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Abstract

Jet fuel in Europe is often transported though the same pipelines and tankers as biodiesel.
This leads to the contamination of the kerosene with fatty acid methyl esters (FAME),
which diminishes the quality of the fuel. Therefore, it is important to monitor and quantify
the FAME in kerosene before usage. The measurement is usually performed off-line in test
labs. The goal of this thesis is the development of a biosensor for the quantification of
FAME which can be used at-line, making the testing more time efficient. The enzyme
lipase should be used for selective reaction of FAME in a complex matrix. In the mid-
infrared, biosensors can be successfully realized by immobilizing the bioactive substance
(ipase) in the evanescent field of attenuated total reflection (ATR) crystals allowing for the
real-time monitoring of the catalyzed reaction. The effectiveness of this approach can be
enhanced by employing mesoporous layers to significantly increase the surface area and,

thus, the number of bioactive enzymes in the spectroscopically probed volume.

This study aimed to enhance the substrate quantification of enzymatic reactions, specifi-
cally investigating hydrolysis and aminolysis using FTIR spectroscopy. Of special interest
was the optimization of the aminolysis reaction of FAME facilitated by a lipase as the
foundation for the biosensor. A comprehensive study of suitable lipase-substrate pairs
was performed to determine the most efficient pairings. Further, mesoporous silica films,
which were optimized to attain pore sizes of approx. 8 nm and a layer thickness of 500 nm,
were applied onto Si ATR crystals. Lipase enzymes were then immobilized onto these
silica films, leveraging their unique structure to facilitate enzyme attachment and further
serve as an enrichment layer for the analyte. This approach demonstrates the applicability
of mesoporous silica film-coated ATR crystals in overcoming challenges associated with

traditional biosensors in IR spectroscopy.

With a functioning enzymatic system, an adequate mesoporous layer and successful immo-
bilization, these findings hold promise for advancing biosensing capabilities by combining
mesoporous silica films and ATR-FTIR spectroscopy, not only for quantification and in-situ
reaction monitoring via IR but also enhancing enzymatic sensor technology.
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Kurzfassung

Jet-Kraftstoff in Europa wird oft durch dieselben Pipelines und Tanker wie Biodiesel
transportiert. Dies fiihrt zu einer Kontamination des Kerosins mit Fettsduremethylestern
(FSME), was die Qualitit des Kraftstoffs mindert. Daher ist es wichtig, FSME im Kerosin
vor der Verwendung zu iiberwachen und zu quantifizieren. Die Messung wird normalerweise
off-line in Testlabors durchgefiihrt. Ziel dieser Arbeit ist die Entwicklung eines Biosensors
zur Quantifizierung von FSME, der at-line verwendet werden kann, um die Priifung ef-
fizienter zu gestalten. Das Enzym Lipase soll fiir die selektive Reaktion von FSME in einer
komplexen Matrix eingesetzt werden. Im mittleren Infrarotbereich konnen Biosensoren
erfolgreich realisiert werden, indem die bioaktive Substanz (Lipase) im evaneszenten Feld
von abgeschwichten Totalreflexions- (ATR) Kristallen immobilisiert wird, wodurch eine
Echtzeitiiberwachung der katalysierten Reaktion ermoglicht wird. Die Effektivitat dieses
Ansatzes kann durch den Einsatz von mesopordsen Schichten verbessert werden, um die
Oberflache und damit die Anzahl der bioaktiven Enzyme im spektroskopisch untersuchten

Volumen erheblich zu erhohen.

Diese Arbeit zielte darauf ab, die Substratquantifizierung enzymatischer Reaktionen zu
verbessern, wobei insbesondere die Hydrolyse und Aminolyse mittels FTIR-Spektroskopie
untersucht wurden. Besonderes Interesse galt der Optimierung der Aminolyse-Reaktion
von FSME, die durch eine Lipase katalysiert wurde, als Grundlage fiir den Biosensor. Eine
umfassende Untersuchung geeigneter Lipase-Substrat-Paare wurde durchgefiihrt, um die ef-
fizientesten Paarungen zu bestimmen. Weiterhin wurden mesoporose Siliciumdioxid-Filme,
die auf eine Porengréfte von ca. 8 nm und eine Schichtdicke von 500 nm optimiert wurden,
auf Si-ATR-Kristalle aufgebracht. Lipase-Enzyme wurden dann auf diesen Siliciumdioxid-
Filmen immobilisiert, wobei deren einzigartige Struktur genutzt wurde, um die Enzymad-
sorption zu erleichtern und weiterhin als Anreicherungsschicht fiir den Analyten zu dienen.
Dieser Ansatz zeigt die Anwendbarkeit von mesopordsen Siliciumdioxid-Film-beschichteten
ATR-Kristallen zur Uberwindung von Herausforderungen, die mit traditionellen Biosen-
soren in der IR-Spektroskopie verbunden sind.

Mit einem funktionierenden enzymatischen System, einer angemessenen mesoporosen
Schicht und erfolgreicher Immobilisierung zeigen diese Erkenntnisse vielversprechende

i
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Fortschritte fiir die Biosensortechnologie, indem mesopordse Siliciumdioxid-Filme und
ATR-FTIR-Spektroskopie kombiniert werden, nicht nur zur Quantifizierung und in-situ
Reaktionsiiberwachung mittels IR, sondern auch zur Verbesserung der enzymatischen Sen-

sortechnologie.

1l
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1. Motivation

The composition of kerosene (jet fuel) has rigid specifications and needs to continuously
be monitored to detect contaminants. In Europe, the same transportation infrastructures
(i.e. cargo tankers and pipelines) are employed to move different fuels, biodiesel among
others. Biodiesel is a term reserved for diesel that consists in part of fatty acid methyl
esters (FAME), which can be used as fuel as well. They are produced from a base catalyzed
transesterification of triacylgycerides (fats and oils), and added to conventional diesel fuel.
Fatty acid methyl esters have a tendency to adsorb on surfaces and the metal surfaces
of pipelines are no exception. Therefore, transporting biodiesel prior to kerosene leads
to a contamination of the jet fuel with FAME. As FAME have a different composition
compared to the components of jet fuel, they therefore have different properties that are
not compatible the systems set in place for kerosene. For this reason, the maximum
concentration of FAME allowed in kerosene is regulated by the Defence Standard 91-091
and is set to 50 mg mL~'.[" Consequently, the FAME concentration in kerosene needs to be
monitored to ensure that the limit is not exceeded. This is typically done by standardized
methods such as FTIR (IP583), GC-MS (IP 585), or HPLC (IP 590). The disadvantage
of these procedures lies in their off-line execution, and while accurate, they are not time

efficient.

This work aims to provide the first steps to developing a biosensor for the determination of
FAME in jet fuel, which can be used at-line. The idea for this biosensor is based on a similar
project from Quantared Technologies GmbH.P! In their approach, the sample is passed in
a loop though a cartridge filled with immobilized enzyme, where it is converted to another
compound after an amine reactant is injected. The sample is measured by transmission
IR spectroscopy before the amine injection and after 23 min. The enzyme, in the presence
of an amine, catalyzes an aminolysis reaction, converting the fatty acid methyl esters into
fatty acid amides. Consequently, there is a decrease of the ester carbonyl IR band at
1749 cm ™!, through which the FAME concentration in the sample can be calculated.’! The
goal of this thesis is to build on this idea and improve the sensitivity, as well as have the
reaction and the measurement happen simultaneously in the same part of the biosensor,
thus compacting the biosensor.
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The biosensor proposed in this thesis is an attenuated total reflection (ATR) FTIR-based
enzymatic sensor. Similarly to the approach by Quantared, the enzymatic aminolysis
reaction is the center of this biosensor. Mid-infrared radiation is suitable for detection,
since the carbonyl absorption band of FAME with 5.7 um falls within the wavelength
range of this radiation. The shift of the carbonyl band from and ester to an amide can
utilized for quantification. A mesoporous silica film on top of the ATR crystal is to be
used as immobilization substrate for the enzymes. The mesoporous silica also serves a
second purpose, as it should function as an enrichment layer for the FAME and product,
thus, improving the sensitivity of the method. The first aspect this work deals with is the
optimization of the synthesis of the mesoporous silica film and its characterization; the
pores need to be large enough for the enzyme to be accommodated and the layer thickness
needs to be tuned with respect to the evanescent field of the ATR. The second aspect
of the thesis deals with the optimization of the enzymatic aminolysis, as the reaction
is not as straightforward as other enzymatic reactions. Lastly, the enzymes need to be
successfully immobilized and the reaction needs to be tested within the mesoporous layer.
With the successful implementation these mentioned goals, the initial part of the biosensor

development would be seen as complete.

Jet fuel stream

FAME alcohol g

L 4 ./amine / amide g/
°

Figure 1.1.: Schematic visualization of the biosensor.
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2. Theoretical Introduction

The first part of this theoretical introduction, section 2.1., provides a short summary of
infrared spectroscopy, the analytical method for the proposed biosensor. Section 2.2. offers
insights on mesoporous silica, the enzyme substrate and enrichment layer of the senor. The
background of the enzymatic reaction, which is quintessential for this work, is presented
in section 2.3.. Lastly, to understand how all the components work together, a brief

introduction into biosensors can be found in section 2.4..

2.1. Fundamentals of Infrared Spectroscopy

As is the case for all kinds of spectroscopies, infrared (IR) spectroscopy utilizes the in-
teraction between electromagnetic radiation and matter to gain chemical and physical
information. Operating within the wavelength range of 700 nm to 1 mm, IR spectroscopy
utilizes radiation absorbed or scattered by the target molecule. Since energy of molecules
is quantized, it is imperative for the incoming radiation to have the appropriate energy
in order to get absorbed. The appropriate energy, in this case, refers the energy that is
needed to promote the molecule to transition to a higher energy state. IR radiation induces
(what are called) vibrational as well as rotational-vibrational transitions. These vibrations
involve stretching and bending of the chemical bonds that hold the atoms together. Thus,
the energy that is absorbed is structure dependent. Further, the dipole selection rule needs
to be fulfilled, i.e. the dipole moment of the molecule needs to change upon absorption
of radiation. Molecules have different vibrational modes based on the movement of their
atoms relative to each other. Not all vibrational modes cause a change in dipole moment,
but the ones that do are asymmetric and symmetric stretching, as well as bendings such

as scissoring, wagging, rocking, and twisting.

Theoretical foundations of molecular vibrations can be modeled by Hooke’s Law, governing
harmonic oscillators behavior, described by the differential equation:

k
G4 —x=0, 2.1
. (2.1)

which has the following solutions, describing the vibration of an atom in a molecule:
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) K cx(t) = B - cos E
z(t) = A-sin <\/; : t) ;x(t) =B <\/; t) : (2.2)

where k is the spring constant, p the reduced mass, ¢ the time and x is the displacement
from the equilibrium position. Since in molecules the vibrational energy is quantized, the
vibrational energy levels are denoted by:

1
EU = (U + 5) hv (23)
where FE, is is the energy of the n-th vibrational level, v the resonant frequency, h Planck’s
constant, and v the vibrational quantum number (v = 0,1,2,...). Selection rules, governed
by the quantum mechanical principles of symmetry, dictate which transitions are allowed.
For a diatomic molecule, the selection rules state that only transitions with a change in

vibrational quantum number Av = +1 are possible.

A

Molecular potential energy

h .
»~

R

e Internuclear separation

Figure 2.1.: Harmonic and Morse potential for describing the vibrational energy levels of
molecules. The depth of the Morse potential, contrary to the harmonic potential,
is not infinite, as there is an amount of energy (D.) after the absorption of which

the bond between the two atoms dissociates.

However, the harmonic oscillator model has limitations. It assumes that bonds behave
purely harmonically, neglecting the anharmonicity of real molecular vibrations. The Morse
potential model (Figure 2.1) provides a more accurate description of molecular vibrations by
considering anharmonicity. Unlike the simple quadratic potential in the harmonic oscillator
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model, the Morse potential includes a potential energy curve with a finite depth and
therefore a dissociation energy. This allows for more realistic descriptions of molecular
vibrations, especially at higher energy levels. In the Morse potential model, the energy

(Hg)—xe(wg)z

where Y. is the anharmonicity constant, which is dependent on the dissociation energy

levels are given by:

E, = hv , (2.4)

(D,) of the bond in the molecule. When anharmonicity is taken into account, the selection

rule is less stringent, allowing overtones and combination vibrations.

In IR spectroscopy, the absorption peaks in the resulting spectrum denote the frequencies
of infrared radiation that are absorbed by the molecule, signaling transitions between vibra-
tional energy levels. These peaks, influenced by structure and transition dipole moments,

hold information about molecular composition, functional groups, and bonding.

Fourier-Transform Infrared Spectroscopy

Instead of sequentially scanning each wavelength individually to produce a spectrum, as
is the case for dispersive IR spectroscopy, Fourier-transform infrared (FTIR) spectroscopy
simultaneously collects data across a broad spectral range. The technique relies on interfer-
ometry, where the sample’s response to infrared light is transformed into an interferogram.
This is done for both the light intensity before, Iy, and after the sample, I. Subsequently,
by mathematically Fourier transforming the interferograms, the absorpotion spectra can
be attained.!* !

Interferometers, which are typically based on a Michelson interferometer!”, split the in-
frared beam into two paths. One path reflects off a fixed mirror and the other off a
movable mirror. The beams then recombine, producing an interference pattern. The re-
combined beam passes through the sample, where the infrared light interacts with the
sample molecules. The transmitted light is detected and recorded as an interferogram,

which is mathematically transformed into an infrared spectrum.[®

2.1.1. Mid-Infrared Spectroscopy

Within the electromagnetic spectrum, the wavelength of infrared radiation lies between
visible light and microwave light, as is schematically visualized in Figure 2.2. The typical
wavelength range for infrared radiation lies between A = 700nm and A = 1mm. The
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energy, FE/ and the frequency, v of the radiation are directly related to its wavelength, A by

Planck’s relation:

E=hy= h§ = hei (2.5)

where ¢ is the speed of light and 7 the wavenumber. Infrared spectra are commonly

depicted in wavenumbers (cm™!).

Infrared is further divided into the near infrared region (NIR), 700-2500 nm (12500-
4000 cm ™), the mid infrared region (MIR), 2.5-25 um (4000-400 cm™?!), and far infrared
region (FIR), 25-1000 ym (400-10cm™"). In the MIR spectral region most of the fun-
damental structural information is attained, as it has the adequate energy for exciting
fundamental molecular vibrations. On the other hand, NIR is responsible for exciting
overtones and combination bands. Therefore, MIR is advantageous for determining molec-
ular structures, as well as for the quantification based on absorption bands, especially for
organic molecules. It is also used for identifying molecules, since it entails all fundamental
vibrations. This is often described as the fingerprint region. 6!

A/m 107 10° 105 103 100

Cosmic X-rays Visible

rays y-rays (Vis)
Ultraviolet

Infrared
VAVAVAVAVAVAY) V) (IR)

Short Wavelengths oo e Long Wavelengths

Visible
(Vis)

Microwaves

Wavenumber 12500 cm-' 4000 cm! 400 cm™? 10 cm!
Wavelength 700 nm 2500 nm 25 pym 1 mm

Figure 2.2.: Electromagnetic spectrum with a sub-categorization of the IR region. Adapted

from 18]

2.1.2. Transmission Infrared Spectroscopy

Transmission IR spectroscopy is a technique used to analyze the absorption of IR radiation
by a sample as the radiation passes through it. In this method, a beam of infrared light
is directed through a sample, and the intensity of the transmitted light is measured as a
function of wavelength. As stated in Section 2.1., an analyte absorbs specific wavelengths
of infrared radiation depending on its molecular composition, which results in characteristic



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

absorption bands in the spectrum. The absorbance of the analyte can be calculated from
the intensity of the incident radiation after measuring a sample with (I) and without (/p)
the analyte (reference), according to Lambert Beer’s law, as shown in Equation 2.6. Based
on this law, the absorbance, A, of a sample depends linearly on the pathlength the light
travels though the sample, d, the concentration of the analyte, ¢, and the molar decadic

absorption coefficient, €.

I
A = —logyo (I_) =ecd (2.6)

0
The pathlength is a point of contention, especially with the MIR, because a lot of molecules
absorb strongly in this region. This makes the detection of low concentration of analytes

is solvents such as water, which is a strong absorber, quite difficult.

