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Abstract

The biosensing field has been evolving with the advances of nanotechnology, medicine and with
the need for diagnostics and health monitoring. Biosensors are facing high demands related to
sensitivity, long term stability and on demand sensing. Control over detection provides the
opportunity for on-demand biosensing and smart materials such as stimuli-responsive surfaces
that can control a wide range of bio-interactions. However, there are few smart surfaces for on
demand biosensing and these are limited to control over simple molecular structures. To
address these challenges, this research used single domain antibodies, known as nanobodies
(Nbs), with great potential as biorecognition elements for sensors due to their small size,
specificity and robustness. Different strategies for Nbs immobilisation on gold sensors were
optimised to retain their maximum functionality. The experimental data and detailed
computational simulations confirmed the formation of stable, well-oriented nanobody
monolayers. Furthermore, this work explored challenges related with Nbs’ orientation and
antigen dimensions, emphasizing crucial factors to consider when designing nanobody-based
biosensors. Envisioning new smart electrically-responsive surfaces, preliminary studies
showed the stability and high response of Nbs under applied potentials. Additionally,
electrically-responsive oligopeptides, potential switching units for nanobody-antigen binding
control, were designed and investigated. These oligopeptides are required to conceal the Nbs

binding site, only exposing it to bind the antigen upon applied potential.

In conclusion, this work provides a step forward with the vision of combining stimulus-
responsive surfaces with nanobodies for on-demand biosensing, contributing for the design and
fabrication of stable, reliable, and robust biosensing platforms for a wide range of medical,

biotechnological, environmental, and food applications.
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Chapter 1  Introduction

Biosensors are devices that detect the presence or concentration of a biological analyte.
Control over the biological analyte detection provides the opportunity for on-demand
biosensing (i.e. sensing upon requirement). Smart, stimuli-responsive surfaces are a class of
materials that can control a wide range of bio-interactions, including antibody-antigen binding.
However, in order for these surfaces to achieve high sensing performance there are various
challenges such as long-term usability in complex media (such as media with cells or clinical
samples) and sensitivity. To address these challenges, single domain antibodies, known as
nanobodies have great potential as biorecognition elements for sensors due to their small size,
affinity, specificity and robustness. Combining stimulus-responsive surfaces with nanobodies,
the research from this thesis provides a step forward to the development of nanobody-based
surfaces for on-demand biosensing. This chapter introduces a brief review on smart surfaces

composed by stimuli-responsive surfaces and on nanobodies and their use on sensing platforms.

This chapter is partially based on the review (1) and article (2) co-written by the author of this

thesis:

! Simdes, B.; Gomes, B.; & Mendes, P. The increasing dynamic, functional complexity of bio-
interface materials. Nat Rev Chem 2, 0120 (2018).

2 Simdes, B.; Guedens, W. J.; Keene, C.; Kubiak-Ossowska, K.; Mulheran, P.; Kotowska, A.
M.; Scurr, D. J.; Alexander, M. R.; Broisat, A.; Johnson, S.; Muyldermans, S.; Devoogdt, N.;
Adriaensens, P.; Mendes, P. M., Direct Immobilisation of Engineered Nanobodies on Gold
Sensors. ACS Applied Materials & Interfaces 2021, 13 (15), 17353-17360



1.1 Literature Review

1.1.1. Outlook

At the core of many biosensing platforms is the detection of bio-interactions, such as antibody-
antigen binding®. Surfaces functionalised with capture entities like antibodies or antigens, are
devised for the detection of their binding targets in solution. These surfaces have been
developed into numerous research, non-clinical* applications including research tools in
structural, cell, and developmental biology*, and clinical® applications such as nanobody-based
cancer therapy for solid tumours®. However, while a vast variety of sensitive antibody detection
strategies have been developed®, there are only a limited number of reported systems with the
ability to control the detection of the target’. Reasons for this limitation include the antibody
dimensions® and lack of stability over long periods of time®. Recent developments could address
these limitations by including surfaces functionalised with nanobodies as capture entities®.
Nanobodies are smaller fragments of antibodies and preserve their affinity and specificity whilst
being robust®. These attributes are not only promising for the development of more sensitive
nanobody-based surfaces but also for the control over detection. The latter could allow a
biosensing surface to remain inactive and sense upon demand. On-demand specific detection
could be applied for near real-time, long-term monitoring of biological processes in cell culture

systems or in diagnostic devices for disease detection and surveillance on-demand® 7.

Bio-interactions can be controlled by their surrounding environment, including stimuli-
responsive surfaces 1°. Surfaces with the ability to modulate their properties in response to
diverse external stimuli have been created to control non-specific and specific interactions® 1°.
Among other strategies, self-assembled monolayers (SAMSs) have proven to be instrumental for

the design and development of stimuli-responsive surfaces?.



The following sections start by addressing SAMs, building up to further functionalisation of
SAMs with macromolecules and different immobilisation strategies. The immobilisation
strategies relevant for this thesis includes the use of engineered cysteines, amino-coupling, and
click chemistry. Following the immobilisation methods, an introduction to nanobodies and
nanobody-based surfaces is presented with different experimental and computational studies
based on molecular dynamic simulations. Thereafter, applications of nanobody-based
biosensors for diagnostic tools are presented, including the current state and limitations of static
detection. Moving towards future applications of dynamic biosensing, relevant stimuli-
responsive surfaces are described. The stimuli-responsive surfaces are organized based on the
stimulus applied (chemical, temperature, light and electrical) with special focus given to
electrical stimulus and biosensing applications due to the relevance to this thesis. This literature
review concludes with a brief comparison between the stimuli used for biosensing applications.
Lastly, the aims and objectives of this thesis are introduced, followed by a thesis outline with a

brief description of each chapter.

1.1.2. Self-assembled monolayers (SAMs)

Naturally occurring in biological systems, self-assembly occurs through covalent or non-
covalent interactions (i.e. hydrogen bonding, van der Waals, electrostatic, n-n interactions,
hydrophobic interactions), that lead to the formation and organisation of stable structures (from
atoms to mesoscale objects'?) at the thermodynamic equilibrium. Self-assembly is a very
effective and versatile strategy for surface functionalisation, leading scientists to pursue the
bottom-up construction of functional assemblies?. Self-assembled monolayers (SAMs) form

as a result of the spontaneous adsorption of molecules onto a substrate which results in



organized and packed monolayers. By convention, the molecular structure of SAMs is divided
into three features'? = (Figure 1.1): 1) the headgroup, which with strong affinity to the substrate
will anchor the SAM molecule to the surface; 2) the backbone, which plays an important role
in the molecular ordering and 3) the terminal group which determines the surface properties

and functionality.
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Figure 1.1 - Schematic representation of a self-assembled monolayer (SAM).(A) Side view showing

SAMs with three distinguishable features: the headgroup that anchors the SAM molecule to the
substrate, the spacer and the terminal group, which determines the properties and functionality of the
final surface. (B) Top view of a maximum coverage of head groups on the substrate lattice ( for instance,
S-Au, thiolates), The dashed circles indicate the projected surface area occupied by the respective
backbone chains.

Characteristics of the SAM result from an interplay role between 1) the affinity of the head
group to the substrate, which influences the orientation of the adlayer, 2) the lateral non-
covalent interactions between backbones (chains) that stabilise the structure and regulates the
packing yield, and 3) the intramolecular interactions which determines the details of the super-
lattice structure (e.g. tilt-angle, surface lattice reconstruction)'?. SAMSs can be formed in diverse

substrates such as Au (gold), Cu (copper), Ag (silver). Au is one of the most used substrates



due to its various advantages, such as being inert, biocompatible and suitable to use with various
analytical techniques such as plasmon resonance spectroscopy (SPR), quartz crystal
microbalance (QCM) and ellipsometry®. These advantages and thiol-gold interaction (thiolate
bond) makes SAMs of thiols on gold surfaces one of the most popular models, with extensive
research on SAMs particularly composed by alkanethiols®® 14, Although the early literature on
the thiolate (S-Au) formation starting from thiols (HS-R) or disulphides (R-S-S-R) have
debated the means for the thiol (-SH) to lose its hydrogen, it is well accepted that S-Au bonding
occurs in two steps: 1) fast physisorption and then 2) slow chemisorption whereas an initial

“laying down” position moves towards a “standing up” position®® (Figure 1.2).
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Figure 1.2 — SAM formation schematics. The S-Au bonding happens after a (A) fast physisorption, giving
place to a (B) slow chemisorption in which the SAM molecules transition from a laying down position
to a standing up position. (C) Packed and organized SAM.

When in the “standing up” position, the tilt angle is defined between the linear backbone chain
and the normal to the surface. The tilts of alkanethiol chains vary for the various metals, being
the largest angles (with an absolute value near 30°) found on gold Au(111)®, having an impact
in the expected thickness from these SAMs. Studies of alkanethiols adsorption kinetics onto
Au(111) surfaces have shown that at diluted solutions (10" M) the chemisorption step can take

a few minutes, with contact angles and thickness at about 80-90% of their maximum values,



whilst only after several hours the thickness and contacts angles reach their plateau®®. The
chemisorption step can be well described by diffusion-controlled Langmuir adsorption being
dependent on the thiol concentration. Thereafter the SAM evolves from a disordered to an
ordered state of the backbone chains. Thus, the kinetics of the chemisorption is governed by the
surface-head group reaction, whilst the final step kinetics, with limited number of free Au
adsorption sites, it is related to the chain disorder (e.g. gauche chain defects), chain to chain
interactions (VDW, dipole-dipole, etc) and surface mobility of chains®. For instance, the longer

alkyl chains result in faster kinetics, due probably to their increased VDW interactions® 17,

In general, alkanethiol SAMs with different terminal groups are easy to prepare, needing a gas
or liquid phase in contact with the surface, the latter being the most common in academic
laboratories'®. Depending on the chemistry of the alkanethiol, the optimal incubation solvents,
times and temperature vary, specially considering that adsorption rate can differ with the
alkanethiols’ chain length, concentration and other experimental settings, such as the
cleanliness of the substrate!®. Understanding and controlling how the described parameters
influence the different types of SAMs allows the monolayer kinetics of formation to be
manipulated fairly easily’. Furthermore, free thiols from the solution can replace thiols at the
surface, forming a new thiolate bond. Even though the thiol-gold affinity promotes the thiol
interaction over other adventitious organic impurities at the surface, this replacement influences
the kinetics of SAM formation'’. Thus it is good practice to apply thorough cleaning steps

before SAM formation to achieve better reproducibility®’.

Regarding the gold-thiol model limitations, the gold substrate can undergo oxidation after some
period of time depending on its storage conditions (weeks or months)*® which results in thiol
desorption. Furthermore, in order to avoid thiol desorption from gold reduction'® 2° when the

substrate is used as a working electrode, the negative potential applied should not go lower than
6



a certain potential, depending on the SAM and the structure of the metal®: 22, To overcome
these stability limitations, the silanes on conductive indium tin oxide (ITO) could be an
alternative self-assembly system (forming siloxane, Si-O), being thermally and chemically
more stable than thiols®. However, the uncontrolled ITO surface roughness can lead to

reproducibility issues for SAM formation?,

Overall, gold substrate surfaces and a thorough understanding of SAM formation strategies
provides a controllable and convenient platform for proof of concept experiments that can be

characterised with several techniques.

1.1.3. Surface functionalisation with macromolecules

The immobilisation of macromolecules at the surface provides biological functionality. Some
macromolecules have engineered thiol-containing residues, allowing their self-assembly on
gold®2®. However, very often initial SAMs undergo further treatment towards the posterior
immobilisation of various classes of macromolecules such as DNA, antibodies, enzymes,
growth factors, peptide fragments and proteins'® 3. In order to immobilize macromolecules,
the SAM terminal group must be a functional group, which allows the adequate surface
properties for molecular adhesion (through non-specific binding) and/or will form a complex
with the macromolecule chemical ligand (Figure 1.3). Depending on the size and complexity
of the required functional group, the molecules can either first be pre-synthesized to form
functionalised SAMs later, or SAMs are initially formed and the functional group is added later.
The latter strategy has shown to require lower amounts of reagents and avoids complex

synthesis processes®. Furthermore, upon a densely packed and stable SAM, compatibility



between the latter added functional groups (or macromolecules to immobilise) and the end

groups (such as thiols) it is not required which is advantageous.?
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Figure 1.3 -Schematic representation on strategies for SAM functionalisation. (A) The thiol molecule is
pre-synthetised with the functional group of interest before SAM formation; (B) The SAM is formed and
modified after to incorporate the functional group of interest. (C) Different surface functional groups

and respective chemical ligands (linkers) to macromolecules, which can also work vice-versa.

Typically multi-component SAMs are selected over the homogenous SAMs, providing various
benefits. These include change in the wettability of surface, optimised space between functional
groups which avoids steric hindrance within these?” and ideally minimises non-specific
interactions. To this end, ethylene glycol (EG)-terminated thiols are commonly used due to their
anti-fouling capacity to resist non-specific protein adsorption.?®3 Two different mechanisms
can explain how oligo(EG)-terminated SAMs?®3% 34 resist protein adsorption: 1) steric
repulsion as a result of compression on the oligo(EG) caused by proteins approaching the
surface and 2) a water barrier formed of strong hydrogen bonds between the oligo(EG) oxygen
atoms and hydrogen atoms of the water molecules. Basically, the more hydrated the oligo(EG)

SAM s, the more resistant to non-specific interactions. Therefore, the oligo(EG) SAM non-
8



fouling capacity depends on different parameters that influence the SAM hydration levels, such
as packing density®?, ionic solution strength and temperature?®. All considered, in the context
of building a sensor platform the multi-component SAM must be optimised towards the end
goal: high sensitivity for target detection. This implies that the immobilised macromolecules

are optimally spaced and the space between does not bind non-specifically.

When immobilising macromolecules, a wide variety of methods have been applied for SAM
surface modification: ranging from non-covalent to covalent and impacting randomly or
specifically the posterior macromolecules orientation®. For instance, macromolecules have
been immobilised onto SAM surfaces by either adsorption®®, molecular recognition with the
immobilised chemical ligands®” or covalent coupling to the SAM surface3 °. Ideally, these
methods do not cause denaturation or loss of biological activity, being biocompatible with the
moieties to bind. Amongst the strategies involving covalent bonding is the amino coupling and
“click chemistry”. Whilst the amino coupling mainly takes advantage of the functional groups
naturally existing on proteins, “click” chemistry provides directional and efficient

immobilisation, but requires bioconjugation with a non-natural ligand at the protein’s surface®.

1.1.3.1. Macromolecules directly on gold: Engineered cysteine residues

The direct immobilisation of macromolecules on surfaces has proven to be challenging.
Previous studies have shown that physical adsorption of proteins onto surfaces leads to activity
loss, unreliable exchange events and reversibility of the adsorption process®. In particular,
protein activity loss has been described as a consequence of random orientation upon
immobilisation at the surfaces*'. Efforts to address this issue used cysteines, natural thiol

containing amino-acids, to pursue thiolate bonds between macromolecules and gold (Figure 1.4

9



(B)). In the case of antibodies, their native disulphide bonds were reduced to thiols, separating
the Fab regions (antigen binding regions).*>*> These studies have shown to specifically
immobilize the Fab regions which obtained higher antigen responses than the randomly
adsorbed full antibodies. When no native thiols are available, strategies to achieve the best
performance upon direct immobilisation on gold have explored the engineering of cysteine
residues opposite to the binding site of proteins® 2426, These studies have shown to successfully
engineer cysteines on proteins whilst preserving the biological activity, achieving higher bio-
interactions than the non-engineered proteins randomly immobilised. To conclude, although
the immobilisation of macromolecules directly on gold is an attainable approach, there are
challenges that need to be addressed, including the achievement of exclusively well-oriented

adsorption.

(A)

(B)
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Au Au Au

Random Physical adsorption Specifically Oriented
Figure 1.4 — Direct immobilisation of macromolecules on gold schematics. (a) Physical immobilisation;

(B) specifically oriented immobilisation through a thiolate bond between the macromolecules’ cysteines

and the gold surface.
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1.1.3.2.  EDC-NHS amino coupling

The amino coupling methods to immobilize macromolecules is one of most frequently used
technique. Although many methods for covalent coupling have been developed, the amino
coupling is often the chosen method due to high yields and convenience® by using the proteins’
native amino-acids and not requiring further modification. Amino coupling involves activation
of a carboxylate group that can react with a primary amine so that an amide bond is formed.
When functionalizing surfaces, the surface bound carboxylates react with the amine side chains
of lysines and the N-terminus in the protein. The immobilisation process starts with the surface
activation with reactive 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-mediated N-
hydroxysuccinimide (NHS). First EDC reacts with a carboxylic acid to form an active ester
intermediate which is then replaced by a NHS ester (Figure 1.5). The latter is more reactive and

couples with the primary amines of the followed protein solution.
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Figure 1.5 — Strategy for immobilisation at the carboxylate-terminated SAM surface through EDC/NHS

amino coupling.
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The reaction without NHS would be less efficient, as EDC is less reactive and its hydrolysis
occurs faster. Parameters like solution ionic strength, pH, protein concentration, incubation time
and reagents concentration are important to optimize the immobilisation®® 4’ (Figure 1.6). For
instance, to facilitate the immobilisation through the electrostatic interactions between the
protein and the negatively charged carboxylate surface prior to amine coupling, the solution pH
should be below the pl (isoelectric point) of the proteins (net charge of the protein more
positive)*’. Efforts have also been made to allow the immobilisation of negatively charged
proteins above their pl, by inverting the surface charge to positive by immobilising initially an
asymmetric diamine comprising a reactive primary amine and a unreactive cationic tertiary
amine*®. The orientation of the proteins immobilised through amino-coupling relies on the
proteins’ amine groups position. Thus, it is ideal when no specific orientation is required?’ or

when the amine groups are located opposite to the binding site®4° but inadequate otherwise.
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Figure 1.6 — NHS/EDC amino coupling efficiency of proteins based on pH and reaction time
parameters. (A) Response of electrostatically adsorbed (+) and immobilised (¢) SpA protein and
electrostatically adsorbed (m) and immobillised (%) RNase protein. (B) Response of immobilised RNase
in a buffer at pH 4.7(m) and pH 7.1 (#) as a function of reaction time. Adapted from*’
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1.1.3.3.  Click-chemistry

Exclusively well-oriented functionalisation of surfaces plays a crucial role in the development
of biosensors and their resulting performance. The established concept of “click chemistry”*°
provides an excellent platform for biomedical applications through effective surface
modification® >, There are four kinds of click chemistry reactions mainly used in
biochemical assays namely cycloaddition reaction, nucleophilic ring opening reaction, non-
aldol carbonylation reaction and carbon-carbon multiple bonds addition reaction>® %57, Among
these, copper(l) catalysed azide-alkyne cycloaddition (CUAAC) is the most popular and has
shown to be a powerful tool due to the high yields achieved, absence of by-products and
moderate conditions required both in aqueous medium and under physiological conditions®’.
The CuAAC reaction occurs between an azide and an alkyne moiety forming a stable 5
membered 1,2,3-triazole ring under Cu(l) catalysis® (Figure 1.7). The catalyst Cu(l), usually
resulting from the reduction of Cu(Il) salt by the reducing agent sodium ascorbate, accelerates
the reaction rate and allows it to occur at room temperature. In the absence of a catalyst, the
reaction between the azides and alkynes requires high temperatures®®. A potential disadvantage
is the presence of Cu(ll) ions which can be cytotoxic®. The water soluble chemical ligand
THPTA can be used to assure the strong stabilisation of the Cu(l) oxidation state, therefore
dropping the Cu-induced cytotoxicity by allowing lower copper usage®. An alternative to

CuAAc is the cycloaddition between 1,2,4,5-tetrazines and trans-cyclooctene, a copper free

reaction with rapid kinetics and low toxicity®’.
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Figure 1.7 — Click chemistry: copper catalised azide-alkyne cycloaddition (CuAAc)

Two approaches have been used to obtain functionalised SAMs through click chemistry: either
1) the click reaction occurs in solution to the thiol-moeities (click in solution), being the
substrate functionalised later, or 2) the SAM is firstly formed and the click reaction is carried
out on the SAM (click on SAM)®. When involving small compounds, the click in solution
might be beneficial®®, but larger biomolecules such as proteins usually require the click on SAM
approach, which simultaneously avoid non-specific interactions with the substrate through
direct contact®* 38 5456 With click on SAM, the SAM functional group can be either the alkyne
or the azide, being in solution respectively the azide- or alkyne-terminated moiety®3. The
CuAAc strategy for protein immobilisation on SAM surfaces provides highly oriented and
functional homogenously covered surfaces®. It has been shown that orientation is particularly
important to increase biosensor sensitivity as the bioreceptor-analyte binding events are highly
dependent on the orientation of bioreceptors on the sensor surface and their availability to

capture the analyte®.

1.1.4. Nanobodies and nanobody-based surfaces

Single domain antibodies, generally referred to as nanobodies, are emerging as robust and

versatile affinity reagents for research, diagnostics and therapeutics®® ®1. They are an attractive

14



alternative to antibodies since they offer similar high affinity and high selectivity for a broad
range of analytes (small organic molecules, proteins, cell epitopes) but they are smaller in size
(~15 kDa, Figure 1.8). This latter characteristic allows nanobodies to have increased solubility
and stability, easier production and low steric hindrance to reach targets®?®*. The robustness of
nanobodies has been shown in multiple regeneration cycles (when the nanobody surface can be
reused)®® and they have an extended shelf-life when compared with full size antibodies®®.
Moreover, their thermostability has been studied* but so far there are no reports on the

nanobodies stability upon an applied potential.

Past literature on nanobodies has been primarily focused on free-form nanobodies and on
nanobodies immobilised on nanoparticles®. Most of these studies highlight the nanobodies

solubility and capability of reaching hidden and hard to access epitopes due to their size®®.
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Figure 1.8 — Comparison schematics between antibodies, heavy chain antibodies and nanobodies.

Adapted from®

1.14.1. Optimisation of nanobody-based surfaces

Small sized receptor molecules can create highly dense biologically active probes, thus
nanobodies on surfaces could form highly functionalised platforms. Despite the advantages of
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biosensor functionalised with nanobodies, few platforms have explored this approach?.
Concerning the immobilisation of nanobodies on surfaces, orientation has been postulated as
crucial to increasing the immobilisation efficiency®” and thus the biological activity.
Beekwilder et al®*, focused on comparing the immobilisation of nanobodies uniformly or
randomly oriented via click chemistry on dextran cyclooctyne-terminated SPR chips® (Figure
1.9). To do so, the studied nanobodies had azide moeities incorporated into their sequence
through the non-natural amino-acid azidohomoalanine (AHA). The AHA moeities were
inserted specifically on either 1) one site at the C-terminus, opposite to the binding site (Nb1)
or 2) five sites within the sequence (Nb5)**. The resulting nanobodies Nb1 and Nb5 either
coupled to the surface with one orientation or five different orientations, respectively. The
resulting SPR studies presented a 10 fold higher biosensor sensitivity when using the uniformly
oriented Nbl, comparatively to Nb5 randomly oriented via click chemistry and NHS

chemistry®,
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Figure 1.9 — Random and uniform orientation of immaobilised nanobodies. (A-B) Schematics of the azide
functionalised nanobodies covalently coupled in a (A) uniform orientation or (B) in a random
orientation via one of the 5 available azides onto a cyclooctyne-tailored dextran sensor. (C) SPR results

of Nb1 and Nb5 functionalised sensors, with antigen dilution series analysed on randomly oriented Nb5

16



click chemistry (circles) and NHS chemistry (triangles) and uniformly oriented click chemistry

(squares). Adapted from>*,

In another study, besides orientation, the stability of the immobilisation method was
demonstrated as an important factor for nanobody-antigen interactions through SPR%*. Della
Pia et al, immobilised green fluorescent protein nanobodies (NbGFP) through various
immobilisation strategies®®. The nanobodies were immobilised on Ni?*:nitrilotriacetic acid
(NTA) (Figure 1.10(A)) and anti-polyhistidine chips (Figure 1.10(B)) via histidine tag,
streptavidin-functionalised surfaces via biotin tag (Figure 1.10(C)) or directly on carboxylic-
terminated surfaces via EDC/NHS amino-coupling®. In all the cases the orientation of
immobilised NbGFP was expected to be similar. Thereafter the nanobody-antigen (NbGFP-
GFP) interaction was compared across the different nanobody immobilisation strategies. The
results showed that the binding affinity was marginally affected (Figure 1.10) by the
immobilisation strategies. Interestingly, the immobilisation method that showed a lower
dissociation constant was the highly stable streptavidin/biotin based immobilisation, which the
authors theorized to be due to potential additional stabilisation between nanobodies and the
analyte®®. These studies®® >* showed that in addition to the nanobody orientation, the stability
of the immobilisation method for nanobodies can play a role in the nanobody-antigen

interactions.
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Figure 1.10 — NbGFP-GFP interaction as measured by SPR. (A-C) Binding of GFP to NbGFP
immobilised on (A) Ni:NTA; (B) anti-polyhistidine antibody and (C) streptavidin terminated surfaces.
(D) Endpoint response of the normalised binding curves as function of GFP concentration: red, blue
and black correspond to results on Ni:NTA, anti-polyhistidine antibody and streptavidin terminated

surfaces respectively, with Hill’s equation fit. Adapted from®.

Functionalising substrates directly with nanobodies can be highly desirable when the analyte
detection is dependent on its proximity to the surface. The previously mentioned studies
immobilised nanobodies on pre-functionalised dextran-containing surfaces® >* which brings
the analyte further away from the surface. Limitations for this type of functionalisation include
the reduced Debye length (distance from the charged surface that can influence particles of the
opposite charge) particularly under physiological conditions®®. A reduced Debye length implies
that in order to sense the target needs to be in close proximity to the surface. A larger Debye
length gives a higher margin for detection above the surface. Filipiak et al, showed the
advantage of functionalizing carbon nanotube transistors with nanobodies. Briefly, the basic
principle of these nanotube field-effect transistors (FET) relies on the current change via the
field effect as consequence of charged species adsorption®. The study has shown that FET
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functionalised with NbGFP resulted in a sensitive label-free detection of GFP antigen under a
buffer that recreates physiological conditions (high ionic strength which decreases the Debye
length)®8. The carbon nanotubes were also functionalised with polyethylene-glycol (PEG) and
further blocked with bovine serum albumin protein (BSA) to avoid non-specific interactions
(Figure 1.11(A)). Despite the short Debye length under physiological conditions (
approximately 1 nm) the results showed that nanobodies could achieve lower detection limits
that have only been achieved with antibodies and diluted samples (lower ionic strength and
higher Debye length)®®. Thus direct immobilisation of nanobodies to the surface can enhance

analyte detection.
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Figure 1.11 — FET-based nanobody assay for GFP detection. (A) Label-free schematics of the
functionalised carbon nanotubes (CNTs) with NbGFP and PEG which was afterwards blocked with BSA
to avoid non-specific interactions with the substrate. (B) Transfer curves measured in buffer for a wide
range of GFP concentrations. With increasing GFP concentration a shift of the transfer curve to more
positive voltages is visible (indicated by the arrow). (C) Sensor voltage shift in function of GFP
concentration. The dashed line represents the blank value (no GFP) and the controls are represented
for non-specific response with BSA and another protein (tobacco etch virus protease, TEV). Adapted

from 8,

However, when functionalising surfaces directly with nanobodies the steric hindrance at the

surface is another relevant factor to consider. On this note, the size of nanobodies can be a
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disadvantage for successful bio-interactions. If the target antigen structure is large or has an
hidden epitope, there is an increased likelihood of steric hindrance whilst approaching the
surface where the nanobody is immobilised®”. To overcome these difficulties, one study used
oligopeptide spacers which were added to a nanobody sequence, allowing the nanobody to be
oriented and distant from the substrate®’. This study showed that nanobodies spaced with 5
amino-acid oligopeptides outperformed the nanobodies without spacer at analyte detection®’.
However, whilst the distance from the surface was optimised in this study, there was no

approach to optimise the distance between nanobodies.
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Figure 1.12 — Nanobodies immobilised at the surface and distant from the surface. Biosensors based on

(A) non-oriented and (B) oriented nanobodies with engineered peptide spacer of 5, 10 and 15 amino
acids (1, 2 and 3 respectively). Reproduced from ®

In conclusion, upon the nanobodies’ immobilisation, factors such as the orientation of the
nanobody, the stability of the immobilisation strategies and the distance of a nanobody from
the substrate can contribute to higher biological activity and surface performance with lower
detection limits. The unique set of properties such as small size, high affinity and robustness,
makes nanobodies ideal building blocks for a wide range of sensing devices and assays for use
in biomedical and biotechnology, however optimisation of surface functionalisation parameters

remains a challenge to fully unlock these advantages.
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1.1.4.2.  Analysis of nanobodies via molecular dynamic simulation

Alongside practical experimentation, computational modelling can create detailed predictions
of interactions at the molecular level. Molecular dynamic simulations (MDS) have helped to
describe the behaviour of molecules and proteins approaching and at the surface. MDS has
revealed the structures of SAMs on gold®, the mechanisms of protein adsorption’®, including
specific amino-acids or domains involved in the protein adsorption’® and it has been used to

evaluate protein denaturation after adsorption.

Conceptually, MDS is based on the motion of atoms (not under extreme temperatures or
pressures) of any molecular system computed by implementing Newton’s laws of motion”.
Thus it requires an accurate description of the interaction forces between atoms, described by
well-known force fields’. Commonly, the root-mean-square deviation (RMSD) and root-mean-
square-fluctuation (RMSF) are used to quantify the conformation variability within a protein”®.
RMSD measures the degree of similarity between two three-dimensional (3D) structures with
the same number of atoms, while RMSF reflects the fluctuation of a protein’s residues during
its trajectory’®. Typically MDS are performed for systems with single proteins, as complex
biological systems are not trivial to simulate”. Even with simple structures, the time scales are
a limitation of MDS as they are in the order of 102 ns, which are short time scales to describe
important processes such as protein diffusion or rearrangement at surfaces’ ™. Despite this
limitation, MDS can still provide means to observe protein mechanisms which is important to

predict, for instance, protein approach to surfaces.

Concerning nanobodies, MDS studies have facilitated the understanding of nanobody
thermostability’®, adsorption?, nanobody-antigen interactions’” and the prediction of ways to
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improve nanobody-antigen affinity’®. Hasannia, et al. investigated through MDS the
mechanisms that play a role in stabilising nanobodies at high temperatures, up to 358 K (~85
°C)’®. Their RMSD and RMSF results (Figure 1.13(A-C)) confirmed the stability of the
nanobody over the studied temperatures, and showed the typical flexibility for loop regions
such as complementary determining regions (CDR). Additionally their findings showed that -
7 stacking interactions between the aromatic residues of the CDR3, the CDR3 loop stability,
and the interactions between the CDR3 the and the B-sheets of the nanobody studied are

important to keep its structural stability and function (Figure 1.13(D))’®.
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Figure 1.13 — MDS of a nanobody thermostability. (A-B) Root-mean-square deviations (MSD) at
different temperatures (A) 298, 308, 318, 328 K and (B) 338, 348, 353, 358 K. (C) Root-mean-square
fluctuations (RMSF) of Ca atoms with CDR regions highlighted by the boxes. (D) Nanobody 3D
structure, with CDR1, CDR2 and CDR3 shown in red, blue and cyan respectively. Trajectory times were
90 ns. Adapted from.
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Overall, MDS allows the investigation and prediction of mechanisms at the molecular level by
exploring conditions that are not accessible in a laboratory setting. MDS are simpler when the
studied proteins are small. The short sequence of nanobodies makes them relatively easy to

simulate with MDS. However, to date there are not many reported MDS studies on nanobodies.

1.1.5. Nanobody-based biosensors as diagnostic tools

The studies mentioned earlier highlighted nanobody-based surfaces which are proof-of-concept
for biosensing applications. To date a wide range of Nb-based biosensors have been explored
for health monitoring and early diagnosis of disease and are herein introduced. Nb-based
biosensors have been developed for cancer " 8, toxins®?, parasites®? and virus®® 8 screening in
humans, and in animals®® &, The potential of using nanobodies in biosensors for diagnostics
has been demonstrated in different assay formats including through sandwich assays®® -8 8¢-
%1 whereas the nanobodies were used as capture and/or detection entities. Assay formats have
been shown in lateral flow assays (LFA)®* & for point-of-care diagnostics (POC) and in

electrochemical immunoassays®®.

1.1.5.1. Point of care (POC) nanobody-based biosensors

POC testing must allow for diagnostic testing outside of laboratory conditions. Antibody-based
POC lateral flow tests can be compromised by variations in temperature and humidity as these
directly affect the stability of antibodies. Nanobodies were previously presented as an

alternative due to their stability®2.
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Pinto Torres et al, developed a LFA for point of care diagnostics based on a nanobody sandwich
assay® (Figure 1.14 (A)) to detect disease affecting cattle livestock®. Once the sample is
loaded, it flows through the conjugate pad mixing with its components (that includes the
detecting nanobody with gold nanoparticles (Nb2-AuNPs) and the control conjugate (Figure
1.14 (B)). After the conjugate pad, the mixture moves to the test line (with the capturing
nanobody (Nb1)) and finally to the control line (where the control conjugate is captured) (Figure
1.14 (B)). On their assay the capture nanobody (Nb1) was either physically adsorbed directly
on the pad, or biotinylated (becoming Nb1-biotin) and then adsorbed on a pad pre-treated with
streptavidin. The second approach allowed a decrease in the limit-of-detection (LoD), which
was suggested to be due better Nb1 adherence to the surface and orientation®. Therefore the
optimisation of nanobody immobilisation methods, that can impact the orientation, is an
important design factor for biosensor development.
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Figure 1.14 — Lateral flow test based on nanobodies sandwich assay. (A) Sandwich assay schematics:
the immobilised capture nanobody (Nbl) catches the target which binds to the detection nanobody
(Nb2). (B) Lateral flow assay (LFA) schematics based on nanobodies sandwich assay using detection
nanobodies conjugated with nanoparticles. (C-D) Finally, LFA read-outs for a dilution series of target
using (C) direct coating of Nb1 on the test line and (D) streptavidin-based coating of biotinylated Nb1

on the test line. Black arrows highlight the limit of detection. Adapted from®®.
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In the same study, the resulting LFA test was used on samples of infected cattle showing an
specificity of 92%°%. However, the lowest LoD achieved was 0.22 pg/mL (Figure 1.14(D)), a
range that can diagnose the herd but not the individual cattle®. Therefore higher sensitivity is
required which could potentially be achieved with other approaches, such as electrochemical

nanobody-based biosensors.

1.1.5.2.  Electrochemical nanobody-based biosensors

Electrochemical nanobody-based biosensors have been developed for use when the targeted

antigen is in low concentrations, requiring high sensitivities in the picomolar range®.

Guo et al, presented a bioelectric sensor platform that fulfils current POC challenges previously
stated such as the trade off between sensitivity and time to result®®. With these challenges being
highlighted by the current COVID (corona virus disease)-19 pandemic crisis, this platform
validated performance with unprocessed clinical samples from COVID-19 patients with a time
to result of under 15 min®. Their platform was based on a gold electrode transistor
functionalised with 1,6-hexanedithiol (HDT) which was then linked to a SpyTag peptide. The
SpyTag peptide bonds strongly to the SpyCatcher® (a protein) which was fused to a nanobody
through a flexible linker (Figure 1.15(B)). This arrangement allowed a robust and controlled
nanobody orientation on the surface®®. The used nanobodies targeted the SARS-CoV-2 (severe

acute respiratory syndrome coronavirus 2) spike proteins® (Figure 1.15(A)).
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Figure 1.15 — Nanobody functionalised organic electrochemical transistor sensor. (A)

Functionalisation layers: chemical and biological monolayers (Chem-SAM and Bio-SAM) are self-
assembled to the electrode surface. (B) Molecular architecture: A synthetic SpyTag peptide is
chemically coupled to the 1,6-hexanedithiol (HDT) monolayer to form a Chem-SAM on gold. The
nanobody-SpyCatcher fusion protein couples after a covalent SpyCatcher-SpyTag bond, forming the
Bio-SAM. Lastly, BSA is physiosorbed during the final step of functionalisation to prevent non-specific
binding. Adapted from®,

The preliminary clinical results demonstrated sensitivity comparable to reverse transcription
polymerase chain reaction methods (RT-PCR)®. The choice of nanobodies over usual
antibodies (or antibody fragments) further improved the density and robustness of the
biorecognition layer®. Overall, this study demonstrated that electrochemical nanobody-based
biosensors, with controlled nanobody orientation, can achieve high specificity and fast results

for clinical diagnosis.

Other examples of electrochemical biosensors with nanobodies reported in literature included
impedance sensors®, amperometric immunoassay sensors®® *° and field-effect transistor (FET)

based sensors®.
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1.1.6. Nanobody-based surfaces and biosensors overview

The previous sections demonstrated that nanobodies are a promising alternative to antibodies,
and have been successfully used to functionalise surfaces for biosensing applications. Studies
have highlighted design factors such as orientation®, immobilisation method3® and distance
from the surface®’ to be relevant for efficient nanobody-antigen interactions. Immobilisation
methods previously reported include nanobodies randomly oriented via physical adsorption®
and covalent bonding® " 8 or oriented via a linker, such as biotin®® 87891 or histidine tag®
8,90 These approaches allow for highly active surfaces with additional stability and sensitivity

inherent to nanobodies.

