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Summary

Immobilisation of NAD onto the surface of solid support materials such as
nanoparticles facilitates in situ regeneration, recovery, re-use, stabilization and
simplified product separation in biosynthetic applications. However, previous
examples of surface tethered NAD have utilised non-specific attachment routes,
leading to relatively low efficiencies when applied to enzymatic reactions. These
investigations also neglect to analyse the kinetics of the interfacial enzymatic catalysis
of the immobilised NAD in comparison to the kinetics of the equivalent freely diffusing

NAD reaction.

This thesis reports the highly specific covalent surface tethering of NAD, which has
been modified with long linker arms at the N° position, containing terminal functionality
that is complementary to the functionality of our platform material, silica nanoparticles.
The length and flexibility, as well as the chemical location of the tether arm on the N®-
linked-2AE NAD has been carefully engineered in order to allow NAD to retain
maximum activity and dynamic interactions in enzymatic catalysis reactions once
tethered.

A modified one-pot Stéber method was used to synthesise thiol terminated SiINPs and
an ethanolic version used to prepare vinyl terminated SiNPs. This ethanolic method
was also found to be capable of producing SiNPs from organosilanes containing
various hydrophobic R groups. The growth of these hydrophobic SiNPs was explored
and the effects of silane precursor, solvent concentration, pH and growth kinetics

investigated.

Ne-linked-2AE NAD containing thiol and vinyl terminal functionality was then covalently
tethered to the surface of vinyl and thiol terminated SiNPs via a simplistic yet robust
thiol-ene ‘click’ reaction. The attachment density of NAD on the SiNP surfaces was
determined to reach 0.5 attachments/nm? using a quantitative ATR-FTIR technique,
where the Si-O-SlI vibrational mode of the SINPs is used as an internal standard and
the C=0 band of NAD is sampled.

Tethered NAD is then enzymatically reduced, the rate of which is tracked using a
resazurin/PMS* coupled reaction, allowing highly sensitive and accurate fluorescence

detection. This allowed measurement of enzyme activity at very low enzyme



concentrations, where the rate of enzymatic reduction of tethered NAD was found to
be greater than that of freely diffusing NAD. By combining Langmuir adsorption
kinetics with classical Michaelis-Menten kinetics concepts, a kinetic rate equation was
derived describing the rate of tethered NAD reduction as a function of both enzyme
and NAD concentration. Application of the Langmuir adsorption isotherm and reaction
rates as a function of enzyme concentration to this rate equation revealed a kinetic
enhancement in the reduction of tethered NAD compared to freely diffusing NAD for
two different enzymes. Similar results were obtained when the kinetics were analysed
as a function of NAD concentration, which also considered the inhibition of the reaction
by the increasing concentration of SiNPs. Investigation of the surface characteristics
of the tethered NAD surfaces and enzymes by molecular dynamics simulations

allowed a mechanism of the observed kinetic enhancement to be proposed.

Tethered NAD is then enzymatically regenerated in a multi-enzyme reaction system
and mathematical modelling used to analyse the reaction kinetics, revealing a similar
kinetic enhancement in the catalysis of tethered NAD compared to freely diffusing
NAD.

Lastly, the thermal stability of NAD is investigated and compared to freely diffusing

NAD, revealing a large enhancement in half-life at two different temperatures.

In summary, the specific covalent attachment of N®-linked-2AE-NAD to the surface of
SiNPs has been demonstrated, with accurate determination of surface attachment
density. In depth kinetic analysis by two different strategies has revealed a kinetic
enhancement in the rate of enzymatic catalysis of tethered NAD compared to freely
diffusing NAD. This, along with the ability of the tethered NAD to be enzymatically
regenerated, as well as its demonstrated enhanced thermal stability makes it an ideal

candidate for the integration into NAD dependent biosynthetic pathways.
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CHAPTER 1: INTRODUCTION



Motivation

Enzyme catalysed reactions offer highly specific and efficient routes to the synthesis
of a wide range of valuable chemicals. Enzymatic biocatalysis is, however, limited by
feedback inhibition, limited process conditions including temperatures and solvents
and long-term instability of the biocatalysts. While the kinetics can be accelerated
through the use of co-factors, in many cases, these are consumed in the reaction,

fugitive, and expensive.

