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Abstract

When polymers are grafted from a surface at a high surface coverage, and exposed
to a liquid environment, it promotes stretching of the chains up and perpendicular
to the surface, forming a "brush" structure. These nanoscale “polymer brushes”
are commonly used as surface coatings for their protein repelling (antifouling)
properties, where the polymer brushes prevent proteins and larger molecules from
attaching to the surface. However, polymer brushes can also add functionality to
the surface by using stimuli-responsive monomers in the polymerisation.

In this work, three bioanalytical applications of functional polymer brushes have
been investigated. Thermo-responsive poly(N-isopropylacrylamide) (PNIPAM)
was used for long-term stable trapping of enzymes in nanoscale chambers (one at-
toliter large). Once trapped in the chambers, the enzymes were demonstrated to re-
tain their activity and were successfully used in enzymatic reactions, including the
conversion of lactose to d-glucono-1,5-lactone and cycling of the cofactor nicotinam-
ide (NADH) and its oxidised equivalent (NAD+). pH-responsive poly(acrylic acid)
(PAA) was used for covalent immobilisation of enzymes for biosensing purposes.
The immobilised enzymes were demonstrated to react with non-electrochemically
active analytes and generate an active product, allowing electrochemical detection
of the analyte. This, coupled with the antifouling properties of the brush, allowed
for detection of the non-electrochemically active neurotransmitters glutamate
and acetylcholine, even in diluted cerebrospinal fluid (CSF), a complex biofluid.
Finally, poly(N-hydroxyethylacrylamide) (PHEAA) was investigated as a selective
diffusion barrier for macromolecular transport of poly(methacrylic acid) shuttles,
mimicking the selective transport of the nuclear pore complex (NPC).

Keywords: Poly(N-isopropylacrylamide); poly(N-hydroxyethylacrylamide); poly(acrylic
acid); polymer brushes; biomolecular transport; neurotransmitters; electrochem-
ical sensors; enzymes; nanopore transport; nuclear pore complex mimics
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Preface 1

Surface-confined macromolecules known as polymer brushes have
found an increasing number of applications in the interdisciplinary
fields of nano- and biotechnology over the last decades. This is for
their ability to passivate and functionalise substrates with different
chemical properties, especially when that substrate in one way or
another requires exposure to biological macromolecules; such as
proteins. When these biomolecules are allowed to interact with a
substrate they have a tendency to adsorb through non-specific1 1: Non-specific interactions refer to

interactions that can occur as a result
of the general physiochemical prop-
erties of the surface. These include
electrostatic forces, dispersive forces,
hydrophobic forces, steric forces and
hydrogen bonding, amongst others.

interactions, potentially fouling the substrate and limiting its inten-
ded function[1]. Furthermore, adsorption can lead to denaturation
of the biomolecule, often with irreversible impact on the proteins
function and activity[2]. However, by densely tethering polymers
to the substrate it is possible to form a "soft" brush-like coating that
can prevent this unwanted adsorption, or to allow the biomolecules
to adsorb, but in a way where their structures are retained.

The work summarised in this thesis is aimed towards developing
polymer brushes for bioanalytical applications involving proteins
and complex biofluids2. It is based on two manuscripts and some 2: As the bioanalytical applications

of the work in this thesis are varied,
this thesis is structured with a small
introduction giving a scientific con-
text to each subject separately.

unpublished results from my PhD studies, including how thermo-
responsive polymer brushes can be used for biomolecular trapping
and investigation of enzymatic activities[3], how pH-responsive
polymer brushes can be used for covalent enzyme immobilisation
applied on biosensing in complex biofluids[4], and how polymer
brushes capable of selective hydrogen bond complexation with
polyacids can be used as selective nanosized membrane filters.

Paper I demonstrates a new method for biomolecular trapping of
proteins and enzymes using thermo-responsive polymer brushes
in nanoscale chambers. It also demonstrates how enzymes, trapped
inside those chambers, retain their enzymatic activity and are able
to be used to catalyse cascade reactions, as well as co-factor cycling
where a substrate is converted inside the nanochamber, is able to
leave, and then be converted again back to the initial state.

Paper II demonstrates an electrochemically stable electrode inter-
face capable of covalently immobilising enzymes in high quantity.
While immobilised, the enzymes retain a high activity and are
able to catalyse enzymatic breakdown reactions for biosensing
purposes, even in complex biofluids such as cerebrospinal fluid.
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A polymer is a large macromolecule whose molecular structure
consists of smaller units, known as monomers, covalently bonded
together. Once bonded together, these units are no longer known
as monomers, but as "repeating units" of the polymer (except for
the end-groups). The chain structure of a polymer is constituted
of a central backbone, which connects with the other repeating
units, and small side chains attached to the backbone that do
not interconnect with other side chains. The backbone can be
either linear or branched1, and can contain either just one type of 1: A branched polymer molecule is

composed of a main chain with one
or more substituent side chains or
branches. However, a branched poly-
mer can also be a polymer that con-
sists of several chains linked together
in a central core.

monomer (homopolymers) or several (copolymers). In this thesis
the focus is on linear homopolymers that are covalently tethered
to surfaces and their behaviour in liquid environments.

When polymers are tethered with one end to a surface with high
enough surface densities the polymer coils are forced to assume a
configuration where they extend into solution, forming a hydrated
"brush" structure that is significantly larger than the diameter of an
isolated coil[5–8]. These nanoscale “polymer brushes” add certain
functionality to the structure when it is exposed to a liquid envir-
onment. A common use of brushes are for their protein repelling
(more commonly referred to as antifouling) properties[9], where
the brushes prevent proteins and macromolecules from adsorbing
on the surface. However, the wide variety in chemistry2 between 2: The chemical characteristics of a

brush is (usually) determined by the
single unit side chains attached to
the repeating unit of the backbone.

brushes — many of which are responsive to certain external stimuli;
including temperature[3], pH[10], ionic strength[11], light[12], and
protein[13] or ligand[14] interactions — means that they also find a
lot of use as functional materials. This thesis investigates the use of
polymer brushes for bioanalytical applications; including brushes
for macromolecular gating, brushes as selective diffusion barriers,
and brushes as soft scaffolds for biocatalysis and biosensing.

2.1 Polymers on surfaces

There are many ways for a polymer to adsorb on a surface; very
much by the same mechanisms any macromolecule would interact
with a surface and "stick". However, when we talk about polymer
brushes we usually3 consider polymer chains that are covalently 3: There is also a type of brush that

consist of large branched polymers,
where the backbone is physisorbed
to a surface while branched chains
form a brush structure. These are
known as "bottlebrushes"[15].

end-grafted to a supporting surface (or interface), meaning that
one end of the polymer is stuck to the surface while the other end is
not. The structural conformation of the polymers once end-grafted
to the surface, and most importantly whether they form a brush
or not, is determined by the grafting density Γ, the interactions
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between the polymer, the surface and the solvent, as well as the
average size of the coil. The latter is usually expressed in terms of
the polymers radius of gyration (𝑅𝑔); the average distance from
any point in the polymer to its centre of mass[6].

At low grafting densities4, the polymer coils will be spaced far4: Γ ≤ 𝑅−2
𝑔

enough away from each other to not have sufficient interactions to
extend into the solution. Instead, the polymers can form into either
flat "pancakes" (Figure 2.1A) or swollen "mushrooms" (Figure 2.1B)
depending on the degree of interaction with the surface. When
the free energy of adsorption (𝜒𝑠) of the polymer — the difference
in free energy of a repeating unit in the polymer adsorbing on
the surface and a solvent molecule adsorbing on the surface — is
greater than a certain critical value, the polymer will to maximise
the contact area and forms into "pancakes". If the opposite is true,
the polymer is entropically repelled from the surface and instead
forms into "mushrooms". At high grafting densities5, the polymer5: Γ > 𝑅−2

𝑔

coils will begin to overlap and this forces the polymer to extend into
solution to accommodate the additional polymer units; eventually
forming a "brush" structure. As the grafting density is increased
the polymer will stretch further, reaching a maximum height when
then grafting density is the same as the monomer area[6].

Figure 2.1: Conformations of end-
grafted polymers with varying graft-
ing density. (A) The "pancake" con-
formation exists at low grafting
densities when the polymer adsorbs
on the surface. (B) The "mushroom"
conformation exists at low graft-
ing densities when the polymer is
repelled by the surface. (C) The
"brush" conformation exists at high
grafting densities when the poly-
mers are forced to extend. Pancakes Mushrooms Brushes

A B C

In the "mushroom" conformation, the thickness of the end-grafted
polymer is approximately the diameter of the coil (2𝑅𝑔), which in
turn depends on the degree of interaction between the polymer
and the solvent. When the solvent is "good", the coil will swell to
maximise contact with the solvent and the height (𝐻) scales with
the number of units (𝑁) according to Equation 2.1[6].

𝐻 = 2𝑅𝑔 ∼ 𝑁
3
5 (2.1)

When the solvent is "bad", the coil will instead retract into a globule
to minimise the contact area with the solvent, and 𝑅𝑔 is expected
to decrease6. A third scenario also exists, when the solvent is on6: 𝐻 = 2𝑅𝑔 ∼ 𝑁

1
3

the limit between a good solvent and a bad solvent; known as a "𝜃"
solvent. In this solvent, the swelling will be somewhere in between
that of a good solvent and a bad solvent7[6].7: 𝐻 = 2𝑅𝑔 ∼ 𝑁

1
2
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When in the "brush" conformation, the thickness of the end-grafted
polymer will depend on the size of the coil, the grafting density
and the relative interaction of the polymer and the solvent. In a
good solvent, the height of the brush will increase linearly with
the number of units and scales to the third power with the grafting
density. This is known as the Alexander - de Gennes theory, and
the height scaling that it gives is shown in Equation 2.2[8].

𝐻 ∼ Γ
1
3𝑁 (2.2)

We can further use this relation to derive an expression for the
swelling ratio (SR) of the brush. The volume of one polymer coil
should be proportional to the number of units, since adding units
will make the polymer "bigger", and the height of the stretched
polymer should be equal to the volume multiplied with the grafting
density (number of chains per area). The height of the brush is
given by the Alexander - de Gennes theory. Combining these two
yields the swelling ratio as given in Equation 2.3.

SR =
𝐻wet
𝐻dry

∼ Γ
1
3𝑁

Γ𝑁
= Γ−

2
3 (2.3)

Inverting the swelling ratio gives the volume fraction (𝜙) of repeat-
ing units in the brush. While the Alexander - de Gennes theory give
a good approximation for the behaviour of an end-grafted polymer
in a liquid, it has a limitation in that it assumes that the polymer
brush has a sudden transition with a constant volume fraction
of 𝜙 = 𝜙0 when 𝑧 ≤ 𝐻 to 𝜙 = 0 when 𝑧 > 𝐻. This has since
been disproven, and it has been shown that the volume fraction
rather has a parabolic distribution where there is a higher density
of polymer closer to the surface[16]. This impacts the interfacial
properties of the brush as there is non-uniform solvent penetration
and since polymer-polymer interactions are more frequent closer
to the surface. Also, the exterior of the brush, which is what mac-
romolecules will come into contact with, will have a lower volume
fraction of repeating units compared to deeper in the brush. This
might limit the antifouling properties of the brush against small
macromolecules, allowing them to enter the brush8. 8: This is also what I have observed

experimentally (Figure 6.5).

2.1.1 Antifouling surface coatings

Brushes are widely used for their ability to prevent non-specific
adsorption of macromolecules on the surfaces that they are tethered
to. The exact mechanism behind the strong antifouling abilities of
(neutral) polymer brushes is debated, but a leading theory is the
water barrier theory. It proposes that macromolecules are unable to
adsorb on the brush due to a layer of tightly bound water molecules
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coordinated to the polymer chains. When a macromolecule adsorbs
on the brush, the water molecules that are associated with the
brush will be released and the brush will be compressed. The
loss of favourable interactions between the coordinated water and
the brush, due to the dehydration, and the decrease in entropy of
the brush as it is compressed, and it needs to accommodate the
volume of the macromolecule, disfavours adsorption. While the
release of the water molecules will increase the entropy, this is
usually not a strong enough contribution to make the adsorption
thermodynamically favourable; that is, as long as the free energy
of the brush-water system is increased when the macromolecules
adsorbs on the brush it will be expelled from the brush[17–19].
It can be seen as a continuation of the "steric repulsion" theory
first proposed by de Gennes. In this model, the steric repulsion
resulting from the compression of the brush as the macromolecule
adsorbed was the mechanism of the antifouling properties[20].

The water barrier theory should be viable for all polymer brushes
that are highly hydrophilic and have an overall neutral9 electrical9: Charged brushes, by nature, will

electrostatically interact with macro-
molecules with the opposite charge;
reducing their antifouling abilities.

charge[21, 22], and the stronger the polymer is able to interact with
the interfacial water molecules the better the antifouling ability
should be[22]. In fact, it is believed that the excellent antifouling
properties of many zwitterionic brushes arise from the fact that
the water molecules are even more strongly coupled to the brush
through charge-dipole interactions[22, 23]; increasing the barrier
for adsorption to be favourable even further. Hydrophobic brushes,
which do not interact well with water, are less antifouling[22].

2.2 Grafting polymer brushes

In general, there are three ways to attach polymers to a surface, and
two of these allow for end-grafting of the polymer. It is possible
to graft a polymer brush from a polymer in solution either via
physisorption or with covalent attachment via a functional group
on the polymer than can bind to the surface, preferable at the
end-terminal of the polymer. The latter is referred to as grafting-to
and it is usually simple to use and it offers complete control of the
molecular weight and polydispersity of the polymer brush, which
determines the brushes thickness and homogeneity. However, the
technique is limited to polymers that have end-terminals that are
available to bind, that is, that are not buried within the polymer
coil, and due to steric hindrance during the grafting process the
grafting densities achieved are generally quite low. This limits the
brushes ability to enter into the "strongly stretched" regime[8].
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Time of polymerisation 

Figure 2.2: Grafting-from technique
of making polymer brushes.

The third way, and the one used in this thesis, is to graft a polymer
brush directly from initiation sites attached to the surface. This
is referred to as grafting-from and allows for denser and thicker
brushes than grafting-to brushes as the grafting is not limited by
steric hindrance to the same degree[8]. That is, monomers have
the same access to reactive groups throughout the reaction, which
allows the growth to continue for long durations, and the initiator
layer from which the polymerisation is started can be made very
dense, thus increasing the density of the brush. Figure 2.2 illustrates
the grafting-from technique of making polymer brushes.

The grafting-from technique is based on the growth of polymer
chains from the surface using a controlled radical polymerisation
(CRP). In CRP, the control comes from a dynamic equilibrium10 10: Dynamic equilibria are sensitive

to external changes in temperature
or the removal of reagent, etc.

with a small minority of active (radical) species (P•
𝑛) and a large ma-

jority of dormant species (P𝑛−X)11. Therefore, the rate of activation
11: X is a halogen atom. Removal of
this atom will activate the dormant
species and generate a radical.

(𝑘act) must always be slower than the rate of deactivation (𝑘deact)
to ensure that the controlled conditions are maintained. The faster
deactivation slows down the rate of propagation (𝑘p), since most
active species usually only undergo a single or a few additions of
monomer units before converting back to a dormant state, which
ensures a homogeneous molecular weight distribution. Having a
low number of active species at a given time also slows down the
rate of termination (𝑘t)12 as the probability that two dormant chains 12: In polymerisations, propagation

is the stage in which a polymer in-
creases its chain length and termina-
tion is the stage that ceases the form-
ation of reactive intermediates in the
propagation; ending the reaction.

are activated next to one another on the surface is low. Only if
deactivated, not terminated, can the dormant species be converted
back into an active state to continue the polymerisation[24–26]. A
general CRP mechanism is shown in Figure 2.3.

Pn + X

kact

kdeact

Propagation

kp

kt

Pn X

Pn Pm
Termination

Figure 2.3: General CRP mechanism.
A polymer or surface-tethered initi-
ator is activated by external stimuli
and is turned into a radical, at which
point atoms will be transferred to the
growing chain until deactivation or
termination of the chain occurs.

Activation and generation of radicals in a CRP can occur by many
different means; via spontaneous thermal processes[27, 28], via
reversible redox reactions[25, 29], or via reversible chain-transfer
processes[30, 31]. This thesis will treat the second of these cases;
and more specifically, the mechanism of atom transfer13

13: From a mechanistic view, ATRP
is closely related to radical addition
of alkyl halides across unsaturated
C-C bonds; known as atom transfer
radical addition; thus, the name.

radical
polymerisation (ATRP). In ATRP, the active species are generated
through a reversible redox reaction catalysed by a transition metal
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complex (Mt𝑛/L), where "L" is a ligand that binds in a complex with
the transition metal. This transition metal complex is the catalyst
of the ATRP, and will be called the "activator" in its reduced state
(Mt𝑛/L) and the "deactivator" in its oxidised state (Mt𝑛+1/L); in
this thesis the transition metal used is copper, and it changes from
Cu(I) to Cu(II) in the polymerisation. Termination of the polymer
will leave the transition metal complex in an oxidised state and
this will eventually deplete the activator; stopping the reaction.
The ATRP mechanism is shown in Figure 2.4.