To enable the future generation of biosensing devices new strategies for detection and
monitoring of biomolecules are essential. To date, most biosensors rely on a static detection
approach, which means that, contact with a sample is irreversible, therefore these platforms will
be for one time use and not suitable for long-term monitoring. The reusability of such platforms
requires regeneration cycles that usually use harsh conditions (such as acids or high salt
concentrations)® to disrupt, for instance, the antibody-antigen interactions. These harsh
conditions limit static biosensors to external (non-invasive) applications. Furthermore
regeneration cycles decrease sensing efficiency. To address these challenges, dynamic
detection offers potential solutions for long-term and real-time biosensing which can interact
with more complex bio-interfaces® such as inside the human body or within bioreactors. Rather
than static, a dynamic sensing through stimuli-responsive detection could allow on-demand
sensing. This topic is covered in the following section, after a brief introduction to dynamic-

responsive interfaces.
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1.1.7. Dynamic-responsive interfaces and on-demand biosensing

Control of specific capture of biomolecules on surfaces provides the opportunity for on-demand
biosensing®. In order to achieve on-demand biosensing it is necessary for a biosensor that
remains inactive over time (i.e. not capturing any biomolecules) and changes to its active state
(i.e capturing and detecting specific biomolecules) upon requirement. Stimuli-responsive
surfaces emerge as potential on-demand biosensing platforms as they have the ability to remain

inactive, changing to an active state following an applied stimulus.

The natural ability of living organisms to respond to a multitude of stimuli has inspired the
development of synthetic materials with tailored stimuli-responsive properties. Stimuli-
responsive mechanisms have been incorporated into bio-interfaces to dynamically control their
properties and functionalities (Figure 1.16). A wide range of stimuli have been used, including
electrical potentials and fields®®, magnetic fields®”, mechanical forces®, light®® 1

temperature!®®: 102 nH19 and the presence of molecules such as enzymes®.
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Figure 1.16 — Types of stimuli explored to develop dynamic bio-interfaces and their applications.
Dynamic bio-interfaces can be responsive to different stimuli providing opportunities to develop
implantable delivery systems for medical applications, antibacterial surfaces to control biofouling,
bioseparation to aid in the isolation or detection of proteins and many other applications. Reproduced

from *.

Among other systems, self-assembled monolayers (SAMs)% are proving to be instrumental for
the rational design of stimuli-responsive surfaces. Consequently, advances have been made in
active and switchable bio-interfaces owing to their relevance in many biotechnological and

biomedical applications®® including biosensing*®*.

The following sections will address different stimulus-responsive surfaces that were developed
for different applications, with an emphasis on biosensing applications. Stimulus-responsive
surfaces are summarized based on the applied stimulus, including chemical, temperature, light
and electrical. More extended research is shown for examples with electrical stimulus due to

the relevance to this thesis.
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1.1.7.1.  Chemical-responsive surfaces

Chemical-responsive surfaces allow for the development of novel biochemical sensors that
respond to the surrounding chemical environment. Stimulus for chemically-responsive surfaces
include ionic strength, pH, adenosine triphosphate (ATP) and other chemicals. One example
includes a microfluidic system that has been built to allow capture and release of thrombin with
a pH-responsive polymer. The bendable polymer used was poly(acrylamide-co-acrylic acid)
(P(AAm-co-AAc)) shaped into microscopic fins (microfins) and functionalised with a pH
sensitive thrombin-specific aptamer'® (Figure 1.17). In this system, depending on the pH, the
P(AAm-co-AAc) hydrogel is present either in its deprotonated form, which is capable of
absorbing water and swelling, or in its protonated form, which expels water and results in
hydrogel contraction. Based on volume changes, at pH 7.2, the microfins protrude into the top
fluidic layer, exposing the aptamer which captures the thrombin proteins. In acidic conditions
(pH 3.2), the hydrogel contracts into the bottom fluidic layer and the aptamer simultaneously
undergoes denaturation, resulting in release of the captured thrombin molecules into the bottom
fluidic layer'®®, Such microfluidic system demonstrated effective bioseparation between the two

fluidic layers following a chemical response.

The advantages of chemical stimuli, such as pH, include easy addressability and direct affect
on the binding affinity at the interfacel®. However, a limitation inherent to chemically-driven
surfaces include the lack of spatial control. Localised stimulation is not achievable as it extends

throughout the involving media, which simultaneously can be challenging to control.
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Figure 1.17 — Representative schematics of a pH-responsive surface. (A) A microfluidic chamber
containing a hydrogel with poly(acrylamide-co-acrylic acid) microfins that are decorated with a
thrombin-binding aptamer. At neutral pH the hydrogen swells allowing the capture of thrombin. (B)

Upon contraction of the hydrogel and denaturation of the aptamer at acidic pH, the thrombin is

released. Adapted from %,

1.1.7.2.  Mechanically-responsive surfaces

The conversion of physical forces such as shear stress, vibration and stretching into a
biochemical response is known as mechanotransduction. Inspired by mechanotransduction,
mechanically-responsive surfaces have been used to prevent biofilm attachment®, control drug

delivery!® and activate biocatalysis'%.

As an example, Mertz et al, developed a platform based on multilayer polyelectrolyte films that
can control enzymatic activity upon mechanical stimulus'®. The architecture consisted of a
stretchable capping barrier composed by poly(diallyldimethylammonium) and poly(sodium 4-
styrenesulphonate) that separated the solution from an enzymatic reservoir deposited on

silicone sheets. Upon stretching, the capping barrier exposed the enzymes and also stretched
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their binding sites, allowing access to the substrates and switching ON the biocatalysis. The

biocatalytic activity was switched on and off reversibly by mechanical stretching®.

Taking the previous example of biocatalysis activation, such a concept could potentially allow
for on-demand detection of substrates. However, it would be limited to the use of
mechanotransducer proteins, of which conformational changes promote biological activity.
Furthermore, localised mechanical stimulation could present an additional design challenge. In
regards to sensing, platforms that are mechanically triggered are thought to detect the stimulus

rather than use it as a means to control detection and thus applications are limited.

1.1.7.3.  Thermo-responsive surfaces

Another convenient stimulus is temperature which can be used to regulate the biological
properties of surfaces. Smart thermo-responsive surfaces have been used for bio-applications,
including to control bioelectrocatalysis!®” and biosensing®® 1%, Often these smart surfaces are
designed to control thermo-responsive polymers'?, taking advantage of the polymers’ induced

rapid and reversible phase transition between conformational swell and shrinkage.

Past literature has demonstrated how to benefit from the reversible behaviour of thermo-
responsive polymers, such as poly(N-isopropylacrylamide) (PNIPAM)!% 102 These polymers
in aqueous solution have a temperature responsive phase transition, being the transition
temperature known as lower critical solution temperature (LCST). Bellow the LCST, PNIPAM
due to hydration, remains an expanded coil-like structure. Above the LCST, PNIPAM
dehydrates and turns into a globular structure. One example demonstrated how an anti-cardiac
troponin T (cTnT) antibody immobilised on a gold surface was strategically conjugated with

PNIPAM to mediate ON and OFF antibody binding®®’. In this case, above the LCST the
32



globular PNIPAM conformation allowed the binding of troponin (CTnT) antibody, increasing
the electrochemical signal as faradaic impedance at the sensing surface. Reducing the
temperature to bellow the LCST, the extended coil PNIPAM formation pushes the antibody

away, disrupting the interaction and allowing 2regeneration of the immune sensor.%
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Figure 1.18 -—Antibody-antigen interaction in a thermo-responsive bioelectrode.Schematic
representation of the thermo-responsive system: on the top, the PNIPAM-conjugated antibody with
temperature above the LCST (e.g. 37°C) turns the bioelectrode to an “ON state”. The PNIPAM is under
a globular conformation (red), allowing antigen binding through the available binding site. At the
bottom, the temperature bellow the LCST (e.g. 25°C) allows an extended PNIPAM conformation. This
turns the system to an “OFF state” as the binding site is blocked and antigen access is denied. (B)
Impedance results for different antigen concentrations. The blue bars represent the response obtained
at 25°C (<LCST), and the red bars the response at 37°C (>LCST). Adapted from %%,

Temperature stimulus can be remotely actuated, tuning biomolecular interactions without
altering the interface composition'®. However, spatial control is not possible?, limiting the
conditions where the monitoring system can be applied. Furthermore, thermo compatibility

must be aligned with the biological system, as temperature directly impacts the kinetics for
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performance. Additionally, it also requires efficient insulation to avoid external environment
impact. Overall, thermoresponsive surfaces have the potential to control biosensing

interactions, however their applications are limited.

1.1.7.4.  Light-responsive surfaces

Light is an appealing source of energy to regulate biomaterial behaviour. Its intensity and
wavelength are easily tuned remotely and this allows for accurate spatial-temporal control.
Photo responsive surfaces rely on molecular groups that undergo photochemical reactions,
leading to changes in the surface biological properties. These can include surface patterning,
with photocleavable groups (irreversible), or photochemical conformational changes
(reversible) that intermediate biological interactions®. Past research has demonstrated these two
distinct surface responses to light actuation®® % that are a proof-of-concept for potential

biosensing applications.

The irreversible photocleavage of o-nitrobenzyl derivative moieties®™ and the reversible photo-
triggered isomerisation of azobenzene moieties®® are photoreactions commonly used to achieve
photoswitchable bio-interfaces. In the case of the nitrobenzyl group, it acts as a photoremovable
group as it undergoes a specific bond cleavage upon UV light exposure. Surface patterning has
been possible by using the nitrobenzyl group as a general linker between the surface and
bioactive molecules. Upon exposure to UV light, the nitrobenzyl photocleaved, releasing the
previously linked bioactive molecules (Figure 1.19(A))%. In the case of azobenzene, it has been
used to cover or uncover a coupled RGD peptide within a mixed SAM (Figure 1.19(B)). In

order to reversible switch cell adhesion between visible and UV light, azobenzene fused to
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RGD shown to promote cell attachment when at trans configuration (visible light, RGD

accessible) and cell detachment when at cis configuration (UV light, hidden RGD)%,
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Figure 1.19 — Representative examples of light-responsive surfaces. (A) The release of previously

immobilised bioactive molecules, that were linked through a nitrobenzyl moiety to the surface, can
locally occur after UV light exposure. Adapted from %. (B) The availability of the RGD moiety is

controlled by the azobenzene cis-trans conformal response to the exposure of either UV or visible light.

Adapted from .

The presented examples focus on dynamic surfaces for surface patterning and cell attachment,
however the mechanisms for both could be used to control on demand biosensing. The
reversible cis-trans conformation approach has been successfully used for biosensing
applications to detect proteins!®® 10 As an example, Horsley and co-workers used a
photoswitchable azobenzene-peptide-based biosensor to detect, through electrochemical
impedance, the a-1-syntrophin protein (Figure 1.20). The biosensor consisted of a truncated
form of a native protein that is known to bind with a-1-syntrophin, with an azobenzene
component. Functionalised on a gold surface, the azobenzene allowed the reversible transition

between the trans isomer which deformed the peptide, and the cis isomer which provided to the
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peptide a well defined secondary structure (Figure 1.20 (A)). Under the cis conformation the
biosensor was OFF with a deformed peptide, and under trans conformation the biosensor was

ON and able to detect the target protein that binds the peptide secondary structure (Figure 1.20
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Figure 1.20 — Photoswitchable ON/OFF biosensor for the detection of proteins. (A) schematic
representation of the photoswitchable peptide. Peptide in trans (left) and cis (right) conformation with
the azobenzene (in red). (B) Nyquist plots for surface-bound cis and trans of the peptide (black) and in
the presence of a-1-syntrophin. At trans conformation the peptide does not bind and there is minimal
charge transfer resistance (blue.). At cis, the protein binds and it is detected with a jump in charge

transfer resistance (red). Adapted from*®,

These studies demonstrate that light-responsive surfaces can be used for biosensing

applications.
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1.1.7.5.  Electrically-responsive surfaces

Smart electrically-switchable surfaces operate under similar trigger-induced modifications as
photoswitchable surfaces, where the hydroquinone— quinone redox couple!'!, charged
molecular backbones? or end groups'!? and molecular imprinted polymers!® feature as the
switching units. These surfaces have been developed to respond, for instance, to conformational
changes under application of electrical potentials, exhibiting different and reversible surface
properties. Switching from a hydrophilic to a hydrophobic surface through the response to an
applied field has been possible using carboxylic acid-terminated!**!" or amine-terminated
alkyl molecules!’, developing surfaces that control protein assembly**®, and with anti-bacterial
propertiest®®, Past literature has shown that the long alkyl molecules, such as 16-mercapto
hexadecanoic acid!* 116 117 or N-(aminomethyl)-16-mercapto hexadecanamide!!’, could
undergo conformational changes upon an applied potential field to the substrate. The attraction
of the end group, either carboxylate anions or the ammonium cations, move towards the positive
or negative surfaces respectively. To accommodate this, a low packing density was crucial,
achieved by spacing the long alkyls chains with a smaller spacer such as mercaptoethanol°.
This allowed for conformal changes between 1) the straight chains with the charged end groups
exposed to the bulk solution (hydrophilic surface), and 2) the bent chains with the alkyl chains

exposed at the surface (hydrophobic surface) (Figure 1.21).
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Figure 1.21 - An electrically switchable surface for the control of non-specific interactions with
bacteria. Under a negative potential, the exposed negative carboxylate anions interact with the
positively charged regions of the bacteria allowing bacterial adhesion. Then under positive potential
the surface changes from positively charged to non-charged and hydrophobic, preventing bacteria from

attaching.

Further to controlling non-specific interactions, electrically switchable surfaces have also been
developed to control specific biomolecular interactions. The construction of these surfaces have
used different actuation methods towards the control of the specific interactions: by either 1)
hiding or exposing the binding moiety (Figure 1.22(A and B)) or 2) changing the binding moiety
conformation (Figure 1.22(C)). Taking the actuation example of Figure 1.22(A), an electro-
switchable surface was able to control the activity between biotin (ligand) and neutravidin
(protein). This was achieved through a SAM mixed with a biotin-terminated charged molecular
backbone?. The mixed SAM was composed of 1) oligopeptides tethered to the gold surface by
a cysteine (C), followed by 4 positively charged lysine (K) with a terminal biotin (C4K-biotin)
and 2) an ethylene glycol-terminated thiol (i.e. (3-mercaptopropyl) tri(ethylene glycol)) that

spaced out the C4K-biotin peptides, simultaneously preventing non-specific binding.
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Figure 1.22 — Electrically switchable surfaces of specific interactions. Different switching units result
in different actuation methods. Hiding or exposing the binding moiety: (A) the switching unit contains
the binding moiety - while retracted, embeds the binding moiety within the surrounding SAM, concealing
it from interaction; when extended, exposes it to bind " 2% 8; (B) the binding unit stays fixed while the
surrounding is responsive to the electrical field, either extended and covering it from binding, or
attracted to the substrate, concealed and exposing the binding moiety to the target'*2. Lastly, the binding
moiety itself is responsive to the electrical field: (C) the aptamer is either concealed, with a

conformation that does not allow binding, or extended to the right conformation to interact with its

targetllg, 120

The biomolecular interactions were controlled by the oligopeptides’ conformational changes
between 1) fully extended at positive potential (+0.3 V), exposing the biotin (biological ON
state) and 2) collapsed under negative potential (0.4 V), hiding the biotin within the
surrounding SAM (biological OFF state). While the positive potential resulted in free biotin
and thus high neutravidin binding, the negative potential resulted in a sterically shielded biotin
with minimal binding. Following this switching mechanism, platforms using the binding units
Arginine-Glycine-Aspartate (RGD)!*® and the low molecular weight antigen anti-

progesterone’, were able to control cell adhesion®'® and antibody binding’, respectively.
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Figure 1.22(B) shows a different method of actuation. In this case the binding moiety stays
fixed while the surrounding molecules are the switching units. In order to control RGD
accessibility to cells*'?, SAMs were formed on silicon containing 1) an ethylene glycol chain
with charged end groups, either a sulfonate (anionic) or an ammonium (cationic) moiety and 2)
a RGD peptide. When applying a potential of the same polarity as the switching units, they
repealed from the surface; extending and concealing the RGD from the cells. On the contrary,
when applying a potential of the opposite polarity, the switching units were attracted to the

surface exposing the RGD peptide to promote cell adhesion!!2,

Regarding Figure 1.22(C), the switching unit is the binding unit itself. For example, DNA single
strands (or aptamers), directly linked at the gold surface through thiol linkers have been shown
to switch conformation under applied potential'!®, and effectively promote or inhibit
hybridisation, as well as allow specific interactions with thrombin, catching it, or releasing it

by stopping the interaction!?,

Overall, the choice of electrical stimulus requires conductive materials that can be remotely
actuated to allow accurate spatial control. Various designs for smart electrically switchable
surfaces provide platforms potentially capable of on demand biosensing. Currently, the
versatility of design principles and strategies for high switching efficiencies of specific

interactions have been mainly shown for low molecular weight proteins.

1.1.7.6. Comparison of dynamic responsive stimuli for on-demand biosensing and

conclusions

The previous sections showed that different stimuli responsive surfaces driven by pH%,

temperature,1°: 192 1ight®, and electrical stimulus” ?° that can control the capture of different
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biomolecules have been developed. Each stimulus has certain strengths and limitations. Certain
stimulus are more effective depending on the environment and the targeted bio-interaction of
the dynamic system. In addition, the capability to apply a specific stimulus (addressability),
actuation mode and spatial control are characteristics associated with all different stimuli that

can also be determinant in the appropriate stimulus selection (Table 1.1).

Table 1.1 — Bio-interfaces switching stimuli characteristics

SWITCHABLE
ADDRESSABILITY ACTUATION CSOP’I:‘III:Z%LL ENTITIES
EXAMPLES
CHEMICAL Easy Contact No P(AAmM-c-AAC)®
TEMPERATURE Easy Remote No PNIPAM?0L 102
MECHANICAL o8
FORCES Advanced Remote No PMDS
o-Nitrobenzyl
LIGHT Intermediate Remote Yes derivatives®,
azobenzene!% 109
MAGNETIC FIELD Advanced Remote Yes Magnetic particles®
ELECTRICAL Yes (high Hydroquinone-quinone
POTENTIAL AND Advanced Remote level, redox couple!®!, charged
FIELD nanoscale) molecular entities? 112

Localized stimulation is generally not possible with chemical, thermal or mechanical stimuli
(Table 1.1) because activating sensor platforms based on these stimuli would mean to directly
impact the embedding media. In cases where all the media changes, responsive-surfaces could
be designed that take advantage of those certain specific events (such as pH or temperature
change, for instance, in a bioreactor). However, in order to reactivate these biosensing surfaces,
it would require self-regenerating surfaces and a switch back to the initial environmental
conditions. Otherwise, these platforms would be of one time use only. Thus, chemical, thermal

or mechanical might not be the ideal choice for on demand biosensing.
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Considering platforms for long term monitoring and on demand biosensing, ideally these have
not only high spatial control, but are also independent of the media conditions where they are
embedded. Guaranteeing that these platforms are independent of the surrounding conditions
provides opportunity for activation only upon user requirement. For precise spatial control,
optical, electrical and magnetic stimuli are more suitable. While light can directly activate
regions, electrical stimulus requires an electrically conductive substrate and allows for multiple,
individually addressable, nanoregions on the surface'?!. Additionally, biocompatibility must be
considered if choosing between light or electrical stimulus (such as secondary effects to light
or electrical charge). In conclusion, electrical and optical stimulus are of a better choice for on
demand biosensing. However, while light would require an additional read-out platform, an
obvious advantage of choosing the electrical stimulus includes the use of the conductive
substrate to both activate the surface and acquire the response signal. This ability makes

electrical stimuli more convenient.

Long-term switching capability and stability, and sensitivity are crucial and challenging aspects
of high-performance sensing that have not been investigated extensively to datel. Only when
achieving these different capabilities, the practical applicability of real-time monitoring of
complex biological processes will be possible. This is important for the future of biosensing in
cell culture systems, biomarker detection for disease surveillance and diagnosis or integration

in medical devices or biomaterials for in vivo implantation.
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1.2 Motivation and Aim of studies

Considering the growing interest in high performance biosensing, there is a need to develop
robust, highly selective smart surfaces for long term monitoring. The convenient characteristics
associated with nanobodies (small size, selectivity and robustness) motivated the early
development of nanobody-based surfaces aiming to open the path towards smart switchable
nanobody surfaces for on-demand biosensing. Thus this thesis aims to apply advances in
nanobody technology to develop high performance surfaces for on demand biosensing. In order

to achieve this aim, the following objectives and sub-goals were determined:

1. Design and develop a nanobody-SAM surface on a gold substrate:
1.1. Surface characterisation of the nanobody-SAM,;
1.2. Biological molecule response assessment and optimisation for nanobody-antigen
binding;
1.3. Molecular dynamic simulations to study and confirm nanobody adsorption on gold.
2. Investigation of the antigen dimensions impact on functionalised surfaces with oriented
nanobodies;
2.1. Immobilisation of nanobodies that bind to antigens of distinct dimensions;
2.2. Surface characterisation and optimisation for nanobody immobilisation;
2.3. Biological molecule response assessment and optimisation for nanobody-antigen
binding.
3. Design and development of potential electrical-responsive surfaces that can control the
nanobody-antigen interactions;
3.1. Investigation on the impact of using electrical potential as a stimulus to nanobodies;
3.2. Characterisation and optimisation of surface thickness with different charged moieties;

3.3. Identification of potential switching moieties to use with nanobodies.
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1.3 Thesis outline

Chapter 1 presents a literature review on the relevant fundamentals of this research, including
self-assembled monolayers (SAMs), methods for immobilisation of macromolecules,

nanobodies and stimuli-responsive surfaces.

Chapter 2 briefly describes the principles behind the experimental techniques most used

throughout this research, mainly for surface characterisation.

Chapter 3 is a research chapter that explores direct immobilisation of engineered nanobodies
on gold surfaces. It begins with a short introduction on nanobodies that have been physically
adsorbed on gold and summarizes detection methods employed that use these surfaces. The
novel strategy presented in this chapter has been published and provides another option for the

design of nanobody-based biosensors.

Chapter 4 is a research chapter that focus on exclusively well-oriented nanobodies and the
impact of their antigens with different dimensions. It begins with the short introduction of the
alternative strategies used to immobilise nanobodies on gold. The investigation of this chapter
provided valuable insight for nanobody-antigen selection when aiming for nanobody-based

switchable surfaces.

Chapter 5 is a research chapter that presents a brief introduction on the development of charged
moieties and their different ways of actuation on electro-switchable surfaces. This chapter
investigates different charged oligopeptides and identifies potential switching moieties that

could be mixed with nanobodies for bio-interactions control upon applied potential.

Chapter 6 describes the experimental procedures, including chemicals, materials and

instrumentation related to the research presented in chapters 3-5.
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Chapter 7 includes this research’s conclusions and final remarks, including the author’s views

on the direction of the field with suggestions of future investigations.
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Figure 1.23 — Thesis schematic overview .
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Chapter 2 Principles behind the techniques

This chapter briefly describes the principles behind the techniques used throughout this
dissertation. Alongside surface preparation and SAMs formation, techniques for surface
characterisation and to further study interactions at the surface were used. These included
contact angle (CA); spectroscopy-based techniques such as ellipsometry, X-ray photoelectron
spectroscopy (XPS), surface plasmon resonance (SPR) and circular dichroism spectroscopy
(CD); and spectrometry-based techniques such as mass spectrometry, time-of-flight secondary
ion mass spectrometry (ToF-SIMs) and time-of-flight secondary ion mass spectrometer with
hybrid OrbiTrapTM (3D OrbiSIMs). More than one technique was used to characterise a

surface and to validate findings. Additional techniques were used to confirm product synthesis.

2.1 Introduction

The design and development of biosensor platforms strongly depends on the ability to
characterize surfaces at the molecular level. The main goal of this thesis was to develop
nanobody-based surfaces that could be used as platforms for the next generation of on demand
biosensing. In order to develop nanobody-based surfaces, the majority of the experimental work
along this research involved three steps: 1) functionalisation of surfaces with self-assembled
monolayers (SAMSs) including nanobodies (self-assembled or added after to the initial SAM);
2) characterisation of the resulting surfaces and 3) detection of molecular interactions with the
surfaces. Therefore, after functionalisation of gold substrates the surface was characterised with
ellipsometry and contact angle. These accessible techniques allowed for quick analysis of the

surface thickness, wettability and roughness. The results of these techniques were a starting
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point and worked as a quality indicator, to assess whether to proceed with the SAM or optimise
the initial functionalisation step. The next step consisted in obtaining additional information
about the surface chemistry, including the elemental composition and chemical state of the
elements at the surface, through X-ray photoelectron spectroscopy (XPS). In order to obtain
further evidence of the surface chemistry including the thiolate bond between a self-assembled
nanobody and the gold surface, the TOF-SIMs and 3D OrbiSIMs techniques were also applied.
Additionally, circular dichroism (CD) was performed to confirm the structural conformation of
nanobodies at the surface. Finally, the following step consisted in further confirming and
measuring the nanobody capacity to bind its antigen, through the surface plasmon resonance

(SPR).

Contact Angle @ 5

XPS /
TOF/0rbi SIMs

. HO HO -
- - CH2  CH2 |
. . 2HC 2HC .

-----------------

Ellipsometry

Substrate

Figure 2.1 — Schematic overview of the surface characterisation methods.

2.2 Contact angle goniometry

To investigate the wettability of a solid, a liquid drop can be placed on the plane solid surface

being analysed and the resulting contact angle can be measured. This system consists of three
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interfaces: solid-vapour (SV), solid-liquid (SL) and liquid vapour (LV) interface!??. At the
three-interfaces contact point there are three forces or interfacial tensions (y) acting between
solid, liquid and vapour'??, The contact angle (©) is defined by the angle formed between the
tangent to the liquid surface and the solid surface at the three interfaces!?? (Figure 2.2(A)).
Young’s equation define the contact angle at the equilibrium as a function of the interfacial

tensions (Equation 2.1).

Ysv —Y. .
cos () = =—=¢ Equation 2.1
Yiv
(A)
6>90 6 =90 6 <90
O O o
1 ‘ Vsv
YsiL
Solid Solid Solid
(B)

A
Droplet
volume

Figure 2.2 - Schematic representation of contact angle measurements. (A) The diagram shows the
contact point of the three phases (solid-vapour (SV), solid-liquid (SL) and liquid-vapour (LV). (B) It
shows the advancing or receding angle obtained by dispensing a droplet on the surface or collecting it,
respectively. The dynamic contact angles correspond to the angle plateau obtained when the droplet

volume rises or decreases.

Contact angle measurements can be static or dynamic, providing further insight into surface
chemistry. The static contact angles (i.e. sessile drop) are measured when the droplet is sitting

on the surface and the three-phase boundary is not moving. Static contact angles are used to
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define the surface free energy (i.e surface tension of the solid) and provide wettability values
for smooth and homogenous surfaces. High contact angles demonstrate hydrophobicity (low
surface energy), while low angles show hydrophilic surfaces (high surface energy)'?? (Figure
2.2A). While it is widely accepted that hydrophilicity is defined by the cut-off angle of 90°
(surface is hydrophobic at angles >90° and hydrophilic at <90°), it has been suggested to use
these definitions only when defined by the dynamic receding angle!?. Dynamic contact angles
are measured when the three-phase boundary is moving, and they can be divided in either
advancing or receding contact angles, corresponding to when the droplet front advances or
recedes, respectively (Figure 2.2(B)). Contact angle hysteresis is the difference between these
two values (Equation 2.2). The contact angle hysteresis is the consequence of chemical and
topographical heterogeneity of the surface, providing further insights about the surface such as

roughness*?4,

Contact angle hysteresis = O,qpancing — Oreceding Equation 2.2

Chemically heterogeneous (two-component) surface can follow Cassie’s law'?® (Equation 2.3).
For example, a mixed SAM composed by compounds 1 and 2, with the respective contact angle
(612), can have an estimated molecular fraction of each component (x; and x, respectively)
after knowing the contact angle of the respective pure SAMs composed by either compound 1

or 2 (6, and 6,)'%.

cos 01, = x,c0561 + x,c050, Equation 2.3

X1 +x,=1 Equation 2.4
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In this thesis, contact angle measurements were performed on SAM surfaces to confirm SAM
formation by monitoring the contact angle change between different functionalisation steps and

thus investigate the SAM hydrophilicity.

2.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a non-destructive optical technique that analyses the reflected
polarized light from the surface of interest?®® and allows the thickness characterisation of a
surface. Light is an electromagnetic wave and its polarisation is defined by the electric field
component (E)'?. Two waves can sum up their electric fields, resulting in a light beam
polarized according to their phases and amplitudes?®. Two waves in phase will result in a linear
polarized light (Figure 2.3(A)); two waves with the same amplitude and in 90° out of phase will
result in a circular polarized light'?” (Figure 2.3(B)); while two waves with different amplitudes
and/or arbitrary phases will result in elliptical polarized light?” (Figure 2.3(C)). The term

“ellipsometry” refers to elliptical polarized light.

Figure 2.3 — Resulting electrical field (E, noted in red) from the sum of light waves (green and blue) (A)
in phase (B) with the same amplitude and 90° out of phase, and (C) with different amplitudes and/or

arbitrary phases.
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Ellipsometer machines can vary in their polarizer and analyser systems, providing different
results of polarized incident light (linear or elliptical) and obtaining relative intensities!?.
Figure 2.4 shows schematically the main components of an ellipsometer: a light source, a
polarizer (to convert unpolarized light to linearly polarized light), a compensator (optional, to
convert linearly to elliptically polarized light), an analyser (to determine the state of polarisation

of the resultant light beam) and a detector (to measure the light intensity).
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Figure 2.4 — Basic principles and components of an ellipsometer. The light source and polarizer provide
polarized light defined by s- and p-polarized light waves represented as “s” and “p”, with an incident
angle indicated by . The p-polarisation oscillatory direction is parallel to the incident plane of samples.
Passing the analyser and detector, ellipsometry measures the amplitude ratio y and the phase difference
A4 between the reflection p- and s-polarisations (rp and rs respectively). The Esshows the electric field

vector and the resulting vectors for the p- and s-polarisations are indicated by red arrows. Adapted

from 1%,

Briefly, the ellipsometer’s light source focus on the sample of interest at a given angle of
incidence, defining the incident plane (Figure 2.4). The electric field on this plane is known as
p-polarized light, while the electric field perpendicular to this plane is known as s-polarized
light'?®. The enabling principle of ellipsometry is that the sample induces changes in the state
of polarisation which are then reflected to the analyser, i.e. p- and s-polarized light reflect
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differently. Ellipsometry measures the complex reflectivity ratio of p- and s-polarized light and
reports the results in terms of psi (¥, the relative amplitude change) and delta (A, the relative
phase change) ellipsometric parameters'?®. The parameters measured through this technique
allow the calculation of some properties of the sample, such as thickness of thin films (ranging
from nanometer to micrometer scale) and their optical constants like the refractive index.
Therefore, this indirect method requires modelling for calculation and analysis that correctly
describe the interaction of light with the respective materials. However, modelling must be
considered with care as an incorrect optical model will use the correct measured values of ¥

and A, but calculate incorrect results for thickness and/or refractive index'?’.

Ellipsometry Construction of Fitting analysis
measurement optical model . Justification
Light (v, A) il i oy v | 5 of analyzed
¢ => Lo [, > W | =2 | resuits
s 2 Porest oustenn,, > Thickness
Sample Substrate > -» Roughness
Photon energy

Figure 2.5 — Ellipsometric data analysis flowchart. Adapted from ¢,

In what concerns the work presented in this thesis, ellipsometry was used to calculate the
thickness of organic films composed by SAMs and nanobody structures on gold. These are
expected to be very thin, with thicknesses up to 5-10 nm, and considered transparent (with the
extinction coefficient k = 0, like protein layers?®). Being transparent, the light will penetrate to
the underlying gold layer. Reflection and refraction of light when it moves between films with

different refractive indexes are described by the Fresnel equations.
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Figure 2.6 — The light reflects and travels through a transparent film. Adapted from %,

For the optical model analysis, it is important to know the substrate optical properties which
depend on several factors such as grain size, roughness, crystallinity, etc. Rather than using
literature standard optical constants, it is preferable and more accurate to measure optical
constants using a substrate reference, such as the gold substrate before deposition!?’. This is
particularly important if roughness is to be ignored, considering the growth of a thin film as
parallel plane interfaces!?’. Upon film thickness increase, a phase delay is observed as the
separation between the light reflected from the surface and the light that travels through the film
also increases'?®. Films with different optical properties will also cause phase shifts and/or
amplitude attenuation'?. In the case of thin films, the spectroscopic ellipsometry is very
sensitive in terms of phase change, but less sensitive in terms of film refractive index'?°. Thus,
a value for the refractive index can be assumed rather than calculated. The Cauchy model is
often not only used to characterize SAMs but also protein layers on surfaces, and some models
also consider the presence of voids in their layers'?. In this thesis, ellipsometry was used to

measure the thicknesses of different SAMs, and therefore confirming their formation.

53



24  X-ray photoelectron spectrometry (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical
Analysis (ESCA), it is widely used as an analytical technique to monitor the surface chemistry
of solid materials. In XPS, the sample is irradiated by soft X-rays (energies lower than ~6 keV)
and the emitted photoelectrons from the surface are detected!°. The energy of a photoelectron
is given by Equation 2.5, whereas BE is the binding energy of the electron in the atom, hv is
the energy of the X-ray source, KE is the kinetic energy of the emitted electron that is measured,

and @, the spectrometer work function (constant)**°.

BE = hv — KE — @, Equation 2.5

Since there are different electrons and BEs in an atom, each element produces a unique
identifying set of peaks in the photoelectron spectrum®. By knowing the KE of the emitted
photoelectrons, elemental composition of the sample can be obtained*3? (excluding the elements
He and H)'3L. The typical XPS instrument includes an ultra-high vacuum system, X-ray source,
electron gun, electron energy analyser and data acquisition system (Figure 2.7). The X-ray
source, commonly aluminium or magnesium Ka, can be used in a chromatic or monochromatic
mode, the latter providing overall improved resolution*2. Under ultra-high vacuum conditions,
depending on the atom environment of the sample, different emitted photoelectrons will carry
different KE, making it possible to distinguish different chemical/oxidation states of an

element!32,
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Figure 2.7 — Schematic XPS instrumentation setup.Adapted from **2,

While X-rays can penetrate around a micron into a material, the XPS is sensitive to the top layer
of the surface (up to 10 nm depth)**2. This is due the produced photoelectrons having a short
mean free path (2-5 nm) before loss of energy via inelastic collisions (collisions that involve
loss of energy) and being unable to escape the sample *° 132, Thus, only photoelectrons emitted
from the top surface are likely to reach the detector, resulting in specific peaks of the spectrum.
Inelastic electron scattering also occurs, resulting in the spectra signal background (Figure 2.8).
The number of electrons recorded for a defined energy is proportional to the number of atoms

at the surface 1%,
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Figure 2.8 — Schematics on the photoelectron emission. (A) X-rays on the sample produce (i, green)
electrons emitted without interaction which produce the XPS photoelectron and Auger peaks; (ii,
orange) electrons that suffered inelastic collision which contribute to the background; and (iii, red)
electrons that undergo multiple collisions and do not escape the sample. (B) Example of a XPS spectrum
with (i) photoelectron and Auger peaks labelled. The orange area underneath the carbon C 1s peak
shows the contribution to the background from electrons that suffered inelastic collisions (ii). Adapted

from ¥,

Typically data acquisition includes a survey spectrum to determine the overall elements present
in the sample followed by a high resolution spectra of the elements of interest to determine peak
shapes or/and intensity and chemical shifts. Scan parameters including pass energy (filters
electrons at the analyser), step size and dwell time need to be set appropriately to collect quality
data®*°. Additionally, when analysing electrically insulating samples (materials that have no or
very little electrical conduction) it is essential to use a charge compensation system. Usually a
connection to ground allows the electrons lost due to photoemission to be replaced, therefore
avoiding positive charge accumulation. Charge accumulation results in unwanted peak shifts

and distortions in peak shapes'®.

For data analysis, the identification of peaks requires the energy scale to be calibrated by

adjustment based on the position of a reference peak. Once calibrated, it is possible to make

56



accurate BE measurements to identify chemical states for specific elements', Peak modelling
and background removal allows quantitative surface composition. Transitions from different
electronic states from the same element (for example, O 1s and O 2s for oxygen) are detected
at different energies'®. For quantification purposes, only one transition per element is
required'® and usually is the transition that gives the most intense peaks, without the presence
of other elements interfering peaks. All photoelectron peak areas are normalised by relative
sensitivity factors (RSF) and an instrument transmission function. For XPS the detection limit
is generally quoted as ~0.1-1 atomic % but will depend on the sensitivity factor of the trace
element and the sample matrix**? 13, Comparison between samples is made through relative

atomic percentages as peak areas are dependent on experimental conditions.

CasaXPS software!3® facilitates data processing and quantification, but it requires manual
introduction of the right background and constraints such as full width at half maximum
(FWHM). Caution is needed when considering peak attribution as the addition of peaks might
improve the overall fitting, but could have no physical meaning. Overlapping transitions are
one of the main challenges when analysing XPS data’®® and must be carefully analysed or

reported.

