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Zusammenfassung i

Entwicklung einer mikrofluidischen Plattform fir

die NMR-analyse von biologischen Proben

Zusammenfassung

In dieser Arbeit wird die Entwicklung einer mikrofluidischen Plattform fiir die
galvanische Abscheidung von Chitosan-Hydrogel vorgestellt. Die Plattform ist
kompatibel mit einem NMR-Mikrodetektor, einer Helmholtz-NMR-Mikrospule,
und war fiir die Bestimmung der Funktion verschiedener Enzyme in Echtzeit
vorgesehen. Die experimentellen Verfahren wurden ausfiihrlich beschrieben,
einschliefllich der Herstellung des mit verschiedenen Elektrodengeometrien in-
tegrierten Mikrofluidikkanals, des Protokolls fiir die Vorbereitung der Vor- und
Nachbearbeitung von Chitosan als Substrat, der Einrichtung der Elektroab-
scheidung von vor- und nachbearbeitetem Chitosan unter Verwendung der ver-
schiedenen Elektrodenkonfigurationen und des Protokolls fiir die NMR-Analyse

zur Uberwachung der Funktion verschiedener immobilisierter Enzyme.

Der erste Teil der Dissertation stellt im Detail die Technologie hinter der
Realisierung biofunktionaler Array-Sites mit programmierbarer Zusammenset-
zungskontrolle in allen drei raumlichen Dimensionen vor. Die Technologie basiert
auf der sequentiellen galvanischen Abscheidung von Chitosan. Aufgrund des
sequentiellen Charakters dieses Verfahrens kann jede Schicht einzeln chemisch
funktionalisiert werden, wahrend gleichzeitig eine molekulare Kommunikation
zwischen den Schichten iiber das porose Netzwerk im gesamten fertigen Komposit-

Hydrogel ermoglicht wird.

Der zweite Teil der Arbeit befasst sich mit der Integration zusatzlicher Funk-
tionalitaten in mikrofluidische Geréte, wobei die Aufrechterhaltung qualitativ
hochwertiger NMR-Spektren eine grofie Herausforderung darstellt. Die entwick-
elte NMR-Plattform besteht aus einem Fluidikkanal mit verschiedenen Konfigu-
rationen von integrierten Elektroden, die fiir die in-situ-Elektrodenabscheidung

von vor- und nachmodifiziertem Chitosan verwendet wurden.

SchlieBlich wird im dritten Teil der Arbeit als Proof-of-Concept-Anwendung
die Bestimmung der Funktion von immobilisierten Enzymen mit Hilfe der Elektroplat-
formen diskutiert. Drei Schichten Chitosan-Gel, gekoppelt an verschiedene En-
zyme, wurden gestapelt; anschlieBend wurde die Reaktion der Enzyme mit ihren

jeweiligen Substraten in Echtzeit mit NMR tiberwacht. Die enzymatische Ak-



tivitat wurde im Rahmen eines Michaelis-Menten-Modells analysiert.

Diese Plattform demonstriert die Fahigkeit der entwickelten Plattform, NMR-
Analysen von bioaktiven komplexen Molekiilen in einer kleinen Massenmenge
durchzufiihren, was neue Moglichkeiten fiir Fortgeschrittene Elektrochemie- und

Metabolomikstudien eroffnet.
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Abstract il

Development of a microfluidic platform for NMR

analysis of biological samples

Abstract

This thesis presents the development of a microfluidic platform for electrodepo-
sition of chitosan hydrogel. The platform is compatible with an NMR microde-
tector, a Helmholtz NMR micro-coil, and was intended for determining the
function of various enzymes in real time. The experimental procedures have
been described in detail, including the fabrication of the microfluidic channel
integrated with different electrode geometries, the protocol for the preparation
of pre- and post-processing of chitosan as a substrate, the setup of the elec-
trodeposition of pre- and post-processed chitosan using the different electrode
configurations and the protocol for NMR analysis to monitor the function of
different immobilized enzymes.

The first part of the dissertation presents in detail the technology behind
the realization of biofunctional array sites with programmable composition con-
trol in all three spatial dimensions. The technology is based on the sequential
electrodeposition of chitosan. Due to the sequential nature of this process, each
layer can be individually chemically functionalized, while at the same time al-
lowing for molecular communication between the layers via the porous network

throughout the completed composite hydrogel.

The second part of the thesis deals with the integration of additional func-
tionalities into microfluidic devices, where the maintenance of high-quality NMR
spectra is a major challenge. The developed NMR platform consists of a fluidic
channel with different configurations of integrated electrodes, which were used

for in situ electrode deposition of pre- and post-modified chitosan.

Finally, as a proof of concept application, the third part of the thesis dis-
cusses the determination of the function of immobilised enzymes using the
electrodeposition platforms. Three layers of chitosan gel coupled to different
enzymes were stacked; then the reaction of the enzymes with their respective
substrates was monitored in real-time with NMR. The enzymatic activity was

analysed in the framework of a Michaelis-Menten model.

This platform demonstrates the ability of the developed platform to perform

NMR analysis of bioactive complex molecules in a small mass amount, opening

iii



new opportunities in advanced electrochemistry and metabolomics studies.
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Chapter 1

Introduction

1.1 Motivation

According to the Protein Data Bank (PDB)[1], as of 2020 more than 100 million
unique protein sequences have been deposited (Figure 1.1) in the bank database.
The volume of protein sequence information is increasing rapidly, creating a
large gap between the total number of sequences stored in public databases and
the number of structurally and functionally characterized proteins. The knowl-
edge gap assumes even bigger proportions when one includes structural and/or
functional changes of proteins that lead to dysfunctional signals, metabolism,
etc. into the set of protein configurations that would be important from a med-
ical standpoint. For example, a single amino acid substitution in an element of
an isocitrate-dehydrogenase homodimer complex leads to a significant metabolic
shift. The resulting altered metabolism is considered to be the cause of a class
of gliomas|2, 3] and plays a role in leukaemia[4, 5]. Therefore, there is a critical
need for a methodology that allows both structural and functional characteriza-
tion of proteins. Closing the gap created by the availability of large quantities
of raw data is a task that has been currently taken over by sophisticated cal-
culation methods for protein function prediction[6]. Nevertheless, experimental
high-throughput analysis, parallel and combinatorial protein analysis remain
an under-developed potential complementary solution to this problem. In this
thesis, we detail a solution for the immobilisation of biological samples on a
suitable solid substrate viable for real-time, parallel analysis of protein func-
tion. To this end, we leverage microstructure technology for efficient sample
handling and powerful analytical tools, such as the NMR spectroscopy, for pre-

cise investigation were presented.
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Figure 1.1 — PDB Statistics: Overall growth of released structures per year [1]

Nuclear Magnetic Resonance (NMR) has established itself as one of the
methods of choice for determining the structure of proteins. NMR is a con-
venient method of investigation for biological systems, as it is non-destructive,
intrinsically specific and universal. Advances in NMR spectroscopy, e.g. as an
analytical tool for mapping complex biomolecular structures[7, 8] or for monitor-
ing molecular dynamics[9, 10] have certainly boosted and promoted the growth

of the protein research field.

NMR is also well suited for studies on protein function, where the word
function is meant to refer to activity of a protein in the context of metabolic
processes (as opposed to structural proteins, etc.). NMR spectral sensitivity to
chemical structure allows to observe the transformation of a substrate into one
or more products through enzymatic processes. NMR played a key role in the
field of metabolomics where metabolite profiles are monitored for medical diag-
nosis, for example depending on the progression of a metabolic disease[11, 12].
This is possible because the onset of the disease is typically associated with
the disruption of several metabolic pathways necessary to support the dysfunc-
tional phenotype. One method of identifying the protein(s) involved in the
metabolic dysfunction is to study the metabolite profile and map the pathways
that may contribute to the observed up/down regulated metabolism. Given the

large amount of both interconnecting metabolic pathways and proteins involved
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Figure 1.2 — PDB Statistics: Growth of structures from NMR, experiments released per
year [1]

therein, a systematic study of individual proteins identified in metabolite profile
mapping and their functions as dependant on substrate, co-factors and potential
treatment regimens is highly desirable. Such a study would help both in eluci-
dating the mechanism of dysfunctions and in the intelligent design of therapies.
The constraints of working at physiologically relevant concentration levels, short
measurement times and small sample volumes for high-throughput studies put
additional pressure on an analytical method (NMR) that, despite its versatility
and specificity, is inherently insensitive. Figure 1.2 shows the statistics associ-
ated with the growing number of structures from NMR experiments published
per year. Statistics show that the range of structures released per year is less
than a thousand structures. However, the number of available entries (which
can be examined by NMR spectroscopy) is more than ten thousand. Further-
more, the known protein functions are still far less than the number of known
protein structures. Therefore, the question arises on how we can close this gap
and at the same time improve the performance of NMR and thus increase the
statistics of annually released structures/functions. As shown in this thesis, one

way to address the problem is performing NMR on microscopic samples [13, 14].

To create a "biological environment” inside the magnet, a suitable platform

compatible with the NMR microdetector is required. A standard NMR experi-

3



ment requires a large amount of protein sample to obtain a good resolution of
the NMR spectra. However, the extraction of proteins usually results in a small
available amount for experiments, which leads to a low concentration of proteins
that is difficult to detect under standard NMR experimental conditions. The
development of a hydrogel-based immobilisation platform compatible with an
NMR microdetector is expected to increase the mass sensitivity of NMR, since
the hydrogel allows to increase the local concentration of interesting biological

targets (e.g. proteins) in the active volume of the NMR sensor.

Out of the various classes of gels, hydrogels are particularly interesting from
both a biological and technological perspective. Fundamentally, a hydrogel is a
three-dimensional polymer network in which water fills the voids between the
polymer chains. The polymer network, which may be the result of physically or
chemically cross-linked polymer chains[15-18], is at least moderately hydrophilic
in order to accommodate the high water content (in the range 85-90 wt %).
Hydrogels may be classified on the basis of their constituent polymer origins.
Naturally derived polymers capable of hydrogel formation include collagen and
gelatine (protein-based), and polysaccharides including chitosan, alginate, and
agarose. These polymers are particularly interesting due to their low toxicity,
superior biocompatibility, and their ability to support cellular activities[19, 20].
Synthetically derived polymers are often synthesized from monomers including
vinyl acetate, various acrylamides, ethylene glycol, and lactic acid. Synthetic
polymers benefit from the tunability of hydrogel chemo-physical properties (e.g.
stimuli responsiveness), often accomplished by tuning the composition of the
synthesized polymer. Taking a hybrid approach, genetic engineering and biosyn-
thetic methods have also been used to create unique hydrogel materials [21],
[22]. Polymers of both natural and synthetic origins offer a chemical diversity
that is directly reflected in the diversity of applications, the collection of which

is in constant expansion|[23].

Particularly interesting for the work presented in this thesis is the subclass
of hydrogels that are capable of reversible gelation. In reversible hydrogels, the
polymer network is maintained by physical interactions between polymer chains
including van der Waals, electrostatic, and hydrogen bonding forces, the variety
of which contribute to the large variety of gels belonging to this subclass|24].
Importantly, these interactions may be easily disrupted to form a homogeneous
solution of individual polymer chains. Application of an appropriate stimulus

drives either the sol-gel phase transition (cross-linking) or its reverse counter-
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1.2 D

part, the gel-sol phase transition (de-cross-linking). These transitions are often
sensitive to even minute environmental changes in the appropriate stimulus and,
as such, reversible hydrogels are often referred to as “smart” hydrogels[25]. A
number of environmental stimuli are able to trigger the gel-sol phase transition,
stemming from the variety of physical interactions available to, and dependent
on, the chemical composition of the hydrogel. Stimuli include pH, temperature,
ionic strength, solvent composition, pressure, electrical potential, radiation,
and chemical and biological analytes. Reversible hydrogels may be classified
according to sensitivity to a particular stimulus as photo-, chemo-, electro-
, or mechano-sensitive[26-32]. Example applications of reversible hydrogels
include smart films[33, 34|, sensors[35, 36|, electrooptic devices[37], microflu-
idic devices[38], pulsatile drug release or delivery systems[39-44], bio-adhesions
mediators[45, 46], and actuators[47]. It is often assumed that stimulus changes
occur in the bulk solution of the polymer, leading to a homogeneous phase tran-
sition to the hydrogel state[48]. Micro manufacturing technologies enable the
precise design and implementation of local ”stimulus actuators” with functional
resolutions down to sub-mm[49], thereby achieving fine spatial control of the
sol-gel transition.

This work investigates the potential of combining reversible, biocompatible
hydrogels with devices based on microelectrochemical systems (MEMS) tech-
nologies. First, a subset of polymers that meet the following requirements
needs to be identified: (i) hydrogel formation is possible; (ii) hydrogel
formation is triggered by a controllable external stimulus; (iii) sol-gel
transition is reversible; (iv) hydrogel is biocompatible. Once the nature
of the stimulus responsible for the sol-gel transition of selected biopolymers is
known, a matching microtechnological solution such as microfluidic platform

compatible with NMR microdetector is selected to provide such a stimulus.

1.2 Literature Review

1.2.1 NMR Miniaturisation

NMR is an analytical technique that has developed into a widespread research
instrument covering all states of matter, a wide temperature ranges from sub-
Kelvin to several hundred Kelvin and a multitude of applications in physics,

chemistry, materials science, pharmacy, biology, medicine and technology. What



makes NMR powerful is that nuclei are very sensitive probes of the local mag-
netic environment. Molecular processes mostly involve electrostatic forces and
nuclear magnetism only constitutes a small perturbation. The energies involved
in NMR are much lower than those involved in chemical bonding and chemical
reactions, for instance[14]. That is why molecular processes are not disturbed

by NMR or nuclear magnetism in general.

The NMR signal is detected by a voltage that is Faraday induced by the
prepared nuclear magnetization of the sample in a radio frequency (RF) coil
resonator. The NMR is sensitive to the number of spins. The fewer the number
of spins, the less sensitive the NMR is. This is also expressed as differences
in the ensemble population. The concentration of the sample determines the
total population of spins, and the Boltzmann statistics determines the equi-
librium population difference of the spins (parallel or antiparallel). However,
the disadvantage of low sensitivity is significantly mitigated by downscaling the
NMR detector to small target samples[50, 51]. A wide range of miniaturised
designs with significant improvements in sensitivity have been reported. Mag-
netic microcoil detectors have become popular[52-54|, taking advantage of the
fact that the signal to noise ratio is inversely proportional to the size of the
NMR detector[52-55]. For instance, the stripline probes for NMR[56-58] com-
bine high mass sensitivity with low susceptibility broadening and high power
efficiency in a simple geometry. A planar microslot waveguide NMR, probe[59]
reduces the required sample volume by several orders of magnitude while pro-

viding excellent sensitivity and spectral resolution.

The NMR microdetector that has been used extensively in this thesis is a
microfabricated Helmholtz-pair coil. The Helmholtz topology offers a highly ho-
mogeneous RF field profile across the excitation volume covered by the coil[60].
The quality of the RF field homogeneity for a Helmholtz coil is comparable to
that of solenoid, birdcage and saddle coil NMR detectors. However, the chosen
geometry offers an outstanding compromise between tight control over homoge-
neous excitation of sub-volumes inside the detector and flexibility in the regular
use of the detector itself. The fact that the two expansions of the Helmholtz pair
are separated by a gap which is roughly as wide as one radius of the coil allows

to easily position a specialised sample insert in-between the two expansions[61].
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1.2.2 Microfluidic platform compatible with a NMR mi-

crodetector

The processing techniques and materials used to produce miniaturised sensors
and systems for biological applications are very demanding and generally in-
compatible with the integration of sensitive biological components. Several
materials and processes have been developed to facilitate the functionalisation
of micro devices with biomolecules such as DNA, enzymes or antibodies that
confer specificity and sensitivity. Polysaccharide hydrogels such as chitosan and
alginate have recently been found to respond to stimuli such as chemical and
pH gradients[62-65].

For polymer like chitosan, a current signal transmitted by an electrode de-
termines a local pH increase and thus triggers a sol-gel transition of the chitosan
close to the location of the stimulus. The thickness of the hydrogel deposition
can be controlled by adjusting the current density. The limitation of the gel
growth mainly depends on the layout and dimensions of the microfluidic system.
[66].

The unique properties of the proposed method for immobilisation of biomolecules

inside the volume of the NMR microdetector are:

e Hydrogel layer formation is controlled with high spatial-temporal resolu-
tion via electrical signals by addressable electrodes defined by UV lithogra-
phy. The gel formation is a reversible mechanism, therefore the electrode

used for deposition can be washed and reused.

e The target biomolecules can be mounted at predefined locations on the
hydrogel assembly for precise investigation of complex interacting biosys-

tems.

e Hydrogel formation and biomolecules arrangement can be performed in
closed microfluidics, i.e. in the optimal detection range of already man-
ufactured NMR detectors. This approach requires no exposed or plane

surfaces, and no direct or visual access to the target site.
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1.2.3 Potential Substrate for immobilisation of biological

samples

Polymers with the ability to transition from a solution to hydrated gel state
reversibly after application of a particular signal are highly attractive “intelli-
gent” materials. Since the sol-gel transition stimulus can be localized in both
space and time, many new opportunities arise in terms of, for example, chemical
control. To determine suitability of a certain polymer for a specific application,

these points are usually considered:
e [s biocompatibility essential?

e [s the stimulus necessary to drive the gelation detrimental to the applica-

tion?
e [s there a need to chemically modify the resulting hydrogel?

In this thesis, we would like to draw attention to the ability to control the
sol-gel transition through microtechnological approaches. This brings additional

degrees of freedom to experimental control:

e The sol-gel phase transition can be triggered with high spatial precision.
Standard photolithographic techniques can produce structures with fea-

ture sizes on the order of tens of micrometers.

e The phase transition can be triggered with high temporal precision. Since
the size of the active structures is small, the hydrogel response is expected

to be fast[67].

e Devices can be produced in an arrayed format. The small dimensions
of the active structures mean several such structures can be produced
in a single device. For example, a device consisting of active structures
with diameter 500 pm spaced with a pitch of 500 pm will have 100 active
structures within 1cm?. In principle, each active element could control a

unique experiment.

In order to guide the selection of an appropriate polymer, we have chosen
a classification scheme based on water content, compliant elasticity, facile dif-
fusion of biomacromolecules, physical and chemical crosslinking, proliferation

and migration of encapsulated biomolecules.
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Figure 1.3 — The mechanism of electrodeposition of chitosan is illustrated.

pH sensitive polymers are normally produced by adding pendant acidic or
basic functional groups to the polymer backbone[68]. There are three main cate-
gories of pH-responsive polymers; polyelectrolytes, cellulose esters and polyvinyl
derivatives. In polyelectrolytes, the functional groups responsible for activity
are either acidic (for example: carboxylic and sulfonic groups) or basic amino
groups. Functional groups of carboxylic, sulfonate and primary or tertiary
amino groups exhibit a change in ionization states as a function of pH. The be-
haviour of pH sensitive polymers upon changes in pH during a soluble-insoluble
phase transition (for instance: swelling- shrinking changes or conformational
changes) depend on the degree of the ionization of the ionizable groups in the
polymer, on polymer compositions, on ionic strength and on the hydrophobicity
of the polymer backbone[19, 20, 67, 69, 70].

Polysaccharide chitosan is a polyelectrolyte that undergoes pH-dependant
hydrogel formation. When chitosan is immersed in an acidic solution, it experi-
ences strong pH-dependent swelling[71, 72]. The plentiful hydrophilic functional
groups (such as hydroxyl- and amino-) in the backbones of chitosan, qualify chi-
tosan as promising material for highly absorbent hydrogels systems. Chitosan

polymer is used in a variety of applications, including controlled drug release,
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scaffolds for tissue engineering and semipermeable membranes[73-79]. Nearly
10 years ago, chitosan was the first bio-polymer discovered to undergo electrode-
position by a cathodic neutralization mechanism[80-83]. Figure 1.3 illustrates
the electrodeposition mechanism of chitosan. When current is applied, a cath-
ode electrode (negative terminal) produces a local pH gradient which in turn
neutralizes the acidic solution of chitosan, resulting in a neutral hydrogel on
the surface of the electrode. The hydrogel can later be dissolved again with an
acidic solution.

The biocompatible polysaccharide chitosan was chosen as the material to
interface biological elements with the micro-scaled NMR instrumentation. The
following unique properties of chitosan made it attractive for use within mi-

crofluidic devices:

1. Chitosan has a pH-dependent solubility and thus forms stable layers

on different surfaces under neutral and basic pH conditions.

2. Chitosan has amine groups that are used for the covalent binding of

biomolecules.

3. Chitosan can be combined with biological samples, e.g. with en-
zymes and proteins, due to its biocompatibility and ease of functionalisa-

tion.

Covalent binding is a robust method for binding biomolecules to the chi-
tosan amine (NHsy) groups. Various chemicals are available for this purpose,
such as glutaraldehyde and tyrinose. Glutaraldehyde has two reactive alde-
hyde groups at both ends of the molecule, which covalently bind to the amine
groups of chitosan to form an imide bond, and to the biomolecules labelled
with amines. Alternatively, if the biomolecules of interest are labelled with ty-
rosine, binding to chitosan can be achieved by activation with tyrosinase. The
enzyme tyrosinase converts the tyrosine residue into a reactive o-quinone that
binds to the chitosan amine groups[84-87]. The biomolecules of interest can
either be covalently bound to chitosan after electrodeposition, which only leads
to surface adhesion of biomolecules, or the biomolecules can be bound to the
chitosan chains in solution followed by electrodeposition, whereby biomolecules

are homogenously distributed throughout the entire bio-gel film volume.
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Immobilization of biological
sample within detector

Microfluidic Platform

(a) Encapsulated in the hyrdrogel

NH NH NH NH

WE= Working electrode
CE= Counter electrode

= Biological sample
/L= Biofunctional sites

(b) Covalent Attachment of biological
sample

Figure 1.4 — Conceptual schematics of the microfluidic for the biological samples in
NMR. a) Side view of the proposed structure that links the microfluidic environment
to the metallisation for NMR detection unit and spatial-temporal controllable protein
electrode addressing. (a), the electrodes are connected via a covalent mounting of bio-
logical samples to the primary amine groups of the electrodeposited bio-functional sites
backbone; (b) biological samples are embedded in the polysaccharide hydrogel film to

subsequently perform NMR analyses in the biological samples.

1.2.4 Concept and Experimental Approach

This work addresses the development of a robust tool that enables the
NMR investigation of enzymes at work in a biocompatibility envi-
ronment. The main objective was to develop an environmental microfluidics
platform that enables on-demand biological sample immobilisation with high
spatial and temporal resolution at electro-addressable sites within the platform.
The platform was integrated into a NMR microdetector for high-resolution in-
vestigation of the immobilised target at previously defined sites.

