methyl ester) and C,H,O,

27
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which were clearly detectable in ToF-SIMS. As a control experiment, the exact
same procedure for the grafting of PMA was repeated on blank silicon substrates to
rule out physisorption of methyl acrylate. ToF-SIMS confirmed that physisorption

was indeed not the case as the characteristic peaks for PMA were not detectable.

25 140
A — Blank B ! — Blank
—— Xanthate silane 1204 CNO —— Xanthate Silane
20 4 s —— Grafted PMA — Grafted PMA
—— Grafting w/o silane 100 —— Grafting w/o silane
= —
g 154 § 804
> >
3 B 60
s 7 s
£ £ 404
5 4
20
04 0
T T T T T
31,95 32,00 41,98 42,00 42,02 42,04
miz miz
100 .
c CH,O' —— Blank . s/D CH,0, — Blank
— Xanthate silane —— Xanthate Silane
80 4 —_— Graftgd PMA ] —— Grafted PMA
—— Grafting w/o Silane 44 —— Grafting w/o Silane
T 60 o)
£ g 34
by 2
7] 40 - 7]
5 S 2
S g
20 1
0 0
T T T T
30,98 31,00 31,02 31,04 31,06 31,08 84:95 85:00 85:05 85:10 85:1 5 85,
milz m/z

Figure 4.2. Fragments originating from the immobilized xanthate silane and
grafted PMA are visualized in ToF-SIMS. A) Represents the sulfur stemming from
the xanthate. B) represents the urethane moiety in the silane spacer. C and D both

represent PMA.
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Figure 4.3. XPS spectra showing the contribution of Cls electrons for a PMA
grafted sample (top), control experiment of grafting PMA without immobilized

xanthate (middle) and a silanized silicon substrate (bottom)

In XPS, the xanthate would be mainly represented by the 2s or 2p electrons
from the sulfur atoms, which were in this experiment not observed. This indicates
a low grafting density since the sulfur was detected in ToF-SIMS, which is the
more sensitive technique. The next step comprising the grafting of PMA from
the silanized silicon wafers was visualized with XPS and depicted in Figure 4.3.
XPS confirms the presence of the PMA through the relative contributions of the

C 1s electrons at 289 eV, stemming from the ester and at 287 eV originating
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from the methyl group. The experimental ratio of these peaks resembles the
theoretical ratio of 1. ToF-SIMS confirms a successful silanization and XPS and
ToF-SIMS proof a subsequent grafting of PMA from the xanthate functionalized
silicon substrates. The possible loss of end-groups through the degradation of
the xanthate as observed in ToF-SIMS can however be problematic concerning
chain extensions, specific post-modification reactions and loss of control over the

polymerization reaction.

To assess if control over film thickness can be achieved, the procedure was
repeated at varying reaction times. Wafers exposed for 0, 10, 20, 30, 45 and
60 minutes were analyzed with grazing angle FTIR. When comparing the peak
surface area corresponding to the carbonyl peak at 1740 cm™ to the reaction time
a positive correlation was observed as displayed in Figure 4.4. As the carbonyl
peak is present in the acrylic monomer this is a relative measure for the amount
of grafted PMA. The positive trend with increasing reaction time is a desired
observation, which confirms a continuous film growth over time. After a reaction

time of 60 minutes, undesired polymerization in solution was observed.
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Figure 4.4. Plot displaying the evolution of the carbonyl vibration at 1740 cm™
(grazing angle FTIR) against reaction time. The figure depicts the surface area of

the peak against reaction time.

The PMA grafted samples were characterized with AFM. Topography of the polymer
film was visualized and a scratch test was performed to determine the film
thickness. AFM images, 2D and 3D, are displayed in Figure 4.5. After 30 minutes
a smooth polymer film was obtained with a film thickness of 25 nm. 15 minutes
reaction time yielded a film thickness of 6.5 nm (Figure A17). Conventionally,
to obtain information on the molecular weight of the grafted polymer brushes
and the dispersity of the mass distribution, cleavable groups are introduced near
the anchoring point of the brush, which is then analyzed via SEC. Using surface
initiated ATRP, Spencer and coworkers reported a PMA brush size of approximately
75000 g-mol for a grafting density of 0.45 chains-nm= and a film thickness of +
45 nm.3! Based on these results, 25 nm for the photoiniferter grafted PMA would

indicate a brush size of at least 40000 g-mol*. This estimation has to be taken
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with care since the grafting density is unknown but assumed to be low according
to the lack of sulfur detected in XPS. From the obtained data it was not possible

to predict the polydispersity of the grafted PMA brushes.

—————————— T

I
IR spectrum after 30 minutes | PMA i
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Figure 4.5. Comparison of results showing the discrepancies at identical reaction
procedures. Samples were exposed to UV for 30 minutes. Left an IR spectra
are depicted with characteristic PMA vibrations annotated with dotted line.
Green indicates the results for a smooth polymer film. Red indicates the results
for polymer “mushrooms”. AFM images of the scratch test including 3D images

(middle) and top down (right) are presented.
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Results were however suffering from significant reproducibility issues. Discrepancies
for samples prepared with identical reaction procedures are depicted in Figure 4.5.
AFM revealed the absence of a smooth polymer film, but confirmed the formation
of mushroom shaped spots scattered across the surface. After 30 minutes reaction
time, mushroom heights were observed around 2 nm. 45 min (3 nm), 20 and 10
min (both around 0.5 nm) were depicted in Figure A18 (appendix). IR confirmed
the decrease in polymeric material with a significant decrease in relevant peak

intensities.

The absence of a smooth polymer film and the presence of polymer *mushrooms”
suggests a low density of initiation spots possibly caused by a low grafting density
of the immobilized xanthate silanes. Another option is the partial loss of xanthate
moieties, likely caused through photodegradation. However, since the silanized
samples were kept in the dark after silanization, the odds of degradation of the
light sensitive xanthate were reduced as much as possible. Literature furthermore
shows that at low grafting densities, the polymer chains curl op in a mushroom-
like formation, which was confirmed with AFM. Zheng et a/*¥ show the correlation
between grafting density and film thickness, with a mushroom height of 8 nm
increasing to 41 nm in a planar phase. This indicates that the actual molecular
weight of the polymer brushes is not necessarily much different for the mushroom
shaped polymers and smooth polymer surfaces. Until date no definite explanation
can be given for these reproducibility issues. It is assumable that an unknown factor
is interfering with the silanization reaction as the discrepancies were observed
between batches of silanized samples and not between samples of the same batch.
The shelf-life of the silane should also be considered, but up until now this is assumed
to be of a lesser influence since no correlation was observed between the age of the
silane or the age of the silanized sample batch at the moment of polymerization.
Further research is required to reach the full potential of this grafting procedure and

before definite conclusions about its feasibility can be drawn.
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4.4 Conclusion

PMA brushes were successfully grafted from planar silicon wafers using xanthate
for surface initiated photoiniferter, induced by a UV fluorescent tube lamp. The
use of xanthate or TTCs for this purpose is to the best of our knowledge not yet
reported in literature. ToF-SIMS confirmed successful xanthate immobilization and
PMA grafting. XPS confirmed the presence of PMA, but detected no sulfur, indicating
a low grafting density. A film thickness of around 25 nm was obtained after 30
minutes reaction time. A positive trend between reaction time and the carbonyl
vibration peak intensity was observed in IR indicating an increasing monomer
conversion with increasing reaction time. However, reproducibility issues were
revealed with IR and AFM, showing significant discrepancies between identical
reaction procedures. Smooth polymer films and the formation of mushrooms
were observed. As mushrooms are a sign of low grafting density, issues during
silanization are assumed to be a likely explanation. However, no definite answer
could yet be given and further research into this issue is required to improve the
feasibility of this reaction procedure. Surface initiated photoiniferter is despite
these issues a labor friendly procedure (only monomer and solvent need to be
added). Optimization of this grafting strategy, or surface initiated photoiniferter
strategies overall, are therefore interesting developments towards grafting of

controllable polymer films and patterns.

100



Photoiniferter surface grafting of poly(methyl acrylate) using xanthates

4.5

[1]

[2]
[3]

[4]

[5]

(6]

[7]

(8]

[9]
[10]

[11]
[12]

[13]

[14]
[15]

[16]

References

J. O. Zoppe, N. C. Ataman, P. Mocny, J. Wang, J. Moraes, H. A. Klok, Chem.
Rev. 2017, 117, 1105-1318.

M. Chen, M. Zhong, J. A. Johnson, Chem. Rev. 2016, 116, 10167-10211.
N. Zhu, X. Hu, Z. Fang, K. Guo, ChemPhotoChem 2018, DOI 10.1002/
cptc.201800032.

J. Laun, Y. De Smet, E. Van de Reydt, A. Krivcov, V. Trouillet, A. Welle,
H. Mobbius, C. Barner-Kowollik, T. Junkers, Chem. Commun. 2018, 54,
751-754.

J. F. Quinn, L. Barner, C. Barner-Kowollik, E. Rizzardo, T. P. Davis,
Macromolecules 2002, 35, 7620-7627.

T. G. McKenzie, Q. Fu, M. Uchiyama, K. Satoh, J. Xu, C. Boyer, M. Kamigaito,
G. G. Qiao, Adv. Sci. 2016, 3, 1500394.

X. Pan, M. A. Tasdelen, J. Laun, T. Junkers, Y. Yagci, K. Matyjaszewski,
Prog. Polym. Sci. 2016, 62, 73-125.

E. Frick, A. Anastasaki, D. M. Haddleton, C. Barner-Kowollik, J. Am. Chem.
Soc. 2015, 137, 6889-6896.

S. Dadashi-Silab, S. Doran, Y. Yagci, Chem. Rev. 2016, 116, 10212-10275.
N. J. Treat, H. Sprafke, J. W. Kramer, P. G. Clark, B. E. Barton, J. Read de
Alaniz, B. P. Fors, C. J. Hawker, J. Am. Chem. Soc. 2014, 136, 16096-101.
G. M. Miyake, J. C. Theriot, Macromolecules 2014, 47, 8255-8261.

M. Chen, J. A. Johnson, Chem. Commun. 2015, 51, 6742-6745.

J. C. Theriot, G. M. Miyake, C. A. Boyer, ACS Macro Lett. 2018, 7, 662-
666.

J. Yeow, R. Chapman, J. Xu, C. Boyer, Polym. Chem. 2017, 8, 5012-5022.
J. Xu, K. Jung, A. Atme, S. Shanmugam, C. Boyer, J. Am. Chem. Soc.
2014, 136, 5508-5519.

T. Otsu, M. Yoshida, T. Tazaki, Die Makromol. Chemie, Rapid Commun.

101



Chapter 4

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

1982, 3, 133-140.

T. Otsu, A. Kuriyama, J. Macromol. Sci. Part A - Chem. 1984, 21, 961-977.
H. Zhou, J. A. Johnson, Angew. Chemie 2013, 125, 2291-2294.

H. Wang, Q. Li, J. Dai, F. Du, H. Zheng, R. Bai, Macromolecules 2013, 46,
2576-2582.

T. G. McKenzie, Q. Fu, E. H. H. Wong, D. E. Dunstan, G. G. Qiao,
Macromolecules 2015, 48, 3864-3872.

T. G. McKenzie, L. P. da M. Costa, Q. Fu, D. E. Dunstan, G. G. Qiao, B.
Klumperman, S. H. Thang, D. Nisse, H. Schroeder, R. Wacker, R. Breinbauer,
C. M. Niemeyer, H. Waldmann, Polym. Chem. 2016, 7, 4246-4253.