On the experimental side, the contamination of samples upon storage/transport will have an
effect on the XPS results. Carbon and oxygen are the most abundant contaminants of air-
exposed surfaces and therefore adventitious contamination is expected to be present in all the
samplest®® 135, \olatile contaminants or residues from previous measurements at the vacuum
chamber can also be source of contamination**°. Furthermore, irradiation and vacuum can cause
sample degradation'® Certain elements can be more susceptive to degradation upon long

exposures times*3® and therefore exposure times should be optimised.
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In this thesis, XPS was used to determine and quantify the elemental composition of various

SAMs.

2.5  Time-of-flight secondary ion mass spectrometer (ToF-SIMs) and with hybrid 3D

OrbiTrap (3D OrbiSIMs)

The surface analysis technique time-of-flight secondary ion mass spectrometer (ToF-SIMS)
provides in situ label-free analysis of chemical composition and distribution, ranging from a
depth of few nanometers to several hundred micrometers'®’. The ToF-SIMs instrument uses
several incident ion sources (such as pulsed primary ion beam, Bi,", Cs*, Ar*, etc.) to impact
on a sample surface and induce a fragmentation cascade®*®. The resulting fragments are
composed by desorption of neutrals, secondary ions (+/-) and electrons from the superficial
sample monolayers (Figure 2.9). The secondary ions are accelerated into a "flight tube" and
their mass is determined by measuring the exact time at which they reach the detector (i.e. time-

of-flight)*%.

ToF-SIMS mass analysis is based on the fact that after all ions are accelerated to the same
kinetic energy (by the ion source), each resulting ion will acquire a characteristic velocity
dependent on its mass to charge (m/z) ratio**. Small ions arrive earlier at the detector than
heavy ions'®. A single secondary ion mass spectrum can describe the composition of a point at
the surface. Additionally, if the incident beam is rastered across several points within a given
surface area it is possible to build a chemical image map from the resulting ions**8. Using
clustered incident ions such as Cs*, Ary" Ceo" in a dual beam approach, it is possible to sputter
through the top layers of the inorganic or organic surfaces while monitoring the incidence
profile of elemental or molecular species.
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Figure 2.9 — Schematics of ToF-SIMs actuation method. lon beam sources impact the surface resulting
in fragmentation that includes neutral, secondary ions (+/-) and electrons.

Limitations of ToF-SIMS includes the analysis of proteins. With ToF-SIMs, proteins are
heavily fragmented by the energetic primary ions beams, resulting in single amino acid residue
secondary ions!¥®, which are unable to provide protein primary structural information.
Additionally, in ToF-SIMs the analysis of macromolecules is limited by the mass-resolving
power of the ToF analyser, which is dependent on statistical analysis of known protein samples
to confirm identity, conformation and orientation'“°. Efforts to address this include a large
cluster primary ion source and gas cluster ion beams, which enables detection of larger peptides

and small proteins up to 12 kDa'%.

In order to overcome these limitations, the 3D OrbiSIMS instrument combines a gas cluster ion
beam (GCIB) and an OrbitrapTM analyser to aid analysis of biological samples (Figure 2.10).
The Orbitrap analyser gives high mass accuracy and high mass resolution. The argon GCIB

creates mass spectra richer in intact biomolecules with significantly less fragmentation®4t. For
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the purposes of this thesis, ToF-SIMs and OrbiSIMs techniques were applied aiming to verify

the formation of a thiolate bond between nanobodies and the gold surface
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Figure 2.10 — ToF SIMs hybrid with 3D OrbiTrap analyser (3D OrbiSIMs) instrument schematics.
Adapted from**,
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2.6 Circular Dichroism (CD)

Circular dichroism (CD) is an optical technique that measures the interaction of circularly
polarised light with molecules?.. It is also used to investigate the conformation of proteins?.. In
the context of this thesis work, CD was applied to verify the integrity of nanobodies through
their conformation upon immobilisation at the surface, and under a range of applied
temperatures. Thus, the summary herein presented focus on the explanation of CD with
proteins. Circularly polarised (CP) light propagates in left- (LCP) and right-handed (RCP)
directions. A material is said to exhibit circular dichroism if its absorption of RCP light is
different from the absorption of LCP light'*2. LCP and RCP light interact equally with non-

chiral chromophores (molecular group responsible for the compound’s colour) but differently
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when the chromophore is chiral (i.e. optically active)'*2. When measuring with CD, both LCP

and RCP light are directed to the protein of interest!4> 143 (Figure 2.11).
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— pectrum
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| |
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\I >-) ( “« — | l =
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Light White X W ) Wavelength
Source unpolarysed Polariser Modulator
light

Figure 2.11 — Schematics of the typical circular dichroism set up. Adapted from**,

After passage through the sample, if the LCP and RCP components are not absorbed (or
absorbed to the same extent), the combination of the components would regenerate the light
polarised in the original plane. However, upon the greater adsorption of one of the components,
the resultant radiation is elliptically polarised. The CD results are expressed in either the
difference in absorbance (A) of the two component (AA = At — Arignt) Or as the ellipticity in

degrees (0)* (Figure 2.12(A)).
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Figure 2.12 — Circular dichroism principles applied to proteins. (A) Resulting linearly or elliptically
plane polarised radiation from achiral or optically active molecules respectively. (B) Electronic
transitions of the amide group in the far-UV region. Molecular orbitals shown: bonding, honbonding
and antibonding z orbitals (zb, zw and z*) and two lone pairs on the oxygen atom (n and n'). (C)

Characteristic CD curves of secondary structure elements. Adapted from*43 14
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In proteins, the chromophores of interest include the peptide bond (absorption bellow 240 nm),
aromatic amino acid side chains (absorption between 260 to 320 nm) and disulphide bonds
(weak broad absorption bands centered around 260 nm)?%. A typical CD spectra showing the
various secondary structural features such as a-helices and f-sheets or B-turns results at the
absorption regions below 240 nm in the far ultraviolet (UV) (Figure 2.12(C). This region arises
from transitions that occur within the peptide backbone, mostly abundant in the amide group 2.
For example, in an a-helix structure, from the exciton splitting of electronic transitions from
the amide non-bonding = orbital (7nb) to the anti-bonding & orbital (x*), an intense positive band
at 190 nm and a negative band at 208 nm is formed. Located at about 220 nm, a negative band
arises from the electronic transition from an oxygen lone pair orbital, n, to the ©* orbital (Figure
2.12(B). Other spectroscopic signatures will result from other motifs. CD can measure changes
to proteins structures that are induced by variations in the surrounding environment for example
with temperature, solvation or constituent concentration. Overall, CD is an important tool which
was used to confirm the nanobodies secondary structure in solution and when immobilised on

the gold substrates.

2.7  Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) spectroscopy is an optical technique that allows in real-time,
label-free detection of biomolecular interactions'*®. In the SPR instrument, a light source points
polarized light to an electrically conductive surface (usually gold) at the interface between two
media'*® (Figure 2.13). At a precise angle of incidence, when the light incident photons hit the
metal surface, they transfer energy exciting the metal band electrons capable of resonating. This

generates electron charged density waves called plasmons that propagate parallel to the
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surface®®. Typically the incident light beam goes through a prism with high refractive index
promoting the total internal reflection (TIR), and creates an evanescent wave that penetrates
through the metal film. The detection occurs by measuring the changes in reflected light,
obtained on a detector'*®, The refractive index close to the metal film is the determinant, thus
if the local effective refractive index changes, it results in the SPR angle shift that is captured
in a sensorgram. The change in SPR signal is directly proportional do the mass captured at the
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Figure 2.13 — SPR set-up schematics.
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A SPR sensor chip consists of a glass slide covered with a thin layer of metal functionalised
with the ligands of interest, which will interact with the analyte present at the injection
solution'*® (Figure 2.13). A drop of oil with the same refractive index as the glass substrate
coated with gold is used to promote the contact between the prism surface and the chip (Figure
2.13). The integrated microfluidic system allows the use of low volumes of reagents. Whilst
running an experiment, the chip is in contact with a flowing solution (i.e. running buffer) at a

constant controlled temperature (as it can affect the refractive index'*’) achieving a baseline.
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Upon the injection of analyte, molecular interactions are monitored as the properties of the
reflected light change when the analyte binds (association) or dissociates from the ligand
(Figure 2.14(A)). The evanescent wave created by the plasmons has a range of around 300 nm

from the boundary between the metal and the sample solution®*’ (Figure 2.14(B)).

In the case of this thesis work, SPR was used to mainly measure biomolecular interactions
between nanobodies functionalised at the surface and their antigens in solution. The

biomolecular interactions were expected on films at a depth of up to 5-10 nm.
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Figure 2.14 — SPR typical sensorgram and sensitivity range. (A) The SPR response changes during
analyte-ligand association, returning to the baseline after dissociation and chip regeneration. (B) The
SPR effect is sensed only in the evanescent field coupled to surface plasmon resonance waves. The

strength of this field decays exponentially with the distance from the surface. Adapted from ',

2.7.1. Electrochemical Surface Plasmon Resonance (E-SPR)

In order to simultaneously provide insight of the surface’s optical and electrochemical
properties, SPR can be integrated with a 3-electrode electrochemistry flow cell, connected to a
potentiostat'*® (Figure 2.15). In the context of this thesis, this set-up was used to apply electrical

potentials on the surface.

64



(A) AgCl+e *—— Ag+Cl (B)

Working ‘
electrode

(WE)
Microfluidic flow channel

Metal surface (Gold film)
Glass

Prism
Light
Sou? Detector

Figure 2.15 — Schematic electrochemistry SPR (E-SPR) integrated system. (A) 3-electrode
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electrochemical flow cell that composes the electrical circuit between the counter (CE) and working
electrodes (WE). (B) E-SPR set-up.

In the integrated E-SPR system, the current travels between the gold chip surface (working
electrode, WE) and the counter electrode (CE) which is a platinum wire in contact with the
solution in the flowcell** (Figure 2.15). The potentiostat measures and controls the applied
potential between the WE and the CE. After the user input, a current is applied to the counter
electrode and the potential at the working electrode is adjusted following a feedback mechanism
with respect to the reference electrode (Ag/AgCl)1*8. The reversible redox reaction at Ag/AgCl
electrode occurs providing a stable and reproducible potential. It is important to note that the 3-
eletrode flow cell is composed of two fluidic channels. However, only one channel has the CE
and the reference electrode (RE) in solution, being in contact to the second channel through a
loop. Thus, only the first channel can accurately apply the set potential, as the current towards

the second channel suffers a high resistance.

Overall, E-SPR allows potential-controlled molecular biointeractions at the surface whilst

allowing real-time measurements. In this thesis, E-SPR allowed to verify the biological activity
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between the functionalised nanobodies at the gold surface (under applied potential) with their

respective antigens in solution.
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Chapter 3 Direct immobilisation of engineered nanobodies on gold

Sensors

Nanobodies have great potential as biorecognition elements for sensors due to their small size,
affinity, specificity and robustness. However, facile and efficient methods of nanobody
immobilisation are sought that retain their maximum functionality. Herein, the direct
immobilisation of nanobodies NbVCAM1 on gold sensors by exploiting a modified cysteine
strategically positioned at the C-terminal end of the nanobody is described. The experimental
data based on secondary ion mass spectrometry, circular dichroism and surface plasmon
resonance, taken together with detailed computational work (molecular dynamics simulations),
provide evidence of the formation of stable and well-oriented nanobody monolayers.
Furthermore, the nanobody structure and activity is preserved, wherein the nanobody is
immobilised at high density (approximately 1 nanobody per 13 nm?). The strategy for
spontaneous nanobody self-assembly (Figure 3.1) is simple and effective and possesses
exceptional potential to be used in numerous sensing platforms, ranging from clinical diagnosis

to environmental monitoring.

This chapter is partially based on the article (2) co-written by the author of this thesis:

2 Simdes, B.; Guedens, W. J.; Keene, C.; Kubiak-Ossowska, K.; Mulheran, P.;
Kotowska, A. M.; Scurr, D. J.; Alexander, M. R.; Broisat, A.; Johnson, S
Muyldermans, S.; Devoogdt, N.; Adriaensens, P.; Mendes, P. M., Direct Immobilisation
of Engineered Nanobodies on Gold Sensors. ACS Applied Materials & Interfaces 2021,
13 (15), 17353-17360
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site

Figure 3.1 — Schematics of NoVCAM1 nanobodies self-assembly on gold surfaces.

All the experimental work of this chapter was conducted by Barbara Simdes including the
preparation work for the various techniques, unless otherwise stated. ToF-SIMs and 3D
OrbiSIMS was conducted in collaboration with David Scurr and Anna Kotowska. The Circular
Dichroism was done in collaboration with Steve Johnson. All the computational work was
performed by Barbara Simdes. All the data analysis was performed by Barbara Simdes, with
collaboration of David Scurr, Anna Kotowska, Steve Johnson, Karina Kotowska for the

respective experimental work.
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3.1 Introduction

A unique set of properties, such as small size, stability, high affinity and high selectivity, make
nanobodies ideal building blocks for a wide range of sensing devices and assays for use in

medical, biotechnology, environmental, food and even military settings.

Despite great advances in nanobody technology, limited approaches have been reported for the
immobilisation of nanobodies on sensing platforms.8 149 150 physical adsorption has been
investigated for nanobody immobilisation on gold nanoparticles, which are used as
immunoassay detection labels.*®® While stable nanobody-gold nanoparticle conjugates can be
generated,*™ this requires careful consideration of the influence of the nanobody isoelectric
point, and pH and ionic strength of the working solution. Instead of relying on direct
immobilisation on a sensor surface, Adriaensens and co-workers'*® established a two-step
protocol in which the sensor surface was initially functionalised with an azide-terminated
monolayer and then exposed to an engineered nanobody carrying a C-terminal alkyne function.
Taking advantage of the copper (I)-catalyzed cycloaddition reaction (“click” chemistry), the
formation of a stable and well-oriented nanobody monolayer was achieved. In a recent example,
nanobodies have been tagged with histidines, which served to couple the nanobody to cobalt-

nitrilotriacetic acid metal-chelate beads.®

In spite of these and other efforts in the literature,3® 152 152 efficient, alternative immobilisation
methods are still needed to meet the requirements of a wide range of sensing applications. In
this context, gold surfaces are widely employed as interfaces in various biochemical and
chemical sensors due to their high electrical conductivity, unique optical properties,
biocompatibility and chemical stability.'>* 1>° The mechanisms of these sensors are based on

various detection methods, including electrochemical (impedance spectroscopy*®® and cyclic
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voltammetry®"), piezoelectric (surface acoustic wave (SAW)*°® and quartz crystal microbalance
(QCM)™) and optical (e.g. surface plasmon resonance (SPR),'®° localized surface plasmon
resonance (LSPR)!, and surface enhanced Raman spectroscopy (SERS)!%?). The prevailing
involvement of gold surfaces in a diversity of sensing technologies highlights the necessity for
strategies that not only promote fast and robust immobilisation but also high efficiency target

binding.

With this proviso in mind, in this work the ability of an engineered nanobody comprising a
modified cysteine to readily generate stable, well-oriented and packed nanobody monolayers
on gold surfaces was investigated. The expressed protein ligation (EPL) technique was used to
incorporate an alkyne-modified cysteine at the C-terminal of the model nanobody NbVCAM1,
which targets the human vascular cell adhesion molecule-1 ('WCAM1).*° The hVCAM1 plays
an important role in disease progression by attracting inflammatory cells to the developed
injury®®. In the engineered NoVCAML1, the modified cysteine group, which binds to gold via
the thiol group, is located at the opposite end of the binding pocket (Figure 3.2). While the
native nanobody contains two other cysteines and four methionines, these moieties are not
expected to interact with the gold surface. The two native cysteine residues are located in the
interior core of the nanobody, forming the typical disulfide bridge responsible for structural
stability®, which makes the moieties unlikely to interact with gold. Additionally, previous

studies have shown that methionines poorly interact with gold*64-16¢,
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(A) NbVCAM1 (B) Secondary structure (C) Binding Site (D) Cysteine amino-acids

e’

Hydrophobic : 2 Positive
Hydrophilic tive

Figure 3.2 — NbVCAML1 nanobody (14.5 kDa) Visual Molecular Dynamics (VMD) images , shown by
new cartoon merged with bonds representations: (A) The NbVCAM1 top and side views, with
dimensions 3.1 nm x 4.0 nm x 5.3 nm; (B) The secondary structure with colours: 310 Aelix (orange), -
sheet (blue), turn (yellow) and coil (red); (C) The amino acids forming the antigen binding site (van der
Waals representation (VDW), red) located at the N-terminus side of the domain; (D) The cysteines
(VDW, yellow) that form a disulfide bridge at the core, and the one located at the C-terminus; (E)
Hydrophobic (VDW, red) and hydrophilic (VDW, blue) amino-acids; (F) Negative (VDW, orange) and
positive (VDW, green) amino-acids. The NoVCAML1 has a net charge of +2e at pH 7.0

In order to have a detailed insight on the interface chemistry and structural stability, orientation
and activity of the immobilised nanobodies, a suite of complementary surface analysis
techniques was employed, including contact angle, ellipsometry, time-of-flight secondary ion
mass spectrometry (ToF-SIMS), three dimensional Orbitrap secondary ion mass spectroscopy
(3D OrbiSIMS), circular dichroism (CD) and SPR. The molecular interactions occurring at the
gold-nanobody interface and the stable conformation of the immobilised nanobodies are further

validated using molecular dynamic (MD) simulations.
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3.2 Results and Discussion

3.2.1. Formation and characterisation of NoVCAM1 SAMs

NbVCAM1 monolayers were formed by immersing freshly cleaned gold substrates in a solution
of 1 uM NbVCAML1 in phosphate buffer saline (PBS) for 24 h, which provides the time for the
formation of a gold-thiolate bond between the gold surface and the NboVCAM1 nanobody?®.
Contact angle data shows the formation of a hydrophilic surface, with the NbVCAM1
monolayers exhibiting advancing and receding contact angles of 62.6 + 2.3° and 26.0 + 6.5°,
respectively. These values are comparable to those obtained for protein monolayers,*® with the
large contact hysteresis (36.6 °) indicating the presence of a heterogeneous surface due likely to
the exposure at the interface of hydrophobic and hydrophilic amino acids from the nanobody
and/or nanobody packing arrangement. The ellipsometric thickness observed for the
NbVCAM1 monolayer was 1.99 + 0.09 nm, which is less than the theoretical molecular length
of the nanobody from the C-terminally added cysteine-alkyne linker to the N-terminal, i.e. 5.3
nm (Figure 3.2). This discrepancy, between molecular length and self-assembly monolayer
(SAM) thickness, can be explained by the presence of air voids between the nanobodies and

within the nanobodies themselves!®® 169,

Following these initial results which provided evidence of NoVCAM1 monolayer formation,
3D OrbiSIMS and ToF-SIMS were used to investigate whether or not the gold-thiolate bond
was formed upon adsorption. 3D OrbiSIMS and ToF-SIMS survey spectra (Figure 6.2 in
Chapter 6) along with high-resolution spectra (Figure 3.3 and Figure 3.4) were collected for
NbVCAM1 SAM and control bare gold. The mass resolving power of the 3D OrbiSIMS allows
the assignment of secondary ion peaks associated with the proposed Au-S bond (shown in

Figure 3.3), which could not be confidently distinguished in the Negative polarity 3D OrbiSIMS
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spectra of the NoVCAM1 monolayer on gold are illustrated in Figure 3.3, together with clean
gold as a control. Secondary ions associated with the AuS™ ion and related fragments (AuSH-,
AuUS,’, AuS2H", AuSzH>") can be observed clearly for the NoVCAM1 monolayer, but are absent
in the clean gold control. Additionally, the NboVCAM1 monolayer attenuated the intensity of
Au ion fragments, which were less accessible to be ionized due to the presence of NboVCAML1
(Figure 3.3(F)). In addition to providing further evidence supporting the formation of the
NbVCAM1 monolayer on gold, these results also confirm the formation of a thiolate bond
between the NbVCAML1 and the gold surface, wherein adventitious sulphur is excluded as a

possible source of AuS™ ions.
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Figure 3.3 — NbVCAM1 SAMs 3D OrbiSIMs results. Overlay of 3D OrbiSIMS spectra (20 keV Arzoo”
as primary ion beam) for the peak intensities of AuS™ and related ions (A-E) and the substrate ion Au
(F) on the control bare gold (red) and NbVCAM1 SAM (blue). Intensity was normalized to total ion
counts. ‘a.u’ refers to arbitrary units. Comparison of (G) gold and (H) gold-sulphur and gold-nitrogen
containing species ion peak intensities in the gold reference samples (red) and NoVCAM1 SAM samples
(blue). Average and standard deviation for four 3D OrbiSIMS measurements. Intensity was normalized

to total ion counts.
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Along with fragments associated with the Au-thiolate bond, the presence of ions containing Au
and nitrogen are also observed (Figure 3.4(A)). They are present at a much higher intensity than
on clean gold surfaces, indicating the interactions between the amino acid residues in the
NbVCAML1 and the gold surface. These interactions can arise from nitrogen atoms located in
positions close to the cysteine-alkyne linker since there is the possibility of the nanobody
making more than one point of contact with the gold surface. However, the possibility that some
nanobodies might be randomly oriented on the surface cannot be excluded. The 3D OrbiSIMS
results are further supported by ToF-SIMS analysis (TOF IV instrument with 25 keV Bis*
primary ion beam), wherein a peak for the ion fragment AuSCsHsON" can be distinguished from
the clean gold control surface (Figure 3.4(B)). This distinctive fragment belongs to the alkyne-
modified cysteine, thus supporting the formation of a thiolate bond between the thiol group in

the modified NbVCAM1’s cysteine and the gold surface.
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Figure 3.4 — NbVCAM1 SAMs ToF-SIMS results. (A) ToF-SIMS (IONTOF GmbH) spectra and (B)
respective normalized peak intensity areas showing the presence of the AuSCsHsON" ion fragment on
the NoVCAM1 SAM but its absence on the clean gold control surface. Average and standard deviation

for three measurements over two samples. ‘a.u’ refers to arbitrary units.
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ToF-SIMS can also directly map the distribution of the different nanobody fragments on the
gold surface to provide insights into the chemical interactions between the nanobody and gold
surface. Distribution maps have been plotted for amino acids fragments (Figure 3.5(A-B)).
While the lateral resolution of the technique is not sufficient to resolve individual nanobodies,
the uniform ion distribution across the surface does indicate that the Nbo\VCAM1 nanobodies
are uniformly distributed on the gold surface (Figure 3.5(B)). The amino acid fragments
(proline, tryptophan and tyrosine) were assigned according to Lhoest et al.1”® These amino acid

fragments are not present on clean bare gold surfaces, as illustrated in Figure 3.5 (A) and (C).
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Figure 3.5 - NboVCAM1 SAMs ToF-SIMS results for amino-acid fragments.(A) Spectra overlay of amino
acid fragments (proline, tryptophan and tyrosine) assigned in positive polarity spectra of NoVCAM1
(blue) and gold reference (red), intensity was normalized to total ion counts. ‘a.u’ refers to arbitrary
units. (B) respective ToF-SIMS images of gold chips incubated with NboVCAM1 SAM. (C) Amino acid
fragments are not detected in ToF-SIMS images of bare gold reference. All ion images have been

normalized to total ion counts.
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Additional information from TOF SIMs/3D OrbiSIMs about the nanobodies orientation or
conformation at the surface would have required higher amounts of sample (being NoVCAM1-
SAM a monolayer, its high fragmentation resulted in small weight fragments, which are harder
to unambiguously be assigned). Additionally, it would also be required that the nanobody be
functionalised on a different surface (e.g. silicon) to guarantee a statistical difference between

oriented and non-oriented nanobodies.

3.2.2. Conformational structure and biological activity of NoVCAM1 SAMs

Following the analysis determining the nature of the gold-nanobody interaction, attention was
turned towards understanding the structure of the surface-immobilised NbVCAML1 using
circular dichroism (CD). Nanobody monolayers were formed on copper-ion-functionalised
quartz slides!’* onto which NbVVCAM1 can chemisorb, in a similar manner as on gold, through
the modified cysteine. Quartz was used rather than gold substrates to avoid a low signal to noise
ratio due to the high absorption of gold in the UV region. The CD spectrum of the surface-
tethered NbVCAMZ1, shown in Figure 3.6(A), is similar to that of the nanobody in solution
(insert in Figure 3.6(A)), both illustrating that the NoVCAML1 is composed largely of B-sheets
(typified by a negative band at 217 nm and a positive band at 195 nm). The observed peak shift
and reduced intensity between the CD spectrum of the control solution (inset) and the surface-
tethered NbVCAML1 could be explained by the difference in concentrations (higher
concentration for the control NboVCAML solution (1 mg/ml) compared with the NboVCAM1
SAM which resulted of incubation with 0.1 mg/ml followed by rinsing of unbound
NbVCAM1). These findings are in agreement with literature,® 172 73 that had shown that the

Nb domain is composed of folded -sheets with three loops in the regions homologous to the
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CDRs of the IgG VH domains. These results suggest that the nanobody conformation is not
altered when they are organised in a two-dimensional monolayer. Further evidence of the
conformational stability of NboVCAML1 was obtained by increasing the temperature of the
NbVCAML1 functionalised quartz substrate from 20 °C to 70 °C (Figure 3.6(B)). The CD spectra

taken at different temperatures show similar features, with the p-sheet peak remaining

unchanged.
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Figure 3.6 - Circular Dichroism (CD) spectra of NoVCAM1 on a surface immobilised on a Cu?*

terminated SAM on a quartz slide. (A) The average spectra of three measurements at room temperature;
insert: NboVCAML in solution as a control; (B) Spectra overlay at temperatures ranging from 20°C to

70°C by an increment of 5°C.

Having established that the nanobody retains its structure while forming a homogeneous,
covalently bound monolayer on the gold surface, thereafter the antigen (hWVCAMZ1) binding
capacity using surface plasmon resonance (SPR) was assessed. Figure 3.7 portrays the
formation of a NboVCAM1 monolayer in real-time, followed by hVCAML1 antigen binding.
From a stable baseline of PBS flowing over the clean gold chip, an injection of NoVCAM1
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shows a response of ~ 2000 response units (RU), which reduces to 1800 RU as the solution is
washed away with PBS. Following the initial removal of non-specifically bound NbVCAM1,
prolonged rinsing (i.e. ~ 2 h) had no effect on the integrity of the NboVCAM1 monolayer,
indicating the presence of a stable monolayer (Figure 3.7(A)). Since 1000 RU is equivalent to
a change in surface concentration of approximately 1 ng/mm?2° the amount of immobilised
nanobody (i.e. nanobody loading capacity on the gold surface) achieved was 1.8 ng/mm?,
corresponding to approximately 1 NoVCAM1 nanobody (14.5 kDa) per 13 nm?. Based on the
size of NbVCAML1 (i.e. 3.1 x 4.0 x 5.3 nm), the results imply the formation of a high packed
nanobody monolayer on the gold surface that enables the specific capture of the antigen.
Injection of the hVCAM1 antigen produced a change in the SPR response of ~ 600 RU (Figure
3.7(B)), with the rinsing having a minimal effect on the final response. The hVCAML1 antigen
(74.1 kDa) with dimensions of 12.9 x 7.4 x 7.6 nm is eleven times larger in volume than the
NbVCAM1, thus the hVCAML1 antigen was shown to be immobilised at high density on the
NbVCAM1 monolayer, with an experimental density of 1 hVCAM1 per 205 nm?. These
findings confirm the high capability for the NoVCAM1 monolayer to bind its antigen (Kp=1.61
+ 0.14 nM*9), wherein a high degree of well-oriented nanobodies must be in place otherwise
antigen binding would have been considerably affected. These results contrast with those
obtained when an unmodified NbVCAML1 containing no cysteine at the C-terminal is
immobilised on a gold surface (Figure 3.7(C)). Exposure of the gold surface to the unmodified
NbVCAM1 led to a much lower SPR response of ~ 180 RU, a 10 fold decrease in
immobilisation compared with the modified NboVCAML cysteine-containing at the C-terminal.
These results further support the role of the added cysteine in enabling a gold-thiolate bond and
formation of a high packed nanobody monolayer on the gold surface. Antigen binding is also

reduced to half of the one observed in the NoVCAM1 monolayer. Due to the low coverage of
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the unmodified NoVCAM1 on the gold surface, the binding properties are difficult to interpret

since hVCAML antigen can be specifically bound to some of the nanobodies but also non-

specifically adsorbed on the gold surface.
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Figure 3.7 - SPR results for NboVCAML1 adsorption followed by antigen injection. (A) Overview of

NbVCAMI adsorption (1 uM) followed by blank injection with running buffer (RB) and posterior
antigen hVCAM1I injection (0.27 uM). (B) hVCAMI injection response. (C) Unmodified NbVCAMI
adsorption (1 uM) followed by blank injection with RB and posterior antigen hVCAMI1 injection (0.27

uM).

3.2.3. Further optimisation of the NboVCAM1 SAMs

After successfully confirming the biological response from NbVCAM1 SAM with the

injections of hVCAML1 (~ 600 RU), the next step focused on increasing the response further.

There was a possibility that the biological response had not yet achieved the maximum signal

due to steric hindrance. This limitation could potentially occur due to a too highly packed
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NbVCAM1 SAM. Therefore, different ratios of NboVCAML1 and a spacer molecule at the
surface were investigated. SAMs of NbVCAML1 and 3-Chloro-1-propanethiol (spacer) at the
molecular ratios of 500:1, 100:1 and 1:10 were formed and characterised with SPR for the
biological response (Figure 3.8). The SPR results showed no signal improvement, but instead
a decay. Such reduction in signal could be explained by the likely reduced amount of
NbVCAML1 at the surface. This reduction had a negative impact as it resulted in the reduction
of captured antigens. This result suggests that following this immobilisation method, the limit

of response has been achieved without a spacer.

800
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NbVCAM1:(3-Cl-1-propanethiol) ratio

Figure 3.8 — SPR response for hVCAM1 (0.27 uM) injection on SAMs of NbVCAM1:3CI-1-
propanethiol. By incubating the gold chips with solution ratios of Nb: 3CI-1-propanethiol at 500:1,
100:1 and 1:10 the NbVCAML1 was spaced out at the surface. As controls, the NbVCAM1 SAM and the

3Cl-propanethiol SAM were also tested. Duplicates were measured.

3.2.4. Molecular dynamic simulations of the adsorption of NoVCAML1 on gold

To complement the experimental findings, a straightforward model to simulate NoVCAM1
adsorption onto a gold surface was developed. These simulations yield insight into several
aspects of the nanobody adsorption, including 1) the protein’s structural behavior before, during

and after adsorption, ii) the interactions between the protein and gold during and after
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adsorption, and iii) the footprint of the adsorbed protein, which is relevant to the monolayer
density that it might subsequently form. The model was built with the NbVCAML in
water/0.15M NaCl with a starting position at a distance of 20 A from the gold surface. As an
approach to randomize the results, the nanobody was placed at different starting orientations in
a sequence of separate trajectories: with the C- to N-terminal axis approximately perpendicular
to the surface (C-terminal either facing the gold surface or the bulk solution), or with the axis

parallel to the surface.

It was found that the physical adsorption process can yield various adsorbed nanobody
orientations, as might be expected for adsorption to a gold surface.”® Amongst these, it was
observed the desired orientation with the modified cysteine adsorbed to the surface and the N-
terminal exposed to solution (Figure 3.9(A)). The simulations do not directly simulate the
formation of the thiolate bond, but do show that these are likely to form due to the close
approach of the sulphur to the gold surface. Indeed, the literature widely reports that thiolate
formation starts with physisorption followed by chemisorption,** which stabilises the adsorbed
orientation.*™ In contrast, adsorbed nanobody with undesired orientations (e.g. Figure 3.9(B))
are likely to be less stable, allowing the re-orientation of the nanobody over time to create the

more stable thiolate-bonded structure.
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(B)

Figure 3.9 - Representative VMD images from MD simulations of the physical adsorption of NoVCAM1
on gold, resulting in (A) well-oriented and (B) non-oriented nanobodies. The NboVCAML1 representation
highlights the modified cysteine at the C-terminal (white- hydrogen; cyan — carbon; red — oxygen; blue
- nitrogen and yellow — sulphur) and the amino-acids that belong to the antigen binding site located at
the N-terminus side in the folded domain (all atoms red) with the gold slab (yellow).

The root-mean-square deviation (RMSD) and root-mean-square-fluctuation (RMSF) are tools
of analysis to quantify the conformation variability within a protein.”* RMSD measures the
degree of similarity between two three-dimensional (3D) structures with the same number of
atoms. In this case, the NoVCAM1 was compared at each step of the trajectory (step = 0.04 ns)
with its initial structure (at t = 0). For RMSF, the RMSD is calculated for each nanobody’s
residue, reflecting its fluctuations across the total trajectory. Figure 3.10 shows the RMSD and
RMSF results for the trajectories taken before and after adsorption compared with the control
trajectory obtained for NoVCAML in solution (with no model gold surface). At the time of
adsorption (Figure 3.10(B), identified with arrows), there is no evident spike in the RMSD data,
and indeed, for the whole duration of the simulations there is no indication of significant

structural changes from the control.

Similarly, a brief analysis of the RMSF data (Figure 3.10(C)) yields the same conclusion, as

the residues at the adsorption site do not vary significantly from the NoVCAML1 control. This
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means that the successfully adsorbed NbVCAML1 on the gold surface did not have major
differences in its conformation when compared with the NoVCAML1 conformation whilst in
solution. These findings support the experimental results showing that the nanobody structure

and activity is preserved upon monolayer formation.

Thereafter, a deeper analysis of each individual residue allows us to infer which ones approach
the surface and contribute to the NboVCAML adsorption (Figure 3.10(C)). As expected, higher
RMSF values were seen in the amino-acids that belong to the nanobody’s loops (especially the
CDR3 loop starting at amino-acid 99 to 111* 1) and at the N- and C-terminals. The exception
is when one of these regions is underneath the nanobody and interacting with the gold surface,
slightly reducing the flexibility and lowering the RMSF values compared to the control. On the
other hand, some non-loop amino-acids showed slightly higher RMSF than the control, which
meant that they contributed to the approach to the surface resulting in increased movement.
These amino-acids were SER30, 101, 104 and 126 (serine), ASN29, 106, 108, 112, 114
(asparagine), PHES3, 105 (phenylalanine) and TYR103, 115, 126 and 129 (tyrosine). LYS
(lysine)t’” and amine interaction with gold!’® has been previously reported and likewise, with
intermittent contact, LYS43, 44 and 76 contributed to the NboVCAM1 immobilisation at the

surface.
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Figure 3.10 -MDS results for NboVCAM1 adsorption on gold. (A) MD results at various simulation time-
points for NoVCAM1 adsorption onto the model gold surface. (B) The root-mean square (RMS)
deviation for the NbVCAM1 a-carbons during the adsorption process on gold over several different
trajectories of 100 ns duration. The steady trend indicates that the NbVCAML1 structure was kept before,
during and after adsorption. Arrows indicate the time of adsorption in each trajectory. (C) RMS
fluctuation for the same trajectories for each NbVCAML residue (0 to 130 residues from N to C-
terminal). Residues with higher RMSF values belong to loop areas, revealing higher mobility. (B-C) In
black, the control represents the trajectory of NoVCAML in solution while green and red colours

represent NoVCAML1 that adsorbed non-oriented or oriented, respectively, onto the gold surface.

Finally, in order to understand how the adsorbed NbVCAML1 orientation might change over
time, and how it might be affected by the creation of the thiolate bond, a second model was
developed with NbVCAML tethered by a thiolate bond to the gold surface (Figure 3.11(A-B)).
This model allowed us to observe the flexing of the nanobody above the surface. The
simulations reveal nitrogen-gold interactions from the amino-acids (CYS130, LEU127, TYR

129r and GLN13) near to the thiolate bond site, which are involved in creating a rather tilted
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orientation. It was observed that these features are also present in the simulations where the
thiolate bond was not created, with additional nitrogen interactions (LYS44, 45, GLN87, ASN
84, 85, 87, 108)(Figure 3.11(C-D)). These observations further confirm earlier findings from
the SIMS analysis, wherein nanobody immobilisation on the gold surface can be attributed to

the simultaneous formation of a gold-thiolate bond and nitrogen-gold interactions.

Figure 3.11 - Representative VMD images of NbVCAM1 immobilised by a thiolate bond (A-B) and
physically adsorbed by the modified cysteine (C-D). Highlighted are the NbVCAMI1 ’s nitrogen-gold
interactions, the sulphur at the modified cysteine (yellow) and the binding site (red). Arrows point to the

closest nitrogens (blue) to the gold surface.
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33 Conclusions and Future Work

The nanobodies’ relatively small size (~15 kDa) and their prominent stability meet the highly
desired characteristics when designing and developing a vast range of biosensors and diagnostic
tools. In order to take advantage of these characteristics, it was hypothesized that adding a
modified cysteine would promote the direct surface functionalisation on gold. This chapter’s
findings demonstrated, through ToF-SIMS and 3D OrbiSIMS, the formation of a thiolate bond
between the NbVCAML1 nanobody and the gold surface. The secondary ion imaging results also
provided compelling evidence of the formation of a homogenous, stable and well-packed

nanobody monolayer.

The SPR studies confirmed the biological activity of NoVCAML1 at the surface. Furthermore,
the experimental and theoretical findings of this work support the presence of a high degree of
well-oriented nanobodies on the gold surface, leading to a high capacity for antigen binding.
Thus, these results indicate that NoVCAML1 nanobodies are promising to investigate as building
blocks for nanobody-based surfaces. Yet, when aiming for on-demand biosensing, ideally the
nanobody-antigen response should be even higher. Higher responses provide capacity to
include switching units at the surface which are required to provide control over sensing. When
attempting to increase the signal (as a consequence of reducing possible steric hindrance) by
spacing out the NboVCAML1, the antigen response suffered a decay (Figure 3.8). Such decrease

was likely due to the reduction of nanobodies at the surface.