Figure 1.4 illustrates how the proposed goal can be achieved. In this work, a
combination of bio- and micro-manufacturing techniques were used to develop
a bioMEMS environmental platform, a miniaturized system with applicability
to biological samples in NMR. This research was confronted with the challenge
of integrating biological elements into miniaturised systems.

State-of-the-art results exemplify the combination of the top-down approaches
specific to microfabrication with the bottom-up approach specific to the assem-
bly of biological components, in the present case the electrodeposition of chi-

tosan hydrogel[78, 88-91]. Metal electrodes integrated into the platform and
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defined using standard microfabrication techniques (such as: metallization, UV
lithography, etching) provide the spatial resolution for subsequent bio-assembly.
The electrical signals delivered via these electrodes promote the selective elec-
trodeposition of hydrogels at precise locations within the platform. Biological
samples are either covalently bound to amine groups or embedded into the hy-
drogel matrix by co-deposition. The primary amine of glucose amine residues
gives chitosan its sought-after chemical properties. For the covalent binding of
enzymes, the glucosamine residues represent the connection points to the chi-
tosan skeleton. The nucleophilic properties of the amine groups enable covalent
bonding over a broad spectrum of coupling chemicals. One of the main concerns
when dealing with a biologically active molecule is the freedom of the molecule
to tumble in solution. This is achieved by varying the linker length, e.g. by
using a chemistry based on polyethylene glycol (PEG).

The designed platform takes into account the following necessities:

1. the hydrogel material must be placed in the active area of the NMR
detector or directly close by

2. the analytes of interests must be able to reach the active regions (e.g.

metabolic substrates)

In addition, the removal of carrier media and metabolic waste shall be taken
into account. Since miniaturisation itself entails further design restrictions and
design freedom in the micro range is significantly compromised, it was necessary
to optimise these parameters with regard to the final goal of the platform:
biological samples analysis by NMR. Taking all these limitations into account, a
numerical optimisation of the device layout was performed. Particular attention
was given to the magnetic susceptibility values of a relatively large number of
different materials (structural materials of the platform, buffer media, samples)

packed in the small volume of the biological environmental platform.
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Chapter 2

Fundamentals of NMR

In this chapter, an introduction to the basic NMR concepts required for this
thesis is provided. The implicit and functional concepts for the operation of
a modern NMR spectrometer are described, if necessary, with generic illustra-

tions.

2.1 Recycle delay (d1)

After the RF pulse, the nuclear spins do not instantly return to equilibrium;
rather, they each relax according to a time constant called 7} (longitudinal
relaxation time, which parameterizes an approximation of the time necessary
for the magnetization to recover along the z-axis). Individual 7} time constants
are dependent on many factors including nuclear environment, temperature,
and solvent. Tj times for carbon atoms are typically much longer than T
times for hydrogen atoms. Since each nucleus in a molecule is immersed in a
different magnetic environment, their 7} will not be the same. Not allowing
enough time for relaxation between pulses will cause varied attenuation of the
signals and inaccurate integration. When a 90° pulse is used to excite the spins
(Figure 2.1a), a total time (TT) between pulses of 5T} is necessary in order to
have nearly complete relaxation. (z-magnetization = 1 — e~clapsed time/Ti ' here
1 — e ~0.99326). If a pulse width less than 90° is used, the total time can
be proportionally less, and intensity distortions due to relaxation effects can be
minimized. This is one reason why the standard pulse width for !'D 'H NMR

experiments are in the range of 25° to 45°.
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Figure 2.1 — The bulk nuclear spin magnetization (bold arrow) for an NMR sample
placed in a magnetic field aligned along the z-axis before and after application of a

pulse.

2.2 Shimming, line widths, and line shapes

In order to obtain the most homogeneous field possible over the sample, the pole
faces of the magnet had to be perfectly aligned. To achieve this, small pieces
of wood or ”shims” were hammered into the magnet holder to physically move
the poles relative to each other. Today, shimming is achieved by changing the
applied current for a specific set of coils surrounding the probe. This applied
current generates small magnetic fields in the area of the probe, which either
amplify or counteract the local gradient of the static magnetic field. The aim is
to counteract small imperfections in an otherwise homogeneous magnetic field
in order to obtain a magnetic field as homogeneous as possible over the sample,
which is usually observed as an increase in FID length.

NMR peaks have a shape that is called Lorentzian. A Lorentzian line can
be expressed mathematically with three parameters: amplitude [A], full width
at half height in Hz [LW, 5] and centreline position, in Hz [X]. An example of
a Lorentzian line with LW, , = 0.25 Hz is shown in Figure 2.2.

From the mathematical equation for a Lorentzian line (see Figure 2.2), the
line width at 0.55% height is calculated to be 13.5 times LW, /2, while the line
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Figure 2.2 — Lorentzian line with LW, = 0.25 Hz.

width at 0.11% height is calculated to be 30 times the LW, /5. So, if the peak
width at half-height is 0.30 Hz, the calculated values are 4.0 Hz Hz at 0.55% and
9.0Hz at 0.11%. These values are larger than the theoretical values because the
line widths at 0.55% and 0.11% height are very sensitive to shimming[92]. Other
factors that influence line shape include the quality of the NMR tube, sample
spinning, sample concentration, dissolved oxygen, and paramagnetic impurities.

The latter three will lead to an overall broadening of the lines.

2.3 Sources of NMR line broadening

Several physical phenomena have an influence on both the shape and the posi-
tion of an NMR spectral component. Generally speaking, the NMR line width
is intimately related to the correlation times of magnetic interactions with the
nuclear spins. Intuitively, the longer in time the FID signal is, the narrower the
associated spectral component will be after applying the Fourier transform to
the FID signal.

We can distinguish between homogeneous and inhomogeneous broadening
of the line width. Both kinds of broadening are relevant to this thesis due to the
different phases involved in chitosan deposition experiments. When performing
experiments in solution, the spin system is under motional narrowing conditions
and some inhomogeneous sources of broadening can be disregarded. However, in
the gel phase, the polymer is solid or semi-solid. Therefore, dipolar interactions,

as well as powder distribution effects, become relevant.
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2.4 Homogeneous broadening

The most important contribution to the homogeneous broadening originates
from the dipolar nuclear-nuclear and electron-nuclear spins interactions. The

Hamiltonian of a spin-spin dipolar interaction can be written as:

h
HPP — _5—27;32 (3cos®©12 — 1) I1.15, (2.1)
12

where v; and 7, are gyromagnetic ratios associated with nuclear spins [
and Iy, 73, and ©1, are the distance between spins 1 and 2 and the orientation
of the segment joining those spins with respect to the magnetic field By. I,
and [, are the components of spin 1 and 2 along the direction of By. Only the
secular part of the dipolar Hamiltonian has been considered here since in high-
magnetic fields, such as those used for NMR, the non-secular terms are negligible
in comparison and may be discarded. The Hamiltonian H”? can be considered
as a perturbation of the Zeeman Hamiltonian describing the interaction of the
nuclear spins with the static magnetic field at the nuclear positions. In liquid
phase, the perturbation is time dependent since the angle ©5 will vary as the
molecule rotate and thumble in solution. In case of inter-molecular dipolar
interactions, the value of 15 will also be time-dependent. It is also important
to note that the Hamiltonian H”P vanishes for O, = atany/2 ~ 54.74°, that
is the angle that solves the equation 3 cos? Omagic — 1 = 0.

In general, all microscopic fluctuations of the local magnetic field, will create
a corresponding fluctuation of the NMR frequency for a certain nucleus. It can
be shown that in the case of a gaussian distribution for fluctuations with mean

square amplitude (w?), the FID signal can be expressed as [93]:

610) = G0)exp [~ [ (6= rig(riar] (22)

where
B (Aw(t + 7)Aw(t))
g<7—) - (AwQ)

is the correlation function describing the fluctuations of the resonance fre-

(2.3)

quency w.

It can be shown that for characteristic decay times (correlation times) for
the fluctuations 7, < t, where t is the time scale of the NMR acquisition, the
FID is given by

16



2.5 17

G(t) ~ G(0) exp (—(Aw?)tT.) = G(0) exp a (2.4)
2
So, the relaxation rate of the FID signal is given by
1 2
T = (Aw?) 7, (2.5)

Since the FID decay is exponential, the corresponding line is Lorentzian,
and 1/T} represents the full width at half maximum of the Lorentzian curve.
In general, the total transverse relaxation rate (1/7y) will be a combination
of relaxation effects due to spin-spin interaction (1/73) and inhomogeneities in
the static local magnetic environment (1/75;). If all these relaxation effects are

independent, the total relaxation rate is the following sum:

1 1 1

= 4 2.6
15 T2+T2i (26)

2.5 Inhomogeneous broadening

Inhomogeneous broadening of the line width can be traced back to spatial dis-
tributions of the local magnetic field and can have either microscopic or macro-
scopic origin. These effects contribute to both a dephasing of the transversal
components of the nuclear spins and to the spread in frequency of the NMR
absorption spectrum. Inhomogeneous broadening is a static ensemble averaging
effect which usually superimpose over the homogenous linewidth and masks out
the related dynamics.

We can point out the following the most realistic sources of inhomogeneous
broadening in the specific case of the hardware used in this thesis: a “powder”
average broadening for the solid part of the chitosan polymer, e.g. in the hy-
drogel phase; a field gradient experienced by the NMR microdetector due to
imperfect alignment to the centre of the shim-coils axis; effects of eddy cur-
rents induced in metallic components of the sample inserts, especially in the
case of the planar electrodes, where eddy currents and magnetic susceptibility
optimizations were not taken into account; magnetic susceptibility discontinu-
ities along the transverse directions to the By field axis, due to the presence of
a non-negligible amount of materials with different magnetic susceptibilities in
proximity of the NMR detector. All these effects are graphically summarized

in Figure 2.3 and briefly described in the next subsections.
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2.5.1 Magnetic field inhomogeneities / magnetic field

gradients

A static distribution of frequency can be generated by the presence of one or
more superimposing gradients and distortions of the magnetic field within the
sample volume. The severity of this effect largely depends on the strength of
the gradients experienced by the sample. The resulting broadening is inhomo-
geneous and it is a consequence of the ensemble average across the full sample
volume. In figure 2.3a and 2.3b we see a simple example of such gradients.
Notably, the unwanted generation of a field gradient might originate from an
incorrect placement of the detector itself on the NMR probe head. Even a
small offset from the centre of the shim coils set would produce a non-curable

distortion of the magnetic field.

2.5.2 Powder average broadening

A static distribution of molecular orientations can also lead to a line broaden-
ing effect. This is what is commonly referred to as “powder average”: when
molecules do not have the ability and degrees of freedom to quickly reorient in
space, such as in the case of deposited chitosan gel, the chemical shift for a cer-
tain NMR line will be distributed because the shift associated with each copy of
the molecule would be slightly different, as the electronic cloud remains aligned
to the chemical bonds. The result is an inhomogeneously broadened spectrum
called a “powder spectrum”, a broad superposition of sharp resonance peaks
whose amplitudes depend on the molecule orientations with respect to the static
magnetic field. In crystalline powder material the spectrum assumes the char-
acteristic shape illustrated in Figure 2.3d and it can be either a symmetric or
an asymmetric distortion of the NMR line depending on value of the chemical

shift tensor associated with the chemical bond.

2.5.3 Magnetic susceptibility discontinuities

When materials with different magnetic susceptibilities occupy the NMR. coil
volume, a jump in the static magnetic field would occur at the materials inter-
faces. The effect on the NMR linewidth originate from those discontinuities in
the geometry and the associated susceptibility profiles in those cases where the

interface plane is not parallel to the static magnetic field.
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Figure 2.3 — Sources of inhomogeneous broadening. The field gradient distributions

are displayed as a colormap gradient going from red to blue. a) linear gradient along
the z-direction within the volume defined by the NMR detector (dashed grey line). b)

Coil misalignment effect. Two linear shim coil gradients along z- and z- directions are

here represented to illustrate how a small offset of the NMR detector can lead to the

introduction of undesirable inhomogeneities. c¢) a susceptibility mismatch generates a

field gradient in proximity of the susceptibility jump at the material interface.

The

severity of this effect depends on the size of the NMR detector with respect to the

structure producing the field distortion. d) a microcrystalline powder may lead to an

asymmetric broadening of the line width.
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The field generated by the magnetic dipoles induced in the different materi-
als is usually a demagnetizing field, since most fabrication materials and most
NMR solvents are diamagnetic. This effect is qualitatively illustrated in figure
2.3c, where a jump in susceptibility has been introduced, corresponding to the
hypothetical presence of microstructured interfaces that are perpendicular to
the direction of the By field. Depending on the size of the detector and the
number of such structures in proximity of the active volume, the distortion or

broadening caused to the NMR line will be more or less severe.

2.6 Signal-to-noise measurements

Signal-to-noise measurement, or SNR, is an important criterion for accurate
integrations and also one of the best ways to determine the sensitivity of an
NMR spectrometer. In general, a higher S/N specification means that the
instrument is more sensitive. It is also useful to roughly determine the time
required for an experiment. It is important that the spectrum is recorded under

the following standard conditions:

e Use a 90° pulse.

Line Broadening of 1.0 Hz.

Spectral Width of 15 to 5 ppm.

A sufficient relaxation delay (at least 5% T1).

A sufficient digital resolution (less than 0.5 Hz/point).
e One transient.

Optimum signal-to-noise ratio for any sample is defined as that which occurs
when using a line-broadening equal to the peak width at half height. When this
line broadening is applied, the peak width at half-height doubles, i.e., it is
the sum of the natural peak width at one-half height plus the line broadening
applied. The equation used for calculating SNR is:

S 254
N Ny

(2.7)

where A is the amplitude of the chosen peak and N, is the peak-to-peak

noise.
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The signal-to-noise ratio of a given signal increases as the square root of the
number of acquisitions; therefore, to double the signal-to-noise ratio, it takes
four times as many acquisitions. Furthermore, the SNR is inversely proportional
to the limit of detection (LOD), the lower detectable quantity, which has been
loosely defined for an SNR value of 3[52]. As the SNR scales by the square root
of the total acquisition time y/Z,cq, the normalised mass LOD has been defined

as

_ 3ny/tacq
nLODm = SNR (2.8)

where n corresponds to the molar fraction within the fraction of the sample
volume observed by the coil [94], and the normalised mass sensitivity (S,,)
is obtained by taking the reciprocal value nLODm, multiplied by a factor of
three. The SNR may be increased either by raising amplitude of the signal or

by lowering the contribution of the noise.
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2.7 Integration

The accuracy of the obtained integrals for most routine spectra is usually about
10-20%. This accuracy is usually sufficient, especially if the compound is already
known. However, this accuracy is sometimes not sufficient to determine the
exact number of hydrogen atoms contributing to a given peak, nor is it sufficient
for quantitative applications (such as kinetic experiments or assays of product
mixtures) where an accuracy of 1-2% is required. An accuracy of 1-2% can
be achieved, but it is important to be aware of the factors that influence the

integrations. These are as follows:

e The spectral width should be such that no peak is within 10% of the ends
of the spectrum. This is because the spectrometer uses filters to filter out
frequencies outside the spectral width. Unfortunately, the filters also tend

to reduce the intensity of peaks near the ends of the spectrum.

e The recycle time + the acquisition time = total time (TT) should be at
least five times 7;. Data should be collected under conditions which ensure
that all the nuclei can fully relax before the next FID is sampled. The
most challenging aspect of this criterion results from these experimental

variables.

e The same area should be included or excluded for all peaks. For exam-
ple, all peak integrals should be measured +5 Hz around each peak, not
420 Hz around one peak, £10 Hz around a second peak, etc. Spinning
sidebands are included in this category, and should consistently be either

included or excluded.
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Chapter 3

Materials and Methods

3.1 Fabrication Process

In this study, three different microfluidic platforms have been designed for the
purpose of implementing a variety of experiments related to electrodeposition
of chitosan. In the following I briefly illustrate the purpose of each platform.

First, we designed and fabricated a microfluidic platform hosting an array
of planar electrodes, to perform parallel sequential electrodeposition of chitosan
and demonstrate hydrogel stack addressability. With this platform, we inves-
tigated the possibility of tuning parameters of modification of chitosan with
functionalized quantum dots, we performed a qualitative analysis of the multi-
layer deposition and a quantitative estimation of the amount of amine (—NHs)
groups exposed by the chitosan hydrogel. This platform was not designed to be
compatible with a NMR microdetector and it only served the purpose of carrying
out preliminary characterization experiments necessary for achieving satisfac-
tory command over the electrodeposition technique. Further details about this
design are listed in section 3.1.1.

The second platform consists of a microfluidic channel and a planar elec-
trodes pair; in this case, the platform was designed taking into account com-
patibility to the NMR microdetector: we used 100 pm thick glass as substrate
material on which gold working electrodes of different thickness, 15nm and
30nm, were grown. The thickness of the planar electrode plays a role in deter-
mining both the homogeneity of the RF field at the sample position. Further
details are described in section 3.1.2.

The third version of the platform is a similar design as the second version,

except for a different positioning the electrodeposition surfaces: a pair of elec-
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Figure 3.1 — Electrode array fabrication process. Each gold working electrode covers a

nominal area of 1.76 mm?

trodes were fabricated along the side walls of the fluidic channels instead of
having a pair of planar of electrodes in the middle of the channel. This config-
uration goes under the name of “sidewall electrodes” in the present work. Two
versions of the microfluidic channel with integrated sidewall electrodes were fab-
ricated, namely a wide channel and a narrow channel. We used 100 pm thick
glass as substrates, and then electroplated gold working electrodes on the side
walls of the channel up to a thickness of 60 pm. A description of the fabrication
process for sidewall electrodes sample inserts is provided in detail in section
3.1.3.

3.1.1 Electrode array microfabrication

The manufacturing of the electrodes array proceeded as follows: fabrication
started with a 500 pm thick, 4-inch diameter silicon wafer. The substrate was
cleaned using a sequence of acetone, isopropanol (IPA), and deionized water
(DI) baths. An O, plasma treatment helped to improve wetting of the sili-

con surface by polar photoresists during spin coating. The wafer was further
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dry-baked on a hotplate at 100 °C for at least 2 minutes. After baking, the sub-
strate was treated with the silanizing agent hexamethyldisiloxane (HMDS), to
promote adhesion between the SiO, surface and the layer of ma-N1420 positive
photoresist, which was spin coated immediately after. The wafer was spun at
3000 RPM for 30 seconds and underwent soft-baking for 2 minutes at 100 °C.
The dry ma-N coating was exposed using an I-line mask aligner (MA6, Karl Siis,
Germany) with a dose of 825mJ/cm? @ 375nm under hard contact, followed
by development in ma-D 533/S developer for 110 seconds to achieve the desired
undercut. The wafer was rinsed thoroughly with DI water, dried and put in
an oven at 200°C for 2 hours to stabilize the resist prior to metal deposition.
A 10/100 nm chromium (Cr)/gold (Au) seed layer was evaporated on the sub-
strate by physical vapor deposition. Then, the ma-N 1420 layer was stripped in
a megasonic acetone bath and the substrate was cleaned in IPA and DI water
and dried under nitrogen flow. Ordyl SY390 (Elga Europe s.r.l., Italy) dry film
resist was used to define the fluidic channel side walls[95]. The surface of the
wafer was first activated in an Os-plasma cleaner at 0.3 mbar, 40 °C and 20 W
at 40 kHz to improve the adhesion of the first laminated layer. Four fresh layers
of Ordyl were laminated onto the silicon substrate using a standard lamination
device (Mylam 12, GMP) at 85°C and roll speed 1 cm/s, resulting in a total
nominal resist thickness of 360 pm. A 1-minute post-lamination bake was per-
formed at 85°C on a hotplate. The Ordyl stack was then exposed to UV light
for a total dose of 180 mJ/cm? @ 375nm. A post exposure bake was performed
for 1 minute at 85 °C. The Ordyl patterns were developed for 7 minutes in Or-
dyl developer under ultrasonic agitation. The developed structures were rinsed

in IPA and DI water and dried under nitrogen flow.

At this stage, two versions of the device were fabricated. Fabrication of
the first version, referred to as the “open configuration”, was completed at this
step. The second version, referred to as the “closed configuration”, continued
the fabrication with bonding to a top glass wafer using a hot embossing device
(EVG 510HE) with an applied pressure of ~6bar at a temperature of 95°C for
30 minutes. Inlet and outlet holes were drilled into the top glass wafers before
bonding, by machining the thin glass with a nanosecond UV laser (Trumpf
TruMark 5000) pulsed at 30 kHz. The whole fabrication process is schematically

shown in Figure 3.1.
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3.1.2 Planar electrode inside microfluidic channel com-
patible with the NMR microdetector

The fabrication procedure for the electrodeposition platform compatible with
the NMR detector differs from the protocol illustrated in section 3.1.1 in the def-
inition of the planar electrodes. A Au/Cr etching strategy was here selected to
achieve a higher adhesion of the metal layer onto the substrate, solving occasion
peel-off issues encountered with the lift-off fabrication process. Encapsulation
with Ordyl was performed identically to the procedure in section 3.1.1.

A 4-inch 210 pum thick glass wafer (SCHOTT DS263T-ECO) was cleaned
with a sequence of acetone-IPA-DI water baths, rinsed and dried under nitrogen
flow. The wafer was prepared for Cr/Au PVD sputtering by oxidizing the glass
surface with oxygen plasma at 150 W RF power, 0.6 bar oxygen pressure for 5
minutes. Then the wafer was baked in a standard oven at 200 °C for 2 hours
prior to sputtering of either 10/15nm or 10/30nm Cr/Au layer using physical
vapor deposition. SU-8 was used to define the gold electroplating mask: the
wafer was again cleaned in acetone-IPA-DIW baths and the surface was once
again oxidised with oxygen plasma at 100 W RF power, 0.6 bar oxygen pressure
for 10 minutes. A layer of SU-8 3025 was spin-coated onto the metal layer
with the following coating protocol: 1) 0 — 500 RPM @ 100 RPM/s for 5s,
500 — 2000 RPM @ 300 RPM/s for 60 s, 2000 — 0 RPM @ 100 RPM/s for 5
s. The achieved target thickness for the SU8 layer was 20 pm. The wafer was
soft baked at 95°C for 12 minutes and exposed under a SVG 620 mask aligner
for a total dose of 400 mJ/cm?@365nm UV light. After exposure the wafer was
baked again at 95°C for 4 minutes. The SU-8 structures were developed in a
PGMA bath for 20 minutes, followed by a rinsing step in IPA for an additional
10 minutes. The wafer was dried with a nitrogen gun and further baked at 30 °C
for 2 hours to remove excess moisture.