Figure 2.4: ATRP mechanism. Activ-
ation of the dormant species is done
via a reversible redox reaction with
a transition metal complex, which is
oxidised in the process.

Pn + X

kact

kdeact

Propagation

kp

kt

+ Mtn/LPn X

Pn Pm
Termination

 
Mtn+1/L

While ATRP is widely used in both academic studies and industry,
it has two big limitations; the first of which is the sensitivity of the
transition metal complexes to air (oxygen). This can be overcome
by starting with the transition metal in its oxidised state (Mt𝑛+1/L)
and then reduce it, using a reducing agent such as ascorbic acid[32],
to initiate the polymerisation, effectively eliminating the oxygen
sensitivity during the preparation stage[33]. As long as the amount
of oxygen in the solution during the polymerisation itself is kept a
minimum, the reaction should proceed as ATRP. This mechanism
is called activators generated by electron transfer (AGET).

The second issue of ATRP lies in the large amounts of metal catalyst
required to propagate the polymerisation for extended durations;
leaving large amounts of residual metals in the finished polymer
that requires difficult purification[34]. However, since ATRP is
controlled by a dynamic equilibrium, it is not the total concentration
of catalyst that determines the polymerisation rate (𝑅p); it is the
ratio of activators and deactivators. Therefore, lowering the total
concentration of the transition metal complex should not have
an impact on 𝑅p[35]. However, while it is tempting to just lower
the concentration, the unavoidable terminations will irreversibly
consume the activator and eventually stop the reaction.

By combining the concepts of AGET ATRP, with a reducing agent
capable of generating activators from deactivators in high excess,
and lowering the total concentration of the transition metal complex
to parts-per-million (ppm) concentrations it is possible to achieve
a controlled reaction which yields low polydispersive polymers,
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on surfaces, that is less sensitive to air (oxygen) than regular ATRP.
Since the reducing agent is now not only generating the activator,
but effectively regenerating it since it also takes into consideration
termination and the presence of air and other radicals in the system,
this technique is called activators regenerated by electron transfer
(ARGET)[35]. The ARGET mechanism is shown in Figure 2.5.

Pn + X

kact

kdeact

Propagation

kp

kt

+ Mtn/LPn X

Pn Pm
Termination

Regeneration

of activator

 
Mtn+1/L

Reducing agent

Oxidised agent

Figure 2.5: ARGET ATRP mechan-
ism. Regeneration of the activator is
done via an electron transfer to the
deactivator from a reducing agent.

2.2.1 Kinetics of ATRP

As mentioned earlier, ATRP relies on establishing an equilibrium
between a halogenated dormant species (P𝑛−X) and active species
(P•
𝑛) that are produced by cleaving the C−X bond with an activator

(Mt𝑛/L), creating a deactivator (X−Mt𝑛+1/L) in the process. The
rate of ATRP (𝑅p) is determined by the rate of propagation (𝑘p),
the monomer concentration ([M]) and the concentration of radicals
([P•

𝑛]) active in the system[26]14, as shown in Equation 2.4. 14: This is the kinetics of a second
order (or bimolecular) reaction.

𝑅p = 𝑘p [P•
𝑛] [M] (2.4)

At the ATRP equilibrium, the equilibrium constant of the activa-
tion/deactivation cycle 𝐾ATRP will be proportional to the activation
(𝑘act) and deactivation (𝑘deact) constants15. An equilibrium constant 15: 𝐾ATRP =

𝑘act
𝑘deact

will also be proportional to the concentrations of the products
and reactants in the reaction16. We can simplify the expression in 16: 𝐾ATRP =

[P•
𝑛 ][X−Mt𝑛1+/L]
[P𝑛−X][Mt𝑛/L]

Equation 2.4 by substituting the concentration of radicals ([P•
𝑛]) by

combining the two equilibrium constants expressions. This gives
the "ATRP equation"[26], as shown in Equation 2.5.

𝑅p = 𝑘p

(
𝑘act
𝑘deact

) (
[Mt𝑛/L][

X − Mt𝑛1+/L
] ) [P𝑛 − X] [M] (2.5)

At the ATRP equilibrium, the rate of ATRP is determined by (1)
the rate of propagation (𝑘p), (2) the monomer concentration ([M]),
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(3) the ratio of activation/deactivation constants, (4) the ratio of
activator/deactivator concentrations and (5) the concentration of
the dormant species. Each monomer has its own intrinsic rate of
propagation that cannot be changed17, and the concentration of the17: This has to do with the reactiv-

ity of the monomer and the active
species, which is determined by the
molecular structure of the two.

dormant species is determined by the number of initiator sites at
the start of the reaction, which will decrease as termination of the
polymer chains occur. Therefore, these two parameters are hard to
vary. That leaves (2), (3) and (4), as shown in Equation 2.6, as viable
parameters to change in order to optimise an ATRP protocol.

𝑅p ∝
(
𝑘act
𝑘deact

) (
[Mt𝑛/L][

X − Mt𝑛1+/L
] ) [M] (2.6)

The rate of ATRP can be directly increased or decreased by changing
the monomer concentration, making this an easy parameter to
change when optimising ATRP. The ratio of the rates of activation
and deactivation can be adjusted by changing the reactivity of the
transition metal complex, or more specifically its ligand structure,
towards the dormant species (𝑘act) and towards the active species
(𝑘deact). This ratio is determined by the bond dissociation energy of
the C−X bond compared to the strength of the Mt𝑛+1−X bond or
the halogenophilicity18 of Mt𝑛 ; a stronger C−X bond will decrease18: Halogenophilicity describes the

ability of a nucleophile to "attack" a
halogen in a substitution reaction.

𝑘act and lower the ratio, and vice versa. In the case of Cu(I)/Cu(II),
C−Br is considered to give the highest reactivity, followed by C−Cl
and at the slowest C−I. The halogenophilicity of Mt𝑛/L complex
can be varied by exchanging the ligand, which will effect the
redox potential of the Mt𝑛/L-Mt𝑛+1/L couple and bond strength
of X−Mt𝑛+1/L. As a rule of thumb, the more reducing the metal-
ligand complex is, which increases with electron-donation from
the ligand, the activity will increase[36, 37]. The ligands I have
used19 are ranked, based on ATRP activity, accordingly[37]:19: Tris[2-

(dimethylamino)ethyl]amine
(Me6TREN), N,N,N,N,N-
pentamethyldiethylenetriamine
(PMDETA) and 2,2’-bipyridine
(bpy).

Me6TREN >> PMDETA > bpy

The last viable parameter to optimise in Equation 2.6 is the ratio
of the concentrations of activator and deactivator in the solution.
In ATRP, this ratio will decrease over time as radical termination
irreversible converts the transition metal complex to its oxidised
state (X−Mt𝑛+1/L). This will in turn slow down — and eventually
stop — the polymerisation. However, by reducing the deactivator
after termination, as in ARGET ATRP, the ratio can be kept constant.
Further, by controlling the reduction of the deactivator via different
reducing agents, temperature, or by slowly feeding the reducing
agent[38], the rate of ATRP can be controlled[37].

Finally, while not a direct factor, the choice of solvent in the reaction
has been shown to affect the rate of ATRP; especially more polar
solvents have been observed to give higher equilibrium constants.
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This is believed to be due to stabilisation of the more polar oxidised
state (X−Mt𝑛+1/L) of the transition metal complex, compared to
the less polar reduced state (Mt𝑛/L)[37]. Water is especially good
at generating high ATRP activation; at the cost of generating a lot of
radicals and a high resulting rate of termination[39]. The solvents
I have used are ranked, based on ATRP activity, accordingly[37]:

Water >> DMSO > Methanol > Toluene

2.2.2 Termination in ATRP

Termination is unavoidable in ATRP systems because of the very
nature of radicals. This is equally true on surfaces as it is in solution.
However, the modes of termination might differ. It is believed that
termination in ATRP mainly occurs through radical coupling, that
is, that two active chains connect and thus "close the loop" in the
brush, as well as through radical disproportionation20, meaning 20: Disproportionation in ATRP can

also refer to the redox exchange with
two Mt𝑛 complexes combining into
Mt𝑛+1 and Mt𝑛−1, which is favoured
especially in more polar solvents[37].
However, in most ATRP, the concen-
tration of Mt𝑛 is too low for this to
impact the rate of ATRP[36].

that two radicals interact, but instead of coupling one of the radicals
donates a hydrogen atom (usually from the 𝛽-position) to the other.
The polymers are considered "dead", but are not connected[36].

In solution, termination can occur by two active chains diffusing
in the solution connecting and, by coupling or disproportionation,
terminating the radical. However, polymer brushes are tethered;
restricting their mobility and ability to move and connect with
other radicals considerably[40]. Simulations of surface-initiated
ATRP has suggested a mechanism of "migrating radicals"21 as a 21: Radicals "jump" from an active

chain to a dormant chain through
the activation/deactivation cycle. It
is explained in detail in the works
by Zhou[40] and Gao[41].

means of both the growth of the polymer brush as well as the
primary means of termination. That is, instead of considering
individual chains as activating, attaching a few monomers, and
then deactivating in the reaction, it is radicals that are moving from
chain to chain. When two radicals move to adjacent chains there is
a chance of termination occurring[41]. This mechanism explains
the connection between the rate of activation and deactivation in
ATRP and the rate of termination; more active radicals migrating
on the surface will increase the probability of two of them moving
adjacent to one another. As the polymer chains grows the brush is
known to become less dense[16], and this too could be linked to
a decrease in termination as the distance between the migrating
radicals increase; despite the increase in flexibility of the chains.

Important to this work, with respect to ATRP done with nanopores,
is the geometric dependency on the termination. On a concave
surface, the brushes are in a more confined environment than on a
flat surface; leading to closer proximity of the chains[42]. This will
increase the probability of termination, as the radicals are formed
in a denser environment. In the case of a pore, this could effectively
"close" it if termination happens through coupling.
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In no particular order, this chapter will briefly cover the surface
sensitive techniques, optical techniques and electrochemical tech-
niques that I have used throughout this thesis work. It will also
cover the procedures I used for synthesis of polymer brushes, as
well as the initiator layer synthesis and assembly.

3.1 Surface sensitive techniques

3.1.1 Surface plasmon resonance

Surface plasmon resonance (SPR) sensing is a refractometric (op-
tical) label-free technique that is used to detect nanoscale (ng/cm2)
adsorption events, both covalent and non-covalent, of an analyte
in the vicinity of a sensor surface. It does this by measuring the
change in the incident angle required to excite surface plasmons,
propagating waves of electrons that are able to form on certain
metallic thin films under certain conditions. Plasmons are gener-
ated when plane-polarized light impinge the thin metal film under
total internal reflection conditions1 when passing from a dense 1: When light passes from a medium

to a less dense medium the light will
be bent towards the plane of inter-
face. Increasing the incident angle
enough will make all incoming light
reflect at the interface; this is called
total internal reflection (TIR).

medium (a glass prism) into a less dense medium (air or water).
At, and above, the TIR angle no light will exit the prism, but the
electric field of the photons will extend out beyond the interface.
When that interface has available electrons, such as when there is
a film of gold on the surface, and when the wave vector of that
electric field matches the plasmons wave vector, a plasmon will be
generated; leading to rapid decrease in the intensity of reflected
light due to absorption by the plasmons[43, 44].
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Figure 3.1: Angular reflectivity spec-
trum for a 𝜆 = 670 nm light source
impinging on a 50 nm gold thin film
in air, with and without a 20 nm thin
coating (𝑛 = 1.4). (A) TIR angle. (B)
SPR minimum angle.

Figure 3.1 demonstrates a typical angular reflectivity spectrum in
air. As mass adsorbs on the thin film the refractive index close to the
surface changes, and this will in turn shift the incident angle of light
required to reach the SPR minimum (Figure 3.1B) to higher angles.
If there is also a significant change in the refractive index of the
bulk solution (or air) the TIR (Figure 3.1A) will also shift to higher
incident angles. Tracking the shift in incident angle of TIR and SPR
over time allows kinetics and magnitudes of the adsorptions to be
determined and are usually plotted in a "sensorgram".

As mentioned earlier, SPR measures adsorption events of an analyte
in the vicinity of a sensor surface. However, it does not only measure
molecules that attach to the surface; at high enough concentrations
it measures everything within the decay length of the electric
field of the surface plasmons. This distance away from the surface
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that an adsorption event occurs determines the sensitivity of the
technique. Adsorption events that occur far away from the surface
will lead to smaller shifts in the incident angle, which is important
to keep in mind when performing measurements on brushes on the
scale of 100s of nm. As a rule of thumb, the effective "probe depth"
of SPR is approximately 37% of the incident lights wavelength[45].
A more accurate estimation derived from Maxwell’s equations
is shown in Equation 3.1[46], where 𝜆 is the wavelength of the
incident light, 𝜂𝑑 is the refractive index of the bulk phase and 𝜀′𝑚
is the real part of the dielectric constant of the metal.

𝛿 ≈ 𝜆
2𝜋

√√√(
𝜂2
𝑑
+ 𝜀′𝑚

𝜂4
𝑑

)
(3.1)

Quantitative information from the angular reflectivity spectrum
can be extracted with Fresnel models. Simply, these are equations
(formulated from Maxwell’s equations of electromagnetism) that
describe how the incident light waves interact with different ma-
terials by propagation, reflection, absorption or scattering. Solving
these equations will extract the thickness and refractive index of
an adsorbed layer, as long as all but one of the parameters are
known[47]2. When it comes to hydrated polymer brushes, dir-2: A detailed description of the Fres-

nel equations can be found in the
book "Plasmonic biosensors: an in-
tegrated view of refractometric de-
tection" by A. Dahlin[47].

ect modelling of the thickness is not possible; mainly due to the
unknown degree of hydration, which will impact the effective
refractive index of the adsorbed layer. Instead, a non-interactive
probe needs to be used to estimate the intrinsic exclusion volume
away from the surface; which should correspond to the wet height
of the polymer brush. By comparing the TIR and SPR response
with, and without, the non-interactive probe in combination with
the Fresnel equations makes it possible to extract the thickness and
effective refractive index of a hydrated layer from a sensorgram.
This method was first developed by Schoch et al.[46] and then
further refined by Emilsson et al.[48] with the incorporations of
the Fresnel equations, which eliminated the need to estimate the
"effective" decay length of the evanescent field. Further work by
Svirelis et al.[49] has expanded the concept of the non-interactive
probe for use in bulk-correction when doing high concentration
injections on hydrated polymer films, which by comparing the SPR
and TIR response of a non-interactive probe allows us to determine
how much of the SPR response was from interactions with the
surface and how much was from the analytes simply occupying
volume close to the surface. This method was used for the kinetics
determinations in the unpublished results on NPC mimics.
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3.1.2 Quartz crystal microbalance with dissipation

Quartz crystal microbalance with dissipation (QCM-D) is an gravi-
metric label-free technique that is used to detect nanoscale (ng/cm2)
adsorption events, both covalent and non-covalent, of an analyte
that attach to, or couples with, a sensor surface. This is done by
measuring the resonance frequency of the oscillation’s odd over-
tones3, which are determined by the mechanical properties of the 3: When the overtone is odd there

will be an antisymmetric deforma-
tion in the wave going through the
crystal, and this will generate a meas-
urable current as quartz crystal is a
piezoelectric material. However, if
the overtone instead is even, the de-
formation will be symmetric and no
current is generated[50].

crystal and the medium that is oscillates in. Whenever an event
occurs that changes these properties, such as absorption of mass
to the surface, the resonance frequency will shift either to lower
values (mass added) or higher values (mass removed). However,
the relationship between adsorbed mass and frequency only holds
true for dry and rigid systems. In liquid environment, more often
than not, water will be coupled to the surface whenever an analyte
binds. Water, being highly viscous, will result in an adsorbed film
that is not fully coupled to the resonance, which in turn will lead
to dampening of the oscillation; that is, energy is lost[51, 52].
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Figure 3.2: QCM-D time trace with
frequency and dissipation changes
measured at the 3rd overtone.

We can define the energy dissipation as the ratio of energy lost per
oscillation cycle (𝐸dissipated) and the amount of energy stored in the
system (𝐸stored), as shown in Equation 3.2.

𝐷 =
1

2𝜋

(
𝐸dissipated

𝐸stored

)
(3.2)

Energy dissipation can be monitored by exciting an oscillation with
a short voltage pulse, and then measuring the oscillation decay
over time after the pulse is turned off. Tracking how the energy
dissipation and the frequency shift varies over time molecular
interactions and changes in surface properties, such as its rigidity,
can be determined, as demonstrated in Figure 3.2. When an event
occurs on the surface that changes the viscoelastic properties of the
adsorbed layer on the surface, the energy dissipation with shift to
either lower values (more rigid) or higher values (more viscous).