Further optimisation of this work could include the antigen injection on surfaces that have been
incubated for longer times with the NbVCAML1 solution. In addition, the antigen concentration
could be increased and the temperature during injection as well, in order to boost the kinetics.

In terms of the diluent, different pHs, salts and addition of surfactant could perhaps have an
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influence on how the nanobodies immobilize at the surface and further avoid non-specific
interaction with gold. On this note, this work can not disregard the possibility for the
immobilisation of non-oriented nanobodies at the surface. Indeed, the results from 3D
OrbiSIMS (Figure 3.3 (H)) and MDS simulations (Figure 3.9) have demonstrated alternative
orientations, based on the interactions of nitrogen species and other than cysteine amino-acids
with gold, respectively. Based on these findings, future steps that aim to proceed with
NbVCAML1 for dynamic surfaces should include an immobilisation strategy that excludes non-
oriented nanobodies. Considering the alkyne placed at the N-terminal of the NboVCAML, click
chemistry could be a potential immobilisation method. Otherwise, the NoVCAM1 could be re-

engineered to allow other controllable and specific immobilisation methods.

The relatively large size of antigen hVCAML1 (74.1 kDa) is another potential limiting factor for
the signal achieved. To address this, future studies could compare nanobodies with smaller
antigens to investigate the antigen’s size impact on the signal. In the case of NbVCAMI, an
immobilisation strategy that would allow for more distance from the surface and consequent

freedom to move and adjust, could potentially allow to capture more antigens.

The strategy for nanobody immobilisation is simple and effective and will be able to be adapted
to other highly relevant nanobody-antigen systems. Considering all these attributes, this work
opens up new avenues for the design and scalable fabrication of stable, reliable and robust
biosensing platforms for a wide range of medical, biotechnological, environmental and food

applications.
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Chapter 4 Studies on nanobody functionalised surfaces to maximise

antigen binding

The previous findings of this research showed that the nanobody NbVCAM1 immobilised
directly on the a surface through a thiolate bond resulted in a specific antigen binding
response. Although these results were successful, direct immobilisation at the surface
potentially included physically adsorbed randomly oriented nanobodies. Thus, likely not all the
binding sites will be available to bind, limiting the full potential of antigen interaction (Figure
4.1(A)). To address this potential limitation, this chapter presents an alternative immobilisation
method for NbVCAML1: the copper Cu(l) catalysed azide-alkyne cycloaddition applied between
an initial azide-terminated SAM and the alkyne-terminated NboVCAM1 (NbVCAM1-LEY-C-
alkyne). This approach ensures the surface is only functionalised with NboVCAML1 through their

alkyne, keeping their binding site fully available (Figure 4.1(B)).

A) Randomly physically
Blndlng site adsorbed
Nanobodies
Orientation Au-S
Direct Immobilization Copper catalised cycloaddition
Q) . Antigen VCAM1 D)
" 74.1kDa o
=\ . v Antigen EGFP
. 28.0 kDa
Antigen
. . A Rlo
Dimensions lf/i%\
g &S
Nanobody: Nanobody: (‘éhﬁ
NbVCAM1 NbGFP YN

Figure 4.1 — Schematics of important factors to consider when designing nanobody-based biosensing
platforms. Nanobodies orientation: (A) direct immobilisation which could result in randomly oriented
nanobodies; and (B) oriented copper Cu(l) catalysed azide-alkyne cycloaddition. Antigen dimensions:

(C) hvCAM1lantigen with 74.1 kDa was compared with (D) EGFP antigen with 28.0 kDa.
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Furthermore, this chapter demonstrates that in addition to the nanobody’s orientation, the
antigen dimensions is a crucial factor to consider when designing nanobody-based biosensing
platforms. To assess the antigen dimensions’ impact on the biosensor sensitivity, an alternative
nanobody (NbGFP) with a smaller antigen (EGFP) was studied (Figure 4.1 (D)) and compared

with the NbVCAM1-VCAML1 pair ((Figure 4.1 (C)).

Finally, studies involving an applied potential on NoGFP-EGFP open the opportunity to use

this nanobody-antigen pair for electroswitchable nanobody-based biosensing platforms.

In this Chapter, Barbara Simdes conducted all the experimental work with exception of XPS
experimental work that was conducted by David Morgan. All data was analysed by Barbara

Simoes.
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4.1 Introduction

High selectivity and sensitivity are crucial parameters to obtain a successful biosensor platform,
and particularly important when envisioning a smart nanobody-based biosensor with switching
properties. Techniques that use physisorption and covalent couplings through protein’s amino
acids functional groups are simple and cheap immobilisation methods, however these methods
do not eliminate the chance for random orientation. The results from Chapter 3 showed the
increased response from the gold surface functionalised with oriented cysteine modified
NbVCAML1 through a thiolate bond when compared with unmodified NbVCAML1 that was
physiosorbed and randomly oriented. Despite the nanobody binding improvement, there
remains the possibility for the cysteine modified nanobody to functionalize on gold in a random
orientation. Considering the need for a highly responsive surface before implementing
additional properties, herein suggested to be higher than 1000 RU on the SPR, further

optimisation to the NoVCAM1 immobilisation was performed.

Extensive literature has shown that optimised protein orientation improves binding
efficiency?’®. More specifically, nanobodies as capture molecules in biosensing applications
have been oriented to be used through sandwich assays® 7 8. 8790 \jth nanobodies
biotinylated®® 878 and histidine tagged %> 8 % and other engineered ligands in their structure*®
%418 Trilling and co-workers>* incorporated into a nanobody azide moeities through a non
natural amino acid (azidohomoalanine), either in one strategic position, or in five different
positions. While the nanobodies containing one azide were “clicked” at the surface in an
oriented manner, the nanobodies with five azide moeities, showing five different “clicking”
options, immobilised purposely in a random manner. Using the same immaobilisation method,
the oriented nanobodies strongly improved the SPR sensor sensitivity compared to the ones

randomly immobilised>.
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In order to guarantee the gold surface functionalised exclusively with oriented nanobodies, and
taking advantage of NbVCAM1 engineered C-terminal alkyne*® (opposite to the binding site),
this chapter applies “click chemistry” as shown by Adriaensens and co-workers!#° to an azide-
terminated SAM surface. Copper(l)-catalyzed Huisgen 1,3-dipolar azide - alkyne cycloaddition
(CuAAC) is a “click” biocompatible reaction that specifically occurs between an azide and an
alkyne moiety to form a stable 5-membered 1,2,3-triazole ring under Cu(l) catalysis and mild

reaction conditions (Figure 4.2).
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Figure 4.2 - Click chemistry: copper catalised azide-alkyne cycloaddition (CuAAc) between the azide-
terminated SAM and the alkyne-terminated NbVCAML1.

Following this strategy, a protein can be coupled keeping its biological activity and with an
uniform orientation to a solid substrate, resulting in highly functional and homogeneously
covered surfaces. A straightforward method to determine the success of CUAAC “click
chemistry” used biotin moeities “clicked” at the surface®’. The biotinylated surface was then
incubated with streptavidin bioconjugated with a dye, allowing verification of successful

binding using confocal microscopy. Inspired by this example, the initial studies from this
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chapter used an alkyne terminated biotin, “clicked” at the surface and then verified through
injection of neutravidin on the SPR. Thereafter, the “click reaction” was applied between an
azide-terminated SAM and the NbVCAML, in order to increase the NboVCAM1-VCAM1
interaction and hence this platform sensitivity. The surfaces clicked with NoVCAM1 were
characterised by ellipsometry, contact angle, x-ray photoelectron spectrometry (XPS), and

surface plasmon resonance (SPR).

In addition to the nanobody orientation at the surface, the antigen dimension is also an important
factor to consider when designing nanobody-based biosensor platforms. Previous studies used
oligopeptide spacers to attach the nanobodies to the surface, allowing these to be simultaneously
oriented and distant from the surface®’, overcoming steric hindrance that the antigen would
otherwise encounter. For this research, the initial studies used the NboVCAM1-VCAML1 pair
where hVCAML1 is 74.1 kDa. In order to test a smaller antigen, an alternative promising
nanobody-antigen pair was used. The enhanced green fluorescent protein (EGFP) is an antigen
of 28.0 kDa, and binds to the green fluorescent protein nanobody (NbGFP), a nanobody with a
barrel-shaped structure (2.5 nm x 4.5 nm) and molecular weight of 13.9 kDa'%2. The NbGFP-

EGFP complex has been well studied regarding their interaction?83,

Additionally, because NbGFP can be used as a universal adapter, allowing the capture of easily
available GFP chimeric proteins, the NbGFP-EGFP complex was used as a model in previous
SPR studies®. In these studies, Della Pia and co-workers®® immobilised NbGFP through
different immobilisation methods, including the covalent amino-coupling immobilisation using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) on a surface with carboxymethylated dextran. The fact that the
lysine residues of NbGFP are located at the antipode of its binding site contributes to a likely

oriented immobilisation which resulted in efficient and high antigen binding®. Given the
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favorable properties, herein the NbGFP was immobilised through the EDC/NHS amino
coupling on a carboxylic-terminated SAM. Upon high antigen response (>1000 RU) on the
immobilised NbGFP, this chapter further demonstrates, through SPR, NbGFP-EGFP as a

potential pair to be used on switchable nanobody-based biosensor platforms.
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4.2 Results and Discussion

4.2.1. Copper catalysed azide-alkyne cycloaddition (CUAAC) click chemistry

421.1. Initial azide-terminated SAM characterisation

Freshly cleaned gold chips were incubated with 4-azidobutane-1-thiol (ABT), allowing an
azide-terminated SAM to form that was characterised by ellipsometry, contact angle, XPS and
TOF-SIMs. The experimental thickness was measured by ellipsometry for ABT SAM and
resulted in 0.47 £ 0.21 nm, smaller than the theoretical thickness for the fully stretched molecule
(0.86 nm, ChemDraw software). The smaller experimental value for the thickness of the ABT
SAM indicates a rather tilted monolayer. Additional characterisation through contact angle
measurements resulted in the advancing and receding contact angle of 83.1 + 0.90° and 69.5 £+
0.30°, the advancing angle was in agreement with the literature®* 18, Regarding the hysteresis
of 13.6°, it could suggest an uneven packed SAM, where besides the azide groups, also the
underlying alkyl groups could interact with the water at the interface. In order to further
characterise the elemental composition and chemical states at the ABT SAM surfaces, these
were investigated with the surface analysis technique X-ray photoelectron spectroscopy (XPS).
Figure 4.3 shows a representative XPS high resolution spectra of the Au 4f, S 2p, N 1s, C 1s,
and O 1s regions for the bare gold (control) and azide-terminated ABT SAM. The analysed
spectra results regarding relative atomic and relative components percentages are described in

Table 4.1.
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Figure 4.3 — ABT SAMs XPS results. Representative XPS high resolution spectra of the (A) Au 4f, (B) S
2p, (C) N 1s, (D) C 1s, and (E) O 1s regions for the bare gold (control) and azide-terminated ABT SAM

samples. Duplicates were measured twice in different chip positions.
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Table 4.1 - Relative atomic percentages and relative components percentages calculated by XPS for
ABT SAM. Theoretical values were obtained considering the ABT atomic formula (CsHsNsS-Au).
Duplicates were measured twice in different chip positions.

ABT SAM surfaces

Relative Atomic % Components Relative Components %
Experimental  Theoretical P Experimental Theoretical
S-Au 85.2+3.9 ~100.0
S 123+14 12.5 S-H 148+3.9 0.0
N* 30221 33.3
N asrEsd 373 N, N 69.8+2.1 66.7
C-C 70421 50.0
C-S,C-N, C-
+
C 59.1+5.8 50.0 O 223217 >0.0
C=0 55+£0.7 0.0
0oC=0 residual 0.0
O-C residual ~0.0
+
@) 28+13 0.0 0=C ~100 0.0

As expected, the bare gold controls did not show traces of either sulphur or nitrogen (as seen in
Figure 4.3(B) and (C)), indicating that their presence at the ABT SAM surface was due to the
formed SAM. Regarding the sulphur element, the spectra for the ABT SAM showed the
presence of sulphur in two states (Figure 4.3(B)), with values according to the literature®® 186
187: bound sulphur (thiolate, BE= ~162 eV) and unbound sulphur (BE= ~163-164 eV). Ideally,
the ABT surfaces would not show any unbound sulphur, which indicates that the washing steps

before XPS analysis could be improved.

In what concerns the nitrogen element XPS measurements Figure 4.3(C)), the different
chemical states on the ABT surfaces represented by two peaks are confirmation of azide
presence. While the positive environment (N¥) is visualised in one peak at higher binding
energy, the peaks for the negative and neutral (N/N) environments overlap®. Theoretically,
each azide moiety contains a positive, neutral and negative environment of nitrogen, meaning

that their relative percentages should be 33.3% for N*and 66.7% for N/N". Table 4.1 shows that
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the ABT SAM had an experimental component percentage for N* of 30.2 + 2.1 % and for N/N-

of 69.8 + 2.1 %, corresponding to the referred theoretical percentages.

With respect to carbon and oxygen XPS measurements, such elements are common to obtain
as contaminants'® when samples are exposed to atmosphere prior to analysis. This explains
their presence at the bare gold controls and the presence of the carbonyl group (C=0, ~ 288.5
eV, Table 4.1, 5.5% of component C=0) and the residual oxygen (2.8%, which corresponds
entirely to the carbonyl group) on the ABT SAM surfaces. Despite this, it was possible to
observe on the ABT SAM an increase from 12.4% on the bare gold to 22.3% in carbon
environments associated to C-OH, C-S and C-N with superposed binding energies (BEs) (C-
OH, C-S, C-N, ~ 286 eV), which are expected on the ABT SAM surface. All considered, the

XPS data confirmed the successful formation of ABT SAM.

To further confirm the ABT SAM formation the samples were analysed by TOF-SIMS/3D
OrbiSIMs techniques. Figure 4.4 shows the distinct presence of thiolate related ions (AuS-,
AUSH", AUSCN" and AuSCNH") on the ABT surface, confirming that the initial ABT SAM was
formed. Furthermore, the results indicate some carbon and nitrogen contamination at the gold
surface present on both samples (Figure 4.4), which is in agreement with the XPS results
regarding the adventitious carbon, but not the adventitious nitrogen (Figure 4.3 (C) and (D)).
Nonetheless, adventitious nitrogen should not have any implications at the SAM formation and

should not compete with the thiol formation®’,
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Figure 4.4 — ABT SAMs TOF-SIMs results. Peak areas comparison of gold related fragments (arbitrary
units (a.u.)) between the ABT SAM surface (green) and the bare gold control (yellow). Each bar

represents an average of 8 measurements, made on duplicated samples.

Following the confirmation of successfully formed ABT surfaces and their respective
characterisation, the next experimental steps included applying copper-catalysed azide-alkyne
cycloaddition (CuAAC) click chemistry of NbVCAMI1-LEY-Cys-alkyne on the azide

terminated surfaces.

4.2.1.2. NbVCAMI1-LEY-Cys-alkyne on the azide-terminated SAM

Freshly formed ABT SAMs were submitted to copper-catalysed azide-alkyne cycloaddition
(CUAAC) mediated click chemistry (for 45 min)3, which allowed the click between the initial
azide-terminated surface and the alkynated nanobody NbVCAML, forming the NbVCAM1
clicked monolayer (Figure 4.5). To confirm successful click chemistry, these chips and

respective controls were characterised by ellipsometry, contact angle and XPS.

99



o]

NbVCAM1 N

NbVCAM1 o
5

HN

o NH
' &N
N N Il
N\ N—y
{ {
<> § 5
s s s
u/ AI/ Au

Figure 4.5 — Schematic representation of the CUAAC click between ABT SAM and NbVCAML. The

copper-catalysed azide-alkyne cycloaddition (CUAAC) click reaction allows the formation of a triazole
between the azide terminated surface (ABT SAM) and the alkyne-terminated NbVCAM1 (NbVCAM1-

LEY-Cis-alkyne).

The NbVCAML1 monolayer after click chemistry resulted in advancing and receding angles of

72.5+1.1%and 39.1 £ 9.1 °respectively. Both presented decreased angles from the initial azide-

terminated surface (Table 4.2), suggesting the presence of NboVCAML at the surface.

Table 4.2 — Ellipsometric and contact angle results obtained on ABT surfaces before and after copper

catalised azide-alkyne cycloaddition CUAAC click chemistry of the nanobody NbVCAM1. Experimental

thickness was measured via ellipsometry, and theoretical thickness was calculated using ChemDraw

software. For contact angle (CA), both advancing (Adv.) and receding (Rec.) angles were measured.
Before click, ABT SAM  After click, NoVCAM1 SAM

Thickness Theoretical 0.86 ~6
(nm) Experimental 0.47+0.21 2.22+£0.81
Adv. 83.2+0.90 725+1.1
CA ()
Rec. 69.5+0.30 39.1+9.1

Furthermore, when comparing with the previously studied NoVCAM1 SAM (Chapter 3,

section 3.2.1) obtained by direct immobilisation on gold, the results show similar large
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hysteresis (directly on gold of 36.6 ° and in this case of 33.4 °), common to protein
monolayers®’. These results are in agreement as the nanobody is intended to have identical
(controlled) orientation after both immobilisation methods due to the alkyne moiety being
located at the cysteine at the C-terminus®®, responsible for the thiolate bond at the surface.
Therefore, it would be expected to have similar ratio between hydrophobic and hydrophilic
amino-acids exposed at the N-terminal, contributing to an heterogenous surface. Additionally,
it is possible to observe an overall higher advancing and receding angle after click chemistry
(results for direct immobilisation for advancing and receding angles of 62.6 + 2.3 °and 26.0 +
6.5 °, respectively as in Chapter 3), which could indicate the exposition of unreacted azide-
moeities, that could contribute to higher angles and would suggest a less packed monolayer

compared to the one obtained at direct immobilisation on gold.

Concerning the experimental thickness (Table 4.2), despite the NbVCAML layer after click
chemistry showing an increased thickness when compared with the initial ABT SAM, it also
showed a big discrepancy with the theoretical values. Similarly with the findings of the previous
Chapter 3, this could be explained by the presence of air voids between the nanobodies and

within the nanobodies themselves!8 169,

Overall, the ellipsometry and contact angle results, together with the previous findings (Chapter
3), suggest a successful click chemistry between the azide-terminated surface and the alkynated

NbVCAML.

In order to further characterise the elemental composition and chemical states at the surfaces
before and after click chemistry, ABT and NbVCAM1 monolayer surfaces were investigated

with XPS.
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Figure 4.6 shows the representative obtained XPS high resolution spectra of the Au 4f, S 2p, N
1s, C 1s, and O 1s regions for the bare gold (control), ABT SAM (azide-terminated control)
and NbVCAML1 clicked on ABT samples. Note that the ABT SAM XPS results were previously
shown and discussed in Section 4.2.1.1, and herein repeatedly mentioned for clarity whilst the
analysis. The analysed spectra results regarding experimental and theoretical relative atomic
and relative components percentages for the NoVCAML clicked on ABT are described in Table
4.3. The theoretical values shown on Table 4.3 were based on the footprint areas of ABT (0.214
nm?, thiol footprint!®®) and NoVCAM1 (12.4 nm?) which allowed to calculate the theoretical

ratio after click chemistry of 1 NoVCAML1 to 58 ABT molecules.
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Figure 4.6 — ABT SAMs XPS results. Representative XPS high resolution spectra of the (A) Au 4f, (B) S
2p, (C) N 1s, (D) C 1s, and (E) O 1s regions for the bare gold, azide-terminated ABT SAM (controls)
and NbVCAML clicked on ABT samples.
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Table 4.3 - Relative atomic percentages and relative components percentages calculated by XPS for
NbVCAML after click chemistry. Theoretical values were obtained considering the atomic formulas of
the SAM molecules, and assuming a theoretical ratio of 1:58 Nb:ABT (obtained from footprints)
obtained after click chemistry. Duplicates were measure twice in different chip positions.

Clicked NbVCAML1 surfaces

Relative Atomic % Relative Components %
) Theoretical ) Theoretical
Experimental Experimental
1 Nb: 58 ABT 1 Nb: 58 ABT
S-Au 81.6+3.8 89.2
S 6.6+0.1 4.4
S-H, S-S, S-C 18.4+3.38 10.8
N* 172+1 19.5
N 20.4+0.5 23.6
N, N° 828=+1 80.5
C-C 53.0+0.6 44.9
C-S,C-N, C-O 306+0.4 37.0
C 60.4+0.1 58.5
C=0 16.4+0.2 17.0
0C=0 residual 1.0
O-C 17.0+1.7 21.2
O 12.7+£05 13.4
0o=C 83.0+x17 78.8

Regarding the sulphur element, the spectra for the NoVCAM1 monolayer showed the presence
of sulphur in two states (Figure 4.6(B) for NoVCAM1), with values according to the
literature?®®: 186. 187: hounded sulphur (thiolate, BE= ~162 eV) and unbounded sulphur (BE=
~163-164 eV). On the NboVCAM1 monolayer some unbound sulphurs are expected, originating
from the nanobody methionine amino-acids. Additionally, some sulphur peak attenuation was
observed when comparing both ABT and clicked NbVCAML1 spectra Figure 4.6(B))
(attenuation also observed on the gold spectra, Figure 4.6(A)). Such an effect has been
previously reported and varies with the thickness of the samples analysed!®!, making substrate

elements less reliable to use in element ratios.
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In what concerns the nitrogen element XPS measurements (Figure 4.6(C)), as previously
mentioned, the azide moiety can be identified through its positive, negative and neutral
environment. Upon click chemistry, the azide moiety forms an 5-membered 1,2,3-triazole ring,
loosing its positive environment. Despite this, the complete disappearance of the positive
nitrogen environment was not expected due to the NboVCAMI size and the NbVCAM’s own
contribution with positive nitrogens (with origin from a final neutral pH). Considering the
theoretical ratio after click chemistry of 1 NoVCAML1 to 58 ABT molecules, and knowing the
balance between the N* disappearance due to the click chemistry, and the nitrogen gain (both
positive and neutral environments) from the new clicked nanobody (which has likely positive
lysines and arginines at pH 7.41%) it was possible to calculate theoretically the relative

percentage of 19.2% for the N and 80.8% for N/ N". The spectra from
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Chemical species
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Figure 4.6(C) clearly shows the peak differences before and after click chemistry for the

nitrogen environments. The experimental results were approximately 17.2 % and 82.8 % for N*

and N/N- respectively (Table 4.3, clicked NbVCAM1) suggesting that NboVCAM1 was

successfully clicked at the surface.

In respect to carbon and oxygen XPS measurements, even though expected as contaminants at

the surface®, it was possible to observe an overall increase in carbon environments, especially
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associated to the carbonyl group (C=0, ~ 288.5 eV, in Table 4.3, component C=0 from 5.5%
on ABT SAM to 16% on NbVCAM1 SAM), and the C-OH, C-S and C-N environments with
superposed binding energies (BEs)!® (C-OH, C-S, C-N, ~ 286 eV and C-C, 284.8 eV).
Similarly, regarding oxygen presence, it was possible to observe an increase in both

environments (O-C and O=C) with respective BEs of 533.1 eV and 531.3 eV1%,

A deeper but simplistic analysis could use the molecular formulas for ABT (C4HgN3S) and for
the NbVCAML1 (Ce32Ha41N1750198S7) which allow to write the Equation 4.1 and Equation 4.2,
whereas Ny, Nypr represent the peak area of nitrogen while Sy, and S,z represent the area
of sulphur, for the NoVCAML1 and ABT respectively. The XPS output regarding the total areas
for the elements nitrogen and sulphur, are the sum of the areas of the respective elements from

the NbVCAML1 and the ABT moiety (Equation 4.3 and Equation 4.4).

Nyp = 1_;551% Equation 4.1
Nypr = 3Sapr Equation 4.2
Niotar = Nyp + Napr Equation 4.3
Stotal = Snp T Sasr Equation 4.4

The resultant Equation 4.5 solves in order to the sulphur area for NboVCAML (see Section

6.4.3.1). Additionally, knowing that the NoVCAM1 has 7 sulphurs, while ABT has 1, it is
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possible to write Equation 4.6, which gives the experimental ratio between the compounds of

the SAM at the surface.

Niotar — 3S -
Syp = —totdl — total Equation 4.5

Snb
7 SABT

Ratio between Nanobody and ABT = Equation 4.6

Table 4.4 shows the experimental ratios between nanobody and ABT. The results indicate that
for each nanobody clicked there were ~ 1903 ABT moieties (or 1 NoVCAML1 per ~ 406 nm?),
with a considerable high coefficient of variability (CV = 37%). This CV is high due to the
amplification of error from the calculation of the sulphur relative to the NoVCAM1 (Snp in
Equation 4.5). In addition to the amplification of error, it is important to mention the uncertainty
associated with these simplified equations and the quantitative resolution of the XPS
measurements (taken at the takeoff angle of 70°) which depends on the thickness of the clicked
NbVCAML1. The attenuation of deeper photoelectrons increases exponentially with the
increasing protein layer thickness®t. For instance, previously published work on a monolayer
of 4 nm on gold could only detect bound sulfur with a takeoff angle of 0°, whilst increasing
substantially the detection of nitrogen (closer to the upper surface) with higher takeoff angles®*.
Thus, the results shown in Table 4.4 must be considered as solely for indication, and potentially

inaccurate.
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Nevertheless, with possibly a more disperse NoVCAML1 clicked on the ABT SAM compared
with the NbVCAML directly immobilised on gold (Chapter 3, Section 3.2.2) with a density of
1 NbVCAML1 per 13 nm?, these results indicate that the click chemistry for 45 min has been
successful. Additionally, with potential to be further optimised, for instance with an increase
in the reaction time (motivated by supplementary data on preliminary CuAAc studies with

biotin-PEG on azide SAMs, Section 4.4.1).

Table 4.4 — Theoretical and experimental ratio between the NbVCAM1 nanobodies and the ABT
molecules at the surface. The theoretical ratio was based on the footprint areas of both ABT and
NbVCAM1 nanobodies. The experimental ratio obtained based on XPS data for sulphur and nitrogen

species.
) _ Swmp
Ratio between Nanobody and ABT =
7 SABT
Theoretical 1/58
Experimental 1/ (1903 £ 709)

Overall, the results of contact angle, ellipsometry and XPS were reassuring regarding the
successful formation of the initial ABT SAM and thereafter the NoVCAMZ1 monolayer via click
chemistry. Confirmation of the clicked NbVCAM1 monolayers could now be tested with SPR
studies and further optimised. These studies were performed to increase further the optimal
ratio of nanobody at the surface towards maximum antigen binding. The antigen hVCAM1 was
injected on the NbVCAMZ1-terminated surfaces that were controlled via incubation time and
the initial SAM surface (studies motivated by Supplementary data, Section 4.4.1, Figure 4.15
that showed a positive impact by performing click on mixed initial azide monolayers,

characterised in Table 4.8).
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Figure 4.7 - SPR sensorgram for hVCAML1 antigen immobilisation on NbVCAM1 monolayers. The
NbVCAML1 monolayer was obtained through different conditions upon CuAAc click chemistry: with

different initial surfaces of either ABT or ABT mixed with BDMT or 2ME, and different incubation times.

On the ABT surfaces, the results showed that after 4 h of click chemistry (Figure 4.7, blue line),
the antigen binding was not higher than after 45 min, or 1 h, (Figure 4.7, yellow and orange
lines) and actually decreased by ~100 RU. These results suggest that incubation time did not
improve antigen binding and that the click chemistry has reached a plateau under those
conditions likely due to steric hindrance between the ABT moeities. On the mixed ABT:BMDT
SAMs, the results revealed low antigen binding (Figure 4.7, purple and green lines). This was
unlike studies done with the alkyne-PEG4-biotin molecules clicked on ABT:BMDT SAMs
which showed improvement from neutravidin binding (Supplementary Data, Section 4.2.1,
Figure 4.15). These results demonstrated that the azide moiety was not covered by BDMT and
could be exposed to react upon CuAAc click chemistry with the alkyne-PEG4-biotin. However,
the alkyne-PEG4-biotin molecules are low molecular weight and linear structures, differing

from a bulky nanobody (14.5 kDa). When mixed with the BDMT molecule, the NoVCAM1
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was potentially unable to reach the ABT moiety, leading to unsuccessful click chemistry and

consequent low antigen binding.

To confirm that the NbVVCAM1-antigen binding could still be improved by spacing the azide
moeities, the smaller spacer 2-mercaptoethanol moiety (2ME) was chosen, aiming to guarantee
that the spaced azide moieties could react upon CUAAC click chemistry (Figure 4.7, red line).
On this note, the incubation time was also increased to 24h to increase the chances of
NbVCAM1 reacting with the available azide moieties. The 2ME spacer improved the antigen
binding at the surface, to about 600 RU (Figure 4.7, red line) which was higher than the ~ 400
RU obtained from the NboVCAM1 clicked on the ABT SAM (Figure 4.7, orange and yellow
lines). These results indicate that the spacer was successful in exposing the azide moieties to

the NboVCAML1, and that a less packed NboVCAM1 could bind more antigen.

Figure 4.8 (A) shows that despite the increased antigen hVCAM1 immobilisation obtained on
the latest CUAAC click conditions, the obtained antigen binding results from the oriented
clicked NbVCAML1 immobilisation showed similar response when comparing with the strategy
of the direct immobilisation on gold, both about 600 RU, which means that 4.88 x 10°
hvCAM1antigens per mm? were immobilised. Both immobilisations of NoVCAML1 reached a
maximum value for antigen binding of ~600 RU (approximately half of the theoretical value
for packed antigen immobilisation). On both methods, different nanobody densities at the
surface did not improve the overall antigen binding. These results indicate a possible limitation
from the antigen itself considering its large dimensions (74.1 kDa and estimated 99.1 nm?

footprint area, see Figure 4.8) and potential consequent steric hindrance.
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Figure 4.8 —Direct SAM vs CuAAc click chemistry immobilisation on gold of NoVCAM1 nanobodies.
A) SPR sensorgram for antigen hVCAM1 binding on NbVCAM1 immaobilised either via direct incubation
on gold (yellow) or via CUAAC click chemistry (blue). B) Visual molecular dynamics (VMD) side-view
representation of the potential binding between NbVCAML1 (blue) and hVCAM1 (orange), with their
respective binding site highlighted in red.

Summarising, herein CuAAc click chemistry was successfully applied on the NbVCAM1-
LEY-Cys-alkyne, which resulted in a binding response of ~ 600 RU, identical to the response
obtained with its direct immobilisation on gold (demonstrated on the previous Chapter 3). In
order to maximize further the nanobody-antigen binding efficiency other immobilisation

methods could be applied.

4.2.2. Amino coupling immobilisation through EDC/NHS

The amino coupling method 1-ethyl-3-(3-dimethylaminopropyl)carbodiimidehydrochloride/N-
hydroxysuccinimide (EDC/NHS), allows the external primary amino groups of the protein of
interest to react to the NHS-ester active groups of an initial carboxylic acid-terminated

monolayer. As an alternative method to the ones previously presented in this thesis for
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nanobody-functionalised surfaces, this approach generates randomly orientated immobilisation
dependent on the location of the amino-groups at the nanobody’s surface. Previous studies have
shown promising results for the nanobody NbGFP-EGFP antigen binding, after NbGFP
immobilisation on a gold surface covered with a carboxymethylated dextran layer through
EDC/NHS®. Based on these, it was hypothesized that the EDC/NHS coupling of the same
nanobody on a carboxylic-acid terminated SAM would result on the nanobody-antigen binding

maximisation needed towards switching nanobody-based biosensing platforms.

4.2.2.1. Initial carboxylic-acid terminated SAM characterisation

The initial carboxylic-acid terminated SAM protocol was optimised following two different
methods for comparison. While in method (1) fresh gold clean chips were incubated with
mercapto-undecanoic acid (MUA) in ethanol, in method (2) the chips were incubated with
MUA in a mixture of ethanol and trifluoroacetic acid (TFA) 3% (v/v) as an improved method
(Experimental Procedure, Section 6.3.2.4). Differently to method (1), the improved method (2)
allowed for the disruption of interplane hydrogen bonds, as demonstrated in previous studies®®,
which would likely reduce the EDC/NHS reaction. The chips functionalised with MUA SAMs

were measured for their thickness and contact angle (Table 4.5).
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Table 4.5 — Ellipsometric and contact angle results for MUA SAMs obtained with different methods.
The data is presented as the average and standard deviation of two measurements in different locations

of each chip, being each method done in triplicates.

MUA SAM Method (1) Improved method (2)
Theoretical 1.56
Thickness (nm)
Experimental 0.99+0.15 1.15+0.16
Adv. 499+7.7 21627
CA(9)
Rec. 15.0+£5.3 72+1.2

Ellipsometric data (Table 4.5) showed for the improved method (2) a thickness of 1.15 + 0.16
nm for the MUA SAM, 14 % higher than the thickness obtained from method (1) and lower
than the theoretical value (1.56 nm for the straight molecule, ChemDraw software), but in
agreement with the literature'®. The contact angle data revealed for the improved method (2) a
hydrophilic surface with advancing and receding angles of 21.6 = 2.7 °and 7.2+ 1.2 °
respectively, which indicates a fairly organized monolayer at the surface (hysteresis of 14.4 °).
These results showed a better organized MUA SAM, in comparison with the method (1) that
had a considerably higher hysteresis (34.9 °). The fact that method (1) reports high contact
angles, but low thickness, of 0.99 + 0.15 nm, does not seem entirely explained by the formed
double layers described in previous studies'®, which reported thickness up to 3 nm. Unless
partial double layers could have been formed simultaneously at a low coverage. It was
hypothesized that a rather disperse initial SAM layer was formed (Figure 4.9 (2)). This could
be a consequence of hydrogen bond interactions within the carboxylic groups of the thiolate
molecules, which are limiting the initial SAM formation in a packed manner. This could justify

the lower thickness and higher contact angles due to bent aliphatic chains.

114



OH OH OH
0 HO
é é ? / o? oé o?
OH- @
> S 5 S 5 S 5
\Au Au/ Au/ Au/ Au/

1. Double layer 2. Dispersed SAM 3. Ideal packed SAM

Figure 4.9 — Different outcomes for different methods towards MUA SAM formation. 1) Double layer
formation as consequence of interplanar hydrogen interactions’®®; 2) Disperse initial monolayer,
consequence of hydrogen interactions between thiolate molecules; 3) Ideally packed MUA SAM..

4.2.2.2. NbGFP immaobilisation

NbGFP-EGFP antigen binding after NbGFP immobilisation via NHS/EDC has been successful
in the past®® and motivated investigation into the same method and nanobody to immobilize on

a carboxylic-acid terminated SAM.

Freshly formed MUA SAMs through the improved method (2) previously described (see
Section 4.2.2.1) were used to immobilize the green fluorescent protein nanobody (NbGFP, 13.9

kDa) onto the surface via NHS/EDC.

The previously reported EDC/NHS applied to NbGFP was only investigated between the pH
range 4-6°°. Preliminary studies with lysozyme (similar in size and isoelectric point to NbGFP,
Supplementary data, Section 4.4.1) have shown preferential electrostatic attraction to the
surface at higher pHs. These studies motivated the testing of higher pH conditions (7 and 8) in

addition to the optimal reported pH (5.4)%.
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SPR allowed real-time monitoring of the full nanobody immobilisation at different pH
conditions: pH 5.4, 7 and 8, and thereafter the antigen enhanced green fluorescent protein
(EGFP, 28 kDa) binding. Table 4.6 shows the SPR response obtained for the NbGFP
immobilisation at each different pH condition, and the respective response obtained by the

antigen that bound to the resulting surface.