M. Y. Khan, M.-S. Cho, Y.-]. Kwark, Macromolecules 2014, 47, 1929-1934.
R. N. Carmean, T. E. Becker, M. B. Sims, B. S. Sumerlin, Chem 2017, 2,
93-101.

J. Li, X. Pan, N. Li, J. Zhu, X. Zhu, Polym. Chem. 2018, 9, 2897-2904.

C. Ding, C. Fan, G. Jiang, X. Pan, Z. Zhang, J. Zhu, X. Zhu, Macromol.
Rapid Commun. 2015, 36, 2181-2185.

T. Matsuda, Y. Nakayama, Macromolecules 1996, 99, 8622-8630.

A. Bagheri, Z. Sadrearhami, N. N. M. Adnan, C. Boyer, M. Lim, Polymer
(Guildf). 2018, 151, 6-14.

M. J. Garcia-Soto, K. Haupt, C. Gonzato, Polym. Chem. 2017, 8, 4830-
4834.

R. I. Boysen, L. J. Schwarz, D. V. Nicolau, M. T. W. Hearn, J. Sep. Sci.
2017, 40, 314-335.

S. Perrier, P. Takolpuckdee, J. Polym. Sci. Part A Polym. Chem. 2005, 43,
5347-5393.

C. J. Ferguson, R. J. Hughes, D. Nguyen, B. T. T. Pham, R. G. Gilbert, A. K.
Serelis, C. H. Such, B. S. Hawkett, Macromolecules 2005, 38, 2191-2204.

C. Barner-Kowollik, F. Bennet, M. Schneider-Baumann, D. Voll, T. Rélle, T.

102



Photoiniferter surface grafting of poly(methyl acrylate) using xanthates

Facke, M.-S. Weiser, F.-K. Bruder, T. Junkers, Polym. Chem. 2010, 1, 470.
[33] C. Kang, R. Crockett, N. D. Spencer, Polym. Chem. 2016, 7, 302-309.
[34] X. Zhou, X. Wang, Y. Shen, Z. Xie, Z. Zheng, Angew. Chemie Int. Ed.
2011, 50, 6506-6510.

103






Chapter 5

Development of functional polymer

resins for two-photon polymerization




Chapter 5

5.1 Introduction

Synthetic materials have taken a more prominent role in the field of tissue
engineering in recent years. They are more versatile than their natural counterparts
and display improved stability.l*?! These materials generally serve in the form
of scaffolds, which direct and promote cell growth towards a predetermined
destination, depending on the application.*! Besides inorganic scaffolds,* advanced
functional scaffolds based on synthetic polymers receive a growing interest and
are produced to mimic the extracellular matrix (ECM) as good as possible.l>”!
To introduce ECM similarities often growth factors like arginylglycylaspartic acid
(RGD) peptide sequences or ligands are incorporated.® Furthermore the porosity
and stiffness of the scaffold play an important role and topographic similarities to

the ECM are required.t®!

To have good control over the topography, two photon polymerization (2PP) has
become a popular tool to achieve structures and 3D topographic features as small
as 65 nm.l101 It is based on the quasi-simultaneous (within 10-1¢ s) absorption
of 2 photons by a photoinitiator to create radicals, which in their turn can initiate
a radical polymerization reaction.l*?! As the energy for the incoming photons is
cumulated upon absorption, the incoming laser light can be found in the near
infrared (NIR) range. Several advantages are an improved penetration depth and
a less destructive nature (e.g. biosamples).[*34 With the absorption of the first
photon a virtual intermediate energy state is reached. After absorption of the
second photon the excited state is reached, leading to the creation of radicals. The
energy of the two photons is combined to trigger similar events as if it was one
photon with double the energy.!*>! Equation 1 provides this in a formula where E

is the energy, h is the Planck constant and v is the frequency.

1 1
E = thV = EthR + EthR (Equation 1)
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After excitation, two prominent types of relaxation can be considered, namely via
inter-system crossing and via fluorescence, as depicted in the Jablonski diagram
in Figure 5.1. Rapid non-radiative relaxation or inter-system crossing results
in radical generation and subsequent initiation. This is in competition with the
relaxation via fluorescence. Since radical generation and thus intersystem crossing

is preferred, the fluorescence quantum yield has to be as low as possible for 2PP

initiators.[*6l
[
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Figure 5.1. Jablonksi diagram. Depicts relevant and optical transitions and

processes for 2PP.

Since the lifetime of the virtual intermediate energy level is very short (104 -
10°s), an almost simultaneous absorption is required for 2PA. This is achieved
by using an ultrashort (a femtosecond) pulsed laser instead of a high powered
continuous wave laser. This results in a momentarily increased concentration
of photons which subsequently increases the probability of a 2PA event. 2PA is
furthermore proportional to the squared power of the photon flux density, i.e.

intensity. This results in the creation of extremely local voxels and superior spatial
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resolution beyond the diffraction limit, which allows for the direct 3D printing of
detailed macrostructures.*”I This is in contrast with the layer-by-layer approach of

other computer aided design (CAD) techniques like stereolithography.!8!

Recently, developments of customized 2PP resins tailoring specific applications
have been reported.[**2% Commercial and custom-made resins comprise a cross-
linking monomer and a 2PA photoinitiator. These monomers allow the formation
of densely cross-linked polymeric networks and determine the structural and
mechanical properties. Acrylic cross-linkers are often selected for their fast
propagation.t?!l Radicals are generated upon excitation of a 2PA photoinitiator. The
efficiency in non-linear photon absorption is given by the 2PA cross section (o)
and is measured in Goppert-Meyer (GM) units [10-°° cm* s photon]. High o values
are related to charge transfer characteristics of the molecule. Therefore, mostly
centrosymmetric molecules with electron-donating and electron-withdrawing
moieties separated by a conjugated n-system are suitable for 2PA. Efficient 2PP
photoinitiators have o values of 100 GM or higher and low fluorescence quantum

yields (as discussed earlier).[2]

2PP is until date exclusively used for free radical polymerization processes. With
the implementation of a reversible deactivation radical polymerization (RDRP)
mechanism, the polymerization process is more controlled.??) This results
in improved mechanical and chemical properties of the 3D printed structures.
Furthermore, through high end-group fidelity the surface properties can be altered
with the formation of block copolymers or conjugation reactions.?3 One of the best-
known RDRP reactions is reversible-addition fragmentation degenerative chain-
transfer (RAFT) polymerization.?*) The control mechanism of RAFT is based on a
degenerative chain transfer. After initiation with a conventional radical initiator, a
chain transfer agent (CTA) reversibly transfers and distributes the radicals over a
large number of dormant polymer chains. This allows the polymer chains to grow

at an equal pace. As the transfer rate is much higher than the termination rate a
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“living” character of the polymerization is obtained. Concomitant high end-group

fidelity and low polydispersity further fulfil the requirements for a successful RDRP.

To prepare a custom-made resin for photoRAFT (initiated upon photoexcitation) in
2PP, a so-called macroRAFT is added to a mixture of cross-linker and photoinitiator.
A macroRAFT is a short RAFT polymer. With its addition to the resin, transfer agents
are provided to the reaction mixture to allow a RAFT mechanism. Properties of the
resin and the ultimate polymer structures can be tuned by varying the chemical
nature of the macroRAFT. This can be achieved by selecting a proper end-group

and a suitable monomer for the specific applications.

A typical functionality of transfer agents for RAFT polymerization are
trithiocarbonates (TTCs). These are known to be polyvalent with respect to post-
modification reactions.?”! One of the most studied options is the conversion of
TTCs into thiols through aminolysis. Subsequently these thiols can be addressed
through reaction with activated vinyl compounds, better known as a thiol-ene
Michael addition.[?®) Herein the formation of a thioether is catalyzed with the
addition of a base or nucleophile.[?6271 Carefully selecting the reaction conditions

allows for a straightforward one-step aminolysis and Michael addition.[?8!

In here the development of a functional resin for 2PP, involving RAFT polymerization,
is described (Figure 5.2). First, the synthesis of a poly(methyl methacrylate)
(PMMA) macroRAFT is optimized. This macroRAFT is subsequently added to a
custom-made resin comprising a methacrylic trifunctional cross-linker, and photo-
initiator. 2PP laser parameters are optimized for this resin and the resulting
structures were characterized and analyzed. Ultimately preliminary data was
reported concerning post-modification of the cured resin through the conjugation
of polyethylene glycol(PEG) acrylate (PEGA) using a thiol-ene Michael addition. A

preliminary biocompatibility test was performed.
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Figure 5.2. Schematic representation of photoRAFT in 2PP and subsequent post-
modification. A) Photoinitiation through 2PA. B) RAFT equilibrium involving the
PMMA macroRAFT. C) Aminolysis of TTC and subsequent Michael addition of PEG
acrylate (PEGA).

5.2 Experimental Section

5.2.1 Synthesis of Bis(dodecylsulfanyl thiocarbonyl)disulfide

KOH
p-tosyl chloride S
Has
H
\SH + CSs, Cy2 25‘8*3/8@/8‘012%5
1h, RT

Scheme 5.1. Synthesis of Bis(dodecylsulfanyl thiocarbonyl)disulfide.

1-Dodecanthiol (10.12 g, 0.05 mol) was dissolved in a 1:4 aceton:H,O mixture.
KOH (3.366 g) was dissolved in 6.7 mL H,0 and subsequently added dropwise
to the solution. CS, (3 mL, 0.05 mol) was added and the solution was stirred for
30 minutes at room temperature. After cooling on ice, p-toluenesulfonyl chloride
(4.766 g, 0.025 mol) was added in small portions. The mixture was stirred for
1 hour at room temperature and another 10 minutes at 45 °C. The precipitate

was filtered off and the product (bis(dodecylsulfanyl thiocarbonyl)disulfide was
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purified with flash column chromatography (85:15 hexane:DCM). Yield=72%

5.2.2 Synthesis of 4-cyano4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid (CDP-TTC)

N
N
s s I o s
CyoHa )Ls’S -+ HO. _N E—
1275y y N OH 80 °C, 16h C1szs\S)kS OH
~CizHas H

Scheme 5.2. Synthesis of CDP-TTC RAFT agent.

The final product was synthesized according to literature.?? (Bis(dodecylsulfanyl
thiocarbonyl)disulfide (9.3943 g, 0.016 mol) and 4,4’-azobis(4-cyanopentanoic
acid) (7.115 g, 0.025 mol) were dissolved in ethyl acetate and refluxed overnight
at 80 °C. Subsequently, additional 4,4’-azobis(4-cyanopentanoic acid) (2.371 g,
0.008 mol) was dissolved in ethyl acetate and added to the solution, which was
stirred for another hour at 100 °C. The product was purified with gradient column
chromatography (100 hexane to 34:66 ethyl acetate/hexane) yielding. 10.37 g.
Yield=80% 'H NMR (400 MHz, CDCl,) 5 3.35 - 3.31 (m, 2H), 2.73 - 2.63 (m, 2H),
2.58 - 2.33 (m, 2H), 1.89 (s, 3H), 1.74 - 1.65 (m, 2H), 1.47 - 1.20 (m, 18H),
0.87 (t, 3H). (Figure A19).