One approach to overcoming the limitations of enzymatic reactions is to tether the
biocatalytic components to a solid support, allowing for the in-situ regeneration,
recovery, re-use and stabilization while simplifying product separation. Immobilisation
also facilitates integration into rapid, highly controllable and efficient flow chemistry
systems, overcoming product inhibition limitations of enzyme reactions. The main
challenge, however, is retaining the native interactions, function and activity of the

tethered biocatalysts.

The broad aim of this research is to explore the efficacy of tethering a cofactor to the
surface of a nanoparticle in a highly controlled manner and to then gain a detailed
understanding of the kinetic processes that govern the surface catalysed reaction with

various enzymes. This will be achieved through the:

1. Attachment and quantification of a cofactor (NAD(H)), that has been modified
at the N® position with a flexible linker arm, to the surface of silica nanoparticles
via a highly specific thiol-ene “click” reaction.

2. Analyse the interfacial kinetics of the enzymatic catalysis of surface tethered
Né-linked-2AE-NAD.

3. Investigate the regeneration of surface tethered N©&-linked-2AE-NAD
enzymatically in a multi-enzyme reaction system and investigate the kinetics of
this process.

4. Investigate the thermal stability of surface tethered N®-linked-2AE-NAD.



1.1 Enzyme Catalysis

Biocatalytic reactions have been utilised for thousands of years in the production of
food and beverages such as bread, cheese, beer, wine and vinegar [1]. In the process
of beer brewing, for example, yeasts are utilised to convert the starch and sugars of
malted barley into ethanol, carbon dioxide and other flavour compounds [2]. The key
to these biotransformation reactions is biological catalysts known as enzymes [3].
Enzymes are protein molecules that catalyse a wide range of highly complex chemical
reactions under mild conditions [3]. These molecules are comprised of a sequence of
covalently bound amino acids that, through hydrogen bonding interactions, transform
into a three-dimensional tertiary structure which acts as a scaffold with a comparatively
very small number of amino acids forming one or more active sites which can catalyse
reactions of other molecules. The active site has a geometry and chemical
characteristics that are complementary to that of its reactant, facilitating highly specific
binding [3] which consequently results in highly specific reactions taking place.
Binding of the reactant to the active site induces a conformational change in the
enzyme structure, orientating the catalytic groups in a way for the enzyme to perform
its catalytic function. The outcome is the reduction in activation energy as illustrated in
Figure 1.1.
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Figure 1.1: Activation free energy of an enzyme catalysed reaction compared to an
uncatalyzed reaction.

1.2 Synthetic Biocatalysis

More recently, the field of industrial biocatalysis has utilised the vast catalytic
capabilities of enzymes for the production of useful chemicals, giving rise to the field
of synthetic biocatalysis [4]. The rapid growth of synthetic biocatalysis has been made
possible by recent advances in genetic engineering and proteomic research and is
quickly becoming one of the most important areas of biotechnology, offering extensive
impact on health [5], food production [6], and industrial synthetic chemistry [7-9].
Synthetic biocatalysis employs biological agents, either whole cells or isolated
enzymes for biotransformations with mild reaction conditions, agueous solvents, and

high chemo-, regio- and stereo-selectivity [10, 11].

Biocatalytic synthesis also generally bypasses traditional synthetic steps such as
functional group protection and activation, yielding shorter and more efficient routes to
important chemicals with reduced waste and by-products [10]. These features have
led to several applications of enzymes where high selectivity on complex substrates
is critical, such as in pharmaceutical, food and cosmetic industries [5, 12-14]. In these



processes, enzymes may be used to perform a single complex step within a synthetic
pathway, such as a stereospecific addition, or a cascade of multiple enzymes may be
utilised to produce a single target compound [4]. However, due to the high cost of
purified enzymes and cofactors, as well as their short lifetimes, whole cell or in vivo
processes have so far dominated biosynthetic applications. For example, nitrile
hydratase has been over-expressed in Rhodococcus rhodochorus for the enzymatic
hydration of acrylonitrile to acrylamide under mild conditions (Figure 1.2) [15]. This
process avoids the use of toxic copper catalysts, sulphuric acid and high temperatures
[6]. In Japan, over 650,000 tonnes of acrylamide is produced annually by this
biotransformation process [6].