2.1.3. Attenuated Total Reflection Spectroscopy

The basis of attenuated total reflection (ATR) spectroscopy lies in utilizing the phenomenon
of total reflection of infrared radiation at the interface between two materials with different
refractive indices. The refractive index (n) of a material determines the speed and direction
of light propagation within that material. When light encounters a boundary between two
materials with different refractive indices, its direction changes (i.e. it gets refracted)

according to Snell’s Law (Figure 2.3-a):>

nysin(0y) = nasin(6s) (2.7)

where n; and ny are the refractive indices of the first and second materials, respectively,
and #; and 6, are the angles of incidence and refraction, respectively. Snell’s Law also
describes the phenomenon of total reflection, where the radiation is not refracted anymore
(Figure 2.3-a). This occurs when light traveling in a high refractive index material encoun-
ters a boundary with a lower refractive index material at an angle greater than the critical
angle 6,.:1°!

0. = arcsin (ﬁ) (2.8)

ny

ny being the refractive index of the optically denser and ny of the optically rarer medium.

ATR spectroscopy typically involves a crystal or prism made of a high refractive index
material, known as internal reflection elements (IRE), such as silicon, germanium, or zinc
selenide, in contact with the sample of interest. The IR beam passes through the IRE to
get in contact with the sample. If the angle of the incident IR radiation exceeds 6., the
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beam reflects internally, therefore, the light does not pass through the sample, as is the case
for a transition measurement. However, as light is comprised of an electromagnetic field,
an evanescent wave is formed upon local reflection between the IRE and the sample, that
extends into the sample. This evanescent wave can interact with the sample (Figure 2.3-b).
The strength E of this field decays exponentially with distance z from the interface:l”!

E(z) = Epe * (2.9)

where Fjy is the initial strength of the field and + the decay constant. The depth which
the evanescent wave reaches before its strength dropping to 1/e of its initial strength is
called depth of penetration. It essentially determines the portion of the sample probed by
the ATR technique. By knowing the wavelength, \g, and angle, 6, of the incident light
and both the refractive indices of the IRE, ny, and the sample, ny, it can be calculated
following Equation 2.9.15 6l

1 A
d,=— = 0 (2.10)

2
7 27rn1\/sz'n29 — (Z—f)

For a given wavelength, the depth of penetration can be tuned by changing the incident

angle and /or the IRE material. To be able to compare ATR to transmission spectra, the
effective penetration depth, d,, is a more practical value. The effective penetration depth
is defined as the equivalent pathlength in a transmission experiment, which matches the
absorbance spectrum attained by a single-bounce ATR experiment. Its value is polarization
dependent. For weakly absorbing samples, d, for the parallel component of the electric field
vector is defined as:[% 9 10

N1 Aocos0(2sin?0 — nay)

dep = (2.11)
nim(1 —n3))[(1 + nZ))sin?0 — n3,]\/(sin?0 — nZ))
and for the perpendicular component of the electric field vector, the value of d,  is:
Agcost
_ T21 AgCOS (212)

de S
T omm(1 —nZy)/(sin20 — n3;)

where ny; = Z—f Typically, the average of d. , and d. s is taken as an approximate value for
the effective penetration depth of unpolarized light. In case of a multi-bounce ATR crystal
the value of d. for one bounce is multipiled by the number of bounces. This value, be it
for a singe bounce or multi-bounce crystal, can then be used in Lambert Beer’s law:/’!

A = ecd, (2.13)
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(b)

Figure 2.3.: (a) Refraction and reflection of light. While the incidence angle of the radiation
is smaller than the critical angle, the light is refracted into the optically rarer
medium. After the incidence angle surpasses the critical angle, no refraction
takes place anymore and the light is totally reflected back into the optically
denser medium. (b) Schematic depiction of a multi-bounce ATR crystal and the

penetration of the evanescent wave.

2.2. Synthesis of Mesoporous Films

2.2.1. The Sol-Gel Process

The sol-gel process is the typical synthesis method for attaining mesoporous silica layers

and was utilized in this thesis as well.

The first steps towards sol-gel chemistry were done in 1824 by Ebelmen!"!l and the term
was first introduced by Graham in 186412, though the first attempts of making use of
this for oxide films are attributed to Geffken and the German company Schott!!3l. Later,
the process was described by Schroder™ and in the 1970s sol-gel processing started being
used worldwide for the production of glass and ceramics at low temperatures.['?l Now, the
sol-gel process has found a broad spectrum of applications in different fields, i.e. material
development, drug delivery, separation and catalysis. [l

To understand the process, it is important to understand the concepts of the two steps
it encompasses. The sol represents a suspension of colloidal solid particles in a liquid,
where the influence of gravity on the dispersed phase is negligible due to the nano-scale of
these particles. A gel is a cross-linked continuous three dimensional network, which is still
immersed in a liquid medium.'" % The process that connects these two states, producing

inorganic oxides (ceramics), is known as the sol-gel process. 2"l

The foundation of this process is built on two key reactions: hydrolysis and condensation.
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During the hydrolysis reaction, silicon-oxygen bonds in the alkoxide are broken, and hy-
droxyl groups from water are incorporated into the silicon compound. This process results
in the formation of silanol (Si-OH) groups. This transformation is illustrated in the ini-
tial reaction depicted in Figure 2.4. Condensation of the formed -OH moieties proceeds
in either of two pathways, yielding either alcohol or water, as illustrated in the final two
reactions in Figure 2.4. In both cases, a siloxane bond is formed and when the number of
these bonds is maximized, a gel is formed.['7> 1

: - S 0 e
gHyclrolysns /5.1 OR + H,0 /Sl OH + ROH
g St Of —— S ggit !
: /51 OH + /S] OR =—= /Sl 0 51\ + ROH :
. Condensation :
S N on e N0 6 s O |
/S] OH + 7SJ—OH - /Sl 0 Sl\ + H0 ;

Figure 2.4.: General sol-gel two-step reaction mechanism.

The reactants and reaction conditions are crucial for the properties of the final
product.l'”> 18] The precursor molecule are usually metal or metalloid salts and alkoxides,
though there are numerous other precursors.l?! Silicon compounds, particularly silicon
alkoxides such as tetraethyl orthosilicate (TEOS), are very prevalent precursors. This is
due to the fact that they are cheap, easily accessible, and also easy to handle.l'> 18] One
more important aspect to consider is that gels form more favorably compared to powders
only when the hydrolysis reaction is slower than the condensation. While other compounds
need agents to slow the hydrolysis reaction, silicon compounds innately favor the conden-
sation reaction, since silicon is less electro-positive and less susceptible to nucleophilic

attacks.120l

As tetraalkoxysilanes like TEOS are immiscible with water, an alcohol, usually ethanol
(EtOH), is used as a solvent during the synthesis. Water is not completely removed from
the solution, since it is necessary for the hydrolysis reaction to take place. Furthermore,
both the hydrolysis and condensation reaction needs to be catalyzed by an acid or a
base. While working with Si, its point of zero charge (PZC) is an important aspect to
consider during the synthesis. It can be differentiated between two pathways (reaction
mechanisms) based on the pH of the sol solution: pH below 2.5 (PZC of Si) and pH above
2.5. This is one of the key factors for the structural evolution of the gel and the final
product. Acid-catalyzed hydrolysis yields polymer-like branched sols, while base-catalyzed

10
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hydrolysis produces highly condensed particulate sols. The structural evolution based on

the pH conditions is depicted in Figure 2.5.117: 18l

Basic conditions
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O —
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<
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v

3D gel networks

Figure 2.5.: Silica particle structure growth based on pH conditions starting from the precur-

Sor.

Relevant for this work is the acid catalyzed process and will therefore be explained further.
The general hydrolysis and condensation reactions under acidic conditions are shown in

Figure 2.6.

Hydrolysis likely proceeds via bimolecular nucleophilic displacement (Sy2) reactions (Fig-
ure 2.7). Under acidic conditions, the protonation of Si-OR groups creates good leaving
groups and increases electrophilicity at the central silicon atom, thus, making it more prone
to a nucleophilic attack. This facilitates hydrolysis or condensation reactions, where either
water or a silanol group attack from the rear, creating a transition state. The positive
charge on the protonated alkoxide is consequently diminished, thereby making alcohol a
leaving group. The transition state breaks down as the alcohol is displaced, accompanied

by the inversion of the silicon tetrahedron.['”> 18l

11
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Hydrolysis reaction X=R, Y=H %
+  Condensation reaction X=R or H, Y= Si<

OR OR OR RO
4 't OH; Heo | H + .
© RO—Si —_— Rg'—SI‘ RQ-*§i~QH [ —— RSH + ROw-Si—OH
© o~ £ TOR z "OR 8
: & OR OR RO OR RO

Figure 2.7.: SN2 reaction mechanism under acidic conditions during sol-gel synthesis.

For acidic catalysts, higher electron density is preferred as it stabilizes the positively
charged transition state more effectively. Consequently, reactions tend to be slower for
more highly substituted species. This results in faster hydrolysis for monomeric Si(OR),
compared to partially hydrolyzed or oligomeric species. The decrease in the point of zero
charge (PZC) of the silicon compound with increased substitution correlates with this
phenomenon. Notably, when the PZC aligns with the pH of the solution, acid catalysis
ceases to occur. This means that gel networks are then formed from exceedingly small
primary particles, favored by the hydrolysis and condensation occurring predominantly at
terminal silicon atoms. This preference is accentuated by the rapid hydrolysis under such

conditions. 17 18]

Gelation marks a critical phase in the sol-gel transition, where small 3D oligomeric par-
ticles initially form nuclei with Si-OH groups on their surface, subsequently growing or
agglomerating into clusters via condensation. At the gel point, a sudden increase in vis-
cosity signifies the establishment of a continuous network, akin to the formation of a giant
molecule. This transition occurs when condensation reactions reach a critical point when
the clusters collide and form a spanning cluster. An oxide network is formed when the gel
is dried, which is then called a xerogel.['7- 18 20, 21]

12
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2.2.2. Evaporation Induced Self Assembly and Spin-Coating of
Mesoporous Films

For a multitude of applications, including this thesis, it is desirable for the mesoporous
silica to be applied as a thin film as well as to have bigger and well-ordered pores. These
attributes can be attained through combining self-assembly and spin-coating.

Self-assembly refers to the natural tendency of molecules to spontaneously arrange them-
selves into stable, organized structures through non-covalent bonding interactions.?? 23l
Molecules like surfactants are pre-programmed to behave like this, driven by their hy-
drophobic and hydrophilic parts.?% 23l Based on the concentration, surfactants display
different structures. At lower concentrations surfactants exist as free molecules. As the
concentration increases just above the critical micelle concentration (CMC1), surfactant
molecules aggregate into spherical shapes; with further elevation in concentration (CMC2),
they adopt a cylindrical rod shape, followed by an even higher concentration leading to
liquid-cystalline mesophases such as ordered hexagonal packing or a lamellar structure.

This structural behaviour of surfactants is shown in Figure 2.8.120: 23]

e
;“'%‘"’/
Mz ‘79” ‘:’
T
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crystal
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crystals in water
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Figure 2.8.: Surfactant phase diagram showing the different structures formed by surfactants.
The template that the surfactant forms is not only dependent on its concentration,

but on the temperature as well.

13
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Surfactants can be divided into four categories: anionic, cationic, non-ionic and
amphoteric.?%. Two of the most used surfactants in combination with mesoporous sil-
ica are alkylammonium surfactants such as cetyltrimethylammonium bromide (CTAB),
which is a cationic surfactant, and pluronics such as F127, which is a nonionic block-
copolymer (Figure2.9).120: 24 251 CTAB was the first surfactant to be used in a mesoporous
silica synthesis.!'”l F127 is a poloxamer series of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblocks (PEO-PPO-PEO) which was used for the first time in com-

bination with mesoporous silica by Zhao et al.l?! (hexagonal structure).

_______________________________________________________

Figure 2.9.: Structural formula of the two surfactants used in this work, CTAB and F127.

These surfactants work as a template for the pores of the mesoporous silica.l?’! The self-
assembly of surfactant molecules drives the organization of molecular precursors into or-
dered structures. A schematic visualisation of this process is depicted in Figure2.10. The
first ones to discover this and use surfactants as directing agents in a mesoporous silica
synthesis were scientists at Mobile Oil Research. 7
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Figure 2.10.: Structure development of the surfactant templated mesoporous silica.
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This self-assembly phenomenon in combination with spin-coating leads to evaporation-
induced self assembly (EISA). During spin-coating the sol-gel solution containing the silica
species as well as the template are deposited on a substrate, which is subsequently spun.
Thereupon, the solution is pushed radially outward from the center and a consistent forced
convection is induced within the vapor layer above the substrate, resulting in a uniform
evaporation of the solvent.!'8! This leads to the increase of the surfactant concentration
towards structural mesophases, which act as a template for the silicon oxide network as it
condenses around the mesophase.?% 23 28] After the template is removed, either by chemical
or physical treatment, a mesoporous oxide network is left.[?® 2 This process (shown in
Figure 2.11) together with the ratio of ethanol/water/surfactant and properties of the

surfactant allows for tuning of the pore size and film thickness.[? 3!
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Figure 2.11.: Spin coating procedure. (a) The sol is pipetted on the surface, (b) the surface is
spun and EISA starts, (c) the centripetal force pushes the sol outward, coating
the surface, (d) an ordered mesoporous silica film is left on the surface. Adapted

from!31]

2.2.3. Functionalization of Mesoporous Silica

One major advantage of mesoporous silica is their versatile surface chemistry. Because
of the free silanol groups present on the surface, it is fairly easy to change the surface
chemistry through functionalization, and thus, the molecules the surface is attracted to as
well. Modification of silica surfaces is crucial for optimizing their performance in specific
tasks, e.g. the adsorption of proteins. Various strategies have been explored to achieve

this, including post-synthesis grafting and co-condensation methods.[?? 34
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The co-condensation method, where the functionalization reagent is added during the sol
synthesis, allows for more homogeneous distribution of organic groups throughout the inner
pore surfaces of nanoparticles without pore blockage or shrinkage issues. Nonetheless, in-
creasing concentrations of reagents may lead to decreased mesoscopic order of the products.
On the other hand, post-synthesis grafting involves the addition of organic functionalities
onto the silica surface after the initial synthesis and removal of the template. Although
this method often results in uneven distribution of functional groups, with a preference
for the exterior surface or mesopore openings due to kinetic accessibility, the possibility to
calcine the silica beforehand and retaining the functionality as well as the highly ordered

final product make it an appealing approach.[33-3%l

Different reagents can be used for achieving the desired functionalization.  Typi-
cally, a condensation reaction between trialkoxysilanes, trichlorosilanes or silazanes with
the surface silanol groups is facilitated.l’® %! Examples of favored reagents are (3-
aminopropyl)triethoxysilane (APTES)[32l, (3-chloropropyl)triethoxysilane (CPTES)®% and
hexamethyldisilazane (HMDS)B7, although there is a large palette of silanols that can be
used to fit the purpose. HMDS (which was used in this thesis) introduces methyl groups
onto the surface, changing its character from hydrophilic to hydrophobic.l*”l The reac-
tion between HMDS and terminal silanol groups is shown in Figure 2.12 and a schematic

depiction of the methylation of the mesopores can be seen in Figure 2.13.

CH,
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functionalized mesoporous silica film

Figure 2.12.: Post-functionalization reaction of the mesoporous silica surface with HMDS.

The functionalization of silica allows for better control of the interaction between the
mesoporous surface and the chemicals it comes into contact with, be it the solvent, the
product of a reaction or the analyte itself. This poses a great advantage when working
with different reaction systems, since optimization of the surface is possible.
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Figure 2.13.: Schematic visualization of the post-synthetic methylation of the silica mesopores.