5.2.3 Synthesis of PMMA macroRAFT

A solution of 8M MMA in dioxane and CDP-TTC agent was prepared targeting a
theoretical 5000 g-mol* (DP = 46) at 100% conversion. The reaction mixture was
used without purging. A blue LED flow reactor as described by Rubens et al.3% was
used. The reactor comprises a custom-made tubular reactor cascade, consisting of
fluorinated gastight PFA tubing (Advanced Polymer Tubing GmbH, 1/16’' OD, 0.75
mm ID, reactor volume of 1.1 mL), wrapped around a glass framework and placed

in a silicon oil bath heated to 90 °C on an IKA RCT basic hot plate (Figure A30).
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Inside the glass framework 2 m of a blue light led strip (60 led/m, 450nm, 14.4 W)
from Ledsky is placed facing the PFA tubing. Reaction solutions are pumped into
the reactor via a HPLC pump (Azura). Monomer conversions were determined via
'H NMR. Molecular weight distributions were analyzed via GPC-SEC. End-group
fidelity was analyzed via ESI-MS.

5.2.4 Production of Microstructures using Two-Photon
Polymerization (2PP)

Writing of 3D microstructures was performed with a 3D laser lithography system
(Nanoscribe GmbH, Photonic Professional). The excitation source was a Ti-Sapphire
femtosecond (fs) laser with a wavelength of 780 nm, emitting 150 fs pulses at
100 MHz and 50 mW at sample surface. The laser beam was focused using a 63
X microscope objective with a numerical aperture of 0.75. After exposure of the
resin cates on a glass cover slide, the glass was cleaned using propylene glycol
methyl ether actetate (PGMEA) for 10 minutes and isopropanol (IPA). The cover

samples were dried using a gentle nitrogen flow (adapted from [%37),

Parameter tests are performed in piezo scan mode to optimize laser power and
scan speed. Five lines with increasing height (from 0.5 ym to 2.5 pm; length
10 um) and spacing of 0.5 ym was seen as one unit. In the x-axis, 5 units were
printed with increasing laser power (100% = 50mW). For each laser power, 5 units
were printed in the y-axis, each with different scan speeds. In this way, 25 distinct
laser power scan speed combinations could be screened in one print. The assays
were visualized and characterized using a profilometer, SEM and energy dispersive
x-ray spectroscopy (EDX). After defining the optimal laser parameters, cross

arrays are printed. The composition of the 2PP resins was varied and optimized.
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5.2.5 Cell Experiments

Human osteosarcoma MG-63 cells were cultured in alpha minimum essential
medium (a-MEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, 1% glutamine, 1% HEPES and 1% sodium pyruvate. The cells were
cultured at 37 °C in a humidified atmosphere of 5% CO,. Medium was replaced
every 2 to 3 days. Cells were sub-cultured in standard culture flasks upon reaching
80-90% confluence, and then trypsinized with 0.25% trypsin/EDTA for 5 minutes
at 37 °C. Trypsin was inactivated with three times its volume in medium, and used

for experiments or sub-cultured (from(*),

5.2.6 Post-modification of the Polymers

Resin was casted on a glass substrate. Subsequently, the resin was cured using a
UV excimer laser (351 nm, 1.5mJ], 100Hz, 15 seconds). The disc shaped, cross-
linked polymer was placed in a glass petri dish. The polymer disc was rinsed with
THF to remove any unreacted resin. A solution of hexylamine (1 eq.), PEGA (2 eq.
; 480 g-mol?) and THF was added in excess to the polymer disc. The petri dish
was placed on a shaker for 2 hours. Thereafter, the mixture was removed and the

disc was washed again with THF (2 times).
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5.3 Results and Discussion

5.3.1 Synthesis of PMMA macroRAFT

Control over the molecular weight of the macroRAFT is essential as it has a direct
influence on the amount of available functional end-groups in the resin and,
depending on the resin composition, solubility of the polymer as additive. The
applied polymerization procedure was based on a protocol described by Rubens
et al.B% Direct photoexcitation of CDP-TTC used blue LEDs (A = 450 nm) for
initiation to improve end-group fidelity compared to initiation by UV light.(31
The flow aspect makes the synthesis procedure easily upscalable and ensures a
homogenous illumination of the reaction mixture (law Lambert-Beer). Using the
TTC as the radical source eliminates initiator fragments as polymer end-groups
and ensures the type of radical source. Wenn et al. showed that, when performing
photoRAFT in flow, an undesired contribution to radical initiation from the RAFT
agent can be expected. When removing the photoinitiator, still more than 60%
monomer conversion was obtained through photoexcitation of the TTC.[32 This

problem is avoided by deliberately targeting the TTC for radical initiation.

To assess the controllability of the reaction, end-group fidelity, dispersities and
the evolution of molecular weight with increasing conversion was investigated.
In Figure 5.3. The number average molecular weight (M ) and dispersity are
plotted against conversion. A near-linear positive increase is observed, which
confirms control over the molecular weight. Changing the solvent from DMSO to
dioxane and without purging with N, the conversion was reduced to 60% in 60
minutes compared to almost full conversion in literature.*%! The polymerization
was performed without the purging to mimic the oxygen rich environment at
the 2PP set-up (nanoscribe). These results were used to determine the reaction

procedure for the resin applied polymer. To produce the macroRAFT a relatively
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low molecular weight was targeted with only a few monomer additions. Not only
does a small macroRAFT provide more accessible CDP-TTC to the resin mixture,
In also results in a more readily reinitiation of the RAFT polymerization, which
makes the macroRAFT preferred for subsequent monomer additions compared to

pure RAFT agent.[30]

3000 4
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Figure 5.3. Blue light initiated photoRAFT polymerization of MMA. Number
average molecular weight M_and dispersity (D) plotted against conversion. R? =

0.95.

End-group fidelity was assessed via electronspray ionization mass spectrometry
(ESI-MS) and revealed good end-group fidelity as the main distribution can be
assigned to polymers consisting of MMA units and functional end-groups linked

to the CDP-TTC RAFT agent, displayed in Figure 5.4. To check the stability of
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the transfer agent under UV irradiation, polymerization was also performed in
a UV flowreactor using a 365 nm fluorescent tube lamp. Although not directly
comparable to the exposure of a two-photon laser, it might give indication of
the survival odds in nanoscribe. This is an important feature to enable eventual
post-modification reactions. ESI-MS revealed end-groups were maintained to a
significant extent, although the detection of many side reactions indicate a loss
of control, which is backed up by the M_vs conversion plot where control appears
to be lost after 20 minutes reaction time. This is accompanied by an increasing

(Figure A20).
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Figure 5.4. ESI-MS spectrum displaying a distribution of PMMA with intact CDP-
TTC incorporated.
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5.3.2 Optimization of resin composition and two-photon
polymerization

To optimize the laser parameters, the photoinitiator Irgacure 819 mixed with
cross-linker trimethylolpropane trimethacrylate (TRIM), depicted in Figure 5.5
was used as resin. Generally, photoinitiators used in resins are produced via
elaborate and tedious synthesis procedures (hence the high cost) and require

specific properties as described in the introduction.

TRIM Irgacure 819

35 % 40 % 45 % 50 % 55% P

Figure 5.5. The cross-linker (upper left) and photo-initiator (upper right) were
used to optimize 2PP parameters. A live microscopy image (bottom) shows the

optimization array with varying power (P, 100% = 50 mW) and scan speed (SS).

The compatibility of Irgacure 819 with 2PP was described by Schafer et al.[33
Irgacure 819 was found to be suitable, but exhibited a relatively small absorption

cross-section. Being commercially available and relatively cheap it was considered

117



Chapter 5

a worthy candidate. With the formation of radicals by an additional initiator, in
2PP, the macroRAFT is incorporated through a classical RAFT process, with the
trithiocarbonate only serving as the transfer agent (in contrast to the synthesis
of the macroRAFT). This furthermore supports the decision of using a methacrylic

cross-linker, respecting the compatibility of the CDP-RAFT agent.

As displayed in Figure 5.5, the resolved lines could be drawn using a concentration
of 5 mol% Irgacure 819 in TRIM, which serves as cross-linker and as solvent.
The array with the lowest power, at 35%, gave the best results. Higher powers
appeared to have discontinuities. Lower laser power however seemed to reduce
the risk of overheating the voxels. Prolonged exposure, which is related to the
scan speed, to higher laser power could increase the risk of “micro explosions”.
Such explosions destroy the printed structure. Therefore a 7 pm/s scan speed and
a laser power set at 35% was selected for further experimentation. The printed
lines were subsequently characterized using a profilometer, as depicted in Figure
5.6. From bottom to top, for each condition (power and scan speed), different
structure heights were targeted, starting with 0.5um up to 2.5 ym increasing
with steps of 0.5 pm. Up to 2 um height polymer lines were printed with good
resolution and a desired height difference of approximately 0.5 pm difference in

height.
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Figure 5.6. Profilometer analysis of the parameter array test on resin comprising
5 mol% Irgacure 819 dissolved in TRIM as cross-linker. Selected parameters
were scan speed 7 um/s and laser power 35% (100% 50 mW). Depicted are A)
brightfield image of array. B) 3D profile map of the array. C) Profile of the array.

For the finals step before 2PP, the PMMA macroRAFT was mixed into the tested
resin. The reaction time for the synthesis of this macroRAFT was set at 20 minutes
to obtain a molecular weight of around 1500 g'mol* (exp = 1570 gmol*bH =
1.29). DMSO (45 volume%), chosen because of its low volatility, was added to
resin to increase the polymer content from 2 to 10 mol% and thus the amount
of available end-groups for post-modification. Mol% were calculated without

solvent, therefore only giving the respective amounts of cross-linker, initiator and
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macroRAFT. The addition of solvent can lead to more porous structures, which
can affect the interaction with cells. It is therefore a reckonable parameter when
progressing towards cell studies. Structures in the shape of crosses were printed.
SEM imaging, displayed in Figure 5.7, revealed a nicely defined, x-shaped

polymer structure.

Elemental analysis via electron dispersive x-ray spectroscopy (EDX) confirmed the
carbon and oxygen contribution (although the glass substrate in the background
overtakes the oxygen contribution stemming from the polymer structure). The
slight increase in phosphorus can be assigned to Irgacure 819. Most importantly
a slightly higher sulfur contribution was observed at the position of the “x”, which
can be assigned to the presence of the trithiocarbonate incorporated in the PMMA
macroRAFTs. A resin with only 2 mol% PMMA did yield similar results (Figure A21).
However, no sulfur was detected. This indicates a higher macroRAFT concentration
is necessary. The absence of sulfur can indicate that EDX might not be sensitive
enough to detect the 2 mol% of PMMA or the TTCs get at least partially destroyed
in the 2PP process. Further investigation using more sensitive (ToF-SIMS) and

quantitive (XPS) techniques is recommended.
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Figure 5.7. SEM image of “x” shaped polymer structure (top). EDX mapping
reveals the elemental contribution of carbon (C), oxygen (O), phosphorus (P) and
sulfur (S). The resin comprised 5 mol% irgacure 819, 10 mol% PMMA, TRIM and
DMSO (45 vol%).
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5.3.3 Biocompatibility assays

Before using these synthetic scaffolds in bio-applications, tests to determine
toxicity and biocompatibility are required. A preliminary test was carried out using
a resin comprising TRIM and Irgacure 819, without PMMA macroRAFT. In a first
instance, toxicity for these two components was investigated to set a reference
point. A cross array was printed and cultured with osteosarcoma cells. The cells
were observed in proximity and in between the polymer crosses, surviving for up
to three days as displayed in Figure 5.8. Due to the insufficient seeding of the
cells, these tests have to be repeated, including a live staining (Calcein AM, green,
and EtD-1, red) to assess viability and staining with DAPI(blue) and phalloidin(red)
to visualize the nuclei and cytoskeleton respectively, which play an essential role

in cell proliferation and migration.