Table 4.6 - NHS/EDC coupling of NoGFP and respective antigen EGFP (100 nM) binding: optimisation
conditions. Conditions tested included EDC/NHS coupling pH at 5.4, 7.4 and 8.0. Even though higher
pH coupling conditions led to a higher NbGFP immobilisation, they did not result in higher posterior
antigen binding.

coupling pH NbGFP (50 pug/mL) response (RU) EGFP (100 nM) response (RU)
8.0 3332 591
7.4 3300 250
5.4 2203 1151

It was possible to observe that indeed at pH 7.4 and 8.0 there was a higher immobilisation of
NbGFP, as both responses were approximately 50% higher than the response obtained with pH
5.4 (Table 4.6). Interestingly, even though pH 7.4 and pH 8 only differ by 32 RU at the NbGFP
immobilisation, pH 8 led to more than double the response from the antigen bound to the surface
(Table 4.6, EGFP response), possibly due to more favourable nanobody orientation at the
surface. The lowest immobilisation of nanobody happened at pH 5.4, potentially due to less -
NH: available and less electrostatic interactions. Despite the lowest nanobody immobilised at
pH 5.4 (approximately 1 NbGFP per 10 nm?, based on 1000 RU being equivalent to a change
in surface concentration of approximately 1 ng/mm? ), it resulted in 1.9 fold and 4.6 fold the
antigen bound to the NbGFP that was immobilised at pH 8 and 7.4 respectively (Table 4.6
EGFP response). The results suggest that at higher pHs the high nanobody immobilisation lead
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to steric hindrance at the surface, not allowing the antigen EGFP to bind. The result obtained at
pH 5.4 described in Table 4.6 can be seen in Figure 4.10 (A), (orange line), which represents

the workflow followed with all the tested pH conditions.
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Figure 4.10 — SPR sensorgram results and schematics for NbGFP immobilisation via EDC/NHS
followed by antigen injection. (A) Overview of NbGFP (13.9 kDa) immobilisation at pH 5.4, starting
the program with a stabilised trace with running buffer (RB1, pH 5.4) over a chip functionalised with
MUA,; then injection of 0.4 EDC/0.1 NHS (1:1) followed by RB1; and NbGFP injection (in orange at
50 ug/mL, and in green at O xg/mL as a control) followed by RB1; then ethanolamine-HCI 1M pH 8.5
injection followed by RB1 until stabilised, which was then changed to RB2 (HEPES, pH 7.4). (B) The
continuation traces from the initial stabilisation with RB2 which follows EGFP antigen injections
response (500 nM and 100 nM, orange and red respectively, on the NbGFP functionalised surface and
500 nM on a control surface (EDC/NHS with ethanolamine), green). (C) Representative schematics of

the NHS/EDC amino coupling of NbGFP (orange) at the MUA (blue) surface followed by EGFP (green)
injection.
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Similarly to the previous studies with lysozyme (see Experimental Procedures, Section 6.4.6.5),
initially a stable baseline was achieved with the first running buffer (RB1, either sodium acetate,
pH 5.4 (Figure 4.10(A)) or sodium phosphate, pH 7.4 or 8.0, all buffers [Na"]=10 mM). Then,
an injection of water mixture of EDC/NHS allowed the surface activation, following thereafter
the incubation with NbGFP 50 pg/mL which was dissolved in the respective running buffer (in
the case of the control sample, this step included buffer without NbGFP). After deactivation of
any remaining unreacted NHS esters with ethanolamine 1M pH 8.5, the new baseline with the
immobilised NbGFP was allowed to stabilise, before changing the running buffer to HEPES 10
mM, NaCl 0.15 M, 0.05% Tween 20, pH 7.4, the second running buffer (RB2). With the new
stable baseline (Figure 4.10 (B)), the antigen EGFP (100 nM or 500 nM) was injected on the
surface, binding the immobilised NbGFP. It was possible to observe that with an injection of
antigen at 100 nM, the response trend did not reach a saturation point, suggesting that a higher
concentration could lead to a higher response. Saturation was seen with the 500 nM injection
achieving 1672 RU, which means that 1 EGFP antigens per approximately 28 nm? were
captured (based on 1000 RU being equivalent to a change in surface concentration of approximately
1 ng/mm?2, results shown in Table 4.7, EGFP response). The response obtained of 1672 RU at
saturation provided the amplitude required from the nanobody-antigen interaction before
increasing complexity towards the design of a switchable nanobody-based platform. With a
response higher than 1000 RU, NbGFP can be considered a good candidate for further sensor

design.
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Table 4.7 - Results for NbGFP immobilisation via NHS/EDC at pH 5.4 and posterior antigen binding
response. At pH 5.4 after NbGFP immobilisation, two concentrations of antigen were injected: 100 nM
and 500 nM, resulting in an increase of response, indicating that with 100 nM the surface was yet not
saturated. Regarding the control, the lack of NbGFP injection resulted in residual antigen response.
NbGFP injection (ug/mL) NbGFP response (RU) EGFP injection (nM) EGFP response (RU)

0 Residual 100 Residual
50 2203 100 1151
50 2363 500 1672

(B)

Side View Top View

Figure 4.11 — Visual molecular dynamics (VMD) of NbGFP-EGFP interaction. (A) side view and (B)
top view of NbGFP (in orange)-EGFP (in green) interaction. Protein data base (PDB) files obtained

from the NCBI data base, which then were treated on VMD. Grid scale: 1 nm

Considering the response of NbGFP immobilisation and the antigen (and knowing that 1000
RU =1 ng/mm?), the data shows that 35% of the immobilised nanobodies bound to the antigen.
Knowing the NbGFP-EGFP dimensions® and interaction'®®, as seen in Figure 4.11 (B) which

indicates from the top view a footprint area of roughly 20 nm?, it was possible to estimate that
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72% of the surface was occupied by the antigen, showing a highly efficient antigen

immobilisation.

Overall, the response obtained with the NbGFP-EGFP system of above 1500 RU meets the
required initial response from antigen binding suggested in this thesis (>1000 RU). Once
meeting the criteria, the following studies with the NbGFP as potential candidate for electrically
switching nanobody-based biosensing platforms should include the investigation on nanobody

stability upon applied potential at the surface.

4.2.3. Stability of NoGFP-EGFP on gold surfaces under applied potential

Conductive surfaces functionalised with nanobodies that can efficiently immobilize the targeted
antigen represent platforms with great potential to be used in electrically-activated on demand
biosensing. The previous section showed the optimal conditions to target EGFP, achieving a
high range of response on the SPR. Such results were encouraging to investigate how well the
NbGFP-EGFP system would respond to applied potential at the surface. The optimal EDC/NHS
conditions previously reported (pH 5.4) were performed under open circuit (OC) on a standard
SPR cell. To undertake electrochemical studies, an SPR electrochemical cell (E-cell|) must be
used with a higher volume capacity to accommodate the counter electrode (see Experimental
Procedures, section 6.4.6.6). Therefore, the previous conditions were first transferred to the E-
cell, to compare under OC and verify the identical range of response to the standard cell (Figure
4.12 (A), blue and black lines). Thereafter, the experiment at the E-cell was repeated, this time
applying positive potential of + 0.3V during the antigen binding step. It was possible to verify
that the positive potential did not affect the NoGFP-EGFP binding (Figure 4.12 (B, green line),

suggesting that NoGFP keeps its biological function under a positive potential environment. By
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keeping its biological function, one can conclude that its structure was robust enough to not

denature at positive potentials and maintained its binding site intact and available.

Furthermore, initial control tests were performed to surfaces of positively charged molecules
such as C5K, that are composed by 5 lysines (Figure 4.12 (B), represented by a chemDraw
structure). The response during the injection of antigen on these C5K under + 0.3 V was about
200 RU, a result of the flowing bulky solution, which then recovered to the initial baseline once
the injection ended (Figure 4.12 (B), orange line). The lack of response increase from the EGFP
injection indicates the absence of non-specific interactions with the C5K surface under positive
applied potential. These results open the opportunity for this system to be used in the future,
towards on-demand biosensing. In future studies, oligopeptides similar to C5K, immobilised
together with NbGFP, could be used to cover the nanobody, upon positive potential, avoiding
NbGF-EGFP binding and other non-specific interactions. For on-demand EGFP sensing, a
negative potential could retract these C5K-like structures, uncovering the NbGFP’s binding site

and allowing the NbGFP-EGFP binding.

Thereafter, the same experiment was performed this time under negative potential (-0.4V) to
understand if NbGFP could also retain its biological function at those conditions (Figure 4.12
(C), red line). The binding response appeared to be comparable to the one obtained under
positive potential, also indicating the robust capacity of NbGFP binding to EGFP under

negative potential.
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Figure 4.12 — SPR sensorgram of EGFP injection on NboVCAML1- or C5K-terminated surfaces either
under open circuit (OC) or applied potential. (A) Initial studies confirmed the similar range of response
obtained from the EGFP injection on the NbGFP-terminated surfaces (or on the control ethanol-
terminated surface, E-cell, green) using a regular SPR cell (blue) or electrochemical cell (E-cell, black).
(B) Thereafter, the EGFP injection on NbGFP- or C5K-terminated surfaces was performed under
positive potential (green and orange lines respectively). (C) The EGFP injection on NoGFP-terminated

surfaces under positive +0.3V (green) or negative -0.4V (red) potential.

On the latest results shown in Figure 4.12 (C), the absolute response was 27% lower than the
obtained previously on Figure 4.12 (A) and (B). As these experiments were performed on
different days, such variability could have been associated with solution preparation variability

(observed at the NHS/EDC step, with overall lower response — results not shown), impacting
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the final immobilisation and thus the antigen response. Nevertheless, the responses were
comparable within the same batch of samples, still providing a valuable insight regarding the
NbGFP robustness. Future work should consider this variability observed at the NHS/EDC step,

before nanobody immaobilisation.

Overall, the NbGFP-EGFP system remains promising for nanobody-based sensing devices.
Future steps should include the functionalisation of surfaces with NbGFP mixed with electro
switchable moieties in order to investigate the ability to control the NbGFP-EGFP

biointeractions.
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4.3 Conclusions and Future Work

This chapter started by further optimising the NboVCAM1-LEY-cys-alkyne immobilisation, this
time through CuAAc click chemistry, which potentially could improve the sensitivity of the
NbVCAM1-hVCAML1 pair, by reducing nanobodies immobilising randomly. The optimised
clicked NbVCAM1-LEY-cys-alkyne resulted in the successful oriented NbVCAM1-terminated
surfaces, that upon hVCAM 1antigen injection resulted in a final response of ~ 600 RU (Section
4.2.1.2). This response was identical to the results obtained through direct immobilisation of
NbVCAML1 on gold (in Chapter 3). These results indicate that both immobilisation methods
led to identical nanobody functionalised surfaces and consequently identical antigen responses.
While on one hand these results are encouraging to use the simplest immobilisation method,
through a strategic cysteine directly on gold, they also suggest that the nanobodies orientation
limits the platform sensitivity only to a certain extent. Thus indicating the antigen dimensions

as the next potential critical parameter that limits the biosensor sensitivity.

The next step was to demonstrate that for optimised surfaces with well-oriented nanobodies the
sensitivity of nanobody-based biosensing depends on the antigen dimensions. To confirm this,
the alternative NbGFP-EGFP pair was tested, aiming to indirectly compare hVCAM1 (74.1
kDa) with EGFP (28 kDa). The amino coupling via NHS/EDC was used to immobilise the
NbGFP nanobody on carboxylic-terminated surfaces. This immobilisation likely resulted, to a
certain extent, in well-oriented nanobodies, due to the nanobody lysine groups being located
opposite to its binding site. The NbGFP-terminated surfaces upon EGFP antigen injection
resulted in a final response of ~ 1600 RU (Section 4.2.2.2), that was 2.7 fold the response
obtained with the hVCAML antigen. Such results mean that in the same functionalised area, 1
hVCAML1 antigens per 205 nm? were captured, while 1 EGFP per 28 nm? were captured. These

results showed that the capture ability between nanobodies dimensionally similar (such as
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NbVCAML1 and NbGFP), optimally immobilised to their best performance, will depend on the
antigen dimensions. Despite the effect of their antigen size, from a practical point of view both
nanobody-antigen systems could be used to build capable biosensors which could also be
further optimised at different temperatures and with different diluents, aiming to improve

sensitivity if required.

Overall, after ensuring a successful immobilisation, nanobody density and the antigen
dimensions also play a role in limiting the response obtained through steric hindrance at the
surface (seen in both systems, NboVCAM1-VCAM1 with the antigen dimensions (section
4.2.1.2) and NbGFP-EGFP with the high nanobody density at the surface, Section 4.2.2.2).
Thus, this chapter’s work confirm three crucial matters needed to be considered to successfully
conduct optimisation work on nanobody-based biosensing platforms: 1) nanobody orientation

upon immobilisation; 2) nanobody density at the surface; and 3) antigen dimensions.

Furthermore, high nanobody-antigen interaction is key before increasing complexity and
considering the design of switchable nanobody-based surfaces towards on demand biosensing.
Establishing 1000 RU as the minimum SPR response required for the nanobody-antigen
interaction, a system like NbGFP-EGFP could be considered in further designs. Additionally,
the NbGFP-EGFP pair performs as a model and indicates promising results related to
nanobody-antigen of similar dimensions, which would reduce considerably a screening process

when designing switchable nanobody-like biosensing platforms.

Finally, initial proof-of-concept studies were conducted for a new surface molecular design
with electrically responsive properties towards nanobody-antigen recognition on sensor chips.
Under applied positive potential, NoGFP showed to be biologically functional, and its antigen

did not show non-specific interaction with the electro-responsive C5K oligopeptides (results
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from Section 4.2.3). Such a discovery makes the combination of NbGFP and C5K suitable to
form an eletrically responsive nanobody-based platform. Future work should include further
stability control studies and binding studies on a surface functionalised with NbGFP and C5K

oligopeptides.
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44  Supplementary Data

4.4.1. Preliminary studies of CUAAC click chemistry of biotin-PEG4-alkyne on azide-

terminated SAM

Preliminary studies were designed to confidently apply azide-alkyne cycloaddition (CUAAC)
mediated click chemistry between an azide-terminated surface and an alkyne-PEG4-biotin
molecule (Figure 4.13). The initial steps were focused on the initial azide-terminated SAM

formation and respective surface characterisation.
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Figure 4.13 - Schematic representation of the copper catalysed azide-alkyne cycloaddition CUAAC click
chemistry. Click chemistry occurred between azide-terminated surface and an alkynated biotin

molecule, forming a biotin-terminate surface.

Azide-alkyne cycloaddition (CUAAC) mediated “click chemistry” was performed on ABT
SAMs, in order to conjugate the azide terminated surface with an alkyne-PEG4-biotin molecule
(Figure 4.13). The established biotin-neutravidin system*®"-1% was used to confirm the success
of the reaction via surface plasmon resonance (SPR) and further optimize the formed biotin-

terminated surface.
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Different incubation times for click chemistry were investigated as well as incubation
conditions, where the gold chips were incubated either on the shaking plate with a determined
volume (2 mL) or under the SPR flow system, whereas the incubation solution flows at a
determined flow rate (8 uL/min) (see Experimental Procedure Section 6.3.3.1). A biotin-PEG4-
alkyne was clicked on the azide-terminated SAM surfaces for 45 min, 1, 4, 8, 14 and 24 hours.
Optimal conditions were chosen based on the subsequent neutravidin binding to the clicked
biotin at the surface. Figure 4.14 summarizes the final response obtained for neutravidin

injection under the different conditions.
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Figure 4.14 — SPR final responses after neutravidin injection on biotin-terminated surfaces CuAAc
clicked at different conditions. Responses were measured after neutravidin injection (20 pug/ml, 1x PBS),
and conditions tested included incubation time, and either on the shaking plate (circle, orange marker)
or on the SPR under dynamic flow (8 uL/min) (cross, yellow marker). As a control, neutravidin was
injected directly on the ABT surface — without any clicked biotin molecule. Each data point represents

one experiment.

While the incubation under a shaking plate immerses an entire chip using a fixed solution

volume, the incubation under flow uses a fresh solution overtime under a smaller chip area. In
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both cases, the solution concentration was the same, however, after 4 h under 8 pL/min the total
volume used surpasses the volume used under the shaking plate (2 mL). This means that after
4 h under flow, more biotin-PEG4-alkyne molecules will flow at the surface. Interestingly, the
incubation under the shaking plate showed to be more efficient at all the incubation times
(Figure 4.14), with higher responses when neutravidin was injected, than the incubation under
the SPR at 8 uL/min. This could perhaps be explained by a slower binding kinetics from the
biotin molecules that clicked at the surface under SPR flow, allowing the biotin molecules that
clicked to adopt a more lying orientation on the surface and thus creating hidrance for further

binding.

With the incubation under the shaking plate, more biotin molecules could bind simultanously,
and therefore more biotin molecules are available from the starting point. With regard to the
neutravidin injected directly on the ABT SAM (Figure 4.14, control), it showed a relatively
high response (over 500 RU) indicating high non-specific interaction with the azide-terminated
surface. In order to quantify how many biotin moeities have been clicked at the surface, the
ideal control would have been clicking alkyne-PEG4 molecules with the same conditions,
which would in theory reduce the non-specific interactions?®33, As a preliminary study aiming
to find the most efficient way of performing the CuAAc click chemistry, Figure 4.14 shows
that the plateau for the shaking plate achieved approximately the double of the plateau response
obtained with the flow, giving preference to incubations under the shaking plate. Furthermore,
the data shows a plateau response after 4 h incubation, making this incubation time optimal for
CuAAc click chemistry performed between azide-terminated surfaces and biotin-PEG4-alkyne

molecules.

The fact that a plateau was achieved at ~2000 RU after 4 h (Figure 4.14, orange) could have

two reasons: either 1) the neutravidin binding was fully achieved, not allowing further binding
129



due to steric hindrance caused by the neutravidin itself; or 2) the biotin underneath is packed at
a density that does not allow further neutravidin binding due to steric hindrance caused between
the biotin molecules. Previous literature has shown higher responses from neutravidin®,
pointing to the second option being the most likely. To investigate this further and pottentially
improve the biotin-neutravidin binding efficieny, a mixed SAM of 4-azidobutane-1-thiol (ABT)
and 1,4- benzenedimethane thiol (BDMT) was formed by incubation at a solution ratio of 1:1.
The BDMT was selected as a spacer molecule based on the theoretical smaller length than the
azide (0.81 and 0.86 nm respectively), and because it would provide a binary SAM (thiol- and
azide-terminated). The binary SAM could open the opportunity for future biorthogonal
chemistry (click chemistry and thiolene chemistry, for instance). The respective SAMs and
controls were characterised by the advancing and receding contact angles and by ellipsometry
as shown in Table 4.8 to confirm the different initial azide-terminated density, which will have

impact in the posterior biotin density and consequently the neutravidin binding.

Table 4.8 - Ellipsometry and contact angle results for azide-terminated (4-azidobutane-1-thiol, ABT),
thiol-terminated (BDMT) and mixed monolayers ABT:BDMT 1:1. Ellipsometry measurements included
theoretical and experimental thickness and contact angle measurements included advancing (Adv.) and
receding (Rec.).

ABT SAM BDMT SAM 1:1 ABT:BDMT SAM

) Theoretical 0.86 0.81 0.81<x<0.86
Thickness (nm) ,
Experimental 047+0.21 |0.82+0.06 0.75+£0.17
Adv. 83.2+090 |83.4+0.40 85.0+0.70
CA ()
Rec. 69.5+0.30 |50.1+0.80 57.2+0.80

When observing the thickness results for the ABT, BDMT and mixed ABT:BDMT SAMs in

Table 4.8 it is possible to observe that BDMT SAM experimental thickness was similar to the
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theoretical thickness, suggesting a well packed SAM. For the mixed SAM the experimental
thickness stands as a middle point between the ABT and BDMT experimental thickness,
suggesting the mix of these molecules at the surface. Regarding the contact angle
measurements, the advancing contact angle does not differ between an azide-terminated or a
thiol terminated surface, which is in agreement with literature!®> 2% The contact angle
hysteresis are of 13.7°, 33.3° and 27.8° for ABT, DBMT and 1:1 ABT:BDMT surfaces
respectively. While the high hysteresis for the ABT:DBMT indicates a mixed monolayer, the
high hysteresis for BDMT SAM was unexpected for a densely packed layer. High hysteresis
points to a rather disorganized monolayer which in the case of ABT:BDMT results from mixed
components, and in the case of BDMT potentially results from a mix between patches of SAM
formed from thiols and formed from disulphides. High hysteresis associated with SAMs formed
from disulphides have been associated to more defective SAMs and reported in literature®®*
Following the ellipsometry and contact angles analysis, the SPR studies allowed to further
confirm that the ABT:BDMT surface had both components at the surface by directly impacting
the click of the alkyne-terminated biotin and hence the posterior biotin-neutravidin binding

efficieny

Figure 4.15 shows the SPR results for neutravidin injection on the biotin terminated surfaces
that resulted from click chemistry on ABT and ABT:BDMT 1:1 surfaces with alkyne-terminate
biotin moiety. Despite the higher experimental thickness of BDMT when compared with the
ABT SAM, the click chemistry on the mixed SAM surface (1:1 ABT:BDMT) showed more
efficient neutravidin binding, as monitored by SPR (Figure 4.15, yellow line), contributing with
25% more neutravidin at the surface. The similar response from the control surfaces (ABT and
ABT:BDMT 1:1) confirm that the difference in neutravidin response between the biotin-

terminated surfaces was due to the difference in biotin at the surface. These results suggest that
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besides a higher experimental thickness, BDMT does not inhibit the CuAAc click chemistry
from happening. Furthermore, the less packed biotin at the surface, as result of having a mixed
initial monolayer with less azide content, potentially allowed less steric hindrance, contributing

to a higher response from neutravidin.
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Figure 4.15 - SPR sensorgram for neutravidin (20ug/ml, 1x PBS) immobilisation on biotin-terminated
surfaces incubated for 4h on azide-terminated surface and mixed surface of 4-azidobutane-1-thiol (ABT)
and 1,4-benzenedimethanethiol (BDMT) 1:1. An injection of neutravidin was also performed on the

pure and mixed azide-terminated surfaces that have not been exposed to click chemistry (controls).

Future studies that require the quantification of clicked biotin moieties should include
additional controls where alkyne-PEG4 moeities are clicked at both surfaces (ABT and

ABT:BDMT 1:1 SAMs).

These preliminary studies informed on the optimisation work on CuAAC click chemistry in
terms of how incubation time and initial azide-terminated SAMs can impact the immobilisation
and response. After the CuAAc studies with NboVCAML, it was possible to conclude that
although these preliminary studies with linear systems (biotin molecules) confirmed successful

application of click chemistry, bulkier, nanobody-like, structures have different click efficiency
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at the surface interface. This demonstrated the relevance of selecting structures with similar

molecular weight and dimensions for preliminary studies.

4.4.2. Preliminary studies of amino-coupling (EDC/NHS) with lysozyme

The lysozyme protein, a protein with 14.3 kDa and an isoelectric point (pl) of 11.3, not too
different from the nanobody of interest NbGFP (13.9 kDa and pl=9.4), was used to preliminary
test and investigate a higher range of pH conditions that were reported previously for NoGFP
EDC/NHS immobilisation®. The success of EDC/NHS immobilisation is pH-dependent*’: at
first, the EDC/NHS coupling happens in water to a fraction of the carboxyl groups at the
surface, resulting in NHS esters at the surface. Then, the NHS esters from the activated surface
react with the unprotonated amines (-NH>) of the protein that approached the surface. The more
unprotonated amines are available at the protein’s surface, the more likely it will react with the
NHS esters at the substrate. Additionally, the electrostatic interaction between the protein to
immobilise and the fraction of unprotonated COO" at the substrate also play a role (depending
on the protein carrier buffer pH and the surface pKa2°2): the more electrostatically attracted to
the surface, the more likely the -NH: of the protein will react*” 2% 48, Therefore the pH of the
carrier buffer usually goes up to the protein’s pl, keeping the protein with a positive net charge
whilst potentially having a fraction of COO™ available. This means that the most efficient
EDC/NHS conditions varies with the type of surface and protein to immobilise. The previously
reported EDC/NHS applied to NbGFP was only investigated between the pH range 4-6%°.
Herein, the electrostatic interactions between the MUA surface and the lysozyme protein were

studied at pHs of 5.4, 6, 7 and 8, via SPR analysis (Figure 4.16).
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Figure 4.16 - Electrostatic interactions study on MUA SAMs using lysozyme injections at different pHs.
(4) SPR sensorgram of lysozyme injections (50 ug/mL) and respective blanks on MUA SAMs at the pH
5.4 (blue), pH 6 (yellow), pH 7 (orange), pH 8 (dark green). (B) Table representative of the electrostatic
behaviour (at equilibrium before wash), with the total response obtained from the subtraction of the

blanks response to the sample response, as the running buffer was 1x PBS.

Figure 4.16 shows SPR lysozyme electrostatic interactions on MUA SAMs. This began with a
stable baseline followed by an increase in response during the lysozyme injections. Since the
main interactions that retain the lysozyme at the surface were electrostatic, when the lysozyme
injection ended, the response lowered as the lysozyme washed off the surface. The total
response, representative of the electrostatic interaction, was calculated from the subtraction of
the blanks response to the sample injection response. In this case, the conditions that resulted
in higher total response and protein attraction were pH 7 and 8, indicating promising conditions
to test with EDC/NHS immobilisation. These studies provided an estimate of how proteins with
high isoelectric pH (such as lysozyme and NbGFP by extrapolation) are attracted to MUA

surface depending on pH.
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Figure 4.17 shows the SPR results for the lysozyme immobilised through NHS/EDC on the
MUA surface at pH 8. Following an injection of water as the first blank and then the second
blank injection of the buffer at pH 8, it was possible to observe an increase in response due to
the EDC/NHS injection around 38 minutes. This response did not recover to the baseline,
indicating that NHS-esters were formed at the surface. Thereafter, the lysozyme response that
resulted from its immobilisation was seen after the lysozyme injection, when the running buffer
clears unbound protein (Figure 4.17, between 60 and 67 minutes) resulting in ~1714 RU.
Afterwards, ethanolamine at pH 8.5 was injected to deactivate possible remaining unreacted
NHS-esters, which did not change the final response. Still in Figure 4.17 a certain delay was
observed to achieve a response, visible especially after blank injections and after the
ethanolamine injection. This was due to the fact that the experiment was performed on an
electrochemical SPR cell (E-cell) which has a bigger volume capacity and requires a longer
time to fully stabilise (even though burst injections were introduced to accelerate this process,
see Experimental Procedures, Section 6.4.6.4). Future experiments were performed on a regular
SPR cell. Furthermore, the higher electrostatic interactions obtained at range of neutral to basic
pH were encouraging towards the investigation of NbGFP EDC/NHS immobilisation at those

conditions, which could result in better EDC/NHS performance*” 48203,

135



16000 - Ethanolamine,

pH 8.5
14000
12000
10000 { o
a
8000 - <
= T
2 (=]
6000 - =
[« N
=] [+1]
4000 z £
N
o = RB
2000 1 5 b § RB
& £ g 3
0 RB = RB Z RB r,_r'
J T T T - .
]i W@ 60 80 100 120
-2000

Time (min)

Figure 4.17 - Preliminary NHS/EDC studies via SPR. Lysozyme on a buffer pH 8 was immobilised via
NHS/EDC on the MUA surface. After a baseline with the running buffer (RB) (1xPBS) water, buffer pH
8, and NHS/EDC injections were performed. Thereafter, the lysozyme (50 pg/ml) was injected followed
by 1M ethanolamine at pH 8.5, finalising with an increase in response of 1714 RU.
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Chapter 5 Design and development of surfaces functionalised with

charged switching moieties

More interesting than having the perfect biosensing platform composed of nanobodies, is the
ability to control when to sense the targeted antigens. After the studies from the previous
chapters on optimisation of nanobody platforms and maximisation of antigen response, the next
challenge was to design and investigate the final building blocks for switchable biological
surfaces: the moeities that allow control over the binding between nanobody-like structures
and their respective antigen. ldeally, these moieties have a small footprint so when anchored
at the surface together with the nanobodies, there are minimal loss of nanobodies’ density, and
consequently antigen response. In this chapter, surfaces functionalised with electrically-
responsive charged oligopeptides were designed and characterised. Challenges such as finding
the ratio between oligopeptides and the spacer molecule were addressed to theoretically allow
1) elongation to conceal nanobody-like structures, and 2) flexibility to retract at the surface

under stimulus and uncover the binding site (Figure 5.1).
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Figure 5.1 — Schematics for a hanobody-based on demand biosensing platform. When the biological
state is OFF, the nanobody (blue) is surrounded by the charged switching units (red) that protect the
binding site from interaction with the target antigen. By applying an electrical stimulus with the opposite
charge of the switching units, these conceal at the surface allowing the antigen to bind the nanobody,
turning the platform’s biological state ON.
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In this Chapter, Barbara Simdes conducted all the experimental work with exception of XPS
experimental work that was conducted by David Morgan. All data was analysed by Barbara

Simoes.
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5.1 Introduction

Smart electrically-switchable surfaces have been developed to respond with conformational
changes to applied electrical potentials, exhibiting different and reversible surface properties.
Briefly, three different actuation methods to control specific interactions have been introduced
in this thesis, in which the switching units either (A) contain the binding moiety” % 118 (B)
surround the binding moieties!!2 or (C) are simultaneously the binding moiety (i.e aptamers)*®
120" Aside from aptamers, in all the cases the binding moeities were simple structures of low
molecular weight that were manipulated by charged oligopeptides. To date, similar switching
units have not been adapted to control the binding of larger structures, such as nanobodies. This
research envisions the use of charged oligopeptides surrounding nanobodies in order to control

the binding to their targets.

Previous studies have provided valuable insight on conformational mechanisms and structural
requirements for the regulation of biomolecular interactions using switching units that contain
the binding moiety. Mendes et al, used switchable mixed SAMs composed by C4K-biotin
moeities (cysteine— 4-mer lysine —biotin) and 3-(mercaptopropyl) tri(ethylene glycol) (TEGT)
moeities (acting as spacer) on gold?® 18, It was shown that these SAMs had the ability to change
the biotin’s availability to bind neutravidin at the surface®® %, The C4K-biotin exhibit
protonated amino side chains at neutral pH allowing the basis for the switching “ON” and
“OFF” of the biological activity on the surface by an electrical potential?®. While the positive
potential resulted in free biotin and thus high neutravidin binding, the negative potential resulted
in a sterically shielded biotin with minimal binding. The best ratio between the charged
oligopeptides, the spacer molecule and the length of the oligopeptides was investigated in order
to achieve higher switching efficiencies!®®. These studies showed that with longer oligopeptides

with less spacer molecules at the surface achieved higher switching efficiencies. Such spacing
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requirement has been hypothesized to be due to the long and flexible nature of the polypeptide

backbone®®®.

Other switchable surfaces have been developed for different applications, including cell release
and attachment!'?, Following a different actuation method, Gooding et al, used charged
switching units surround the binding moiety (Arginine-Glycine-Aspartate, RGD) to control cell
attachment!!2, The investigation demonstrated the use of negatively and positively charged
molecules to allow switching and it was further proof for conformational rearrangement upon
applied potential. Another method that relies on cleavage rather than conformational change
was developed by Mrksich et al utilizing electroactive O-sily hydroquinone motif to attach
RGD to a gold substrate?®. With applied potential the oxidation of silyl hydroquinone to
benzoquinone was triggered, resulting in the release of RGD peptide and consequent
detachment of cells?*. While this method was switchable for cell detachment, it does not allow

for reversibility.

Herein, charged oligopeptides were designed for potential electrical switching surfaces. These
charged oligopeptides were devised as potential building blocks to allow the control of specific
interactions between higher molecular weight, nanobody-like structures (~15 kDa, ~ 5nm) and
their respective targets. Specifically, the nanobody NbVCAML1 from Chapter 3 was considered
regarding immobilisation directly on gold and its thickness. For the oligopeptides, cysteine and
lysine are amino acids that are protonated under neutral pH responding through electrostatic
interactions to an applied electric field'%, and oligopeptides composed by these were used in
the past to perform electrical switchable surfaces®® %: 118 197-1%9 "|nspired by the previous work
of Mendes et al, with C4K-biotin molecules and TEGT? 1% in this research C5K and C8K
oligopeptides were used alongside triethylene glycol mono-11-mercaptoundecyl ether (TEG11)

to provide spacing and structural support to higher thicknesses. Alternative oligopeptide
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structures containing proline (P) (C-PPeK- PPeK - PPeK-PP, or C3¢K for simplicity) and
diamino propionic acid (Dap) (C-PPBDap-PPBDap-PPBDap-PP, or C3BD for simplicity) which

provide a more rigid backbone?® were also designed and studied.

Furthermore, the nanobody NbGFP studied in Chapter 4 was also considered. NbGFP was
immobilised on the surface through EDC/NHS amino coupling. Ideally, switching moeities for
nanobody-antigen platforms obtained via EDC/NHS would be immobilised simultaneously
through the same method and conditions. When designing charged oligopeptides to be anchored
at the surface through EDC/NHS chemistry, positively charged oligopeptides are unsuitable
due to their amine groups, as they likely would react at the surface with multiple groups, losing
their ability to cover the immobilised nanobody (Figure 5.2). This limits the switching unit to
have one primary amine group at its extremity (N terminal), making the immobilisation pH a
more determinant factor. Herein, oligopeptides with seven glutamic acids and beta-alanine at

the N-terminal (7EA) were designed and studied with EDC/NHS coupling.
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Figure 5.2 — Representative schematics for oligopeptides (switching units) and nanobodies immobilised
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through EDC/NHS amino-coupling. The use of positively charged oligopeptides becomes unsuitable to
this application as its coupling at the surface would likely result with the laying down of the

oligopeptides, losing their ability to 1) cover the binding site of the nanobody and 2) respond to an
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electrical stimulus. On the other hand, the negatively charged oligopeptides, with one N-terminal amine,

are promising switching units to mix with nanobodies through this immobilisation method.
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5.2 Results and Discussion

5.2.1. Switching moieties: charged oligopeptides self-assembled monolayers (SAMs)

Herein, stimuli responsive moieties aiming to provide control over nanobody-like structures
(~5nm) are investigated. Positively charged oligopeptides composed of cysteine (C) at the C-
terminal and followed by either five lysine (C5K), eight lysine (C8K), proline (P) and lysines
(C3eK) or proline and diamino propionic acid (Dap) (C3BD) have been formed purely or mixed
with thriethylene glycol mono-11-mercaptoundecyl ether (TEG11). The formed SAMs were
analysed by ellipsometry, contact angle and X-ray photoelectron spectrometry (XPS). Firstly,
initial studies were obtained on formed TEG11 SAMs, as ethylene-glycol terminated molecules
have as been previously used as a support molecules’: 3 % being resistant to protein non-specific
adsorption®2. To test TEG11 SAMs, different incubation solvents were used: ethanol (EtOH),
water and 1xPBS. Table 5.1. shows the results obtained for ellipsometry and contact angle

measurements.

Table 5.1 - TEG11 SAMs ellipsometry and contact angle results. TEG11 SAMs were formed in different
solvents: 1x PBS, water or ethanol (EtOH).

TEG11

A fa
(1x PBS) (water) (EtOH) U surtace

Theo. 2.6 nm (ChemDraw) -

Thickness (nm)
Exp. 1.73+0.34 1.76 £0.03 1.15+0.05 -

Adv. 38.4+0.64 37.68+1.01 38.80 £ 2.06 76.23 +2.28

CA ()
Rec. | 2224+238 | 29.90+036 | 31.34+165 -
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Table 5.1 shows that TEG11 formed in any of the conditions had smaller thickness than the
theoretical estimated by the ChemDraw software. Such difference is expected as the estimated
value consists on a fully straight molecule, perpendicular to the surface whilst the experimental
SAM might present an angle. Additionally, the surfaces were analysed under dried state which

potentially contributes to a smaller thickness, when compared with the SAM in solution.

Table 5.1 shows higher thicknesses for TEG11 SAMs formed in water or 1xXPBS, than in
ethanol which is in agreement with literature®®. This is due the amphiphilic nature of TEG11
(Figure 5.3) which arranges the SAMs in an organized, packed manner, contributing to higher
thicknesses in aqueous solutions. The experimental thickness for TEG11 in ethanol (1.2 +
0.1 nm) is as reported in the literature (0.9 + 0.15 nm)?%". Finally, literature also reports similar
thickness (1.7 = 1.1 nm) for TEG11 in an aqueous solution (containing 2% Ethanol)?%, which

agrees with the experimental value obtained (1.8 £ 0.1 nm).

TEGM

2.6 nm

Figure 5.3 — TEG11 SAMs schematics.

The use of 1xPBS as a solvent contributed to a higher standard deviation (1.7 £ 0.3 nm),
however, the thickness did not change significantly (t-test, p = 0.7) compared to the one

obtained in water. The contact angle results (Table 5.1) showed similar advancing angles across
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the conditions with averages ranging from 37.8° to 38.8°. Regarding the receding angles,
TEG11 SAMs obtained in either water or ethanol showed similar results (29.9° — 31.3°,
respectively) while TEG11 SAMs obtained in 1XxPBS had a smaller receding angle (22.2 £ 2.4°)
contributing to a larger hysteresis. It means a less organised monolayer and agrees with the

higher standard deviation obtained at the thickness results.

Overall, 1xPBS solvent allowed a packed TEG11 SAM, and 1xPBS is a convenient solvent to
use when mixing with oligopeptides and nanobody-like structures, which need salt solutions to
keep their structures stable. Therefore, TEG11 SAMs obtained with 1XxPBS were used for future
studies. Then, XPS was used to analyze the surface composition of TEG11 SAMs, aiming to
further confirm the SAM formation and be used as a control SAM for the mixed SAMs studies,

as can be seen in Figure 5.4 and Table 5.2.
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Figure 5.4 -TEG11 SAMs XPS results. Representative XPS high resolution spectra of the (A) S 2p, (B)
N 1s, (C) C 1s, and (D) O 1s regions. CPS: counts per second.
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Table 5.2 - Relative atomic percentages and relative components percentages calculated by XPS for
TEG11 SAM. Theoretical (T) values were obtained considering the atomic formulas of the SAM
molecules. Duplicates were measured twice in different chip positions. Averages and errors as standard

deviation are reported. T = theoretical; E = experimental.