Additional metal gold was grown on the counter-electrode and the contact
pads by electroplating the wafer in a Au plating bath at 20 A /m? current density
for 40 minutes to achieve a target Au thickness of 5pm. The SU-8 mask was
then stripped using an R3T microwave plasma etcher for 30 minutes. The wafer
was then cleaned in successive Acetone-IPA-DIW ultrasonic baths at 50 °C.

A Cr/Au etching mask was defined using ma-N 1410 and metal etching was
performed with the following procedure: the wafer surface was oxidised with

oxygen plasma at 100 W RF power, 0.6 bar oxygen pressure for 5 minutes. A
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ma-N 1410 resist layer was spin-coated at 3000 RPM for 30 s to achieve a
thickness of 1 um. The wafer was then baked on a hot plate at 100°C for 90
s. The ma-N later was exposed under a SVG 620 mask aligner for a total dose
of 475mJ/cm? @ 365nm UV light. ma-N patterns were developed in a ma-D
533S developer bath for 35 s. The wafer was then rinsed with DIW and dried
with a nitrogen gun.

The gold layer was then etched by immersion in a gold etchant bath for 20 s
and the wafer was then rinsed in DI water. The chromium layer was etched in
a chromium etching bath for 1 minute, then the wafer was rinsed in DI water.
Finally, the ma-N masked was removed by immersion in an acetone bath under
agitation for 20 seconds.

A 90 pm Ordyl layer was laminated and patterend using the same procedure
as in section 3.1.1 to define the microfluidic channel. Fabrication terminated
with encapsulation by bonding to a top 210 pm glass wafer. Inlet and outlet
holes were defined onto the top glass wafers after bonding, by machining the thin
glass with a nanosecond UV laser (Trumpf TruMark 5000) pulsed at 30 kHz.
The same laser was also used to dice the whole wafer. The whole fabrication

process is illustrated in Figure 3.2.

3.1.3 Sidewall electrode inside microfluidic channel com-
patible with the NMR microdetector

The insert consists of a microfluidics channel sandwiched between two 210 pm-
thick glass supports. In order to form high aspect-ratio side-walls as deposi-
tion sites together with the planar structures such as access tracks, pads, and
counter-electrodes, two steps for metal deposition were performed. A 4-inch
substrate, covered by the seed layer, was cleaned, and dehydrated. For the first
mould, SU-8 3025 was patterned on the substrate as discussed elsewhere[96, 97].

Then, gold was plated on the accessible pads for the height of 10pm. In
the next step, the second mould was fabricated using SU-8 3025 for the total
height of 100 um. As the height of SU-8 is comparable to the thickness of the
substrate and in order to reduce the stress, the baking processes was done at
65°C for 90 minutes. The dose of the UV exposure also has been adjusted to
150 mJ/em?-225 mJ /em?.

Next, the high aspect-ratio side-walls were electroplated to achieve a 60 pm

height. The mould structures were then etched followed by seed layer etching.
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Figure 3.2 — Illustration of the fabrication process for the planar electrode microfluidic

platform with two different thicknesses of the working electrode, 15nm and 30nm Au.

Each gold working electrode covers a nominal area of 1.76 mm?.
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210 pm glass substrate

Cr/Au sputtering \/\
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for pads &
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~— SU8 stripping
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sidewall electrodes & ___*
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Figure 3.3 — Main steps in the fabrication process for the sidewall electrodes microfluidic

chip compatible with the NMR Helmholtz microcoil. Each gold working electrode covers

a nominal area of 0.42 mm?2.

After that, a 180 pm SU-8 3025 was spin-coated for both encapsulation of the
electrodes and structuring the channel. Similar to the previous step, SU-8
3025 was baked in lower temperature for a longer time before exposure. The
unexposed SU-8 3025 was developed by PGMEA developer and the channel was
formed.

In order to facilitate the bonding of the wafer to the top glass, a 20 pm-
thick layer of Ordyl SY390 was laminated on top of the SU-8 structures. The
Ordyl layer was then structured using UV exposure and development. Just after
Ordyl development, the bonding to the top glass wafer was performed using a
hot embossing machine. The access to the microfluidics was provided through
inlet and outlet holes, drilled through the top glass with a nanosecond pulsed

laser. The fabrication process for this the device is illustrated in Figure 3.3.
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3.2 Substrate Characterization

3.2.1 Materials

The following chemicals were purchased from Sigma Aldrich: chitosan from crab
shells (85% deacetylation, 200kDa), poly(ethylene glycol) bis(carboxymethyl)
ether (average M,, 250, PEG), poly(amidoamine) dendrimers GO PAMAM (20
wt% solution in methanol), N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide
hydrochloride (EDC) 99%, N-hydroxy-succinimide (NHS) 97%, 0.01 M of phos-
phate buffer solution (PBS) of pH 7.4 was made with PBS tablets in deionized
(DI) water, ethanol 99.8%), and Cadmium Telluride (CdTe) carboxylic acid func-
tionalized. Water was deionized with Millipore SUPER-Q water system until

final resistivity ~>18 M(2 cm was reached.

3.2.2 Chitosan characterization

Chitosan (CS) modification was always performed in solution (i.e. pH 5.5).
After each modification, the resulting polymer was purified by precipitation
with sodium hydroxide (NaOH) and dialysis against phosphate buffer saline
(PBS, at pH 7.4) (3 fold by volume) for at least one day before either the next

coupling reaction, chemical analysis, or electrodeposition.

3.2.3 Modification of chitosan

OH OH o OH OH
o o o”ﬂ/\fo/\+°\)kou 0o 0
{—o o o 1" {»o o
n > n o
OH NH OH NH OH NH OH NH
o=, 2 EDC,NHS 0= \[]/\EON’O\)J\OH
CH;, CH, o 1

Figure 3.4 — Reaction scheme for the chitosan+PEG modifications described in this

work.

Polyethylene glycol (PEG) coupling: Chitosan was coupled with PEG featur-
ing diacid functionality. PEG (11 mg/mL) was activated with EDC (2 mg/mL)
and NHS (1 mg/mL) in 20 mL of deionized water for 30 minutes at 24 °C. The
PEG:EDC:NHS ratio was 1:0.5:0.5. This solution was then added to a 1% w/v

chitosan solution containing the appropriate quantity of amine reaction centres
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Table 3.1 — Molar ratios of chitosan, PEG, and PAMAM (CS:PEG:PAMAM)

Experimental
Theoretical
'H NMR Titration

1:1:1 1:081:0111(1:0.75:0.09
1:2:2 1:074:006|1:0.61:0.06
1:1:05 |1:078:0.13|1:0.70: 0.09
1:1:2 1:076:0201|1:0.75:0.13
1:05:0511:053:003]1:0.43:0.05

(molar ratios presented in Table 3.1). The reaction was allowed to proceed for

3 hours at 24 °C before purification.
OH OH
[0} (o} o o
{»o ° EDC,NHS {‘0 o

OH NH OH NH

n
o —_—
O\)J\ HO NH HO o
A o~ o L.

H
A~ C N o NH
o N"~C
in \/:’f o)\/\N C EZN\/\fo
1 HN
HN" o0 NH, i 1
[) HN o NH,
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Figure 3.5 — Reaction scheme for the CS-PEG+PAMAM dendrimer modifications de-

scribed in this work.

Poly(amidoamide) (PAMAM) coupling: PEG functionalized chitosan was
activated with EDC and NHS for 30 hours at 24 °C. To this solution, a PAMAM
solution (diluted in MQ water, pH adjusted to 5.0) was added dropwise and
allowed to react for approximately 16 hours at 24 °C before purification (molar

ratios presented in Table 3.1).

3.2.4 Visualisation of chitosan

Quantum dot labelling: Carboxyl-functionalized quantum dots (QD) were acti-
vated by preparing a solution of 0.1 pmol/mL of QDs together with 1mg/mL
of NHS and 10 mg/mL of EDC in PBS at pH 7. The QD:EDC:NHS ratio was
1:10%:10%. QD solubility was assisted by bath sonication. The reaction mix-

ture was stored for 2 to 4 hours at room temperature, and then stored at 4°C
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Figure 3.6 — Quantum dot labelling (CdTe) of (a) CS, (b) CS-PEG, and (¢) CS-PEG-
PAMAM was performed in order to visualize the electrodeposited materials. Quantum
dots with different emission wavelengths were selected to visualize the different layers of

deposited materials.

overnight[98]. From a solution of activated QDs, aliquots were taken and mixed
with 1 % w/v of chitosan solutions which were allowed to react for 2-4 hours at
room temperature to complete the coupling. The reaction mixture was dialyzed
on a membrane with a MWCO of 10000 against pH 7.0 PBS buffer and stored
at 4°C.

Coupling quantification: Purified functionalized chitosan was subjected to
both nuclear magnetic resonance (NMR) and potentiometric titration analyses
to estimate the coupling yields. For NMR, a known quantity of the modified gel
(typically 500 mg) was dissolved in D,O and the pH adjusted using deuterated
hydrochloric acid (DCI). Spectra of all reagents were also measured by preparing

solutions at 60 mg/mL in acidic D,O. NMR spectra were collected on a Bruker
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AVANCE system operating at a 'H Larmor frequency of 400.13 MHz (credits
to Institute of Biology (IBG), KIT). Each spectrum was the result of 16 scans,
each containing 64 K data points over a spectral width of 20 ppm. The resulting
FID was zero-filled by a factor of 2 and multiplied by an exponential function
equivalent to 0.3 Hz linewidth prior to Fourier transform. For potentiometric
titration, a known quantity of gel was dissolved in acidic water adjusted with a
known quantity of HCI. Titration was performed with 1: NaOH, with sufficient

time allowed for the pH to stabilize before each addition.

3.3 Electrodeposition (ED) of Chitosan

A chitosan solution (1 % w/v, pH 5.5) was prepared by dissolving chitosan
in a diluted HCI 0.2M solution as previously described[99]. The solution was
filtered through a 5nm syringe filter before use. Gold electrodes were first
cleaned with ethanol and washed thoroughly with DI water, followed by drying
under nitrogen stream. We performed electrodeposition of chitosan in an open
and a closed configuration. In the open configuration, the electrode array was
exposed directly to the chitosan solution, whereas in the closed system the
chitosan solution was injected into the fluidic channel enclosing the electrode
array. The electrodes were connected to a precision current source using the
on-chip gold metal pads. The height of the electrodeposited chitosan (open
configuration) was measured by mechanical profilometry utilizing a Dektax II
profilometer. Profilometry data were exported and processed using MatLab
R2017b. A PID-stabilized current density of 3 A/m? was run through the chosen
electrode pair for a certain time to obtain a deposited layer of desired height.
After electrodeposition, the chitosan solution was flushed and the deposited

assembly was rinsed with DI water.

3.3.1 Setup experiment for in situ ED

A specialised probe head insert (Figure 3.7a), compatible both with a commer-
cial Bruker Micro 5 NMR probe and custom NMR probes available at IMT-
KIT, was designed and fabricated to accommodate the requirements for an in
situ chitosan electrodeposition experiment integrated with NMR detection via
a micro-coil. The support structure of the insert was fabricated in PMMA. The

base of the insert includes RF female connectors to interface to the RF lines
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exposed on the probe heads. The NMR Helmholtz microcoil is mounted on top
of a PCB, hosting electrical tracks for both RF signal transcieving (*H channel)
and chitosan electrodeposition. The top side of the insert features the electrical
connections for electrodeposition and the fluidics connectors to the outside of
the NMR magnet. A 4-channel PCB header was selected to allow for connection
to the electrodeposition lines and other on-board sensors, such as a temperature
sensor to monitor reaction temperatures close to the NMR detectors (not im-
plemented in this work). This multi-purpose connector slides through the open
top end of the micro gradient sleeve and exposes electrical and fluidic interfaces
to the outside, even in such instances where ad hoc modifications to the NMR
probe are not possible, such as the case of commercial Bruker probes. Connec-
tions from the PCB electrodeposition lines to the gold pads on the microfluidic
chip rely on manual soldering of tin-plated copper wires, as shown in Figure
3.7c.

The fluidic pathway consists of two inlet /outlet soft silicone tubing segments
embedded into the top side of the probe insert, connecting to polyethylene
tubings on the insert side and to brass tubings to the outside. The microfluidic
chip is fluidically interfaced to the tubings via two custom connectors consisting
of a machined Teflon body bonded to a glass slide and a soft PDMS pad, to
adapt the connector to any wedge defects when mounting it on top of the
microfluidic chip (Figure 3.7b).

After the assembly was completed and installed in the probe, chitosan so-
lution was flushed into the tubings connected to the microfluidic channel (see
Figure 3.7). Then a DC microcurrent was applied to the poles of the ED elec-
trodes for 5 minutes. The current was then switched off and an NMR spectrum
was collected on a Bruker AVANCE system operating at a 'H Larmor frequency
of 500.13 MHz.

3.3.2 NMR Data Acquisition

The detector was a 1.2 mm diameter Helmholtz coil similar to the one reported
by Spengler et al.,[60] tuned to 500 MHz (*H Larmor frequency at 11.74T) and
matched to 50 €2. The microfluidic devices containing the different electrode con-
figurations were slid into a slot between the two windings of the Helmholtz pair.
The microfluidic channels were designed so that the electrochemical sites are

located inside or in close proximity to the field of view (FOV) of the Helmholtz
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Figure 3.7 — Experimental setup for in-situ electrodeposition of pre- and post- modified
chitosan inside the microfluidic chip. a) overview of the NMR probe head insert used in
this work, showing the main elements of the device: al) PCB hosting RF tracks, tuning
and matching fixed capacitors, the electrodeposition tracks and the NMR microcoil, a2)
the microfluidic insert mounted inside the Helmholtz pair microcoil, a3) insert base with
RF female connectors, a4) microfluidic connectors and connectors clamps, ab) topside
connector supporting both electrical and fluidic connections to the outside. b) highlighted
fluidics components, left side view and top view. c) highlighted electrical components:
cl) electrodeposition lines and PCB header connector, ¢2) tin-plated copper connections
between PCB and microfluidic insert, ¢3) microcoil NMR detector, c4) 'H NMR RF
lines. d) schematic illustration of the in-situ electrodeposition process: d1) loading the
microfluidic channel with the polymer solution, d2) Applying a DC bias to the electrode
pair to initiate electrodeposition, d3) rinsing with a buffer and/or loading the channel

with a reagent solution.

coil. The entire setup consisting of the Helmholtz coil with the tuning and
matching capacitors and the microfluidic structure was adapted to the com-
mercial probe. This design aligned the middle axis of the microfluidic channel
to the z-axis of the magnet, which is also the direction of the static magnetic
field (By), while the Helmholtz coil generated the excitation RF field along the

nominally-axis of the magnet frame of reference (Bj).

For the experiment, a one-dimensional NMR experiment was performed on
the sucrose sample at 30°C to observe the resolution spectra for planar and
sidewall electrode configurations as a test measurement. The applied power
was 0.8 W and shimming was performed manually up to the second order pa-

rameters. Each spectrum represents 64 scans. 18000 data points were collected
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for each scan over a spectral width of 20 ppm, the relaxation delay being set
to 10 s. The resulting signal was Fourier transformed after multiplication with
an exponential function equivalent to 0.3 Hz line broadening. The full width at
half maximum of the TSP peak was calculated as a measure for the spectral

resolution.

3.3.3 Nutation and MRI Experiments

Nutation. 'H NMR experiments were performed using TopSpin 3.5, the operat-
ing and processing software for Bruker NMR spectrometers. A one-dimensional
NMR experiment was carried out on the sucrose sample at 30°C. The applied
power was 0.8 W and shimming was performed manually up to the second or-
der parameters. Each spectrum represents 64 scans. 18000 data points were
collected for each scan over a spectral width of 20 ppm, the relaxation delay
being set to 5s. The resulting signal was Fourier transformed after multiplica-
tion with an exponential function equivalent to 0.3 Hz line broadening. The full
width at half maximum of the TSP peak was calculated as a measure for the
spectral resolution. A nutation experiment was performed in order to determine
the By field homogeneity. The nutation spectrum consists of 300 single scans
using 0.8 W applied power with an increment of 1ps. A relaxation delay of 10s
was set between two consecutive scans. Each data point in the nutation spec-
trum, represented by a single NMR peak, was integrated and plotted as part of
a continuous curve to facilitate comparison with the simulated experiments.

MRI. B; distributions for inserts with different electrode configurations were
studied through MRI experiments (ParaVision 6.0.1) using a sucrose sample.
The experimental parameters of the Flash sequence were set as follows: TR/TE
- 200 ms/4 ms, slice thickness - 100 pm along the y-axis, in-plane resolution - 40 x
40 pm, Tscan - 53 min, FOV 2 x 2 mm?, bandwidth - 10 kHz, and 512 averages.
The duration of the excitation pulse was fixed at 1.1 ms and its power level was
adjusted to achieve different flip angles. FieldMap sequences were performed
to study By distribution experimentally, at the detection zone. The FieldMap
sequence applies a 3D double gradient-echo image sequence with two different
echo times, and based on the phase and magnitude differences between the
echos, it calculates the By distribution.[100] The experimental parameters of the
FieldMap sequence were set as follows: TR - 35ms, TE1/TE2 - 1.31 ms/7.03 ms,
isotropic voxel size - 90 pm, Tscan - 76 min, FOV 2.9 x 2.9 x 2.9 mm?, bandwidth
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- 30kHz, number of averages - 128, flip angle - 50°. SNR threshold was set to
5 for data collection to minimise noise-induced image distortions. The slice
which corresponds to the sample position in the zx-plane has been considered
for representation and analysis. The standard deviation of the collected map
was calculated and studied as a measure for the By homogeneity. For this
purpose, the outermost pixels of the acquired image were filtered out to further

reduce the noise contribution.

3.3.4 NMR procedure for in situ ED

A reference one-dimensional NMR experiment was initially performed on the
sample containing only the CS solution at 30 °C, to identify the chitosan signal
at ~3.3 ppm (singlet,'H). Electrodeposition was monitored by collecting a series
of 'TH NMR spectra as a function of time. The current input for the electrode-
position was left on during NMR acquisition. Each NMR spectrum was a result
of 200 scans, each containing 34000 data-points over a spectral width of 20 ppm,
the relaxation delay being set to 1 s. The resulting signals were multiplied by
an exponential function equivalent to 0.3 Hz line broadening prior to Fourier

transform.

3.4 Application of the system: Determination

of the function of enzymes

The in situ electrodeposition platform was used in a proof-of-concept application
to determine the function of the enzymes. Taking advantage of biocompatibility
of the chitosan hydrogel, the enzymes were bound to chitosan polymeric chains
in solution using a suitable molar ratio, as described in section 3.4.1. Then the
enzymatic reaction was studied using this platform in a real-time measurement

by NMR spectroscopy.

3.4.1 Preparation of enzymes towards substrates

Materials

Enzymes: Urease (from Canavalia ensiformis (Jack bean)) with a specific activ-

ity of 100000 u/(g of enzyme) (pH 7.6, 303 K), glucose oxidase (from Aspergillus
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Niger) with a specific activity of >100,000 u/(g of enzyme) (E. C. 1.1.3.4, type
X-S, pH 7.6, 303 K) and catalase (from Bovine liver) with a specific activity

of lyophilized powder, 2,000-5,000 u/mg protein were purchased from Sigma-
Aldrich.

Substrates: Urea (powder, BioReagent, for molecular biology, suitable for
cell culture), D-glucose (>99.5% (GC)) and glucono-d-lactone (>99.0%) were
purchased from Sigma-Aldrich. NMR solvents: Deuterium oxide DO (99.9
atom % D), and 3-(trimethylsilyl)- propionic-2,2,3,3-d4 acid sodium salt (99.9
atom % D, contains 0.05 wt. % TSP), deuterium chloride (99 atom % D DCI),
and deuterium sodium oxide (99 atom %NaOD),

Polymers: chitosan from crab shells (85% deacetylation, 200kDa), poly(ethylene
glycol) bis(carboxymethyl) ether (average MW= 250, PEG),
Coupling reagents: N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC) 99%, N-hydroxy-succinimide (NHS) 97% were purchased from Sigma-
Aldrich.
Buffers: 10mM of phosphate buffer solution (PBS) of pH 7.0 was made with
PBS tablets, and 200 mM of sodium acetate (NaAc) of pH 5.5 was made with
NaAc tablets in deionized deuterated (D,O) water. The pH was adjusted with
deuterium chloride (DCI), and deuterium sodium oxide (NaOD). (All solutions
and dilutions will use this stock buffer to maintain the same pH 6.5-7.0 and the

same concentration of TSP (50 mM) throughout.

Experimental Procedures

(i) Ezperiments with enzymes using a 5 mm Bruker insert, saddle coil:

Enzymes in a solution: Two different samples were used in a standard 5 mm
NMR tube. The first sample, containing only the substrate, was prepared in an
Eppendorf vial starting from a 1000 mM stock solution for Urea and a 200 mM
stock solution for D-Glucose in total final aliquots of 200 mM NaAc buffer at
pH 7.0. For urea samples the stock was divided into 1000 mM, 500 mM, 250 mM
and 100 mM aliquots with a final volume of 1 mL each. For D-glucose samples,
the stock solution was diluted down to 100 mM, 50 mM, 30 mM and 10 mM

aliquots with a final volume of 1 mL each. A 500 uL volume was taken from the
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aliquots and transferred to a 5 mm NMR tube. This first kind of sample was
used to adjust the NMR parameters.

The second sample was dedicated to the kinetic experiments and contained
1000 mM urea and 2.0mg/mL urease. The second sample was prepared by
transferring 1 mL of the 1000 mM urea stock solution into an Eppendorf vial
loaded with 2mg dry stock enzyme. 500 pL of the so-obtained solution were
transferred to an NMR tube for acquisition. A timer was started right after
mixing the stock solution with the dry enzyme to track the intertime between
the start of the enzymatic reaction and the acquisition of the first usable NMR
spectrum. We labelled this intertime as ¢;. The same procedure was used for
the kinetic study of the GOx enzyme. In this case a stock solution with 100 mM
D-Glucose was prepared and 1mL of the stock were mixed with 4 mg/mL dry
GOx and 1 mg/mL catalase in an Eppendorf vial.