Day 1 Day 3 (zoom)

Figure 5.8. Optical microscopy image taken from cross array subjected to a
osteosarcoma culture. A) picture after one day. B) After the three days viable cells

can be found on and between the crosses. Zoom from 10x to 20x (C).

5.3.4 Post-modification

As preliminary post-modification test the resin containing 10 mol% PMMA was
casted on a glass substrate and cured using the UV (351 nm) excimer laser to

obtain a disc-shaped polymer structure. To assess the possibility for modification,
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Polyethylene glycol (PEG) acrylate (480 g'mol*) was conjugated to the polymer
disc using a thiol-ene Michael addition. PEG chains are generally known for their
stealth effect in bio-applications and inertness.[3¥ In this case it also alters the
hydrophilicity of the surface. With the addition of hexylamine (in excess) the
available trithiocarbonates were transformed to thiols via aminolysis. Subsequently,
the activated vinyl functionality present in the acrylic moiety was further modified
in situ to form a thioether bond. When characterizing the polymer disc with ATR-IR,
a new peak around 1100 cm™ is observed, as displayed in Figure 5.9. Pure PEG-
acrylate displays a prominent peak at the same position, which can be assigned
to the C-O-C stretch vibration. This result is considered promising. However, more
experiments are required to exclude any possible physisorption. The next step is
to repeat this experiment for structures constructed with 2PP with the addition of

characterization techniques like ToF-SIMS and XPS for further confirmation.
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Figure 5.9. ATR-IR spectrum of cured polymer resin using a UV (351 nm) excimer
laser compared to pure acrylate (represented by the C-O-C stretch vibration at
1100 cm?) and the spectrum after the modification of the polymer resin with

PEGA via Michael addition.
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5.4 Conclusions

The incorporation of functional polymers into polymer resins receives a growing
interest in the field of tissue engineering and the synthesis of complex structures.
In combination with 2PP, highly resolved structures in the micro scale can be
produced and post-modified to meet demanding requirements. The synthesis of
a PMMA macroRAFT was assessed in flow and the procedure was adapted for
the production of low molecular weight polymers. The parameters for 2PP were
optimized for resins consisting of Irgacure 819 (5 mol%) as photoinitiator and
TRIM as cross-linker. When adding the macroRAFT as additive, cross arrays were
successfully produced. The addition of solvent (DMSO) was required to push the
molar contribution of PMMA to 10 mol%, which was necessary to detect sulfur
in EDX, stemming from the TTC functionality required for post-modification.
Preliminary tests modifying the resin with PEGA using Michael addition reactions
gave promising results. Preliminary cell studies showed viable cells in proximity
of the cross arrays for up to three days. More and detailed investigations are

however required to draw any definite conclusions on biocompatibility.
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5.5 Future outlook

The preliminary results obtained in this research demonstrate the possibilities of
this approach and opens pathways for future investigation and applications. The
chosen polymerization strategy (RAFT) allows for the addition of a vast library
of different monomer types due to its versatile nature. This results in polymers
that can be made more hydrophilic, are more or less rigid, contain interesting
lower critical solution temperatures (LCST) or exhibit thermo- or pH-responsive
behavior. Instead of using conventional CTA’s multifunctional RAFT agent could
be used which results in multiplying the available functional groups for post-
modification. Functional groups are furthermore not limited to thiol groups, as
presented in this chapter, but also the function of the R-group (in this case an
carboxyl group) can be transformed and the synthesis of block copolymers or chain
extension can be explored. To eventually serve a biological purpose the structures
have to be elaborately investigated in a cellular environment to determine their
biocompatibility and toxicity. Lastly, degradation studies will determine the fate
of the materials and toxicity of these fragments has to be considered. All these
options and possible features can be explored towards a gigantic amount of

possible applications.
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Chapter 6

6.1 Abstract

Functional synthetic polymers are frequently explored for their use in the biomedical
field. To fulfill the stringent demands of biodegradability and compatibility, the
materials need to be versatile and tunable. Post-modification is often considered
challenging for well-known degradable materials like poly(lactic acid) because of
their chemical inertness. In this work a procedure is proposed to produce densely
functionalized polymer particles using oligomeric precursors synthesized via the
Morita-Baylis-Hillman reaction. This allows for a variety of post-modification
reactions to serve bio-conjugation or tuning of the material properties. The
particles are subjected to basic media and found to be degradable. Furthermore,
cytotoxicity tests confirm good biocompatibility. Finally, as a proof of concept to
demonstrate the versatility of the particles, post-modification reactions are carried

out through the formation of imines.
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6.2 Introduction

The development of functional biodegradable materials for biomedical use is an
ongoing endeavor in polymer chemistry. While a broad range of polymerizations
has been applied for this purpose, there is until today a need for novel tunable
materials.l*-* For medical use, a biomaterial should ideally be non-toxic, have
favorable thermal and mechanical properties, be able to hold a payload (when
used for drug delivery purposes), (bio)degrade under controlled conditions to non-
harmful fragments and be chemically versatile.[>7! Many of these conditions are
met by well-known materials such as poly(lactic acid) or related polymers. Yet,
while usually relatively easy to obtain, they mostly suffer from chemical inertness,
and hence are difficult to manipulate chemically. This poses a significant hurdle for

ligation of biomolecules or the formation of core-shell structures.®°!

Most biodegradable materials possess ester bonds that hydrolyze under certain pH
conditions.[*%l Depending on the hydrophilicity or hydrophobicity of the materials,
such degradation can occur quickly or slowly under physiological conditions.
Polyesters are mostly synthesized from step-growth esterification, or by ring-
opening polymerization of cyclic esters. Some exceptions exist such as the radical
ring-opening polymerization of cyclic ketene acetals.[*!] In our previous work, we
had shown that thiol-ene polymerization can be a versatile and simple method to
obtain a broad variety of ester-degradable polymers, when diacrylates are reacted
with dithiols using base catalysis.[*>7!3] In such case, the degradable ester is
already present in the monomer, while the thioether linkage that is formed during
polymerization remains non-degradable. Thiol-ene polymerizations are fast and
efficient, and due to the commercial availability of both dithiols and diacrylates,
functional materials with tunable hydrophobicity can be accessed with ease.lt%71 A
series of materials was in this way synthesized, allowing to even change the mode

of degradation (bulk degradation vs surface degradation).i** Further adaptability
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could be reached by using reversible addition fragmentation degenerative chain
transfer (RAFT) polymerization to obtain oligomeric dithiols, then allowing to make
thiol-ene polymers with a broad range of thermal and mechanical properties.
(12181 A distinct disadvantage of the approach is though that thiols are typically
associated with strong odors, and inherent reactivity. Monomers form disulfides,
while the polymers oxidize to sulfoxides, changing then the mechanical properties
of the polymers. As an alternative to thiol-ene polymerization we thus explore
in here the use of the Morita-Baylis-Hillman (MBH) reaction. In MBH reactions,
dialdehydes react with diacrylates, forming likewise a polyester. The use of thiols
is hence avoided, while at the same time vinyl groups are introduced into the
backbone of the polymer. This allows in principle for facile chemical functionalization
after polymerization. The MBH reaction is shown in Figure 6.1. Mechanistically
similar to base-catalyzed thiol-ene reactions, the acrylate moieties are activated
by tertiary amines, followed by addition of the aldehyde.**1 After elimination of

the amine from the product, the geminal double bond is obtained.

] O/\/\/\/Of%\/
\/“\O/\/\/\/O\g/\ H
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OH O O OH
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Figure 6.1. Morita-Baylis-Hillman polymerization to create hydrophobic (top,

blue) or hydrophilic (bottom, red) polymers.

MBH polymerizations have been described before by Klok and coworkers,[20-22]
and a number of tertiary amines have been identified in the past to catalyze the
reactions efficiently. Yet, obtainable molecular weights remain limited and the
oligomers synthesized are of only limited practical use from a mechanical point

of view. In the present contribution we have adapted the previous procedures to
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create hydrophobic and hydrophilic MBH polymers. These polymers are powerful
precursors to form more complex materials, and the geminal double bond found in
the polymers are an excellent tool for modification. In combination with thiol-ene
cross-linking, MBH materials can be formulated efficiently to obtain suspension
particles. If tuned well, these particles will feature aldehyde groups on their surface
that are readily available for functionalization by imine formation, a reaction often
employed in bioconjugation.[?3-26! Further, the biocompatibility of these particles

is discussed.
6.3 Experimental section

6.3.1 Morita-Baylis-Hillman polymerization (MBH polymerization)

To synthesize the MBH oligomers 2g (1 eq.) of TA, acrylate (1 eq.), catalyst
(DABCO, 3-HQD or DMAP, 1 eq;), and methanol (1.63 eq.) were dissolved in
5 mL of dimethyl- formamide. The mixture was stirred for 24 hours at room
temperature. The obtained product was precipitated in cold diethyl ether and
purified over a silica plug to remove the catalyst. The collected oligomers were

analysed with SEC-GPC, ESI-MS and 'H-NMR, respectively.

6.3.2 Suspension Polymerization

o .
NN TN
. . mo E)Lﬁ
Hs: SH * H
/\J( C)\ﬁ Hexylamine

D o s
o O, Jr DCM, Hy0, PVA

qu g/\/SH OH © O OH
MO/\/O\/\O/\/O\/\O%.

Scheme 6.1. Schematic representation of suspension polymerization via thiol-

ene Michael addition yielding densely functionalized micro particles.
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The polymer particles were synthesized via a suspension polymerization. The
continuous phase contained distilled water and a PVA concentration of 10 mg-mL*
while the organic phase contained the MBH oligomers (1 eq of repeating units),
PETMP (0.5 eq. per repeating unit) and dichloromethane (DCM) (3 mL per gram
MBH oligomers). Subsequently, the organic phase was added to the continuous
phase and placed on a stirring plate. After letting the suspension stir for 3 minutes
a few droplets of hexylamine were added. The mixture was left to react for 30

minutes while stirring continuously (1200 rpm).

6.3.3 Polymer degradation study

To test degradability, the MBH oligomers (100 mg) were added to a NaOH solution
of 1M in water. The mixture was stirred (800 RPM) for 6 days at 40 °C and,
subsequently. extracted with DCM. The DCM was evaporated and the degradation
products were characterized by SEC-GPC.

The same procedure was followed for analyzing the degradation of the polymer
particles. The degraded material was washed with H,O twice by centrifugation (5

minutes, 4 000 rpm). The pellet was analysed using optical microscopy

6.3.4 Schiff base modification on particle surfaces

=N
NHy o= EtOH
o o e

Scheme 6.2. Synthesis of Schiff base from TA and aniline.

A reference for infrared characterization a Schiff base was synthesized by dissolving

0.7 mL of aniline (2 eq.) in 1 mL of absolute ethanol. Subsequently, this solution
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was gradually added to a solution of TA (0.5 g, 1 eq.) in 1 mL of absolute ethanol
and stirred for 2 hours at 40 °C. Finally, the product was three times recrystallized

from ethanol (conv, = 66%).

For the particle functionalization, 0.5 mL of aniline was dissolved in 1 mL absolute
ethanol. This solution was slowly added to 0.04 g of MBH particles dispersed in
absolute ethanol (1 mL). Subsequently, this mixture was stirred for 4 hours at 40
°C and was followed by centrifugation of the synthesized particles with 50 mL of
H,O twice, and one time with acetone. Ultimately, the particles were dried in a

vacuum oven (40 °C, £ 4 hours) and analysed using ATR-IR.