Usually the 3rd or the 5th overtone4 is used in quantitative analysis 4: The sensing area of the overtones
decreases towards the centre while
the mass sensitivity increases as a
bell shape with the highest sensitiv-
ity in the centre of the crystal[53].

of QCM-D measurements. However, similarly to SPR where the
incident light wavelength affects the probing depth, changing the
overtone will change the viscous penetration depth5 generated

5: When in a viscous medium, the
oscillations of the crystal will couple
to the medium and transfer into the
bulk. The transferred motion will be
an induced, highly damped, sinus-
oidal shear wave that travels away
from the sensor surface. The decay
constant of the the shear wave is the
effective penetration depth[51, 53].

by the oscillation. Higher overtones will have shorter penetration
depths, allowing events at different positions in a hydrated film
to be observed simultaneously. The penetration depth (Δ𝑛) can be
estimated with Equation 3.3[53], where 𝜌𝑚 is the density of the
adsorbed film, 𝜂𝑚 is the viscosity of the adsorbed film, 𝑓0 is the
fundamental frequency, and 𝑛 is the overtone.

Δ𝑛 =

√
1

𝜋𝑛 𝑓0

(
𝜂𝑚
𝜌𝑚

)
(3.3)
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Equation 3.3 can be used to estimate the penetration depth. How-
ever, due to the parabolic distribution of polymer in a brush[16],
the viscosity to density ratio of the hydrated film will not remain
the same throughout the entire shear wave. Where the monomer
concentration of polymer is high, the viscosity to density ratio will
also be high, as polymers in general have a much higher viscosity
as water, while having a similar density. As the water content in-
creases further away from the surface, the viscosity to density ratio
will decrease and so will the effective penetration depth relative
to that distance away from the surface. The general progression,
where higher overtones have lower penetration depths, should still
hold true despite the nonideal shear wave in the film.

3.2 Experimental

3.2.1 Absorbance measurements

Absorbance measurements were performed with a fibre coupled
array spectrometer and lamp (BH-2000-BAL Deuterium-Halogen
Light Source, Ocean Optics) with collimating lenses[54].

In paper I, the conversion of NAD+ to NADH was studied in-situ
my monitoring the absorbance of light around 340 nm. A peristaltic
pump was used to direct flow through the flow cell.

In paper II, the FOX assay6 was used to quantify the production6: The assay is named after the main
reaction that occurs; the ferrous ox-
idation of xylenol orange[55].

of H2O2 by the enzymes. The assay was prepared by mixing 0.5
mL of 25 mM ammonium ferrous (II) sulfate composition in 2.5
M H2SO4 with 50 mL of 100 mM sorbitol and 125 μM xylenol
orange (𝑜-cresol-sulfonephthalein-3´-3´-bis-[methyliminodiacetic
acid sodium salt])) in water, and 2 mL of mixture was added
to a vial containing 0.2 mL sample with H2O2. The sample was
incubated for 20 min at room temperature before quantification to
ensure complete conversion and measured at 580 nm.

3.2.2 Fluorescence microscopy

Fluorescence measurements were performed using an inverted
Axio Observer optical microscope equipped with an Andor IXon
Life CCD and an Axiocam color camera, LED light sources and a
50× objective (air, NA = 0.55, WD = 9.0 mm) in epi-mode.

In paper I, the presence of modified GOX-Cy3 and GAL-FITC was
verified with excitation at 511 nm and emission filtered between
585-620 nm (Cy3) and excitation at 478 nm and emission filtered
between 525-550 nm (FITC). The conversion of resorufin in the
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presence of H2O2 (Figure 4.7A) was monitored with excitation at
555 nm and emission between 565 and 605 nm.

In the unpublished results, the transport of Cy3-modified PMAA
was monitored with excitation at 511 nm and emission filtered
between 585-620 nm and the FITC-modified PMAA monitored
with excitation at 478 nm and emission between 525-550 nm.

3.2.3 Infrared spectroscopy

Fourier transfer infrared spectroscopy (FTIR) measurements were
performed using a Perkin Elmer FT-IR Spectrometer. Spectra were
measured in the mid-infrared region (4000-400 cm−1) and FTIR
spectra with analysis for the polymer brushes worked with in this
thesis are found in Appendix A.1, A.2 and A.3.

3.2.4 Cyclic voltammetry

Cyclic voltammetry (CV) was performed with the Reference 600+
(Gamry Instruments) potentiostat; a conventional three-electrode
setup was used, with the gold substrate as the working electrode, a
platinum wire mesh as counter electrode, and a Ag/AgCl electrode
as reference. Measurements were performed with 1 mM ferrocene-
methanol in a 150 mM PBS solution (pH 7.5) unless otherwise
noted. CV was used to determine the standard redox potential
(E0) of the redox probe as the average of potential values at which
the cathodic and anodic current maxima. All CV sweeps were
initiated with an anodic sweep from -0,2 V to +0,5 V, followed by
a cathodic sweep from +0.5 V to -0.2 V, at 10 mV/s, 25 mV/s, 40
mV/s, 60 mV/s, 90 mV/s, 160 mV/s, 250 mV/s and 360 mV/s.
Five cycles were run and the average of the last three were used to
determine the cathodic and anodic current maxima as well for the
diffusional analysis. Open current potential (OCP) was checked to
verify electrode stability before each measurement was run.

Diffusional analysis was performed with the Randles-Ševčík equa-
tion (Equation 3.4), which describes the effect of scan rate (𝑣) on the
peak current (𝑖𝑝) for a cyclic voltammetry experiment. According
to the equation, when cathodic (or anodic) peak is linear with the
square root of the scan rate the electrochemical process is diffusion
controlled and the slope of the line should be proportional to the
square root of the effective diffusion coefficient (𝐷) of the analyte
undergoing a redox reaction at the electrode[56]. Analysis was
done with MatLab.

𝑖𝑝 =

(
0.4463𝑛𝐹𝐶𝐴eff

√
𝑛𝐹𝐷

𝑅𝑇

)
√
𝑣 (3.4)
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3.2.5 Impedance spectroscopy

Electrochemical impedance spectroscopy was performed with the
Reference 600+ (Gamry Instruments) potentiostat; a conventional
three-electrode setup was used, with the gold substrate as the
working electrode, a platinum wire mesh as counter electrode, and
a Ag/AgCl electrode as reference. Measurements were performed
with 1 mM ferrocenemethanol in a 150 mM PBS solution (pH 7.5)
unless otherwise noted. All EIS measurements were performed
with a DC potential set at the 𝐸0 of ferrocenemethanol over fre-
quencies ranging from 104 to 10−1 Hz, with an AC amplitude of 5
mV. Three repeats were run, and the average of these was used for
equivalent circuit fitting with a modified Randles circuit.

The modified Randles circuit used in the equivalent circuit fitting
was based on a model for polymer brushes suggested by Anthi
et al.[57], and is shown in Figure 3.3. It consists of the solution
resistance (𝑅s) in series with a resistance of the brush (𝑅p) and
capacitance of the brush (𝐶p). These elements mimic the migration
of charges through the structure of the brush (𝑅p), which reflects
its penetrability for ions, and the polarization of electric dipoles
in the brushes (𝐶p), which reflects its dielectric permittivity[57].
The brush is then in series with a Randles equivalent circuit[56],
which consists of a charge transfer resistance (𝑅ct), a double-layer
capacitance (𝐶dl) and a Warburg7 element (𝑍w). These elements7: Named after the German physi-

cist Emil Warburg, who did research
on electrochemical ion transport pro-
cesses in the late 1800s.

mimic the electron transfer between analyte and electrode (𝑅ct),
the charging of the interfacial electric double-layer of the electrode
surface (𝐶dl) and the diffusion limit at low frequencies (𝑍w). The
Warburg element is a solution to Fick’s equation of mass transfer
and is a part of the interfacial impedance[58]. Initial fitting was
done in the Gamry Instruments software and final analysis was
done with MatLab.

Figure 3.3: Equivalent circuit used
for EIS analysis in paper II.
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3.2.6 Chronoamperometry

Amperometry measurements were performed with the Refer-
ence 600+ (Gamry Instruments) potentiostat; a conventional three-
electrode setup was used, with the gold substrate as the work-
ing electrode, a platinum wire mesh as counter electrode, and a
Ag/AgCl electrode as reference. Chronoamperometry was meas-
ured at -0.7 V. CV was run on each electrode before use to ensure



3.3 Polymer brush synthesis 19

solvent availability. All analytes were introduced in PBS at pH 7.5.
The measurements done in cerebrospinal fluid (CSF) were done in
the same conditions, but with 10× diluted CSF instead of pure PBS
buffer. Charge transfer densities were determined by measuring
amperometry and integrating during 25 s, ignoring the first 5 s
when the potential is established. Charge transfer densities for
H2O2 was determined for several concentrations between 0.01 mM
and 1 mM for electrode availability analysis.

Electrode availability analysis was performed with the integrated
Cottrell equation (Equation 3.5). The Cottrell equation describes
the change in electric current (𝑖𝑝) with respect to time (𝑡) after a
potential step is applied over the electrochemical cell. In its integ-
rated form8, it shows that the charge transfer density (𝑄) should 8: In this form the equation is also

known as the Anson equation, after
Fred Anson, who applied the integ-
rated Cottrell equation on processes
with surface adsorption[59].

be linear with the square root of the time for the electrochemical
process to be diffusion controlled and the slope of the line should
be proportional to the square root of the diffusion coefficient (𝐷)
of the analyte undergoing a redox reaction at the electrode[59].

𝑄 =

(
2𝑛𝐹𝐴eff𝐶

√
𝐷

𝜋

)
√
𝑡 (3.5)

Given that the diffusion coefficient is known, the integrated Cottrell
equation can also be used to determine the concentration of the
reacting analyte, which can be useful for biosensing applications.

3.3 Polymer brush synthesis

3.3.1 Surface cleaning

Gold-coated SPR and QCM-D sensor surfaces were washed in TL1
solution (5:1:1 v/v of H2O/H2O2/NH4OH at 75℃) for 20 minutes.
This was followed by rinsing in MQ water, then ethanol, then
sonication (35 kHz) for 1 minute and then dried with N2 before
further treatment. Had the surfaces been used previously, an initial
wash was done in Piranha solution (3:1 v/v of H2SO4/H2O2) for 20
minutes, followed by rinsing in MQ water and then as normal.

Gold-coated nanopore substrates, with and without the chamber,
were etched in NaOH (10 mM) to remove the protective aluminium
oxide coating9. This was followed by washing in TL1 solution (5:1:1 9: More information can be found

in the paper by Malekian et al.[60]v/v of H2O/H2O2/NH4OH at 75℃) for 20 minutes, rinsing in MQ
water, then ethanol and then dried with N2 before further treatment.
Ultrasonication has a high risk of breaking the delicate membranes of the
nanopore substrates and should be avoided!
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3.3.2 Thiol initiator layer

In paper I, and in the unpublished results, 11-mercaptoundecyl-2-
bromo-2-methylpropanoate10 (MuBB) was used as the initiating10: 𝜔-mercaptoundecyl bromoiso -

butyrate is another name for it. anchor layer attached to the gold from which ATRP was performed.
𝛼-bromobutyrate-11-undecanethiol (BrUDT) was also used in paper
I. However, as bromines on tertiary carbons are known to be more
active than bromines on primary carbons[37], MuBB should be
the better candidate for ATRP despite the slight increase in steric
hindrance from the additional ester and methyl groups11.11: Note that this is only relevant for

the very early stages of ATRP, once
the brush begins to form it will be
the chemistry of the monomer that
determines the activation rate; that
is, the unit carrying the halide.

Cleaned surfaces were immersed in initiator solution (2 mM MuBB
in anhydrous ethanol). The substrates were exposed for 12–18
hours. After self-assembly, the substrates were thoroughly rinsed
in ethanol, sonicated (35 kHz) in ethanol for 1 minute and then
dried with N2. Samples were used immediately.

3.3.3 Diazonium initiator layer

Synthesis and deposition of PEBrMP
consists of three steps; (1) diazonium
synthesis, (2) radical formation, fol-
lowed by surface deposition, and (3)
bromination of the alcohol. These
steps are shown in Figures 3.4-3.6.

In paper II, 4-(phenethyl 2-bromo-2-methylpropanoate) (PEBrMP)
was used as the initiating anchor layer attached to the gold from
which ATRP was performed. Unlike MuBB and BrUDT, PEBrMP is
a derivative from a diazonium salt. These molecules can strongly,
and covalently, attach to the surface and are known to be electro-
chemically stable[61], making it ideal for the electrode interface.

OH

NH2

OH

N

N

1. HBF4

2. TBN

+

Figure 3.4: PEBrMP synthesis, 1.

4-Aminophenethyl alcohol (0.22 g, 1.60 mmol) was diluted with
MQ water (1 mL) and protonated with HBF4 (0.3 mL, 48%). The
solution was cooled in an ice bath and tert-butyl nitrite (0.2 mL, 1.70
mmol) was added dropwise while stirring. The solution was left
to stir for 1 h until 4-aminophenethyl alcohol was fully converted
into 4-(2-hydroxyethyl)phenyldiazonium tetrafluoroborate.

OHOH

N

N

N2

Ascorbic acid

+

Figure 3.5: PEBrMP synthesis, 2.

Simultaneously, using a separate flask, ascorbic acid (0.035 g, 0.20
mmol) was dissolved in MQ water (50 mL) and the solution was
deoxygenated with N2 for 1 h. Then, the ascorbic acid solution
was transferred into a sealed glass jar with cleaned surfaces. The
diazonium salt was deoxygenated with N2 for 5 min and trans-
ferred to the jar via needle. Cleaned surfaces were exposed to the
diazonium salt for 1 h and then rinsed with MQ water and ethanol
and dried under flow of N2.

OH O

1. TEA

2. α-BIBB

O

Br

Figure 3.6: PEBrMP synthesis, 3.

To convert the diazonium salt into PEBrMP, the surfaces were
allowed to equilibriate in dichloromethane for 1 minute and then
exposed to 𝛼-bromoisobutyryl bromide (0.500 mL, 4.05 mmol)
and triethylamine (0.675 mL, 4.84 mmol) in dichloromethane (50
mL) for 15 min, after which surfaces were rinsed in ethanol and
dried under flow of N2. Samples were used immediately.



3.3 Polymer brush synthesis 21

3.3.4 ARGET ATRP of PAA

HO O

n

Figure 3.7: PAA (protonated form).

ARGET ATRP of PAA (Figure 3.7) on PEBrMP.

CuCl2 (0.0053 g, 0.04 mmol), and PMDETA12

12: N,N,N,N,N-
Pentamethyldiethylenetriamine

(0.065 mL, 0.31 mmol)
were dissolved in dimethyl sulfoxide (20 mL). Toluene (12 ml) and
tert-butyl acrylate (10 ml, 68.00 mmol) were added, and the solution
was deoxygenated with N2 for 1 h.

The reaction solution was then transferred via cannula into a screw-
top jar (with rubber septa lid) containing initiator-prepared gold
surfaces. The reaction was initiated by the addition of L-ascorbic
acid (0.045 g, 0.26 mmol) and was quenched after 30 min by
immersing the surfaces in ethanol. To convert the poly(tert-butyl
acrylate) brushes into PAA brushes the surfaces were exposed to
methanesulfonic acid (0.300 mL, 4.62 mmol) in dichloromethane
(50 mL) for 15 min, after which surfaces were rinsed in ethanol.

3.3.5 ARGET ATRP of PHEAA

HN O

n

OH

Figure 3.8: PHEAA.

ARGET ATRP of PHEAA (Figure 3.8) on MuBB.

N-hydroxyethylacrylamide (3.33 g, 28.9 mmol) was dissolved in
methanol (30 ml). CuBr2 (0.0025 g, 0.01 mmol), and Me6TREN13

13: Tris[2-
(dimethylamino)ethyl]amine

(0.305 mL, 0.12 mmol) were dissolved in water (10 mL) and added,
and the solution was deoxygenated with N2 for 1 h.

The reaction solution was then transferred via cannula into a screw-
top jar (with rubber septa lid) containing initiator-prepared gold
surfaces. The reaction was initiated by the addition of L-ascorbic
acid (0.020 g, 0.11 mmol) and was quenched after the allotted
reaction time by immersing the surfaces in ethanol.

3.3.6 ARGET ATRP of PNIPAM

HN O

n

Figure 3.9: PNIPAM.

ARGET ATRP of PNIPAM (Figure 3.9) on MuBB.

N-isopropylacrylamide (2.66 g, 23.5 mmol) was dissolved in meth-
anol (30 ml). CuBr2 (0.0067 g, 0.03 mmol), and PMDETA14

14: N,N,N,N,N-
Pentamethyldiethylenetriamine

(0.065
mL, 0.31 mmol) were dissolved in water (19 mL) and added, and
the solution was deoxygenated with N2 for 1 h.

The reaction solution was then transferred via cannula into a screw-
top jar (with rubber septa lid) containing initiator-prepared gold
surfaces. The reaction was initiated by the addition of L-ascorbic
acid (0.086 g, 0.49 mmol) and was quenched after the allotted
reaction time by immersing the surfaces in ethanol.





Molecular Trapping of Enzymes

in Nanoscale Chambers 4

This chapter summarises the first paper presented in this licentiate
thesis, "Stable Trapping of Multiple Proteins at Physiological Con-
ditions using Nanoscale Chambers with Macromolecular Gates".
It was published in August 2023 in Nature Communications[3].