Nitrile
Hydratase NH,
ZCN ——>= 7
+H,0 O
Acrylonitrile Acrylamide

Figure 1.2: Nitrile hydratase catalysed hydration of acrylonitrile to acrylamide. Adapted
from [6].

In the pharmaceutical industry, the anti-diabetic drug sitagliptin has been synthesised
with >99.95% enantio-purity by genetically engineered R-selective transaminase from
Arthrobactor sp. via the asymmetric amination of prositagliptin ketone (Figure 1.3) [16,
17]. Compared to the traditional chemical synthesis, this whole cell biosynthetic
process avoids the use of toxic ruthenium catalysts while increasing yield by 10% [6].

This image has been removed due to copyright restriction

Figure 1.3: R-selective transaminase ((R)-ATA) catalysed asymmetric amination of
prositagliptin ketone to the anti-diabetic drug sitagliptin. Taken from [6].



1.2.1 Cell Free Synthetic Biology
Although promising, whole cell biosynthetic processes suffer from several

fundamental limitations and challenges [18, 19]. These include complicated genetic
engineering and cell growth operations of the living host organisms, transport of
reactants and products across the cell membrane, competition of other enzyme
pathways, complicated product separations and limited conversion due to product
inhibition [18-21]. One viable approach to overcome these challenges is the rapidly
expanding field of cell-free synthetic biology. In cell free systems, structural cellular
components such as the cell walls are eliminated, and biosynthetic pathways are re-
constructed in vitro using either purified enzymes or a concentrated crude cellular
extract. These cell free processes also benefit from simple manipulation, monitoring
and manipulation and can provide high product yields by removal of undesired by-
product forming side reactions [12]. However, the instability of purified enzymes to
high temperatures, non-aqueous solvents and long-term use, along with the cost of
their continual replacement is one of biggest challenges limiting cell free synthetic
approaches [19, 20].

1.2.2 Biocatalyst Immobilisation

To overcome the challenge of biocatalyst instability, cell free approaches are often
implemented with the essential enzymes immobilised and co-localised on the surface
of a solid support material [4, 19, 20, 22-24]. Not only does enzyme immobilisation
enhance enzyme stability, it also allows for more convenient handling, recovery and
re-use of the enzyme, as well as simplistic product separations, [4, 19, 20]. There are

two general methods of enzyme immobilisation onto solid substrates [25]:

() Adsorption immobilisation — based on physical binding interactions such as van
der Waals interactions, dipole-dipole or hydrogen bonding, resulting in weak
bonding between the enzyme and support material.

(i) Covalent immobilisation — enzyme is attached to the solid substrate by strong

covalent bonds preventing leaching from the surface.

However, these enzyme immobilisation techniques often lead to a reduction in enzyme
activity or impeded access of reactant to the enzyme’s active site as a result of non-
optimal immobilisation geometry [4, 20]. Recent efforts towards site-specific chemical
modifications of enzymes for oriented surface immobilisation have been shown to

overcome this limitation, while utilization of nanomaterials as carriers for enzyme



display has been shown to result in high, and in some cases, enhanced enzyme
activity [4, 19, 20].

1.2.3 Nanobiocatalysis
Several different nanomaterials and structures have been employed in bioprocessing

applications, giving rise to the field of nanobiocatalysis [26, 27]. The unique properties
of a broad spectrum of nanostructures, including nano-porous media [28], nanofibers
[29], nanotubes [30], DNA scaffolds [31] and nanoparticles [24] offer several
advantages in biocatalytic systems. In particular, the high surface area to volume ratio
of nanoscale materials has allowed improved enzyme loading, and thus activity, per
unit mass compared to other immobilized enzyme systems [26]. Highly controllable
size and surface chemistry of nanomaterials, as well as novel properties such as
conductivity and magnetism have so far led to many improvements in enzyme stability,
activity and lifetime [26]. An extensively explored class of nanomaterial in
nanobiocatalysis is the nanoparticle [4, 19, 20, 24, 32-35]. Nanopatrticles offer high
surface area to volume ratios, tailorable size and surface functionality as well as simple
synthesis and preparation. Dispersed nanoparticles exhibit Brownian motion,
improving access and interactions of freely diffusing reactants to the surface
immobilised enzymes [36]. This results in higher activities as compared to enzymes
immobilised to bulk flat surfaces, limiting diffusion of reactants to and from the surface
[19, 20, 36]. For example, lipase has been immobilised on the surface of magnetic
silica nanoparticles for the production of biodiesel from waste cooking oil. Conversion

of cooking oil to biodiesel reached 91 % over a 35 hour period [37].