6.3.5 Cytotoxicity study

To test the toxicity of the material the polymer particles were incubated with cell
culture medium at a concentration of 100 mg/mL for 24, 48, 72, 98h and 1 week.
Control was medium incubated without particles for 1 week. After incubations,
supernatants were collected after a short centrifugation step. The supernatants
were added to a 96 well plate with HUVECs (Human umbilical vein endothelial cells)
and a 96 well plate with porcine skin fibroblasts in the following concentrations:
0.1 mg/mL, 1 mg/mL, 10 mg/mL and 50 mg/mL and incubated for 24 hours. After

24 hours cytotoxicity was determined.
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6.4 Results and discussion

6.4.1 Morita-Baylis-Hillman polymerization

As a first step, precursor MBH oligomers were synthesized. Two different acrylic
linkers were selected to be combined with terephthaldehyde (TA), namely
hexanediol diacrylate (HDDA) and tetraethyleneglycol diacrylate (TEGDA), with
the last monomer creating polar resins. For both linkers a quick optimization assay
was carried out, as literature suggested different catalyst preferences depending
on the type of acrylate used.[?”! Size exclusion chromatography (SEC) elugrams
(displayed in Figure 6.2) shows for both types of polymer a pattern which is
typical for a step-growth polymerization. The difference and relative effectiveness
of the catalyst/acrylate combination is illustrated by an overlay of the molecular
weight distribution (MWD) for each monomer combination. TA with HDDA seems
to yield the best results when 3-hydroquinolidone (3-HQD) is employed as the
catalyst, as indicated by lower overall elution volumes and hence higher molecular
weight when compared to other catalysts. Using the Mark-Houwink parameters
for polystyrene in tetrahydrofuran (THF) an apparent number average molecular
weight (M) of around 1 400 g'mol™ is obtained, which is in line with literature!>?!
and suggests an oligomer of 3-4 repeating units consisting of one HDDA and one
TA moiety, respectively. For the polymer built from TEGDA and TA an M_ around
850 g'mol! was obtained, which would correspond to an oligomer of less than 2
full repeating units on average. TEGDA seems to give the best results while using

1,4-diazabicyclo[2.2.2]octane (DABCO).
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—— HDDA + 3-HQD —— TEGDA + 3-HQD
—— HDDA + DABCO —— TEGDA + DABCO
—— HDDA + DMAP —— TEGDA + DMAP

log M
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Figure 6.2. Elugrams obtained via SEC assessing the efficiency of different tertiary
amines as catalyst for MBH polymerization of TA in combination with HDDA (left)

and TEGDA (right).

Since catalysts like 3-HQD and DABCO are suspected to be cytotoxic they need
to be used with extra carel?®?°1 and therefore an additional purification step is
preferred prior to further use. The obtained MBH polymers were hence passed
over a silica plug and analyzed with proton-nuclear magnetic resonance (*H NMR).
NMR of the unpurified polymeric materials showed that the extra purification
step was essential to remove the residual catalyst (see Figure A22 and A23 for
details). Additionally, electrospray ionization-mass spectrometry (ESI-MS) was
performed to confirm the molecular structure of the oligomers. ESI-MS displayed
the expected oligomer structures, yet also revealed that some chains carry the
catalyst as end-group, despite NMR not indicating the presence of such groups
(Figure A24). Furthermore, peaks could be assigned to species stemming from
reaction with impurities, namely 6-hydroxy hexyl acrylate (in case of HDDA),
which may be present as impurity in the commercially available monomer. Also for
the ESI-MS spectrum of the MBH polymers containing TEGDA fragments, depicted
in Figure A25, the corresponding impurity was discovered. After purification, no

distribution could be assigned to DABCO containing polymer chains anymore.
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6.4.2 Suspension polymerization and polymer degradation

The purified MBH oligomers were subsequently used for particle synthesis. The
activated vinyl groups, which are typically part of a MBH adduct, can be used
for cross-linking via Michael addition (along with the available acrylate groups
stemming from the acrylic linkers at the chain end). MBH particles are produced by
suspending the MBH oligomers with a multifunctional thiol cross-linkers in water. A
small tetrafunctional cross-linker, pentaerythriol tetrakis(3-mercaptoproprionate)
(PETMP), was selected to ensure dense cross-linking of the MBH precursor. In
principle, thiol-ene reactions can be performed via radical pathways, and - since
the pendant double bonds along the backbone are activated - via base catalyzed
Michael addition. In here, we opted to use the Michael addition route, and
hexylamine was used as catalyst. For visualization of the success of the reactions,
particles were analyzed with optical microscopy after suspension polymerization.
The particle size was determined by using a mastersizer, to a mean diameter of
232 pm (span = 0.95) for HDDA containing MBH polymers and 204 pm mean
(span = 0.85) particle size for the TEGDA containing MBH polymers (Figure A26).
The corresponding microscopy images are displayed in Figure 6.3 and Figure A27
for the particles with HDDA and TEGDA containing particles, respectively. Particle
formations were shown to be well reproducible. To tune particle size and to obtain
slightly smaller particles (more suitable for the cytotoxicity studies) simply a
bigger stirring bar was used, yielding then particles of around 157 pm mean
(span = 0.67). The microscopy images show the size distribution of the polymer
particles is rather broad, yet within expectations for a suspension polymerization.
This is confirmed by the mastersizer. Since thiol groups are present on the particle
surfaces, in principle disulfide formation can cause particle aggregation. Monitoring
the size of particles over the time frame of two weeks did, however not show any

significant change in size, at least when particles were stored in dry state.
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Suspension Polymerization
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Figure 6.3. After the formation of polymer particles through the crosslinking
of MBH oligomers both the linear molecules and the particles were successfully
degraded as confirmed by SEC (lower left) and optical microscopy (lower right)

respectively.

The advantage of MBH polymer based particles with respect to post-modification
is the variety of accessible functional groups to choose from. After using the
vinyl groups for cross-linking and particle synthesis, the aldehyde functionality
was targeted as a proof of principle for the synthesis of a Schiff base with the
addition of aniline. Aniline served hereby as model compound, yet any amine
will be available to form imines on the surface of the particles. Attenuated total
reflectance infrared spectroscopy was the technique of choice to confirm imine
formation on the particle surface, and indeed the imine specific vibration bands can

be observed hence imine specific vibration bands can be observed. A successful
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reaction was indicated by the presence of vibration bands near 1 630, 1 610 and
1 500 cm, corresponding to a successful imine formation.*! The IR spectrum
is shown in Figure 6.4. Biofunctionalization of the particles is hence achievable
in simple procedures that are well known in the realm of biochemistry. Since the
MBH resin can be changed from polar to apolar by the choice of diacrylate used
(and also by the choice of thiol cross-linker), also mechanical properties can in
principle be tuned with relative ease, giving rise to a very high tenability of the

particles.

1,0

Unmodified BH-particle
Schiff-base
Schiff-base-BH-particle

Rel. Absorbance

e

~

0,0

T T T T T 7 T 7 T T T
1800 1600 1400 1200 1000 800
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Figure 6.4. FTIR spectrum comparing MBH particles before and after modification

with aniline through the formation of a Schiff base.

Both the linear MBH oligomers and the polymer particles were subjected to a

degradation study. The polymer hydrolyses when exposed to basic condition (pH =
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14) via its ester moieties. SEC revealed the evolution from the typical step-growth
polymer pattern to an almost complete degradation of the oligomers. This was the
case for both types of polymer, however especially for MBH polymers with TEGDA
linkers, a fraction of higher molecular weight polymers could still be observed
as shown in Figure A28. Degradation of the polymer particles was visualized
with optical microscopy. Subjection to the basic solution turned the particles into
an amorphous residue indicating a successful degradation. Microscopy images
of the residues are displayed in Figure 6.3 and A28. Of course, degradation
in basic media does not allow for the direct conclusion that the materials are
biodegradable, yet - especially for polar particles - a positive outcome may be
expected.31321 Assessment of the exact mode of degradation (surface degradation
vs bulk degradation) and the range of conditions under which degradation occurs
are subject to further investigation. Based on the experience gained on thiol-ene
networks, it can be, however, concluded that degradation will also occur under

acidic conditions.*5!

6.4.3 Cytotoxicity tests

A cytotoxicity test was performed to gain information about the biocompatibility
of the particles in order to evaluate for their usefulness in biomedical application.
The results are depicted in Figure 6.5. The chosen cell lines, namely porcine skin
fibroblasts (PSF) and human umbilical vein endothelial cells (HUVEC), are selected
for their structural role in tissue formation and angiogenesis respectively, two
important events in tissue generation and engineering.!”:33 Overall almost 100%
cell viability was observed for PSF and minor toxicity for HUVEC up to 10 mg-mL*
and 96 hours of exposure time. The effect of the HUVEC cell line being more
sensitive is noticeable already at lower concentrations (0.1 mg'-mL?). The lower
viability of 24h at all time points could be explained by batch variation or by the

release or presence of a substance limited to the early stage of the assay (first 24
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hours). However at a high concentration of 50 mg mLtoxicity is observed in the
HUVEC cell line while for the PSF a mild toxicity is displayed. One can ultimately
conclude that these particles display no to very mild toxicity up to (10 mgmL?),

with the HUVEC cell line being slightly more sensitive.

HUVEC Porcine Skin Fibroblast
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Figure 6.5. Dose response relationship between the MBH particles and HUVEC
(left) and Porcine Skin Fibroblasts (right).
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6.5 Conclusion

Functional precursor oligomers were successfully produced via the Morita-
Baylis-Hillman step-growth polymerization using HDDA and TEGDA as acrylic
linkers. These oligomeric resins contain double bonds along their backbone, and
feature aldehyde endgroups, giving rise to a double functionality. Via suspension
polymerization and using a simple stirring plate, polymeric microparticles were
obtained in a consistent way, obtaining particle sizes between 150 and 250 pm
from a Michael addition reaction with a tetrafunctional thiol. The particles are
hydrolysable in basic conditions, as well as their linear precursors. As a proof
of principle, the particles were post-modified by attaching aniline through the
formation of an imine. Particles can hence be decorated with functional amines,
and therefore be optimized for distinct biomedical applications. Further, particles
are found to have no significant cytotoxicity on HUVEC and porcine skin fibroblasts.
Only at high concentrations (50 mgmL?!) toxicity is observed, showing the
potential of the cross-linked particles to serve as scaffolds in various biomedical
applications, e.g. tissue engineering and drug release application. The variety
of accessible functional groups on the surface and within the particles are an

invitation for further functionalization.
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7.1 Figures
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Figure A2. 'H NMR spectrum of 11-(trichlorosilyl)undecyl 2-bromo-2-

phenylethanoate.
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. IKA*RCT basic

Figure A3. Custom-made chamber with quartz glass window used for surface

grafting.

A A = PMMA-Br + Na*
A A =PMMA-= + Na*
= PMMA-Br + 2Na*
=PMMA-= + 2Na*
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Figure A4. ESI-MS spectrum of metal-free ATRP of MMA. Distributions can be
assigned to the bromine end-capped polymers and the bromine-eliminated

polymers. Both also presented as single and double charged species.
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Figure A5: M_is plotted against conversion for a metal-free ATRP of MAA in batch.
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Figure A6. ESI-MS spectrum of PMMA produced via a metal-free ATRP flow reaction.
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Figure A7. Comparison of M_obtained via *H NMR with M_and M, obtained via

GPC for metal-free polymerization of MAA in flow. Left plot: MMA/EBPA/PTH =
100/2/0.05, Right plot: MMA/EBPA/PTH = 100/1/0.05.