My main contributions to the paper consisted of (1) using the mo-
lecular trapping system to selectively capture the enzymes glucose
oxidase (GOX) and 𝛽-galactosidase (GAL) in the nanochambers
and then verifying that ligand exchange between the nanochamber
and its surroundings is possible by investigating the enzymatic
conversion of lactose to H2O2 in a cascade reaction confined to
the nanochambers and confirming that H2O2 was able to leave. I
also (2) extended this study to investigate cofactor cycling between
the nanochambers and the surroundings between the enzymes
alcohol dehydrogenase (ADH), GOX and horseradish peroxidase
(HRP), which convert the cofactor NAD+ to NADH, and back.
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4.1 Scientific context

Enzymes and other biomolecules tend to exhibit complex dy-
namic structures with conformational changes that have various
lifetimes1. While recently there has been an upsurge in new com-1: These lifetimes are on the scale of

nanoseconds to milliseconds, mean-
ing that long-term observations are
required to capture the dynamics.

putational methods for predicting these structures in proteins, for
instance AplhaFold that uses AI to predict a protein’s 3D structure
from its amino acid sequence on the atomic scale[62]. Yet, while
predictive computational models will most certainly play a large
role going forward in advancing our understanding of life on the
molecular level, and in predicting completely new structures for
biophysical[63, 64] and theraputical[65, 66] studies, computational
simulations can never completely replace experimental data2.2: Of course, AI should be used in

conjunction with experimental data;
which confirms any predictions and
reveal domain arrangements, while
AI provides atomic details[64, 67].

Single-molecule detection and analysis enables us to experiment-
ally observe protein dynamics, their self-interactions (oligomeriz-
ation and aggregation) or their interactions with other proteins
and ligands; even on the scale of a single or a few proteins. With
stable and strong fluorescent dyes conjugated to the proteins it is
possible to observe these events on a single event level[68]. How-
ever, in order to guarantee that only single events are observed,
the excitation volume from which light is collected needs to be
reduced drastically. This is commonly done with confocal setups,
which limits the excitation light to only in-focus light. However,
while the small excitation volume is small, so is the time which the
protein spends inside that volume; limiting observation time.

The limited observation time can be extended by encapsulating the
protein within the confocal excitation volume. A crude way to do
this is to directly tether the protein to a surface, for instance by at-
taching biotin-modified biomolecules to streptavidin-modified sur-
faces[69]. However, this can limit the conformational freedom[70]
and induce changes in the protein structure due to interactions with
the surface[71]. In order to truly study proteins in their native state,
universal label-free detection is required. Our approach to achieve
this is to trap the proteins in small containers. This would both
confine the protein for long times and, if the walls are repelling,
allow the proteins free diffusional movement within a confined
optical detection volume with little interactions with the surface.
This has been attempted with soft matter containment, such as
within liposomes[70, 72]. However, liposomes have drawbacks in
lack of yield; it is difficult to trap many proteins within the vesicle,
making studies on protein-protein interaction difficult. Also, the
nature of the vesicle limits diffusion of small molecules to cross the
membrane to access the protein, making studies on protein-ligand
interaction difficult. To achieve long-term measurements of these
interactions, a permeable barrier where small molecules, ions and
ligands have unhindered access to the protein, is necessary.
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4.2 Thermo-responsive gating with PNIPAM

Figure 4.1: SEM image of nanowell.
Image taken by Bita Malekian.

In summary, the main considerations that need to be considered
for the biomolecular trapping device is that (1) it has to be able to
selectively catch and capture proteins, that (2) the proteins remain
trapped for a long duration (at least several minutes), and that (3)
it allows unhindered access for small molecules and ligands to the
proteins, so that interactions and conformational changes when
exposed to those small molecules and ligands can be observed.

A

B

C

D

T = 25°C

pH = 7.4

T = 25°C

pH = 7.4

T = 40°C

pH = 7.4

T = 40°C

pH = 6.0

Figure 4.2: Illustration of the thermo-
responsive trapping and gating of
the nanochamber. (A) At low temper-
atures the polymer brushes are ex-
tended and prevent proteins access
to the nanochamber. (B) At high tem-
peratures the brush collapses due to
self-interactions, which causes the
"gates" to open and allows proteins
to enter the nanochamber. (C) At
low pH the proteins stick to the in-
terior due to attractive interactions
with the silica surface. (D) Decreas-
ing the temperature, and afterwards
increasing the pH back to physiolo-
gical conditions, closes the gates and
releases the proteins. The proteins
are thus effectively captured inside
the nanochambers, as they have no
way of exiting through the pore. This
illustration is not to scale.

Such a device, and its trapping mechanism, is illustrated in Figure
4.2. It is based on plasmonic nanopore arrays with small nanocav-
ities previously made by Malekian et al. (see Figure 4.1)[60]. These
structures consist of a silica substrate onto which a 30 nm gold film
has been deposited. Using colloidal lithography, the gold is not
deposited on the substrate on the sites the colloids are adsorbed,
and removing the colloids after the gold deposition leaves a small
hole in the gold film; which will become the nanopore. Etching the
silica substrate generates the nanochamber, and the nanopore in
the gold film allows us to chemically modify the entrance.

The selective trapping mechanism is based on the well-known
self-interaction of PNIPAM3

3: Poly(N-isopropylacrylamide)

brushes at elevated temperatures[73];
these allow the brush to switch from an extended to a collapsed
state, as mentioned in the theoretical introduction. At low tem-
peratures (<30◦C), the brush will be extended and fully cover the
nanopore opening (Figure 4.2A). This will deny all macromolecules
larger than about 1 kDa[74], such as water, ions and small ligands,
access to the nanochamber. Once the temperature is increased,
and the macromolecular "gates" are open, the proteins are free
to diffuse into the nanochamber. In the open state (Figure 4.2B),
the distribution of proteins in the nanochambers should equal the
concentration of the solution. So, for instance, at a concentration
of 1 µmol L−1 we would expect, on average, one protein in the one
attoliter large chamber. This can be used to capture only a handful,
or even individual, proteins in the nanochambers.

However, in order to get high concentrations of proteins — even
higher than the solution concentration — the proteins need to
"stick" inside the nanochamber, and long enough for the gates to
be closed while they are still inside. This can be done by tuning the
degree with which the protein interacts with the glass substrate
inside the nanochambers. The main source of interaction between
(most) globular proteins and silica is generally agreed to be elec-
trostatic interactions[75–80]. These interactions are most easily
tuned by changing the solution pH closer to, or away from, the
isoelectric point[77, 81]. There are also reports that hydrophobic
interactions and hydrogen bond-formations with the outer water
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layer of the surface are involved in stabilising the adsorption of
bovine serum albumin (BSA) on silica[81], which is the most well-
studied globular protein. Interestingly enough, only parts of the
protein actually penetrate this water layer, and it is believed that
it is the strong (electrostatic) interactions with these parts of the
protein that makes the adsorption possible[80, 81]4.4: The article by Kubiak-Ossowaska

et al. goes into detail on the adsorp-
tion mechanism of BSA on silica[81]. BSA, which is the protein that was predominantly used to prove the

pH controlled trapping mechanism, has been shown to form com-
plete monolayers at pH 6[81]. Therefore, by introducing the protein
at a lower pH and an elevated temperature to the nanochambers,
they will adsorb on the silica surface in the nanochambers (Figure
4.2C). Once the proteins are adsorbed, increasing the temperature
will close the "gates" while ensuring that the protein remains inside
the nanochamber. Note, the solution pH is largely unaffected by
changes in temperature in acidic conditions[82], so no premature
desorption should occur. Finally, by exchanging the solution back
into physiological pH should desorb the proteins, due to unfavour-
able electrostatic interactions, and the protein is effectively trapped
in the nanochamber (Figure 4.2D). Of course, the polymer brush
being extended again does not only prevent the trapped proteins
from leaving the nanochamber, it also prevents new proteins from
entering. This enables studies to be performed with two physically
separated domains of, say, an enzyme reaction; making studies of
ligand exchange or substrate cycling possible.

4.3 Conversion of lactose in nanochambers
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Figure 4.3: Demonstration of the gat-
ing and trapping mechanisms of the
nanochamber. (A) Fluorescent ima-
ging of a gated nanopore membrane.
Fluorescent BSA is only able to dif-
fuse through the pore at 40◦C. (B)
QCM-D verification of the adsorp-
tion and desorption of BSA. Meas-
urements were made by J. Svirelis.

Previous work done by the main author Justas Svirelis had suc-
cessfully demonstrated that stable trapping of multiple proteins
within the chambers was possible, and that proteins are only able
to pass through the nanopore once a certain temperature had been
reached and the brushes were collapsed, as shown in Figure 4.3.
In Figure 4.3A, fluorescent BSA was introduced to one side of a
nanopore membrane — identical to the one in the nanochamber,
but without the silica — and only once a threshold temperature was
reached did the fluorescence intensity increase on the other side
of the membrane. At room temperature the nanopores remained
closed to the BSA. This demonstrates the gating mechanism of
the device. The multiple protein trapping mechanism was verified
with QCM-D, as shown in Figure 4.3B. Here, BSA is introduced to
a silica crystal at 40◦C and pH 6.0. The adsorption gave an overall
reduction in frequency of 20 Hz. The reversibility is demonstrated
by lowering the temperature, as per the protocol when working
with the nanochambers, and changing the solution pH to 8.0. All
BSA was observed to release upon the increase in pH.
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Figure 4.4: Enzymatic hydrolysis of
lactose to d-glucose and oxidation of
d-glucose to d-glucono-1,5-lactone
catalysed by GAL and GOX.

Having shown that selective catching and trapping of proteins was
successful, the applicability of the devices for bioanalytical studies
was investigated with the standard cascade5

5: An enzymatic cascade reaction is
a sequence of successive reactions
involving enzymes, where the main
product of each preceding reaction
is consumed in the next reaction.

reaction of GAL and
GOX to breakdown lactose into d-glucose, and further into H2O2
and d-glucono-1,5-lactone (Figure 4.4). QCM-D was used to verify
that GOX and GAL were able to bind on silica, as shown in Figure
4.5. The frequency changes for both GOX and GAL were slightly
higher than those recorded for BSA (Figure 4.3B), and the kinetics
were slower. This is likely due to the greater molecular weight of
GOX (160 kDa) and GAL (465 kDa) compared to BSA (66 kDa).
As both GOX and GAL are globular proteins, like BSA, and since
their isoelectric points are similar6

6: The isoelectric point of BSA is
4.5-4.8, of GAL 4.6 and of GOX 4.2.

it is expected that they interact
similarly with the silica. GOX and GAL were also observed to fully
release once exposed upon an increase in pH.
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Figure 4.5: Verification of adsorp-
tion and desorption of 50 µg/mL
GOX (solid) and GAL (dashed) by
tuning the solution pH. The running
buffer was 150 mM PBS at pH 6.

Nanochambers

Planar gold (control)

GAL channel
(cyanine-3)

GOX channel
(fluorescein)

Figure 4.6: Dual-channel imaging of
GAL and GOX labelled with fluores-
cent dyes (cyanine-3 and fluorescein
respectively) and trapped together
in PNIPAM-gated nanochambers.

While the QCM-D data verified that both GOX and GAL were able
to adsorb on silica, further verifications that they could bind at
the same time was performed with nanochambers modified with
PNIPAM brushes. An SEM image of such a chamber, also referred
to as a "nanowell", is shown in Figure 4.1. The chambers were
loaded by heating a solution at pH 6.0 containing 50 µg/mL GOX
and 50 µg/mL GAL to 40◦C and exposing the nanochambers to
the solution for 60 minutes. The solution was then allowed to cool
down, sealing the adsorbed enzymes inside the nanochambers.
Native GOX and GAL that had been conjugated with two separate
fluorescent dyes — GAL with cyanine-3, which is excited at 511 nm
and emits at 569 nm (yellow), and GOX with fluorescein, which
is excited at 498 nm and emits at 517 nm (green) — was used for
the verification. As can be seen in Figure 4.6, the nanochambers
gave signal for both GOX and GAL; indicating that they could
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be trapped together. While the exact surface coverage — and by
extension the relative concentrations once desorbed — of the two
enzymes were not investigated further, the high achievable overall
concentrations inside the nanochambers should ensure that there
is enough of each type of enzyme in each nanochamber7.7: We estimate that the nanocham-

bers are able to capture close to 600
individual BSA proteins, so it is not
unlikely that each nanochamber con-
tains close to, or even more than, a
hundred of each enzyme type.

The activity of the enzymes was investigated with the H2O2 sensit-
ive fluorescent probe Amplex red (AR). AR can react with H2O2
to create resorufin, which is a fluorescent molecule that is excited
at 571 nm and emits at 584 nm (yellow), according to the reaction
in Figure 4.7A. This reaction is catalysed by HRP. After loading
native GOX and GAL in a similar fashion to the verification experi-
ment, the fluorescent intensity of resorufin was recorded after the
injection of a solution consisting of 30 μM AR, 0.1 U/ml HRP and
150 μM lactose. A representative time trace is shown in Figure 4.7B,
as well as a control performed without the added lactose.

Figure 4.7: Fluorescent detection of
the enzymatic cascade reaction in
the nanochambers. (A) Reaction of
AR with H2O2 catalysed by HRP,
which generates the fluorescent mo-
lecule resorufin. (B) Fluorescence
intensity increase from nanocham-
bers with trapped native (unlabeled)
GAL and GOX upon introducing
lactose, HRP and AR (zero seconds).
The control intensity trace had no
lactose included, only HRP and AR.

Lactose injection

Amplex control

N

OHO OH

O

N

OHO O
H2O2

HRP

Resorufin (fluorescent)Amplex red (non-fluorescent)

O2

0 10 20 30 40 50 60

Time (s)

0.0

1.0

2.0

2.5

F
lu

o
re

sc
en

ce
 i

n
te

n
si

ty
 (

×1
04 )

1.5

0.5

A

B

Background Control + Lactose
0

3

F
lu

o
re

sc
en

ce
 i

n
te

n
si

ty
 (

×1
04 )

2

1

Figure 4.8: Fluorescence intensities
after exposing nanochambers with
GOX and GAL to 30 μM lactose for
15 minutes (and a control sample).

As can be seen, a considerable amount of resorufin is generated
when the lactose is added compared to the control; verifying that
the enzymes are active and that reactants (lactose) are able to enter
the nanochamber and that the products (H2O2) are able to leave.
As AR is known to be able to generate resorufin even in the absence
of HRP and H2O2, a control must always be performed. This is
believed to be due to photo-oxidation, from ambient light[83] or
even from strong excitation light[84], initiated by trace amounts
of resorufin in the sample and further catalysed in the presence
of HRP. However, even after 15 minutes, a sample with equimolar
lactose to AR still generated a significantly higher fluorescent
output, as shown in Figure 4.8; again, demonstrating that H2O2
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is generated. While the photo-oxidation of AR is troublesome for
continuous measurements, such as those performed here where
the kinetics were deemed important, this effect would be reduced if
the sample was incubated without exposure to light and measured
after a set amount of time8. Despite the expected high background, 8: This is how AR assays are usually

used in quantitative studies, and for
single measurements no increase in
fluorescence is expected[83].

the faster recorded kinetics and the higher fluorescent output
even after continuous exposure to excitation light for 15 minutes
clearly shows that cascade reactions can be successfully run in
the nanochambers and that the polymer brush solves the well-
known problem of achieving continuous exchange of reactants
and products to and from confined enzymes and proteins[85].

As the device enables binding of high amounts of proteins without
immobilization scaffolds or surface adsorption it also allows study-
ing enzymes and proteins in their unmodified native state. Addi-
tionally, the high achievable concentrations in the small nanocham-
bers also enables studies on catalytic enhancement effects due to
proximity or substrate channelling where intermediary products
of cascade reactions are directly transferred from one enzyme to
the next, without complete mixing with the bulk phase[86].

4.4 Cofactor cycling of NAD
+
/NADH
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Figure 4.9: Cofactor cyclic reaction
of NADH to NAD+, and then back to
NADH, driven by the enzymatic ox-
idation of ethanol to acetaldehyde by
ADH and the oxidation of d-glucose
to d-glucono-1,5-lactone by GOX.

Further verification that the nanochambers could be used for
biocatalytic applications, where the substrates act as biocatalytic
surfaces that perform a certain reaction, was demonstrated with the
transport and cycling of the redox cofactor nicotinamide (NADH)
and its oxidised equivalent (NAD+) in and out of the nanochamber.
The enzyme alcohol dehydrogenase (ADH) and its oxidation of
ethanol to acetaldehyde was used to drive the reduction of NAD+

to NADH inside the nanochambers. Outside the nanochambers,
in the solution phase, the cofactor was cycled back from NAD+ to
the reduced state. The cofactor cycling was driven by the oxidation
of d-glucose to d-glucono-1,5-lactone by GOX, which generates
H2O2, which in turn can reduce NAD+ to NADH when coupled to
the HRP-H2O2 cycle as a redox mediator[87]. The overall reaction
scheme is shown in Figure 4.9. This is a similar to a cascade cycling
system previously described by Lv et al.[88], where ADH and GOX
were encapsulated inside peroxidase-like colloids.