SAM Relative Atomic %
S N C O

T 4.5 0.0 77.3 18.2

= E 3.8+£0.6 - 804+1.9 15.8+1.3

8 Relative Components %

= S-Au S-H NHs* N C-C C=0 CS,CN,CO| O-C oO=C
T| 100.0 0.0 0.0 0.0 58.8 0.0 41.2 100.0 0.0
E|[79.7+1.6 20.3+1.6 - - 62.6+2.9 4.1+0.4 33.4+2.6 [98.4+23 ~0

The high resolution spectra for S 2p (Figure 5.4 (A)) revealed the presence of both thiolate and
thiol species (162.0 eV and 163-164 eV respectively), with a relative percentage of 20% of
unreacted thiols (Table 5.2, S-H). This suggests that likely the washing process after SAM
formation could be improved in order to remove the remaining free thiols. Furthermore, the
absence of nitrogen (400-401 eV) as a contaminant (Figure 5.4 (B)) makes this surface a good
control when analysing mixed SAMs composed by TEG11 and oligopeptides, which will
incorporate this element to the surface composition. Regarding the carbon and oxygen elements
(Figure 5.4 (C) and (D)), the presence of other elements than the expected (as C=0 and therefore
0O=C) that contributed to the relative atomic percentages of 3% more carbon and 2% less oxygen
than expected, it is likely due to the typical contamination from exposure of these samples to
the atmosphere. Overall, the surface composition of TEG11 SAM in 1xPBS analysed by XPS
further confirmed successful SAM formation, as can be also seen through the XPS element
ratios (Table 5.3). With the aim of using use TEG11 molecules to support, organize and control
the surface density of charged oligopeptides, this SAM was used as a reference for the analysis

of the pure oligopeptide SAMs.
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Table 5.3 - XPS element ratios for TEG11 SAMs. Theoretical (T) values were obtained considering the

atomic formulas of the SAM molecules. T = theoretical; E = experimental.

SAMs XPS Element Ratios

Au/S N/S C/S O/S
T - 0 17 4
TEGL E 18+0.8 0 21+4.2 4+0.3

Next, SAMs composed purely by positively charged oligopeptides with a C-terminal cysteine
and followed by five lysines (C5K) or mixed with TEG11 at the solution ratios of COK:TEG11

40:1; 1:10; 1:40 and 1:100 were analysed by ellipsometry and contact angle. Results are shown

in Figure 5.5.
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Figure 5.5 - C5K and mixed C5K:TEG11 SAMs ellipsometry and contact angle results. Results for (A)
thickness and (B) advancing and receding contact angles, show that likely the SAM surface composition
remains similar when incubated with C5K:TEG11 at solution ratios of 10:1, 1:10, 1:40 and 1:100,
having non significant differences within the ellipsometry and contact angle results (t test, p > 0.05).
Significant differences noted as ** (t test, p < 0.05). (C) C5K:TEG11 SAM schematics with the

ChemDraw theoretical thicknesses.
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Initial studies included C5K and C5K:TEG11 1:10, 1:40 and 1:100 SAMs, solution ratios
chosen based on the previous experience of Mendes’ group with C4K and C6K oligopeptides
mixed with tri(ethylene-glycol)-terminated thiol (TEGT)%, which had shown best switching
efficiency at the ratio C4K:TEGT 1:40.1% The pure C5K SAM, with an experimental thickness
of 1.9 £ 0.2 nm (Figure 5.5 (A)), revealed 44% of the theoretical thickness (ChemDraw, in
Figure 5.5 (C)), being similar to the thickness of the TEG11 SAM, of 1.7 + 0.3 nm (no
significant difference, t test, p = 0.2, in Figure 5.5 (A)). A thickness of 1.9 + 0.2 nm would
likely be insufficient to protect the binding site of nanobody-like structures, such as NoVCAM1
(with experimental thickness of 2.0 £ 0.1 nm). Such lower than expected thicknesses obtained
with the pure C5K SAM could be explained by 1) a likely disperse SAM, consequence of the
charged oligopeptides repealing each other during adsorption, and 2) flexible backbone, which
leads the C5K to fold at the surface, instead of keeping an extended conformation. Following
Cassie’s law (Equation 5.1), the mole fraction of each component in the mixed SAM of
C5K:TEGL11 (x1 and x2) can be calculated from the advancing contact angle values of each pure

SAM (61 and O3) and of the mixed SAM (O12).

cos(04,) = x,c0s(0,) + x,c0s(6,) Equation 5.1

The different advancing contact angle results (Figure 5.5 (B)) obtained for the pure TEG11 and
C5K SAMs, with 38.4 £ 0.6° and 63.8 + 2.8° respectively, could allow a rough calculation of
the surface composition of mixed SAMs using Equation 5.1 (see Table 5.4). The non-significant
differences within the contact angles and thicknesses obtained at initial ratios (C5K:TEG11

1:10, 1:40 and 1:100) compared with the TEG11 results, suggested that the solutions with
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superior ratio of TEG11 would result in surfaces with mainly TEG11, not allowing C5K to

anchor at the surface. To test this theory the ratios were inverted to C5K:TEG11 10:1 and 40:1.

Table 5.4 — Results obtained from Cassie’s law for the C5K:TEG11 mixed SAMs surface ratios
incubated at the different solution ratios.

C5K:TEG11
Solution ratios SAM on the surface (from Cassie’s law)
1:100 Fully TEG11
1:40 Fully TEG11
1:10 Fully TEG11
10:1 1:12
40:1 1:2

Only at the ratio of C5K:TEG11 40:1 the thickness increased to 2.3 = 0.2 nm, significantly
surpassing the nanobody thickness (t test, p = 0.002) (Figure 5.5 (A)), and it was 20% higher
than the pure C5K SAM. Furthermore, the advancing contact angle at this ratio indicated a
surface containing one C5K for each two TEG11 molecules, being still mainly composed of
TEGL11 (Table 5.4). As the thickness obtained for C5K:TEG11 40:1 could theoretically cover
nanobody-like structures and allow control over biological activity, this ratio was selected,
together with the pure C5K SAM as a control, to be analysed for its surface composition with
XPS. The XPS results are shown in Figure 5.6 with representative high resolution spectra, and
described in Table 5.5 for relative atomic and component percentages and in Table 5.6 for

element ratios.
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Figure 5.6 — C5K and C5K:TEG11 40:1 SAMs XPS results. Representative XPS high resolution spectra
of the S 2p, N 1s, C 1s, and O 1s regions.

Table 5.5 - Relative atomic percentages and relative components percentages calculated by XPS for
C5K and C5K:TEG11 40:1 SAMs. Theoretical (T) values were obtained considering the atomic
formulas of the SAM molecules. Duplicates were measured twice in different chip positions. Averages
and errors as standard deviation are reported. T = theoretical; E = experimental.

SAMs Relative Atomic % and Relative Components %
S N C o]
T 1.9 21.2 63.5 135
v |E 1.0+0.1 9.5+2.7 72.145.3 17.4+2.7
S S-Au S-H NHs* N C-C C=0 CSCN,CO| o-C 0=C
T 100.0 0.0 54.5 455 455 18.2 36.4 14.3 85.7
E 100.0 - 21.5+1.1 785+1.179.949.4 7.9+51 12.2+45 |29.2+9.4 70.8+9.4
S S N C o]
g T 2.0 20.9 63.6 13.5
3 |E 2.2+0.2 6.5+0.7 74.5£1.7 16.7+0.9
@ S-Au S-H NHs* N C-C C=0 CSCN,CO| o-C 0=C
¥ |T| 100.0 0.0 54.5 455 45.6 18.0 36.4 15,5 84.5
S E| 80.8+2.8 19.2+2.8(21.6+1.6 785+1.6| 57.1+1 7.4+1.8 355+2.8 |71.3+0.8 28.7+0.8
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Table 5.6 — XPS element ratios for C5K and C5K:TEG11 40:1 SAMs. Theoretical (T) values were
obtained considering the atomic formulas of the SAM molecules and their solution ratios. T =
theoretical; E = experimental.

SAMs XPS Element Ratios

Au/S Au/N N/S C/S OIS
C5K T - - 11 33 7
E 5565 5+0.3 11+16 84+21.2 21+0.6
T - - 11 33 7
COK:TEGLL (40:1) E 22+11 8+0.1 3+0.2 34+4.8 8+05

The high resolution spectra for S 2p in Figure 5.6 shows only the thiolate species present for
the pure C5K SAM, demonstrating that the washing process used is efficient, removing any
free thiols that did not anchor at the surface. On the other hand, the mixed C5K:TEG 40:1 SAM
revealed 20% of unreacted thiols at the surface (Table 5.5), a number similar to that observed
with pure TEG11 SAM (Table 5.2). This suggests that possibly non-anchored TEG11
contribute to these remaining free thiols. Furthermore, the C5K:TEG11 40:1 SAM has also
shown more thiolate at the surface (Figure 5.6 (S 2p)), which is due to the TEG11 contribution
to the SAM formation, also seen with the decrease in the ratio Au/S in Table 5.6 between C5K
and the C5K:TEG11 40:1. In what concerns the N 1s spectra from Figure 5.6, it is possible to
observe two species: the neutral nitrogen environment at 400 eV (-NH2), and the positive
environment (-NHs*), at a higher binding energy ~ 402 eV, which originates from the
protonated amines belonging to the lysine groups. Although the relative nitrogen percentages
were lower than expected (seen in Table 5.5, and possibly explained by the contributions of
adventitious carbon and oxygen), the experimental ratio N/S is as expected (Table 5.6) for the
pure C5K SAM. The lower than expected N/S ratio for C5K:TEG11 40:1 is an indication that
the surface might have more TEG11 moeities than C5K. The theoretical percentage of nitrogen
species assumes all the amine groups are protonated (+5e), while the experimental suggests that

two amine groups are protonated (+2e) which could possibly be explained by the fact that the
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samples were no longer under solution, but dried and under vacuum for analysis. The presence
of N 1s at the mixed C5K:TEG11 40:1 confirms the presence of C5K at the surface, as TEG11
does not contribute with this element (as seen in Table 5.2). Additionally, the molecular formula
for each oligopeptide (generically, C,HsAUN,OsS) allows to obtain the ratio in Equation 5.2.
In Equation 5.3, S;,+4; COrresponds to the XPS experimental area obtained for the total sulphur,
and Stgg11 and Spjigopeptiae t0 the TEG11 and oligopeptide sulphur areas respectively. With
these equations it was possible to achieve the ratios between oligopeptides and TEG11, with

Equation 5.4.

_ Noligopeptide Equation 5.2
Soligopeptide - -
Y
Stotat = STEG11 + Soligopeptide Equation 5.3
SOligOpeptide Equation 54

Ratio between Oligopeptide and TEG11 =
STEG11

Following these equations it was possible to calculate the experimental ratio of C5K:TEG11
40: 1 to be 1:(3 £ 0.2), which means that 120 fold more TEG11 moieties were anchored to the
surface than predicted by the solution ratio. Previous literature has shown that solution ratios
do not represent the final surface ratios?® 2%, These results are in agreement with previous
findings attained through ellipsometry and contact angle, suggesting a much faster kinetics from

TEG11 than C5K to bind at the surface.
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Next, after understanding with C5K that it forms loosely packed SAMs, but when mixed with
TEG11, the packing and thickness can be improved, it was hypothesized that longer C8K
potentially could provide with thicker SAMs. Thicker SAMs could likely be necessary to
efficiently control nanobody-antigen interaction. The SAM composed purely by the positively
charged oligopeptides C8K or mixed with TEG11 at the solution ratios of CBK:TEG11 40:1,;

1:10; 1:40 and 1:100 were analysed by ellipsometry and contact angle (see Figure 5.7).
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Figure 5.7 — C8K and mixed C8K:TEG11 SAMs ellipsometry and contact angle results. Results for (A)
thickness and (B) advancing and receding contact angles, show that likely the SAM surface composition
remains similar when incubated with C8K: TEG11 at solution ratios of 1:10, 1:40 and 1:100. Significant
differences noted as *** (t test, p < 0.01) and **** (test, p < 0.0001). (C) C8K:TEG11 SAM schematics

with the ChemDraw theoretical thicknesses.

Unlike the C5K SAM, the pure C8K oligopeptides SAM with 2.6 + 0.2 nm, was 30% higher
than the nanobody structure, and therefore could be a good candidate to be used with nanobody-

like structures to control the antigen binding activity (Figure 5.7(A)). Similarly to the previous
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C5K:TEG11 results, the C8K:TEG11 mixed SAMs also showed no significant differences for
ellipsometry and contact angle at the ratios of 1:10, 1:40 and 1:100 (t test, p > 0.05), suggesting

that the surfaces are mainly composed of TEG11.

At inverted ratios, the surface composition starts to change, especially at the ratio of
C8K:TEG11 40:1, with 3.0 £ 0.1 nm, showed an increase in thickness of 17% relatively to the
pure C8K SAM (significantly different, t test, p < 0.0001). C8K is similar to C5K, with three
more lysine groups and the results suggest that the TEG11 molecule at the same solution ratio
(40:1) was similarly efficient at providing support to both structures (20% increase from the
pure C5K SAM). In addition, the receding and advancing contact angle, at the inverted
C8K:TEGL11 ratios, are closer to the ones obtained with the pure C8K SAM (Figure 5.7(B)).
The contact angle trend towards C8K:TEG11 inverted ratios agrees with the ellipsometry data,
which together confirm that only with the ratio increase of C8K in solution, it reflects an
increase in C8K on the surface — results dissimilar to the ones obtained between C4K and C6K

with a shorter tri(ethylene glycol)-terminated thiol TEG3%,

The surface ratios calculated through the Cassie’s law demonstrate that TEG11 is dominantly
at the surface, even under incubation with mainly C8K (Table 5.7). Taking the conditions with
higher thickness (which likely will cover the nanobody binding site), and higher estimated C8K
surface ratio, the C8BK:TEG11 40:1 ratio was selected, together with the pure C8K SAM as a
control, to be analysed for its surface composition with XPS. The XPS results are shown in
Figure 5.8 with representative high resolution spectra, and described in Table 5.8 for relative

atomic and component percentages and in Table 5.9 for element ratios.
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Table 5.7 - Results obtained from Cassie’s law for the C8K:TEG 1 1 mixed SAMSs surface ratios incubated

at the different solution ratios.

C8K:TEG11
Solution ratios SAM on the surface (from Cassie’s law)
1:100 1:44
1:40 1:29
1:10 1:17
10:1 1:6
40:1 1:2

S2p C1s O1s
¥ 0=C
= 0-C
(&)
167 163 159 (305 401 397 | 291 286 281 535 533 531 529

Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

C8K:TEG11
40:1

167 163 159 405 401 397 | 201 286 281 555 553 551 5&9
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5.8 - C8K and C8K:TEG11 40:1 SAMs XPS results. Representative XPS high resolution spectra
of the S 2p, N 1s, C 1s, and O 1s regions. Each spectra of each element has the same vertical scale

respectively (not represented).
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Table 5.8 - Relative atomic percentages and relative components percentages calculated by XPS for
C8K and C8K:TEG11 40:1 SAMs. Theoretical (T) values were obtained considering the atomic

formulas of the SAM molecules. Duplicates were measured twice in different chip positions. Averages

and errors as standard deviation are reported. T = theoretical; E = experimental.

SAMs Relative Atomic % and Relative Components %
S N C @]
T 13 21.5 64.6 12.7
v E 1.0+£0.2 159+0.8 66.7 + 0.9 16.5+0.2
3 S-Au S-H NHs* N C-C C=0 CS.CN,CO| O-C 0=C
T| 100.0 0.0 52.9 47.1 47.1 17.6 35.3 10.0 90.0
E 100 - 18.9+0.9 81.840.9|63.8+1.0 15.4+0.7 20.8+0.6 |[15.5+1.8 84.5+1.8
S N C O
- T 1.3 21.4 64.6 12.7
8 3 E 24+£0.2 6.0£0.6 73.8x0.9 17.8+04
E 59_, S-Au S-H NHs* N C-C C=0 CS,CN,CO| O-C Oo=C
S 1| 1000 0.0 52.9 471 | 472 175 35.3 109  89.1
E|[77.0+4.0 23.0+£4.0| 20.3x1.3 79.9£1.3|56.3£0.3 5.9+0.3 37.8+0.6 |[74.2+2.2 25.8+2.2

Table 5.9 - XPS element ratios for C8K and C8K:TEG11 40:1 SAMs. Theoretical (T) values were
obtained considering the atomic formulas of the SAM molecules and their solution ratios. T =

theoretical; E = experimental.

SAMs

XPS Element Ratios

Au/S Au/N N/S C/S o/s

oK T - 17 51 10
E 75+ 13.0 4+0.1 17+25 71+9.38 18+23

C8K:TEG11 T - 17 50 10
(40:1) E 20+ 1.0 8+1.0 3+0.2 31+1.1 8+0.4

Similar to the results seen with C5K, in the C8BK SAM the high resolution spectra for S 2p in

Figure 5.8 showed only the thiolate species was present in the pure C8K SAM, while

C8K:TEG11 40:1 SAM revealed 23% of free thiols at the surface (Table 5.8). This was similar

to the TEG11 SAM (Table 5.2), indicating its contribution with 1) thiolate species and 2) free

thiols. Regarding the N 1s spectra (Figure 5.8 (N 1s)), both nitrogen neutral (400 eV) and

positive (402 eV) environments were present. The relative nitrogen components percentage in
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this case suggests that three amino groups are protonated (+3e) instead of the theoretical eight
(+8e), which as previously mentioned, could be due to the samples being under vacuum. The
presence of N 1s at the mixed C8K:TEG11 40:1 confirms the presence of C8K at the surface,
as TEG11 does not contribute with this element (as seen in Table 5.2). Relative to the XPS
element ratios (Table 5.9), similar observations as with the previous C5K and C5K:TEG11
SAMs (Table 5.6) are seen. Table 5.9 shows the Au/S ratio decrease from the pure C8K SAM
to the CBK:TEG11 SAM, indicating a more packed layer. Additionally, Table 5.9 also indicates
that at CBK:TEG11 40:1 the surface potentially has more TEG11 moeities than C8K, as the

N/S ratio is lower than expected.

Finally, through the previously described equations (Equation 5.2 to Equation 5.4), the
C8K:TEGL11 40:1 experimental ratio was of 1:6 + 0.6, meaning that 240 fold more TEG11
moieties anchored to the surface than predicted by the solution ratio. Having more TEG11
moieties at the surface explains the discrepancy between the theoretical and experimental values

presented in Table 5.9 for CBK:TEG11 40:1 and the low N/S ratio in Table 5.9.

These XPS results are in agreement with the previous findings through ellipsometry and contact
angle for C8K and C8K:TEG11, being overall similar to those obtained with the C5K:TEG11
SAMs. However, the XPS data does not agree with the contact angle results through Cassie’s
equation. With Cassie’s equation, the results showed identical surface ratios for C5K and C8K
mixed with TEG11 (1:2) after being incubated in the same conditions (ratios C5K:TEG11 or
C8K:TEG11 40:1), while the XPS results showed higher ratio to C5K (1:3 £ 0.2) compared
with C8K (1:6 £ 0.6). Not only the XPS data revealed lower surface ratios for both C5K and
C8K in the mixed SAMs, but also suggests that when C5K and C8K compete with TEG11 to
bind to the surface, C5K has a faster kinetics compared to C8K. Similar to what has been seen

in alkanethiols, it makes sense that longer the structure, slower the kinetics when competing
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with TEG11 for the surface?'?. Perhaps the longer C8K structure contributes to higher contact
angle increase due to how it might fold on top of TEG11 (Figure 5.9(B)), but it does not

necessarily mean a higher number of C8K molecules at the surface (as the XPS demonstrated).

A summary of C5K:TEG11 and C8KTEG11 SAMs experimental ratio according to XPS and
thickness according to ellipsometry can be seen in Figure 5.9 and Table 5.10. Briefly, results
showed similar XPS ratios for both mixed SAMs and fairly similar relative thickness increase
after addition of TEG11. It is possible to conclude that TEG11 has given support to the SAM
structure, when comparing the thickness for the pure SAMs and mixed SAMs. Furthermore,
the support from TEG11 was only seen after a certain amount of C5K or C8K molecules at the
surface (Figure 5.9(A)). Such effect makes sense as, separated by less TEG11 molecules at the
surface, the closer the oligopeptides will be, keeping a higher thickness (Figure 5.9(B)).
Additionally, the low thickness at the pure SAMs highlights the flexibility of these
oligopeptides — likely folded without TEG11 support - and brings up the next logical question:
how densely packed these SAMs need to be to 1) provide the right thickness to avoid nanobody-
antigen interactions and 2) allow oligopeptides retraction at the surface, allowing nanobody-
antigen interactions.

Table 5.10 — Summary table with the oligopeptide: TEG11 40:1 XPS experimental ratio results and the

respective ellipsometric thickness increase relatively to each respective pure SAM. The percentages are

averages comparison.

SAMs XPS ratio | Ellipsometric thickness increase relative to the pure SAM
C5K:TEG1140:1 | 1:(3+0.2) 20 %
C8K:TEG1140:1 | 1:(6+0.6) 17 %
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Figure 5.9 — TEG11 support effect on thickness SAMs. (A) Thickness trend for both C5K:TEG11 and
C8K:TEG11. The overall SAM thickness increases with less TEG11 molecules in the incubation solution

ratio. (B) Representative schematics for TEG11 support effect with charged oligopeptides.

When using these oligopeptides with nanobody-like structures, it will be crucial to conceal them
when applying their opposite charge at the surface. The right TEG11 support needed has to
allow a balance between 1) the right thickness to stop nanobody-antigen interaction and 2) the
right flexibility to allow the oligopeptides to retract at the surface, providing nanobody-antigen
interaction. To find the right balance, the next step with these oligopeptides would be including

the nanobody at the surface.

Providing that low densities of TEG11 would be required to allow the oligopeptides retraction
at the surface, that means that less flexible oligopeptides are needed — which with low densities
of TEG11 can reach the efficient thickness to conceal a nanobody binding site. Thus, the
following SAMs studied were composed by theoretically more rigid oligopeptides containing
proline groups: with a cysteine (C) at the C-terminal and followed by either, proline (P) and
lysine (K) (C-PPeK-PPeK- PPeK-PP, C3¢eK for simplicity) or proline and diamino propionic
acid (Dap) (C-PPBDap-PPBDap-PPBDap-PP, C3BD for simplicity). The SAMs composed
purely of C3eK or C3BD and each mixed with TEG11 were analysed by ellipsometry and

contact angle, results shown in Figure 5.10. At this stage, using the knowledge from the
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previous studies with C5K and C8K, the solution ratio of oligopeptide: TEG11 40:1 was directly

analysed.
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Figure 5.10 — C3¢K, C34D, mixed C3¢K:TEG11 and C3SD:TEG11 SAMs ellipsometry and contact
angle results. Results for (A) thickness and (B) advancing and receding contact angles, show that TEG11
has given support to the mixed SAMs when incubated at oligopeptide:TEG11 40:1 ratio, with
significantly different thickness when compared with the respective pure SAMs thickness. Significant
differences noted as **** (t test, p < 0.0001). (C) C3¢K, C38D and TEG11l schematics with the

ChemDraw theoretical thicknesses.

It is possible to observe from the thickness results (Figure 5.10(A)) that there were significant
differences between the mixed SAMs thickness and their respective pure SAMs (t test, p <
0.0001). Only after introducing TEG11 on the SAMs, these oligopeptides presented a height

equivalent (C3BD with 2.1 £ 0.3 nm) or superior (C3¢K with 2.6 £ 0.2 nm) to the nanobody
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reference (2.0 £ 0.1 nm). From these results, C3eK:TEG11 is the SAM that most likely could
efficiently avoid nanobody-antigen interactions. Looking at the contact angle results (Figure
5.10(B)) it is possible to observe how scattered the data is for the pure SAMs, with high angle
hysteresis, indicating that probably these SAMs are unorganized at the surface. Following
Cassie’s law, an estimative of 1:2 and 1:3 oligopeptide: TEG11 surface ratios were obtained for
C3eK and C3BD respectively (Table 5.11) further confirming that the solution ratio of

oligopeptide: TEG11 40:1 succeeded in having both components at the surface.

Table 5.11 - Results obtained from Cassie’s law for the C3eK and C3pD surface ratios in the mixed
C3¢K:TEG11 and C34D:TEG11 SAMs.

Solution Ratios Surface ratios (from Cassie’s law)
C3eK:TEGI11 40:1 1:2
C3pD:TEG11 40:1 1:3

In order to confirm the surface ratio for the C3¢K:TEG11 and the C3D:TEG11 SAMs, these
were analysed with XPS, together with their pure SAMs as controls. The XPS results can be
seen in Figure 5.11 and Figure 5.12 for the high resolution spectra of C3¢K:TEGI1 and
C3BD:TEG11 SAMs respectively. XPS results for the relative atomic and component

percentages are described in Table 5.12, and for the element ratios in Table 5.13.
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Figure 5.11 - C34D and C34D:TEG11 40:1 SAMs XPS results. Representative XPS high resolution
spectra of the S 2p, N 1s, C 1s, and O 1s regions. Each spectra of each element has the same vertical

scale respectively (not represented).
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Figure 5.12 - C3¢K and mixed C3e¢K:TEG11 40:1 SAMs XPS results. Representative XPS high
resolution spectra of the S 2p, N 1s, C 1s, and O 1s regions. Each spectra of each element has the same
vertical scale respectively (not represented).

The S 2p high resolution spectra for both pure SAMs of C33D and C3¢K from Figure 5.11 (S
2p) and Figure 5.12 (S 2p) respectively, show that the two sulphur environments (thiol (red)
and thiolate (green)) are present at the surface. This differs from the C5K and C8K pure SAMs
(Figure 5.6 and Figure 5.8) indicating that with the rigid oligopeptides (C3BD and C3¢K), the

washing process was not as efficient as with the flexible oligopeptides (C5K and C8K).
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Additionally, looking at the sulphur atomic relative percentages obtained (Table 5.12 for S), it
Is possible to observe a higher experimental percentage than the theoretical in all the samples,
whilst the nitrogen relative percentage is smaller than expected. Following that, Table 5.13
shows a considerable discrepancy between the theoretical and experimental ratios N/S, C/S and
O/S on both pure and mixed SAMs. Despite the presence of N 1s which indicates the presence
of the oligopeptides, the experimental ratios indicate a disproportional higher amount of sulphur
relatively to the other elements, which could indicate either sulphur contamination or that these
oligopeptides are potentially not stable for long periods (>24h, see Experimental Procedures,
Section 6.3.2.6) at dry state, potentially breaking down into smaller peptides prior to analysis.
Amino acids?!, including proline?!? degradation has been studied before by XPS. Further

investigation should be done to confirm degradation with these oligopeptides.

When comparing the pure with the mixed SAMs (C33D:TEG11 40:1 and C3eK:TEG11 40:1),
the spectra shows overall a lower intensity for sulphur and a lower amount of free thiols, as
described in Table 5.12. The sulphur components relative ratios (S-Au to S-H) ranged from
overall 60%-40% at the pure SAMs, to 80%-20% at the mixed SAMs (Table 5.12). Despite the
high percentages of free thiols, the introduction of TEG11 to the SAMs that potentially
contributed to higher degree of organisation and packing (as previously seen with ellipsometry
and contact angle results), reducing the free thiols percentage to the previously obtained with

TEG11 (~20%).
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Table 5.12 - Relative atomic percentages and relative components percentages calculated by XPS for
C3eK, C34D, mixed C3eK:TEG11 40:1 and C34D:TEG11 40:1 SAMs. Theoretical (T) values were
obtained considering the atomic formulas of the SAM molecules. Duplicates were measured twice in
different chip positions. Averages and errors as standard deviation are reported. T = theoretical; E =

experimental.

SAMs Relative Atomic % and Relative Components %
S N C o)
12 185 64.2 16.0
X 8.0+1.1 11.9+1.4 64.3+3.6 157+13
8 S-Au S-H NHs* N c-C C=0 CSCNCO| oO-C 0=C
100.0 0.0 20.0 80.0 30.8 23.1 46.2 7.7 923
61.4+16 38.6+1.6 | 152417 84.8+1.7 | 54.2+13.3 14.0+33 31.8+152 | 312445 68.8%4.5
S N C o)
p 13 18.4 64.3 16.1
@ : 31405 33+07 75623 180+16
g S-Au S-H NHs* N c-Cc C=0 CSCNCO| o-C 0=C
g 100.0 0.0 20.0 80.0 31.0 22.9 46.1 8.4 91.6
759+1.8 24118 | 104424 89.6+2.4 | 56.7#2.2 50+0.4 38318 | 858+21 14.2+21
S N C o)
11 16.7 67.8 14.4
N4 36+03 124+0.7 66.4 +4.4 176 +4.4
8 S-Au S-H NHs* N c-C C=0 CSCNCO| oO-C 0=C
100.0 0.0 20.0 80.0 41.0 19.7 393 7.7 92.3
67.8£19.2 32.2+19.2 | 18.448.9 81.6+8.9 | 54.2413.3 14.0+33 31.8+152 | 43.7+29.9 56.3+29.9
S N C o)
= 11 16.6 67.8 145
@ : 22+03 22409 81.0+2.2 14.6+ 1.3
IR S-Au S-H NHs* N c-C C=0 CSCNCO| oO-C 0=C
é’ 100.0 0.0 20.0 80.0 411 195 39.4 8.4 91.6
80.3+32  19.7#32 | 14.3+28 85.7+2.8 | 71.7+10.4 3.8+0.7 245+98 | 857+2.6 14.3+2.6

For the N 1s element, the predicted ratio for the positive and neutral environment of 20% — 80%
respectively, considered three protonated amine groups in both rigid oligopeptides (+3e). The
experimental ratio for both pure C3pBD and C3eK SAMs was approximately 15% positive —
85% neutral environments (Table 5.12 for NH3z* and N), which could indicate that only two

amine groups were protonated (+2e). The introduction of TEG11 decreased the atomic nitrogen
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percentage (Figure 5.11 (N 1s) and Figure 5.12 (N 1s)) as expected, as TEG11 does not
contribute with nitrogen. For carbon (C 1s) and oxygen (O 1s) elements, as observed in Figure
5.11 and Figure 5.12 (and previously seen with C5K and C8K), besides the predicted

adventitious presence, TEG11 contributes particularly with C-C and O-C environments.

Table 5.13 - XPS element ratios for for C3¢K, C34D, mixed C3¢K:TEG11 40:1 and C3pD:TEG11 40:1
SAMs. Theoretical (T) values were obtained considering the atomic formulas of the SAM molecules and
their solution ratios. T = theoretical; E = experimental.

XPS Element Ratios

SAMs AWS  AuN N/S C/S 0/S CIN
T : : 15 52 13 3
C3pK E 13+11 8405 2+01 10422 2+02) 6+14
T : : 17 50 10 3
CPKTEGI @0:1) £ 19 15 16418 1402 26434 6+06 24+45
T - - 15 61 13 4
C3eK E 21+06 6+02 3+01 18+15 4+15 5+0.2
C3:K:TEGI1 T : : 15 60 13 4
(40:1) E 18+17 21+05 1+03 39456 7+06 47+17.1

In spite of the suspicion of sulphur contamination or oligopeptides degradation, the
experimental surface ratio through the Equation 5.2 to Equation 5.4 previously described, for
C3BD:TEG11 40:1 was of 1:(13 £ 2.5), and for C3gK:TEG11 40:1 was of 1:(17 £ 5.4) This
means that on average there would be 560 and 760 fold more TEG11 moieties anchored to the
surface than in the solution ratio, respectively. These calculated ratios will be less accurate in
case of oligopeptides degradation, especially if the nitrogen elements are affected.
Nevertheless, it is possible to conclude that these rigid oligopeptides had higher XPS variability,

seen in the standard deviations reported in both Table 5.13 and Table 5.12.

To compare all oligopeptide SAMs (C5K, C8K, C3eK and C3BD) a summary of the differences

in thickness, contact angle and XPS is presented in Figure 5.13 and Table 5.14.
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Figure 5.13 — Differences between the oligopeptides pure SAMs (blue) and mixed oligopeptide: TEG11
SAMs (red) in (A) thickness and (B) contact angle hysteresis. In (A) the dashed line represents the
TEG11 average thickness. In both graphs (A and B) the averages are represented and the increase or
decrease percentages were calculated relatively to the averages.

Observing Figure 5.13(A) (blue points), unlike C5K and C8K, in both the rigid oligopeptides
(C3eK and C3BD), the pure SAMs had a lower thickness than TEG11 SAM which is
counterintuitive and suggests disperse pure SAMs. Moreover, the results show that TEG11
provided higher thickness increase to the rigid oligopeptides relatively to their pure SAMs
(Figure 5.13(A), red points for C3BD with 72% increase and C3¢eK with 151% increase). It is
also possible to observe that TEG11 contributed to higher surface organisation (with higher
decrease in angle hysteresis) when mixed with shorter oligopeptides (Figure 5.13(B) red points

for C5K and C3BD with 75% and 54% lower hysteresis respectively).

In conclusion, the above results suggest that TEG11 provides 1) better support at increasing
SAM thickness when mixed with rigid oligopeptides and 2) overall higher SAM organisation

when mixed with any of the oligopeptides, but especially with the shorter oligopeptides.

The following Table 5.14 summarizes the ellipsometry, contact angle and XPS results obtained

for the oligopeptides pure and mixed SAMs studied, also showing the results for TEG11 and
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the nanobody NbVCAML. The Cassie’s ratios were seen as preliminary values being less
reliable than the XPS ratios, due to the contact angles difference between the pure TEG11

SAMs and the pure oligopeptides SAMs.

Table 5.14 — Summary table of the pure C5K, C8K, C3D and C3¢K SAMs and mixed
oligopeptide:TEG11 40:1 SAMs results for thickness, contact angle hysteresis and XPS
oligopeptide: TEG11 ratios.

SAMS Ellipsometry Contact Angle Preliminary XPS ratios
(nm) Hysteresis (°) Cassie’s Ratios (Speptice/ SteG11)
NbVCAM1 20+01 36.6 5 )
TEG11 1.7+£03 16.1 - )
C5K 19+0.2 30.7 - )
C5K:TEG11 23400 27 1:2 1: (3£0.2)
40:1
C8K 26+0.2 31.3 - )
C8K:TEG11 . 26.1 1:2 1: (6+0.6)
40:1
C3¢K 11+0.2 28.8 - )
C3¢K:TEG11 T 13.2 1:2 1: (1745.4)
40:1
C3pD 12+01 23.3 - -
D:TEG11
C3p e G 21+04 17.8 1:3 1: (13+2.5)

In conclusion, the solution ratio of oligopeptide:TEG11 at 40:1 seems promising to use when
mixing any of the studied oligopeptides with nanobodies. Even when these oligopeptide: TEG11
mixed SAMs present similar thickness to the nanobody, oligopeptides could potentially still
provide control over nanobody-antigen interaction. Therefore, based on their diverse lengths
and properties, the studied oligopeptides provide optionality when considering a nanobody-

antigen system.
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5.2.1.1.

From all the oligopeptides tested previously, C5K was chosen for further testing because its
thickness should provide coverage just above the nanobody’s binding site and simultaneously
should efficiently fold to the surface upon opposite potential. Initial open circuit studies were
performed at the SPR with the nanobody-antigen system studied in Chapter 3 (NbVCAM-
hVCAML). The antigen hVCAML1 was injected on the SAM formed by the combining ratio

NbVCAM1I1:C5K:TEG11 500:40:1 and on the respective controls composed by only

C5K:TEG11 40:1, results shown in Figure 5.14.
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Figure 5.14 - SPR sensorgram for hVCAML1 injections under open circuit (OC) on NbVCAMI,

oC
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|
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NbVCAM1:C5K:TEG11 and control SAMSs.

As expected, the mixture of C5K and TEG11 with NoVCAML1 at the surface resulted in the
decrease of response upon the antigen injection (Figure 5.14, green line ~700 RU to blue lines
~300 RU). Such decrease could be due two reasons: 1) less NboVCAML at the surface and 2)

potential partial coverage from the C5K moieties. Nevertheless, some binding was still
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observed (Figure 5.14, blue) which could indicate that either 1) more C5K moieties are needed
to cover the binding site or 2) longer oligopeptides. To understand if C5K could maximize
further coverage, the next step was to apply positive potential (+0.3V) at the surface, which
should allow the positively charged C5K to stretch perpendicular to the surface. C5K:TEG11
40:1 SAM at positive potential, after injection of the respective antigen resulted in an increase
in response (to ~ 1200 RU, Figure 5.15(A)). The unexpected increase indicates non-specific
interaction between the SAM and the antigen hVCAML1 (with estimated negatively charged
network at pH 7), making the C5K:TEG11 SAM unsuitable to use with NoVCAM1 under
applied potential. On other note, the same SAM control surface was used with a second antigen,
EGFP (Figure 5.15(B)), which showed the absence of non-specific interactions, as the response
goes back to the baseline after the antigen injection finished and the running buffer starts
(increase in response during injection is due to the refractive index associated with the bulk
solution). This further confirms that use of charged oligopeptides are dependent on the

nanobody-antigen system in use, requiring initial screening and appropriate controls.
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Figure 5.15 — Antigen injection studies on C5K:TEG11 40:1 SAM controls under OC and +0.3V. SPR
sensorgram and schematic representation . of (A) hVCAML1 antigen injection on C5K: TEG11 40:1 SAM
under either open circuit (OC, blue) or under positive potential (+0.3V, red). The latter shows non-
specific interactions; (B) EGFP antigen injection on C5K:TEG11 40:1 SAM under positive potential
(+0.3V, red) shows no interactions. Different time scales are presented due to different assay optimal
conditions. hVCAM: pl: 5.07; estimated charge at pH 7 = -22.7 (protcalc); MW: 74 kDa. EGFP: pl:
6.47; estimated charge at pH = -4.5 (protcalc); MW: 28 kDa.