Silanized Si-wafer: WCA 80 °

PMAA grafted Si-wafer: WCA 50 °

Figure A8. Results of water contact angle measurement comparing silicon wafers

before and after grafting of PMAA.
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Br 3d
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Figure A9. Br 3d XPS spectra before (top) and after (bottom) silanization. The
presence of covalently bound Br, stemming from the ATRP initiator, can be detected

in the silanized sample and confirms successful silanization.
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Figure A10. ToF-SIMS spectra showing bromine fragments (79Br) of the plain
substrate, after silanization, and after grafting of the polymer film (MAA:EGDMA;
1:1). This confirms the successful immobilization of the ATRP initiator and the

conservation of the bromine after polymerization.
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Figure A11: ToF-SIMS spectra showing C,H,O- signals, representing the grafted
polymer, of the plain substrate, after silanization, and after grafting a polymer

film with an experimental monomer ratio of 1:1; MAA:EGDMA. This confirms a

successful polymer grafting.
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C1s
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Figure A12: C 1s XPS spectra showing the contributions of O-C=0, C-O and C-C

before (bottom) and after (top) polymer grafting. The ratio’s of the contributions

approach the expectations for a (meth)acrylic polymer film.
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Figure A13: ToF-SIMS spectra showing 48Ti signals of the plain silicon substrate,
after silanization, and after grafting a polymer film produced with an experimental

monomer ratio of 1:1; MAA:EGDMA.
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Figure A14. *H NMR spectrum of 4-hydroxybutyl 2-bromopropanoate.
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Figure A15. *H NMR spectrum of xanthate silane precursor.
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Figure A16. *H NMR spectrum of xanthate silane.
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-15.0 nm

Figure A17. AFM image of surface initiated photoiniferter grafting of PMA resulting
in smooth polymer films. 2D (left) and 3D (right).
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Figure A18. AFM image of surface initiated photoiniferter grafting of PMA resulting
in polymer “mushrooms” comparing 45 minutes reaction time (top) and 20

minutes reaction time (bottom). 2D image (left) and 3D image (right).
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Figure A19. *H NMR spectrum of CDP-TTC.
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Figure 20A. Number average molecular weight (M, ) versus conversion for the flow

polymerization of PMMA using CDP-TTC and UV-light for initiation.
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Figure A21. EDX mapping reveals the elemental contribution of carbon (C), oxygen
(0), phosphorus (P) and sulfur (S). The resin comprised 5 mol% irgacure 819,
mol% PMMA, TRIM and DMSO (45 vol%).

—— 3-HQD
——— MBH-Pure
—— MBH-Raw

5 4 3 2 1 0
Chemical shift (ppm)
Figure A22. Overlay of *H-NMR spectra of 3-HQD and MBH polymer with HDDA as

acrylic linker, before and after purification over a silica plug.
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Figure A23. Overlay of *H NMR spectra of DABCO and MBH polymer with TEGDA

as acrylic linker, before and after purification over a silica plug.
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Figure A24: ESI spectrum from MBH polymer using HDDA as acrylic linker. The
distribution assigned in blue represent a desired distribution. Other desired
distributions, which were not assigned in this figure, have homo-telechelic aldehyde
functionalities or acrylate functionalities. The red assignments are residues of
polymer chains with catalyst still added to the activated alkene (despite a clean
NMR spectrum). The distribution with green annotations represents the polymer
chains end-capped with an impurity from the acrylic linker. Combinations of the

above three are also possible.

161



Chapter 7

1,0

| 459.15 I 0
H
0,9 - o\/\owo\/\o/\/o\rﬁcm
o

OH O

=)
0,8 Na'=22.98  |436.17 gmol

o 07- -~ i,
g b %gwo\/\o/\/o\/\o/vom
< 0,6 - OH o OH
§ 0
_g 0,5_ [e]
< . H
g 0,4 - OO g OH
- OH ©
s -
T -
1 [e9532]
0,2 -
0,1 -
] [405.14] (84131
0,0 I'. ld ‘Id..lln._hll ..A;J. e ll.lL . l ..l1277'4'8. .
200 400 600 800 1000 1200 1400
m/z

Figure A25: ESI spectrum from MBH polymer using TEGDA as acrylic linker.
The distribution assigned in blue represent a desired distribution. Other desired
distributions, which were not assigned in this figure, have homo-telechelic
aldehyde functionalities or acrylate functionalities. The distribution with green
annotations represents the polymer chains end-capped with an impurity from the
acrylic linker. Combinations of the above three are also possible. The absence of

the distribution containing the catalyst (red) indicate successful purification.
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Figure A26. Size distribution of MBH polymer particles using HDDA (left) or TEGDA

(right) as acrylic linker, obtained via mastersizer.

Figure A27. Optical microscopy images of MBH particles showing Particles using

TEGDA as acrylic linker.
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Figure A28. SEC (left) shows the evolution of the MBH polymers with TEGDA as

acrylic linker to degradation product. Optical microscopy (right) shows degraded

left overs of MBH particles with TEGDA as acrylic linker.

Stirring plate

Figure A29. Schematic representation of the reaction set-up for the polymerization

of PMMA and PMAA in batch using PTH catalyzed O-ATRP.
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Figure A30. Picture of the microreactor used for the synthesis of the PMMA
macroRAFT (picture made by Maarten Rubens). The microreactor is indicated by

the black rectangle.
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7.2 Tables

Tabel Al: Different targeted degrees of polymerization and resulting number

average molecular weights (M) and dispersities.

M/I Mn,NMR Mn,cpc D
25 1139 g ‘mol!

50 1817 g ‘mol+? 1417 g ‘mol+? 1.3
100 3161 g ‘mol? 2812 g ‘mol! 1.55
250 10096 g ‘mol! 8925 g ‘mol! 1.8

Table A2. Comparison between polymerization of MMA via metal-free-ATRP
in batch and in flow. Data was compared for 50% conversion (MMA/EBPA/PTH
=100/1/0.05).

Batch polymerization of MMA Flow polymerization of MMA
12h Reaction time 120 minutes reaction time

Mn = 4914 g'mol (*H NMR) Mn = 4665 g'mol! (H NMR)
Mn = 5407 g'mol! (GPC) M, = 2601 g'mol! (GPC)

Mnh = 5249 g'mol! Mn,th =5249 g'mol!

b = 1.55 b =218
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Table A3. Comparison between polymerization of MAA via metal-free-ATRP in

batch and in flow (MAA/EBPA/PTH =100/1/0.05).

Batch polymerization of MAA

Flow polymerization of MAA

10h Reaction time

120 minutes reaction time

M, = 2818 g'molt ({H NMR)

M, = 5642 g'mol't ({H NMR)

Mn,th = 3200 g'mol!

Mn,th =5588 g'mol!

34.8 % Conversion

64.9 % Conversion

Table A4. Ti metal and oxide contributions in atomic percentage (at%) before

(only with immobilized ATRP initiator) and after polymer grafting with different

experimental monomer ratio’s of MAA and EGDMA (1:4; 1:1; 2:1; 4:1). The

contribution of Ti can be related to the polymer film thickness.

Concentration / at%

MAA:EGDMA Ti(0) Ti(ox)
With ATRP initiator 2,0 17,0
1:4 0,5 5,0
1:1 0,2 2,3
2:1 1,2 11,7
4:1 1,3 13,5
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8.1 Materials

8.1.1 Surface grafting

For the synthesis of 10-phenyl(phenothiazine) (PTH) following products were
purchased from ABCR: phenothiazine (98%), 2-dicyclohexylphosphino-2’,6’-
diisopropoxybiphenyl (RuPhos, 98%), chloro(2-dicyclohexylphosphino-2’,6'-
diisopropoxy-1,1’-biphenyl)[2-(2’-amino-1,1’-biphenyl)]palladium(II) and
(Ruphos precat, 98%). Sodium tert-butoxide (NaOtBu, 98%) and chlorobenzene
(99%) where purchased from Acros. 1-4 Dioxane (Anal. Grade, Fisher) and

chlorobenzene were dried over mol. sieves (VWR, 3A).

For the synthesis of 11-(trichlorosilyl)undecyl 2-bromo-2-phenylethanoate,
a-bromophenylacetic acid (98%) and 10-undecen-1-ol (98%) were purchased
from TCI, Karstedt's catalyst from ABCR, pyridine (anhydrous, 99%) from
Acros, 4-(dimethylamino)pyridine (DMAP, 99%) from Acros, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) from Acros (97%) and trichlorosilane

from Aldrich (99%).

The monomers used for polymerization were purified over basic alumina before
usage. Methyl methacrylate (MMA) was purchased from Acros (99%), methacrylic
acid (MAA) from Sigma Aldrich (99%), ethylene glycol dimethacrylate (EGDMA)
from TCI (97%) and methyl acrylate from Acros (99%). The initiator Ethyl

a-bromophenylacetate (EBPA) was purchased from Acros (97%).

For the synthesis of the xanthate silane, N,N’-dicyclohexylcarbodiimide (DCC) was
obtained from Acros (99%), butandediol from Acros (99%), 2-bromopropionic
acid from Alfa Aesar (98%), potassium ethyl xanthogenate from Acros (97%),
3-(triethoxysilyl) propyl isocyanate (95%) from ABCR and dibutyl tin dilaurate
from Acros (94%).
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8.1.2 Side projects

Forthe synthesis of the CDP-TTC RAFT following chemicals were used: 4,4’-azobis(4-
cyanovaleric acid) (ACVA, Sigma-Aldrich, 98%), carbon disulfide (Fisher, 99.9%),
1-dodecanethiol (TCI, 95%), p-toluenesulfonyl chloride (TCI, 99%)

For the preparation of the Resin poly(ethylene glycol) methyl ether acrylate (PEGA,
M = 480 g-mol') was obtained from Aldrich, trimethylolpropane trimethacrylate
(TRIM) from TCI (90%) phenyl bis(2,4,6-trimethylbenzoyl)phospine oxide
(Irgacure 819) was obtained from TCI (95%).

For the synthesis of the Morita-Baylis-Hillman polymers following monomers
and catalysts were purchased: terephthalaldehyde (TA, Acros Organics; 98%),
1,6-hexanediol diacrylate (HDDA, Sigma Aldrich; 80%), tetra(ethylene glycol)
diacrylate (TEGDA, Sigma Aldrich; technical grade), 1,4-diazabicyclo[2.2.2.]
octane (DABCO, Acros Organics; 97%), 4-dimethylaminopyridine (DMAP, Acros
Organics; 97%), 3-quinuclidinol (3-HQD, Sigma Aldrich; 99%).

For the suspension polymerization pentaerythriol tetrakis(3-mercaptoproprionate)
(PETMP, Sigma Aldrich; >95%), poly(vinylalcohol) (PVA, Acros Organics; 88%
hydrolyzed, average MW 22000) and hexylamine (HA, Sigma Aldrich; 99%) were

used. Aniline was bought from Acros Organics (99.8%).

All solvents used were obtained from commercial sources (Acros, VWR, Sigma-

Aldrich, Fisher) and used without further purification.
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8.2 Characterization

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was
performed on a TOF. SIMS5 instrument (ION-TOF GmbH, Miinster, Germany). This
spectrometer is equipped with a Bi cluster primary ion source (field emission
from liquid Bi wetting a tungsten tip) and a reflectron type time-of-flight analyzer.
UHV base pressure during analysis was < 7:10° mbar. For high mass resolution
the Bi source was operated in the “high current bunched” mode providing short
Bi,* primary ion pulses at 25 keV energy, a beam diameter of approx. 4 um,
and a target current of 0.5 pA at 10 kHz repetition rate. The short pulse length
of 1.2 ns allowed for high mass resolution (approx. 5500 m/Am). The primary
ion beam was rastered across a 500x500 um? field of view on the sample, and
128x128 data points were recorded. Primary ion dose densities were held at
1x10'* cm to ensure quasi-static conditions. Spectra were calibrated on C*, CH*,
CH,*, and CH,*; or C, CH", CH,, and C,; respectively. Spectra are presented as

signal intensities with 3 point binning.