ADH was adsorbed within the nanochambers using silica modified
with aminopropylsilatrane (APS), according to a previous protocol
published by Andersson et al.[89], as this allowed the enzyme to
retain its structure upon binding to the surface. The APS here is a
"soft coating" compared to the silica to prevent denaturation of the
enzyme. The adsorption of ADH on APS-modified silica was veri-
fied with QCM-D, as shown in Figure 4.10. The frequency change
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was comparable to what was seen for GOX (Figure 4.5), which is
expected as the molecular weights of the two are comparable; with
ADH at ∼150 kDa and GOX at 160 kDa. Rinsing with PBS buffer
at pH 7.0, marked by the arrow at ∼65 minutes, lead to a steady
increase in frequency. This indicates that the enzymes are able to
release slowly from the surface after adsorption, and that not all
enzymes are attached to the walls during the cofactor cycling

Figure 4.10: Verification with QCM-
D of adsorption of 100 µg/mL ADH
on APS-modified silica. The running
buffer was 150 mM PBS at pH 7.0.
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Figure 4.11: Fluorescent verification
of the transport of NADH through
PNIPAM-modified pores. Measure-
ment by J. Andersson.

NADH is known to absorb in the UV-A region of light[90], with a
characteristic peak at ∼340 nm. Meanwhile, NAD+ does not absorb
in the same region; allowing us to track changes in absorbance
at 340 nm to monitor the reduction of NAD+ to NADH in real-
time. NADH is also known to fluoresce with emission centred
around 460 nm when excited at 340 nm[91], which is not the case
for NAD+. Therefore, fluorescence imaging (similar to the one in
Figure 4.3B) was used to verify that NADH is able to diffuse through
a PNIPAM-gated nanopore membrane (Figure 4.11). NADH and
NAD+, in separate measurements, were introduced to one side of
the membrane and the fluorescence was measured on the other
side by excitation with a 375 nm LED diode. This is still within the
wide absorbance region of NADH. After the injection, the intensity
trace clearly shows that NADH is able to pass through the nanopore
membrane and emerge on the other side. Upon rinsing, the signal
is reduced as NADH diffuses back through the membrane again.
Injecting NAD+ did not generate any fluorescence.

Having shown that transport of NADH through nanopore mem-
branes was possible9, the cofactor generation and cycling was9: This also means that the diffusion

of the cofactor and its oxidised state
in and out of the nanochambers is
possible despite the brushes.

monitored in-situ with an optical flow setup which allowed for
continuous absorbance readout over the nanochambers. Measuring
"through" the nanochambers allows us to monitor the generation of
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NADH from the reaction with ADH inside, as well as the oxidation
back to NAD+ in the solution above from the reaction with GOX.
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Figure 4.12: Absorbance spectra be-
fore and after addition of ethanol (3
hours) to nanochambers containing
trapped ADH.

With only ADH in the nanochambers, an injection of ethanol gave
a positive readout on the absorbance in the UV-A region (Figure
4.12). The absorbance at 340 nm was monitored over time, and
a representative time trace is shown in Figure 4.13 (solid line).
Over time, the absorbance increased linearly, which confirmed that
the ADH remained active inside the nanochambers and that the
NAD+ cofactor is able to diffuse into the nanochamber, undergo the
enzymatic reduction to NADH, and then leave the nanochamber.
If NADH was to "stick" inside the nanochamber, or if NAD+ was
unable to enter it, the absorbance change would be negligible.
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Figure 4.13: NADH cofactor genera-
tion (solid) and cycling (dotted) with
ADH trapped in nanochambers and
with and without GOX, HRP and d-
glucose in the solution, in addition
to the injected ethanol. The running
buffer was 150 mM HEPES pH 7.5.

Introducing GOX, HRP and d-glucose to the solution above the
nanochambers led to a reduction in the rate of absorbance increase
(dashed). Any generated NADH that leaves the nanochamber is
quickly intercepted and reacts with H2O2 and HRP to be oxidised
back into NAD+. This NAD+ is then free to diffuse back into the
nanochamber, thus closing the cycle. However, only the generated
NADH that leaves the nanochambers can be oxidised since the
GOX and HRP are excluded from the nanochambers, which means
that a slight increase in absorbance is always expected. Also, all
NADH may not react at once in the solution. Nevertheless, the
reduction in absorbance increase for the cofactor cycling system
demonstrates again that continuous exchange of reactants and
products to and from the nanochambers is possible, and that the
enzymes maintain their enzymatic activity on the scale of at least
several hours once trapped inside the nanochambers.
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This chapter summarises the second paper presented in this licenti-
ate thesis, "Enzymatic Polymer Brush Interfaces for Electrochemical
Sensing in Biofluids". It is currently available as a preprint[4].
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5.1 Scientific context

Electrochemical sensors are widely used for selective and sensitive
detection of biological markers[92, 93]. This is because of their
ability to continuously monitor electron transfer events, making
it possible to both detect the presence of electroactive species
in the solution as well as quantification of the amount of spe-
cies at the electrode surface at biologically relevant distances and
time scales. These features are relevant for the development of
new diagnostic sensors for neural disorders, as they enable the
direct monitoring of relevant biomarkers connected to those con-
ditions. Chronoamperometric measurements offer detection of
neurotransmitter biomarkers for neurological pathologies, with
sub-millisecond temporal resolution[92, 94, 95] and spatial resolu-
tion down to single micrometres[96]. This has enabled real-time
detection of neurotransmitter release in individual neurons at
sub-millisecond resolutions[94, 97, 98], as well as detection of the
release of as little as a few thousand molecules[94, 98].

O O

2H+ + 2e-

Gold electrode

Enzymes

HO OH H2OBiomarker

Figure 5.1: Example and working
principle of enzymatic biosensing.

However, while some biomarkers, such as dopamine or serotonin,
can be directly monitored using electrochemistry, most biological
markers are not electroactive; and can thus not be electrochemically
detected. This is the case for the two neurotransmitters that are of
interest in this study; glutamate and acetylcholine. To overcome this
limitation, a biosensor that is chemically selective to each of these
biomarkers can be created by attaching enzymes on the surface
that convert the non-electroactive biomarker into an electroactive
species, commonly hydrogen peroxide (H2O2). This has previously
enabled detection of both glutamate[99] and acetylcholine[100].
An example of an enzymatic biosensor is shown in Figure 5.1.

However, it is difficult to design a biosensor with an enzymatic
interface in which the enzyme can be immobilised in high quantity,
while at the same time preserving their activity. In addition, most
interfaces cease to function in complex biofluids due to “fouling”
of the electrode surface. This is because any matter that binds to
the electrode non-specifically will interfere with the ionic electric
circuit and hinder electron transfer, thus decreasing the current
and selectivity. While polymer brushes are commonly grafted to
such surfaces just for the purpose of giving them fouling resistance,
the addition of matter from the polymer brush could itself hinder
electron transfer and reduce the electrode current[101]. Therefore,
a fouling resistant coating must both be able to resist non-specific
absorption while allowing unaltered access to the electrode surface
for small molecules and substrates to undergo redox reactions.
While several potential solutions are possible11: For example, studies have used

hydrogels[102] or conductive porous
matrices[101] for enzyme anchoring
to achieve the same purpose.

, this study is the
first to investigate enzymes conjugated to polymer brushes as
dual-function solution to the fouling and immobilisation issues.
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5.2 Enzymatic interface design

In summary, the main considerations that need to be considered
for the enzymatic interface is that (1) it has to be able to incorporate
enzymes, that (2) it has to give the electrode fouling resistance, that
(3) it allows unhindered access for small molecules to the electrode
surface, and that (4) the anchoring of the interface to the electrode
surface is electrochemically stable.

Such an enzymatic interface is demonstrated in Figure 5.2A. Issues
1 and 2 are solved by the use of PAA2 brushes, which both offer 2: Poly(acrylic acid)
the innate fouling resistance of the polymer brush, while at the
same time containing reactive moieties in the -COOH groups that
we are able to use for enzyme conjugation. At physiological pH
and salt, electrostatic repulsion between the negatively charged
polymers will cause the interface to swell, and the coupled water
(in addition to the steric repulsion that the polymers themselves
offer) will prevent other biomolecules larger than about 1 kDa[74]
from accessing and fouling the electrode surface. As biomarkers
generally have lower molecular weights than this threshold3, there 3: For the interest of this study, gluc-

ose is 180.16 Da, glutamate is 147.13
Da, and acetylcholine is 146.21 Da.

should be little to no issue for the biomarkers to diffuse through
the polymer brush, react with the enzymes, and for the generated
H2O2 to diffuse to and react with the electrode surface.

O

NH

OO

Biomarker

Complex biofluid

A B

C

Enzyme

Figure 5.2: Illustration of the inter-
face. (A) The interface incorporates
enzymes that can selectively break
down biomarkers, while preventing
fouling from other biomolecules. (B)
Poly(acrylic acid) brushes are func-
tionalized with enzymes by linking
-COOH and -NH2 groups with ED-
C/NHS chemistry. (C) The brush is
securely anchored by electrochem-
ically stable aryl bonds, which also
ensures the electrode remains highly
accessible for Faradaic reactions.
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Figure 5.3: Schematic of the initial
NHS functionalisation of the PAA
brush with the EDC/NHS activation
and the enzyme conjugation to the
NHS functionalised PAA brush.

The immobilisation of enzymes into the polymer brush was done
with an EDC/NHS functionalisation (5 mM EDC + 10 mM NHS)
of the brush, followed by a covalent amine coupling of the enzyme
to the functionalised brush. This results in a permanent (covalent)
bond, in the form of an amide, between the enzyme and the brush,
as illustrated in Figure 5.2B. The EDC/NHS functionalisation is
described in more detail in the methodology. A scheme showing
the EDC/NHS functionalisation and the following enzyme coup-
ling reaction is shown in Figure 5.3. It was based on a previous
protocol developed by two co-authors in Paper II, G. Ferrand-Drake
del Castillo and M. Kyriakidou[103]. Previously, the EDC/NHS
functionalisation and the following immobilisation of GOX were
both done in 50 mM MES buffer at pH 4.0.sidenote[][*7]Note,
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Ferrand-Drake del Castillo also used a higher concentration of
EDC (40 mM) and NHS (20 mM).. However, the low pH was
deemed to be unsuitable for the more sensitive enzymes used for
neurotransmitter detection. Therefore, a MES buffer with a higher
pH of 5.0, but a lower ionic strength of 10 mM, was used for the
immobilisation. Decreasing the ionic strength will increase the pKa,
making it possible to protonate the PAA brush at a higher pH[104].
As it is likely strong hydrogen bonding between the enzyme and
the PAA brush that is the driving force for interaction[10], and later
immobilisation, this solved the issue of protein stability due to low
pH while still making the immobilisation feasible4.4: In fact, a simulation-based study

found that a higher ionic strength
lead to more water-protein interac-
tions compared to protein-protein,
which in the case of PAA-protein in-
teractions could mean that a lower
ionic strength is beneficial[105].

Issue 3 is solved by the use of an polyelectrolyte brush, which are
known for their high degree of swelling and water content[106].
As mentioned previously, molecules smaller than about 1 kDa are
able to diffuse unhindered through a polymer brush[74], making
it a suitable scaffold for the enzymatic interface. Issue 4 is solved
by choosing an electrochemically stable anchoring molecule that
connects the polymer brush to the electrode surface. Thiolalkanes,
which are used for the other polymer brush synthesis in this thesis,
are not suitable for electrochemical applications as they are prone
to desorb from the surface if exposed to negative voltages[107]
and reduce electron transfer rates[108]. An electrochemically stable
anchoring layer can be obtained with the diazonium compound5 at-5: Diazonium compounds are de-

rivatives from aromatic amines that
have undergone an elimination reac-
tion to contain the diazonium ([R—
N+≡N]X-) functional group.

tached covalently to the electrode. Monolayers based on diazonium
salt precursors are known to be electrochemically stable[109], and
have previous electrochemistry applications with polyelectrolyte
brushes[61]. Such a diazonium layer is shown in Figure 5.2C.

5.3 Surface characterisation
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Figure 5.4: SPR spectra measured in
air with the 980 nm laser of bare gold
(solid), after polymer brush forma-
tion (dashed) and after ex-situ GOX
immobilisation (dotted).

As an initial proof-of-concept, the conjugation chemistry was tested
and analysed with the model enzyme glucose oxidase (GOX). SPR
was used for quantification of the amount of PAA and bound GOX
in the brush via Fresnel modelling in the dry state, as shown in
Figure 5.4, as well as to investigate how the hydration of the brush,
i.e., ratio of water and polymer, changed after the immobilisation,
as shown in Figure 5.5. After the polymerisation, and again after the
immobilisation, clear shifts were observed in the SPR spectra. The
increase in SPR angle from the polymer coating to after the ex-situ
immobilisation of GOX corresponds to an increase of approximately
20 nm, which is the same as having a surface coverage of 2.69
µg/cm2 GOX using the commonly accepted protein density6

6: This is a rough estimate. The pro-
tein density is most likely a molecu-
lar weight-dependent property[110].

of
1.35 g/cm3. As a comparison, the surface density of the polymer
itself was 4.32 µg/cm2, meaning that the brush consists of almost
40% GOX after the immobilisation (on a mass basis). Given that the
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dimensions of an individual GOX enzyme is 60×52×77 Å3[111], the
average projected coverage should be 39.1 nm2 and the maximum
surface density of a monolayer should then correspond to 0.68
µg/cm2. See calculations in the margin

A densely packed GOX monolayer,
where each enzyme uses 39.1 nm2,
contains 2.55 × 1012 enzymes/cm2,
or 4.23 pmol/cm2. As the molecular
weight is 160 000 g/mol, this equals
a surface density of 0.68 µg/cm2.

ΓGOX =
1

𝐴GOX

𝜚GOX = ΓGOX

(
𝑀GOX
𝑁𝐴

)

7

7: Reference measurements on gold
with a COOH-functionalised anchor
layer gave a monolayer coverage of
0.70± 0.01 µg/cm2, which indicates
that the GOX packs as tightly as it
can or that it favours a more upright
distribution on the surface.

. As this is only 25% of
the surface density of the average GOX sample, it clearly indicates
that the GOX is able to bind in multilayers within the hydrated
polymer brush and be able to reach deep within the brush during
the conjugation process via so called ternary adsorption.

This exceptionally high capacity of protein binding has long been
believed to be because of electrostatic interactions between the
polymer brush and the protein[112]. However, more recent evidence
suggests that it is a combination of hydrophobic interactions and
hydrogen bonding between the protonated polymer and the protein
that is the main driving force between the interactions[104]. In the
case with NHS-modified PAA, hydrophobic interactions should
be a significant attractive force due to the loss of COOH-units.

The hydration properties of the brush before and after the im-
mobilisation of GOX were investigated using the non-interacting
probe method, with 20 mg/ml 35 kDa PEG as the non-interacting
probe. The polymer itself showed a great degree of hydration,
swelling to almost 10 times its thickness in the dry state, and a
high, but reduced, swelling close to 3.5 times compared to the dry
state was observed after the enzyme immobilisation8. However, 8: This is likely due to incorporation

of charges into the brush leading to
more electrostatic self-interactions,
which would counteract the same-
charge repulsion that gives polyelec-
trolytes their high swelling ratios, as
well as cross-linking where one en-
zyme binds to more than one chain,
which would conformationally limit
the swelling of the brush.

when comparing just the water content of the brush, the brush
after enzyme immobilisation still consists of over 70% water. The
same number before the immobilisation is almost 90%. In fact,
even despite the incorporation of enzymes into the brush, it still
contains a similar amount of water as neutral polymer brushes,
such as PNIPAM[3] and PHEAA[113], when completely swollen.
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Figure 5.5: Dry thicknesses and ex-
clusion heights calculated from SPR
measurements in PBS at pH 7.4, after
ATRP and enzyme conjugation. Er-
ror bars are from replicates.
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The EDC/NHS functionalisation and the following conjugation
of GOX was also monitored in real-time with SPR, as shown in
Figure 5.6. SPR was measured at three different wavelengths (670
nm, 785 nm and 980 nm) in order to probe the kinetics of the
conversion at different depths in the brush. In essence, the longer
the wavelength of the light, the deeper into the solution it measures
changes in refractive index. Using Equation 3.19, described in the9: Using 𝜂𝑑 = 1.33 as the refractive

index of water and 𝜀𝑚 = 9.30 as the
dielectric constant of gold.

theoretical background, we can estimate the decay lengths10 to 200

10: The actual decay lengths are all
slightly smaller since the polymer
brush and enzymes increase the wa-
ter’s effective refractive index.

nm (at 670 nm), 235 nm (at 785 nm) and 293 nm (at 980 nm). The
respective probe depths are about half of these decay lengths. As
the brush used in the experiment was almost 300 nm when fully
extended, and since the polyelectrolytes are known for decreasing
in thickness when protonated[114], the longest wavelength should
be sufficient to probe the overall change in mass on the surface
whereas the two shorter wavelength lasers should probe changes
in the interior of the brush up to their respective limits.

Figure 5.6: In-situ EDC/NHS func-
tionalisation (5 mM EDC + 10 mM
NHS) and enzyme conjugation (500
µg/mL) measured with SPR at 670
nm (solid), 785 nm (dashed) and 980
nm (dotted). The running buffer is
10 mM MES pH 5.0. The change in
total internal reflection (TIR) angle,
which corresponds to the bulk re-
fractive index, is also shown. (A)
40 min EDC/NHS functionalisation
followed by rinsing. (B) 40 min GOX
immobilisation followed by rinsing.
Note, the TIR shifts are an order of mag-
nitude smaller than the SPR shifts.
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Figure 5.7: Contact angles relative to
water before and after EDC/NHS.