2.3. Enzymatic Reactions

Enzymatic reactions are reactions facilitated by bio-molecules called enzymes. These are
typically proteins that act as catalysts in biochemical reactions. They accelerate the rate of
these reactions by lowering the activation energy required for the reaction to occur, thereby
making the reactions proceed much faster than they would without the enzyme. Enzymes
are essential for life as they regulate the chemical reactions of living organisms. They
specifically interact with substances, called substrates, to catalyze particular reactions. By
utilizing various intermolecular forces, they are able to combine substrates in an optimal
orientation, and therefore facilitate dissolution and formation of chemical bonds. During
the reaction, they selectively stabilizes specific transition states, thereby steering the reac-
tion. Herein lies one of their most important characteristics: selectivity. The recognition
of only particular substrates as partners for a specific reaction makes enzymes especially

attractive catalysts.[38 3

Typically, enzymes are comprised of two entities, the main part, called apo-enzyme and a
small molecule, called co-factor, which together form what is known as holoenzyme. Co-
factors play an important role in enzyme activity, as both parts need to work together
for the enzyme to function properly. Based on the reactions they catalyze, enzymes are
classified into six groups: oxidoreductases, transferases, hydrolases, lyases, isomerases, and

ligases.[39 401

Enzyme Kinetics

Enzyme kinetics is the study of the rates at which enzymes catalyze chemical reactions. It
focuses on understanding how factors such as substrate concentration, enzyme concentra-
tion, temperature, and pH affect the rate of enzyme-catalyzed reactions. The Michaelis-
Menten equation is a fundamental concept in enzyme kinetics, describing the relationship
between substrate concentration and reaction rate through two kinetic parameters K, and

17
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39, 41-43
Umazx [ ]

Michaelis-Menten kinetics are based on the concept of a steady-state system, although
they still successfully describe cases outside this state. An enzymatic reaction goes over a

transition state, which is known as the enzyme-substrate complex.

E+S—sES-*ypip

k_1
The product formation rate, v, is defined by the second (catalytic) step of this reaction:

_dP _ d[ES]
Cdt dt

These kinetics are typically determined in the initial stages of the reaction, since during

= ky|ES] (2.14)

v

this time the reverse reaction (k_») is negligible. During steady-state, the dissociation rate
of the enzyme-substrate complex to product, ks, is slow compared to the formation of the
complex, ki, and its dissociation into the precursors, k_;. However, steady-state is defined
as the equilibrium where the transition state is formed and consumed with the same rate,
d[ES]/dt = 0, therefore:[3% 41-43]

ki[E][S) = (k_y + ko) ES) (2.15)
Equation 2.15 can be rewritten as:

ki

ES]| = ———
[E5] k_1+ ks

[E][S] (2.16)

The three rate constants in this equation can be combined into a single constant, K,,,

known as the Michaelis-Menten constant and the equation can be simplified:

K, — w (2.17)
_ [E][S]
5] = 522 (2.18)

In this case, |E| refers to the concentration of unbound enzyme during the reaction, which
is the difference between the initial total concentration of enzyme and the concentration of
the enzyme bound into a complex, [E] = [Elipta — [£S]. With this information, Equation
2.18 can be rewritten as:

5]

[ES] = [E]totalm

(2.19)
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Substituting the expression for |[ES| in Equation 2.19 into Equation 2.14, Equation 2.20 is
obtained:

5]

v =k [E]total W

(2.20)

The maximum reaction rate is achieved when all of the enzymes are bound to substrate,
[Eliotar = [ES]. This is under the assumption that the concentration of enzyme is much
lower than that of the substrate:

Umaz = k2 [E]total (221)

Combining Equation 2.21 with Equation 2.20 yields the expression known as the Michaelis-
Menten equation:

[5]

e (2.22)

U = Umazx
This relationship between substrate and reaction rate entails two extreme cases:

1. For [S] << K, = v = vmam%, which means the rate is directly proportional to the

substrate concentration (Figure2.14, turquoise shading)

2. For [S] >> K,,, = ¥ = Ve, which means the reaction rate is maximal and indepen-

dent of the substrate concentration (Figure2.14, dark blue shading)

Vmax """"""""""""""""""""""""""""""
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Km Substrate concentration [S]

Figure 2.14.: Michaelis-Menten relationship between substrate concentration and reaction

rate.
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Determination of Substrate Concentration in an Enzymatic Reaction

It is often favourable to quantify a chemical through an enzymatic reaction. There are two
distinct pathways to determining the concentration of a chemical, or substrate, for these

types of reactions: the "complete conversion" approach and the "kinetic" approach.*!

For the "complete conversion" method, the reaction catalyzed by the enzyme needs to
reach completion, therefore the substrate is fully depleted. This can only be the case,
if the product side of the reaction is favoured by the equilibrium. Furthermore, it is of
utmost importance for the reaction to progress very rapidly. Hence, it is favourable for
the reaction rate to be as close to the maximum, (vy,4,), as possible. This holds true for
substrate concentrations [S] >> K,,. Additionally, it is beneficial to increase v,,4,, which
commands a higher enzyme concentration, but resulting in a higher enzyme activity as
well. One way to determine the concentration with this method is by direct measurements.
This involves distinguishing substrates from products by their distinct properties, such as
absorption spectra. Another path is by employing coupled reactions to further convert
the initial product, facilitating quantification. Generally, shifting the equilibrium of the
reaction is possible, i.e. by trapping the product, though shifting it to the necessary point
for this type of substrate determination method is not always achievable.!*4!

On the other hand, the "kinetic" approach relies on the relationship between substrate
concentration and reaction rate. A linear dependence between the initial reaction rate
and the substrate concentration can be established for [S] << K,,, as described above
(2.3. sub-chapter "Enzyme Kinetics"). This method suits low substrate concentrations
and entails a major time advantage, since the initial reaction rate is determined at the

beginning of the reaction.*4!

2.3.1. Lipases

Of interest for this thesis are lipases, which fall unter the group of hydrolases. Specifically
they are denoted with EC 3.1.1.3. in the Enzyme Commission (EC) number for systematic
classification, where EC 3.1. is reserved for enzymes that act on ester bonds.!*"!

Lipases fall under the same classification as esterases. Lipases posses a distinct structural
feature that works like a lid, protecting the active site of the enzyme. The lid opens when
the lipase comes into contact with a hydrophobic substance. This mechanism is where the
distinction between esterases and lipases arises; esterases prefer substrates with shorter
acyl chains, while lipases favour more hydrophobic ester substrates with longer acyl chains

and are known for catalyzing reactions of triacylgycerides (fats and oils).!*"!
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Lipases are attractive bio-catalysts, as they mediate a multitude of reactions and are com-
patible with different substrates, are usually inexpensive, do not require a co-factor for

performing a reaction and show high selectivity.[*]

Enzymatic Hydrolysis and Aminolysis Reactions

Lipases are a subgroup of serine hydrolases, which entail the catalytic triad the nucleophilic
component serine (Ser), basic component histidine (His), and acidic component aspartic
acid (Asp). This triad is an active site that mediates the catalytic acylation. The general

catalytic reaction mechanism which is facilitated by lipases is shown in Figure 2.15:4% 4l
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Figure 2.15.: Reaction mechanism of lipase catalyzed reactions depicting the active site of
CALB.

The typical substrate for a lipase catalyzed reaction is an ester which is brought to reaction
with a nucleophilic reactant. As the substrate enters the active site, it forms a transition
state. This transition state disintegrates with the release of an alcohol and formation of
a acyl-enzyme intermediate. In a final step, the nucleophile can attack the intermediate,
releasing the product. As the primary function of lipases is the hydrolyzation and break
down of the ester bonds of lipids, the nucleophile is typically water. The hydrolysis reaction

yields fatty acids and glycerine (Figure 2.16 left).[*’]

Although their main catalytic reaction is hydrolysis, lipases have been used to catalyze
other acylation reactions as well. They are the most commonly used enzyme for N-
acylation, also known as aminolysis. In this case, the nucleophile attacking the acyl-enzyme
intermediate is an amine molecule. The reaction leads to an amide bond formation and the
release of an alcohol (Figure2.16 right). In order for the aminolysis reaction to take place
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instead of the hydrolysis, water needs to be excluded form the reaction. Therefore, dry
organic solvents are the medium of choice. Enzymatic aminolysis is highly dependent on
the reagents, solvent, and enzyme. Not every combination between these components leads
to successful conversion. Hence, it is crucial to choose compatible reagents for a adequate

reaction environment. 43 471

Hydrolysis Aminolysis
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Figure 2.16.: Visualization of enzymatic hydrolysis (left) and aminolysis (right) reactions in

a mesopore.

2.4. Introduction to Biosensors

A biosensor is a device that detects and analyzes biological substances by converting a
biological response into an electrical, optical, or other measurable signal. Essentially, it
is a tool that utilizes biological components, like enzymes, antibodies, or nucleic acids, to
interact with a target analyte (a substance being measured) and produces a detectable
signal. This signal can then be interpreted to provide information about the presence,
concentration, or activity of the target substance. Selectivity is one of the key attributes of
biosensors, generating a response only for specific analytes. This selective behaviour stems
from both the biological component recognizing the analyte and from the transducer, which
is the device that is responsible for converting the recognition event into a measurable

signal.[1%> 48l

Biosensor technology has seen a great deal of advancement ever since the introduction of
the first "real" biosensor from Leland C. Clark Jr. and Champ Lyons for the detection of
glucose, which was based on an amperometric enzyme electrode.[*”) Biosensors find appli-
cations in various fields, including healthcare (for diagnostics, monitoring, and treatment),
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environmental monitoring, food safety, contamination determination and biosecurity.!*> 48l

Enzymatic biosensors are a favored method, for one due to the versatile range of enzymes
and their possible substrates (analytes), especially those of clinical interest. Because of the
nature of enzymatic reactions, parameters such as pH and temperature need to be taken
into account during biosensor development. The two main challenges during development

are the type of transducer and the immobilization of the enzyme within the biosensor.!*?!

2.4.1. Immobilization of Enzymes

As stated above, enzyme immobilization is a crucial process in the development of en-
zymatic biosensors where the immobilized enzymes must retain their biological activity.
Various strategies have been explored for enzyme immobilization, each with its own set of
advantages and disadvantages. These include covalent bonding, physical entrapment or en-
capsulation in a polymeric network, cross-linking, and nonspecific adsorption but no single
method or material has emerged as a universal solution. While adsorption strategies offer
simplicity, they may result in weaker enzyme binding and stability issues due to enzyme
leaching. On the other hand, covalent immobilization, while more stable, often involves
more complicated procedures and can lead to reduced enzymatic activity. Traditionally,
enzyme immobilization has been mainly limited to polymers, but inorganic substrates such
as silica offer advantages including improved mechanical strength as well as chemical and
thermal stability.['> 43l

Immobilization is essential for the reusability of enzymes. Furthermore, efficient enzyme use
in non-aqueous media often requires immobilization on a suitable carrier material (matrix)
to make the enzyme accessible to the reaction medium. However, the presence of the matrix
can influence reaction kinetics, potentially affecting substrate or product concentrations
near the immobilized enzyme. The choice of immobilization method and matrix depends
on factors such as stability requirements, reusability, and the specific properties of the

enzyme and application context.['> 43 471
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3. Results and Discussion

The results of the mesoporous silica layer optimization and characterization are shown and
discussed in Section 3.1.. In Section 3.2., the outcomes of the tested enzymatic reactions,
both hydrolysis and aminolysis, are discussed. After the layer and the enzymatic reaction,
lipase enzyme immobilization experiments were performed, the results of which can be
found in Section 3.3. Finally, some considerations concerning the final biosensor product
are listed in Section 3.4..

3.1. Mesoporous Silica Layer Optimization

The stability of the sol and the formation of a gel network hinges on various system and
experimental conditions. Some of these conditions were varied in different mesoporous
silica syntheses (see Section 5.2.) to optimize the synthesis for the production of layers
with the desired characteristics. The products of all syntheses were characterized to select
the best performing silica film.

3.1.1. Considerations Regarding Sampling Depth

Before starting the optimization process, it was necessary to define the optimum outcome
for the mesoporous silica layer. Since the mesoporous silica is going to coat an ATR crys-
tal, some considerations regarding the sampling depth were necessary. In general, it was
deemed important to keep a correlation between transmission and the ATR measurements.
Therefore, the effective depth of penetration, d,., for the parameters needed for the mea-
surement was set as a reference point. As described in Section 2.1.3., d. is dependent on
the polarization of light. Assuming that the radiation is not polarized, the overall effective

depth of penetration is calculated as follows:

de,s + de,p
2
Both d. s and d., are dependent on the wavelength, Ao, the angle of incidence, 0, and

d, = (3.1)

the refractive indices of both the IRE and sample, n; and ns, respectively (according
to the relationship described in Section 2.1.3.). Considering that the band of interest
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Figure 3.1.: Schematic visualization of the evanescent field within the mesoporous layer and

the important parameters related to the incident radiation.

for the evaluation of FAME conversion and therefore for quantification is at 1749 cm™1,

the wavelength for calculating the optimum was A\g = 5.74um. The angle of incidence
is controlled by the beam defection mirrors and the angle of the polished ATR crystal,
both of which are set to an angle of § = 45°. The refractive index of a Si ATR crystal
is n; = 3.4.51 The refractive index of the sample, in this case would be the mesoporous
silica filled with kerosene (n = 1.46°°1). The refractive index of quartz is n = 1.29P!
for the wavelength of 5.74 um. Since the solid part of mesoporous silica is nothing but
amorphous silica, an approximation of the refractive index of the layer was performed by
taking the average of the refractive indices of kerosene and quartz, resulting in n, = 1.375.
By calculating the effective depth of penetration with these values, d, is equal to 0.4757um.
The conventional depth of penetration (calculated using Equation 2.9) for these parameters
is d, = 0.4638um. Therefore, it was decided to aim for a mesoporous silica layer thickness

of around 0.5 pm.

To calculate the fraction of radiation that can interact with the sample in the layer, s,
which can be seen as the area of the evanescent wave that lies within the layer, equation
3.2 can be used:*?

th
1(z)d _2th
s = 0 (2)dz _ | _ - (3.2)
Jo I(2)dz
[(2) = Iye (3.3)

with 2z being the distance form the interface, I, the intensity of the incident beam and th
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the thickness of the mesoporous layer. With a layer thickness of 0.5 um, approx. 88 % of
the intensity of the evanescent wave is located inside the mesoporous silica (s = 0.88).

The reaction system this work is based on uses heptane as a solvent to ensure a matrix
similarity to kerosene. The refractive index of heptane is no = 1.387. For a single bounce
a d, = 0.4754 um is obtained, whereas for a multi-bounce ATR crystal with 19 bounces,
which is what was used, the effective penetration depth for the whole crystal amounts
to d. = 19 % 0.4754 pm=9.0326 um. The experimental value of d, was determined to be
d. = 7.4 um by comparing the intensity of that band at 1749 cm™! of a fatty acid methyl
ester measured in a transmission configuration with a path-length of 1mm and a ATR
configuration, using Lambert Beer’s law. The values of the theoretical and experimental
effective depth of penetration are somewhat in agreement. The discrepancy between the
two may have different reasons. For one, the theoretical value is only an approximation.
Furthermore, the experimental parameters do not always align with the parameters inserted
in the formula for calculating d., as internal scattering, among other factors, may lead to
less efficiency of the internal reflections.

3.1.2. Synthesis Optimization

As mentioned in Section 3.2.1., it was important for the final mesoporous silica layer to
posses a certain thickness. The second point of contention for the layer, arguably the most
important point, was the mesopore structure. From the beginning, the use of a surfactant
molecule in the synthesis was deemed necessary, as using a templating agent is not only
helpful in attaining a more ordered structure, it also steers the diameter of the mesopores
to higher values. The conventional surfactant cetrimonium bromide (CTAB) leads to pores
with a diameter of around 2-3nm, while a block co-polymer such as Pluronic F-127 can

28,53 Since lipases are relatively big molecules, a bigger pore

form pores up to 7-12nm.
size was desirable. For this reason, the synthesis variations were mostly performed on the
synthesis procedure containing F-127 as a surfactant. For reference, a synthesis with CTAB
as surfactant was performed as well (ALO1A). The syntheses ALO1B-04B follow the same
procedure (Section 5.2.2.). AL01B-03B differ from each other in the relative humidity
during spin-coating (20-60 %). ALO4B has a higher amount of surfactant. AL05B-10B
follow a different synthesis work-flow, and differ from each other in their F-127/TEOS
molar ratio. Most samples were functionalized after synthesis and calcination. For a

detailed description of the syntheses and post-synthetic treatment, refer to Section 5.2..