X-Ray Photoelectron Spectroscopy (XPS) measurements were performed
using a K-Alpha+ XPS spectrometer (ThermoFisher Scientific, East Grinstead, UK).
Data acquisition and processing using the Thermo Avantage software is described
elsewhere.tl*1 All thin films were analyzed using a microfocused, monochromated
Al Ka X-ray source (400 pm spot size). The kinetic energy of the electrons was
measured by a 180° hemispherical energy analyzer operated in the constant
analyzer energy mode (CAE) at 50 eV pass energy for elemental spectra. The
K-Alpha+ charge compensation system was employed during analysis, using
electrons of 8 eV energy, and low-energy argon ions to prevent any localized charge
build-up. The spectra were fitted with one or more Voigt profiles (BE uncertainty:
+0.2 eV) and Scofield sensitivity factors were applied for quantification.? All

spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding energy
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controlled by means of the well-known photoelectron peaks of metallic Cu, Ag,

and Au, respectively.

Proton Nuclear Magnetic Resonance (*H NMR) spectra of solutions in
(CD,),S0 or CDCI, were recorded at room temperature on an Agilent/Varian Inova
400 spectrometer using a 5 mm OneNMR Pulsed-Field-Gradient (PFG) probe. The
chemical shift scale (; in ppm) was calibrated relatively to the residual proton

signals of the deuterated solvents (for DMSO at 2.50 ppm or for CHCI, at 7.26
ppm).

Gel Permeability Chromatography - Size Exclusion Chromatography
(GPC-SEC) was performed on a Tosoh EcoSEC operated by PSS WinGPC software,
equipped with a PLgel 5.0 pm guard column (50 x 8 mm), followed by three PLgel
5 um mixed-C columns (300 x 8 mm) and a differential refractive index detector
using THF as eluent at 40 °C with a flow rate of 1 mL- min~t. The SEC system was
calibrated using linear narrow PS standards ranging from 474 x 7.5 x 10% g mol-!

PS (K =14.1 x 10>dL g and a = 0.70), and toluene as a flow marker.[3

Contact Angle Measurement The contact angle measurement sessile drop
method was performed on a DataPhysics OCA-15 plus with distilled H,O via the

sessile drop method.

Electrospray ionization mass spectrometry (ESI-MS) was performed using
an LTQ orbitrap velos pro mass spectrometer (ThermoFischer Scientific) quipped
with an atmospheric pressure ionization source operating in the nebulizer assisted
electro spray mode. The instrument was calibrated in the m/z range 220 - 2000
using a standard solution containing caffeine, MRFA and Ultramark 1621. A
constant spray voltage of 5 kV was used and nitrogen at a dimensionless sheath
gas flow rate of 7 was applied. Capillary temperature was set to 275 °C. A mixture
of THF and methanol (THF : MeOH = 3 : 2), all of HPLC grade, was used as the

solvent. Spectra were analyzed using Thermo Xcalibur Qual Browser software.!
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For Atomic Force Microscopy (AFM) a Bruker Icon AFM was used with
AC160Ts tip for the measurements. Scratching was done in contact mode while

measurements were performed in tapping mode.

Optical Microscopy images of the polymer particles were made with an Olympus
BX 41 optical microscope, magnification 10x. Pictures were taken with an Olympus
PEN lite E-PL3 Micro with a BX41 lens of Olympus Digital with adapter Four Thirds
MMEF-2.

To confirm post modification of the particles with Attenuated Total Reflectance
Infrared spectroscopy (ATR-IR), a Bruker Tensor-27 equipped with an ATR
probe Pike MIRacle 19993and an MIR detector. Spectra were measured with a

resolution of 4 cm™!

Grazing angle attenuated tot reflection Fourier-Transform infrared
(GAATR-FTIR) spectra were obtained from the dry polymer layers using a
Frontier FTIR spectrometer (PerkinElmer) equipped with an MCT detector and a
veemax III attachment (PIKE technologies). For the collection of the spectra, a

resolution of 4 cm! was selected.!!

To obtain extra information about the particle size and distribution, a mastersizer
from Malvern instruments (Malvern mastersizer-S, Worcs., UK) was applied.
Distilled water was used as dispersing medium and poly(vinylalcohol) was used
as additive. Laser transmitter: minimum 2 mW He-Ne laser (633 nm wavelength)
with 18 mm beam diameter, collimated and spatially filtered to a single transverse
mode. Receiver: Fourier transformation lens mount; lens 300RF with size range
0.05 - 880 pm. Calculation of the particle size distribution was based on a relative
refractive index of 1.3300 and a beam length of 2.40 nm. Five subsequent

measurements were performed with an intermediate time range of 5 min per run.
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Height profile measurements and 2D maps were acquired on a 3D laser

scanning confocal microscope (Keyence VK-X250).

The morphology of the microstructures was analyzed with scanning electron
microscopy (SEM; FEI VERSA, Netherlands), coupled with elemental analysis
with energy-dispersive X-ray spectroscopy (EDX; TEAM EDS system from
EDAX, USA)
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9.1 Summary

A chemical sensor is a powerful tool to improve diagnostics and therapeutics in the
clinical field. For example, real-time monitoring of in vivo analyte concentrations
via novel developed chemical sensors can add to the understanding of pathologies
and the progression of patients. In order to accomplish this, there is a need for
production routes that allow miniaturization of these sensors, which make them

suitable for medical applications.

Antibodies are frequently used in chemical sensors as they are well-known for
their specific interaction with target molecules. Their synthetic counterparts are
molecularly imprinted polymers (MIPs), which specifically interact with an analyte
based on a variety of chemical interactions. The use of synthetic materials over
their biological counterparts guarantees a better shelf-life, low production cost
and good survival rate in harsh environmental conditions. The building blocks for
MIPs (monomers) exhibit specific chemical functionalities, like acids. Synthesis
routes have to be carefully chosen to be compatible with this type of monomer

and preserve its function as recognition element.

Miniaturization of MIP-based sensors is enabled through the production of direct
surface-grown MIPs (instead of MIP particle deposition). Furthermore, by using
light sources to initiate the polymerization reaction, spatial and temporal control
can be achieved. By choosing a reversible deactivation radical polymerization
(RDRP), better control over the polymer film can be achieved, with concomitant

improved binding efficiencies for the MIPs.

The first step in this thesis was to optimize a photo-mediated RDRP suitable for
the production of surface-grafted polymers using monomers relevant for MIPs.
Secondly, the specific reaction condition had to be determined to produce a

working MIP film and characterize its sensor abilities.
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To start, a synthesis route was optimized for the polymerization of methacrylic
acid (MAA), which is a monomer that is widely used for MIPs. This was achieved by
using a metal-free, organocatalyzed, photo atom transfer radical polymerization
(photoATRP). While this is considered impossible for a classical ATRP route,
metal-free ATRP of methyl methacrylate (MMA), as a reference, and MAA were
investigated in solution and continuous flow. This revealed that control over the
molecular weight was directly assessed only at significant monomer conversions.
At lower conversions, a confusing mismatch concerning the molecular weight was
observed in gel permeability chromatography (GPC) and proton nuclear magnetic
resonance (*H NMR). In addition, electrospray ionization mass spectrometry (ESI-
MS) revealed some loss of end-groups. Ultimately, PMAA brushes were successfully
grafted from planar silicon wafers resulting in thin films of around 4 nm. This

thickness is sufficient for the imprinting of analytes.

The synthesis route described above was elaborated to graft cross-linked
non imprinted polymer (NIP) films, copolymerizing MAA and ethylene glycol
dimethacrylate (EGDMA) from titanium substrates. Grafting was initiated by
using a UV-laser, which provides initiation that is more efficient and allows for the
production of more complex polymer patterns. X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) revealed
the real respective monomer contributions in the polymer film. By varying the
monomer ratios, the threshold to incorporate MAA was observed to be at 2:1
MAA:EGDMA. This is essential to have a working MIP sensor. After grafting the
polymer film in presence of the template analyte, histamine, the function of the
MIP film was directly characterized with electro impedance spectroscopy (EIS).
This nicely demonstrated the specific recognition of histamine with a limit of

detection of 3.4 nM of histamine in phosphate buffer saline (PBS).

As an alternative, surface initiated photoinferter using xanthates was investigated.

In contrast to photoATRP, no catalyst is required. Photoiniferter is compatible with
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a vast library of monomers and its mechanism is comparable to photo reversible
addition fragmentation degenerative chain transfer (RAFT) polymerization, but
without the addition of exogenous radical initiators. This reaction is straightforward
in a sense that only monomers and solvent are added to the activated substrates
before irradiation by UV-light. The xanthates were successfully immobilized on
a silicon wafer, as confirmed by ToF-SIMS. The grafting of poly(methyl acrylate)
(PMA), a reference for MIP relevant acrylates, was confirmed via ToF-SIMS and
XPS. FTIR revealed a continuing monomer conversion over reaction time up to 45
minutes. Atomic force microscopy (AFM) detected a film thickness of 25 nm after
30 minutes reaction time. However, significant reproducibility issues are observed
which resulted in the grafting of polymer “mushrooms” instead of the desired
smooth films. This indicates a low grafting density, which could be caused by partial
degradation of the xanthate functionality or interference with the silanization
process. The chemical pathways developed within this project can possibly serve
as a route for the production of MIP films. However, the reproducibility issues need
to be addressed before further conclusion about the reaction’s feasibility can be
drawn. This project shows the chemistry is working and can possibly serve as a

route to produce MIP films.

As a side project, functional resins were developed for two-photo polymerization
(2PP). 2PP is a popular tool to directly 3D print polymeric structures with high
resolution. A 2PP resin generally comprises cross-linkers and specific photoinitiators.
In this project, an oligomer produced via RAFT polymerization (macroRAFT), was
added. This induces a RAFT mechanism for 2PP while so far only free radical
polymerization was reported. In this way a variety of post-modifications reactions
are enabled and concomitant control over the mechanical and chemical properties
of the 3D structures is allowed. Scanning electron microscopy (SEM) confirms
the printing of 3D “X"”-shaped structures with up to 10 mol% macroRAFT. Energy

dispersive x-ray spectroscopy confirmed the presence of the trithiocarbonate.
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Preliminary data show promising results for the post-modification via aminolysis of

the RAFT agents and subsequent Michael addition of polyethylene glycol acrylate.

For a second side project, Morita-Baylis-Hillman (MBH) step growth polymerization
was performed to produce densely functionalized oligomers. These MBH adducts
were cross-linked in suspension using thiol-ene Michael addition reactions,
yielding polymer microparticles. Degradability experiments proof the degradation
of the polymer particles in basic media and cytotoxicity tests revealed good
biocompatibility. As a proof of concept, the possibility to post modify the particles

is displayed through the formation of imines, a popular bioconjugation reaction.