During the EDC/NHS functionalisation, marked with "A" in
Figure 5.6, all wavelengths showed a similar response, albeit with
varying magnitude due to the difference in sensitivity at longer
wavelengths. The immediate increase in signal is most likely due to
an increase in hydrophobic cohesion within the brush11, and thus

11: Using a non-interacting probe to
remove the bulk response[49] gave
an almost identical angle shift, mean-
ing that the SPR shift should origin-
ate from a surface event.

expelling the water, after the conversion of acrylic acid groups to
1-((2-methylbutanoyl)oxy)-2,5-dioxopyrrolidine-3-sulfonate. This
can be seen as a significant increase in the contact angle in Figure
5.7, meaning that the surface becomes more hydrophobic after
the conversion. A similar increase in hydrophobicity was reported
by Schüwer et al. when activating poly(methacrylic acid) brushes
with EDC/NHS[115]. After 40 minutes the surface was rinsed with
the running buffer, 10 mM MES buffer at pH 5.0, and the slow
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decrease in SPR angle indicated that hydrolysation of the NHS
groups was slow, or due to a prolonged liquid exchange.

When GOX was injected to the NHS-activated surface it generated
different responses at the three laser wavelengths. Looking at 670
nm, the response is rapid with a distinct "bump" after 15 minutes
(at 78 minutes in Figure 5.6), after which the response begins to
decrease until the end of the injection 25 minutes later. A similar
response is observed at 785 nm, and a clear levelling of the response
at 980 nm can be observed after the "bump". This is an indicator
that two competing processes are taking place at the same time;
one being the immobilisation of GOX, which would increase the
SPR angle, and the swelling of the brush12, which would decrease 12: The swelling is likely a result

of the introduction of charges into
the currently protonated and NHS-
modified (neutral) brush; leading to
same-charge repulsion.

the SPR angle. As noted before, the 980 nm laser measures changes
in the entire brush. Therefore, no more mass, i.e. enzymes, are
added to the surface as the response levels out. The "bumps" seen
with the 670 and 785 nm lasers can be explained by the swelling
of the brush within their evanescent fields. As the polymer brush
extends into solution, mass is replaced by water13, and thus the 13: Which cannot be seen by the SPR,

as it has the same refractive index as
the bulk. Water adds "nothing".

SPR angle decreases as the total mass within the field decreases.
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Figure 5.8: In-situ EDC/NHS func-
tionalisation (5 mM EDC + 10 mM
NHS) and enzyme conjugation (500
µg/mL) measured with QCM-D at
different overtones. The running buf-
fer is 10 mM MES pH 5.0. The change
in frequency is shown to the left (in
blue) and the change in dissipation
is shown to the right (in orange). (A)
40 min EDC/NHS functionalisation
followed by rinsing. (B) 70 min GOX
immobilisation followed by rinsing.

A complementary technique that can be used to investigate this
behaviour is QCM-D. Unlike SPR, QCM-D measures not only the
adsorption of mass onto the surface, but also of any coupled water
that attaches. Also, similar to the SPR, different overtones can be
used to probe at different depths into the solution. Using Equation
3.314, we can estimate the penetration depths to 138 nm (at 𝑛 = 3), 14: Using 𝜂𝑚 = 8.90 × 10−4 Pa s as

the viscosity of water and 𝜌𝑚 = 997
kg/m3 as the density of water.

90 nm (at 𝑛 = 7) and 72 nm (at 𝑛 = 11)15. Real-time monitoring of

15: Note that the penetration depths
are probably somewhat larger as the
parabolic concentration gradient of
polymer and enzyme greatly affects
the films viscosity-to-density ratio.

the EDC/NHS activation and GOX conjugation measured with
QCM-D is shown in Figure 5.8 with three overtones, 𝑛 = 3, 𝑛 = 7
and 𝑛 = 11. Similar to the SPR trace, the EDC/NHS activation
appears to be almost instantaneous. The decrease in dissipation
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confirms that the brush is collapsed after the activation and the lack
of an increase during the rinse with MES buffer, after 50 minutes
in Figure 5.8, confirms that the hydrolysation is indeed slow.

During the GOX immobilisation, marked with "B" in Figure 5.8, we
can see an initial rapid decrease in frequency, with little to no in-
crease in dissipation16. After 10 minutes exposure, a "bump",similar16: The frequency decrease seen be-

fore the dissipation increase is over
150 Hz (at 𝑛 = 3), which also indic-
ates multilayer formation of GOX.

to what was seen in the SPR occurs at the two higher overtones as
the dissipation begins to increase more rapidly. The large increase
in dissipation, even greater than the initial value before the ED-
C/NHS activation, tells us that the adsorbed film becomes more
viscous, i.e. less rigid, than it was in its protonated state.

As mentioned before, this is likely due to the additional charges of
GOX leading to same-charge repulsion and swelling. The slight
increase in frequency in the two higher overtones can be explained
by the uptake of water dominating over the uptake of enzymes.

5.4 Electrochemical characterisation

Having successfully fabricated and characterised the polymer coat-
ings and made sure that the enzyme immobilisation functioned,
an electrochemical evaluation of the electrodes was done with
cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS). These two techniques allow us to investigate how the
electrodes behaviour in a standard redox reaction changes as the
polymerisation is done and after the enzymes are immobilised.
We used CV to probe for the diffusive properties of the electrodes,
i.e., if the polymer coating and enzyme coatings slowed down or
prevented diffusion from the solution to the surface, and we used
EIS to probe for any changes in charge transfer resistance, i.e., if the
coatings affected the electrodes ability to participate in reactions.
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Figure 5.9: CV data (third cycle) of
bare gold, after polymer brush form-
ation and after GOX immobilisation
measured at 25 mV/s in the pres-
ence of 1 mM ferrocenemethanol.

CV was measured at several scan rates, from 10 mV/s up to 360
mV/s, as the peak current of a redox event is correlated to the
scan rate and diffusive properties of the redox species, according
to the Randles–Ševčík equation described in the methodology (see
Equation 3.4). The scans showed very similar responses for the three
types of samples, as shown in Figure 5.9, despite the substantial
amount of mass added to the electrodes. This suggests that the
electrode availability of the redox probe was not significantly
altered by the addition of the diazonium salt anchoring layer,
the polymer brush, or the enzymes, which is in stark contrast to
previous studies done with thiol chemistry[108].

The only notable deviation that was observed was the broadening
of the oxidation region +0.15 V to -0.20 V after the polymerisation.
We attribute this to the accumulation of the ferrocenemethanol
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redox probe within the polymer brush. After the neutral ferrocene
turns into the positive ferrocenium ion upon oxidation it can act
as a counter ion to the carboxylate groups of the polymer brush
and will therefore accumulate close to the surface (see Figure 5.10).
Once it undergoes reduction, that is during the anodic sweep from
-0.2 V to +0.5 V, it will become neutral again and be allowed to freely
diffuse away from the surface. After the enzyme immobilisation,
the enzymes themselves would act as counterions to the polymer
and therefore this effect would be diminished, which is also what
was observed. In fact, the CV of the two samples became nearly
indistinguishable. However, this could be the result of two effects;
a lowering of the current due to mass accumulation on the surface
with a simultaneous local increase in probe concentration.

0Reduced
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Oxidised +

Figure 5.10: Illustration of the accu-
mulation of ferrocenium ions within
the polymer brush when oxidised
(left) and when reduced (right).
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Figure 5.11: Randles-Ševčík plots of
peak current values vs scan rate dur-
ing CV (third cycle) in the presence
of 1 mM ferrocenemethanol. The an-
odic sweeps (top) gave positive cur-
rents while the cathodic sweeps (bot-
tom) gave negative currents.

Similar CV curves were recorded at, in total, 8 different scan rates
ranging from 10 mV/s up to 360 mV/s. The current maxima during
the anodic (-0.2 → +0.5 V) and cathodic (+0.5 → -0.2 V), as seen
at +0.25 and +0.15 V respectively at 25 mV/s in Figure 5.9, were
plotted in relation to the square root of the scan rate, as shown
in Figure 5.11, and a fitting was made using the Randles–Ševčík
equation17

17: The Randles–Ševčík equation:

𝑖𝑝 =

(
0.4463𝑛𝐹𝐶𝐴eff

√
𝑛𝐹𝐷

𝑅𝑇

)
√
𝑣

. A clear linear relationship between the square root of
the scan rate and the peak current density, as is expected from
the Randles–Ševčík equation, can be seen and suggests that the
electrochemical processes are diffusion controlled and that the
electrode surface is widely available18

18: Again, the small increase in cur-
rent during the polymer coating is
accredited to ackumulation of ferro-
cenemethanol in the brush.

. Using the linear fitting the
diffusion constant of ferrocenemethanol can be calculated for the
bare electrode to 6.7 × 10−6 cm2/s, which is comparable to what
is reported in literature (7.8 × 10−6 cm2/s)[116]. Similar values
were obtained for the surface after immobilisation of GOX, which
strongly suggests that the observed increase in current19

19: An increase in the local concen-
tration will linearly increase the cur-
rent output at the sweep peak.

for the
unmodified brush is due to its negative charges as the layer should
be closer to neutral after conjugation with GOX.

WRs

Rct

we

Cp

Zw

ref

Cdl

Rp

Figure 5.12: Equivalent circuit used
in EIS analysis and parameter fitting.

EIS was measured with a DC potential set at the standard redox
potential (𝐸0) of ferrocenemethanol over frequencies ranging from
104 to 10−1 Hz, with an AC amplitude of 5 mV. Three repeats
were run, and the average of these was used for equivalent circuit
fitting (see Figure 5.12). The impedance spectra, as shown in Figure
5.13, showed no significant difference between the bare gold, after
polymerisation, and after enzyme immobilisation. In fact, a clear
lack of a semicircle was observed in all but the sample after enzyme
immobilisation. This lack of a semicircle (i.e., a straight line) has
previously been reported as characteristic of diffusion controlled
electrochemical processes with ohmic connection between the
redox probe and the electrode[117, 118], meaning that there is
minimal resistance to charge transfer between the two, and is com-
parable to what is reported in literature for bare gold samples[108,
117, 119]. However, what is different from previous findings is that
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the addition of an initiator monolayer and later polymerisation
has no large impact on the impedance of the electrode.

Figure 5.13: EIS spectra in Nyqvist
plots measured with 0 DC bias vs
the standard redox potential (𝐸0) of
the redox probe (an average of three
repeats). The inset shows the higher
frequency range up to 10 kHz.

Gold surface
Polymer coating
Immobilised GOX

0 50 100

10 15 20

150 200
0

100

200

-I
m

p
ed

an
ce

im
ag

 (
Ω

)

150

50

0

10

5

Impedancereal (Ω)

The equivalent circuit shown in Figure 5.12 was used to model the
spectrum. It consists of an electrolyte resistance (Rs) in series with
a parallel combination of a capacitor (Cp) and resistor (Rp) that
corresponds to the polymer and enzyme coatings20[57], followed20: For the bare gold, these two com-

ponents were not included as they
represent the changes in polarizabil-
ity in the polymer brush coating.

by the double-layer capacitance (Cdl) in parallel with the charge
transfer resistance (Rct) and a mass transfer (Warburg) impedance
element (Zw)[120]. The extracted values of these electrochemical
parameters are shown in Table 5.1. On first observation, there is no
significant difference in the electrolyte resistance nor the Warburg
element, which is as expected as these describe the electrochemical
properties of the cell and not the electrode efficiency. After surface
functionalisation and enzyme immobilisation, the charge transfer
(Rct) increased, but the increase remained extremely low compared
to similar systems[108]. This indicates that the surface modifica-
tions do not alter the electrode availability towards the redox probe,
which is similar to what was observed with CV. It is an "invisible"
coating in terms of redox reactivity. The surface capacitance, both
in terms of double-layer capacitance (Cdl) and polymer brush ca-
pacitance (Cp), also increased after the introduction of the brushes
and additionally after the enzyme immobilisation. This is likely
linked to the increase in electric dipoles and ions on the surface
after brush and enzymes are introduced[57]. The polymer brush
resistance (Rp) saw a minor increase after the polymer brush and
enzymes were introduced, which indicates that the layers had an
insignificant impact on the ion migration to the surface.

Intuitively, we can compare the length scale of the charge transfer
to that of the surface modification, where the redox species and the
electrode need to almost "touch" in order for the electrochemical
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Electrochemical parameter in equivalent circuit

Surface
Rs

(Ω)
Rp

(Ω)
Cp

(µF)
Rct

(Ω)
Cdl

(µF)
Zw

(mS×s0.5)
Bare gold 9.24 0.82 3.08 6.06
Polymer 9.43 0.78 17.1 2.10 50.8 5.99

GOX 10.3 0.99 22.9 3.66 53.1 6.08

Table 5.1: Electrochemical paramet-
ers extracted from fitting data of EIS
spectra using the equivalent circuit
demonstrated in Figure 5.12.

reaction to happen and where the polymer brush is on the scale of
hundreds of nanometres when hydrated21. So, if the diazonium salt 21: See heights in Figure 5.5.
still allows access of ions and the redox species to the electrode, and
if the polymer brush do not hinder the diffusion of ions and redox
species, the charge transfer should not be significantly affected by
the addition of the polymer brush. Similarly, while the enzymes
are able to bind in multiple layers within the brush, it is still likely
that the majority of the enzymes do not penetrate all the way to
the electrode surface. Considering polymer brushes are known
for their parabolic monomer distribution[16], enzymes will likely
bind in the regions of less density further away from the surface
and thus have minimal effect on the redox species ability to access
the electrode as long as they do not prevent diffusion through the
brush and to the underlying electrode surface.

5.5 Glucose sensing

OH
OHO

HO

OH

OH HO

OH

OH

OH
O O

H2O2O2

D-glucose D-glucono-1,5-lactone

GOX

Figure 5.14: Enzymatic oxidation of
d-glucose to d-glucono-1,5-lactone
catalysed by GOX.

Having shown that the electrode still remains available to electro-
chemical reactions after the polymerisation and enzyme immobil-
isation, the reactivity of the electrode versus glucose and H2O2 was
investigated. In the enzymatic reaction with GOX and d-glucose, as
shown in Figure 5.14, the d-glucose is broken down into d-glucono-
1,5-lactone. This process generates H2O2 as a side product, which
is detectable electrochemically and optically22

22: A third way to probe the activity
is to quantify the electron transfer
relative a redox mediator, such as fer-
rocenemethanol, during the conver-
sion[117]. While this could be more
sensitive, we opted for the detection
of H2O2 as that is the intended ap-
plication of the biosensor.

. The reactivity of
the electrode with H2O2, both from direct injections and as a result
of enzymatic breakdown of d-glucose, was investigated with cyclic
voltammetry, amperometry and optical spectroscopy. These three
techniques give us both qualitative and quantitative information
on the overall reactivity of the electrode versus H2O2, as well as
give us a relative measure of the reactivity of the electrode towards
glucose after the enzyme immobilisation. The reason it is relative
is because the electrochemical techniques will only measure an
unknown fraction of the total amount of generated H2O2, as it is
based on diffusion of the generated H2O2 from the polymer brush
to the electrode surface. There is likely to be an equally high, or
higher, driving force for the diffusion to occur out into the solution
where it cannot react with the electrode.
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H2OH2O2

2H+ + 2e-

Figure 5.15: Electrochemical reduc-
tion of H2O2 to H2O.

CV was measured at 100 mV/s with sample after polymerisation
and GOX immobilisation versus PBS, i.e. just the buffering medium,
1 mM d-glucose and 1 mM H2O2, as shown in Figure 5.16. The
reaction scheme is shown in Figure 5.15. Note, while the existence
of H2O2 will lead to an enhancement in electrochemical reactivity
at certain voltages, there can be other substances in the solution or
on the surface that can react as well, for instance oxygen[61], which
explains why the signal is not zero in the reference measurement
with PBS. Overall, as can be observed in Figure 5.16, the electrode
is able to react with H2O2, giving quite a large steady-state signal
compared to the PBS, and after being exposed to 1 mM d-glucose for
20 minutes, the GOX generated a measurable amount of H2O2.

Figure 5.16: Current response from
cathodic (+0.0 → -1.0 V) sweeps (100
mV/s) in PBS buffer, with either 1
mM H2O2 or 1 mM d-glucose added.
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The reduction of H2O2 reached a maximum contrast, relative to the
background buffer, at -0.7 V (vs Ag/AgCl). This is slightly more
negative than the early reported reduction peak at -0.5 V for clean
gold electrodes[121], which suggests that the surface modification
has a noticeable impact on the electron transfer reaction23. In fact,23: Due to the sensitivity of the sur-

face coatings to the cleaning proto-
cols used for electrode preparation,
often Piranha washing or abrasive
polishing, the electrodes cannot be
considered completely ’clean’.

the presence of organic molecules on the electrode is known to
diminish the electrochemical availability due to competitive ad-
sorption[121]. As the electrodes have undergone several treatments
prior to their evaluation24, including polymerisation and surface

24: CV of H2O2 done on a fresh gold
electrode gave the expected peak at
-0.5 V. This indicates the shift is due
to the surface modifications.

functionalisation, it is likely that trace chemicals still exist and can
affect the electrochemical sensitivity of the surface. Despite this, it
is worth noting that the electrode is very much able to detect 1 mM
H2O2 with a relatively high signal-to-background ratio of 3.60.