The samples were characterized via small-angle X-ray diffraction (SA-XRD), contact an-
gle measurements, and profilometry. After some initial experiments, some syntheses were
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modified to steer the product towards specific attributes. After all samples were character-
ized with these methods, the best performing one was determined and was then measured

by transmission electron microscopy (TEM).

3.1.3. Characterization Results of the Mesoporous Silica Films
Small-Angle X-Ray Diffraction Measurement Results

XRD was performed to estimate the pore size of each of the samples. This was possible
due to the ordered mesoporous structure of the layer, facilitated by the templating with
a surfactant. As the pores were expected to be in the nanometer range, small-angle XRD
was necessary. This method works only as an approximation, since the diffraction happens
at the pores, therefore, the d-spacing from the diffractograms gives the distance between
the centre of two pores, without taking the wall thickness between the pores into account.
SA-XRD was the first step in selecting the most adequate synthesis, since a large pore-size
was the most important attribute for the final mesoporous silica film.

As can be seen in Figure 3.2, there is a shift in the reflexes of the three first samples.
AL01B, with a relative humidity (RH) of 20 % shows a reflex at a smaller 20 angle than
ALO02B with a RH of 40 %. The reflex of AL03B, with a RH of 60 %, appears at the highest
26 angle. These results are in agreement with previous work from Steinbacherl®¥. Based

on Bragg’s Law:

A = 2dsind (3.4)

where A is the wavelength of the incident beam (1.54 A), d the spacing between two pores
and 6 the incidence angle, the larger the angle, the smaller the pores. Therefore a trend in
pore size based on the relative humidity during the spin-coating process is apparent for this
synthesis procedure. This can be explained by the influence RH has on the EISA process
during spin-coating. The RH affects the effective evaporation of the solvent, and therefore
plays a crucial role during the template assembly and the formation of the pores.
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Figure 3.2.: SA-XRD diffractograms of the first three mesoporous silica syntheses with the
surfactant F127.

Depicted in Figure 3.3 are the diffractograms of all ten syntheses. From the position of the
reflex of each layer, the d-spacing between the pores could be determined using Bragg’s
equation. The results are shown in Table 3.1. Since the crystallographic orientation re-
sponsible for the reflex is not important, as the interest lies only on the pore size, a two
dimensional crystallographic network and (100) reflexes were assumed. Based on the d-
spacing, the synthesis ALO7B had the largest pores, hence it was selected as most the
promising. Synthesis AL10B performed the worst, followed by AL0O1B-03B. A correlation
between the F127/TEOS molar ratio and the pore size can be observed. Generally, the
syntheses with a higher amount of surfactant resulted in larger pores. The ratios of all syn-
theses can be found in Section 5.2.2.. AL04B, ALO7B, and ALO8B had similar F127/TEOS
molar ratios and pore sizes. In the end, ALO7B was chosen because it had a slightly bigger
d-spacing than the other two contenders.
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Figure 3.3.: SA-XRD diffractograms of all tested mesoporous silica film syntheses with F127

as a surfactant.

Table 3.1.: The diffraction angle and d-spacing measured for each mesoporous silica layer

synthesis.

Synthesis  20/°  d-spacing / nm
ALO1B 1.558 5.7
AL02B 1.623 5.4
AL03B 1.637 5.4
ALO0O4B 1.164 7.6
ALO5B 1.344 6.6
ALO6B 1.458 6.0
ALO7B 1.143 7.7
ALO8B 1.172 7.5
ALO9B 1.265 7.0
AL10B 2.246 3.9
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For comparison, in Figure 3.4 the diffractograms of both a F-127 and CTAB synthesis
are shown. It is apparent that the reflex of the synthesis using CTAB appears at much
larger 26 angles, resulting in a d-spacing of around 3.5 nm. By comparing this value to
the values of all ten F-127 syntheses in Table 3.1, it becomes clear that even the worst
performing synthesis with F-127 as a surfactant (AL10B) leads to a higher d-spacing value.
Since CTAB is a smaller molecule, the micelles and three dimensional structures they form,
which the sol uses as a template, are smaller as well. This leads to the final gel structure

having smaller pores.
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Figure 3.4.: SA-XRD diffractograms of one mesoporous layer synthesized with CTAB and of
one synthesized with F127.

To test reproducibility, four films of each synthesis were applied and measured. The results
for the chosen ALO7B synthesis can be found in Figure 3.5. As can be seen, the four different
films from the same synthesis show little variation in the reflex angle and therefore pore
size. This was important, since it mitigates the necessity to measure every applied layer
to verify the success of the synthesis.
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Figure 3.5.: SA-XRD diffractograms of four different ALO7B mesoporous silica layers.

After the preliminary selection of the ALO7B layers as the most promising, the synthesis was
modified slightly. The goal was to vary the thickness of the film, while keeping the pore size
relatively constant. This was done by changing the ethanol (EtOH) concentration in the
sol solution. The original synthesis (described in Section 5.2.2.) entailed an EtOH:TEOS
molar ratio of 16:1. Three other molar ratios were tested, 18:1, 25:1, and 28.5:1. All
other parameters of the original synthesis were kept as they were. As evidenced by the
diffractograms in Figure 3.6, the pore size was kept decently constant. Compared to the
initial ALO7B film, the increase in ethanol concentration does not have a significant import
on the d-spacing. The d-spacings for all four EtOH/TEOS molar ratios lie in the range
between 7.5-7.7 nm.

It is necessary to mention, that although there are reflexes that appear below 1° (26), they
cannot be taken under consideration. As can be seen in Figure 3.7, a blank crystal produces
a reflex in this region as well, slightly above the primary beam signal. Furthermore, under
0.6°, the primary beam undergoes total reflection, which can cause the appearance of
reflex-like structures in this region. Coincidentally, this is the region where the reflexes
of the desired pore size would present (0.6°=14.7nm), which would not be able to be
evaluated with certainty. For this reason, to verify the estimated pore-size and also see if
there is a potentially bimodal behaviour (more than one pore size), transmission electron
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(TEM) microscopy measurements were performed.
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Figure 3.6.: SA-XED diffractograms of four mesoporous silica layers differing in the ethanol

concentration during the synthesis.
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Figure 3.7.: SA-XRD diffractograms of a blank (un-coated) silicon wafer and the ALO7B meso-

porous silica layer.
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Transmission Electron Microscopy Measurement Results

As XRD measurements could only be used for the estimation of the pore size, TEM was
needed for confirmation. Therefore, a film of ALO7B synthesis was measured. The TEM
images of the layer are shown in Figure 3.8. Based on the images, the structure does not
seem highly ordered, though a certain order exists, as evidenced by the previous XRD
measurements. Further, a parallel orientation of the pores related to the surface can
be observed, as is typical for surfactant templated and spin-coated mesoporous silica.%!
Additionally, the pores seem to have a cylindrical tunnel form with a certain uniform
diameter. As the pores are not randomly orientated because of the templating, the sample
cutting is important. Therefore, cuts in different directions can reveal different aspects of
the sample. In this case, the cut seems to have revealed a more horizontal view of the

cylindrical tunnels, left behind after surfactant removal.

Figure 3.8.: (a) A TEM image of the ALO7TB z y2 25 mesoporous silica layer on top of a
silicon wafer. (b) A close-up of the layer, showing the mesopores in dark gray.

In Figure 3.9-b, the Fourier transformation of the highlighted area in Figure 3.9-a can
be seen. This shows the electron diffraction pattern of the area. Here, again, an ordered
pattern of the structure can be made out, similarly to the XRD results. The diffraction ring
shape shows that the pore size is different depending on direction, which means the layer
has anisotropic properties. From the electron diffraction, the d-spacing was determined
to be approx. 9nm in one direction and 16 nm in the other. This d-spacing represents
the distance between the middle of two tunnels. A less intense ring can also be observed
which equates to a d-spacing of around 4 nm in one direction and 8 nm in the other. These
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smaller, less ordered pores may be the ones connecting the bigger pores with each other.
By plotting the gray value along a path in the TEM image, as can be seen in Figure 3.10,
the pore size can be assessed. This was done with the program ImageJ. The pores appear
darker in the TEM image, therefore have a lower gray value. The path was purposely
chosen in such a way, that it goes across a few tunnels to be able to measure the tunnel
diameter. The diameter, and thus the pore size, was determined to be approx. 8 nm.

Figure 3.9.: The highlighted section in (a) was Fourier transformed to give the electron diffrac-

tion pattern in (b)
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Figure 3.10.: On the left, the gray value of the TEM image plotted against the path shown
on the right image.
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Profilometry Results

The thickness, which is the second important aspect of the final layer, was measured via
profilometry. All the results of the measurements can be found in Figure 3.11. After
the measurement of the initial ten syntheses with F-127, a correlation between surfactant
concentration and layer thickness could be perceived. While ALO7B and ALO8B had the
most promising XRD results, their layer thickness exceeded the desired 500 nm by more
than 50 % (ALO7B_y2 zand ALO8B_y2 z). Asdiscussed above, the EtOH concentration
during the synthesis was altered to change the film thickness and keep a relatively constant
pore size. A higher EEOH:TEOS molar ratio resulted in a decrease of sample thickness. The
samples with an EtOH: TEOS molar ratio of 18:1 were measured to have a layer thickness of
around 720nm (ALO7TB_y1/y2 z 18), the molar ratio 25:1 lead to a thickness of around
500nm (ALO7B_yl/y2 z 25), and 28.5:1 to 470 nm (ALO7B_y1/y2 =z 28). Ultimately,
the synthesis yielding a thickness of 500 nm was chosen for the coating of the ATR crystal.
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Figure 3.11.: Determined layer thickness for all measured mesoporous silica film syntheses.
Pictures of the color difference based on the layer thickness are shown on top.
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Contact Angle Measurement Results

Contact angle measurements were performed to verify the success of the post-synthetic
functionalization of the mesoporous silica film. Prior to functionalizing, the surface of
the mesopores and of the film have a hydrophilic character due to free silanol groups of
the silica. Therefore, as is depicted in Figure3.12-a for a layer of a ALO7B synthesis
before grafting, the surface is wetted by the water, and the water can enter the pores.
After functionalization with hexamethyl disilizane (HMDS), methyl groups are introduced
to the surface, turning it hydrophobic. This can be seen in Figure 3.12-b, again, for the
ALOT7B synthesis, now after functionalizing. The contact angle increases, brought about by
the surface of the film repulsing the water. This test confirmed the presence of methylated
silanol groups on the surface of the silica.

Figure 3.12.: Contact angle of water measured (a) before and (b) after the functionalization

of the ALO7B mesoporous silica layer

3.1.4. Final ATR-Crystal Mesoporous Silica Layer for Biosensor

As stated previously in this Section, the synthesis ALO7B with a modified
ethanol to tetraethyl orthosilicate molar ratio of 25:1 was selected for the coat-
ing of the ATR crystal.  The final reagent molar ratio for the synthesis was
TEOS:F127:EtOH:0.1MHC1:H,0=1:0.0096:25:0.0152:16.29. During spin-coating, a rela-
tive humidity of 30 % was held, to hopefully increase the pore size, after determining the
correlation between lower humidity and larger pores (Figure3.2). An XRD diffractogram
was measured before the use of the coated crystal (Figure 3.13 left). Based on this diffrac-
togram, a larger d-spacing of 8.7nm compared to all previous XRD measurements was
calculated. A contact angle measurement was performed as well, which is shown in Figure
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3.13-right. Both these measurements were undertaken to verify a successful synthesis, but
also for later comparison with measurements of the film after use.
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Figure 3.13.: The SA-XRD diffractogram of the final mesoporous silica layer applied onto the
ATR crystal (left) and the measured contact angle of the functionalized final

mesoporous film (right).

3.2. Enzymatic Reactions

3.2.1. Preliminary Lipase and Amine Selection

Lipases are enzymes that primarily catalyze the hydrolyzation of ester compounds. In
the beginning, it was uncertain if all lipases would catalyze an aminolysis reaction, and
if so with a high enough conversion. In literature it is stated that the type of lipase, as
well as the lipase-amide pairing, are both very important for the conversion during an
aminolysis reaction.[*! It was therefore decided to test a few different lipases and amines
and find the most suitable pairing. Still, some thought went into the selection. A lipase
candidate that stood out during literature research for its continuous good performance
in organic solvents and especially for catalyzing aminolysis was Candida antarctica Lipase
B (CALB).I#5: 4656, 57 Lipase from Candida rugosa (LCR) is one of the most prevalent
commercial lipases used in enzymatic catalysis and also shows great promise for catalyz-
ing reactions in organic media.l®l. Since this lipase was also successfully immobilized in
mesoporous silica during previous work in this groupl* ! it was selected for testing as
well. Amano Lipase from Pseudomonas fluorescens (ALPF) and Amano Lipase A from
Aspergillus niger (ALA) were also included for the experiments. These lipases were uti-
lized due to their immediate availability and to expand the repertoire of candidates, even
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though very little information regarding their successful use in enzymatic aminolysis reac-
tions could be found in literature. Lastly, after conferring with collaborators about similar
previous work they had conducted, a lipase with the name Lipex® (LIPEX) was procured
and added to the list. The collaborators mentioned one more lipase they had used, which
is also mentioned in literature in combination with the aminolysis reaction, which was
from Thermomyces lanuginosus!™. In the end, this lipase was not selected because of its
inconsistent performance, dependent on the purchased batch.

CALB is a lipase composed of 317 amino acids and a molecular weight of about 30 kDa.
Unlike other lipases, CALB does not have a lid that protects the active site, which consists
of the catalytic triad Aspigy, Hisogy, and Serjgs. It is a globular o/ type protein with a size
of about 3nm x 4nm x 5 nm. Its function is strongly depended on the pH, temperature and
solvent and has an isoelectric point (pI) of 6.0.1°-62 This lipase was measured via dynamic
light scattering (DLS). As can be seen in Figure 3.14, all the measured CALB molecules

had a particle diameter <5nm, with a median of 2.5 nm.
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Figure 3.14.: DLS measurement results for CALB.

Candida rugosa has five genes that produce a mixture of isolipases.[®® Commercial LCR
lipases almost always consist of a mixure of several of these isoenzymes.l%! Each of the
isolipases is composed of 543 amino acids, has a molecular weight of around 60 kDa, and
has dimensions of around 5nm x 4.2nm x 3nm.’® %4 It has a structural lid, typical for
lipases, which canopies the active site consisting of Glugy;, Hisgsg, and Serygo.”®! Depending
on which isoenzymes are contained, the pl ranges between 4.5 and 5.5.1! The optimal
catalytic temperature for the lipase is 35-40 °C.19! The lipases from Aspergillus niger and
from Pseudomona fluorescens have not been characterized, as there are different variations
of the lipases. Therefore, it is difficult to find specific properties for these two lipases.
LIPEX is a product which consists of one or more unknown lipases. The uncertainty
about the nature of the lipase adds to the difficulty of making considerations regarding the
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immobilization and reaction itself. Nevertheless, all five lipases shown in Figure 3.15 were

tested in ester conversion reactions.

Figure 3.15.: Structure of the lipases used in this work. The enzyme structures were attained
from alphafold and PDB. The entry 1TCAI67l was used for the CALB structure,
and 1TRHI®® for the LCR structure. Due to the unknown structure of LIPEX,
a placeholder was used here for visualization.

When it came to the amine, our collaborators recommended 3-isopropoxypropylamine
(3PPA), as this amine worked the best with the LIPEX lipase. It was uncertain though
if this amine would also work best with the other selected lipases, therefore three more
amines were chosen for the experiments. They were chosen based on structural similar-
ity to 3PPA, commercial availability and price point. Bulky amines were undesirable,
since they do not react as readily with the substrate as smaller ones.*”! For this reason,
3-methoxypropylamine (3MPA), 2-methoxyethylamine (2MEA), and 3-(dimethylamino)-
1-propylamine (3DAPA) were selected. The structure of each amine can be seen in Fig-
ure 3.16.