9.2 Nederlandse samenvatting

Een chemische sensor is een krachtige tool om de kwaliteit van diagnostische
bepalingen en therapieén te verbeteren. Een voorbeeld hiervan is het real-time
monitoren van in vivo analiet concentraties. Dit kan bijdragen tot een betere kennis
omtrent pathologieén en de progressie van patiénten. Om dit te verwezenlijken is
er nood aan syntheseroutes die het toelaten om zulke sensoren te miniaturiseren

en dus inzetbaar te maken voor medische toepassingen.

In chemische sensoren worden antilichamen frequent gebruikt als receptoren
gezien deze bekend zijn voor hun specifieke herkenning en interactie met
respectievelijk doelmoleculen. De synthetische tegenhangers van antilichamen
zijn zogenaamde MIPs of moleculair ingeprente polymeren die de interactie met
het doelmolecule aangaan op basis van verschillende chemische interacties. Het
gebruik van synthetische materialen geeft als voordeel een verbeterde levensduur
van het materiaal, een lagere productie kost en een goede compatibiliteit met
de variéteit aan fysiologische condities. De bouwstenen voor MIPs (namelijk
monomeren) bevatten enkele specifieke chemische functionaliteiten, zoals zuren.

De syntheseroutes moeten afgesteld worden op deze types monomeer zodat hun
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eigenschappen met betrekking tot moleculaire herkenning worden behouden.

De miniaturisatie van MIP gebaseerde sensoren wordt mogelijk gemaakt door het
direct groeien van MIPs vanaf het oppervlak van een substraat i.p.v. het afzetten
van MIP partikels waarbij voorgesynthetiseerde partikels worden geimmobiliseerd.
Daarbij wordt, door het gebruik van lichtbronnen ter initiatie van de polymerisatie
reactie, een zowel ruimtelijke als temporele controle verkregen. Door gebruik te
maken van een reversibele deactiveerbare radicalaire polymerisatie (RDRP) kan
er een betere controle over de eigenschappen van de gegroeide MIP film worden

bekomen. Dit gaat gepaard met verbeterde bindingseigenschappen van de MIPs.

De eerste stap in deze thesis was om een foto-gemedieerde RDRP te
optimaliseren voor de productie van oppervlak gegroeide polymeren, opgebouwd
uit zure monomeren. Vervolgens werden de reactie condities aangepast om een
functionele MIP sensor te kunnen produceren. Ten slotte werd de MIP sensor dan

gekarakteriseerd.

Eerst werd een syntheseroute geoptimaliseerd voor de polymerisatie van
methacrylzuur (MAA) dat een veel gebruikt monomeer is voor MIPs. Dit doel werd
bereikt door gebruik te maken van organogekatalyseerde foto atom transfer radical
polymerization (ATRP). Ondanks dat klassieke ATRP initieel niet compatibel is met
zure monomeren, werd dit metaal vrije alternatief getest voor de polymerisatie
van methyl methacrylaat (MMA) en MAA in batch en in flow reactoren. Hieruit
kon worden afgeleid dat controle over de moleculaire massa alleen bekomen
kon worden bij hogere monomeer conversies. Bij lagere conversies werd er een
mismatch waargenomen tussen GPC (gel permeability chromatography) en NMR
(nuclear magnetic resonance). ESI-MS (electrospray ionization mass spectrometry)
toont aan dat er geen volledig behoud van eindgroepen is. Uiteindelijk werden
PMAA-ketens gegroeid vanaf siliciumoxide. De dikte van de polymeer film bedroeg

ongeveer 4 nm. Deze dikte is voldoende om het inprenten van de uiteindelijke
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doelmoleculen mogelijk te maken.

De hierboven aangehaalde syntheseroute werd vervolgens geoptimaliseerd
voor het groeien van vernette polymeer filmen van titanium substraten, gebruik
makend van MAA en ethylene glycol dimethacrylaat (EGDMA). De gebruikte
lichtbron was een UV-laser die voorziet in een efficiéntere initiatie en het groeien
van complexere polymeer patronen toelaat. Met XPS (x-ray photoelectron
spectroscopy) en ToF-SIMS (time-of-flight secondary ion mass spectrometry) kon
de werkelijke bijdragen van de respectievelijke monomeren worden achterhaald.
Door de experimentele monomeer ratio’s vervolgens aan te passen werden de
optimale condities vastgesteld rond 2:1 MAA:EGDMA. Dit gegeven is essentieel
om een functionele MIP sensor te kunnen bekomen. Vervolgens kon een polymeer
film gegroeide worden in aanwezigheid van het doelmolecule, nl. histamine. De
werking van de MIP film werd rechtstreeks via impedantie gekarakteriseerd. Dit
toonde de goede specificiteit van de sensor aan met een gemeten detectielimiet

rond 3.4 nM van histamine in PBS.

Als alternatieve syntheseroute werd ook fotoiniferter onderzocht. Bij fotoiniferter
zijn er geen benodigde katalysatoren en de route is compatible met een grote
verscheidenheid aan monomeren. De reactie is straight-forward in die zin dat, na
het functionaliseren van het substraat, slechts monomeer en eventueel solvent
dient toegevoegd te worden voordat deze blootgesteld worden aan de UV-bron.
In dit project werden xanthaten geimmobiliseerd op siliciumoxide substraten,
zoals bevestigd door ToF-SIMS. Het groeien van methyl acrylaat ketens (PMA),
die hier als referentie werden gebruikt, werd bevestigd door XPS en ToF-SIMS.
Infrarood spectroscopie toonde vervolgens aan dat er een continue monomeer
conversie was over tijd, tot 45 minuten. AFM (atomic force microscopy), ham een
polymeer film waar met een dikte van 25 nm na 30 minuten reactietijd. Er werden
echter problemen met de reproduceerbaarheid van de resultaten vastgesteld.

In gelijkaardige condities werden ook “paddenstoelen” waargenomen i.p.v. van
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een homogene polymeer film. Dit zou verklaard kunnen worden door een lage
densiteit van xanthaten aan het opperviak. Mogelijk is dit te wijten aan een
eventuele degradatie van de xanthaten of een verhinderde immobilisatie daarvan.
Om uitspraken te kunnen doen over de haalbaarheid van dit project zouden
eerst hiervoor verklaringen moeten worden gevonden. Het project toont echter
aan dat het mogelijk is PMA te groeien door gebruik te maken van fotoiniferter,
wat vervolgens impliceert dat dit onderzocht kan worden om van het oppervilak

gegroeide MIPs te produceren.

In een zij-project werd de ontwikkeling van functionele polymeerhars voor
twee-foton polymerisatie (2PP) aangewend. 2PP is een populaire tool om
polymere structuren te 3D-printen met hoge resolutie. Een 2PP hars bestaat
meestal uit cross-linkers (die zorgen voor vernetting) en specifieke initiators.
In dit project werd een oligomeer dat geproduceerd werd via RAFT (reversible
addition fragmentation degenerative chain transfer) polymerisatie aan de hars
toegevoegd. Hierdoor werd een RAFT mechanisme geinduceerd voor 2PP terwijl
tot nu toe alleen 2PP werd gerapporteerd in combinatie met een vrij radicalaire
polymerisatie. Op deze manier worden er een aantal opties toegevoegd die het
toelaten om de 3D structuren te post-modificeren. Verder wordt er meer controle
over de mechanische en chemische eigenschappen bekomen. SEM (scanning
electron microscopy) bevestigde dat de 3D structuren met succes werden geprint,
gebruikmakend van 10 mol% RAFT oligomeer. EDX (energy dispersive x-ray)
spectroscopie kon vervolgens de aanwezigheid van trithiocarbonaten vaststellen.
Veel belovende, preliminaire resultaten werden bekomen voor de post-modificatie
van de structuren via aminolyse van de trithiocarbonaten en daaropvolgende

Michael additie van polyethyleen glycol acrylaat.

Bij een tweede zij-project werd gebruik gemaakt van de Morita-Baylis-Hillman stap
groei polymerisatie voor de productie van dicht gefunctionaliseerde oligomeren.

Deze MBH precursoren werden vernet in suspensie via de thiol-een Michael additie
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om polymeer micropartikels te bekomen. Degradatie experimenten tonen de
degradatie aan van de partikels in basisch medium. Toxiciteitstesten bewijzen
vervolgens dat deze een goede bio compatibiliteit hebben. Tenslotte werden de
partikels, bij wijze van proof of concept, gemodificeerd via de formatie van imines,

een populaire reactie voor bio conjugatie.

9.3 Outlook

A good first step was taken towards the production of surface-grown MIPs using
photomediated RDRP. The sensor reported in this thesis was optimized for histamine.
This grafting strategy should however be transferable to different targets. For
each new target analyte, optimization of the preparation protocol is required. This
includes the reaction conditions, the extraction procedure and the contribution of

functional monomer.

The UV-laser was used in this thesis to initiate surface-grown MIP polymerization.
The area of illumination of the laser was in this case kept as large as possible to
cover a maximal fraction of the titanium substrate with MIP film. The laser is however
an ideal tool to explore more complex patterns and graft multi-target arrays. For
example grafting a MIP plane as well as a NIP plane on one substrate enables
differential measurements, directly correcting for non-specific binding. Multi-target
arrays would allow for the monitoring of concentration fluctuations of several targets
simultaneously, which can give useful information about more complex chemical
events or pathologies. The laser could ultimately be used to further exploit the
option for miniaturization, contributing to the production of catheters or even edible
sensors to allow for in vivo detection. Prior to in vivo measurements, sensors have
to be tested using biological samples (e.g. blood, intestinal juices). When aiming to

apply the histamine sensor in a catheter, this would mainly concern intestinal juices.

The results for surface initiated photoiniferter using xanthates looked highly
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promising as the chemistry was determined to be successful. At this point, it
looks like an unknown factor (until date) interferes with the silanization process.
Literature further more makes, to the best of our knowledge, no report of great
difficulties with the immobilization of trithiocarbonates (or xanthates). Much
improved results and reproducibility might be obtained for performing these
experiments in a more specialized environment for surface chemistry as these
reactions are expected to be very sensitive for contamination. This means there are
high expectations for the future development of such reactions. When developing
surface initiated photoiniferter towards the production of surface-grown MIPs,
functional monomers like acrylic acid are a logical next step. RAFT or iniferter are
typically compatible with a vast library of monomers. This means the monomer
pool for this specific reaction procedure can be easily expanded, which is of course

only relevant after previously discussed issues are resolved.

The use of 2PP in combination with photo-mediated RDRPs is until date completely
unexplored. Firstly, this means all different kind of RAFT agents can be tested and
combined with all their respective compatible monomers. Secondly, the effect
of different molecular weights for the macroRAFT can be assessed. Additionally,
the use of only macroRAFT and thus no exogenous cross-linker can be tested.
This would greatly improve the ability to post-modify the 3D structures as the
amount of end-groups are maximized (being only dependent from the size of
the macroRAFT). In that case bifunctional or multifunctional RAFT agents can
be considered. Furthermore, biocompatibility and toxicity has to be thoroughly
investigated in cell studies. This includes the effect of post-modification and
mechanical properties, like porosity, on the cell behavior. Lastly, many different
conjugation reactions can be explored, as the end-groups of the RAFT polymer

can be chosen and fine-tuned according to the needs of the application.
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The synthesized MBH particles are found to be biocompatible. A logical next step
is to explore the possible conjugation reactions. This automatically includes the
attachment of biomarkers or peptides, depending on the application. Furthermore,
it would be interesting to push the size of the particles to its lower limits using
different emulsion techniques or particle synthesis in continuous flow procedures.
This would possibly ameliorate the dispersity of the particles size distribution.
Additionally, synthesizing particles in flow would allow for a more straightforward

upscaling of the synthesis procedure.
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