Enzymes coupled to chitosan polymer, CSPEG: Preparation of CSPEG is
described in section 3.2.3. After dialysis of CSPEG, 0.6g CSPEG hydrogel
were weighed. This amount was chosen because of its good solubility. The
CSPEG was activated with EDC and NHS in 1 mL deionized water for 30 min-
utes at 24°C. The ratio CSPEG:EDC:NHS was set to 1:0.5:0.5. Then each
enzyme (urease: 2mg; GOx: 4mg; catalase: 1mg) was added to this solution
in a separate vial. The reaction was carried out at 24 °C for 3 hours before a
purification step. Purification was performed by dialysis of the solution with
PBS, overnight. For the kinetic study involving Urs, 0.6 g of the enzyme-bound
CSPEG hydrogel (CSPEG-Urs) was weighed. The final sample was prepared
by transferring 1mL of the 1000 mM urea stock solution into an Eppendorf
vial containing the CSPEG-Urs hydrogel. 500 nL of the obtained solution were
transferred into an NMR tube. A timer was started at this point to track
the intertime ¢y between start of the reaction and acquisition of the first NMR
spectrum. The same procedure was followed for kinetic studies of the GOx
enzyme, mixing 0.6 g (CSPEG-GOx, CSPEG-cat) hydrogel with 1 mL 100 mM

D-Glucose stock solution.

(ii) Experiments with Enzymes using a Helmholtz pair microcoil:

To ensure consistency in experimental conditions, the preparation of solu-
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tion containing the enzymes and either coupling or not coupling to the CSPEG
polymer were carried out according to the same protocol as in (i), except for
the final target sample volume. In this case the sample volume is defined by
the fluidic channel on board of the microfluidic sample insert, that is 3.2 uLL for
planar electrode and wide channel sidewall electrode, meanwhile the volume of

narrow channel of sidewall electrode is 2.5 uL .

Preparation of the enzyme’s solutions:

Solution A: 1000 mM Urea;

Solution B: 100 mM D-Glucose;

*Solution C: 35 uM CSPEG-Urs (15 u in 10 pL);

*Solution D: 20 pM CSPEG-cat (1 u in 10 uL);
e *Solution E: 32 pM CSPEG-GOx (10 u in 10 pL)

( *Note:This is the expected number of units assuming 100% coupling yield)
200mM NaAc buffer at pH 7, and 50 mM TSP as NMR internal reference

were added to solution A and B to stabilise the pH and to set an NMR chem-

ical shift reference at 0 ppm, respectively. Solutions C, D and E were filtered

through a 5 pl polycarbonate filter, filled into three separate syringes.

Electrodeposition of the first layer of CSPEG-Urs: Solution C was injected
into the microfluidic channel, then electrodeposition was carried out for 15
minutes by running a PID-stabilized DC-current (current density of 3 A/m?)
through the chosen electrode pair to obtain a deposited layer of desired height
15 pm—20pm. After electrodeposition, the enzyme solution was flushed and
the channel was rinsed with DO water. Then solution A with 50 mM TSP in
200 mM NaAc at pH 5.5 was injected and the inlet and outlet were immediately
sealed. The sample insert was then mounted on the probe and the probe was
transferred to the NMR magnet for real-time monitoring. The same procedure
was followed by for deposition of solutions D and E.

Electrodeposition of multi-layered chitosan gels: solutions were injected in
the microfluidic chip in the following order: 1) solution C, 2) electrodeposition,

3) solution D, 3) electrodeposition, 4) solution E, 5) electrodeposition. Each
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deposition step was carried out for 15 minutes with the same current density
(3 A/m?) to obtain a deposited multilayer of the desired height 151m—20pm).
After electrodeposition, the leftover polymer+enzyme solution was flushed out
and the deposited hydrogel assembly was rinsed with D,O water. Then the
substrates (500mM urea and 100 mM D-glucose with 50 mM TSP in 200 mM
NaAc buffer at pH 7) were injected into the microfluidic chip and the inlet and
outlet were immediately sealed. The sample insert was then mounted on the
probe and the probe was transferred to the NMR magnet for real-time moni-
toring. The time required to prepare the sample outside the magnet until the
time of the first measurement was about 80 minutes (including the total time
of the electrodeposition + shimming process). The procedure was performed
outside the magnet, as the thickness of the hydrogel layers can be estimated by
optical microscopy to calculate the initial unit of enzymes within the hydrogel.
Nevertheless, the process can also be performed inside the magnet if the cor-
relation of the thickness of the hydrogel with the deposition over time can be

estimated earlier.

3.4.2 Real-Time NMR Measurements

The experiments were performed with two different NMR coils. As a reference,
a control experiment for the kinetic reaction was performed using a standard
NMR saddle coil and a 5 mm NMR tube. The data were collected for a certain
interval of time. Then chitosan hydrogel coupled to the enzymes was electrode-
posited within the microfluidic NMR insert. To study the electrodeposition
process itself, electrodeposition was performed inside the magnet, i.e. in situ,
as described in section 3.3.1. To determine the function of the enzymes, the
electrodeposition of chitosan coupled to the enzymes was performed outside
the magnet, as described in section 3.4.1 (using Helmholtz coil) and the whole
platform was then transferred inside the magnet. The data were collected for
a certain interval time, in the range 100-1000 minutes, to ensure conclusion of

the enzymatic reaction.

A one-dimensional NMR experiment was performed on the first sample con-
taining only urea at 30°C to identify the signal of the urea at 5.8 ppm (broad,
'H). A standard pulse calibration sequence (nutation sequence) was performed

to determine the 90° pulse. All chemical shifts are expressed in units of parts per
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million (ppm) with respect to TSP’s Larmor frequency. Each one-dimensional
NMR spectrum was collected on a Bruker 500 MHz NMR spectrometer with a
spectral width of 18.93 ppm (9469.70 Hz) over 34000 acquisition points for a
total FID measurement time of 1.80 s. A relaxation delay of 1 s was used be-
tween the scans and 8 scans (for saddle coil) and 64 scans (for Helmholtz coil)
were signal averaged and saved for further processing. This experiment was
arrayed to collect FIDs continuously one after another and a total of 156 such
experiments (for Helmholtz coil: 156 x 1.92 min = 300 min) were performed.
The relaxation delay was set to 1 s, to ensure that as many intermediate spectra
as possible could be recorded before the complete enzymatic conversion of urea
into the products. The experiment was set up to collect FIDs continuously,
in order to follow the reaction. A delay of 10-20 minutes was added between
NMR acquisitions, to allow for a reasonable time resolution, considering the
characteristic time of the reaction (10-100 minutes), and to limit the amount
of data points (spectra) to be post-processed. NMR, data were processed us-
ing the TopSpin (Operating and processing software for NMR spectrometers),
Matlab2016b and Origin 2016.

3.4.3 Calculation of the enzyme units when determining

enzymatic activity

The following protocols were used to quantify enzymatic activity:

Theoretical unit Urs in solution

200unit
1mL

Utss, theoretical = x volume of microfluidic channel

Active unit Urs based on V,,,,

One mole of urea produces two moles of ammonia. The extracted V.
of the reaction gives My, ¢,/min, which corresponds to Myp, /min x0.5. Then
the active unit can be estimated by multiplication with the microfluidic channel
volume of the reaction (3.5 pL for the planar electrode and 2.5 uL for the narrow

channel sidewall electrode).

Myn. ]
Uuss, active = (Vipax X Q)Wr; x Volume of reaction
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Active unit GOx based on V..

One mole of glucose produces one mole of gluconic acid. V;,4, of the reaction
yields Myluconic acia/min, which corresponds to a of one mole of Myjyconic acia/min.
Therefore it is directly calculable to estimate the active unit by multiplying the
reaction volume.

Theoretical unit CS-enzymes in hydrogel

initial theoretical units in channel x coupling efficiency

U oretical —
theoretical volume of hydrogel

Active units of CS-enzymes in hydrogel gel based on V,,,,

Myn.
UCS*Urs, active — (Vmax X Q)ﬂ x Volume of hydI'Ogel
min
M, uconicacst
Ucs-cox, active = (VmaX)M x Volume of hydrogel
min

Fraction of active units

active unit
—— x 100%
initial unit
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Chapter 4

Result and Discussion

4.1 Concept of fabrication design

To perform electrodeposition of chitosan, a pair of electrodes is required to inject
a current into the polymer solution and trigger the gelation process. Therefore,
the integration of electrodes into the microfluidic channel is the first step to be
considered.

An electrodes array was manufactured to demonstrate the electrodeposition
of chitosan in parallel. The platform was manufactured on a silicon substrate.
The dimension of this platform is not compatible with the target NMR mi-
crodetector, as the platform is primarily intended for an exploration of chitosan
hydrogel electrodeposition parameters and their fine tuning. Further details for
the preparation of such experiments are clarified in section 3.4.1.

After establishing the optimal parameters for electrodeposition using the
array, integrated electrodes within a single microfluidic channel were produced,
which are compatible with the NMR microdetector. NMR is a sensitive tool,
especially when metal elements are introduced into the magnet. The additional
functionalities in the fabricated system pose a challenge to achieve a high res-
olution of the signals. To perform electrodeposition, a two-electrode system in
contact with the chitosan solution is required to generate a local increase in pH
with an applied current, thereby causing local deposition of the chitosan hydro-
gel. This relatively simple process is a convenient test platform for exploring
electrode integration into NMR-compatible fluidics: both the change in solution
pH and the gel deposition itself can be monitored by NMR spectroscopy. The
challenge of obtaining high quality spectra whilst metal electrodes are within

the sensitive NMR detection volume can then be addressed, including the effect
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on both NMR static and excitation magnetic field homogeneities, as well as the
insertion of additional noise to the signal. The details for experiments setup

are given in section 3.3.

4.2 Electrode array microfabrication

Electrodeposition (ED) is a powerful method with which one can control the
assembly of a chitosan hydrogel with spatio temporal control. A multi-layered
assembly of chitosan based on temporal variation of the applied current has been
demonstrated in bulk solution[101-103]; here, the assembly is demonstrated on a
lithographically defined electrode with the additional flexibility that each layer
can possess a unique chemical identity. Chitosan is a polymer with several
desirable properties, two of which were exploited in this work. The first is the
broad variety of chemical functionalisation opportunities that exist[104, 105]
and the second is the reversible gelation driven by control over the solution pH.
Taken together and using a multi-step interrupted gelation methodology[106],
chitosan layers of different chemical identity were assembled with spatial control
by ED. Sequential ED was performed using electrode array microfabrication as
shown in Figure 4.1, which shows (a) the dimensions of the array electrodes
and (b) the visualization of the deposition of labelled chitosan with and without

fluorescent emission light.

4.2.1 Sequential ED of Chitosan

Pre-modified Chitosan: As shown in Figure 4.2a and b, the hydrogel thickness
was observed to linearly increase as a function of the number of deposition steps,
up to 10pm in 10 steps, each step lasting 60 seconds. This is in agreement
with the result of Yan et al. who demonstrated linear gel growth up to 50
depositions steps[101]. The thickness of a single deposition can be controlled
down to 0.5 pm although this measurement was at the limit of the mechanical
profilometer resolution. Importantly, the in-plane resolution of the deposited
film is limited only by the definition provided by the photolithographic process
used to fabricate the electrodes.

Figure 4.2d plots the fluorescence intensity as a function of chitosan gel
thickness after each of 5 deposition steps (Figure 4.2c). Film thickness lin-

early correlates to the fluorescence intensity of dye-labelled chitosan hydrogels.
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(a) (b)

Figure 4.1 — (a) The dimensions of the 2 x 2 electrodes array (Reprinted with permis-
sion from [107] with a license number 4854671375573) and (b) the visualisation of the
independent electrodeposition of chitosan functionalised with QDs (with and without

fluorescent emission).

With this correlation, the thickness of deposited stack can be estimated without

physically accessing the hydrogel.

Post-modified Chitosan: The first step in the chemical modification protocol
was to determine the degree of deacetylation (DA) of chitosan. This was done
using the 'H NMR method reported by Hirai et al. [108], with the resulting
DA = 0.75 (NMR spectrum in Figure 4.3). We note that this is in contrast
to the stated DA = 0.85 given by the supplier, and thus suggest that the DA
should always be experimentally determined for each chitosan batch before use.
A series of chemical modifications were performed using a dicarboxylic acid
functionalised PEG and the generation 0 (GO) dendrimer PAMAM. The specific
molar ratios tested are given in Table 4.1. All coupling chemistry was done via
carbodiimide/N-hydroxysuccinimide (EDC/NHS) activation of the necessary
carboxylic acid in a solution of 10mM PBS buffer at pH 5.5. The EDC/NHS
coupling chemistry was chosen for two reasons: first, all reactions were done in
the aqueous phase; and second uncontrolled cross-linking could be avoided by
limiting the EDC/NHS molar equivalents.

1. Coupling to PEG: In the first step, one of the two carboxylic acid
groups (COOH-PEG-COOH) of the PEG molecule were activated by using
0.5 molar equivalents of EDC/NHS relative to PEG, which was then added to
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Figure 4.2 — (a) Left: Electrodes array. Right: Schematic drawing of sequential elec-
trodeposition of chitosan. (b) profile plot for a 10-step sequential electrodeposition of
chitosan over a 10 minutes total deposition time. Colour is meant to highlight the fact
that each layer is added on top of the previous layer. (c) Fluorescence images and
(d) Mean fluorescence intensity over the electrode area versus gel height as measured
by profilometry. A total of five hydrogel layers of QD-labelled chitosan (Acmission =
645 nm) were assembled. (Reprinted with permission from [107] with a license number
4854671375573).
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Figure 4.3 — 'H NMR spectrum of chitosan, with 75% deacetylation. (Reprinted with
permission from [107] with a license number 4854671375573).

the chitosan solution to generate CSPEG. After purification, CSPEG was then
activated prior to adding the required molar equivalent of PAMAM to generate
CSPEG-PAMAM. The resulting degree of substitutions (DS), as determined by
'H NMR and potentiometric titration, are given in Table 4.1. An exemplary 'H
NMR spectrum and titration plot are given in Figure 4.4 and Figure 4.5, while
data for all molar ratios are provided in the Appendix (titrations:Appendix A
Figure A.1, NMR spectra: Appendix B Figure B.1 - Figure B.5).

Integration of the 'H NMR signal intensities and identification of the poten-
tiometric inflection points for the chitosan pre- and post-modification permitted
orthogonal measures of the DS. As revealed in Table 4.1, the DS agreed very
well for all molar ratios tested as measured by the two methods. When the
PEG molar ratio was > 1, the DS was 0.77+0.03 and 0.70£0.07 as determined
by NMR and titration, respectively. The calculated molar ratios from NMR
spectroscopy may be slightly overestimated due to a broad signal contribution
to the integrated intensities. The PEG DS could be controlled as observed in
the 1:0.5 molar ratio case; in all cases, the coupling yield was on the order of
70-75% of either the total available chitosan amine group (NHy) in the case of

PEG molar excess, or of the added PEG in the case of submolar quantities.
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Figure 4.4 — 'H NMR spectra. From top to bottom: chitosan (a), PEG (b), PAMAM
(¢), and an example spectrum of product CSPEG-PAMAM for the reaction condition
1:1:1 (d). The assigned signals used for quantification are highlighted by the coloured
bands, with corresponding chemical assignment given in (e). Quantified reaction yields
are given in Table 4.1. Spectra for the additional reaction conditions can be found in
the Appendix B (B.1-B.5). (Reprinted with permission from [107] with a license number
4854671375573).
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Figure 4.5 - Titration of CS pre- and post-modification (molar ratio 1:1:1
CS:PEG:PAMAM). Analysis of the inflection points permits estimation of QD coupling
efficiencies. The titration was performed for individual components. (Reprinted with
permission from [107] with a license number 4854671375573).

2. Coupling to PAMAM Dendrimer: [t was observed that the DS
for PAMAM coupling was always significantly lower than that for PEG. The
PAMAM DS was comparable to results obtained for G5 PAMAM[109], or G1-3
PAMAM]I110] depending on the coupling chemistry used. It is expected that
with smaller generations, DS should increase[109, 110]. The decreased yield
can be explained by the pH-dependence of the EDC/NHS chemistry - it is the
amine group that couples to the NHS-activated carboxylic acid. The pKa’s
for the NHy from CS and PAMAM are 6.3 and 9.2[111], respectively, meaning
that at pH 5 (the pH at which all reactions were performed) the population of
NH, vs. NH3" was 3 orders of magnitude greater for chitosan than PAMAM.
It should be noted that the DS of PAMAM can be improved by exploring al-
ternative coupling chemistries[112, 113]. The final chemical modification that
was applied to chitosan and its modified variants was QD labelling. Titration
results revealed that the DS was 30% for chitosan pre-modification, and for
CS:PEG:Pa (molar ratio 1:1:1, Figure 4.5). Quantum dots (QD) coupling effi-
ciency could be estimated by taking fluorescence intensity ratios of the modified

and unmodified chitosan 4.1,

I _ € Acs.pec-paMaM + € Acs PG (4.1)
I eAcs ‘

ol



Experimental

Theoretical ] _
'H NMR  Titration

1:1:1 1:0.81:0.11  1:0.75:0.09
1:2:2 1:0.74:0.06  1:0.61:0.06
1:1:0.5 1:0.78:0.13 1:0.70:0.09
1:1:2 1:0.76:0.20 1:0.75:0.13
1:0.5:0.5  1:0.53:0.03 1:0.43:0.05

Table 4.1 — Molar ratios of CS, PEG, and PAMAM (CS:PEG:PAMAM)

where I’ is the intensity obtained for a sample of CS-PEG-PAMAM-QD taking
into account QD coupling to both PAMAM and unreacted CS-NH, groups, I is
the intensity obtained for CS-QD, and € and € are the QD coupling efficiencies to
CS and modified CS, respectively; €” is the QD coupling efficiencies to unreacted
CS-NH; groups. The coupling efficiencies are defined as:
Acs—Acs-QD

Acs

P Acs-PEG-PAMAM —ACS-PEG-PAMAM-QD (4 2)

ACS-PEG-PAMAM
1 _ Acs-PEG—ACS-PEG-QD

€ =

Acs-PEG
where

Acs =vy — g
ACS—QD =3 — U1
AcgpEG = V4 — U1
ACS—PEG—QD =Us — U1
ACS-PEG-PAMAM = Ug — U7
ACS.PEG-PAMAM-QD = Ug — Us

using the labelling scheme provided in Figure4.5 for the volumes v;. A first
approximation assumes the coupling efficiencies to be equal, yielding I'/I =
0.49.

The I’ /I value as determined by fluorescence spectroscopy was 1.57040.002
(Figure 4.6) From this, the calculated coupling efficiencies were ¢ = 30% and
¢ = 85%. €’ can be estimated by the fluorescence intensity ratio between
CS-QD and CS-PEG-QD, which is 1.75, and noticing that

lesqp €
Icspragp  €'(1 — DScs-prc)

(4.3)
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Figure 4.6 — (a) Fluorescence spectra of QD after coupling to both CS and its modi-
fied variants (CS:PEG:PAMAM molar ratio 1:1:1); (b) spectra and (c¢) mean intensities
of five calibration solutions of QD prepared at the concentrations given in the legend.
QD emission wavelength was 610 nm and the excitation wavelength 310 nm in all cases.
(Reprinted with permission from [107] with a license number 4854671375573).

where we used the DS as obtained by titration for DScgprg. Solving for €”,
equation 4.3 yields ¢ = 69£3%. See Figure 4.7 for a pictorial representation of
coupling efficiencies. These values correspond well with the coupling efficiencies
calculated directly from the titration data (¢ = 31 £ 2% and ¢ = 86 + 6%
¢’ =61 +6%). Plugging the values for efficiency factors into Eq. 4.1 we made

a conservative estimate of the expected fluorescence intensity ratio, 1.20.

Interestingly, the coupling efficiency to the modified CS was higher than for
the unmodified CS. This could be attributed to the first chemical modification,
PEG coupling. By introducing the highly soluble, flexible PEG moiety to the
chitosan backbone, the accessibility to the NH, groups could have increased and
thus react with the activated QD.

In Figure 4.8a, four deposition experiments were conducted, one on each of
the independent electrodes. Visualisation of the resulting hydrogel was possible
by using QD-labelled chitosan except in one case (electrode 3), on which unla-
belled chitosan was deposited to act as a background fluorescence control. For
each deposition, the following process was performed: the electrode array was
exposed to a 1.0 wt% chitosan (or QD-chitosan) solution, electrodeposition was
performed by applying 3 A/m? current applied for 300 s on the target electrode
(as previously described [114-116] and finally excess chitosan was removed by
thoroughly flushing the system first with PBS buffer and then with DIW. Af-
ter the entire assembly was completed, fluorescence microscopy was performed
after the excess DI water was removed by gently flushing the channel with Ny

gas.
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Figure 4.7 — Schematic illustration of relevant terms entering equation 4.3. QD coupling
efficiency is represented by the red dots populating part of a full CS chain. PEG substi-
tution is indicated with vertical lines. PAMAM-functionalized PEG sites are represented
by branching trees. The scheme is a realistic representation of coupling efficiencies for
a solution of modified CS with a 1:1:1 CS:PEG:PAMAM molar ratio, but not of the
modification distributions along the CS chain. (Reprinted with permission from [107]
with a license number 4854671375573).

By this sequential deposition method, the composition of the hydrogel on
each electrode could be controlled individually. Specifically, a single CS-QD, ¢4 x=645 nm
layer was deposited on Electrodes 1, 2 and 4, an additional layer of CS-QD yyange,3=576 nm
was deposited on Electrodes 2 and 4, and a final layer of CS-QD g, een,a=525nm Was
deposited on Electrode 4. The electrodeposition parameters were identical in
all cases, and thus the height of each layer is equivalent. In the absence of emis-
sion filters, it was observed that the total fluorescence intensity increased with
each deposited layer (Figure 4.8a). The three emission wavelengths originating
from the three individually labelled chitosan layers could be clearly visualized
by using quasi-ideal transmission band-pass filters centred at 532 nm, 560 nm,
and 700 nm, respectively.