To understand if the non-specific interactions obtained at the C5K:TEG11 40:1 were
exclusively related with the C5K moiety, another control was tested on the pure TEG11 SAM
surface (Figure 5.16). Upon antigen injection, the TEG11 SAM had higher response from non-
specific interactions with the antigen, than the mixed C5K:TEG11 40:1 SAM. These results
indicate that TEG11 lower antifouling effect is partially responsible for non-specific interaction
intensified by the surface opposite charge to the antigen. Thus TEG11 should be replaced by

other support molecule (at least with this nanobody-antigen system). To further conclude on
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the non-specific interactions exclusively related to the C5K, other control with the pure C5K

SAM at positive potential should be tested.
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Figure 5.16 — SPR sensorgram for antigen hVCAML injection on the control SAMs upon positive
potential (+0.3V).

Overall, different SAM surfaces functionalised with positively charged oligopeptides (C5K,

C8K, C3BD and C3¢K) have been formed and characterised according to their contact angle

(advancing and receding), thickness and surface composition (summarised in Table 5.14). All

the suggested oligopeptides, in terms of thickness achieved, are potential switchable moeities

to be used with nanobody-like structures, potentially being able to provide binding site coverage

and consequently nanobody-antigen binding control. However, for non-specific interactions

with both nanobody and antigen, the right controls need to be put in place at all the potentials

applied.
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5.2.2. Switching moieties: charged oligopeptides compatible with EDC/NHS

In Chapter 4, it was revealed that the nanobody NbGFP immobilised through EDC/NHS did
not change conformation under applied potential (Section 4.2.3), making this nanobody a good
candidate to include in an electro-switchable surface. To create an electro-switchable surface
with the NbGFP, ideally the switching units would immobilize simultaneously to the nanobody,
under the same EDC/NHS conditions. This means that positively charged oligopeptides are not
suitable, as their amines could react with the surface. Consequently, the oligopeptides would

lose their required elongation and thus ability to protect the nanobodies binding site.

In the previous section, results have shown that C5K thickness, theoretically of 4.3 nm, could
potentially be just enough to cover nanobodies binding sites. For this section goal, and
following that preliminary evidence, negatively charged oligopeptides, composed by seven
glutamic acids and one N-terminal beta alanine, with a theoretical thickness of 4.4 nm were

designed (and named 7EA).

As a starting point, 7EA oligopeptides were investigated to bind to the surface through
EDC/NHS coupling. Based on the results discussed in Chapter 4, the optimal NbGFP
immobilisation though EDC/NHS on mercaptoundecanoic acid terminated surfaces (MUA)
was at pH 5.4. Herein, the same conditions were used to immobilize 7EA. To understand how
7EA immobilised at pH 5.4, MUA SAMs and MUA-7EA surfaces were formed and

characterised by contact angle and ellipsometry (Figure 5.17).
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Figure 5.17 - Ellipsometry and contact angle results for MUA SAM and MUA-7EA after EDC/NHS
chemistry. (A) Advancing (blue) and receding (red) contact angle results; (B) ellipsometric thickness
results. Significant differences noted as **** (t-test, p < 0.0001); (C) schematics and theoretical

thickness (ChemDraw) for MUA and MUA-7EA functionalised surfaces.

Figure 5.17(A) showed an increase in advancing contact angle from the MUA SAM (29.3 £
2.3°) compared to the MUA-7EA (38.8 + 2.0°) functionalised surface, indicating that both
surfaces kept heir hydrophilic behaviour. Figure 5.17(B) shows that both surface thicknesses as
measured by ellipsometry were significantly different (t test, p < 0.0001). MUA resulted in
thickness of 1.2 £ 0.2 nm and MUA-7EA in 1.9 £ 0.1 nm (which means that 7EA contributed
with ~0.7 nm). Although the significant increase in thickness, MUA-7EA only increased by 0.3
fold, whereas a 4.3 fold increase was expected. Such discrepancy between theoretical and actual
thickness has been observed along this thesis to some extent (previously in Section 5.2.1, C5K

was 1.9 £ 0.2 nm while theoretically 4.3 nm), especially if no support molecule was included
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(such as TEG11). However, these results could potentially indicate that MUA-7EA was not

successfully formed.

Facing the hypothesis that pH 5.4 is non-optimal for the amino coupling of 7EA oligopeptides,
the following study focused on understanding the EDC/NHS amino coupling of small structures
(<1 kDa) under these conditions. To do so, dodecylamine (DA) was used instead of the
oligopeptides, as a cheaper alternative with one primary amine (Figure 5.18) and the convenient
hydrophobic alkyl chain allowing a better demonstration of the reaction success through contact

angle.

@ EDC/NHS;
@ Dodecylamine (DA) pH 5.4 or 8.0;
@ Ethanolamine pH 8.5;

OH

MM NH  NH

3.2nm
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HOOONN

MUAP $  — MUA:P-DA

Figure 5.18 — Representative schematics for the EDC/NHS amino coupling between dodecylamine (DA)
and mercaptoundecanoic acid (MUA) terminated surfaces. The MUA surfaces were also spaced with
pentanethiol (P) at solution ratios MUA:P 1:1 and 1:3. While the surface before EDC/NHS should be
hydrophilic, the final surface should be hydrophobic. The theoretical highest thicknesses (ChemDraw)
for the MUA SAMs (MUA:P) and after EDC/NHS (MUA:P-DA) are represented.

The success of amino coupling of DA should be easily detected through contact angle, as the
hydrophilic initial carboxylic-terminated SAM should change to a hydrophobic alkyl-
terminated monolayer. Ellipsometry should also confirm these results with an increase in
thickness. First, MUA densities at the surface were investigated to determine if they could
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impact the effectiveness of the EDC/NHS reaction. To do so, the initial MUA SAM was mixed
with pentanethiol (Figure 5.18)), at solution ratios of MUA:pentanethiol 1:3 and 1:1. Initial

contact angle and ellipsometry (Figure 5.19 (B and C)).
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Figure 5.19 — Before EDC/NHS amino coupling, the initial mercaptoundecanoic acid (MUA) mixed
with pentanethiol SAM characterisation. (A) Representative schematics with the theoretical highest
thicknesses (ChemDraw) for the MUA SAMs (MUA:P). Surface results of the initial MUA:pentanethiol
SAMs incubated at the solution ratios of 3:1, 1:1 and 1:0 for (B) advancing (blue dots) and receding

(red dots) contact angle, and (C) ellipsometric thickness.

MUA surfaces were analysed before the EDC/NHS reaction. Figure 5.19(B) showed a decrease
in the advancing (blue) and receding (red) contact angle as the percentage of MUA in the
incubation solution increased. Figure 5.19(C) showed an increase in the thickness average. All
the mixed surfaces had a lower advancing angle and higher thickness than the experimental
values for a pure pentanethiol SAM (advancing angle of 96° and thickness of 0.5 nm)?3. These
results indicate the presence of MUA in the mixed surfaces, with increased density resulted in

in thicker and more hydrophilic surfaces.
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In Chapter 4, it was demonstrated the NHS/EDC amino coupling of the NbGFP nanobody at
pH 5.4, 7.0 and 8.0. The results obtained at pH 5.4 resulted in the highest nanobody-antigen
interaction, making this pH optimal. However, the neutral and basic pH conditions resulted in
higher NbGFP immobilisation, which could have impacted the antigen interaction due to steric
hindrance at the surface. With interest in the immobilisation of the switching moeities
simultaneously to the NbGFP, pH 5.4 was chosen for preliminary studies of the EDC/NHS
efficiency between MUA and dodecyalamine (DA). Additionally, if the hypothesis that at pH
8.0 the nanobody-antigen interaction did not succeed due to steric hindrance, and considering
that the switching moieties could also provide spacing between nanobodies, the pH 8.0 as a

basic condition was also studied for comparison (Figure 5.20).
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Figure 5.20 — Characterisation of dodecylamine-terminated (-DA) surfaces after EDC/NHS amino
coupling on MUA-terminated SAMs: studies at pH 5.4 or 8.0, with different initial MUA SAM densities.
(A) Representative schematics with the theoretical highest thickness (ChemDraw) after EDC/NHS, for
dodecylamine terminated monolayers, on mixed mercaptoundecanoic acid and penthanethiol SAMs
(MUA:P-DA). Results after EDC/NHS of (B) advancing (green crosses) and receding (orange crosses)
contact angles at pH 5.4 or pH 8.0 (D); and (C) ellipsometric thickness before (blue dots) and after (red

dots) the coupling reaction at pH 5.4 or pH 8.0 (E). Data points are represented with averages.
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Comparing the contact angle results from before (Figure 5.19(D)) and after performing
EDC/NHS on the MUA-terminated SAMs at pH 5.4 or pH 8.0 (Figure 5.20 (B and D)), different
increase rates in contact angle are observed. At pH 5.4 there only appears to be an increase in
both receding and advancing angles at surfaces incubated with 100% MUA (Figure 5.20(B)).
At pH 8.0 the increase in receding angle is evident from SAMs incubated with 50% MUA (with
61% increase). The ellipsometry results, at pH 5.4, show that the different initial MUA densities
contribute to similar thicknesses increase (from 55% to 63% increase), while at pH 8.0, the 50%
MUA contributed with the highest increase in thickness (with 98% increase). Comparing the
above conditions, the results suggest that EDC/NHS for small structures composed by one
primary amine is potentially more efficient if performed at basic pH, which could benefit from
spacing out the initial MUA SAM (as when incubated with 50% MUA). However, the same
benefit was not seen at the acidic pH, and due to the primary aim being to understand the

coupling at acidic pH, the following studies will use 100% MUA surfaces.

The next step was to visualise through the SPR the EDC/NHS amino coupling on MUA
surfaces. The following studies used different concentrations of the molecule to couple to
understand the impact of higher concentrations on the coupling yield. This time the
AminePEG7Boc (MW=469 g/mol, Figure 5.21(A)) was chosen over the dodecylamine
(MW=185 g/mol) due the higher molecular weight, which should be beneficial to increase the

signal on the SPR. Results are shown in Figure 5.21(B).
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Figure 5.21 — SPR responses obtained with different concentrations of amine-PEG;-Boc, at pH 5.4 or
8.0, on MUA surfaces through EDC/NHS. (A) representative schematics after the amino coupling
reaction between the MUA molecules (blue) and the amine-PEG7-Boc, before deactivation of remaining
active esters with ethanolamine. (B) SPR responses after amine-PEG+7-Boc injection and washing step,

representing the increase from the amino coupling between MUA and amine-PEG7-Boc molecules.

The SPR results shown in Figure 5.21(B) showed a clear higher performance from the
EDC/NHS when the amine-PEG7-Boc was injected at pH 8.0. At basic pH the results showed
an evident increase in signal from lower concentrations, also reaching higher responses at the
same concentrations used with pH 5.4. At acidic pH the saturation was reached at lower
responses, when compared with the basic pH. These results show that on the same surface more
molecules couple when the amino reaction happened under basic conditions. Figure 5.21(B)
confirms that higher concentrations of the amine-PEG7-Boc injected will lead to more
molecules at the surface, however, such range of molarity is unsuitable to use with
oligopeptides, due to cost. To test a lower range of concentrations (<1 mM), and considering
the earlier results with contact angle and ellipsometry obtained with 0.1 mM of dodecylamine

(Figure 5.20), it was hypothesized that the lower concentrations of injected amine-PEG7-Boc
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instead of not being coupled, were not being detected by SPR. To confirm this, EDC/NHS
coupling with lower concentrations was tested and quantified using amine-PEG7-biotin on the
SPR, with posterior neutravidin injection (Figure 5.22). The injection of neutravidin allowed
the amplification of signal for the concentrations that were undetectable with amine-PEG7-Boc

(Figure 5.22(B and C) due to its higher molecular weight.
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Figure 5.22 — SPR real time visualisation of EDC/NHS coupling of low concentrations of amine-PEG-
biotin on MUA-terminated SAMs and posterior neutravidin injection. (A) SPR sensorgram of initial
control water injection followed by EDC/NHS, solution 1 (soll) amine-PEG+-biotin at concentrations
0.1 (blue line) and 1 mM (green line) or just running buffer (RB pH 5.4, yellow line) for the control, and
finally injection of ethanolamine to deactivate potential unreacted esters. (B) Rescaling of previous
sensorgram, for better visualisation of solution 1 injection. At this point, the amino coupling is
undetectable, being indistinguishable from the control (C) neutravidin injections (20 ug/mL) on the
previously functionalised surfaces. (D) Representative schematics from the EDC/NHS activation to the

amine-PEGyz-biotin coupling and remaining esters deactivation with ethanolamine.
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The results from Figure 5.22(A) shown the whole experiment, from the EDC/NHS injection
(2), to the injection of either amine-PEG7-biotin at concentrations 0.1 (blue line) and 1 mM
(green line) or just running buffer (RB pH 5.4, yellow) as a control. After this injection, the
potential remaining unreacted esters were deactivated with the injection of ethanolamine, in
order to avoid the amino-coupling of neutravidin afterwards. Figure 5.22(B) shows in detail the
injections of amine-PEGy7-biotin or the control, where it is clear the response of the bulk solution
in the case of 1 mM of amine-PEG7-biotin. However, after the injection finished and the
washing with the RB started, both concentrations are undistinguishable from the control as they
return to the baseline. Thus the amino coupling was undetectable at this point. Then, Figure
5.22(C) shows the neutravidin injection on the previously functionalised biotin terminated
surfaces. Regardless of the considerable non-specific interaction from the neutravidin on the
OH-terminated control surface, it was possible to distinguish the surfaces that had been through

EDC/NHS coupling with amine-PEG+-biotin.

As seen previously in Chapter 4 (Section 4.4.1), performing click chemistry on a moving plate
was more efficient than using SPR. To investigate if the same conclusion would apply with
EDC/NHS coupling, the reaction was performed on a moving plate for 2 h (Figure 5.23) to

improve the signal further.
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Figure 5.23- Neutravidin injections on biotin-terminated surfaces after EDC/NHS amino coupling on
MUA SAMs. The EDC/NHS was performed either on the SPR (red and green colors, for 1 and 0.1 mM

respectively) or on the moving plate for 2 h (yellow and blue colors for 1 and 0.1 mM respectively).

The results show that performing the amino coupling in the moving plate did not have an impact
on the final response, but there was an effect on the kinetics between biotin-neutravidin
interaction as per the response curve shape. Figure 5.23 shows that the EDC/NHS of amine-
PEG7-biotin performed on the moving plate will result in faster kinetics between neutravidin
and the biotin, when neutravidin is injected with the SPR. Even though to a different extent,
these results agree with the observed previously for the immobilisation of biotin-PEG4-alkyne
via click chemistry (Chapter 4, Section 4.4.1). Performing click chemistry or amino coupling

under the SPR does not seem to bring much benefit over the incubation on the moving plate.

Considering the final responses from neutravidin (after control subtraction, ~ 1420 RU), the
quantity of amine-PEG~-biotin that coupled at the surface compared to the NoGFP that couple
under the same conditions (~ 2200 RU, Chapter 4, section 4.2.2.2) was lower for the biotin
moiety (considering one to one binding between biotin and neutravidin). The final densities are

1 NbGFP per 10 nm? and 1 biotin-PEG7-biotin per 70 nm? . Assuming that the 7EA would
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couple similarly as the amine-PEG+-biotin, then this number would be insufficient to allow the
coverage of all nanobodies binding site. Therefore, the tested conditions under acidic pH remain

needing further optimisation.

Overall, negatively charged oligopeptides, such as 7EA, were indicated to use with the
EDC/NHS immobilisation method due to the presence of only one amine at their extremity.
From this point, meeting the same optimal EDC/NHS immobilisation conditions as the
nanobody showed to be a challenge throughout this sub chapter, with insufficiently immobilised

small uncharged structures (< 1 kDa).

Future studies could include the use of EDC/NHS diluted in buffer instead of water, as a way
to understand if that could improve the NHS ester formation at the early stages. Additionally,
alternative coupling agents could be studied. Overall, this sub chapter introduced initial insight
to the optimisation required on the immobilisation of small structures (1 < kDa). From here,
two distinct paths could be followed: either 1) further optimisation with other EDC/NHS
variables, in order to find new ways of overcoming the insufficient amino coupling with the
investigated conditions, or 2) follow a biorthogonal approach, whereas the oligopeptides will

not need to meet the optimal nanobody immaobilisation conditions.
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53 Conclusions and Future Work

The discoveries of this research through ellipsometry allowed to conclude that the studied
flexible oligopeptides (C5K and C8K) and rigid oligopeptides (C3eK and C3BD) require the
support of an extra molecule (like TEG11) to achieve the required thickness equivalent to, or
higher than, the experimental nanobody thickness reference (2.0 = 0.1 nm). The ellipsometry
and contact angle studies on the different mixed SAMs, formed with different incubation ratios
of oligopeptide to TEG11, found that TEG11 is a dominant molecule, competing for the surface
even when in lower ratio in the incubation solution. Thus, ratios that favoured TEG11 resulted
in surfaces lacking the oligopeptides. Only the ratio 40 oligopeptides to 1 TEG11 allowed to
observe the increase in thickness and surface ratio obtained initially through the Cassie’s
equation. Additional XPS studies were performed to further confirm the surface composition
of the SAMs formed at the incubation ratio of oligopeptide: TEG11 40:1. The C5K:TEG11 and
C8K:TEG11 mixed SAMs resulted in 1: (3 £0.2) and 1: (6 = 0.6) respectively. Regarding the
C3eK:TEG11 and C3BD:TEG11 SAMs, the XPS data revealed that these samples could have
undergone either 1) sulphur contamination or 2) degradation under dried state (longer than 24
h until XPS analysis). Aside from these hypotheses, the experimental ratios for C3eK:TEG11
and C3pBD:TEG11 SAMs indicated ratios of oligopeptide:TEG11 of 1: (17 £ 5.4) and 1: (13 £
2.5) respectively. Further investigation on potential degradation could be performed by mass
spectrometry of the oligopeptide solutions and earlier analysis and temporal monitoring the
elemental compositions by XPS. Nonetheless, the thickness and Cassie’s results obtained from
fresh samples of C3eK:TEG11 40:1 and C3BD:TEG11 40:1 SAMs suggested monolayers with

surface ratios of 1:2 and 1:3 formed respectively.
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Regarding the aims of this thesis, all the studied oligopeptides could potentially be used with
TEG11 to control nanobody antigen binding. Future work should include switching studies with
the binding system (nanobody-antigen) which would be novel in the biosensor field.
Concerning the literature on similar oligopeptides and switchable systems” %214 the findings
of this chapter can aid the development of controllable and tailor-made surface materials,
particularly for larger structures such as nanobodies which previously have not been addressed.
For the first time, this chapter has demonstrated the optimal ratio of longer electrically charged
oligopeptides mixed with longer spacer molecules; a step forward on switchable surfaces for

nanobodies.

The C5K oligopeptide was chosen to further testing, following the hypothesis that a thickness
just above the experimental nanobody thickness reference would be efficient at the antigen
binding control. For these studies, C5K:TEG11 was mixed with the nanobody NbVCAM1
studied in Chapter 3, at the ratio of NboVCAML1:C5K:TEG11 of 500:40:1. The SPR studies
under open circuit showed promising results, with reduced but selective response after antigen
injection. However, when applying positive potential, the control C5K:TEG11 SAMs showed
high non-specific interactions with the antigen (which has a highly negative network charge at
neutral pH) — making the system C5K: TEG11 unsuitable to use with the nanobody NoVCAML.
The same control used with another antigen (EGFP, studied in Chapter 4, with considerable
lower negative network charge at neutral pH) showed no interactions. These findings highlight
the importance of the appropriate controls between the switching system (oligopeptides-support
molecule) and the binding system (nanobody-antigen). Moreover, it provides valuable insights
towards the design of a switching system aiming to be compatible with a large range of
nanobody-antigen pairs. Future work on the design of new oligopeptide-based switching

moeities could include a non-charged termination (like OH- or alkyl-terminated) that minimises
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the likelihood of the non-specific interactions with a large range of antigens. Additionally, for
highly charged antigens an efficient antifouling effect is required to overcome the surface

attraction when the opposite charge is applied.

Overall, all the studied oligopeptides mixed with TEG11 at the ratios of oligopeptide to TEG11
of 40:1 are potential candidates to control nanobody-like structure binding. Switching studies

are the next step, with a compatible nanobody-antigen pair.

Finally, this work also investigated the use of negatively charged oligopeptides (7EA)
compatible with amino-coupling immobilisation at carboxylic-terminated SAMs surface, more
specifically under acidic pH. Preliminary studies indicated that a switching system that
immobilises at the same optimal conditions as a selected nanobody would be convenient but
might be challenging if acidic pH is required (like with NbGFP, from Chapter 4, Section
4.2.2.2). Contact angle and ellipsometry studies on 7EA immobilised after EDC/NHS under pH
5.4 required further investigation to confirm that the 7EA successfully reacted at the surface. In
order to investigate further, the molecules dodecylamine, aminePEG7Boc and amine-PEG-
biotin were selected as cheaper options to preliminary use instead of 7EA oligopeptides. The
following ellipsometry and contact angle studies with dodecylamine showed how different
carboxylic-acid densities and pH impacts the EDC/NHS reaction. While different densities
showed no improvement for the amino-coupling at acidic pH, at basic pH it seemed that spacing
out the carboxylic-acid could be beneficial. Overall, EDC/NHS at basic conditions were more
efficient. This was further confirmed with SPR studies with aminePEG7Boc, which also
demonstrated increased reaction yields with higher analyte concentrations. Attempting to
demonstrate that lower concentrations of coupled analyte were undetectable by SPR, studies
with amine-PEG+-biotin and neutravidin injection amplified the signal of the amino coupling

at 0.1 and 1 mM. At the acidic studied conditions, the estimated number of one oligopeptide
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for each fourteen nanobodies highlights the need to further optimise the amino-coupling. Future
work into the improvement of 7EA amino-coupling at the surface could use different coupling
agents, alternative initial carboxylic-acid terminated SAMs. On the other hand, biorthogonal
chemistry could also be considered, which would require the design of alternative

oligopeptides.

This final section of Chapter 5 attempted the amino coupling of negatively charged
oligopeptides under acidic conditions on a surface, an achievement that has not been reported
to date. There was an additional challenge of simultaneously coupling oligopeptides and
nanobodies, which constrained the conditions. While this was not fully achieved, the benefit of
simultaneous coupling nanobodies and oligopeptides would be of great impact not only the in

the biosensor field, but also in the fields of surfaces, materials and chemistry.

Custom made switchable surfaces compatible with different nanobodies is a necessity,
especially considering the variety of nanobodies and nanobody-like structures (i.e. network
charge and localised charge at the biding site, structure and sequence including location of
amines, etc.). This Chapter brought together multiple options of electrically charged
oligopeptides which represent the beginning of a broad selection of switchable surfaces ready
to be used with varied nanobodies as they became available. The potential applications of such

surfaces is endless depending only on the nanobody and its specific biological target.
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Chapter 6  Experimental Procedures

This section describes in detail the chemicals, biological compounds, materials and procedures

adapted and created for the experimental work carried out for this thesis.

6.1 Chemicals and biological compounds
6.1.1. Purchased and used as received

The following chemicals were purchased from Sigma Aldrich and used as received: Sulphuric
acid 95-98%, hydrogen peroxide solution 30 wt. % in water, immersion oil ref. 56822 with
refractive index 1.515 (used for SPR), S-4(azidobutyl)thioacetate 97%, CuSO4 (copper sulfate),
THPTA (tris(3-hydroxypropyltriazolylmethyl)amine) 95%, Sodium L-ascorbate, dihydrogen
sodium phosphate dihydrate, EDTA (ethylenediaminetetraacetic acid), SDS (sodium dodecyl
sulfate), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro chloride) and NHS (N-
hydroxysuccinimide), sodium acetate phosphate, ethanolamine, HEPES (N-(2-
Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)), Tween20, TFA (trifluoreacetic acid),
TEG11 (triethylene glycol mono-11-mercaptoundecyl ether) 95%, 1,4-benzenedimethanethiol
(BDMT), 2-mercaptoethanol (2ME), HCI (hydrochloric acid), NaCl (sodium chloride),
mercaptoundecanoic acid, triethylamine, biotin-PEG4-alkyne, dodecylamine, pentanethiol.
Amine-PEG7-Boc, biotin-PEG7-amine  (O-(2-Aminoethyl)-O'-[2-(Boc-amino)ethyl]hexa

ethylene glycol).
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Neutravidin was purchased from Thermo Fischer Scientific Ltd and lysozyme from chicken

egg white from Sigma Aldrich.

Green-fluorescent-protein nanobodies (NbGFP) and enhanced-green-fluorescent protein
(EGFP) was purchased from ChromoteK. Human vascular cell adhesion molecule-1

(hVCAML1) antigen was purchased from Prepotech.

Oligopeptides C5K (cys-lys(e-lys)s), C8K (cys-lys(e-lys)7), C3eK (cys-pro-pro-g-lys-pro-pro-
g-lys-pro-pro-g-lys-pro-pro), C3BD (cys-pro-pro-pDap-pro-pro-Dap- pro-pro-pDap-pro-pro)
and 7EA ((glu)7-B-ala (all with purities > 90%) was purchased from Peptide Protein Research

Ltd (UK).

Phosphate Buffered Saline (PBS) 10x pH 7.4 (KH2POs; 1.06 mM, NaCl 155.2 mM,
Na;HPO4-7H20 3.0 mM) was purchased from Thermo Fischer Scientific Ltd and freshly

diluted 10x with Ultra High Pure (UHP) water (from MilliQ).
HPLC grade solvents (ethanol and acetone) were purchased from the local solvents store.

At all the times, if water is mentioned in the protocols, this refers to Ultra High Pure (UHP)

water (from MilliQ).

6.1.2. Preparation of NbVCAML1 nanobodies

The engineered nanobody cAbVCAML1-5, in this thesis denoted as NoVCAM1, was provided
by the Guedens Group, Hasselt University, Belgium. The NoVCAML1 previously isolated from
an immune dromedary library as a lead compound for nuclear imaging of VCAM1-expressing
atherosclerotic plaques in mice and in patients.?®> The NoVCAM1 nanobody was extended

with amino acids LEY at the C-terminus, expressed as a chimeric protein (fusion with an intein
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and a chitin binding domain) in the E. coli SHuffle® T7 strain and was subjected to EPL-

mediated cleavage with the cysteine-alkyne linker to produce the C-terminally alkynated

NbVCAMI1-LEY, i.e., NboVCAM1-LEYC-alkyne, as previously described*° and referred in this

thesis as simply NboVCAML.

6.1.3. Synthesis of 4-azidobutane-1-thiol (ABT)

S-(4-azidobutyl)thioacetate was dissolved in an ethanolic solution of KOH (100 mM) to a final

concentration of 2.5 mM. Resulting mixture was sonicated 5 min, then magnetically stirred 2h

to obtain 4-azidobutane-1-thiol (ABT). Cleavage of the acetate group was confirmed by the

disappearance of acetate signal at 2.3 ppm in *H NMR spectra (Figure 6.1).

Figure 6.1 — NMR results for ABT synthesis. 'H NMR spectra of S-(4-azidobutyl)thioacetate in

methanol-d, (top) and ethanolic solution of 4-azidobutane-1-thiol in methanol-da (bottom). Acetate peak

position is indicated by dash line frames.
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6.2 Materials

6.2.1. Gold substrates

Gold sensor chips used in the SPR experiments were acquired from Reichert Technologies -
Ametek Inc (USA) and consisted of polycrystalline gold surfaces (50 nm) on glass substrates
sized 1 cm x 1 cm. For ellipsometry, contact angle and XPS studies, gold (100 nm thickness
and rms roughness < 2,5 nm) on silicon <100> wafers precoated with titanium were acquired

from George Albert PVD (Germany) and cut into 1 cm x 1cm pieces using a diamond scriber.

6.3  Surface functionalisation protocols

6.3.1. Substrate treatment

Before functionalisation, the gold substrates were submerged for 10 min in a strong oxidizing
piranha solution (70% H2SO4, 30% H.0>) to remove organic residues. Subsequently, the gold
substrates were rinsed with copious amount of Ultra High Pure (UHP) water and HPLC ethanol

and lastly dried under argon.

6.3.2. Self-assembly monolayers (SAMs)

6.3.2.1. NbVCAML1 SAMs

The lyophilized NboVCAM1 was kept at -20°C until further use. Freshly piranha cleaned gold
chips were incubated with a solution of 1 uM NbVCAML diluted in 1x PBS (1.5 mL/chip) for
24h at room temperature (RT) on a moving plate. As controls, gold chips were immersed in

either 1x PBS or HPLC ethanol solutions under the same conditions.
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6.3.2.2.  NbVCAML1:3-Chloro-1-propanethiol SAMs

Freshly piranha cleaned gold chips were incubated with solutions of 1 uM NbVCAM1 and 3-
Cl-1-propanethiol diluted in 1x PBS at molar ratios of Nb:3-CI-1-propanethiol 500:1, 100:1 and
1:10, (1.5 mL/chip) for 24h at room temperature (RT) on a moving plate. As controls, gold

chips were incubated with only NbVCAM1 and only 3ClI-1-propanethiol.

6.3.2.3.  Azide-, thiol- and hydroxyl-terminated SAMs

Freshly synthetized 4-azidobutane-1-thiol (ABT) solution was used to incubate freshly cleaned
chips for 24h on the shaking plate at RT, allowing to form an azide-terminated SAM. Mixed
SAMs of ABT and 1,4-benzenedimethanethiol (BDMT) were formed with chips incubated with
ABT and ethanoic solution of BDMT at 1:1 ratio (0.1 mM, 1 mL/chip). Mixed SAMs of ABT
and 2-mercaptoethanol (2ME) were formed with chips incubated with ABT and ethanoic
solution of 2ME at 1:1 ratio (0.1 mM, 1 mL/chip). The resulting SAMs were characterised by

ellipsometry, contact angle, XPS and TOF-SIMS/3D OrbiSIMS.

6.3.2.4. Mercaptoundecanoic acid (MUA) terminated SAMs

Briefly, two different methods were compared: freshly cleaned gold chips were immersed in
mercaptoundecanoic acid (MUA) in only ethanol (1) or in ethanol/trifluoroacetic acid (TFA)
3% (v/v) as an improved method (2). Chips were incubated with 0.1 mM of MUA, 1 mL/chip
for 24 h on the shaking plate. Differently to method (1), the method (2) aims for the disruption
of the formation of interplane hydrogen bonds between the free thiols from the bulk solution
and the terminal COOH groups of the bound thiolate at the surface that would lead to double
layers, as demonstrated in previous studies'®®. After rinsing with either only ethanol (1) or

ethanoic solution 10% (v/v) triethylamine (2) and copious amounts of ethanol HPLC grade, the
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chips were dried with argon and measured for their thickness and contact angle. Unless stated,

along this thesis formed MUA-terminated chips always refer to the improved method (2).

6.3.2.5. MUA:pentanethiol terminated SAMs

Freshly cleaned gold chips were immersed in MUA 0.1 mM and pentanethiol 0.1 mM at volume
ratios 3:1 and 1:1 in ethanol/trifluoroacetic acid (TFA) 3% (v/v) (1 mL/chip). After rinsing with
ethanoic solution 10% (v/v) triethylamine and copious amounts of ethanol HPLC grade, the

chips were dried with argon and measured for their thickness and contact angle.

6.3.2.6.  Oligopeptide, TEG11 and oligopeptide: TEG11 mixed SAMs

Freshly clean gold chips were incubated with TEG11 0.1 mM in solutions of water, ethanol or
1x PBS. To create the oligopeptide SAMs, the chips were emerged with 1x PBS solutions of
C5K, C8K, C3¢K or C3BD 0.1 mM in 1x PBS. To perform the oligopeptide: TEG11 SAMs, the
chips were emerged with 1x PBS solutions of C5K:TEG11 or C8K:TEG11 at the molar ratios
of 1:100, 1:40, 1:10, 10:1 and 40:1, and C3eK:TEG11 or C3BD:TEG11 at the molar ratios of
40:1. All the SAMs were formed during 24 h on the shaking plate at RT. Washing steps included
rinses with the incubation buffer used, and EtOH. Chips were dried with argon and

characterised with ellipsometry, contact angle and XPS.

Chips that were characterised by XPS were individually wrapped in aluminium foil, and

shipped to the XPS facilities. Time between SAM formation and analysis were > 24h.

6.3.2.7. Nanobody NbVCAM1:C5K:TEG11 mixed SAMs

Freshly clean gold chips were incubated with 1x PBS solutions of NboVCAM1:C5K:TEG11 at
the solution molar ratio of 500:40:1 (with NoVCAML1 1 uM, 1.5 mL/chip), for 24 h on the

shaking plate at RT. The surfaces were characterised for the biological activity with SPR.
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6.3.3. Immobilisation via copper catalised alkyne cycloaddition (Click Chemistry)

6.3.3.1.  Biotin-PEG4-alkyne immobilisation

Copper-catalysed azide-alkyne cycloaddition (CuAAC) mediated click chemistry was
performed on the azide-terminated monolayers with biotin-PEG4-alkyne. The click reaction
was prepared with different incubation times (45 min, 1 h, 4 h, 8 h, 14 h and 24 h) using the
coupling solution'®®: 1 pM alkyne-terminated biotin; 2.5 mM Sodium L-ascorbate; 1 mM
THPTA; 0.5 mM CuSO4 prepared in sodium acetate buffer (10 mM, pH 4). The Cu(ll) was
reduced to Cu(l) catalyst by sodium ascorbate (reducing agent). Cu(l) was stabilised by
THPTA. After Incubation, the chips were washed with washing buffer (200 mM dihydrogen
sodium phosphate; 200 mM sodium chloride; 150 mM ethylenediaminetetraacetic acid; 50 mM
ethanolamine), 0.5 % (w/v) SDS, 1x PBS and finally with ultra high pure (UHP) water. The
incubation was performed either on a shaker plater (2 mL/ chip) or under dynamic flow using
the SPR at a flow of 8 puL/min for 45 min, 8 h and 14 h min. Chips were characterised with

ellipsometry, contact angle and SPR.

6.3.3.2. NbVCAML1 immobilisation

Copper-catalysed azide-alkyne cycloaddition (CUAAC) mediated click chemistry was executed
on the azide-terminated monolayers with NoVCAML. The click reaction was prepared with
different incubation times (45 min, 1 h, 4 h, and 24 h) using the coupling solution'*®: 1 pM
nanobody NbVCAM1; 2.5 mM Sodium L-ascorbate; 1 mM THPTA,; 0.5 mM CuSOa4 prepared
in sodium acetate buffer (10 mM, pH 4). The Cu(ll) was reduced to Cu(l) catalyst by sodium

ascorbate (reducing agent). Cu(l) was stabilised by THPTA. After Incubation, the chips were
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washed with washing buffer (200 mM dihydrogen sodium phosphate; 200 mM sodium
chloride; 150 mM ethylenediaminetetraacetic acid; 50 mM ethanolamine), 0.5 % (w/v) SDS,
1x PBS and finally with ultra high pure (UHP) water. Chips that were characterised with
ellipsometry, contact angle and XPS were incubated for 45 min, while with SPR the additional

reaction times were characterised.

6.3.4. Immobilisation via electrostatic interactions

6.3.4.1. Lysozyme interactions

On the automatic Reichert 2-channel SPR, a baseline was obtained with 1x PBS running buffer
(RB), following the blank buffers injections, which after recovering to the baseline followed
the respective lysozyme (50 pg/mL) diluted in each buffer injections (all with [Na*]= 10 mM:
sodium acetate, pH 5.4; sodium phosphate, pH 6, 7.4 and 8) on the MUA surface. As the main
interactions that retain the lysozyme at the surface are electrostatic, when switching back to the
RB, the response lowers as the lysozyme is washed off the surface. The total response
representative of the electrostatic interaction is result from the subtraction of the blanks
response to the sample injection response. The injections were performed for 7 min at 30

uL/min.
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6.3.5. Immobilisation via amino-coupling

6.3.5.1.  Lysozyme immobilisation

Freshly formed MUA-terminated chips were activated with a water mixture 1:1 of 0.4 M
EDC/0.1 M NHS (7 min) followed by incubation with lysozyme 50 pg/mL (7 min) which was
dissolved in a sodium phosphate pH 8 buffer with [Na*]= 10 mM: After the lysozyme
incubation, the chips were injected with in 1 M ethanolamine, adjusted with HCI to a pH 8.5 (7
min), to deactivate any remaining NHS-ester active groups that did not react. The injections

were performed at 30 pL/min, with chips characterised with SPR using an electrochemical cell

6.3.5.2. NbGFP immobilisation

Freshly formed MUA-terminated chips were activated with a water mixture 1:1 of 0.4 M
EDC/0.1 M NHS (7 min) followed by incubation with NbGFP 50 pug/mL (7 min) which was
dissolved in different buffers, all with [Na‘]= 10 mM: sodium acetate, pH 5.4; sodium
phosphate, pH 7.4 and 8. After the nanobody incubation, the chips were emersed in 1M
ethanolamine, adjusted with HCI to a pH 8.5 (7 min), to deactivate any remaining NHS-ester
active groups that did not react. The injections were performed at 30 uL/min, with chips

characterised with SPR.

6.3.5.3. 7EA immobilisation

Freshly formed MUA-terminated chips were activated with a water mixture 1:1 of 0.4 M
EDC/0.1 M NHS (7 min) followed by incubation with 7EA 0.1 mM (7min) which was dissolved
in a sodium acetate buffer, pH 5.4. After incubation at on shaking plate, the chips were emersed

in 1 M ethanolamine, adjusted with HCI to a pH 8.5 (7 min), to deactivate any remaining NHS-
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ester active groups that did not react. Chips were characterised with ellipsometry and contact

angle.