1.3 Cofactor Dependent reactions in Synthetic Biology
The catalytic activity of many enzymatic reactions is dependent on small organic

molecules known as cofactors. Cofactors reversibly bind at distinct sites in the enzyme
structure in highly specific orientations, resulting in the enzyme-cofactor complex. The
synergy of this enzyme-cofactor complex results in a drastic kinetic acceleration of the

chemical transformation, facilitated by group or electron transfer of the cofactor [38].

Currently, efficient industrial biosynthetic processes are limited to cofactor
independent enzymes such as lipases [37] and hydrases [6], eliminating the many

critical and synthetically useful reactions offered by cofactor dependent enzymes such



as NAD(H)-dependent reductases and oxidases [7, 23]. Generally whole cell
processes are used when a cofactor dependent transformation is required as they
enable cofactor regeneration [39]. An example of a cofactor dependent enzyme
reaction is the NAD(H) dependent reversible oxidoreduction between pyruvate and

lactate by Lactate dehydrogenase shown in Figure 1.4.

This image has been removed due to copyright restriction

Figure 1.4: Cofactor dependent conversion of pyruvate to lactate by lactate
dehydrogenase with simultaneous oxidation of NADH to NAD. Taken from [40].

1.3.1 B-Nicotinamide adenine dinucleotide (NAD)
B-Nicotinamide adenine dinucleotide (NAD/NADH) is an essential hydride accepting

and donating cofactor, central to the cellular metabolism and energy production. Both
the oxidised (NAD) and reduced (NADH) form absorbs strongly at 260 nm due to the
adenine base, with an extinction coefficient of 16,900 M1 as shown in Figure 1.5.
NADH also exhibits a second absorbance peak at 340 nm (e = 6220 M) due to the
resonance quenching of the protonated nicotinamide nucleotide [40]. Tracking the
change in absorbance at 340 nm due to the formation or consumption of NADH has
been extensively used as a method to quantify enzyme activity [14, 41, 42].
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Figure 1.5: UV/Vis absorbance spectra of NADH (blue) and NAD (red).

1.3.2 Cofactor Regeneration
The high cost and stoichiometric consumption of cofactors is one of the contributing

factors hindering the development of large-scale cofactor dependent processes [43].
Thus, it is essential for cofactors to be regenerated in situ for industrial viability,
allowing catalytic amounts of expensive cofactors to be used [18, 23, 44]. Cofactors
can be regenerated chemically [45], electrochemically [46], photo-chemically [47] or
through the use of a second substrate driven enzyme reaction [43]. Electrochemical
regeneration is typically favoured in electrode-based biosensors and biofuel cells, but
is less attractive in bioprocessing applications [18]. Enzymatic regeneration is often
the favoured approach and is achieved by coupling a second cofactor dependent
enzyme to perform the cofactor regenerating reaction. This approach has the added
potential of affording the production of multiple valuable chemicals within the same
system (Figure 1.6) [43]. Several examples of multi-enzyme systems with cofactor

regeneration can be found in Section 1.3.4.
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Figure 1.6: Multi-enzyme approach to cofactor regeneration.

1.3,3 Cofactor Immobilisation
Enzymatic regeneration of cofactors can drastically increase efficiency of biosynthetic

processes by reducing the amount of cofactor required. However, the efficiency of
these processes can be further increased by immobilisation of the cofactor. Like
enzyme immobilisation, cofactor immobilisation allows re-use and retention, simplifies
product purification as well as aids the stabilisation of the cofactor [48]. Cofactor
immobilisation is particularly useful under flow conditions, facilitating simplistic product
separations as shown in Figure 1.7(b) where cofactor is co-immobilised with product

forming and cofactor recycling enzymes.