________________________

1
1
i 3PPA I 3MPA h 2MEA " 3DAPA :
1 ] i 1! 1
\ m " O " /\/\ P ]
H-N N
N0 L NSNS0 HNT NN n | i
1 n n
] I I 1! ]
| 3-isopropoxypropylamine :: 3-methoxypropylamine :: 2-methoxyethylamine :i 3-(dimethylamino)-1-propylamine i
1 n 1

]
_______________________________________________________________ g |

Figure 3.16.: Structural formula and name of the amines used in this work as reactants for

the aminolysis reaction

3.2.2. Hydrolysis Reaction

Since lipases primarily catalyze the hydrolysis reaction of esters, it was decided to test the
selected lipases in such a reaction. Moreover, once immobilized, the reaction the enzyme
should facilitate can be chosen by the user. Therefore, the concept of the final biosensor
is not restricted to only the aminolysis reaction. The chosen reaction in this case was the
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hydrolysis of triacetin. Triacetin was selected because it is fully miscible with water. The
reaction was performed in a 0.1 M phosphate buffer with a pH of 7.5 to ensure the optimal
performance of the lipases. The products of this reaction are glycerine and acetic acid
(Figure 3.17). All experiments were done in a transmission configuration, since it was only

of interest which lipase performs the best.

% lipase OH 0
3\“/0\)\/0\“/ +3H,0 —— HO\_)\/OH b 3)1\01_1 :
x: 0

triacetin water glycrine acetic acid

Figure 3.17.: Lipase catalyzed hydrolysis reaction of triacetin to glycerine and acetic acid.

As can be seen in Figure3.18, multiple changes in absorption bands for the hydrolysis
reaction with every lipase occur after 6 h. The band shift comes about mainly due to the
depletion of triacetin and the formation of acetic acid. The best performing lipase after
6h was CALB, followed by ALA and ALPF.
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Figure 3.18.: Absorption IR spectra of enzymatic hydrolysis reactions of 250 mM of triacetin
catalyzed by five different lipases measured after 6 h reaction time and the spec-

trum of 250 mM triacetin for comparison.
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In Figure3.19-a, the bands of the reagent and products can be seen. The main bands
attributed to triacetin in the shown region are the carbonyl band at 1733cm™!, the
C-O stretches at 1240cm™! and 1052cm™!, and the symmetric CH; deformation at
1375cm .1 The most prominent bands of the product, acetic acid, are the carbonyl
band at 1712cm ™! and the C-O stretches at 1278 cm ™! and 1158 cm™!. Due to the buffer
system, the acetic acid is partly deprotonated, therefore, two prominent acetate bands
appear as well at 1552cm™! and 1413 cm™!, which can be attributed to the asymmetric
and symmetric COO- stretches, respectively.”™ The dominant glycerine bands in this re-
gion appear at 1110cm™! and 1040 cm™!, for the C-O stretches. As can can be seen in
Figure 3.19 a), the reaction solution after 72h, in this case with CALB as the biocatalyst,
displays bands more similar to the two products acetic acid and glycerine. The carbonyl
band shifts from 1733 cm™!, attributed to triacetin to 1714 cm ™1, as depicted in Figure 3.19-
b. The wavenumber does not completely align with the carbonyl band of acetic acid at
1712cm™!, because the reaction had not reached complete conversion. This fact is also
reinforced by the band around 1400 cm™! being an overlap between the CH; deformation
of triacetin and the COO- stretch of acetate.

0.6 T ‘ 0.6 T T T
a 250mM triacetin b 1733 cm’™ 1714 cm™
0.5} — ; |
—ggg;m Zl(;liiiizd i ‘ i : 250mM triacetin
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Figure 3.19.: (a) Absorption IR spectra of the reactant and products of the hydrolysis reaction,
as well as the measured spectrum of the reaction of 250 mM triacetin catalyzed
by CALB after 72h. (b) Absorption IR spectrum showing the shift of the
carbonyl band during the reaction from 1733 cm™ for triacetin towards 1712 cm™

for acetic acid.

All hydrolysis reactions were performed at 20 °C as well as 40 °C, and spectra were taken
before the addition of lipase, once after 6 h and again once after 72 h. The temperature plays
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a crucial role in chemical reactions, especially for enzymatic reactions.”™! Most enzymes
have an optimum working temperature, for example LCR has an ideal working temperature
between 35 and 40 °C and for CALB, the reaction works best at 40 °Cl!. Figure 3.20 shows
the difference in the final IR absorption spectrum (collected after 72h) between the two
temperatures for the CALB catalyzed reaction. Based on the bands, it was evident that
the reaction performed at 20°C progressed more slowly than the reaction at 40°C. The

carbonyl band of the 40 °C reaction is closer to the product carbonyl band at 1712 cm™?.

A similar situation can be observed for the C-O stretch band changing from 1240 cm™!
(triacetin) to 1278 cm™! (acetic acid). Due to the temperature optimum of the lipase, this

comes as no surprise. A similar behavior was witnessed for all lipases.
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Figure 3.20.: Absorption IR spectra of the hydrolysis reactions of 250 mM triacetin performed
at 20°C (dark blue) and 40°C (light blue) catalyzed by CALB measured after
72h and of 250 mM triacetin as a reference (gray).

To quantify the reaction progression and conversion to product, a triacetin external cali-
bration series was measured. The external calibration could have been performed with one
of the products of the reaction as well, but since the triacetin bands are not susceptible to
pH variations, the C=0 stretch band at 1733 cm~! was chosen for evaluation. The linear
fit of the carbonyl band can be found in Figure 3.21-a, with a good fit of R2=0.9978. Dur-
ing the reaction, the concentration of the triacetin continuously decreases while its being
converted to acetic acid and glycerine. By the subtraction of the initial pre-reaction IR
spectrum from the ones measured at later time points during the reaction, i.e. 6h or 72h,
respectively, a difference IR spectrum is attained, as seen in Figure 3.21-b. By evaluating
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the decrease of the C=0O triacetin band with the external calibration and comparison with
the initial amount of triacetin, the conversion rate could be calculated. The conversion
rates for all performed reactions are summarized in Table 3.2. CALB performs the best in
the earlier stages of the reaction, as it has the highest conversion rate for both temperatures
after 6 h. ALA performs the best after 72h at 20 °C but only second best at 40 °C. LIPEX
shows the worst performance after 6h, but has the best overall conversion rate from all
reactions at 40°C after 72h. CALB seems to have the highest affinity to the substrate,
showing high conversion in the initial stages by reaching v,,., fairly quickly, as opposed to
the other lipases. The other lipases, and especially LIPEX, seem to have a higher v,,q,,
and once having reached it, show a faster progression of the reaction. Furthermore, as
discussed above, all lipases show a higher conversion at 40 °C, both after 6 and 72 h.
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a 05} o i b 015F — LiPEX40°C, 6h
y = 0.00213x ——ALPF40°C,6h
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Figure 3.21.: (a) Calibration curve of triacetin for the carbonyl band at 1733cm™ and (b)
Difference absorption IR spectra of the hydrolysis reaction after 72 h catalyzed
by the five different lipases. The decrease of the carbonyl band marked with the

arrow was used for determining the conversion.
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Table 3.2.: Determined coversion of triacetin for all performed hydrolysis reactions.

20 °C 40 °C
6h 72h 6h 72h
CALB 22% 34 % 28% 41 %
ALA 4% 31% 256% 42%
ALPF  18% 31 % 26% 39%
LIPEX 4% 31% 6% 46%
LCR T% 29% 22% 35 %*

& After 48 h

Michelis Menten Kinetics

A kinetic characterization of two of the better performing lipases, CALB and ALPF, was
performed. The conversion, and therefore the enzymatic activity for six different triacetin
concentrations was monitored. The initial rate was determined by the decrease of the
triacetin carbonyl stretching band at 1733 cm ™. Conversely, the initial rate could also be
determined by the increase of one of the product bands, but since the product and therefore
its band position is pH dependent, the triacetin CO str. band was selected for evaluation.
In Figure 3.22-a and -b, the decrease of the intensity of the carbonyl band over 25 min was
plotted for triacetin concentrations between 5 and 250 mM for the ALPF and CALB con-
version, respectively. As the kinetics are determined at the beginning of a reaction, while
the reverse reaction is still negligible,[*?l the initial rate, v, for each concentration was de-
termined by the linear fit of the data between 2 and 4 min (v = —d[triacetin]/dt). In a next
step, as is depicted in Figure 3.22-c and -d for ALPF and CALB conversion, respectively,
the rate was plotted against the triacetin concentration. This data was subsequently mod-
eled by the Michaelis Menten equation (Equation 2.22) and showed good fits (R?=0.9905
for ALPF and R?=0.9802 for CALB). The determined Michaelis-Menten constant, K,
was 45.83 mmol L~! for the CALB conversion and 986.28 mmol L~! for the ALPF conver-
sion. The maximum reaction rate, vy,q,, for CALB was 0.857 mmol L' min~!, whereas for
ALPF it was 1.159 mmol L=! min~—!. Based on these values, CALB has a higher affinity
to this substrate than ALPF, therefore ALPF needs a higher triacetin concentration to
reach v,,,.. Although, once the maximal reaction rate is reached, the ALPF conversion is
faster due to the higher value of v,,,,, which reinforces previous statements regarding the
conversion rate. The K, value for CALB is comparable to that of LCR for this reaction

found in literature (41.8 mmol L1).199].
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Figure 3.22.: Progression curve of the hydrolysis conversion reaction performed at six different
substrate concentrations with (a) ALPF and (b) CALB as substrates. On the
bottom the initial rate for each concentration of triacetin coverted with (¢) ALPF
and (b) CALB is plotted and fitted with the Michaelis-Menten model (dashed

line).

For the kinetic tests, the conversion reaction of each substrate concentration catalyzed by
CALB was monitored in-situ. The changes of the IR absorption spectrum during the course
of the reaction for three different triacetin concentrations can be found in Figure 3.23.
It is evident in these reaction spectra, in the yellow-marked area, that for the first two
concentrations no band in this region appears. The increase in intensity for the band at
1712cm™t, which is the acetic acid carbonyl streching band, can firstly be observed for
the 250 mM triacetin conversion. The reason behind this is the buffer system in which the
reaction takes place. As stated above, the buffer is a 0.1 M phosphate buffer with a pH
of 7.5. For the 60 mM and 100 mM triacetin conversion, the concentration of the acetic
acid product is not high enough to break the buffer system when 25 min pass. After this
time, the reaction show a conversion of only 9% and 14 % for the 60 mM and 100 mM
triacetin concetrations, respectively. This equates to 68 mM and 105 mM of acetic acid,
respectively, since the ratio of triacetin to acetic acid for the reaction is 1:3. In fact, the
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last few spectra of the 100 mM reaction show a minor increase of the carbonyl band, which
are the 5mM of acetic acid above the strength of the phosphate buffer. For the 250 mM
triacetin concentration, the conversion rate was 19 %, which produces 140 mM of acetic
acid. This is well above the 100 mM of the buffer, thus the carbonyl band of the acetic
acid starts to appear. The bands that increase for the 60 mM and 100 mM concentrations
are the acetate bands (1552 cm™! asymm. COO- str. and 1413 cm ™" symm. COO- str.)I™l,
characteristic for acetate at pH 7.5. The buffering of the reaction is very important for
the performance of the lipasel™!, as enzymes have optimal working conditions. For the
100 mM concentration of triacetin after the phosphate buffer system is broken, the correct
function of the lipase cannot be guaranteed anymore. This naturally affects the performed
reactions for testing the lipases, since a triacetin concentration of 250 mM and a buffer
strength of 0.1 M were used. A higher buffer molarity and a lower triacetin concentration
would be preferable should the reaction be repeated. As the Michaelis-Menten kinetics
were determined with the inital data of each reaction, where the buffer system is still
functional, this does not effect these experiments.
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Figure 3.23.: Difference transmission absorption IR spectra taken with a pathlength of 15 um
during in-situ monitoring of the hydrolysis reaction catalyzed by CALB for 60,
100 and 250 mM triacetin in a 0.1 M phosphate buffer with a pH of 7.5. The
area marked with yellow shows marks the position of the acetic acid carbonyl

band.

3.2.3. Aminolysis Reaction

The enzymatic aminolysis reaction is the foundation for the biosensor. Since the biosensor
is dependent on a successful conversion of the FAME, it was essential that the reaction was
tested and optimized to some extent beforehand. Enzymatic aminolysis entails the reaction
between an ester with an amine, facilitated by an enzyme, to produce an amide and an
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alcohol. As stated in Section 3.2.1., the combination between amine, ester, enzyme and
solvent is crucial for an effective reaction. The ester in this case is predetermined by the goal
of the biosensor, the quantification of FAME. The FAME selected for these experiments
was methyl myristate (MM). Heptane was chosen as a solvent to mimic the matrix of
kerosene, as jet fuel is composed of mainly n-alkenes, although aromatic compounds are
present as well.[” Furthermore, enzymatic aminolysis has successfully been carried out in
hexane, which made heptane a promising solvent.!*S! It was already mentioned that lipases
are known to biocatalyze the amidation of esters!*”!, therefore, they were selected as the
enzymes. Initial tests with ALPF and 3MPA showed no conversion, prompting the used
of CALB and LIPEX for further experiments. As the lipase and the amine were the only
reactants that were left to optimize, reactions between three different lipases and four
different amines were performed. The tested lipases were CALB, LIPEX and LCR, and
the amines were 2MEA, 3MPA, 3PPA, and 3DAPA. The main objective was to find the
pairing between lipase and amine that works best. Similarly to the hydrolysis experiments,
the reaction mixture was measured right at the beginning of the aminolysis (tq), once after
t1=6h, and again after t;=72h. The mixture was kept at 40 °C for 72 h to give the reaction
enough time to show conversion even for the weaker pairings. The IR measurements were
done in transmission, as it was more efficient to test the reaction prior to the immobilization
of the lipase, especially if one of the lipases ended up not showing any activity towards this

reaction.

In Figure 3.24, the IR spectrum of one reaction mixture after three different reaction times
can be seen. The pairing in this mixture was 2MEA and CALB. At ty, in gray, only the
reagent bands can be observed, i.e. the FAME and amine bands. In the range between
1650-1800 cm ™!, the two most relevant bands for this reaction can be observed. The band
at 1749 cm ™! can be attributed to the C=0 stretch of the methyl myristate, which is a char-
acteristic FAME band. In the lower energy region, the C-O-C asymmetric and symmetric
stretch bands of the FAME at 1248cm™! and 1171 cm™!, respectively, are found. These
bands overlap with various 2MEA bands, the C-N stretch and C-O-C asymmetric stretch
among others. The broad band at 1620 cm ™! can be attributed to the N-H deformation of
the amine.[™ A shift in bands can already be observed after 6h of reaction time. A band
at 1694 cm ™! starts to emerge, which can be attributed to the C=0O stretching vibration of
the amide product (N-2-methoxyethyl-tetradecanamide), also known as the amide I band.

! resulting from the combined N-H

The amide IT band increases in intensity at 1502 cm™
bending and C-N stretching vibrations of the amide group.[™ ™ In the lower region, the
FAME and 2MEA bands decrease with time, while the reagents are converted to products.
Bands in this region attributed to the aliphatic part of the ester remain, as this part is

retained in the amide product. Nevertheless, new bands form in this region as well result-
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ing from the amide and the alcohol that are produced during the reaction, i.e. the amide
IIT band and the C-O stretch band of the alcohol. The progressive nature of enzymatic
aminolysis is evident in Figure 3.24, as the reaction shows a higher conversion after 72h
(turquoise), compared to the 6h (dark blue). For this pairing (CALB and 2MEA), after
72h the FAME carbonyl band is nearly completely depleted.
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Figure 3.24.: Absorption IR transmission spectra of the aminolysis reaction of 0.08 mmol
methyl myristate with 0.24 mmol 2MEA | catalyzed by CALB, measured at t=0
(gray), 6 (dark blue), and, 72h (light blue), taken with a pathlength of 1 mm.
The spectra are cut between 1300 and 1500 cm™ since no valuable information
is contained in this region due to the total absorption of the heptane solvent.

For the evaluation of the conversion, the carbonyl band of the FAME at 1749 cm ™! was
selected. Similar to the hydrolysis reaction, the decrease of this band during the reaction
was quantified. The FAME band was chosen because of ease of quantification. Also since
FAME is the reactant, a calibration with it can easily be performed. Furthermore, the
carbonyl band is a very strong and prominent band that does not overlap with any other
bands in this reaction, which simplifies the evaluation. Conversely, the amide I band of
the product has comparable characteristics to the carbonyl band of the FAME but the
amide products of the reaction between methyl myristate and the four amines are not
commercially available. This makes the quantification difficult, as no external calibration

is possible.