6.3.5.4. Dodecylamine (DA) immobilisation

Freshly formed MUA-terminated chips or mixed MUA:pentanethiol 3:1 and 1:1 chips were
activated with a water mixture 1:1 of 0.4 M EDC/0.1 M NHS (7 min) followed by incubation
with dodecylamine (DA) 0.1 mM (7 min) which was dissolved in different buffers, all with
[Na*]= 10 mM: sodium acetate, pH 5.4; sodium phosphate, pH 8. After incubation on the
shaking plate, the chips were emersed in 1 M ethanolamine, adjusted with HCI to a pH 8.5 (7
min), to deactivate any remaining NHS-ester active groups that did not react. Chips were

characterised with ellipsometry and contact angle.

6.3.5.5. Amine-PEG7-Boc immobilisation

Freshly formed MUA-terminated chips chips were activated with a water mixture 1:1 of 0.4 M
EDC/0.1 M NHS (7 min) followed by incubation with amine-PEG7-Boc 0.1 mM (7min) which
was dissolved in different buffers, all with [Na*]= 10 mM: sodium acetate, pH 5.4; sodium
phosphate, pH 8. After incubation, the chips were emersed in 1 M ethanolamine, adjusted with
HCl to a pH 8.5 (7 min), to deactivate any remaining NHS-ester active groups that did not react.

Chips were characterised with ellipsometry and contact angle.

6.3.5.6. Amine-PEG7-biotin immobilisation

Freshly formed MUA-terminated chips were activated with a water mixture 1:1 of 0.4 M
EDC/0.1 M NHS (7 min) followed by incubation with amine-PEG7-Biotin (at multiple
molarities 0.1, 1, 7, 15, 30, 50 mM) (7 min) which was dissolved in different buffers, all with

[Na*]= 10 mM: sodium acetate, pH 5.4; sodium phosphate, pH 8. After incubation, the chips
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were emersed in 1 M ethanolamine, adjusted with HCI to a pH 8.5 (7 min), to deactivate any
remaining NHS-ester active groups that did not react. The injections were performed at 30

pL/min. Chips were characterised with ellipsometry and contact angle.

6.3.6. Immobilisation of target macromolecules

6.3.6.1.  Neutravidin immobilisation

Injections of neutravidin (20 ug/mL) in 1x PBS were performed on biotin-terminated surfaces

and respective controls at a flow rate of 8 uL/min during 30 min.

6.3.6.2. hVCAMI1 immobilisation

Injections of hVCAML1 (20 pg/mL) in 1x PBS were performed on NbVCAM1-terminated

surfaces and respective controls at a flow rate of 8 uL/min during 30 min.

6.3.6.3. EGFP immobilisation

Injections of EGFP (100 nM) in HEPES 10 mM, NaCL 0.15 M, 0.05% Tween, pH 7.4 were
performed on NbGFP-terminated surfaces and respective controls at a flow rate of 30 pL/min

during 7 min.

6.4  Characterisation techniques

6.4.1. Contact angle

The advancing and receding contact angles were obtained with the instrument OneAttension
from Biolin Scientific using the sessile drop analysis mode. Before measurements the
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instrument was calibrated for the chosen camera zoom and the syringe filled with fresh water.
The drop volume reached 4-10 pL at a rate of 0.5 pL/sec. Two to three measurements per chip

(duplicates) were performed in different chip locations.

6.4.2. Ellipsometry

Ellipsometry measurements were obtained with a J.A. Woollam alpha-SE instrument using gold
on silicon wafers. Data analysis used the Cauchy model that considers three layers:
Ambient/Monolayer/Air. The refractive index was fixed at 1.5. Each chip was measured before
and after functionalisation. Data was fitted with the software CompleteEASE, with a defined
resolution of 0.1 eV. Four measurements per chip (duplicates) were performed in different chip

locations.

6.4.3. X-ray photoelectron spectrometry (XPS)

XPS measurements were acquired using the Thermo Scientific K-Alpha system with a
monochromatic Al ka (photon energy of 1486.68 e¢V) source. The analysis chamber was under
a pressure of ~7.5 x 10° Torr and data was collected from large areas (400 um x 400 pm) of
the samples surface, the take-off angle being 0 ° (incident angle of 90° to the surface plane).

Survey scans were run with an analyser pass energy of 150 eV, 1 eV energy step and 10 ms

dwell time. High resolution scans were acquired using a lower analyser pass energy of 40 eV,
0.1 eV energy step and 50 ms dwell time. Survey and high resolution spectrums were results of
10 and 20 scans respectively, except for gold high resolution spectrum that use 4 scans. The

charge neutraliser system was used at all the times. The samples and clean gold as control were
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analysed at least 48h after being prepared (delivery time to Cardiff facility). Nitrogen spectra
was requested to be prioritized, in order to avoid loss of signal®®. Fitting of XPS peaks was
performed using CasaXPS (2.3.22PR1.0) processing software. The binding energy scale
calibration was based on the position of the Au 4f7> peak at 84 eV. Shirley background was
selected in the case of gold while linear background was selected for the other spectra, and a
Gaussian/Lorentzian GL(30) lineshape was applied. Relative sensitivity factors used for
quantification were selected as in CasaXPS library (see Table 6.). The C 1s spectra were fitted
by setting all the peaks to an equal full width at half maximum (FWHM) and each S doublet
was constrained to have a peak separation of 1.16 eV, a 2:1 area ratio (2pss2 : 2p1/2) and identical
FWHM. At least 2 measurements per chip (duplicates) were performed in different chips

locations.

Table 6.1 — Relative sensitivity factors for CasaxPS.

Element RSF
Au 4f 6.250
C1s 1
O1s 2.93

S2pue 0.567

S2pap 1.11
N 1s 1.8

6.4.3.1. Nanobodies to ABT ratio calculation

A deeper analysis could use the molecular formulas for ABT (C4HgN3S) and for the NboVCAM1
(Ce32H941N1750198S7) which allow to write the Equation 6.1 and Equation 6.2, whereas Ny,
N, represent the peak area of nitrogen while Sy, and S, represent the area of sulphur, for

the NbVCAML1 and ABT respectively. The XPS output regarding the total areas for the
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elements nitrogen and sulphur, are the sum of the areas of the respective elements from the

NbVCAML1 and the ABT moiety (Equation 6.3 and Equation 6.4).

175 Equation 6.1

Nyp = TSNb
Nypr = 3SapT Equation 6.2
Ntotar = Nyp + Napr Equation 6.3
Stotal = Snp T Sapr Equation 6.4

The resultant Equation 6.5 solves for the sulphur area for NboVCAML. Additionally, knowing
that the NbVCAML has 7 sulphurs, while ABT has 1, it is possible to write Equation 6.6, which

gives the experimental ratio between the compounds of the SAM at the surface.

175 Equation 6.5
Ntotar = TSNb + 38457 © Niotar = 25Snp + 3(Stotar — Snp) < Snp
— Niotar — 3Stotal
22
S E ion 6.
Ratio between Nanobody and ABT = Nb quation 6.6
7 Sapr
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6.4.4. Time-of-flight-secondary ion mass spectroscopy (ToF-SIMS) and three

dimensional Orbitrap secondary ion mass spectroscopy (3D OrbiSIMS)

ToF-SIMS spectra were acquired using a TOF IV (IONTOF GmbH) instrument with 25 keV
Bis* primary ion beam raster over 500 x 500 um area. Additional high lateral resolution ToF-
SIMS imaging was acquired using 3D OrbiSIMS instrument with 25 keV Bis" primary ion
beam and delayed extraction. Two 256 x 256 pixel images over area of 100 x 100 um were
acquired on two replicates of each sample type. Measurements were performed in both positive
and negative mode. Positive mode spectra were calibrated to: CHs*, C7H7*, Aus®. Negative
mode spectra were calibrated to: CH, CN", CNO-, Auz". Two measurements were taken for each

sample and each polarity.

3D OrbiSIMS measurements were acquired using 20 keV Arsooo" as primary ion beam. The
current of the primary beam was 220 pA. Each spectrum was acquired from an area of 300 x
300 pm using random raster mode and the crater size was 381.9 x 381.9 um. The spectra were
collected in positive and negative mode, in mass ranges 50-750 m/z and 150-2250 m/z. Target
potential was set to +57.5 V for positive mode and -57.5 V in negative mode. Two separate
areas were analysed on each sample and two replicates of each sample type were analysed.
Each measurement lasted 30 scans, the total ion dose per measurement was 1.6 x 10'°. Mass

resolving power was set to 240,000 at 200 m/z.
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Figure 6.2 - (A) ToF-SIMs and (B) 3D OrbiSIMs survey spectra for the NboVCAM1 SAM (blue) and gold

reference (red).

— 2 -
% NbVCAM1 SAM —
:é' Bare gold —
°
5 —
NY
E = ToF-SIMs 3D OrbiSIMs
53 17
c & AuSH,
2 -~
@ “ T~
[
S
0 - . AL 8 .
230.9 230.95 231 230.9 230.95 231
m/z m/z

Figure 6.3 - Representative spectra for methods comparison between ToF-SIMs and 3D OrbiSIMs. The

mass resolving power of the 3D OrbiSIMS allows to assign peaks representing the AuS™ bond with higher

confidence than in the ToF-SIMS spectra.
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6.4.5. Circular dichroism (CD)

The circular dichroism was performed on a NoVCAM1 SAM surface and with NoVCAML1 in
solution, allowing confirmation of its conformation. Studies of the NoVCAML in 1xPBS were
performed in a Jasco J-1500, using a nanobody concentration of 1 mg/ml, at room temperature.
CD analysis of the NboVCAM1 SAM surface were performed using a Chirascan plus. Piranha
cleaned quartz slides were incubated overnight with a 4% solution of mercapto-
trimethoxysilane (MPTES) in IPA, allowing thiol functionalisation. Following rinsing with IPA
to remove the excess of MPTES, the slides were immersed in 15 mM copper perchlorate
solution in H.0 for 15 minutes to provide a Cu®* ion surface. Finally, the slides were incubated
with NboVCAML1 0.1 mg/ml in 10 mM Phosphate buffer, pH 7.9 for 1h, and rinsed with the
same buffer. Three slides were loaded into a quartz cuvette. All measurements were performed
with a 10 mM phosphate buffer pH 7.9. These measurements were performed at the University

of York, by Dr. Steven Johnson.

6.4.6. Surface plasmon resonance (SPR)

Before use, the SPR semi-automatic Reichert Technologies SPR instrument was cleaned with
0.5% sodium dodecyl sulfate (SDS), 50 mM glycine pH 9.5 and water. Running buffers were
prepared daily, being filtered (0.2 um filter), and degassed for 30 min. The fluidic system was
flushed with buffer before the experiments. The flow cell was cleaned by sonication in detergent
solution and rinsed with water. The injection solutions were also freshly prepared. A drop of
matching refractive index oil was placed on the prism surface every time a new sensor slide
was loaded, so that the sensor slide is optically coupled to the prism surface. SPR experiments
allowed monitoring in real-time the immobilisation of nanobodies onto the surface, followed

by antigen binding. Typically, experiments were performed at the set temperature of 25 °C.
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Initial traces were stabilised before each experiment at a flow rate of 100 pl/min with the
respective running buffer (usually the same to which the nanobody or the antigen is diluted in).
Blank injections (with RB) were 10 to 15 min long and were performed before each experiment
to remove any potential loop impurities before and after each experiment to stabilise the final

response.

6.4.6.1.  Biotin-neutravidin SPR programmes

The immobilisation of biotin-PEG4-alkyne moeities on chips of azide-terminated SAMs was
followed by SPR. Chips of freshly formed ABT SAMs were loaded on the instrument. After a
stable baseline, each injection of 1 uM biotin-PEG4-alkyne in a solution of 2.5 mM Sodium L-
ascorbate; 1 mM THPTA,; 0.5 mM CuSO4 prepared in sodium acetate buffer (10 mM, pH 4).
The click chemistry solution started after a burst flow of 1500 pl/min for 10 sec and carried on
for 45 min, 1, 4, 8, 14 or 24 h at 8 ul/min. After the click chemistry a new baseline was allowed
to stabilise. Thereafter an injection of neutravidin 20 pug/ml in 1x PBS took place for 30 min at

8 ul/min.

The amino coupling of biotin-PEG7-amine moeities on MUA-terminated chips was also
followed by SPR. Chips of freshly formed MUA SAMs were loaded on the instrument. After a
stable baseline, the chips were activated with a water mixture 1:1 of 0.4 M EDC/0.1 M NHS (7
min) followed by incubation biotin-PEG7-amine at 0.1 mM or 1 mM in a buffer of pH 5.4.
After incubation, the a solution of 1 M ethanolamine, adjusted with HCI to a pH 8.5 was injected
(7 min), to deactivate any remaining NHS-ester active groups that did not react. Finally, the
traces were allowed to stabilise before changing the second running buffer (RB2, HEPES 10

mM, NaCl 0.15 M, 0.05% Tween 20, pH 7.4). After changing to RB2, the new baseline was
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stablished and the injection of neutravidin (20 pg/mL) had a duration of 7 min. The flow rate

for the experiments was 30 pl/min.

6.4.6.2. Boc-PEG7-amine immobilisation programme

The immobilisation of Boc-PEG7-amin on MUA was also followed by SPR. Freshly formed
MUA-terminated chips were loaded on the instrument. Chips of freshly formed MUA SAMs
were loaded on the instrument. After a stable baseline, the chips were activated with a water
mixture 1:1 of 0.4 M EDC/0.1 M NHS (7 min) followed by incubation with amine-PEG7-Boc
at different molarities ( 0.1, 1, 7, 15, 30, 50 mM, for 7min) which was dissolved in different
buffers, all with [Na*]= 10 mM: sodium acetate, pH 5.4; sodium phosphate, pH 8. After
incubation, the a solution of 1 M ethanolamine, adjusted with HCI to a pH 8.5 was injected (7

min), to deactivate any remaining NHS-ester active groups that did not react.

6.4.6.3. NbVCAM1-hVCAML SPR programme

The NbVCAML1 immobilisation and respective antigen hVCAML injection was followed by
SPR. Freshly clean gold chips were loaded on the instrument. After baseline stabilisation, each
injection started with a burst flow of 1500 pl/min for 10 sec (due to electrochemical cell being
use, see Section 6.4.6.6). NboVCAML 1 uM was injected at a flow rate of 8 pl/min for 30 min.
After this, the baseline was allowed to stabilise again at 100 pl/min. Then, the injection of
hVCAML1 (0.27 uM) started at a flow rate of 8 pl/min for 30 min. The rising step started by
injecting the RB at a flow rate of 8 pl/min for 20 min and then changing back to 100 pl/min.
The same hVCAML1 antigen programme was applied to loaded chips pre functionalised with
NbVCAM1:3ClI-1-propanethiol SAMs and NbVCAM1-terminated monolayers after click

chemistry.

205



6.4.6.4. Lysozyme on MUA SPR programme

The lysozyme electrostatic interactions on MUA were monitored in real-time by SPR, in an
automatic Reichert Technologies. Chips functionalised with MUA-terminated SAMs were
loaded in the SPR instrument and initial traces were stabilised with water. After stabilisation,
blank injections of various buffers were allowed for 7 min. After the baseline recovered with
water, an injection of lysozyme diluted in the respective buffers was initiated for 7 min (buffer
depending on the pH, all with [Na*] = 10 mM: sodium acetate, pH 5.4; sodium phosphate, pH

7.4 and 8). The flow rate for the experiments was 30 pl/min.

Besides the electrostatic interactions, also the amino-coupling immobilisation of lysozyme on
MUA was followed by SPR. Chips functionalised with MUA-terminated SAMSs were loaded in
the SPR instrument and initial traces were stabilised with the running buffer (RB1, with [Na']
=10 mM: sodium phosphate 8). After baseline stabilisation, each injection started with a burst
flow of 1500 pl/min for 10 sec (due to electrochemical cell being use, see Section 6.4.6.6). An
injection of 0.4M EDC/ 0.1M NHS (1:1) for 7 min activated the MUA-terminated surface,
followed by the lysozyme (50 pg/mL) for 7 min and thereafter an injection of 1 M
ethanolamine-HCI at pH 8.5, to deactivate any remaining NHS-ester active groups that did not

react. The flow rate for the experiments was 30 pl/min.

6.4.6.5. NbGFP-EGFP SPR programme

The NbGFP immobilisation and respective antigen EGFP was monitored in real-time by SPR.
Chips functionalised with MUA-terminated SAMs were loaded in the SPR instrument and
initial traces were stabilised with the running buffer (RB1, depending on the pH, all with [Na*]
= 10 mM: sodium acetate, pH 5.4; sodium phosphate, pH 7.4 and 8). After stabilisation, an

injection of 0.4M EDC/ 0.1M NHS (1:1) for 7 min activated the MUA-terminated surface,
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followed by the NbGFP (50 pg/mL) for 7 min and thereafter an injection of 1 M ethanolamine-
HCI at pH 8.5, to deactivate any remaining NHS-ester active groups that did not react. The
traces were allowed to stabilise before changing the second running buffer (RB2, HEPES 10
mM, NaCl 0.15 M, 0.05% Tween 20, pH 7.4). After changing to RB2, the new baseline was
stablished and the injection of antigen EGFP (100 nM) had a duration of 7 min. The flow rate

for the experiments was 30 pl/min.

6.4.6.6. E- SPR programme

The SPR was also used to monitor the biological activity of the immobilised nanobodies under
applied potential, by following the respective antigen injection under + 0.3 V and — 0.4 V. To
do so, an electrochemical cell was used with a Gamry G300 potentiostat, an Ag/AgCl reference
electrode and a platinum counter electrode. The area of the fluidic channel, which corresponds
to the surface area of the working electrode (gold), was 8 mm?. The counter electrode had a
surface area of 22.8 mm? and the reference electrode had a surface area of 32.2 mm?. The
potentiostat was warmed up for 30 min before use. Nanobody-terminated chips and respective
controls were loaded to the instrument, and allowed to stabilise a baseline under open circuit
(OC) conditions initially. Thereafter, the respective applied potential was applied and a new

baseline was stablished before the respective antigen programmes ran.
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Figure 6.4 - Electrochemical flow cell. Adapted from Reichert electrochemical flow cell user

guide v3.

6.4.7. Molecular dynamic (MD) simulations
6.4.7.1.  Simulation model for nanobody adsorption

In order to study and analyze the adsorption of NoVCAM1 on a model gold surface, the
NAMD?2.12 ¢ software was used with periodic boundary conditions, the TIP3P water model,
the CHARMM27 force-field with a 12 A cut-off for short-range potentials, and smooth particle
mesh Ewald summation for the electrostatics. Visual molecular dynamics (VMD) software
version 1.9.1 was employed to analyze the results.?!” The NbVCAML1 structure was obtained
from Phyre? (protein homology/analogy recognition engine) software, '8 that predicted the

structure according to the amino-acid sequence.

The predicted structure considered 126 residues (amino-acids), not including the C-terminal
termination —LEY linker and cysteine-alkyne linker, which were both added with NAMD2.12
software. This is due to the linker -LEY being an addition to the natural sequence, added
artificially, as well as the cysteine-alkyne- linker (EPL).*° The predicted structure has a total

net charge of +1e and a disulfide bridge which was kept throughout the simulations. The
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residues belonging to the binding site were identified at the N-terminal by the open source

platform for ligand detection Fpocket 2%°,

The simulations were performed in a NaCl solution and with a slab of the gold (81 A x 86 A x
14 A) that consisted of Au atoms. The close packed gold surface of Au,'®* as already reported
elsewhere,™ has been created as a face-centered cubic crystal (fcc) with lattice parameter 4.078
A. CHARM-METAL??%22! has been used for gold force-field parameters. The gold atoms were

kept immobile during the simulation.

The simulations start with the protein above the solid surface, with a minimum protein-gold
separation of 20 A, so that the protein is free to diffuse before it contacts the neutral gold
surface. In order to not bias the adsorption process, the protein starts in different orientations in

different trajectories, as illustrated in Figure 6.5.

Figure 6.5 - Starting positions for MD simulations of NoVCAM1 adsorption at the surface. The gold
atoms (yellow), the binding site (red) and the modified cysteine at the C-terminus (oxygen — red; carbon
—cyan; nitrogen — blue; hydrogen — white and sulphur - yellow) are represented as van der Walls (VDW)
spheres, while the other elements of the protein are represented by lines and new cartoon superposed.

The NaCl ions in solution are also shown, but the water is not for clarity.
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In P1, the N-C axis is normal to the surface with the C-terminal facing away from the surface,
and in P2 it faces towards the surface. In P3, the N-C axis lies parallel to the surface. In all these
starting configurations, the simulation box is then solvated with the TIP3P waters, neutralized

by addition of one CI" ion, and then brought to 150 mM NaCl concentration.

The C-terminal modified cysteine is important due to the possibility for a thiolate bond forming
with the surface, anchoring the nanobody in a favorable orientation for antigen binding. While
these classical MD simulations do not attempt to create the thiolate bond during the simulation,
it is still important to understand whether its formation is favourable due to the initial physical
adsorption of the nanobody to the surface. At least three trajectories from each initial position
(P1, P2, P3) were performed. The system minimisation was performed sequentially in two
steps, first allowing water and ion movements, and then freeing the protein. The system is then
heated to 310 K temperature over 30 ps, followed by 270 ps equilibration at constant
temperature. Finally, the production simulations were performed for 100 ns with a time-step of
2 fs. Periodic Boundary conditions and NV T ensemble were applied in the simulations together
with the smooth Particle Mesh Ewald (SPME)??2 for the Coulomb interactions. For ionizable
residues the most probable charge states at pH 7 were chosen and no additional restrictions on

momentum were applied.

6.4.7.2.  Simulation model for nanobody anchored by a thiolate bond to gold

So far it is not possible to simulate a bond formation event such as the thiolate bond between
the nanobody and gold surface, hence this bond had to be created with the force field parameters

described below (Table 6.2), which were added to the parameters and topology files.
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Table 6.2 - Force field parameters

Bond stretching REF
Bond bo(A) Ky, (kcal/(mol/A?))
S-Au 2.4 1000 223

Angle bending

Angle 6,(°) kg (kcal/(mol/radz))
Au-S-C 120.0 124.28 ChemBio 3D; 2%
Torsion
Dihedrals Ky (kcal/mol) n 6(°)
Au-S-C-C 0.310 3 0.00 Like S-S-C-C
Au-S-C-C 0.310 3 0.00 Like S-S-C-C
Au-S-C-H 0.158 3 0.00 Like S-S-C-H

6.4.7.3.  Analysis: RMSD, RMSF

Both root-mean-square distance (RMSD) and fluctuations (RMSF) are tools of analysis to
quantify the variability on conformation within a protein.”* RMSD measures the degree of
similarity between two protein three-dimensional (3D) structures with the same number of

atoms. It is defined as

. j YOS 1 6,) = 7 ()P
Natoms

Where the parameter Natoms is the number of atoms in the protein structure and 7;(t,) is the
position of the i" atom at a given time t. The RMSD calculation treats two protein structures
to be compared as two rigid bodies (no internal flexibility allowed), then overlaps (aligns) using
translations and rotations. In this case, the nanobody NbVCAML1 is compared with itself,
between the final and initial defined structures. Herein, the RMSD results were applied to the

alpha carbons that composed every residue of the nanobody or oligopeptide.
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For RMSF, the RMSD is calculated for each nanobody’s residue. It reflects each residue’s
mobility during the MD trajectory, by reporting an amplitude of residue movement (fluctuation)
from the average position (in the aligned structures) over the total length of the MD trajectory.

The time average for the atoms belonging to the same residue were calculated from the formula

Ne 1o 2
RMSF, =\/<Zi=1|7}(t) (rl>T|2>T
Nk

Where 7;(t) is the position of the atom i in residue k at the time t, N, is the number of atoms

in the residue, and (7;) is the time average over the trajectory.

212



Chapter 7 Conclusions and future work

This thesis involved a range of studies which together guide the development of on demand
biosensing platforms based on electrically switchable surfaces. Specifically, this research is
fundamental to future investigations involving nanobodies and electrical switching units on
surfaces which can provide a novel platform for controlled biosensing. Advanced analysis
techniques such as XPS, SPR and TOF/3D OrbiSIMS, added valuable surface characterisation
which with computational studies, compiled the conclusions from this thesis. The described
strategies can be applied to the development of a variety of systems incorporating other
macromolecules of interest for a wide range of biomedical and biotechnological applications.
Nanobodies and charged oligopeptides as electro-switching units are promising building blocks

for future electrical switchable surfaces for on demand biosensing.

A summary of the findings and conclusions outlined from the research described in chapters 3,
4 and 5 is herein presented, together with suggestions for further investigations and the author’s

perspectives.

Concerning the immobilisation of nanobodies on surfaces, limited approaches have been
previously reported®: 14% 1 One approach included gold nanoparticles that had nanobodies
immobilised through physical adsorption'®®, while another approach had an engineered
nanobody clicked to the sensor surface through alkyne-azide click chemistry'®. An approach
that has not been tried before included the immobilisation of nanobodies on gold through a
cysteine, a method that could be oriented as click chemistry and easily achieved similar to
physical adsorption without the need of extra monolayers. Hence, this new approach offers

advantages compared to previously reported approaches. To attempt this, Chapter 3
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investigated the direct immobilisation of engineered nanobodies (NbVCAM1) with a
strategically C-terminal cysteine to bind to gold via the thiol moiety and provided the evidence
of the biologically active, well-pack nanobody SAM formation. Firstly, the NoVCAM1 SAM
formation was confirmed through surface characterisation via contact angle and ellipsometry
which showed an increase in thickness. Thereafter, the hypothesis of a thiolate bond formation
between the SAM engineered nanobodies and the gold surface was confirmed with OrbiSIMs
and ToF-SIMS, revealing clear peaks for the S-Au bond, otherwise absent in the control bare
gold samples. This confirmation allowed to postulate that the SAM nanobodies were well-
oriented at the surface and could potentially be able to bind to their antigen (hWVCAML1), being
biologically active. The structural conformation of the NbVCAM1 on the surface was
investigated by circular dichroism, which indicated the typical nanobody large composition of
secondary B-sheet structures. Further molecular dynamic simulations predicted the direct
immobilisation of NboVCAM1, where the final orientations could result in 1) well-oriented
NbVCAML1 with the C-terminal cysteine close to the surface and the binding site facing the
bulky solution, and in 2) randomly oriented NbVCAML1 with the binding site facing the surface.
The appropriate orientation and biological activity of NoVCAM1 SAM was confirmed through
SPR, with a higher antigen response relatively to the non-engineered randomly oriented

NbVCAM1 monolayer.

This investigation contributed with a novel, efficient and stable approach to immobilise
nanobodies on the surface. This novel immobilisation strategy has proven to be simple as
physical adsorption and directional as consequence of the thiolate formation between the
surface and the nanobodies. This Chapter has achieved a robust nanobody-based surface that
can be widely extended as a biosensor platform with impact in biotechnological, biomedical
and food applications. The direct immobilisation strategy can be transferred to numerous
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nanobody-antigen systems, providing new options for the design of robust biosensing
platforms. Additionally, due to the nanobody-antigen proximity to the surface the detection
methods can include, besides optical techniques such as SPR that was used in Chapter 3,

electrochemical measurements such as impedance.

Future studies could include the investigation of NoVCAML1 robustness under applied potential
and investigate the stability of immobilised nanobodies for longer periods of time, increasing

the potential of these nanobodies as tools for on demand biosensing.

On-demand sensing of hVCAM1 could allow the monitoring of inflammation and progress of
atherosclerosis. To achieve on-demand biosensing, the and the possibility of having randomly
oriented nanobodies on the NbVCAM1 SAM upon direct immobilisation needed to be
addressed. In order to exclusively allow appropriate orientation, Chapter 4 studied NboVCAM1
clicked to the surface via copper Cu(l) catalysed azide-alkyne cycloaddition applied to an initial
azide-terminated SAM as inspired by Adriaensens and co-workers'*°. The NoVCAM1 antigen
(hVCAMLI) is a relatively large structure, thus, in addition to assuring that only well oriented
nanobodies would be at the surface, another nanobody (NbGFP) was investigated due to the
smaller antigen size (EGFP). NbGFP-EGFP was studied by Della Pia and co-workers®
demonstrating nanobodies as powerful SPR tools. This Chapter accomplished appropriate
orientation by immobilising NoGFP through EDC/NHS on a carboxylic acid terminated SAM,
instead of on a dextran based matrix as previously published®. This is further demonstration

that nanobodies can strongly perform on various functionalised surfaces.

The comparison between performances of the NboVCAM1 immobilisation strategies showed
that both, direct and click chemistry immobilisation had similar antigenic SPR response. The

next comparison between the well oriented clicked NboVCAM1 and amino coupled NbGFP
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showed that NbGFP captured approximately 7 fold more antigens than NboVCAML, a difference
that is likely explained with surface constraints that the antigen encounters (such as steric
hindrance). Such results demonstrated that the nanobodies orientation at the surface play an
important role for the sensitivity along side with other factors, such as antigen size. After
successful SPR response obtained with the NoGFP-EGFP pair, the NbGFP biological activity
under applied electrical potential was verified alongside the absence of non-specific interactions
between the antigen and C5K switching units. These results indicated the NoGFP-EGFP pair
as a promising choice for integration on an electrical switchable biosensor. Future steps that
include NbVCAML1 either in the format of SAM or clicked at the surface, could investigate
alternative strategies to improve further the yield of captured antigens. For example, inspired
by previous literature®’, an approach could include additional spacing between the nanobodies
and the surface, perhaps allowing a more flexible monolayer that could adjust upon antigen
approximation. Future steps regarding the NoGFP-EGFP pair should include switching studies
that involve the optimisation of the ratio between NbGFP-EGFP and appropriate switching

units towards high switching efficiency.

Combined, Chapter 3 and 4 through diverse immobilisation methods and nanobodies, built
strong evidence on the potential of using nanobodies as capture entities for on demand
biosensing. The most significant findings of these two chapters for the biosensing field included
the ability to directly immobilise gold surfaces with nanobodies and evidence of these systems’
stability upon applied charge, answering fundamental questions concerning robustness that
were previously unanswered. The nanobodies capability to keep their biological activity when
directly on gold and under applied electrical potential are characteristics likely common to other
nanobodies due to their similar structural robustness®. The extension of these findings to other
nanobody like structures has the potential to start novel scientific and bioengineering directions,
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including for instance new formats for biosensing and implantable devices, where the
applications are countless and only dependent on the nanobody specific targets. Therefore, these
findings are a step forward for the design and fabrication of the next generation of nanobody-

based surfaces.

Overall, upcoming steps should include the integration of binding and switching systems
(nanobodies and switching units, respectively). To date, proof of concept for on demand
biosensing was demonstrated through aptamers and low molecular weight entities for equally
small biomarkers® 7 119 120 |f a nanobody-based switchable surface can successfully
demonstrate switching efficiency and control over bio detection, such novel integrated system
becomes an excellent proof of concept for platforms that could provide on demand biosensing

of biomarkers with higher molecular weight.

Ultimately, the design of nanobody-based electrically switchable surfaces requires suitable
switching units for the control over detection. Electrically switchable surfaces have been
developed with oligopeptides up to 4 potentially charged peptides for different applications
including cell release and attachment!*2, and the control over binding of small antigen-antibody
moeities’. However, to date there are no studies performed on longer charged oligopeptides that
would aim to control larger nanobody-like structures. To address this need, Chapter 5 focused
on the design and development of surfaces containing charged oligopeptides, known to be
successful switching units” 2% 118, Charged oligopeptides that would be compatible with the
immobilisation methods studied in Chapter 3 and 4 were explored. The initial investigation
used thiol-terminated positively charged oligopeptides of different lengths and rigid or flexible
backbones. It consisted in finding the right balance between oligopeptide and support molecule

(oligopeptide: TEG11).
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The requirement for any switching units to use with nanobodies includes 1) sufficient
elongation to cover the binding site of nanobodies and 2) capacity to retract towards the surface
allowing biodetection when triggered. Initial surface characterisation of thiol-terminated
oligopeptide SAMs with ellipsometry and contact angle permitted to identify the optimal
solution ratio for oligopeptide: TEG11 as 40:1, which resulted in potential thicknesses for all
the tested oligopeptides to cover a standard nanobody. XPS studies provided the surface
composition after the incubation with the oligopeptide:TEG11 at 40:1 solution ratio. All the
thiol-terminated oligopeptides were considered potential candidates as switching units to use
with nanobodies. Whilst previously studies have found the optimal ratio between C4K and a
smaller spacer?!, this chapter has contributed with the optimal solution ratio between longer
charged oligopeptides mixed with longer support molecules, a combination that has not been
studied before. Such findings aid to a broader range of electrically charged oligopeptides
available for custom made switchable surfaces that could be compatible with binding systems

of low to higher molecular weights, including nanobodies like structures.

Preliminary studies involving nanobodies and switching units showed promising results under
open circuit conditions, with partial coverage of the nanobodies binding sites. Non-specific
interactions between the switching system and the binding system upon applied potential
emerged as a drawback, potentially due to the high net charge of the antigen. These studies
highlight that special attention must be given to the charge of the antigens of interest. Future
studies could redesign the tail group of the switching units that can account for the charged
target proteins. For example, one could consider to use the switching unit with identical charge
to the antigen as means to repeal the antigen under OFF conditions. Potentially this would allow
that once the oppositive potential is applied at the surface (ON conditions), the switching units

would retract and antigens would simultaneously be attracted to surface to approach and bind.
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In conclusion, any of the studied oligopeptides are potential switching units and must be
assessed with the appropriate nanobody-antigen pair. Future work should combine the studied
oligopeptides with appropriate nanobodies, as the combination of the binding and switching
systems will allow the verification for best switching performance between rigid and flexible

oligopeptides.

Chapter 5 provided potential choices of rigid and flexible charged oligopeptides to use with
thiol-terminated nanobodies. However, the same switching studies would not be suitable to use
in a system that relies on amino-coupling. Envisioning the convenient approach of simultaneous
amino-coupling nanobodies and switching units, meant that the charged oligopeptides could
not be based on amines from lysines, but instead on carboxyl groups from glutamic acids. A
few challenges were found with this strategy and further investigations, such as using different
pHs for EDC/NHS, will be required before proceeding with such system. From following the
conditions used by the nanobody in Chapter 4 (NbGFP) to immobilise amino-terminated
charged oligopeptides, the ellipsometry and contact angle measurements were not conclusive
of the coupling success. Additional studies highlighted the non triviality of successfully
achieving amino-coupling of negatively charged oligopeptides without falling into considerably
high quantities (higher than the millimolar range), which would consequently increase
associated costs. Whilst such a strategy would simplify the immobilisation workflow, the
underlying requisite consists in finding the conditions that agree for both nanobody and
switching units best density at the surface. In this case, not only the solution ratios will play a
role, but also the selection of appropriate pH and initial SAMs. Following this direction, future
work could attempt to improve the amino coupling of model oligopeptides, through the use of
different coupling agents. Alternatively, biorthogonal chemistry could be considered along with

a different design of charged oligopeptides.
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In conclusion, Chapter 5 revealed the experimental conditions for the theoretical thickness to
cover the binding site of a nanobody. These showed to be compatible with the four different
switching units, demonstrating that the strategy can be applied with other switching units of
similar lengths. Additionally, a few limitations were also revealed, which need careful
consideration when developing similar switching systems. Systems that are based on amino-
coupling will require additional optimisation in order to find the adequate conditions and avoid
complex multi-step processes. Furthermore, interactions between the binding and the switching

system must be investigated in order to avoid non-specific interactions.

Altogether, this thesis has contributed with insight on switchable surfaces including the
possibility for combining nanobodies and creation of novel biodetection platforms. This thesis
has hypothesized and proved that it is possible to potentially obtain a robust biosensor by
directly immobilising nanobodies on gold surfaces. These findings have contributed to the field
of biosensors by addressing the gap of using nanobodies directly on the surface and proving

their biological activity and biodetection performance.

Additionally, this thesis has highlighted crucial factors for optimisation of nanobody-based
switchable platforms and found that nanobodies are capable of remaining biologically active
upon applied potentials. Although not published, this discovery addresses a fundamental
requirement for any prospective biological structure to be used on electrically switchable
surfaces. In addition, the confirmation of nanobodies’ robustness upon applied potential

strengthens the benefits of choosing electrical stimulus for switchable surfaces.

Finally, the findings of this thesis related to the switching systems addressed carefully designed
oligopeptides with new lengths and different composition. The research of switchable systems

on its own can contribute to diverse biomedical applications beyond the biosensing field,
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including in vitro cell studies, drug delivery and in vivo implantable devices. In particular to the
biosensing field, this thesis lays the groundwork for understanding electrically charged
oligopeptides for the purpose of manipulating the biomolecular binding of nanobodies at the
surface. Thus, this work builds the foundation of future switchable surfaces composed by
nanobodies and charged oligopeptides with capability to create endless robust biosensors, only

depending on the biomarkers required to target.

The biosensing field has been growing over the years with the advance of nanotechnology that
allows smaller and precise devices, with the discoveries of new medically relevant biomarkers
and with the need to monitor health and diagnose diseases. Alongside with progress, new
challenges arise and the biosensing field is facing newer and higher demands. Such challenges
include sensitivity, stability over long periods of time, reusability and on demand sensing. All
of these challenges could be addressed by biological switchable surfaces for on demand

biosensing, and this thesis has contributed to the foundation of that achievement.
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