ED of QD labelled CS, CSPEG, and CSPEG-PAMAM was performed (Fig-
ure 4.8b). Two important points could be identified from this experiment.
First, the electrodeposition time required to achieve the same hydrogel thick-
ness decreased by ~50% for CSPEG and CSPEG-PAMAM relative to CS. This
result is in agreement with the electrochemically driven neutralization mech-
anism for hydrogel deposition[117]. The depletion of NHy groups in chitosan
after coupling to PEG results in an equivalent decrease in the required OH ™, and
therefore e™, to generate a hydrogel of equivalent thickness in comparison with
the unmodified chitosan. Second, the decrease in QD coupling to CSPEG could
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Figure 4.8 — Modified chitosan ED on an electrode array in the closed configuration.(a)
Fluorescence intensity for sequential ED of chitosan on a set of electrodes in a microfluidic
channel: Electrode 1 = 60 4 10, Electrode 2 = 100 + 10 and Electrode 4 = 150 &+ 20,
respectively mean fluorescence intensity 4+ standard deviation. Using the appropriate
transmission filter, the three chitosan layers deposited on Electrode 4 can be individually
identified. Coupling chemistry with CdTe QDs allows to visualize the hydrogel layers.
[Chitosan] = 1.0 %w/v, current density = 3 A/m?, deposition time / layer = 180s. Each
data point represents the mean value, with the standard deviations for intensity and
height given by the error bars and (b) Fluorescence intensity for a single electrodeposition
of CS (electrode 1 = 130 £ 35), CSPEG-PAMAM (electrode 2 = 160 £+ 30) and CSPEG
(electrode 3 = 35 + 30) coupled to QD (molar ratio 1:1:1). The deposition time for the
various samples was adjusted to give the same thicknesses of deposited hydrogel within
the range 4 pm—4.5num. (Reprinted with permission from [107] with a license number
4854671375573).
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be recovered after further PAMAM modification as observed by the recovery in
fluorescence intensity. Indeed, the I'I ratio can be calculated to be 1.3 4 0.4,
agreeing qualitatively with the expected coupling efficiencies discovered from

titration and spectroscopy data.

4.3 Integrating with Helmholtz NMR microde-

tector

With a similar workflow as the previously manufactured electrode, an array of
elecrtodes was developed and used as a platform that to tested and fine-tune
parameters for the immobilisation of substrates, allowing us to identify and
quantify the active functional groups involved in the process of formation of the
hydrogel. The dimensions of the platform do not fit the NMR microdetector.
Therefore, a programmable microdevice integrated into the NMR microdetector
is required to perform a pre-test under the NMR spectrometer. A pair of planar
electrodes integrated into the microfluidic channel was produced using glass as
the upper and lower wafers. Glass was chosen because the material does not
generate a background signal from the NMR. The materials used to manufacture
the microfluidic channel insert have a good value of magnetic susceptibility,
close to that of water, such as Ordyl, glass and SU-8[118, 119]. As an electrode
material, copper would have been a better choice than gold due to its relative
magnetic susceptibility with respect to water. Nevertheless, gold was chosen
as electrode material for the following reasons: i) the value of the standard
electrode potential (SEP) of gold is higher than that of copper, i.e., 1.69V for
gold and 0.339V for copper;[120, 121] ii) copper oxidation limits the lifetime of
the electrodes, especially with thin film electrodes; iii) in the case of chitosan
deposition, copper ion migration leads to metal particles trapping in the gel[122].

The effect of the metal electrodes on the static field By, the RF field B; and
on the resistance dominated detector noise was investigated. The parameters
were processed to derive estimates of RF field homogeneity, sensitivity and
spectral resolution of the signal. For this purpose, two electrode configurations
were considered and all results were compared to a reference insert without
electrodes.

The electrode-free reference insert is a simple microfluidic channel defined in

SU-8 photoresist. The channel height was 90 pm and was sandwiched between
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two glass wafers, each having a thickness of 210 pm. Starting from this basic
microfluidic channel structure, various electrode configurations were chosen with
respect to the direction of the B; field. From a fabrication perspective, planar
disk electrodes in the zz-plane were the easiest to introduce in the microfluidic
channel. A working electrode was positioned within the field of view of the
Helmholtz detector, and the counter electrode was placed 5mm away within
the microfluidic channel. The thickness of the working electrode determined
the current induced inside the electrode, and hence also the magnetic field
perturbation and the dissipated RF power.

Two proposals for the design of the electrode geometry were made. The
first design, a planar electrode with a thickness of up to 30 nm, was proposed
in which the hydrogel grows vertically according to the time of deposition.
The second design was proposed to have sidewall electrodes where the hydrogel
grew horizontally. It was chosen because it minimises the total electrode surface
being intercepted by the B; RF field. Two high aspect-ratio metallic walls were
designed as the active electrodes in the sidewalls of the microfluidic channel,
i.e., along the yz-plane. The width of the electrodes was set to 30 pm to ensure
their mechanical stability, while minimising the cross-section to the B; wave

front. Further details are described in next section.

4.3.1 Ciriteria for the position of the working electrodes

A pair of electrodes is required for the ED of chitosan. The aim of this study
is to bring this platform together with the deposited substrate into the magnet
so that a high signal resolution is achieved. Therefore, some criteria regarding

the position of the immobilised samples need to be considered:

1. The position of the electrode may be either inside or outside the detector
- spectral resolution may be affected by the presence of the electrode in

the detection volume.

2. The thickness of the metal electrode when it overlaps with the detector
should be as low as possible, to ensure that the By field is homogeneous,

to achieve homogeneous excitation of the sample.

3. The area of the working electrode should be as large as possible, to deposit
enough sample to overcome the limit of detection of the NMR sensor. This

limit is set at ~ 10'3 molecules.
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Figure 4.9 — Proposed design (a) planar, (b) and (c¢) sidewalls with wide and narrow
channel of electrodes integrated in the microfluidic channel compatible with the NMR

microdetector.

Two different electrodes integrated into the microfluidic channel were pro-
posed and the details are as follows:

(1) Planar electrode: The specification of the electrodes has been designed
so that the distance between cathode and working electrode is greater. This
distance should ensure that no hydrogen gas bubbles are trapped in the hydrogel
during the immersion of the electrode. During the process of immersion of the
electrode in chitosan, the working electrode generates a pH gradient at which
a chitosan hydrogel is formed on the surface of the electrode and hydrogen
gas is generated at the same time[123, 124]. The formation of hydrogen gas
bubbles would affect the magnetic field homogeneity of the deposited gel, which
deteriorates the resolution of the spectra. The electrochemical reactions that

occur during electrodeposition are given below:[125]:

cathode (WE): 2H,0 +2e” — Hy +20H™ (4.4)
anode (CE): 2H,O — Oy +4H" +4e” (4.5)

The surface area of the working electrode (WE) is 1.76 mm? with a diameter
of 1.5mm. The total sample volume is 3.2L, but within the detector the
sample detection volume is smaller than this value because the NMR-detector
only covers a part of the area of WE. There are two different thicknesses of the

electrode that have been sputtered. The details are discussed in section 4.3.2.
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Figure 4.10 — Electrodes geometry: Profiles of (a) the 3 nm-thick planar electrode and of
(b) the 30 nm-thick planar electrode, measured using white-light interferometry, showing

two steps corresponding to chromium and gold PVD layers.

(2) Sidewall electrode: Two different channels were designed, a narrow chan-
nel and a wide channel. The wide channel has a total sample volume correspond-
ing to that of the planar electrode channel, i.e. 3.2 pLL and with the area of the

side wall 0.42 mm?

each. The narrow channel has a total sample volume of
2.5puL. The purpose of having two differently sized channels is to observe the
different B; homogeneity of the electrode when placed inside the magnet, as
described in criteria number 1. A wide channel would have the same B; ho-
mogeneity because no electrode is placed inside the detector, while the sample
area for the narrow channel inside the detector has a different B; homogeneity
(refer to section 4.3.3 for homogeneity discussion). The distance between the
side walls is 1.1 mm for narrow channels and 2mm for wide channels. Two
additional electrodes have been designed at the top and bottom of the chan-
nel to increase the electric field when two side walls of the electrodes are used
as working electrodes to generate more hydrogel during the electrodeposition

process.
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4.3.2 Thickness of electrodes

(1) Planar electrode: The selection of the correct geometry for the working elec-
trode is particularly critical for both the ED process and NMR spectroscopy.
When performing ED of chitosan, a concurrent deposition process may inter-
vene. Even at small current densities, the ED process can damage the electrode
surfaces by migrating gold ions from the anode to the cathode. Since experi-
ments with chitosan gel are performed under cathodic ED conditions, the anode
gold electrode was grown to the thickness of 5 pum, ensuring that the surface of
the anode would not be eroded within the time span of an ED experiment (max
'H). No additional gold was grown on the cathode, and the thickness of the
gold layer remained that of the gold seed layer evaporated on the substrate
during fabrication. For fabrication details refer to section 3.1.2. A significantly
thin metal layer is beneficial to the NMR measurement because the RF field
is able to penetrate metal when its thickness is well below the RF skin depth
for that particular material. In the case of gold, the skin depth at 500 MHz is
roughly 3.4 pm. Figure 4.10a shows that the thickness of the working electrode
measured with a white light interferometer has two steps corresponding to the
PVD layers of chromium and gold, which give 3 nm instead of 15 nm. However,
another version of the thickness in Figure 4.10b shows that 30 nm thickness
was sputtered. By manufacturing sample inserts with two gold layer thick-
nesses for the cathode, nominally 3nm and 30 nm, we guaranteed a minimum
amount of RF penetration through the metal layer, with the goal of preserving

the homogeneity of the By field at the position of the chitosan hydrogel.
(2) Sidewall electrode: these designs are naturally not affected by the elec-

troplating issue illustrated in the previous paragraph. In this case the geometry
of the electrodes was chosen so that an acceptable quality of the electrodes
themselves could be achieved during fabrication. Each sidewall electrode has a
width of 30 pm and a height of 80 pm (Figure 4.11). These values amount to
an aspect ratio of ~ 2.6, which is a low enough ratio to be able to fabricate the
electrodes using common photolithographic and electroplating methods. The
height of the electrodes was set to 80 pm, which is 10 pm short of the nominal
channel thickness. This design choice was formulated in order to ensure that
the electrode would not get contaminated by the adhesive material necessary
for encapsulation during the bonding process. For fabrication details refer to

section 3.1.3. Although the absence of metal structures in the detector volume

60



4.3 61

Figure 4.11 — Electrodes geometry:(a) SEM image of a sidewall electrode and its corre-
sponding track fabricated by gold electroplating; (b) SEM image of a sidewall electrode
encapsulated by SU-8, forming the channel; (¢) Profile of a sidewall electrode and its

corresponding track, measured using white-light interferometry.

is a drastic design improvement with respect to the planar electrodes design,
the proximity of metal electrodes to the NMR detector may induce distortions
in the B; field. For this reason, the distance between the electrodes was op-
timized, to take advantage of the induced eddy currents inside the electrodes,

and improve the By field homogeneity, as described in the following subsection.

4.3.3 Nutation experiment

The purpose of performing a nutation experiment is to determine the quality of
the B field, that is its homogeneity, produced at the sample position. Figure
4.12 shows the electrode configurations and their position with respect to the
detection area of the NMR microdetector. In a nutation experiment, a sim-
ple one-pulse sequence is used to read out the NMR signal and the length of
the single pulse is progressively increased to rotate the nuclear magnetization
by an accordingly increasing tip angle. If the B; field is completely homoge-
neous, and disregarding relaxation phenomena on the time scale of the NMR
experiment, the result of the experiment would be a perfect sinusoid maxing
out at pulse lengths corresponding to 90°(4n + 1), where n is a positive integer

number. Therefore, for a perfectly homogenous Bj field, we expect a unit ra-
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Figure 4.12 — (a) Image of a platform compatible with the NMR microdetector; (b)

(d)

photograph of the insert featuring different electrode configurations, i.e. (c) planar elec-
trode; (d) narrow channel sidewall electrode; and (e) wide channel sidewall electrodes.
The red dashed line circle indicates the intended position of the NMR microdetector.
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Figure 4.13 — Nutation spectra of chitosan with and without electrodes in detector.

tio between signal amplitudes at 450° tip angle and 90° tip angle. A decrease
in the local maximum at 450° tip angle in the nutation spectrum indicates a
non-homogeneity of the B; field. By comparing the ratio Ays0/Ago of signal
amplitudes at 450° and 90° we can qualitatively compare homogeneities of the
By fields produced under different experimental conditions. Namely, in the
present case, we will compare estimates of B field homogeneities from nutation
spectra sampled with a) no electrode in the sample region, b,c) a planar gold
electrode of either 30 nm or 3nm layer thickness and d,e) sidewall electrodes in
either a wide channel (larger than the detector diameter) or a narrow channel
(whose width is comparable or lower than the detector diameter). The results
are collected in Figure 4.13.

The plot shows the amplitude of the NMR signal recorded for pulse length
between 0 and 300 ps. The signal amplitude was calculated by taking the inte-
gral of the NMR peak of a water-filled sample insert. We will compare results
to the case where no electrode was present in the sample insert, and therefore at
the sample position. For this configuration, a ratio A4s9/Age = 0.55 was found.

In the case of planar electrodes (b,c), the ratios Ays0/Agy were found to
be 0.34 and 0.49 for 30nm electrodes and 3nm electrodes, respectively. We
attribute the significant signal loss for the case of 30 nm electrodes to the marked
thickness of the gold metal layer, that distorts the B field down to a much lower
homogeneity with respect to 3nm electrodes. Indeed, the value of Ays0/Ago

recorded for 3nm electrodes (0.49) allows us to postulate that only marginally
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Figure 4.14 — a) Positions of the NMR detector for different types of inserts; (b) nor-
malised distribution of the B; field (%) at the sample volume at 70° flip angle for each

o

types of inserts and (c) Bg field map at the detection zone of the coil.

significant distortions to the B; field are introduced by a 3 nm-thin gold metal
layer.

For (d,e), A4s0/Ago ratios measured with sidewall electrodes within the sam-
ple volume reflect a better homogeneity condition for B; when this geometry is
used. Namely Ays0/Agg = 0.54 for sidewalls on a narrow channel insert (0.9 mm
wide) and Ayz0/Agp = 0.53 on a wide channel insert (2mm wide). We infer in
both cases a minimal distortion to the Bj field produced by the NMR microcoil.
The wide channel insert in particular allows to recover almost completely the
homogeneity conditions found on the blank insert (no electrodes).

From these results we can postulate that favourable geometries for chitosan
electrodeposition are either sidewall electrodes or a thin-metal-layer planar elec-
trode (3nm). Selection of the specific geometry may depend on the requirements

of the electrodeposition experiment.

4.3.4 MRI Imaging for B; and B field Homogeneity
B, distribution

B; images at a flip angle of 70° for all five experimentally verified configurations

are shown in Figure 4.14 and confirm the lower homogeneity of the planar
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electrodes for 30 nm. To emphasise the field homogeneity, the maps are scaled
to one unit. The asymmetrical distribution in the x- and z-axis of the colour
maps is due to the relative direction of the By and B; fields. For narrow channel
applications, the field homogeneity is increased and then the field decreases

steeply as the sample volume is limited by the metallic side wall electrodes.

By distribution

Spectral resolution of experimental NMR spectra strongly depends on the ability
to correct By imperfections by using shim fields. The NMR signal of the sample
for different configurations, after the optimal shim settings, were identified and
are presented in Figure 4.14b and c. The FWHM value for TSP peak was
considered as the measure for the spectral resolution.

In order to investigate the By distribution more precisely and avoid shimming
influence on the results, the By maps of different configurations were collected
and are plotted in Figure 4.14c. In all configurations, the detection volume
was surrounded by a rim whose voxels were severely distorted due to the the
partial volume effect (the sample does not fully occupy a voxel) and low By
field. To calculate the standard deviation of the colour maps, a rim of one pixel
was excluded to minimise the noise contribution. At the bottom and top of the
detection zone, similar field distortions were observed in all the By field maps.
This distortion originated from the coil windings.

The By pattern at the sensitive zone of the coil showed that the planar
30nm electrode distorted the static field especially at the top and bottom edges
of the electrode, which perfectly aligned the material interface intersections with
Bo. The ultra-thin electrodes (3nm thickness) introduced less perturbations;
however, the overall pattern appeared similar as expected. These distortions are
likely introduced because of the chromium seed layer. Conversely, the narrow
channel sidewall electrodes had almost no effect on the overall field pattern,
except for the left and right edges where the 'H NMR signal was excluded due
to the presence of the electrodes. These results correlated with the measured
spectral FWHM results.

4.3.5 T; Relaxation NMR

T relaxation is one of the parameters we have considered to ensure that the FID

can be collected with adequate time to obtain a good resolution of the NMR
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Figure 4.15 — Diagram of the relative intensity of the recovery magnetization (M,)
versus time (t) for a sample of 500 mM sucrose in HoO at 500 MHz at 27 °C. The water

signal at 4.8 ppm was integrated.

spectra. Briefly, after the perturbation of the 90° radiofrequency pulse, the lon-
gitudinal magnetization (/,) is flipped over onto the xy-plane and converted
into transverse nuclear magnetization, which then begins to precess around the
By field at the Larmour frequency. The amplitude of the transverse magnetiza-
tion decreases exponentially until a steady state is reached again, whereby the
magnetization once again is completely aligned to the By field. This process is
called relaxation. There are two types of relaxation, longitudinal relaxation and
transverse relaxation, which occur over time scales defined by the characteristic
times T} and T5, respectively. The T, relaxation, also known as longitudinal
relaxation, spin-lattice relaxation or z-direction relaxation, is the process by
which the longitudinal component of the magnetization returns to equilibrium
(along the z-axis) over time.

Ty relaxation is caused by energy exchanges with the local magnetic envi-
ronment. This exchange is enabled by transient magnetic field fluctuations due
to molecular motion, and it is most effective when said fluctuations happen at
the Larmour precession frequency. In liquids solution (near room temperature),
the average rates of molecular rotation are several orders of magnitude higher
than at 1, so that only a very small fraction of the motions occur at the correct
frequency, resulting in a very inefficient relaxation (long T4)[126, 127].

500 mM sucrose was chosen as the test sample to obtain good resolution of
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spectra with a standard NMR reference, 50 mM TSP. Figure 4.15 shows that
the T of the water signal at 4.8 ppm in a sucrose solution is 2.5 s, which gives us
a recommended recycle delay (d1) of 5*T4, 12.5 s. The d1 for the measurement
was set to 10 s. In our result, there are no significant differences between d1 of
5 s and 10 s, when extracting 90° pulse width values from nutation experiments.

We observed a difference of 5% in P1 for these two d1 values.

4.3.6 Sensitivity

Table 4.2 — Summary of the NMR/MRI figures of merit for performance evaluation of

different inserts.

Configurations Experimental

Ass0/A90  Srsp  FWHM O B0

(%) (%) (ppb/Hz)
Electrode-free 56 100 9.5/ 4.8 3.1
30 nm-thick disk 32 85 13.3 /6.7 5.3
3nm-thick disk 50 93 11.2 / 5.6 3.7
Wide-channel sidewall 56 100 11.4 /5.7 3.6
Narrow-channel sidewall 54 141 11.7 /5.9 3.5

According to the reciprocity law, for a uniformly distributed and polarised
sample, the total area under an NMR peak is a measure of the average By and is
independent of the spectral resolution, which is influenced by the homogeneity
of the static By field. In Figure 4.16), the signal amplitudes were scaled so that
they all had the same noise level. The mass sensitivity, defined as the average
B per collected noise amplitude for a unit sample volume,[128] was studied in
order to compare the performance of different insert topologies. Therefore, the
area under the normalised NMR spectrum collected for each electrode geometry,
relative to the electrode-free case - S, - was considered as a second figure of
merit.

As expected from the analytical expressions given by Zu-Rong et al.,[129]
the thickest planar disk electrode showed the worst performance in terms of
mass sensitivity - S,.q= 86.4%. For all other structures except for the narrow
channel sidewall configuration, the penalty to be paid in comparison with the

electrode-free configuration, in terms of mass sensitivity, was <5 %. The narrow
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channel sidewall electrode configuration clearly outperformed all other designs.
The sensitivity enhancement for the sidewall structure and 3-nm thick planar
could also be observed through the nutation frequency (Figure 4.13). The value
of the nutation frequency of these electrode configuration were comparable to
the electrode-free insert, suggests that the presence of the vertical electrode and
thin planar electrode is constructive and enhances the overall sensitivity.

Figure 4.16 presents NMR spectra of the sucrose sample collected using the
different inserts. Similarly, the relative mass sensitivity of each configuration
was calculated by considering the integral of the TSP signal (located at 0 ppm)
normalised by that of electrode-free geometry as the reference - Srgp. The re-
sults are presented in Table 4.2. These results confirm the superior performance
of the sidewall and 3-nm planar thick configurations.

The challenge of introducing conductive structures for in situ electrochemi-
cal analyses with high-field NMR is reflected by there being only a few reports
available[129-134]. Ultra-thin metallic layers, which are NMR transparent, can
be achieved by rather standard MEMS techniques. On the other hand, micro-
fabrication enables the construction of precisely oriented high aspect-ratio elec-
trodes, which have a minimum footprint to eliminate any B; and By distortions.
Here, we have demonstrated a fabrication technique based on UV-lithography
and gold-electroplating to manufacture such electrodes with an aspect ratio
(height to width) of ~ 3. A further reduction of the width of the electrodes
requires more sophisticated lithography techniques, e.g., 2PP, X-Ray or e-beam
lithography. As an alternative, the distance between the electrodes was opti-
mised in this work to take advantage of the By field perturbation, introduced by
the electrodes, and enhance the overall field homogeneity and mass sensitivity.

Since the 3-nm planar thick and sidewall electrode configurations proves to
be the best compromise in terms of B; field homogeneity and mass sensitivity,
as well as in terms of By field distortion, i.e., spectral resolution, this structure
was further used for the experiment of NMR in situ monitoring of chitosan

electrodeposition.

4.4 Monitoring in situ electrodeposition by NMR

Pre-modified CS: Despite the reduced B; homogeneity, we have shown in situ
hydrogel deposition observed by monitoring the NMR signal as a function of

deposition time during current was running (figure 4.17). In this experiment
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Figure 4.16 — 'H NMR of sucrose for five different configurations, (a) no electrode
within the detector; (b) 30nm planar electrode; (c¢) 3nm planar electrode; (d) wide
channel sidewall electrode; (e) narrow channel sidewall electrodes within the detector

and (f) molecular structure of sucrose. The insets provide a magnification of the sucrose
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Figure 4.17 — The diagram of the NMR experiment timing during the in situ electrode-

position of chitosan.

2 2

a current density of 3A/m?® over a working electrode area of 1.76 mm* was
used. The distance between the counter and the working electrodes was 5 mm.
As shown in Figure 4.18a, the CS signals widen at 2-3 ppm (within the red
range) during deposition. The widening is due to the formation of the hydrogel,
which limits the molecular motion of CS molecules. The bubbles created by the
formation of hydrogen gas during the electrodeposition process were dissolved by
gently rinsing the chitosan solution during deposition. In addition, we observed
a shift in the position of the water resonance after deposition due to the change
in pH.