The difference spectra for all lipase-amine pairings can be found in Figure3.25. The de-
picted spectra were attained by subtracting the single channel spectrum at ty from the
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single channel spectrum at t;=72h for each reaction. For the reactions containing CALB
and LCR as a lipase, which are depicted in Figure3.25-a and -c, respectively, there is a
symmetry to the decrease of the FAME carbonyl band and the increase of the amide car-
bonyl band. The same cannot be said for the reactions containing LIPEX (Figure 3.25-b).
Here, more FAME appears to be converted than desired product is formed. This suggests
the formation of side products during the reaction. Since the interest lies in the quan-
tification of the FAME substrate and not the amide, this does not affect the evaluation.
Still, the unknown nature of the lipase and the production of possible side reactions, be-
sides the aminolysis, reduce the appeal of LIPEX for the final selection. Looking at the
carbonyl bands of the product, a slight shift of the band depending on the used amine can
be observed. This can be related to the steric and resonance effects of the substituents of
nitrogen on the C=0 bond. The nitrogen atom in an amide has a lone pair of electrons.
When a larger group is attached to the nitrogen, it can cause steric hindrance, affecting
the bond angles and bond lengths around the nitrogen. This steric hindrance can alter
the electronic distribution within the amide group, leading to changes in the C=0O bond
strength and vibrational frequency. As a result, the C=0O stretching frequency (which
corresponds to the C=0 bond strength) can shift to a different wavenumber. The nature
of the substituent attached to the nitrogen also plays a crucial role. Electron-withdrawing
groups decrease electron density around the nitrogen, making the C=0O bond stronger,
which results in an absorption at higher wavenumber. Conversely, the opposite is true for
electron-donating substituents.[" Specifically for the amines used here, depending on the
size, alkyl chain length and the position of the heteroatoms on the amine, the carbonyl

band appears at a different wavenumber.

=}
-
o

0.100

da ot b LIPEX 72 h C
CALB72h 005 ] oorsl LCR72h
. 02F . .
2 2 2
< 0, < 0.00 < 0050
o P ©
Q Q Q
§ 00 £ -005 g oo2s|
£ £ H
o o [=]
@ _gql 1 @-010} % 0000} 4
£ 0.1 3DAPA 2 —_3pPA 2 ——3PPA
0.2 P g;ﬁ: 0.15 Ml 0.025 — i
-02f — 1 -0.15¢ 3DAPA ] e 3DAPA
—— 2MEA —— JMEA —— 2MEA
-03 L3 n 1 L L -0.20 L L L L " L L -0.050 " L " i L L "
1800 1775 1750 1725 1700 1675 1650 1800 1780 1760 1740 1720 1700 1680 1660 1800 1780 1760 1740 1720 1700 1680 1660
-1
Wavenumber / cm Wavenumber / cm’ Wavenumber / cm’

Figure 3.25.: Difference absorption IR spectra between 1650 and 1800 cm™ of all performed
aminolysis reaction with 0.08 mmol methyl myristate and 0.24 mmol amine after
72h at 40°C, taken with a pathlength of 1 mm. Aminolysis reactions with (a)
CALB, (b) LIPEX, and (c¢) LCR as the biocatalyst.
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When looking at the decrease of the band at 1749 cm™! in all three graphs in Figure 3.25,
it can be seen that 2MEA (gray difference spectrum) pairs the best with every lipase, since
the highest decrease and therefore conversion can be seen for reactions with this amine.
Figure 3.26 shows three difference spectra after 72h, for the reactions containing 2MEA
and each catalyzed by one of the three lipases. Based on the spectra, CALB showed the
best performance from the lipases with this amine. For this reason, the pairing between
CALB and 2MEA was chosen for further investigation.
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Figure 3.26.: Difference absorption IR transmission spectrum between 1650 and 1800 cm™ of
the aminolysis reactions between 0.08 mmol methyl myristate and 0.24 mmol
2MEA facilitated by three different lipases after 72 h at 40 °C. The spectra were
taken with a pathlength of 1 mm.

In the context of the consideration of enzyme kinetics in Section 2.3.; the influence of
lipase concentration on the progression of the reaction was of interest. Thus, two reactions
involving MM, CALB, and 2MEA in heptane were conducted under identical conditions,
differing only in the concentration of CALB. In one reaction, 0.7 mmol of CALB, while in
the other, 1.4 mmol were added to the 20 mL reaction mixtures. Both reaction mixtures
were measured at the beginning of the reaction and again after 72 h of reaction time at 40 °C.
In Figure 3.27 the results of these measurements can be found. The difference spectrum
in Figure 3.27-b, shows a bigger decrease of the FAME carbonyl band for the reaction
performed with 500 uL. compared 250 uL, a clear indication for a higher conversion for
the same reaction time. These results were expected due to the influence of the enzyme
concentration on the reaction rate of the enzymatic reaction. Looking at Equation2.21,
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it becomes evident that v,,., is dependent on the amount of available lipase. Therefore,
the mixture with the higher lipase concentration has a higher maximal rate during the
reaction, which in turn leads to a higher conversion within the same time frame compared

to a lower concentration of lipase.
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Figure 3.27.: (a) Absorption IR transmission spectrum between 1650 and 1800cm™ of the
aminolysis reaction with 0.08 mmol methyl myristate, 0.24 mmol 2MEA after
72h at 40°C with two different concentrations of CALB, and the initial ab-
sorption spectrum of the reaction as a reference. (b) Difference absorption IR
spectrum between 1650 and 1800 cm™ of the same two reactions depicted in (a).

Spectra were taken with a pathlength of 1 mm.

Biodiesel is generally a mixture of different fatty acid methyl esters (FAME), attained
from animal fats and vegetable oils. In Europe rapeseed and canola oil are typically
used for the production of biodiesel, whereas in the USA soybean oil and animal fats are
utilized.[™ Therefore, biodiesel in Europe is generally composed of C16:0, C18:0, C18:1,
C18:2 and C18:2 fatty acid esters. Because of the use of animal fats, in the USA C14:0
and C17:0 fatty acids esters end up in the biodiesel as well.[™” 8 Methyl myristate is the
methyl ester of myristic acid C14:0. Since this FAME is not prevalent in the European
biodiesel, the conversion of two other methyl esters of more common fatty acids was tested
for comparison. The procured FAME for the reaction were methyl palmitate (MP), from
palmitic acid C16:0, and methyl stearate (MS), from stearic acid C18:0. Figure 3.28 shows
the difference spectra of the reactions with the three different FAME under otherwise
identical conditions (2MEA, CALB, 72h, 40°C). There are no major differences in the
depletion of FAME during the reaction, evidenced by the similar decrease of the FAME
carbonyl band. The increase of the amide I band of the product is not as similar, which
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implies the formation of side products. Nevertheless, the aminolysis reaction is successful
for the tested three FAME, all of which are components of biodiesel.

0.3
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Figure 3.28.: Difference absorption IR transmission spectrum showing the ester and amide

carbonyl bands of three aminolysis reactions after 72h at 40 °C with 0.08 mmol

methyl myristate, methyl stearate, and methyl palmitate.

taken with a pathlength of 1 mm.

The spectra were

Analogously to the hydrolysis reactions, the decrease of the main FAME IR band at

1749 cm™! was used for determining the conversion during the reaction. Because of the use
of three different FAME, MM, MP, and MS, three external calibrations were performed.
The linear fit for each FAME can be found in Figure3.29-) to -c. The results for the
conversion of all conducted reactions are summarized in Table 3.3.
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Figure 3.29.: Calibration curve of the carbonyl band at 1749 cm™ for each used FAME sub-
strate, (a) methyl myrsitate, (b) methyl palmitate, and (c) methyl stearate

The reactions with 2MEA and CALB show the highest conversion after 72 h, the highest
overall being the one with MM with 95 % conversion, followed by MS with 89 % conversion,

52



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

and MP with 84 % conversion. The same pairing of 2MEA and CALB had a significantly
higher conversion after 6h with 15%, compared to all other pairings, which all had a
conversion of <3%. In general, CALB was the lipase that performed best, followed by
LIPEX. LCR showed the worst performance and also being part of the only pairing that
showed no conversion at all (with 2MPA). 2MEA was the best reagent for all lipases as
well, though, as previously stated, its pairing with CALB is by far the best. Even after
only 6 h, this pairing had the same FAME conversion as LCR-+MEA after 72 h, which was
the best pairing for LCR. The conversion of the reaction with 250 u. CALB and 2MEA
was 52 %, which is about half of the 95% for the full 500 uL.

Table 3.3.: Conversion values of all performed reactions for 6 and 72h.

lipase
FAME  amine CALB LIPEX LCR
6h 72h 6h 72h 6h 72h
3PPA 1% 31% 1% 32% 2% 15%
BMPA 1% 53% 1% 37% 0% 0%

MM
3DAPA 1% 25% 1% 38% 1% 10%
15% 95% 2% 53% 2% 15%
MS MEA - 8% - - - -
MP - 84% - - - -

The comparison of CALB and LIPEX with LCR is not optimal because of the difference
in purchased lipase state. Since CALB and LIPEX were procured already dissolved in
glycerine and glycerine is not soluble in heptane, the reaction could only take place at
the interface between the glycerine and heptane. Furthermore, the concentration of the
lipases in glycerine on the specifications of the purchased product was an estimation (ap-
prox. 10%). Furthermore, related to all samples, the reaction mixture was not stirred
continuously. Stirring would most likely have had a positive effect on the progression of
the reaction, especially for the samples containg CALB and LIPEX, since the interface

area between the glycerine and heptane would have been increased.

Important to mention is that a reaction with the 2MEA+CALB pairing was performed at
60°C as well. Because of the high vapor pressure of heptane, it evaporated fairly quickly
and the seal vial was not efficient enough for the heptane vapor to not escape. The sample
was measured nevertheless, and as expected, the intensity of the bands was higher than
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in the inital spectrum due to the increased concentration of the reagents in heptane. But
even with the increased concentration of the product, the intensity of the amine I band
was lower than for the reaction conducted at 40 °C, hence, the decision was made to stay

at the original temperature of 40°C.

In-situ Experiment

One reaction was followed in-situ for an hour as well. The sample consisted of MM, LCR
and 2MEA in heptane. LCR was selected for this experiment because the sample could be
continuously stirred at 40 °C without the danger of phase separation in the transmission
cell, as could be the case for the lipase dissolved in glycerine. For these lipases, trying
to replicate the experiment did not result in meaningful spectra. Even for LCR, this
experiment could only be successfuly performed for one hour, as for longer time periods,
the high vapor pressure of heptane and the tendency of the enzyme to clog the tubings led
to a decrease in performance. The resulting difference spectra over time for the region of
the carbonyl bands of the ester and amide is shown in Figure 3.30. As can be seen in the
Figure, after a quick initial conversion, there is a continuous decrease and increase of the

ester band and amide band, respectively.
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Figure 3.30.: Decrease of the ester (1749 cm™) and increase of the amide (1694 cm™) carbonyl
band during the in-situ monitoring over 60 min of the 0.08 mmol methyl myris-
tate conversion reaction with 0.24 mmol 2MEA, catalyzed by LCR at 40°C.
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From the decrease of the FAME carbonyl band at the beginning stages, the initial rate of
the reaction could be determined. The absorbance decrease after each measurement was
converted to mmol using the MM external calibration (Figure 3.29-a). The initial rate was
determined by calculating the slope of the linear fit between 2 and 4.5 min, as shown in
Figure 3.31. Since vy = —d[S]/dt for t ~ 0 and dt — 0, vy was determined to be 0.02017
mmol min~!. This value is easily converted to an enzyme unit by converting the mmol to
umol, resulting in 1 pmol min~1.
(50mg) in Equation 3.5, the specific activity of the lipase could be determined:!*!

By inserting this value and the amount of used lipase
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Figure 3.31.: Progression curve of the in-situ enzymatic reaction from 2 to 4.5min linearly
fitted.

umol substrate converted /min

(3.5)

specific activity =
mg enzyme

This resulted in an specific activity for LCR of 0.02 pmol min~! mg~! for the aminolysis
reaction of 4 mM methyl myristate and 12 mM of 2-methoxyethylamine in heptane at 40 °C.

3.3. Lipase Immobilization Monitoring

After concluding that CALB was the best performing lipase in the aminolysis reaction, the
next step was to immobilize it inside the pores of the mesoporous silica film applied on the
ATR crystal. Through immobilization, the biocatalyst becomes reusable, which is of great
interest, considering the aim of the coated ATR crystal being multi-use. Immobilization is
an attractive option for enzymatic reactions performed in organic solvents, which is the case
for aminolysis, since lipases are not soluble in these solvents and the leeching of the lipase
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after immobilization is reduced.[®!l Based on previous work from Steinbacher® ot was
decided to use a methylated mesoporous silica film for the immobilization. The reason for
using methylated silia is that in unmethylated silica the pH of the lipase solution becomes
critically important for the immobilization, since the pl and the PZC govern the net charge
and therefore the interaction between the enzyme and the silanol groups. For a desired
interaction, the pH needs to be higher than the PZC for the silica to have a net negative
charge and lower than the pl of the lipase for it to posses a positive charge. With a PZC
for silica of 3.6 and a pl for CALB of 6.0, the pH window that fulfills the requirements
is not very large. Further, the activity and stability of the lipase might suffer due to
sub-optimal pH conditions. Initial tests from Steinbacher showed no immobilization for
unmethylated mesopores, which was the reason for the derivatisation of the silica films with
HMDS in this work. It was also stated that the aqueous buffer leads to the degradation
of the un-functionalized silica. Methylated silica surfaces, which are hydrophobic, allow
for physical adsorption immobilization of the lipase. It is often the preferred choice for
immobilization of enzymes, especially lipases, because the properties (i.e. hydrophobicity)
of the surface is similar to those of their preferred substrates, lipids. Because of this they
undergo interfacial activation during adsorption, which leads to the opening of the lid that

protects the active site.l®!] This typically increases the activity of the lipase.[8?.

The design of the immobilization experiments is outlined in Section 5.6.. Firstly, the lipase
was measured on a blank un-coated ATR crystal as a reference. Next, the experiment was
performed on a mesoporous silica coated and functionalized ATR crystal. Four concen-
trations of CALB in phosphate buffer (0.5 M, pH 7.5) were measured over time, starting
from the lowest concentration, 1mgmL™. The time series is shown in Figure3.32-a. In
between every lipase concentration flush, the ATR cell was washed with the buffer solution,
to remove any un-adsorbed lipase. The spectra needed to be corrected for water and water
vapor due to the presence of tiny air bubbles and water content fluctuations. As the 6(OH)
band of water (around 1650 cm™) also interferes with the amide I band, the intensity of
the amide II band of the lipase protein was plotted against the experiment time. As can
be seen, the intensity of the band increases over the 50 min during which CALB is flushed
through the cell for every measured concentration. The difference between concentrations
is how fast the lipase concentrations in the pores increases, thus, how fast the intensity
of the amide II band increases. During the buffer flush, the concentration of CALB stays
relatively constant, but more importantly it does not decrease. This means the already
adsorbed lipase does not desorb upon washing with buffer. The increase of the lipase
concentration appears to have a linear behaviour during the 50 min of immobilization. As
there is bound to be a maximal loading of the mesoporous silica with lipase, the increase
of signal would asymptotically approach the maximal value after a certain amount of time.
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This indicates that the loading limit was not close, as the intensity of the amide II band
was showing no signs of plateauing. The potential for a higher immobilization can be
tapped into through a longer loading time. A higher lipase load could be favorable, since
it would increase the enzyme activity, though it might also obstruct the pores, blocking
the analyte molecules from entering the deeper parts of the layer.

In Figure3.32-b, the IR spectral region of the amide I and amide II band of CALB is
shown. The amide I band of CALB appears around 1650 cm™ and the amide II band

around 1550 cm™.

The intensity of the two bands for each concentration after 50 min of
flushing is shown. It can be seen that the intensity and therefore the loading of the lipase

increases with each concentration of lipase.
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Figure 3.32.: (a) The time series of the CALB immobilization experiment. CALB with
ImgmL™?t, 2mgmL!, 5mgmL?, and 10 mgmL™! in phosphate buffer was mea-
sured in increasing concentration. Between each concentration the system was
washed with buffer (=buffer flush). The height of the measured amide II band
was plotted against the immobilization time. (b) The amide I and amide II band
intensity of each measured CALB concentration with the coated ATR crystal
before the buffer flush.