Amperometry was used to get comparative electrochemical sig-
nals from the d-glucose conversion, as well for investigating the
response time of the electrode to burst injections of d-glucose.
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Figure 5.17: Charge transfer dens-
ity response vs time. Integrated cur-
rents (25 s chronoamperometry) per-
formed after different hold times, for
two concentrations of d-glucose.

All amperometry measurements shown were done at the max-
imum contrast potential of -0.7 V. The obtained signals for two
measurements done over 20 minutes with 0.1 mM and 1.0 mM
d-glucose done after were integrated to get the overall charge
transfer density, and the resulting time plots are shown in Figure
5.17. To avoid any bias from accumulation of H2O2 over time, the
surface was exposed to a -0.7 V potential prior to the amperometry.
Therefore, the charge transfer densities recorded are due to the
continuous diffusion and reaction of d-glucose from the solution
to the electrode. The slight irregularity where the 10x increase in
concentration did not generate a 10x increase in signal is likely due
to the well-known inhibition of GOX when exposed to high concen-
trations of H2O2[122]. This would lower the overall reactivity, thus
limiting the rate at which the enzyme can produce the H2O2.
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Figure 5.18: Real-time amperometry
with an injection of 1 mM d-glucose
solution onto the electrode after im-
mobilisation of GOX.

While the enzymes are working as intended inside the polymer
brush, an important aspect of biosensors is the response time.
That is, how fast after coming in contact with an analyte will the
biosensor give a measurable signal. This was investigated with
time-resolved chronoamperometry with a resolution of 20 ms, and
an example is shown in Figure 5.18. After the injection of d-glucose,
a decrease in current was detected almost instantly, reaching a
maximum value after 2.4 s and then saturating after approximately
one minute. This demonstrates that the electrodes are viable for
real-time measurements, albeit with hardware that can measure at
higher frequencies.

An optical colorimetric assay25 was used to quantify the amount of 25: This is the FOX assay described
in the methodology. It measures the
change in absorption at 580 nm.

glucose that the electrode could generate over time in comparison to
the same amount of enzyme in solution. Unlike the electrochemical
measurements, which gives primarily a qualitative verification that
the reaction works as intended, the optical measurements are not
limited by the diffusion of the H2O2 to the electrode. Instead, the
optical measurements should give a better representation of the
actual amount of converted d-glucose. However, the reaction with
immobilised enzymes are still likely limited compared to enzymes
free in solution as d-glucose has to diffuse from the solution to the
electrode surface, compared to GOX free in solution where it can
approach from any angle and the enzymes are homogeneously
distributed in the solution instead of attached to a surface.

The absorbance spectra of a sensor with immobilised GOX and of
the equivalent amount of GOX free in solution, which was verified
from dry measurements done in SPR (similar to Figure 5.4), are
shown in Figure 5.20. The sensor showed a measurable amount
of converted d-glucose after being exposed for 10 minutes, as did
GOX free in solution. However, while it is tempting to compare
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the two absorbance spectra, FOX is known to be linear for only
low H2O2 concentrations[123], making any conclusions from the
spectra itself misleading. Instead, a calibration curve was made
with H2O2 (Figure 5.19). The assay is linear in the range from 0 to
40 µM H2O2, with a slope of 0.02413 µM−1, and in order to measure
concentrations above the linear regime the measured absorbance
can be directly compared to the calibration curve26

26: This is under the assumption
that the calibration is approximately
linear between the measured points.
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Figure 5.19: Calibration curve at 580
nm of the FOX assay used.

Figure 5.20: Colorimetric verifica-
tion of H2O2 production by immob-
ilised GOX at the sensor surface com-
pared to the response by the same
quantity of GOX when free in bulk
solution. The absorbance increase at
580 nm is due to H2O2.
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Using the curve gives a total conversion of 23.6 µM d-glucose from
the immobilised GOX and 53.9 µM from GOX in solution, or that
the enzyme unit27 of the immobilised GOX was 1.6 U/mg and 3.727: The enzyme unit is defined as

the amount of the enzyme that cata-
lyzes the conversion of one micro-
mole of substrate per minute.

U/mg for GOX free in solution. This corresponds to a comparative
activity of 43.8% on the surface. GOX has previously been reported
to retain its full activity upon immobilisation[103, 124], or even
showing enhanced activity under certain circumstances, such as
in the case of Wang et al. when immobilised onto highly curved
surfaces[99]. GOX is known to be very robust[125], and while there
are reports that GOX can become deformed when immobilised on
solid surfaces[126–128], the "softness" of the polymer brush should
prevent enzyme flattening from occurring.

Therefore it is likely that the lowered activity here compared to
measurements in solution is due to mass transport limitations, and
due to lack of availability of the innermost enzymes deep in the
brush, as d-glucose could be primarily consumed by GOX located
in the outer reaches of the brush (see Figure 5.21)28

28: This issue would not be preval-
ent in GOX free in solution, as all
GOX have access to the d-glucose. .
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Figure 5.21: Illustration of the mass
transport limitation with the sensor
compared to a bulk reaction.

5.6 Neurotransmitter sensing
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Figure 5.22: Enzymatic oxidation
of L-glutamate to 𝛼-ketoglutarate
catalysed by GluOX.
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Figure 5.23: Enzymatic oxidation of
acetylcholine to glycine betaine cata-
lysed by AChE and ChOX.

Having shown that the sensor works for enzymatic detection of d-
glucose, which again is a common standard enzyme, the versatility
of the brush interface was demonstrated with the detection of
two neurotransmitters, glutamate and acetylcholine, the latter of
which is detected as part of a enzymatic cascade reaction between
two different enzymes. These two are important and well-studied
biomarkers for neuroscience and neurological disease. In both
cases, the enzymes involved generate H2O2 by catalysing oxidative
reactions. In the former, 1 mole of L-glutamate is converted into
1 mole 𝛼-ketoglutarate and 1 mole H2O2, catalysed by glutamate
oxidase (GluOX) as shown in Figure 5.22. In the latter, 1 mole of
acetylcholine is converted into 1 mole of choline and 1 mole of
acetic acid, catalysed by acetylcholinesterase (AChE). The 1 mole
of choline is then further converted into 1 mole of glycine betaine
and 2 moles of H2O2, catalysed by choline oxidase (ChOX). Both
of these steps are shown in Figure 5.23. Unlike the single enzyme
reactions in GOX and GluOX, the AChE/ChOX reactions work as
a cascade, and it is therefore important that the two enzymes are
close together in order to function optimally. Or, in order for the
the electrode to work as efficiently as possible, that the primary
conversion of acetylcholine occurs up towards the outer parts of the
brush interface, which the molecules will encounter first, and that
the subsequent generation of H2O2 occurs close to the surface.
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Figure 5.24: Real-time detection of
acetylcholine in PBS (1 mM injected
over the interface) using the cascade
reaction system.

Characterisation of the interfaces were done with SPR, CV and EIS
with the same conditions as the GOX interfaces. Immobilisation
was successful for both the single enzyme and the cascade pair with
an average immobilised mass of 1.4-1.5 µg/cm2. The enzymatic
activity of the two interfaces were tested both electrochemically,
using the same technique as with GOX. Additionally, the activity
of the enzymes were tested in cerebrospinal fluid (CSF), taken
from healthy patients at Sahlgrenska University Hospital.

The two interfaces showed selectivity towards acetylcholine and
glutamate, respectively, in both the standard PBS buffer solution
and in CSF solution, diluted 10x in PBS buffer, as shown in Figure
5.25. While the enzymatic activity was lowered to approximately



48 5 Enzymatic Polymer Brush Interfaces for Electrochemical Sensing in Biofluids

50% in 10x diluted CSF compared to in PBS, the interfaces were still
able to selectively generate H2O2 from the two neurotransmitters
to a detectable level. A possible reason for the interference from the
biofluid could be that the generated H2O2 reacts with antioxidants,
such as ascorbic acid, that naturally occurs in CSF[129, 130]. While
this will lower the total concentration of H2O2 in the solutions
that have been exposed for long durations, and thus have had
time to generate H2O2, it should not have the same impact on
"burst" detection, such as the ones shown in Figures 5.18 and 5.24.
Ascorbate will consume the initially generated H2O2, but once it
is used up it will be replaced by pure diffusion. As long as the
substrate is supplied to the interface, and generates H2O2 that
can react with the electrode, faster than this the neurotransmitter
should be able to give continuous readouts in CSF as well.

Figure 5.25: Integrated current from
chronoamperometry at -0.7 V (for
25 s) for detection of glutamate and
acetylcholine using interfaces with
GluOX or ChOX + AChE (5:1 molar
ratio) respectively. Error bars repres-
ent the instrumental variation from
repeated measurements.
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Unpublished: Nuclear Pore

Mimics for Selective Transport 6

Parts of this study is available as a
part of mine[131] and a previous stu-
dent of mines[132] master’s theses.

This chapter summarises the currently unpublished work done on
mimicking the NPCs selective permeability with polymer brushes
and polyelectrolyte shuttles. A manuscript is in the works.
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6.1 Scientific context

Ultrathin nanoporous membranes have long been interesting for
biofiltering applications, as the high diffusive flux offered by the
nanoporous arrays enables a high throughput of analytes under
steady-state conditions[133]. However, while the nanopores enable
a high diffusive flux of analytes through the membranes, selectivity
primarily comes from either size-exclusion, for instance through
varying the nanopore geometry[134, 135] or by grafting polymer
brushes to reduce the diameter with a soft coating[89], or by charge
exclusion[136–138], for instance by applying a potential over the
membrane and thus selectively moving negatively charged species
to the positively charged electrode, and vice versa. Both of these
limit the analyte selectivity and separation possibilities, especially
for larger analytes such as proteins, where two species could be
distinctly different but have similar enough size and surface charge
to not be distinguishable.

A potentially more precise mechanism of separation is with chem-
ical selectivity, where only analytes that "match" the properties
of the nanoporous membrane are able to pass through. This type
of mechanism is commonly observed in nature, for instance with
the bidirectional translocation of biomolecules over the nuclear
envelope of eukaryotic cells through the nuclear pore complex[139]
(NPC), which is also what inspired this work1. Chemical selectivity1: A thorough explanation of the

function of the NPC can be found in
the work of Beck and Hurt[140].

of nanopores can be achieved by grafting a surface coating over the
nanopore that act as a barrier against all macromolecules2 except

2: Small molecules, such as water
and ions, should be able to diffuse
unhindered through the nanopore.

for those that fulfil a certain criteria of interaction.

Polymer brushes grafted in nanopores have proven to be efficient
barriers against proteins while at the same time allowing small
molecules (<1 kDa) free access through the nanopore[74]. The
well-known antifouling properties of polymer brushes would also
prevent clogging of the nanopores, thus extending the lifetime of
the membrane. Selective interactions have also been shown to be
possible with polymer brushes, where poly(acrylic acid) (PAA) and
poly(ethylene glycole) (PEG) interact at low pH through hydrogen
bond complexation[141], with the side effect of collapsing the brush.
In order for the polymer brush to provide continuous chemical
selectivity, the brush needs to remain fully extended.
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6.2 Molecular structure of the NPC

The NPC is a large (∼120 MDa in humans) complex proteinaceous
assembly that serves as a mediator for nuclear transport. It does this
by fusing the inner and outer nuclear membrane, forming a pore
that allows access between the cytoplasm of the cell and the nucleus.
The complex also serves as a stabilising structure for the nuclear
pore and it controls the rate of transport of macromolecules in and
out of the nucleus using shuttle proteins called karyopherins[140].
An illustration of the NPC is shown in Figure 6.1.

A

B

C

D

Figure 6.1: Illustration of the NPC
with the four distinct regions of in-
terest. (A) The core scaffold. (B) The
cytoplasmic filaments. (C) The nuc-
lear basket. (D) The central channel.

The NPC consists of multiple copies (500-1000 in total) of around
30 distinct protein scaffold groups known as nucleoporins that are
arranged into four distinct regions. The core scaffold consists of a
subset of outer and inner rings and its associated cytoplasmic and
nuclear pore rings (Figure 6.1A), and is in direct contact with the
nuclear envelope. The core forms the backbone of the assembly
and serves as a structural element, ensuring that the nuclear pore
remains stable, and to provide anchoring points for most of the
other proteins in the interior parts[142]. The cytoplasmic filaments
(Figure 6.1B) and the nuclear basket (Figure 6.1C), which consist
of highly flexible protein regions, are located on either side of
the assembly and they extend into the cytoplasm and nucleus
respectively. These proteins have intrinsically disordered domains,
meaning that they lack a fixed or ordered tertiary structure[140],
and are involved in the main function of the NPC, where they
facilitate the docking of transport receptors and cargo to the as-
sembly[143]. The nuclear basket also serves in a minor role to
regulate the curvature of the membrane immediately surrounding
it[144]. Lastly, the central channel (Figure 6.1D) contains specific
nucleoporins rich in hydrophobic phenylalanine-glycine (FG) re-
peats and serves as the main mediator for the NPC’s selective
transport capabilities[139, 142, 145]. The intrinsically disordered
nature of the nucleoporins means that the individual proteins
located within the central channel are flexible. However, the high
concentration of FG repeats generate a high degree of interconnec-
tion between nearby proteins through hydrophobic interactions3

3: These interconnections are also
believed to have contributions from
electrostatic, 𝜋-𝜋 and 𝜋-cation elec-
tron interactions, in addition to hy-
drophobic interactions. Collectively,
these are known as cohesive interac-
tions, and the role of cohesiveness
in the permeability of the NPC is
a strongly debated subject. But, the
general idea is that only the proteins
that can interact with the nucleop-
orins in the central channel strongly
enough to overcome the energetic
and entropic barriers of breaking the
cohesive interactions are able to pass
through the channel[145].

;
leading to the formation of an amorphous mesh-like network.
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6.3 Mimicking the nuclear transport

When we talk about the nuclear transport mediated by the NPC, the
main contributor to both the size exclusion limit, where the channel
prevents access to molecules larger than about 40 kDa[146]4, and4: This also means that small mo-

lecules, such as water and ions, can
move through the tiny "gaps" in the
amorphous network unhindered.

the selective transport capabilities is the nucleoporins in the central
channel and the interactions they offer to certain carrier proteins;
the karyopherins mentioned earlier. Therefore, when mimicking
the nuclear import and export cycles to make an artificial system
for selective transport through a thin membrane, it is the function
of the central channel and their interaction with the karyopherins
that need to be considered. In summary, the systems needs to (1)
have a passive size exclusion where only small molecules, such as
water and ions, are able to freely pass through the membrane, it
(2) needs to selectively allow one or a few macromolecules access
through the membrane via some form of interaction, and (3) that
the brush morphology does not change as the shuttle is inserted;
that is, even while the shuttles are moving through the selective
barrier it should prevent all other macromolecules access.

Such an NPC mimic is demonstrated in Figure 6.2. Issue 1 (and 2 in
part) are solved by the use of PHEAA5 brushes, which both offer5: Poly(N-

hydroxyethylacrylamide) the innate fouling resistance of the polymer brush, while at the
same time containing both hydrogen bond donating and accepting
moieties6 (Figure 6.2B). This allows PHEAA to strongly couple6: Hydrogen bond (HB) donors are

moieties that have available hydro-
gens and HB acceptors have free elec-
tron pairs. PHEAA contains both.

water molecules via HB interactions, the likely source of its strong
antifouling properties[19]. However, this means that in order for
anything to pass through the brush it needs to be small enough
to not disturb the HB network, or it needs to be able to interact
with the brush enough to overcome the energy barrier that the HB
network provides. Issue 2 is also solved by the use of a polymer
brush as the diffusion barrier, as the natively intrinsic disorder of
hydrated brushes gives the barrier a high degree of flexibility, which
is beneficial as it allows the brush to incorporate the additional
volume of the shuttle and its macromolecular cargo.

Figure 6.2: Illustration of the NPC
mimic. (A) The diffusion barrier is a
PHEAA brush that can selectively in-
teract with shuttle molecules, while
preventing access for other macro-
molecules. (B) The shuttle interacts
with the brush with hydrogen bond-
ing and other interactions, allowing
it to pass through the diffusion bar-
rier. (C) Cargo attached to the shuttle
is dragged along through the pore.
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Acids, molecules that easily "give up" one or more of their protons,
make good candidates as shuttle molecules as they should replace
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the water molecules associated to the brush with new thermody-
namically favourable hydrogen bonds. However, the large volume
of the macromolecular shuttles and their associated cargo, makes
it necessary for the shuttle to replaces as many of the HB inter-
actions as possible once inside the brush, to compensate for the
increase in free energy from the insertion. Therefore it is necessary
to use an acid polymer as the shuttle, of which we chose to use
poly(methacrylic acid) (PMAA) for its ability to form strong bonds
with neutral polymer brushes[10, 141, 147].