Modified CS: In order to confirm the result as discussed above, we have
performed in situ electrodeposition of modified CS by introducing PEG. The
spectra were collected after every 5 minutes of deposition up to a total of 30
minutes of electrodeposition. According Figure 4.18(d and e), it was observed
that the intensity of the PEG signals at 3-4 ppm (within blue region) were
unchanged, while the CS signals broaden during the deposition. This can be
explained by noting that the PEG molecule did not experience constrained
molecular motion. However, the chemical shift of the PEG signal shifted after

the deposition and this is due to the change in pH environment.
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Figure 4.18 — 'H NMR of sequential electrodeposition of (a) CS by using a 3nm planar
electrode and a narrow channel of sidewall electrode (b) and (c) is the TSP reference
at 0 ppm; (d) CS-PEG by using 3nm of planar electrode; (e) magnified spectral region
at 2.6-4.4 ppm; (f) CS-PEG by using narrow channel sidewall electrode and zoom-in of
the spectrum at 2.6-4.4 ppm (g). Prior to applying a current, a 'H NMR spectrum of
the solution was measured and NMR calibrations were performed. After the reference
spectrum was measured, a current was applied (3 A/m? over a working electrode area)
for the entire experiment, and after intervals of 5 minute, a new 'H NMR spectrum was

acquired. This cycle was repeated so that a total of 5 spectra were measured.
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Figure 4.19 — Information data from the spectra collected for in situ electrodeposition
of CSPEG.

By using planar electrode: The signal of the PEG shows that the shape
of the line is sharper than the spectrum recorded by using the sidewall elec-
trode. This is due to the uniform deposition of hydrogel on the working planar
electrode, which covers the entire sample volume under the detector. According
to Figure 4.18(d and e), the line width of chitosan at 2.8 ppm increases due to
the formation of hydrogel. This shows that the gel builds up. Furthermore, the
line width of the PEG signal at 3.7 ppm shows that the PEG molecule stays
mobile. The details were illustrated in Figure 4.19.

By using sidewall electrodes: The shape of the peaks is wider than the
peaks observed with the planar electrode. Nutation spectra shows that the
homogeneity of Bj is higher compared to the planar electrode (Figure 4.13).
However, according to Figure 4.18b, the spectra collected before electrodeposi-
tion show that the chitosan signal (red region) was observed. In addition, the
spectra collected after electrodeposition has similar resolution compared to the
platform when using a planar electrode. In a narrow channel of the sidewall
electrode platform, the gel was formed on one side of the wall on a working elec-
trode, and another side of the electrode serves as a reference electrode (Figure

4.20). Figure 4.20 shows a representation of the By, By and the electric field in
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Figure 4.20 — Illustration of B field, By field and electric field in two different config-

urations of electrodes during electrodeposition of chitosan.

two different electrode configurations during the electrodeposition of chitosan.
The gel deposited on a sidewall electrode is not well distributed in the detector,
resulting in a lower homogeneity of both the By and B; fields. In addition,
the difference in magnetic susceptibility of the materials, i.e. chitosan gel and
the solution, also contributes to the signal line broadening (namely; average

broadening of the powder: as described in the 2.5.2).

Additional broadening is also attributed to the manufacturing tolerances for
the Helmholtz detector, e.g. the Helmholtz coil size, a slight misalignment of
the windings, the distance between two windings and the effect of the addi-
tional tracks. The narrow sidewalls electrode structure brings the highest B
distortions compared to the planar electrode structure, which cannot be fully
compensated by shimming. This results in detrimental effects on the signal

amplitude.

The SNR was measured for both configurations of electrodes to show the
quality of the resolution of the spectra. For the 3nm planar electrode, the
SNR of the water signal before electrodeposition was 4696 and for the narrow
channel sidewall electrode 4799. After 15 minutes of plating, the SNR of the
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water signal for the 3nm planar electrode was 4080 and for the narrow channel
sidewall electrode 4404. This result shows that the electrodeposition of CSPEG
has similar impact on the SNR for both electrodes geometries. Furthermore,
the integral resulting from the NMR spectra of one of the chitosan signals (at

3.2 ppm) shows that the formation of the hydrogel was ~ 30%.

4.5 Sequential ED of CS-QD for two config-
urations: Identifying the thickness of the
hydrogel

4.5.1 Planar electrodes

The coupling of CS-QD was prepared according to the same protocol as shown
in section 4.2.1. This study aims at showing that the multi-layered coupling of
CS-QD can be performed using a 3nm thick planar electrode. Three layers of
CS-QD were assembled as shown in Figure 4.21a with a 10-minutes deposition
time for each layer at a current density of 3 A/m?.

The fluorescence intensity from the gel layers was visualised layer by layer
using fluorescence microscopy with a band pass filter and the mean intensity was
extracted using imageJ. The intensity was then plotted versus time of deposition
(Figure 4.21b). To determine the thickness of the individual layers, the upper
glass was removed from the platform to measure the thickness of the hydrogel
layers using a profilometer. The results of the thickness measurement are shown
in Figure 4.21b.

According to Figure 4.21b, for every 20 minutes of deposition, the thickness
increases by 20-25 microns, and a proportional increase also results in the mean
fluorescence intensity, whereby the average intensity is increased by a factor of
2. On a planar electrode, the gel is stacked vertically layer by layer, therefore
we can only visualize a layer if we apply a band pass filter for the emission

wavelength of the corresponding quantum dots in the gel.

4.5.2 Sidewall electrodes

By using sidewall electrodes, it is possible to grow hydrogel layers in the direc-

tion perpendicular to the channel axis (Figure 4.22a). Therefore, the hydrogel
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Figure 4.21 — (a) Image of unfiltered (top) and filtered (bottom) from fluorescence
microscopy and (b) mean profile height and fluorescence intensity charts versus depo-
sition time, as measured by profilometry and fluorescence microscopy for a three-step
sequential electrodeposition of chitosan over 40 minutes total deposition time. A total of
four hydrogel layers of QD-labelled chitosan (Aemission = 5321nm; 560 nm; 700 nm) were

assembled.

layer can be visualised like a “layered cake” after coupling to QDs having dif-
ferent emission wavelengths. Figure 4.22b shows a visualization of a total of
four hydrogel layers consisting of alternating QD-labelled layers, starting with
red QD, followed by green QD and again alternating with red QD and green
QD, which were detected by unfiltered fluorescence microscopy. The deposition

time for each layer was 10 minutes at the same current density, 3 A/m?.

The mean fluorescence intensity was extracted using ImageJ. The results
in Figure 4.22¢ show that the mean intensity was in the same range for each
10 minutes deposition. Meanwhile, the measurement of the thickness can be
estimated by fluorescent light microscopy because the top glass is firmly bound
to the SU-8 layer. To avoid the effect of the sidewall electrodes, the measurement
was therefore carried out by standard light microscopy. For each layer, the
measurement ruler was placed to estimate the width of the layer. As shown
in Figure 4.22¢, the width of the first layer is 28 + 5 pm after 10 minutes of
deposition.

The second layer was 44 4+ 5 pm, followed by the third layer 52 4+ 5 pm wide

and a fourth layer, 68 + 5um wide. The measurements were taken after all
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Figure 4.22 — Image from (a) optical microscopy; (b) unfiltered fluorescence microscopy;
(¢) Mean profile height and fluorescence intensity charts versus time deposition as mea-
sured by optical microscopy and fluorescence microscopy for a four-step sequential elec-
trodeposition of chitosan over 40 minutes total deposition time and (d) unfiltered fluo-
rescence microscopy for single layer deposition for 10 minutes. A total of four hydrogel
layers of QD-labelled chitosan ((Aemission = 532 nm; and 700 nm) were assembled

layers had been deposited. However, the width of single layer deposition for
10 minutes is 65 £ 5 pm(Figure 4.22d). This value is in contrast to the value
collected for the first layer after 40 minutes. This result shows that the thickness
of the chitosan hydrogel decreases as the next chitosan solution is introduced

into the channel, indicating that some of the hydrogel has been re-dissolved.

4.6 Application: Determining the function of

enzymes

In this section the results of sequential ED of chitosan within the microfluidic
channel, compatible with the NMR microdetector Helmholtz, were used in the
application to determine the function of enzymes. In these studies, three differ-
ent enzymes were monitored, namely urease (Urs), catalase (Cat) and glucose
oxidase (GOx). In the first condition of experiment, each enzyme was moni-
tored independently of its own substrates. In the second attempt, the reaction
of each enzyme was monitored as co-substrate was added to the reaction. This

experiment served to observe the effect of the reaction rate, the active enzyme
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Figure 4.23 — A setup for the multiplex reaction; (a) photo of the platform for the NMR
microdetector Helmholtz (b) with the electrochemical cell insert. (c) Ilustration of the
electrode and stack of gel close to the detector and (d) the chemical reaction relative to

each gel layer displayed in (c).

units involved and the kinetic parameters. In the third condition, each enzyme
was stacked and the substrates were allowed to carry out their own reaction si-
multaneously (illustration in Figure 4.23). This study is intended to show that
the stack of enzymes can be used as a multiplex biosensor for the own reaction
without being dependent on other factors such as co-substrates that are not
involved in the reaction process. Note: The reaction was performed with the
planar electrode platform. The reason for this is to obtain a large volume of
immobilised enzymes on the working electrode and the fabrication process is

more robust.

4.6.1 History of urease (Urs) and Glucose Oxidase (GOx)

Background of Urs: Urs is one the most proficient enzymes that catalysed the
hydrolysis of urea into ammonia and carbamate (which then decomposes into
another ammonia molecule and carbon dioxide)[135]. It has accelerating rate of
reaction by a factor of at least 1014 when compared to the urea decomposition
by elimination reaction[136-138](Figure 4.24).

At physiological pH, the carbonic acid proton dissociates and the ammo-
nia molecules equilibrate with water to become protonated, resulting in a net
increase in pH[136](Figure 4.25).
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Figure 4.24 — Hydrolysis of urea to yield ammonia and carbonic acid.
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Figure 4.25 — Dissociation of carbonic acid proton and the equilibration of protonated

ammonia and water.

Background of GOx: GOx is a flavoprotein that catalyses oxidation of
B-D-glucose to D-glucono-d-Lactone and HyOo with molecular oxygen as an
electron acceptor [139, 140]. This reaction can be divided into a reducing and
an oxidative step (Figure 4.26). In the reductive half-reaction, GOx catalyzes
the oxidation of S-D-glucose to D-glucono-d-lactone, which is not enzymatically
hydrolyzed to gluconic acid. The flavine adeninine nucleotide (FAD) ring is then
reduced from GOx to FADH, [141]. In the oxidative half-reaction, the reduced
GOx is re-oxidized by oxygen to obtain HyOo. Witteveen et al. (1992) [142]
found the enzyme melactonase (EC 3.1.1.1.17) in A. niger is responsible for the
catalysis of the hydrolysis of glucono-d-lactone to D-Gluconic acid.

In the solution, the stability of GOx depends on the pH value. It is most
stable at about pH 5. Under pH 2 and above pH 8 the catalytic activity is
quickly lost [48, 143]. At pH 8.1, for example, only about 10% of the activity is
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Figure 4.26 — Representation of hydrolysis of urea to yield ammonia and carbonic acid.
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retained after 10 minutes; at pH 9.1, inactivation occurs even faster [143]. The
inactivation rate at high pH is reduced in the presence of glucose [143, 144].
It is highly resistant to proteolysis and is unaffected by prolonged exposure to

trypsin, pepsin and papain [48, 144].

4.6.2 Coupling CSPEG to Urs and GOx

The coupling reaction of CSPEG and the enzymes was performed in a solution
using NHS/EDC coupling chemistry. The detailed procedure was discussed in
previous section 3.4.1.

To determine the coupling efficiency of enzymes to the PEG linker on the
CS chain, we performed UV absorbance measurement on samples containing
the modified polymer and the enzyme. First, six different concentrations of free
enzymes (Urs and GOx) were measured in three repeated experiments, as shown
in to Figure 4.27a and d. Then, solution samples containing only enzymes bound
to CSPEG were also measured for UV absorption to estimate the coupling
yield. Based on Figure 4.27b and e, the estimate of the initial concentration
of 2mg/mL Urs used to bind to CSPEG and, in a separate sample, 4 mg/mL
GOx used to bind to CSPEG was estimated based on the linear adjustment of
the free individual enzymes, Urs and GOx. The result revealed the estimated
coupling efficiency for enzymes Urs and GOx binding to the polymer show that
the coupling efficiency were 41% and 35%, respectively (4.27¢ and f).

Prior to the electrodeposition of CSPEG enzymes, two different experiments
were performed to monitor the function of enzymes with and without polymer
in a solution. In the first experiment free enzymes (i.e. without polymer) were
allowed to perform the reaction against their own substrates. The reaction
was monitored in real-time by collecting 'H NMR spectra every 5-15 minutes
(depending on the shimming time). The second experiment, the reaction of the
enzymes bound with the polymer, CSPEG, was introduced to the same initial
concentration of their own substrates and were monitored in real time. Each
"H NMR spectrum was measured every 5-15 minutes according to the time of
the shimming process.

In the next subsection the result of electrodeposition to immobilise enzymes
was discussed in detail. The discussion was divided into three parts to explain
the function of the individual enzymes, Urs (section 4.6.3), GOx (section 4.6.4)

and and multi-layer Urs and GOx enzymes (section 4.6.5).
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Figure 4.27 — UV absorption spectra of (a) Urs, (d) GOx free in solution; (b) CS-Urs,

(e) CS-GOx after coupling using the initial enzyme concentrations noted in the legend;

(c) Urs and (f) GOx absorbance plots of the six calibration solutions (mean + standard

deviation of three replicates). Arrows indicate the absorbance of the purified CS-enzyme

measured at the initial enzyme concentration used throughout this work (2 mg/mL Urs,
4mg/mL GOx). Absorbance was measured at 280nm (Urs, solution), 380nm (GOx,
solution), 300 nm (CS-Urs), and 400 nm (CS-GOx).
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4.6.3 Monitoring activity in situ first layer of CSPEG-
Urs

Enzymatic activity experiments were performed under two different conditions:
a) using enzymes with and without CSPEG polymer in solution and b) using
immobilised enzymes after the electrodeposition process. For condition (a),
the experiments were performed in a solution phase, whereas for condition (b),
the activity of the enzyme was monitored in a gel phase. For condition (a),
2mg/mL Urs was reacted with 1000 mM urea and a timer was started to take
note of the time period ty occurring between the beginning of the reaction and
the start of the sequential NMR acquisitions. Then the solution was transferred
to the microfluidic channel mounted on the probe in such a fashion that the
NMR detection volume would be placed upstream of the working electrode for
electrodeposition, for consistency with the procedure for condition (b). The
time required to collect the measurement (including the shimming process) was
added to ty. The reaction was then monitored every 20 minutes, i.e. the 'H
NMR spectrum of the on-going reacting sample was regularly recorded every
20 minutes time interval. The procedure was repeated using CSPEG-Urs in
1000 mM urea solution. The results are presented in Figure 4.28b (top), where
filled symbols indicate Urs without CSPEG polymer and hollow symbols in-
dicate Urs with CSPEG polymer. This result showed that Urs is active in a
solution either containing the polymer or polymer-free and it consumes the urea
substrate until the end. The reaction seems to have a faster onset when the
enzyme is bound to the CSPEG polymer, as indicated by the initial slope of
the reaction, being steeper for CSPEG-bound Urs.

For condition (b), we monitored the function of the immobilised Urs after
performing the electrodeposition of modified CSPEG-Urs polymer, where the
electrodeposition step was performed for 15 minutes at a stable current density
of 3A/m?. The microfluidic channel was then gently rinsed with 200 mM NaAc
at pH 7 and DyO to stabilize the gel. Then 1000 mM urea (including 50 mM
of TSP as NMR reference) in 200 mM NaAc solution at pH 7 was injected into
the channel. The time at which the substrates reached the gel position in the
channel was recorded as t5. The microfluidic channel was then mounted on the
probe so that the detection area was placed upstream with respect to the gel.
Then the sequential NMR was collected for every 15 minutes + 9 minutes of

acquisition time. The resulting NMR spectrum is presented in Figure 4.28a, as
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Figure 4.28 — (a) 'H NMR spectra obtained for the electrodeposited CSPEG-Urs hydro-
gel case. The hydrolysis of urea (highlighted in pink, 5.8 ppm) is shown as a function of
time, and (b) extracted urea concentration in the presence of; top: Urs (hollow symbols)
and CSPEG-Urs (filled symbols) in solution, and bottom: immobilised CSPEG-Urs. The
urea concentration was calculated using the internal standard (TSP, 50 mM). The fits to
the data were obtained using the Michaelis-Menten kinetic model (see Eq. 4.6 and 4.7).

Kinetic parameters summarized in Table 4.3.

well as the extracted value of the concentration of urea as a function of time
(Figure 4.28b(bottom)).

Based on Figure 4.28b, the signal of urea at 5.8 ppm decreases due to hydrol-
ysis of urea into NH," ion. Furthermore, the constant signal of the methylene
group of acetate at 1.8 ppm indicates that the acetate buffer does not interrupt
the activity of the enzyme. Furthermore, the water signal shows no changes
in the chemical shifts caused by the reaction, since we know that the pH en-
vironment for the individual Urs reaction (Appendix D.10) changes due to the
formation of NH,™ ions that cause the alkaline environment. This counter in-
tuitive finding may be the result of the increased buffering effect of the CS
polymer, maintaining better control of pH during the reaction as compared to
the case of Urs in solution. Figure 4.29a shows the increase in pH for the ac-
tivity of Urs, while the pH for CS-Urs had a range in the optimal pH 5.5 —6.5
where the pKa of CS is 6.5. This result confirmed that the CS polymer act as

a buffer during the reaction.

4.6.4 Monitoring activity of in situ of CSPEG-GOx

Reaction-monitoring experiments with GOx were set up analogously to what
was done with Urs, that is under condition (a) solutions of both free GOx and

CSPEG-bound GOx were prepared, and under condition (b) the reactions were
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Figure 4.30 — (a) Scheme of oxidation of D-glucose in the presence of immobilised GOx

(1st layer) via immobilised catalase (2nd layer) as co-enzyme; (b) the concentration of D-
Glucose at 5.3 ppm and TSP (at 0 ppm) as a function of time without GOx. (c) 'H NMR
spectra of the electrodeposition of CSPEG-GOx enzyme kinetics at 500 MHz and (d) Top:
'H NMR results of D-glucose depletion of GOx without polymer (filled symbols) and GOx
with polymer (hollow symbols) obtained using independent traces; Bottom:NMR results
of D-glucose depletion and formation of D-gluconic by immobilised CSPEG-GOx as an

independent layer of hydrogel. The D-Glucose concentration is shown as a function of

time due to the oxidation process of the enzyme GOx. The fits to the data were obtained

using the Michaelis-Menten model, with the kinetic parameters summarized in Table 4.4.

Solid lines report Best-fit curves (see Eq. 4.6 and 4.7).

83



set up in gel. For condition (a), 4 mg/mL GOx and 1 mg/mL catalase co-enzyme
was reacted with 100 mM D-glucose. Figure 4.30a shows the schematic reac-
tion of D-glucose in the presence of GOx and catalase to form the intermediate
product D-glucono-lactone and the final product D-gluconic acid, and Figure
4.30b shows the extracted data for a control experiment, 100 mM D-glucose
solution (at 5.2 ppm) with an internal NMR reference, 50 mM TSP without en-
zyme. Two separate polymer solutions were prepared, namely CSPEG coupled
to GOx and CSPEG coupled to catalase. Then the two solutions were mixed
and 100 mM D-glucose was added to the mixture. NMR spectra were collected
as a function of time, following the same procedure as for Urs. Sequential NMR
measurement with accompanying calculated concentration profiles for the reac-
tion are presented in Figure 4.30d(top). Filled red marks indicate a reaction
of D-Glucose with GOx in absence of CSPEG polymer and hollow mark is for
the same reaction in the presence of CSPEG polymer. For GOx’s reaction, we
can simultaneously monitor the decrease of D-glucose and the formation of the
product D-gluconic acid (blue marks) with the aid of the co-enzyme catalase.
Catalase was introduced to consume hydrogen peroxide from the reaction of
GOx and to convert it back into oxygen gas. The full oxidation reaction of D-
Glucose and its conversion into the product D-gluconic acid is shown in Figure
4.30b. The result showed that the GOx enzyme in a solution, whether bound
to the polymer or not, was observed to be significantly less as compared to Urs,

and only up to approximately 70-80 % of the initial D-glucose was consumed.

For condition (b), i.e. a reaction carried out in gel phase, two layers of
gel containing GOx and cat were deposited on the working electrodes under
constant current density for 15 minutes. CSPEG-GOx was deposited first.
Then, after the first layer had stabilized, CSPEG-catalase was deposited on
top of it. Both layers were stabilized with 200mM of NaAc in D,O. Then
100 mM D-Glucose was introduced to the gels, as well as including 50 mM TSP
in a 200mM NaAc solution at pH 7. Figure 4.30c reports the sequentially
acquired NMR spectra for the reaction. Glucose-related peaks occur between
4.0 ppm and 3.2 ppm and also at 5.3 ppm (highlighted in red) in the 'H-NMR
spectrum. The concentration of D-gluconic can be easily determined from the
two peaks at 4-4.2 ppm, which are due to the protons at positions 2 and 3
in the D-gluconic acid molecule (highlighted in blue). As expected, the D-
Gluconic acid concentration increases monotonically with increasing reaction

time (Figure 4.30d). The GOx catalyses the reaction using half of an oxygen
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molecule to produce a D-Gluconic acid molecule. The hydrogen peroxide that
is also produced is converted back into molecular oxygen by per-oxidase via the
catalase enzyme. Therefore, the final amount of D-Gluconic acid is twice the

amount of molecular oxygen absorbed by the solution.

4.6.5 Monitoring activities in situ multi-layers of CSPEG-
Urs, CSPEG-cat and CSPEG-GOx

Next, the possible application of the platform system for multiplex screening
with a sequential multi-layered hydrogel containing enzymes was evaluated.
We assigned three different enzymes on a stack of three hydrogel layers (Figure
4.31a). The three layers (1st layer: CSPEG-Urs; 2nd layer: CSPEG-cat and
3rd layer: CSPEG-GOx) were deposited using the same current density for 15
minutes each (the image of the stacked enzymes is shown in Figure 4.31b). After
deposition of each layer, 200 mM NaAc solution was injected, followed by D,O
to rinse and stabilize the gels. The substrates, 1000 mM urea and 100 mM D-
glucose in a 200mM NaAc, 50 mM TSP solution at pH 7 were then introduced
to allow the reaction to proceed. The 'H-NMR spectrum was recorded every
15-20 minutes (depending on shimming conditions). The results are presented
in Figure 4.31c.