To confirm a successful immobilization, it was important to verify if the lipase did in fact
get immobilized inside of the pores and was not just adsorbed on top of the mesoporous
silica film. For this, the signal intensity of the amidel band of the 10mgmL™' CALB
solution measured in the cell with the coated ATR crystal was compared to the signal of
the same CALB solution measured with the un-coated crystal (Figure3.33). For the un-
coated crystal, the band intensity was 0.01 A.U.. This accounts for 100 % of the evanescent
field interacting with the sample. Assuming that the lipase does not get into the pores,
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the mesoporous layer would only block 85 % (s) of the evanescent field form interacting (as
calculated for a layer of 500nm in Section 3.1.1., but for the wavelength of 1550 cm™). If
the lipase only was adsorbed on the surface of the layer, the signal would be 15% (1-s) of
the intensity measured for the un-coated crystal, which would be 0.0015 A.U.. The actual
intensity that was measured for the coated ATR crystal was 0.032 A.U.. This value is
about 20 times higher than the calculated value for the lipase adsorbed only on the surface
of the film, which means CALB is not only on top of the mesoporous silica layer, but also
inside of the pores. This value would increase with a higher loading, but this proves that

the immobilization was successful.
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Figure 3.33.: IR spectrum of 10 mgmL' CALB in phosphate buffer solution measured with an
un-coated ATR crystal (turquoise) and a mesoporous silica coated ATR crystal
(dark blue), showing the amideI and amide Il band of the lipase.

Furthermore, the enzyme loading of the pores was approximated. For this, BSA ATR
calibrations for the amide I and amide II bands were used, since a calibration with CALB
was difficult due to it being dissolved in glycerine. These calibrations can be found in the
Appendix (Figure3 and Figure4). Through this calibration, the measured absorbance of
the amide I and amide IT bands of 10 mg mL! CALB after immobilization (Figure 3.33-dark
blue) result in a CALB concentration of 41.44mgmL™"' and 17.55 mgmL!, respectively.
Due to the different ratio between the amide I and amide II band in CALB and BSA, the
concentration of CALB was approximated by taking the average of the two concentrations,
29.54+12mgmL™!. The concentration was corrected under consideration that the evanescent
field inside the layer accounts for only 85 %, resulting in a concentration of 34.7 mgmL™.
From the dimensions of the ATR crystal and the layer thickness, a mesoporous silica layer
volume of 1-10* cm?® was determined. The porosity of the silica was estimated to be about
63 % based on the work from Steinbacherl® leading to a pore volume of 6.3-10 cm?. This
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resulted in a CALB mass of 2.186 ug in the pores, which equaled to 6.53-10* mol CALB
(Mcarg=33.5kDa). Using Avogadro’s number (=6.022-10?%), the number of molecules in
the pores could be calculated, which equaled to 3.93-10*3. The volume of a CALB molecule
of 60-102' cm?®! Jead to a total CALB volume of 2.36-:10% cm? in the pores. This equates
to 3.7 % of the total pore volume.

CALB has already been successfully immobilized on mesoporous silica in pores approx.
5nm. The immobilized CALB showed a higher stability, re-usability and enhanced catalytic
activity.[®¥ These literature findings are very promising for performance of the immobilized
CALB in the FAME conversion reaction.

3.4. FAME Enrichment on Unfunctionalized
Mesoporous Silica Results

The concentrations of MM for this experiment were chosen to cover the region of interest
for the FAME quantification in jet fuel.l'! No signal, and therefore no enrichment, could
be observed in the spectra. A reason for this could be that MM is too apolar due to
its long alkyl tail (which makes it an attractive substrate of the lipid-attracted enzyme,
lipase), therefore maiking it unatteacted to the polar surface of the silica. Furthermore,
since this experiment was only performed once, it is possible that the mesoporous layer
was faulty, making it difficult for the MM to enter the pores. Nevertheless, it was decided
to not pursue this method any further during the scope of this thesis, because of the more

promising results of the lipase-catalyzed approach.

3.5. Considerations Regarding the Quantification

In Section 2.3., the two possibilities of substrate determination in an enzymatic reaction
were introduced, both of which are utilizable methods for the biosensor. In both cases
a calibration with a standard series would be necessary. In general, preliminary tests
need to be performed to determine the kinetic parameters, since the feasibility of each
method is dependent on these parameters. If the concentration of FAME in jet fuel was
substantially lower than K,,, then the "kinetic" approach would present as a better option.
The relationship between the reaction rate and substrate concentration in this region is
linear. The determination of the initial rate of the reaction for a sample and subsequently
relating it to a measured calibration curve measured beforehand results in the simple
quantification of the substrate. The advantage of this approach is the time efficiency. The
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disadvantage is that the sensitivity of the IR spectrometer needs to be good enough to be
able to record the initial decrease in the FAME band and, thus, guarantee a good limit of
detection (LOD) of the biosensor, since the initial rate is ideally determined right at the
beginning of the reaction.*¥ On the other hand, the "complete conversion" approach would
be a better choice if K,, for the set parameters is smaller than the FAME concentration
in kerosene. This approach is also highly dependent on v,,,,, which should be as high as
possible. Since vy,4, is dependent on the enzyme concentration, a high enzyme loading
on the silica pores would be of great advantage. The high conversion of FAME with this
method is advantageous because of the high carbonyl band intensity drop, which is easy
to detect. Contrary to the "kinetic" approach, this approach is time-demanding, which
is generally undesirable. It is possible to change some of the parameters of the reaction,
i.e. the amine concentration or temperature, to influence the kinetic parameters in order
to steer the quantitative analysis approach in a specific direction. Though, this can only
be done to a certain degree, since most reaction parameters are set by the nature of the
experiment. There are advantages and disadvantages to both approaches, therefore it is
crucial to evaluate which factors are more important in combination with the specified

reaction and detection method.
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4. Conclusions and Outlook

This work was started with the aim of developing a biosensor for the quantification of
low concentrations of FAME. The chemical analysis technique of the senor is ATR-FTIR
spectroscopy, enhanced by a mesoporous silica film coating on the ATR-crystal, used for
the immobilization of a lipase-catalyst for facilitating the conversion of the FAME. Three

big steps towards a functioning entity were made through this work.

Firstly, the synthesis of the mesoporous layer was optimized to attain a product which
fits the requirements set by different aspects of the biosensor. On the one hand, it was
important for the mesopores of the layer to be large enough to accommodate the biocat-
alyst, lipase, which is a relatively large molecule. Therefore, from the beginning, surfac-
tant molecules were chosen in the synthesis with the aim to enlarge the pores. The used
surfactants were CTAB and F127. The latter was quickly established as the better per-
former in regards to producing bigger-sized mesopores. Furthermore, a higher surfactant
to TEOS ratio proved to be successful as well; the optimal molar ratio being 0.0096 to
1, the synthesis denoted with ALO7B. The second important aspect concerning the silica
film was its layer thickness. After some considerations regarding the evanescent field of
the ATR-crystal, the decision was made to modify the synthesis towards a thickness of
500nm. This was achieved by altering the ratio of ethanol in the synthesis. Changing
the ethanol to TEOS ratio in the ALO7B synthesis from 16:1 to 25:1, a film with the
desired thickness could be synthesized. The final synthesis molar ratio of reagents was
TEOS:F127:EtOH:0.1MHCIL:H,0=1:0.0096:25:0.0152:16.29, producing a mesoporous silica
layer with approx. 8 nm pores and a thickness of 500 nm.

Secondly, the enzymatic reaction was tested and optimized. Given that the intrinsic reac-
tion of lipases is hydrolysis, this reaction was tested first. Among the five lipases tested
on the substrate triacetin, CALB exhibited the fastest initial reaction, leading to higher a
conversion at shorter reaction times. In contrast, LIPEX had a higher maximal reaction
rate, Umas, resulting in greater triacetin conversion at longer reaction times. A higher reac-
tion temperature of 40 °C proved beneficial for all the reactions performed. The enzymatic
process more relevant for the biosensor, aminolysis, required additional attention. After
testing all combinations of three lipases and four amines in the conversion of a FAME,
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methyl myristate, CALB and 2MEA showed the best conversion performance. The pair
showed the highest conversion after 6 h and near complete conversion, with 95 %, after 72 h.
The lack of side products during the reaction was another positive aspect as well. CALB

was therefore selected for immobilization on the mesoporous silica coated ATR-crystal.

Finally, immobilization experiments were undertaken for CALB. After comparing the
amide II band intensity of CALB between an un-coated and a mesoporous silica coated
ATR-crystal, it could be concluded that the lipase was indeed adsorbed inside the meso-
pores of the silica film. Through the immobilization, the stability as well as the activity of
the lipase should be enhanced, thereby improving the efficiency of the aminolysis reaction

in the biosensor.

Within this work, the foundation of the mesoporous silica-based MIR biosensor for the
quantification of FAME has been laid. Next in line would be the testing of the aminolysis
reaction with the immobilized CALB and 2MEA within the mesoporous layer by ATR-
FTIR spectroscopy. After a successful outcome, the kinetics of the reaction need to be
determined to decide on the method of quantification for the biosensor. Based on the
decision, a standard series needs to be measured, either by the "kinetic" or the "complete
conversion" approach, for external calibration. A sample with a known FAME concentra-
tion needs to measured and evaluated with the calibration. Following an accurate sample
FAME concentration determination, an initial working biosensor would be established.
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5. Experimental

5.1. Chemicals

All following chemicals were used as purchased without further alteration or purifica-
tion: heptane (Sigma-Aldrich, CHROMASOLV®), for HPLC, >99%), acetone (VWR,
GC-capillary grade), ethanol (EtOH, Chem-Lab NV, abs. 100% a.r.), tetraethyl or-
thosilicate (TEOS, Sigma, >99.0%), Pluronic® F-127 (Sigma, powder, BioReagent),
3-methoxypropylamine (3MPA, Sigma-Aldrich, 2-methoxyethylamine (2MEA, Sigma-
Aldrich), 99%), 3-isopropoxypropylamine (3PPA, TCI, >98.0%), 3-(Dimethylamino)-1-
propylamine (3DAPA, Sigma-Aldrich, 99%), Amano Lipase A from Aspergillus niger
(ALA, Sigma-Aldrich, >120,000U g'), Amano Lipase from Pseudomonas fluorescens
(ALPF, Sigma-Aldrich, >20,000U g1), Lipase from Candida rugosa (LCR, Sigma, Type
VIL, 900 U g), 99%), Lipex® (LIPEX, Chiralvision), Candida Antarctica Lipase B
(CALB, Chiralvision, liquid), methyl myristate (MM, Sigma-Aldrich, for synthesis),
methyl palmitate (Sigma-Aldrich, analytical standard), methyl stearate (Sigma-Aldrich,
analytical standard), hexamethyldisilazane (HMDS, T'CI, >96 %), sodium hydroxide (ITW
Reagents, pellets, pharma grade, di-sodium hydrogen phosphate dihydrate (Merk, for anal-
ysis), sodium phosphate monobasic monohydrate (Sigma-Aldrich, =298 %), glycerol triac-
etate (Sigma-Aldrich, =99 %). Hydrochloric acid (HCl, Merck KGaA, fuming 37 %) was
diluted with deionized water to recieve 0.056 M and 0.1 M HCI.

5.2. Synthesis of Mesoporous Silica Films

The synthesis of the mesoporous layers was performed based on the procedures established
by Steinbacher®! and Baumgartner®.

The objective was to obtain mesoporous layers with pores large enough to accomodate
lipases. The target of >10nm for the pore size was set to accommodate a range of lipase
sizes. Therefore, different sol-gel batches were prepared and characterized to determine
the optimal candidate for further investigation. The parameters that were varied in the
synthesis were the type of surfactant (CTAB, F127), the amount of surfactant, the relative
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humidity during spin-coating and the amount of ethanol added to the solution.

To test the films before applying them on an ATR crystal, they were applied on 20 x 10 mm
single-side-polished silicon platelets, which were cut out of a silicon wafer. Later, Si ATR
crystals (20 x 10 x 0.5mm?) cut out of a double-sided-polished Czochralski Silicon wafer
were faceted on a 45 ° angle with three aluminum oxide (15 um, 9 um, 3 um) discs and two

diamond (1 wm, 0.1 wm) polishing discs.

In the upcoming chapters, each synthesis batch is designated by the label ALXYZ, where
AL represents Adea Loxha, XY is a sequential number starting from 01, and Z indicates
either A for CTAB or B for F127, depending on the surfactant used in the synthesis. If
the heat treatment is carried out at 80°C or 110°C, ’y1’ or ’y2’ is appended to the name,
respectively. Additionally, if the sample undergoes calcination, 'z’ is included. To illustrate,
ALO5B_y2 z would identify a sample synthesized by the author (Adea Loxha), the fifth
batch overall (at least one different parameter compared to the previous four), using F127
as the surfactant, subjected to heat treatment at 110 °C, and finally, calcined at 400 °C.

5.2.1. Synthesis with CTAB as Surfactant

The synthesis of mesoporous silica films with CTAB as surfactant was started by the
addition of 1.75¢g abs. EtOH, 2.08 ¢ TEOS and 0.9g 0.056 M HCI in a round necked flask.
The solution is then heated under reflux. Concurrently, 0.041g CTAB were dissolved in
0.4 g abs. EtOH. After 3 h under reflux, 0.5 mL of the first solution are added to the CTAB
solution and stirred for 5 min. Every dissolving step was supported by ultrasonic bathing,
if necessary. The final solution is used for spin-coating. These steps and conditions yielded
a film with a 3D hexagonal structure. The final ratios of the synthesis can be found in
Table 5.1

Table 5.1.: Molar ratios and reagent amounts used in the CTAB mesoporous layer synthesis.

ALO1A TEOS CTAB EtOH 0.056 M HCl H,O

molar ratio 1 0.12 13 0.005 5
mmol 0.9365 0.1125 12.2459 0.01125 4.6858
g 0.1951 0.041 0.5641 0.8442 0.0844
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5.2.2. Synthesis with Pluronic F-127 as Surfactant

To prepare the batches ALO1B to AL04B, F127 was dissolved in a mixture of EtOH, 0.056 M
HCI, and water. Once the polymer was fully dissolved, tetraethyl orthosilicate (TEOS)
was introduced, and the solution was briefly shaken. Following a 10-minute aging period
(simply storing the solution at room temperature without stirring), the sol was utilized
for spin-coating. Subsequently, heat treatment was conducted at 80°C/110°C overnight,
followed by calcination at 400 °C for 4 hours (3 h temperature ramp). The reactant amounts

for each batch are given in Table 5.2.

The molar ratio for the initial three batches remained consistent; however, the varying
parameter in this instance was the humidity during spin-coating. Specifically, ALO1B was
spin-coated at 20 % relative humidity, AL02B at 40 %, and AL03B at 60%. This choice
was influenced by Steinbacher’s findings®¥, which indicated a humidity-dependent pore

size development in films produced through this synthesis procedure.

Table 5.2.: Molar ratios and reagent amounts used in the mesoporous silica syntheses ALO1B-
04B with F127 as a surfactant.

TEOS F127 EtOH  0.056 M HC1 H,0O
ALO1B-03B AL04B
molar ratio 1 0.0036 0.0094  18.62 0.0145 30.49*
mmol 0.5500 0.0020 0.0052  10.2805 0.0080 16.8333*
g 0.1150 0.0250 0.0650  0.4736 0.1430 0.1600
mL 0.1220 0.1430 0.1600

& After taking the water from the 0.056 M HCI into account

A variation of the aforementioned synthesis was realized for the batches ALO5B to AL10B.
To create the sol, EtOH, TEOS, and 0.1 M HCI were stirred at room temperature for
20 minutes. Simultaneously, a polymer solution (=pol) was prepared by stirring F127,
EtOH, 0.1 M HCI, and water until the sol solution was ready and the polymer (F127) was
completely dissolved. The two solutions were combined and gently stirred for 3 hours at
room temperature before spin coating. The resulting material underwent heat treatment at
80°C/110°C overnight, followed by calcination at 400 °C for 4 hours. All reagent amounts
and ratios can be found in Table 5.3 and Table 5.4.
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Table 5.3.: Molar ratios and reagent amounts used in the mesoporous silica syntheses ALO5B-
10B with F127 as a surfactant.