Lastly, the criteria of intact morphology was the reason for choosing
PHEAA over the other possible candidates for a brush, as we have
found that it strongly interacts with PMAA while at the same time
retaining its structural integrity and overall morphology.

Is this a true artificial NPC?

There are two main limitations with this study that prevents it
from being a complete artificial reconstruction of the NPC. The
study does not implement the "gaps" in the central channel, which
refers to the fact that relatively large macromolecules (<40 kDa) are
able to pass unhindered through the nuclear pore[146]. While this
might be desirable for a biological system, it would be detrimental
when designing a selective biofiltration device. However, if such
an effect would be desired, it would be possible to increase the
overall permeability by, for instance, reducing the grafting density
or the thickness of the polymer brush.

The second limitation is the omission of the ranGPT mediated
catch-and-release mechanism of the nuclear transport. While cargo
transport was investigated, it was attached covalently. A way to
improve upon the artificial system would be to include a separable
link between the cargo and the shuttle, such as a dithiol bond.

6.4 PHEAA as a diffusion barrier

When designing the diffusion barrier, the thickness of the polymer
brush is crucial. It is important that the polymer brush extends out
and fills the entirety of the nanopore to fully prevent access to those
species that cannot selective interact with the brush. Practically,
this means that the average hydrated thickness of the brush must at
least match the radius of the nanopore. It being slightly thicker than
the radius of the nanopore should not be a concern, as monomer
depletion and mass transport limitations during the polymerisation
is likely to prevent further growth once the nanopore interior has
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been saturated. However, we do not want it to be too thick either
as it can limit the overall rate of diffusion.
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Figure 6.3: Recorded thickness of
PHEAA brush in dry and hydrated
state with polymerization time.

PHEAA was polymerised at different time intervals and the dry
and hydrated thicknesses were recorded with SPR, as shown in
Figure 6.3. The hydration properties was investigated with the
non-interacting probe method, with 20 mg/ml 35 kDa PEG as the
non-interacting probe. As can be seen, the polymerisation method
offers linear growth of the polymer over all polymerisation times,
and the swelling ratio for all the measurements was close to 3.1. In
this study, the nanopores used to replicate the nuclear pores were
either 80 nm (nanopore arrays) or 120 nm (nanowells). Therefore, in
order to completely cover the radius of the pore, a polymerisation
time of 10 to 15 minutes is sufficient7

7: All nanopore samples were poly-
merised with a separate SPR sensor
and the dry and the hydrated thick-
ness was always double-checked.

. In addition to using SPR, the
presence of PHEAA on the surface after the polymerisation was
verified with FTIR (see Figure A.2 in Appendix A.2).

The ability of the polymer brush to reject larger macromolecules
was investigated by injection of BSA (5 mg/ml) and bovine serum
(10x diluted) on a surface with a PHEAA brush and a control surface
with just gold. The results of those measurements, summarised
as fouling density staples, are shown in Figure 6.4. As can be
seen, the polymer brush is highly effective at preventing fouling
of even highly complex biofluids, such as bovine serum, whereas
the gold surfaces experience a high degree of irreversible fouling.
Quantitatively, the addition of a PHEAA brush reduced the overall
fouling of BSA from 75.5 ng/cm2 to 0.9 ng/cm2 and of 10x diluted
serum from 325.3 ng/cm2 to 4.1 ng/cm2. Both cases showed that
PHEAA lowered the fouling by 98.8%. Therefore, PHEAA would
serve well as an antifouling barrier for the membrane.

Figure 6.4: Fouling density staples
with surface coverage in ng/cm2 for
PHEAA and a gold control.
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In addition, the ability of the brush to allow smaller molecules, not
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only water and ions, but also larger substrates, to pass through the
brush unhindered was investigated by injecting PEG of varying
molecular weights and measuring the correlated exclusion height;
assuming that PEG acts as a non-interacting probe at all molecular
weights (Figure 6.5). A trend of deeper penetration was observed
when PEG approached molecular weights below 5 kDa, and there
was a clear barrier limit for PEG below 1-2 kDa8

8: This means that non-interacting
molecules are able to pass through
the polymer brush once the molecu-
lar weight is less than 1-2 kDa.

; terminating at
an exclusion height of ∼32 nm for the monomer. This is in line
with previous findings[74]. The measured exclusion height for the
monomer is essentially the same as the dry height (27 nm), which
indicates that the PEG has been able to effectively reach the entire
volume occupied by water inside the brush.
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Figure 6.5: Height probing with
PEG at decreasing molecular weight
to demonstrate the barrier limit.

6.5 Controlling the shuttle permeability

Having verified that PHEAA had the appropriate barrier properties
and that it could be polymerised to sufficient thicknesses to fully
block the pore, its interactions with a 5 kDa PMAA shuttle at high
and low pH was investigated. Being an acidic polymer, the primary
driving force for interactions between PMAA and PHEAA should
be hydrogen bond formations. This limits the interactions to pH’s
low enough that PMAA has a sufficient degree of protonation, as
this both allows for more hydrogen bonding opportunities9 and 9: Importantly, protonation turns

PMAA from a pure HB acceptor to
both a HB acceptor and donor.

it lowers the overall charge from highly negative to more neutral,
which could also have a minor effect on the ability of PMAA to
be inserted into the brush. The pH dependence of the interaction
between PHEAA and PMAA was characterised with QCM-D, as
shown in Figure 6.6 for the fifth acoustic overtone.
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Figure 6.6: pH dependency of the
interactions of PHEAA and PMAA
from QCM-D. Shown is the change
in the frequency (left axis, blue solid)
and dissipation (right axis, orange
dashed) at the fifth overtone.
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Figure 6.7: Maximum response in
the frequency (left axis, solid blue)
and dissipation (right axis, orange
dashed) at decreasing pH.

The frequency and dissipation response on PHEAA coated crystals
was measured from pH 7.5 to pH 3.5. However, in Figure 6.6 only
the measurements close to the transition at pH 4.0 are shown. A
clear inversion in the dissipation can be seen at pH 4.0 and below,
indicating that crosslinks are beginning to form inside the brush;
crosslinks make the brush more rigid, thus lowering the dissipation.
The maximum shift in frequency and dissipation for the full pH
range is summarised in Figure 6.7. The frequency response steadily
decreased after passing pH 5.0, decreasing exponentially faster
as the polyelectrolyte became more protonated. Between pH 5.0
and 4.0, which should be the region of the pKa transition for
poly(methacrylic acid)[148], the dissipation response also changes
from slowly increasing1010: This could be the polyelectrolyte

affecting the bulk properties of the
solution close to the surface.

, to reaching a maximum value at pH 5.0,
and then rapidly decreasing as the pH is lowered further. This tells
us that a critical pH value, at which the interactions are strong
enough for insertion to occur, is reached once the polyelectrolyte is
protonated enough. Further studies of the interactions were done
at pH 4.0, as this gave strong interactions and ensured that the
solutions remained stable from precipitation.
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Figure 6.8: Temperature depend-
ence of the interactions of PHEAA
and PMAA at pH 4.0. SPR response.

While it is likely that the primary driving force of the interaction is
hydrogen bond formations, there are reports that hydrophobic in-
teractions could contribute to the interaction between the 𝛼-methyl
group in PMAA and the backbone of hydrophilic polymer brushes,
such as PEG, which was studied by Osada et al.[147]. A way to
verify the presence of hydrophobic interactions, which is also what
they did in the study, is to look at how the interactions change with
temperature. Hydrogen bond interactions are expected to decrease
as the temperature increases, while hydrophobic interactions are
expected to increase[147, 149]. The interaction strength between
PHEAA and PMAA, at low pH, was tested at two different temper-
atures (25◦C and 40◦C) and this pair of polymer and polyelectrolyte
showed a similar increase in intensity at the higher temperature,
as shown in Figure 6.8. While the temperature has a minor impact
on the pH of the solution[82], it should be small enough to not
be responsible for the major increase in signal that was observed.
Therefore, the measurement indicates that hydrophobic interac-
tions also exist between PMAA and PHEAA, likely between the
𝛼-methyl group in PMAA and the backbone as well as the carbons
of the functional side-chain in PHEAA.

6.5.1 Characterising the shuttle-brush interaction

An interesting phenomena that was observed again and again
when performing interaction experiments at different pH, see for
instance Figures 6.6 and 6.8, was the emergence of a "plateau" of
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slow dissociation following a much more rapid dissociation. As
the measurements in SPR were all done using the non-interacting
probe method to remove the bulk response of the polyelectrolyte,
the signal cannot be due to polyelectrolytes close to the surface
being washed away. Instead, the measurements indicate that the
polyelectrolytes can occupy at least two states within the brush;
one "shallow" state which is characterised by weak interactions
that are easily broken, and one stronger state which likely is due
to polyelectrolytes having undergone tertiary adsorption.

The characteristics of these two adsorption modes were invest-
igated further by injection of PMAA at sequentially increasing
concentrations. The Langmuir adsorption model[150], describing
the adsorption of a species onto a surface that has a certain number
of equivalent binding sites, was used to determine the distribution
of the PMAA in these two states under the assumption that the two
states are independent of one another. A few of these injections
are shown in Figure 6.9. As can be observed, the binding occurs in
two modes up until a threshold concentration between 0.2 and 0.8
mM, and that at concentrations between 0.02 mM and 0.1 mM all
binding occurs with the slower mode of interaction.
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Figure 6.9: Concentration depend-
ence of the interactions of PHEAA
and PMAA at pH 4.0. Measured at
25 µL/min with SPR in PBS buffer.

At concentrations below 0.02 mM, only the stronger state appears
to be favoured by the shuttle. The slow dissociation of this mode
would not be beneficial for transport through a nanopore, as
the polyelectrolyte would effectively get "stuck" inside the brush,
along with any cargo attached to it. At the higher concentrations
above between 0.20 and 0.80 mM the stronger state becomes fully
saturated, forcing the transport to occur solely through the weaker
mode. However, reaching these concentrations (equivalent to >4
mg/ml) leads to a large loss of polyelectrolytes stuck inside the
brush. This limitation can be overcome by either working in the
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regime between 0.10 and 0.80 mM, where some polyelectrolyte is
stuck to the brush but some also pass through, or by pre-saturating
the brush by injecting just the polyelectrolyte before the cargo.
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Figure 6.10: Concentration depend-
ence of the maximum SPR response
and the fitted adsorption model.

The measured SPR data was also fitted to the Langmuir adsorption
model at equilibrium (see equation 6.1), and the resulting fitting
as well as the independent modes are shown in Figure 6.10. The
model parameters are shown in Table 6.1, where Γ is the saturation
limit of the mode and KD is the affinity constant of the mode. "1"
represents the slow mode and "2" represents the fast mode.

Γ =
Γfast𝐶0

KDfast + 𝐶0
+ Γslow𝐶0

KDslow + 𝐶0
(6.1)

A slow mode of interaction dominates at low concentrations and
then saturates at a concentration of 1 mM, while at higher concen-
trations a fast mode of interactions increases its contribution. While
it is possible that a more sophisticated differential model could
be developed once more information of the system is known, the
simple model gives an almost perfect fitting with the observations.
This is similar to what has been previously found in literature.
For instance, Emilsson et al. suggested that a two-mode model
with an additional sequential transition from a hard to a weak
binding mode described the higher order kinetics of a multivalent
protein interaction with PEG brushes[13]. Similarly, and related
to the transport mechanism of the NPC, Lim et al. found that the
interaction between the karyopherins and the nucleoporins had a
slower mode at low concentrations that yielded long interaction
times and low transport efficiency, while at higher concentrations
yielded short interaction times and high transport efficiency[151];
which is exactly what is observed for this system.

Table 6.1: Model parameters for the
Langmuir adsorption model.

Γ1 KD1 Γ2 KD2

1.229 0.137 1.517 1.812

6.6 Shuttle-cargo transport of fluorescent dye

Figure 6.11: SEM image of nanopore.
Image taken by Bita Malekian.

Having shown that the interactions between PHEAA and PMAA
are viable for allowing transport of the polyelectrolyte, and that
ideally transport of cargo through the polymer brush was as
well, the shuttle mobility through a nanopore membrane (Figure
6.11) modified with the polymer brush was tested by attaching a
fluorescent cargo, either FITC or sulfoCy3, via click-chemistry to a
version of PMAA modified to contain an amine end-group (see
Figure 6.12 for the amine-NHS coupling reaction mechanism).
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Figure 6.12: Amine-NHS coupling
reaction mechanism[152].

Measurements of the transport of sulfoCy3-modified PMAA at pH
4.0 and pH 7.4 showed a high degree of selectivity of transport at
the lower pH, as shown in Figure 6.13. Values are normalised11

11: The values are normalised relat-
ive the maximum (10 minutes) and
minimum (0 minutes) values meas-
ured over the membrane. .
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Figure 6.13: Measured fluorescence
intensity 40 μm from the outer edge
of the nanopore membrane during
an injection at pH 4.0 (solid) and
7.4 (dotted). Normalised relative the
intensity measured over membrane.
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Figure 6.14: Relative fluorescence
increase during injection at pH 4.0.

This demonstrates that the interactions between the polyelectrolyte
shuttle and the polymer brush do not only allow it the shuttle
to enter the brush, but effectively move through it; moving from
interaction point to interaction point until it has diffused all the
way through the nanopore. The slower diffusion rate after the first
minutes could be due to "clogging" of the nanopores by PMAA, as
the slow mode of transport is likely to dominate. At longer times,
the relative rate of increase is higher outside the membrane than
over the membrane (Figure 6.14), which indicates that steady-state
transport through the nanopore is occurring; albeit slower than
during the initial saturation phase.





Conclusion and future work 7

This thesis has demonstrated some new developments and applic-
ations of polymer brushes for bioanalytical applications for uses
in biomolecular trapping, enzymatic biosensing and for selective
membrane filtering. Future work will be done on further applica-
tions of the new platform for biomolecular trapping, aiming for
single-molecule studies of biomolecules, as well as fundamental
research on the antifouling properties of brushes; and anything else
that might come across my path as I continue my PhD journey.

Paper I has demonstrated the viability of using polymer brushes in
the design of novel biomolecular traps, using fabricated nanocham-
bers and thermo-responsive PNIPAM brushes as a "gating" mechan-
ism to selectively capture and confine proteins over long durations.
While confined, enzymes retained their activity and were able to
catalyse the conversion of lactose into H2O2 as well as effectively
convert, and cycle, the cofactor nicotinamide using a system where
one set of enzymes were trapped inside the nanochambers and
one set of enzymes were free in solution above, with the cofactor
freely moving to and from the nanochamber.

Paper II has demonstrated the viability of using polymer brushes
in the design of novel electrodes for biosensing, using PAA as soft
scaffolds for enzyme immobilisation it is possible to create a 3D
redox interface where non redox-active biomarkers are converted
into redox-active species, which are then detected by the electrode.
This was demonstrated to work under physiological conditions
and in complex biofluid, showing the robustness of the system.
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Appendix





Appendix A: FTIR Analysis



A.1 FTIR of PAA

Poly(acrylic acid) has two notable IR regions (Figure A.1), a wide
band from 3700 cm−1 to 2400 cm−1 and a peak at 1730 cm−1.

A wide band from 3700 cm−1 to 3100 cm−1 is associated with O-H
vibrations (blue), and the extension of the band into the range of
3100 cm−1 to 2400 cm−1 is characteristic of the strong hydrogen
bonding of the acidic hydrogens in carboxylic acids. The peak at
1730 cm−1 is associated with C=O stretching in the carbonyl group
(red) of a carboxylic acid[153].
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Figure A.1: FTIR spectra of PAA. Measurement taken by Katarina Logg at Chalmers Materials Analysis Lab. Data analysis
was done by me.



A.2 FTIR of PHEAA

Poly(N-hydroxyethylacrylamide) has three notable IR regions (Fig-
ure A.2), a wide band from 3700 cm−1 to 3100 cm−1, a peak at 1650
cm−1 and a peak at 1540 cm−1.

A wide band from 3700 cm−1 to 3100 cm−1 is associated with N-H
and O-H vibrations (blue). The peak at 1650 cm−1 is associated
with C=O stretching in the carbonyl group (red) of an amide. The
peak at 1540 cm−1 is associated with CNH deformation of an amide
(yellow)[153].
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Figure A.2: FTIR spectra of PHEAA. Measurement and data analysis were done by me.



A.3 FTIR of PNIPAM

Poly(N-isopropylacrylamide) has three notable IR regions (Figure
A.3), a weak band from 3700 cm−1 to 3100 cm−1, several smaller
peaks from 3000 cm−1 to 2800 cm−1, a peak at 1660 cm−1 and a
peak at 1545 cm−1.

A wide band from 3700 cm−1 to 3100 cm−1 is associated with
N-H vibrations (blue). A weak band from 3000 cm−1 to 2800 cm−1

is associated with C-H stretching (this band is quite common
in polymers, but it is characteristic of PNIPAM due to the two
methyls). The peak at 1660 cm−1 is associated with C=O stretching
in the carbonyl group (red) of an amide. The peak at 1545 cm−1 is
associated with CNH deformation of an amide (yellow)[153].
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Figure A.3: FTIR spectra of PNIPAM. Measurement and data analysis were done by me.
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