According to Figure 4.31c, the depletion of urea signal (highlighted with
pink colour, at 5.8 ppm) during the hydrolysis process and simultaneously the
formation of the oxidation product of D-glucose, D-gluconic acid (highlighted
with blue colour, at 4-4.2 ppm) as a function of increasing time was observed.

Based on this result, the hydrolysis of urea is not interrupted by the oxi-
dation of the D-glucose. Both reactions are well suited to perform their own
process. Furthermore, there are no changes in the chemical shifts of the wa-
ter signal, which indicates that the pH environment of the reaction does not
change. This result is confirmed by monitoring the pH of the activity of the
multiplexed enzyme in a solution in which the activity of the enzyme shows the
pH range 5.5 —6.6 (Figure 4.29¢). The immobilisation of Urs and GOx shows
that the reactions run independently of each other. For the immobilisation of
the co-enzyme catalase, the reaction for the production of oxygen was depen-
dent on the release of the amount of hydrogen peroxide from the oxidation of
the D-glucose, which is carried out in the third layer. In this case, the second

layer and the third layer of the stack were categorized as reaction-dependent.
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Figure 4.31 — (a) Illustration of the stack of immobilised enzymes with three different
layers and the chemical reaction in each substrate; (b) Multi-layer hydrogel on top of
each other (3 layers beginning with CSPEG-Urs, CSPEG-cat and CSPEG-GOx); (c)
real-time 'H NMR spectra of the Urs and GOx enzymes kinetic at 500 MHz. Hydrolysis
of urea (highlighted with pink, 5.8 ppm) as it is converted to NH,4 ™" is shown as a function
of increasing time, whereas the signal highlighted in blue at 4.2 ppm appear to be D-
Gluconic and (d) extracted urea, D-Glucose and D-Gluconic concentrations from the

NMR results in (¢).*GOx experiments were always performed using GOx:Catalase in a
4:1 ratio.

The kinetic activity is explained in the next subsection.

4.6.6 Extraction of enzymes activity by using Michaelis-

Menten equation

The quality and reproducibility of the NMR-based approach to reaction kinet-
ics monitoring depends largely on how reliably the NMR peak area integrals
can be converted to concentrations. In this thesis the peak area integrals from
recorded 'H-NMR spectra were converted into concentration values using the
known concentration of TSP added to the sample (50 mM of initial TSP concen-
tration). Determining the molecular concentration using this approach reduces
the uncertainties in the quantification of peak areas, since each sample has its

own internal reference (known concentration of TSP spiked into the solvent
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D,0). This approach also allows a comparison of data collected from different
experiments.

The initial slope of the concentration profile S(¢), i.e. the reaction velocity at
the very beginning of the reaction, was estimated by calculating the numerical
derivative of the best fit curve to the Michaelis-Menten model at S(t) = 5min.
The initial concentration parameter Sy has been set within a +5% uncertainty
over the nominal initial concentration because there are not enough data points
near S(t)= 0 to allow accurate extrapolation of the intercept when this param-
eter is allowed to run freely. The reaction velocity extracted from reagent con-
centration curves and expressed in mM /min was converted to gmole/min using
the known volume of either solution or gel containing the enzyme. This oper-
ation allows to estimate the absolute amount of product produced per minute,
and therefore estimate the units of active enzymes. By definition, a unit (U) of
enzyme is the amount required to produce 1pmol of product per minute, under
optimal reaction conditions.

Additional reaction kinetics parameters can by extracted from the time-
dependent concentration curve S(t) by using the well established Michaelis-

Menten enzyme kinetics model.

For a reagent time series the following equation holds for the time evolution

of the concentration S,(t) of a reactant[145]:

Sr(t) = Soo + KW [—SOOK_ Soe(stO)K;maX(ttw} (4.6)
And for product concentration S,(t):
Sy(t) = See — KW {—S °°K_ SOG(S“‘SO)%Y;“““‘“”} (4.7)

where Sy is the concentration of reagent at time tg, S, is the concentration
at the conclusion of the reaction, K, (Michaelis constant) corresponds to the
reagent concentration at which half of the enzyme’s active sites are occupied,
Vmax 18 the maximum possible reaction rate . W is the Lambert W-function, the
inverse function of f(W) = W exp W. Details about the derivation of equations
4.6 and 4.7 can be found in [146].

It should be noted that the kinetic parameter V., is defined as maximum
rate of the reaction when all active sites are populated by the substrate. The

initial reaction rates from the experiments may in principle differ from V.
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since the initial reaction rate depends on Sy, i.e. on the initial substrate con-
centration. Nevertheless, in the presented work, we took care of oversaturating
the active sites with substrates in all experimental setups. Therefore the initial
reaction rate has been nominally considered equal to the maximum reaction
rate Viyax.

The number of active enzyme units calculated from the initial reaction rates
extracted from the kinetic data was used to determine the catalytic perfor-
mance under various conditions. These conditions included enzymes in solu-
tion, polymer-coupled enzymes in solution, and polymer-coupled enzymes in

the hydrogel state.

Urs activity

(a) Reaction in solution

1) Urs with and without polymer in a solution: The number of active
units was used as a metric to investigate the influence of the coupling chemistry
and hydrogel immobilisation on enzyme performance. Urs was tested by trans-
ferring a solution containing 2mg/mL Urs + 1000 mM urea to the microfluidic
channel (3.2uL) for NMR measurement (pH 5.5, NaAc). The resulting NMR
data are plotted in Figure 4.28b (top:filled symbols). As per the manufacturer
data sheet, 0.633 4+ 0.006 U of Urs were expected using 2mg/mL Urs, while
the measurement revealed 0.057 4= 0.013 U of Urs, i.e. the active fraction was
9+2 %.

The procedure was repeated using CSPEG-Urs in 1000 mM urea solution
(pH 5.5, NaAc). The results are presented in Figure 4.28b (top:hollow symbols).
The CSPEG-Urs solution was prepared so that the concentration of Urs was
2mg/mL and, accounting for the coupling yield, 0.259 + 0.007 U of Urs was
expected. The measurement revealed 0.076 4+ 0.025 U of Urs were present, i.e.
29.3 £ 9.8 % (data summarized in Table 4.3).

The fraction of active Urs units was observed to be higher for CSPEG-Urs in
solution compared to free Urs in solution (29.3+£9.8 % vs. 9£2 %). One would
expect that the restricted diffusion together with deactivation of a fraction of
the enzymes due to the coupling chemistry would decrease the efficiency[147].
This counter intuitive result may be the result of the increased buffering effect

of the CS polymer, maintaining better control of pH during the reaction as
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compared to the case of Urs in solution. In the absence of CS, the pH was
observed to increase from 5.5 to 9 at the end of the reaction, while the presence
of CS controlled the pH such that it increased from 5.5 to 6.5 (Figure 4.29a).
At elevated pH, Urs activity is expected to be limited as it has been reported
that Urs maintains activity from below pH 3 to 7.5[148].
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(b) Reaction in hydrogel

2) Electrodeposition of CSPEG-Urs: To verify that the enzymes retained
their activity post-electrodepostion, hydrogels were generated using the same
CS-enzyme solutions as were functionally verified in solution. For CSPEG-Urs,
the microfluidic device was filled with a 1 % w/v solution and 3 A /m? of current
was applied for 15 min to the electrodes within the channel. Once electrodepo-
sition was complete, the fluidic channel was gently flushed with 200 mM NaAc
and D,0O to stabilize the hydrogel before introducing a 1000 mM urea solution
(in 200mM NaAc, pH 7) to initiate the reaction. For NMR measurements, the
sample insert was placed so that the planar electrode did not enter the NMR
detection volume. The resulting NMR spectra (one time point every 24 min)
and extracted concentrations are plotted in 4.28b (bottom).

The NMR measurement revealed 0.53 £ 0.16 U of Urs were present in the
system. To estimate the fraction of Urs that was active, it was first necessary
to estimate the volume of the hydrogel (details in Appendix E.1). Given the
dimensions of the planar electrode (circle with radius 0.6 mm) and a deposition
time of 15min yielding a thickness of ~ 15um,[107] a volume of 26.5 + 0.3 nL
could be estimated. Given that the coupling yield was 41 %, the fraction of Urs
that was active was then 24.4 + 7.4 % (summarized in Table 4.3).

Several important parameters can be extracted from NMR data by nonlinear
fitting to the Michaelis-Menten model (equations 4.6 and 4.7), such as Vi, and
the K, values that identify the reaction rate and the affinity that binds the
substrate and the active site of its own enzymes, respectively. The initial slope,
Vinax for the single gel layer and for the multi-layered gel stack have overall
similar values as those found in a solution, that is 13 £ 3mM/min for the
single layer of CSPEG-Urs layer versus 14.0 + 4 mM /min for CSPEG-Urs in a
solution, and 15.043 mM/min for multi-layer CSPEG-Urs vs. 15.04£7 mM /min
for multiplex enzymes in a solution.

The Kj; value for individual layers of CSPEG-Urs is 540 4+ 118 mM, but in
a solution of Urs bound to CSPEG, the K, value is higher, i.e. 801 4+ 133 mM.
However, in a multiplex system, the Kj; value for the dual hydrogel layer of
CSPEG-Urs is higher than in a multiplex system in a solution, that is 540 £
118 mM versus 355 £+ 101 mM. These results show that the binding affinity of
substrates with the active site of Urs is weaker in a multiplex system in hydrogel

with respect to within a solution, but for individual layers the affinity is stronger
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than in a solution[138]. For single layer systems, there is no competition from
other substrates (e.g. D-glucose), therefore a relatively low concentration of urea
is needed to occupy the binding site. On the other hand, in a multiplex system,
binding with low affinity (high Kj; value), a much higher concentration of a
urea is required before the binding site is maximally occupied and the maximum
physiological response to urea is achieved. This increase in K, values from the
solution phase to the hydrogel phase can either be a consequence of structural
changes in the enzyme introduced by the multi-layer immobilisation process,
or reduced accessibility of the substrate to the active site of the immobilized

enzyme, as reported [149, 150].

GOx activity

(a) Reaction in solution

1) Catalase + GOz with and without polymer in a solution: The GOx /
Catalase system was similarly evaluated in the microfluidic system, starting
with a solution containing 4 mg/mlL GOx and 1mg/mL Catalase + 100 mM
D-glucose (pH 5.5, NaAc). Figure 4.30d (top) reports the NMR data, in this
case both reactant consumption (D-glucose) and product formation (D-gluconic
acid) could be followed. From the data sheet, 1.265 + 0.013 U GOx were ex-
pected, and from the NMR data 2.9 +£ 0.1 mU were observed (0.23 &+ 0.01 %
active fraction).

To perform the CS-coupled experiments, two polymer solutions were pre-
pared: CSPEG-GOx and CS-Catalase. The two polymer solutions were mixed
to maintain the 4:1 ratio of GOx:Catalase, and to maintain the expected con-
centration of GOx at 4mg/mL. Finally, the polymer solution was added to
a D-glucose solution (100 mM) before transfer to the microfluidic system and
the start of the NMR measurement (results in Figure 4.30d (top: hollow sym-
bols), spectra in Appendix D.12b). The active units were determined to be
2.5 £ 0.6 mU, which was 0.57 £ 0.14 % of the added 443 £+ 13 mU (after ac-
counting for coupling yield) (data summarized in Table 4.4).

The fraction of active GOx enzyme was observed to be significantly lower
compared to Urs, and only up to approximately 70-80 % of the initial D-glucose
was consumed. The solution pH cannot explain this observation: the optimal

pH for GOx activity is in the range 6.5-7.5[151] which was maintained in our
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system (Figure 4.29b). A possible explanation for the incomplete substrate con-
version is an oxygen deficiency. In the presence of catalase, 0.5 mol of oxygen is
consumed for every mol of D-glucose. Since the reaction volume was only 3.2 pL
and the materials used to fabricate the device restrict oxygen diffusion into the
solution, oxygen could have become the limiting reagent as the reaction pro-
gressed. This is supported by control experiments performed in standard 5 mm
NMR tubes, where the sample volume is 500 pL. and a large gas headspace is
available in the NMR tube. Every other parameter held constant, a factor of
2-4 improvement in the fraction of active units was observed (Table 4.6). This
highlights the importance of considering oxygen perfusion in microfluidic de-

vices in cases where it participates in the process[152].
(b) Reaction in hydrogel

2) Electrodeposition of CSPEG-GOzx (1st layer) and CSPEG-catalase (2nd
layer): In the case of the GOx and Cat, a two layer hydrogel was generated
(multi-layered hydrogels will be denoted as layer-1 / layer-2 / layer-n). Us-
ing the same polymer concentration and electrodeposition parameters as for
CSPEG-Urs, the two layer hydrogel was built by depositing CSPEG-GOx,
rinsing and stabilization with 200mM NaAc buffer in D,O, then deposition
of CSPEG-Catalase, followed by rinsing and stabilization so that a CSPEG-
GOx / CSPEG-Cat hydrogel was created. To initiate the reaction, 200 mM
D-Glucose was flushed into the microfluidic channel (in 200 mM NaAc, pH 7)
and NMR measurements were started. The NMR spectra and extracted con-
centrations (glucose at 5.2 ppm, D-Gluconic acid at 4.0, 4.2 ppm) are plotted
in Figure 4.30c,d (bottom).

As in the case of the Urs hydrogel, GOx was observed to retain its activity
when coupled to chitosan and electrodeposited as a hydrogel. The number of
active units were determined to be 23 + 3 nU, with a fractional activity of
0.60 £+ 0.07 % (summarized in Table 4.4).

Comparison between the chitosan-coupled cases reveals that the activity of
both Urs and GOx is not influenced after deposition as a hydrogel. This result
is not completely surprising since by definition the hydrogel is highly hydrated,
and thus diffusion of the substrate through the polymer network should be

minimally restricted.
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As in the case of the Urs hydrogel, GOx was observed to have an initial
rate of reaction, V.« of D-gluconic acid similar to the one extracted from the
initial slope. The results are shown in table 4.4. Analogously to what was
observed with Urs, the initial slope and V., for the single gel layer and the
gel multi-layer have the comparable value with respect to experiments carried
out in solution, i.e. 0.84 £ 0.10 mM /min for the single layer CSPEG-Urs versus
0.80 £ 0.20 mM /min for CSPEG-Urs in a solution, and 0.90 £ 0.20 mM /min for
a multi-layer of CSPEG-Urs versus 0.84 + 0.05 mM /min for multiplex enzymes
in a solution.

These values of V.« show that the initial reaction rate for the GOx enzyme
is similar in all cases. This is due to the fact that the Sy of the substrates have
been set to the same concentration, by taking into account a relative uncertainty
of £5%, that is for Urs: 950 mM - 1050 mM urea, and for GOx: 95 mM - 105
mM D-glucose.

In the case of the binding affinity of GOx activity, it was observed that the
Ky value for free GOx is higher, 282 + 67 mM, compared to GOx bound to
CSPEG, Ky= 77 £ 16 mM. This result showed that the binding of D-glucose
to the active site of GOx is weaker in the first case, and this is confirmed by the
lower percentage of active fraction estimated by the NMR result (0.23+£0.01 %).
In the case of a bilayer CSPEG-GOx/CSPEG-catalase hydrogel, the value of
Ky = 574+ 13mM is higher than in the solution phase, i.e. 38 &= 16 mM. This
shows that the binding of D-glucose to the active site of GOx is stronger in
solution than in hydrogel. In contrast, the multiplex system in the hydrogel has
a similar value of Kj; with a multiplex solution, that is 22 +4 mM versus 25 +
5mM, respectively. This result shows that the D-glucose in a multiplex system
has a stable binding affinity with the active site of GOx bound to CSPEG. The
active fraction for the CSPEG-bound GOx cases confirms the stability of the
substrate D-glucose when binding to the active site of GOx (Table 4.4).

Multiplex enzymatic activity

Enzyme functionality is maintained after coupling and deposition as a hydrogel.
Catalytic cascades also remain active, even when catalytic steps are spatially
separated, as in the the dual-layer CSPEG-GOx / CSPEG-Catalase example.
The multi-layer hydrogel assembly process was further extended to include mul-

tiple, independent catalytic reactions. A three layer hydrogel was deposited
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with the composition CSPEG-Urs / CSPEG-Cat / CSPEG-GOx (schematic
in Figure 4.31a). This multiplexed system was prepared using two different
electrode geometries, taking advantage of the investigation into optimizing
electrode placement with respect to the NMR, detection volume (see Section
4.3)[153]. The planar geometry, as in the CSPEG-Urs and CSPEG-GOx /
CSPEG-catalase examples, was used to place the catalytic hydrogel assembly
slightly upstream (i.e. outside) of the NMR detector. The side-wall electrode
geometry, with better NMR performance, was used to place the hydrogel within
the NMR detector.

The hydrogel was assembled using the same protocol as described in Sec-
tion 4.6.5: for each layer, CS-modified polymer solution was injected into the
microfluidic device, then electrodeposition was carried out for 15 min, then rins-
ing (using 200mM NaAc, pH 7). The final assembly was then exposed to a so-
lution containing substrates for both GOx and Urs: 1000 mM urea and 100 mM
D-glucose (200 mM NaAc, pH 7). The 'H NMR spectra and extracted concen-
tration profiles versus time are presented in Figure 4.31 ¢,d and Figure 4.32¢,d
for both electrode geometries.

The NMR data clearly shows the ability to monitor both reactions (urea hy-
drolysis, glucose oxidation) simultaneously. The substrates (urea, glucose) and
product (D-Gluconic acid) all have unique signals that can be used for quan-
titative determination of the catalytic processes. The extracted kinetic data is
summarized in Table 4.5. Accounting for the expected number of active units
within the respective hydrogel layers, the fraction of active enzymes were deter-
mined to be essentially independent of hydrogel assembly (compare Tables 4.3
and 4.4) and electrode geometry (Table 4.5).

Multiplex enzymatic activity using sidewalls electrode

By using electrodes fabricated on the sidewalls of the fluidic channel, it is pos-
sible to grow a chitosan gel in the direction perpendicular both to the channel
axis and to the gel growth direction on a planar electrode. Due to a limit on
the achievable NMR spectrum resolution, sidewall electrodes in a narrow flu-
idic channel was the selected geometry. Unlike the planar electrodes case, the
immobilised enzymes were placed directly within the NMR detector to monitor

the enzymes activity. The results are presented in Figure 4.32.

Figure 4.32a and b show an illustration and snapshot of three layers of
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Figure 4.32 — (a) Illustration of the stack of immobilised enzymes with three different
layers and the chemical reaction carried out in each layer; (b) Multi-layer hydrogel side
by side to each other (3 layers beginning with CSPEG-Urs, CSPEG-cat and CSPEG-
GOx); (c) real-time 'H NMR spectra of the Urs and GOx enzymes kinetic at 500 MHz.
Hydrolysis of urea (highlighted with pink, 5.8 ppm) as it is converted to NH, T is shown
as a function of increasing time, whereas the highlighted signal with blue at 4.2 ppm
appear to be D-Gluconic acid and (d) extracted urea, D-Glucose and D-Gluconic acid

concentrations from the NMR results in (c).*GOx experiments were always performed
using GOx:Cat in a 4:1 ratio.

immobilised enzymes; Urs (in the first layer), catalase (2nd layer) and GOx (3rd
layer) captured by microscopy. The detection area was positioned exactly in-
between the sidewall electrodes; therefore, the layers of hydrogel were included
in the detection. As shown in Figure 4.32c, the signal of the PEG linker was
noticeable at 3.3 ppm. Furthermore, the proton signal of chitosan gel at 3.0
ppm is also visible. Surprisingly, NMR spectra show that urea (marked in pink)
is only 70% consumed, while in the GOx reaction only 50% of the D-glucose
(marked in red) is used during the reaction to produce D-gluconic acid (Figure
4.32d). Even though, the area of the working electrode in the sidewall platform
(0.46 mm?) is smaller than the area of the planar electrode (1.76 mm?), but the

volume of the deposited hydrogel for each layer in the sidewall platform is higher
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than in the planar platform, that is 175 4+ 2 nLL for CSPEG-Urs and 379 + 4
nL for CSPEG-GOx layers versus 22.6 + 0.2 nL. for the CSPEG-Urs layer and
26.5 £ 0.3 nL for the CSPEG-GOx layer.

The NMR measurement revealed 3.50 + 0.70 mU of Urs were present in
the system. Given that the coupling yield was 41 %, the fraction of Urs that
was active was then 24.4 £ 5 % (summarized in Table 4.5). As a comparison,
the active fraction for Urs using sidewall platform is lower compared to planar
platform, i.e. 24.4 +5 % versus 34.2 £ 5 %. This result demonstrated that
after immobilisation of the enzymes in the narrow channel, using sidewall elec-
trodes, the enzymes are not fully active. This could be due to changes to the
immobilised enzyme caused by an electrostatic interaction with the matrix[154]
(since the volume of hydrogel is larger). We did not observe this effect in the

planar electrodes configuration.

The NMR measurements for GOx determined that 0.28 4 0.01 mU were
present and that the fraction of GOx (at a coupling yield of 35 %) that was
active was 0.54+0.02 %. The active fraction for GOx is less significant for both
configurations and differs only by 0.01% (0.52+0.12 % for the planar system).
In contrast to the planar configuration, the consumption of the substrate, D-
glucose to D-gluconic acid in the presence of the immobilized CSPEG-GOx on
the third layer was less than 70%. This may be due to a similar issue as in
CSPEG-Urs, where the immobilized CSPEG-GOx changes due to electrostatic
interaction with the hydrogel matrix [154]. These results indicate that the
activity of GOx was severely hampered, possibly due to the fact that the first
immobilised enzyme was affected by steric hindrance of catalase, leading to
insufficient oxygen access to the GOx layer[155].

The estimated Michaelis-Menten constants and the initial concentration
slope for the multi-layer experiments for both configurations of the platform
are shown in Table 4.5. The reagents and product concentration data for the
model hydrolysis of urea and oxidation of D-Glucose reaction for both con-
figurations exhibit exponential behaviour with time. This is consistent with
a simple first order reaction kinetics. The values of V., for the substrates,
urea and D-glucose are similar for both enzymes, as was also shown in previ-
ous experiments. For the planar electrode the mean value (Vpay) of the Urs is
15.0 £ 3mM/min, while for the sidewall electrode it is 12 + 2mM /min . For
GOx in a planar system Viax is 0.9 0.1 mM/min while for the sidewall system
1.0 £ 0.1 mM /min.
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This study shows that the reaction rate, V.« for the multiplex biosensor
for multi-layered immobilised Urs and GOx is consistent with the reaction rate
for the free enzymes in solution, either with or without coupling to the chi-
tosan polymer, for both configurations. This is due to the fact that the same
initial concentration Sy of enzymes and substrates was used in all experiments.
In addition, by using the different platform configurations such as planar elec-
trodes and narrow channel sidewall electrodes, we confirmed a similar enzymatic
activity in multi-layered hydrogels.