TEOS F127 EtOH 0.1 M HCI H,0O
sol pol sol pol sol pol sol pol
sum ratio 1 16 0.0152 16.29
molar ratio 1.0000 8.6966  7.3051 0.0108 0.0044 6.0044 10.2831*
mmol 3.1200 9 27.1338 22.7924 0.0338 0.0136 18.7341 32.0839*
g 0.6500 1.2500  1.0500 0.3375 0.1360 0.4420
mL 0.6915 1.5843  1.1170 0.3375 0.1360 0.4420

& After taking the water from the 0.1 M HCI into account

b The amounts of F127 are dependent on the sol-gel batch and can be found in Table 5.4

Table 5.4.: Molar ratios between F127 surfactant and TEOS for and surfactant amounts used
in the syntheses AL05B-10B.

molar ratio F127/TEOS  mmol g

AL05B
ALO6B
ALOTB
AL08B
AL09B
AL10B

0.0030
0.0037
0.0097
0.0095
0.0118
0.0142

0.0093 0.1160
0.0115 0.1435
0.0302 0.3770
0.0296 0.3695
0.0370 0.4620
0.0444 0.5545

Upon measuring the film thickness, it became evident that the batches that seemed promis-

ing in terms of pore size (ALO7B) resulted in films that exceeded the optimum thickness

based on depth of penetration. Thus, to maintain the pore size constant while achieving

thinner films, the EtOH ratio in the reaction was increased. While keeping all other pa-

rameters and conditions constant for the ALO7B batch, three variations of the batch were
prepared with different EtOH ratios (18, 15 or 28.5 instead of 16). Synthesis details are

summarized in Table 5.5.
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Table 5.5.: Molar ratios and reagent amounts used in the mesoporous silica syntheses ALO7B

with different ethanol concentrations.

sum molar ratio molar ratio mmol g mL
TEOS sol 1 1.0000 3.1200 0.6500 0.6915
ALO7B 0.0096 0.0096 0.0302 0.3770
F127 pol
AL10B 0.0142 0.0142 0.0444 0.5545
sol 8.6966 27.1338 1.2500 1.5842
FtOH A 18 9.3032 29.0267 1.3372 1.6948
B pol 25 16.3029 50.8661 2.3433 2.9700
C 28.5 19.8031 61.7869 2.8464 3.6076
| .01 ) ) )
0.1 M HCI SO 0.0159 0.0108 0.0338 0.3375 0.3375
pol 0.0044 0.0136 0.1360 0.1360
| 6.00442 18.7341*
H,0 i 16.29
pol 10.2831? 32.0839% 0.5780* 0.4420

& After taking the water from the 0.1 M HCI into consideration

5.2.3. Spin-Coating

Spin-coating for all mesoporous silica syntheses was performed on silicon platelets (de-
scribed in section 5.2.) and for the final chosen layer on a silicon ATR crystal. The
substrate (either platelate or crystal) was spun at 1750 rpm for 50 sec. The relative humid-
ity was varied based on the synthesis, varying from 20 % to 60 %. For the final layer the
relative humidity inside the spinning chamber was held at 40 %. The substrate was thor-
oughly cleaned before spin-coating in an ultrasonic bath while being submerged in EtOH,
and wiped down with acetone right before coating. After closing the chamber and letting
the relative humidity stabilize, the substrate was spun and 60-80 pL. of the sol sample were
deposited from the top on to the middle of the substrate. After spin-coating, the sample
was heat treated at 110 °C overnight.

5.2.4. Functionalization of Mesoporous Silica Films

For functionalization, the ATR crystal or Si platelet with the calcined mesoporous silica
layer was placed in an empty three-necked round bottom flask. The flask was then con-
nected to a reflux cooler, evacuated and flushed with nitrogen three times. An oil bath was
heated to 150 °C and the flask was placed inside the bath for 2h under vacuum. Next, the
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temperature was reduced to 90 °C and 20 mL abs. acetone as well as 0.5 mL HMDS were
added to the flask under nitrogen counter flow. The sample in solution was heated under
reflux for another 4 h. Finally, the sample was taken out, thoroughly washed with acetone

and placed in an 150 °C oven over night.

Remark: The acetone serves as a removal agent for the CTAB as well.[3

5.3. Characterization of Mesoporous Silica Films

5.3.1. Small-Angle X-Ray Diffraction

The X-ray diffraction data was recorded with an Empyrean PANanalytical multipurpose
diffractometer with Bragg-Brentano geometry (BBHD mirror) and Cu(Ke) primary radi-
ation (Age=1.54 A) at 45kV and 40mA. A divergent slit of 1/8°, a 0.04rad soller slit, a
10 mm mask, an anti-scatter slit of 1/2°, a 150 um beam knife and a GalliPix detector were
used. The samples were measured at room temperature between 0° and 5° (20), with a
step size of 0.0071620 °.

5.3.2. Profilometer

A Dektak Stylus profilometer (Bruker, Germany) was used for measuring the mesoporous
silica film thickness. The film was scratched at three different positions, the indents of

which were subsequently measured.

5.3.3. Contact angle measurements

Contact angle measurements were performed on a KRUSS DSA30 drop shape analyzer.
The Sessile Drop method was used in the KRUSS ADVANCE software, with water as

! and deposited on the

solvent. A drop of 2 um was produced with a rate of 0.16 mL min
surface of the mesoporous layer, either before or after functionalization. The analysis of
the contact angle was performed by Young Laplace fitting method with automatic baseline

correction.

5.3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy measurements were performed on a TECNAI F20 with
a X-FEG emitter and an operating voltage of 200kV (energy resolution: 0.7¢eV, lattice
resolution: 0.14nm). The operating camera was a Gatan Riol6, 30fps full HD. The
sample (ALO7B_y2 =z 25) preparation was done using a focused ion beam (FIB).
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5.4. Dynamic Light scattering Experiments

To determine the particle size of CALB, dynamic light scattering (DLS) measurements
were performed. DLS measurements were conducted using a Liteizer 500 instrument from
Anton Paar, Austria, at a temperature of 25°C. The instrument was calibrated and tem-
perature stabilized for 60s prior to measurements. The necessary measurement paramters
were adjusted for a 50:50 water-glycerine mixture according to the CALB sample dilution.
Particle size distribution functions were determined according to ISO 22412 using a narrow
analysis model in the Kalliope software package provided by Anton Paar, Austria.

5.5. Enzymatic Reactions

5.5.1. Hydrolysis Reaction

Firstly, a standard series (100 mM, 200 mM, 300 mM, 400 mM, 500 mM) of triacetin in
water with a pH of 7.5 (phosphate buffer) and a blank were prepared. To prepare a 0.1 M
phosphate buffer with a pH of 7.5, 2.3389 g sodium dihydrogen phosphate monohydrate
and 5.8825 ¢ sodium hydrogen phosphate dihydrate were dissolved in distilled water. A
pH electrode and sodium hydroxide were used to adjust the pH of the buffer if needed
and the solution was added to a 500 mL volumetric flask, which was subsequently filled
to its mark. The correct amount of triacetin for the 500 mM standard solution was used,
dissolved, and topped with buffer. This standard solution was subsequently to produce

the lower concentration standard solutions.

The instrument used for the measurements was a Bruker Vertex 80v FT-IR Spectrometer
and the experiments were performed in a transmission cell setup. The parameters of
the method were as follows: scan range between 800-4000 cm™, 256 scans, 3 mm aperture,
80 kHz, path-length 15 um, with a spectral resolution of 4cm™t. The software OPUS 8.0

was used for data processing.

A blank sample of only the phosphate buffer and the five standard solutions were mea-
sured, with the phosphate buffer being the background. Based on the signal intensity of
the absorbance of each standard, a concentration of 250 mM triacetin was chosen for the

following hydrolysis reaction.

For the hydrolysis reaction 20 mL of 250 mM triacetin solution were added to a 40 mL screw
top vial. Subsequently, 50 mg (or 500 uL for liquid lipases with a lipase concentration of
10 %) lipase are added to the vial. The sample was measured with phosphate buffer as a
background (tp). The vial was then placed in a 40°C oven or left at room temperature
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for 6h. Afterwards, the sample was measured with phosphate buffer as a background (t;).
The sample was then placed once more in the oven at 40 °C or left at room temperature
for further 66 h (for a total of 72h). These steps were performed with five different lipases:
LCR, APFL, ALAA, CALB and LIPEX. For an overview refer to Table 5.6.

Table 5.6.: Summary of performed lipase-catalyzed hydrolysis reactions.

LCR ALPF ALAA CALB LIPEX

6 h 6 h 6 h 6 h 6 h
48h 72h 72 h 72 h 72 h
6 h 6 h 6 h 6 h 6 h
72h 72h 72 h 72 h 72 h

20°C

40°C

Following the testing of the five lipases, CALB and ALPF were chosen fur further inves-
tigation. In-situ experiments in a transmission configuration (Figure 5.1) were performed
where 250 mM triacetin in a 0.1 M buffer was continuously pumped with a rate of 1 mL
min™ (via peristaltic pump) through the transmission cell. A repeated measurement was
started, consisting of 66 measurements, with a delay of 30sec and a scanning time of
0.4min. The other parameters of the method were kept unchanged. After a stable baseline
was obtained, 250 uL. of CALB or 25 mg of ALPF were added to the 20 mL of sample with
the triacetin substrate. This was repeated for six triacetin concentrations: 5mM, 10 mM,

20mM, 60 mM, 100 mM, and 250 mM.

peristaltic pump

transmission cell

Detector
IR source

Figure 5.1.: Experimental configuration of the in-situ transmission measurements of the en-

zymatic reactions.
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5.5.2. Aminolysis Reaction

The reaction solution was started with the addition of 20 mL of heptane with a concentra-
tion of 1g L' (4mM) FAME in a 40 mL screw top vial. This amounts to 0.08 mmol FAME.
The main FAME used in the experiments was methyl myristate, but some reactions were
also performed with methyl stearate and methyl palmitate. Here, the same conditions
were chosen. Next, 0.24 mmol of amine and 50 mg of lipase or 500 uL; (approx. 1.4 mmol)
of liquid lipase (glycerine with a lipase concentration of approx. 10 %) were added to the
vial. The added amount of each amine can be found in Table 5.7. After a short shake, the
sample was quickly measured with heptane as background. This measurement represented
the IR spectrum at ty. The sample was then placed into an oven at a set temperature
(T) for a defined amount of time (t;). An overview of the experiments can be found in
Table 5.8. After the completion of t;, the sample is measured, once again, with a heptane

background. This represents the IR spectrum at t;.

Table 5.7.: Characteristics of the amines used in the enzymatic aminolysis reactions.

3PPA  3DAPA 3MPA 3MEA

Molecular weight / g mol*  117.19  102.18  89.14  75.11
Density (25 °C)®l / ¢ mL'  0.845 0.812 0.874 0.870
Amount used / pL 33.2 30.2 24.4 20.7

Table 5.8.: Summary of performed lipase-catalyzed aminolysis reactions.

3PPA  3DAPA 3MPA 2MEA
T/°C 40 60 40 60 40 60 40 60
CALB
LIPEX ty =6 hand 72 h
LCR

The instrument and the method used were kept identical as described in Section 5.1.1.,
the only difference being the path-length of the cell with 1 mm. For every measurement,
2.5 mL of sample were pumped through the transmission cell with a rate of 2mL min™ and
the cell was washed with heptane between each measurement until the baseline showed no

signs of the sample.

For the in-situ aminolysis reaction, the same amounts stated above were used. The screw
top vial with FAME dissolved in heptane with the addition of amine was placed in an
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aluminum cylinder, which was subsequently heated until the sample reached and held
40°C during continuous stirring. The setup was identical to the one used for the in-
situ hydrolysis reaction experiments (Figure 5.1). After stable conditions were reached, a
background spectrum of heptane was measured. Next, the sample was pumped through
the transmission cell in a loop with a speed of 1.5mL min™. The lipase was added to the
vial and a repeated measurement over 60 min was started with a measurement delay of
1min and a scan time of 0.5min. The lipase chosen for the for in-situ investigation was
LCR. The reason behind the decision was the availability of the lipase in a powder form.
Since purchased form of CALB and LIPEX was approx. 10 % in glycerine and the sample
is stirred during the experiment, it was deemed unfavorable to test these two lipases in
this type of experiment (discussed in Section 3.2.3.).

5.6. Lipase immobilization

An aluminum ATR flow cell with a volume of 20 uL. mounted inside a Bruker Vertex 80v
spectrometer was used for the following experiments. The seal between the cell and ATR
crystal was achieved through a FKM O-ring (heptane resistant).

5.6.1. Un-coated ATR Crystal

For later comparison, adsorption experiments on a un-coated ATR crystal were performed.
The lipase used for this investigation was CALB because of its better performance com-
pared to the other lipases during both the hydrolysis and aminolysis reactions. Four lipase
concentrations were prepared (1 mg mL™t, 2mg mL!, 5mg mL?, 10mg mL"!) by dissolv-
ing the lipase in a pH7.5 0.5 M phosphate buffer, assuming a 10 wt% solution of enzyme
in glycerine. The phosphate buffer was pumped though the ATR cell (0.5mL min™?) for
15 min and was then measured as background. Next, the sample was continuously pumped
though the cell in a loop (0.5mL min') while a repeated measurement over 20 min was
started (scan delay 0.5 min, scan time 0.4 min, 40 repetitions, aperture 8 mm, resolution
4cm™t). After 20 min, the cell was flushed with phosphate buffer to remove loosely ad-
sorbed lipase while, again, starting a repeated measurement (identical parameters). At the
end, 1% sodium dodecyl sulfate (SDS) in pH 7.5 0.1 M phosphate buffer was run through
to remove adsorbed lipase from the ATR crystal and repeated spectra were measured for
another 20 min. These steps were performed for all four lipase concentrations.
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ATR cell

Detector IR source

Figure 5.2.: A picture of the ATR measurement configuration on a Bruker 80v spectrometer
used for the experiments is shown on top and a schematic representation of ATR

cell on the bottom.

5.6.2. Coated and Functionalized ATR Crystal

The procedure for the lipase immobilization on the mesoporous silica coated and function-
alized Si ATR crystal was similar to the one used for the un-coated ATR crystal. The
same four CALB concentrations in a pH 7.5 0.5 M phosphate buffer were used (1 mg mL™,
2mg mLt, 5mg mL?t, 10mg mL"!). The cell was flushed with the same buffer for 15 min
before the immobilization until a stable spectrum was recorded. Next, the lowest concen-
tration of CALB (1 mg mL') was pumped though the cell in a loop with 0.5 mL min.
A spectrum was measured every 30sec for 50 min (scan delay 0.5 min, scan time 0.4 min,
100 repetitions, aperture 8 mm, resolution 4 cm™) with phosphate buffer as a background.
The cell was subsequently washed though with buffer for 20 min, all the while measuring
every 30sec (40 repetitions). These steps were repeated for the next three CALB concen-
trations. Finally, the cell was flushed with 1% SDS in phosphate buffer, to remove the
lipase. SDS was pumped though for 30 min, while, again, continuously measuring every
30sec (60 repetitions).
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5.7. FAME Enrichment on Unfunctionalized
Mesoporous Silica

For testing the FAME enrichment on the unfunctionalized mesoporous silica coated
ATR-crystal, four methyl myristate concentrations in heptane were prepared (0.05gL"!,
0.125g LY, 0.25¢ LY, 0.5¢gL!). The ATR cell with the coated crystal was flushed with
heptane via a peristaltic pump with 1.5 mL min™? for 15 min before the enrichment experi-
ment and heptane was recorded as background. Next, the lowest concentration of FAME
was pumped in a loop though the cell with 1.5 mLmin™!. A spectrum was measured every
30sec for 60 min (scan delay 0.5min, scan time 0.4 min, 120 repetitions, aperture 8 mm,
resolution 4 cm™). Each concentration was followed by a wash step with heptane for 5 min

and then the next lowest concentration was measured.
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Figure 3.: Linear fit of the amide I band of BSA measured with by ATR
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