Concerning binding affinity, the CSPEG-Urs on the first layer of a multi-
plex reaction in a planar electrode setup showed K); values higher than those
of the same experiment on sidewall electrodes, namely K, = 540 + 118 mM
versus Ky = 125+ 79 mM. A possible explanation is a reduced accessibility of
the substrate, urea, to the active site of the immobilised CSPEG-Urs enzyme
on the first layer. This may be due to either diffusion resistance of the stag-
nant solvent layers formed around the immobilised molecules or to the inclusion
of enzyme molecules on the surface of the gel during the reaction [156]. The
Michaelis constant, Kj; of CSPEG-Urs in the sidewall electrode was lower than
that of CSPEG-Urs on the planar electrode, indicating the increasing affinity of
immobilised CSPEG-Urs for substrate binding in the enzymatic system. The
immobilisation step increased the mass transfer rate between enzyme and en-
zyme (side by side). These kinetic parameters indicate that the diffusion of the
reactants and products in the sidewall electrode case was higher compared to
that of the planar electrode case, probably due to the spacing of the multilay-
ered ones by co-immobilization (middle layer : CSPEG-catalase) accelerating
the mass transfer efficiency. However, due to mass efficiency, the small substrate
such as urea possibly stayed trapped within the active sites of the topmost im-
mobilised layer (such as CSPEG-catalase and CSPEG-GOx), which led to a
lower efficiency of the other immobilised enzymes.

For CSPEG-GOx, which is located in a multiplex system on the top layer (ei-
ther x- or xy-plane of hydrogel), K, values for both configurations are low: for
the planar electrode it is 22 +4 mM and for a sidewall electrode it is 23 =8 mM.
Therefore, the substrate has easy access to the active sites on the gel surface. In
terms of mass transfer efficiency, we found that the GOx activity for the sidewall
electrodes case is much lower, although the volume of immobilised CSPEG-GOx
and CSPEG-catalase should increase the activity of GOx compared to the pla-

nar electrode configuration.
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4.6.7 Saddle coil versus microdetector Helmholtz coil

In this subsection, we compare enzymatic activity when it is determined by
either a commercial saddle-coil NMR detector and a custom Helmholtz-coil
microdetector. Protocols for monitoring the enzymatic reaction were described
in section 3.4.1. The results are summarized in Figure 4.33. According to results
reported in figure 4.33, the fraction of active units for Urs is slightly higher for
the Micro 5 NMR detector with respect to the Helmholtz microdetector. The
Urs activity shows that the Helmholtz microdetector is able to determine the
fraction active unit with small volume, and the result is comparable to the
commercial micro-5 NMR detector (Table 4.6).

On the other hand, GOx behaves differently. The sample volume has a
great influence on the reaction of GOx, as oxygen gas is required to initiate the
conversion of D-glucose to D-gluconic acid. As we have seen, the microfludic
channel does not consume enough oxygen gas for D-glucose to be converted
to 100% D-gluconic acid. In contrast, in the Micro 5 NMR detector, a sam-
ple volume of 500 pL is sufficient to accelerate the reaction of GOx to convert
D-gluconic acid to D-gluconic acid (Appendix D.3-D.6). The results are sum-
marized in table 4.6. Figure 4.33 shows that the fractional active unit of GOx
in a bulk container is significantly higher than the fractional active unit in the
microfluidic channel.

The best optimal pH for Urs in NaAc buffer is 6.4 and it has been reported
that Urs can remain active from below pH 3 to 7.5 [156]. For GOx, it has been
reported that the best optimal pH for the GOx reaction is in the range 5.5-7.5
[157]. In our multiplex experiments, the enzymatic reaction was maintained
at pH 5.5 in NaAc buffer for both enzymes, although this is not the optimal
pH. However, the fractional unit of the active enzyme shows that multiplexed
enzymes bound to CSPEG have a higher activity compared to the free multiplex
enzymes in a solution. This result shows that the CS polymer improves the
buffers of the reaction for the enzyme Urs as measured by a pH indicator (4.29¢).
For GOx, the additional factor is the volume of the sample, which helps to
improve the reaction of GOx measured with the saddle coil compared to the
Helmholtz coil. The reason for this is similar to what explained above, which

is due to the sufficient oxygen gas in the sample volume of 500 pL.
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4.6 103

The V4. value calculated by Michaelis-Menten equations (based on 4.6 and
4.7) for the two enzymes Urs and GOx either with or without CSPEG shows
consistency with the value as extracted from initial slope of the concentration
time series curves. After various experiments performed under different condi-
tions, maintaining a constant reagent:catalyst ratio, no significant difference in
the maximum reaction rate (V,,..) with respect to a conventional instrument
was found[156].

It was shown that the Kj; of Urs activity is practically independent of
pH[158]. Meanwhile, the K, values determined by free and immobilised en-
zymes for both Urs and GOx (with the help of catalase) agree quite well with
the K, values previously reported by Krajewska[138] (which depends on the
concentration of urea) and Wu[155, 156, 159]. The method they used to deter-
mine K, was not clearly described. The stability index of the nonlinear curve
in our experiments is R? > 0.98, which illustrates the accuracy of the results
obtained from all experiments. Therefore, this technique seems to be suitable
for the determination of Kj; and V,,,, of enzyme-catalyzed reactions, especially

for reactions with rather high K,; values.
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Chapter 5

General Conclusion

5.1 Miniaturisation of a chitosan electrodepo-

sition setup

In this thesis we have designed, fabricated and tested electrodes arrays encap-
sulated within a microfluidic environment to demonstrate the ability to perform
sequential electrodeposition of chitosan hydrogel in a parallel fashion. We also
demonstrated that a stack of chitosan hydrogel stack can be functionalised to
support either independent or interdependent chemical reactions. The miniatur-
ization of this electrodeposition platform unlocks applicability of a multitude
of microTAS technologies, e.g. controlling the hydrogel arrangement for bio-
mimicking purposes and/or for reading out an interesting chemical signal from
the composite chitosan stack.

Additionally, we demonstrated that a pair of electrodes can be patterned
inside a microfluidic channel in a way that is compatible with an NMR microde-
tector, achieving strong integration with NMR spectroscopy. It is expected that
a rational design of the electrode geometries is possible in order to minimise any
deleterious effects in the recorded NMR signal. In the specific case of CS elec-
trodeposition, the gel state can be used for chemical or physical immobilisation

of analytes within the NMR detection volume.

5.2 Immobilisation of biological samples

Due to its inert nature, CS proves attractive for the immobilisation of enzymes;

chitosan is an inexpensive and hydrophilic carrier material; it is biocompati-
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ble, biodegradable and non-toxic. By leveraging sequential electrodeposition of
functionalised CS we implemented multiplex biosensing either independently or
dependently through the coupling process. The gel state can be exploited for
analyte immobilisation, either chemically or physically, within the NMR detec-
tion volume. For example, monitoring the in situ electrodeposition of CS and
the in situ conversion of chemical reactants into products in real time proved
to be one of the applications. On top of that, the possibility to immobilise

enzymes takes us to another level of investigation of the enzymes function.

5.3 Towards application in metabolomics

The NMR-compatible microfluidic channel with integrated electrode opens up
many applications, especially in biomedical applications and metabolomics.
With this platform we were able to demonstrate the dynamics of immobilised
enzymes within the NMR detection volume. Each stack of immobilised enzymes
is independent of the individual substrates so that the products of the reactions
can be controlled without affecting active sites of other enzymes in the chitosan
hydrogel stack. This platform can was used for a biosensing application, the
results of which were interpreted from NMR data using the Michaelis-Menten
model.

Finally, this platform may increase the time efficiency in determining the
function of biological samples. For example, this platform can be reused several
times by rinsing the gel and loading new gel coupled with different biological
samples (protein/enzymes). The loading operation takes less than 10 minutes
while the acquisition time depends on the specific reaction rates but is generally
in the order of 100 minutes. The reaction can then be monitored in situ using
NMR spectroscopy. One can estimate that, under the assumption of an heavily
automated loading procedure, between 100 and 1000 proteins could be processed

in one week with an improved version of the presented platform.
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Chapter 6

Limitation and Future Prospect

6.1 Limitation known issues affecting the ED

platform

Limitations of the platform:

1. The current in situ ED platform does not allow for isolation of the sample
insert (microfluidic chip) once it is flooded with solution. In case of deli-
cate experiments where quantitative information is essential, diffusion of
reagents and products into and out of the sample insert can be an issue.
In a future revision of the device the addition of gated fluidics connec-
tors could solve this problem. The gates could take the form of either
electrically or mechanically actuated micro-valves, such as piezoelectric

microvalves or membrane-based microvalves.

2. The current fabrication protocol for sidewall electrodes ED sample in-
serts is affected by a problem regarding the bonding step of the top glass
wafer to the SU8. Due to the issue, the fraction of leaking chips over
the produced total is high (> 80%). During in-situ reaction or during
experiments that take a long time, the issue leads to loss of the sample
within the channel by evaporation. The leakage can also contaminate
other components of the platform. Possible solutions include a redesign
of the microfluidic channel, the use of different fabrication materials and

a revision of the bonding process.

3. An essential step required for calibration of the CS ED using a specific

107



electrodes pair geometry was the deposition of quantum-dot-coupled chi-
tosan gel. However, in the case of the sidewall electrodes design, charac-
terisation by visualisation from a fluorescence spectrometer could not be
implemented, because the SU-8 material used for structuring the insert
fluidics fluoresces itself. The fluorescent emission of SU-8 superimposes
over the emission of the chitosan coupled to quantum dots. In a future
revision SU-8 can be replaced by another suitable material that does not
fluoresce under UV light. Another alternative that can be considered
is the installation of a band-blocking optical filter centered on the SU-8

emission wavelength.

6.2 Known issues affecting the electrodeposited
gel

1. Chitosan does not work well as a substrate to perform the reactions on
cell cultures. We were not able to determine any bacterial activity as
chitosan kills bacterial cultures; there are many hypotheses about the
observed bactericidal activity of chitosan, but almost all studies under-
line the crucial contribution of the polycationic nature of chitosan. The
electrostatic interaction proves to be a fundamental feature of the killing
potential, as the interaction with the negatively charged microbial sur-
face dramatically affects bacterial vitality. However, given the variability
of microbial surfaces, different organisms may release differently charged
molecular patterns and react differently to chitosan. In a future revi-
sion, other potential gel substrates such as alginate and gelatine may be

considered for in vitro study.

2. A suitable linker is required to increase the number of biomolecules that
may bind to the chitosan polymer chain. In this work, we have shown
that we can use PAMAM dendrimers to increase the number of ”anchor
points”, i.e. the amine groups. However, the coupling yield of PAMAM
dendrimers with bifunctional PEG linkers is low. This is due to the envi-
ronment of the coupling process, which requires optimal conditions, such
as pH 7 at room temperature for a prolonged time. Since chitosan also
reacts to pH, chitosan forms a gel at this pH, which limits the EDC/NHS

coupling chemistry reaction.
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6.3 Future Work

1. Chitosan hydrogel electrodeposition technology can be used to design and

implement a platform for the replication of the metabolism of the living
tissue. One such example is the liver sinusoid; by using the presented plat-
form, an artificial liver sinusoid could be accurately grown out of chitosan
hydrogel on a microfluidic insert. If successfully implemented, our solu-
tion would completely avoid the use of cell cultures on a chip and mimic
liver zoning. In a future work, the idea can be implemented to set up a
microfluidic platform containing a suitable electrode network and support
structures so that the resulting structure corresponds topologically to an

ideal liver sinusoid after deposition of chitosan.

. The microfluidic platform can be redesigned to increase the number of

electrochemical cells to achieve a high throughput parallel system. Pairs
of electrochemical cells can be implemented on the microfluidic chips to
increase the number of samples that allow the reaction to take place ef-
ficiently. For example, if the reaction can take place in situ in the NMR
magnet, we do not need to interrupt one reaction by removing the probe
and filling the channel for the second reaction. The reaction can be contin-

uous and this does not modify the existing optimised shimming conditions.
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Appendix A

Potentiometric Titration.

All titrations began at pH 1.0 after addition of a known amount of HCI and were considered
complete at pH 12.0. Quantification was done by measuring the equivalence point volumes
by differentiating the titration curves and picking the position of the derivative peaks. An
uncertainty figure was assigned to each volume based on the width of the corresponding
derivative peak. Inflection points were labelled as v;:

e v;: neutralization of excess H5O™

e vy: full deprotonation of primary amines on CS

e v3: deprotonation of unreacted CS amines of CS-QD

e vy deprotonation of unreacted CS amines of CS-PEG

e v5: deprotonation of unreacted CS amines of CS-PEG-QD

e vg: neutralization of PAMAM amines of CS-PEG-Pa

e v7: deprotonation of unreacted CS amines of CS-PEG-PAMAM

e vg: deprotonation of unreacted PAMAM amines of CS-PEG-PAMAM-QD

DS information were gathered from titration experiments by noticing that the following rela-

tions hold true for the number of available amines A in the various stages of CS modification:

Acg o< va — 1
Acs.pEG X V4 — V1 (A.1)

ACS-PEG-PAMAM X Vg — U4
where Acs.pec 1S a quantity proportional to the unreacted amines after PEG modifica-
tion. Thus the DS for PEG can be estimated by taking the ratio (Acs — Acs.prc)/Acs =
(va — vq)/(ve — v1) while the DS for PAMAM (with respect to the initial CS amines) is

(Acs-pEG-ramam/3)/Acs = (vs — v4)/3(ve — v1).

Titration data for the molar ratios tested are given in Figure A.1.
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Figure A.1 — Titration of chitosan (black), CS-PEG (blue) and CS-PEG-Pa (red) with
1 M NaOH. Molar ratios for CS:PEG:Pa were (a) 1:1:1, (b) 1:2:2, (c) 1:1:0.5, (d) 1:1:2
and (e) 1:0.5:0.5, respectively.
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Appendix B

NMR spectroscopy.

Coupling efficiencies of PEG and PAMAM were also determined by 'H NMR spectroscopy.
Figures B.1-B.5 are representative spectra for Chitosan (CS), and modified CS under the
reaction conditions CS-PEG-Pa 1:1:1, CS-PEG-Pa 1:2:2, CS-PEG-Pa 1:1:0.5, CS-PEG-Pa
1:1:2, CS-PEG-Pa 1:0.5:0.5, respectively. Quantification was accomplished by measuring the
signal integrals at ~ 1.9 ppm (CS, acetyl-CHs, 3H), ~ 2.95 ppm (PAMAM, core CHy, 4H),
~ 4.0 ppm (PEG, a-CHs, 4H) and using the following equivalencies:

o Sacy DD
SDeacy - 3 1-DD
1 S
DScs-prC = 355700 (B
1 Spa
DScs-prG-Pa = g5 70"

where DD is the degree of de-acetylation for chitosan, Sacy, is the NMR peak integral corre-
sponding to acetyl-CHjz in CS, Speacy is the reference quantity for CS deacetylation obtained
by scaling the acetyl-CHs peak of chitosan (3 protons). DScs_pra is the degree of substitu-
tion for PEG on CS, Spgg is the NMR peak integral for a-CHs protons in PEG (4 protons).
DScs_pEG_Ppa is the degree of substitution for PAMAM on CS, Sp, is the NMR peak integral
for CHy protons in PAMAM (4 protons).
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Figure B.1 — 'H NMR spectrum of CS-PEG-PAMAM (molar ratio 1:1:1). The colour
scheme is the same as presented in Figure 4.5 of the subsection modification of chitosan

in chapter 4.
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Figure B.2 - 'H NMR spectrum of CS-PEG-PAMAM (molar ratio 1:2:2). The colour
scheme is the same as presented in Figure 4.5 of the subsection modification of chitosan

in chapter 4.
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Figure B.3 — 'H NMR spectrum of CS-PEG-PAMAM (molar ratio 1:1:0.5). The colour

scheme is the same as presented in Figure 4.5 of the subsection modification of chitosan
in chapter 4.
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Figure B.4 - 'H NMR spectrum of CS-PEG-PAMAM (molar ratio 1:1:2). The colour
scheme is the same as presented in Figure 4.5 of the subsection modification of chitosan

in chapter 4.
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Figure B.5 — 'H NMR spectrum of CS-PEG-PAMAM (molar ratio 1:0.5:0.5). The
colour scheme is the same as presented in Figure 4.5 of the subsection modification of

chitosan in chapter 4.
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Appendix C

Fluorescence spectroscopy & Flu-

orescernce microscopy
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Figure C.1 — Fluorescence emission spectra of QDs at an excitation wavelength of 310
nm; red Aemission = 645 nm, orange Aemission = 976 nm, and green Aepmission = D25 nm.
The solid filled regions indicated the spectral regions passed by the three transmission

band-pass filters used.
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Figure C.2 — Fluorescence emission profiles of multi-layered CS obtained by microscopy.
Three layers were assembled, with each layer featuring CS coupled to QDs of different
colour. In the presence of transmission band pass filters (green A =(532 + 12.5) nm,
orange A =(550 £ 12.5) nm, and red A =(700 £ 12.5) nm), the different layers can be

visualized.
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Appendix D

Monitoring in real-time NMR

D.1 Measurement using Bruker’s Micro 5
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Figure D.1 — 'H NMR spectra of 1000mM of urea at 5.8 ppm with 50mM of TSP as
a reference.
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Figure D.2 — 'H NMR spectra of the reaction of urease (a) without; (b) with a poly-
mer with 1000mM of urea with 50mM of TSP as a reference and (c) extracted urea

concentrations from the NMR results in (a) and (b).
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Figure D.3 — 'H NMR spectra of 100mM of D-Glucose with 50mM of TSP as a

reference.
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Figure D.4 - (a)'H NMR spectra of the reaction of GOx with 100 mM of D-Glucose with
50mM of TSP as a reference and (b) extracted D-Glucose (at 5.3 ppm) concentrations
and formation of D-Gluconic acid at 4.2 ppm from the NMR results in (a).
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Figure D.5 — (a)'H NMR spectra of the reaction of CSPEG-GOx with 100 mM of D-
Glucose with 50mM of TSP as a reference and (b) extracted D-Glucose (at 5.3 ppm)
concentrations and formation of D-Gluconic acid at 4.2 ppm from the NMR results in

(a).
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Figure D.6 — (a) 'H NMR spectra of 100mM of D-Glucose, 1000mM of urea with
50mM of TSP as a reference without enzymes and (b) extracted D-Glucose (at 5.3 ppm)

concentrations and Urea at 5.8 ppm from the NMR results in (a).
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Figure D.7 — (a) 'H NMR spectra of the reaction of multiplex Urs/GOx with 1000 mM
of urea and 100 mM of D-Glucose with 50mM of TSP as a reference and (c) extracted

urea (at 5.8 ppm), D-Glucose (at 5.3 ppm) concentrations and formation of D-Gluconic
acid at 4.2 ppm from the NMR results in (a).
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Figure D.8 — (a) 'H NMR spectra of the reaction of multiplex CSPEG-Urs/CSPEG-
GOx with 1000 mM of urea and 100 mM of D-Glucose with 50 mM of TSP as a reference

and (c) extracted urea (at 5.8 ppm), D-Glucose (at 5.3 ppm) concentrations and forma-
tion of D-Gluconic acid at 4.2 ppm from the NMR results in (a).

141



D.2 Measurement using a custom Helmholtz

coil microdetector, NMR
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Figure D.9 - 'H NMR spectra of 1000 mM of urea with 50 mM of TSP as a reference.
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Figure D.10 — 'H NMR spectra of (a) CS; (b) CSPEG-Urs with 1000 mM of urea in a

solution with 50 mM of TSP as a reference and (c) extracted NMR results from condition
of (a) and (b).
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Figure D.11 - 'H NMR spectra of 100mM of D-Glucose with

50mM of TSP as a

reference.
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Figure D.12 — 'H NMR spectra of reaction of (a) GOx; (b) CSPEG-GOx with 100 mM
of D-Glucose in a solution with 50mM of TSP as a reference and (c) extracted NMR

result from condition of (a) and (b).
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Figure D.13 — 'H NMR spectra of 1000 mM of urea and 100mM of D-Glucose with
50 mM of TSP as a reference.
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Figure D.14 — 'H NMR spectra of multiplex enzymes with 100mM of D-glucose,

1000mM and 50 mM of TSP as a reference and (c) extracted NMR, result from con-
dition of (a) and (b).
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Figure D.15 - 'H NMR spectra of multiplex enzymes coupled to polymer, CSPEG with

100 mM of D-glucose, 1000 mM and 50 mM of TSP as a reference and (c¢) extracted NMR,
result from condition of (a) and (b).
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Appendix E

Estimation volume of hydrogels

Figure E.1 shows the estimated volume of each hydrogel layer for the two electrode configura-
tions; (a) planar electrode and (b) sidewall electrode. For the planar electrode (Figure E.1a),
thickness was determined for both the Multilayered Assembly and Individual Layer configu-
rations. The thickness of the hydrogel (¢4¢;) was determined using the profile measurement
method, performed by removing the upper glass of the channel. The values of ¢4, are the
thicknesses of the individual hydrogel layers (i.e. not the cumulative thickness).

For the sidewall electrode (Figure E.1b), the thickness of the hydrogel layers was es-
timated by light microscopy. The thickness was measured after preparing the multilayered
CS-Urs / CS-Cat / CS-GOx hydrogel assembly, using the same current density and deposition
time as in the planar electrode case. The values of t,4e; are the thicknesses of the individual
hydrogel layers (i.e. not the cumulative thickness).

Individual Layers Multilayered Assembly
C5-GOx Cs'Go

Cs-Cat cshcat
t,,=126pm; V=221+ 0.1nL t,=143pm; V=252 0.1nL | t,=344pm; V=146 07nL
CS-Urs CS-Urs A
t,=15.0um; V=264+ 02!1 t =128um; V=22.610.‘Irg | 1, =144 pm; V=6,1t0.3nLl—‘—(
-
!
Area of planar electrode = 1.76 + 0.01 mm? Area of sidewall electrode = 0.43 + 0.02 mm?
Thickness was determined using profilometer. Thickness was determined using
optical microscopy.
(a) (b)

Figure E.1 — Schematic of the hydrogel layers for individual enzyme deposition and
multiplex deposition conditions using (a) planar electrode geometry and (b) sidewall

electrode geometry
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