Immobilization of cofactors to solid supports has been achieved with various degrees
of success [18, 36, 41, 48-59]. From these studies, one of the most challenging
aspects has been achieving efficient enzyme-cofactor interactions within the
immobilized systems [36]. Early efforts involved retention of cofactors and enzymes
by microcapsules and semi permeable membranes within flow reactors, which only
allow permeation of small molecules such as the product and reactant [18, 60-63]. The
biotransformation reactions within these systems are heavily limited by mass transfer
resistance of the aqueous reactant to, and the product from, the microcapsules and
membranes [60-62, 64]. Recent efforts have shown promising catalysis rates with
covalent immobilisation of cofactors to more open supports, such as nanostructures,
providing efficient cofactor retention while maximising cofactor-enzyme interactions
and diffusion of reactants and products [18, 41, 48-50, 52, 54, 57].
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Figure 1.7: Comparison of cofactor dependent biocatalytic processes in a (a) batch
bioreactor and (b) flow bioreactor.

1.3.4 Recent examples of NAD immobilisation
In 2008, El-Zahab et al. co-immobilized NADH along with formate dehydrogenase

(FDH), formaldehyde dehydrogenase (FaldDH), alcohol dehydrogenase (ADH) and
glutamate dehydrogenase (GDH in Figure) on polystyrene particles with an average
diameter of ~500nm via succinimide coupling as depicted in Figure 1.8(a) [18]. NADH
attachment was determined by UV/Vis analysis of the reaction washings and reported
to be 2.3-3.7mg/g particles which we have calculated to be equivalent to 0.35-0.56
attachments/nm2. The co-immobilised enzymes and NADH were applied to the
reaction scheme depicted in Figure 1.8(b) where, through a multi-enzyme cascade,
dissolved carbon dioxide (CO2) was transformed to methanol with continuous cofactor
regeneration. The immobilised system was found to produce methanol at a rate 50%
of that of the free enzyme/cofactor system under equivalent conditions and showed

little loss in activity after 11 re-use cycles [18].

11
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Figure 1.8: El-Zahab et al. [18] strategy for immobilisation of enzymes (and NADH)
onto polystyrene particles (a) and multi-enzyme cascade reaction for the production
of methanol from CO: (b).

In 2009, Liu et al. covalently tethered NAD to the surface of epoxide terminated silica
nanoparticles (SiNPs) with an average diameter of 30 nm. Like El-Zahab et al., the
exact chemical orientation NADH immobilisation was not specified. NAD attachment
was reported to reach loadings of 0.4 g/g of particles, however, it was not stated how
this was determined — this is calculated to be 3.6 attachments/nm? assuming a density
of 2.0 g/cm? for the silica particles. Glutamate Dehydrogenase (GLDH) and Lactate
Dehydrogenase (LDH) were similarly immobilized to separate SiNPs of the same size.
Applying the immobilised enzymes and cofactor to the reaction depicted in Figure 1.9
resulted in reaction rates reaching 50% of the free enzyme/cofactor system under
equivalent conditions. However, it was reported that the rate was increased when

either only the cofactor or enzyme were immobilized [48].

12
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Figure 1.9: Reaction scheme of the regeneration of SINP immobilised NAD by
immobilised GLDH and LDH. Taken from [48].

In 2011, Zheng et al. covalently immobilised NADH, Glutamate Dehydrogenase and
Glucose Dehydrogenase to the surface of 124 nm silica coated magnetic
nanoparticles via coupling with PEG spacer arms of different length containing
terminal epoxide groups [36]. NAD attachment density was measured by UV/Vis
analysis and reported to be 20 mg/g of particles, (calculated to be 1.3 attachments/nm?
assuming spherical geometry and a density of 2 g/cm?3). The authors believed the
NADH attachment orientation to be through the amino of the adenosine moiety (N°),
however this was not characterised. The enzymes and cofactor were immobilised in
different configurations as shown schematically in Figure 1.10(a), and applied to the
multi-enzyme reaction Figure 1.10(b). The highest rate of catalysis was observed
when the enzymes and cofactor were co-immobilised on the same particle, reaching
72% of the rate of the free enzyme/cofactor system under the same reaction
conditions. Enzymes and cofactors immobilised on separate particles exhibited the
slowest catalytic rate. Interestingly, this reaction rate for separately immobilised
enzymes and co-factors could be more than doubled by using an alternating magnetic
field to mix the magnetic support particles or significantly increased by using a longer
PEG spacer arm, demonstrating the importance of the mobility and translocation of

the immobilised biocatalyst [36]

13
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Figure 1.10: Different patterns of cofactor and enzyme immobilisation on super-
paramagnetic nanoparticles (a) and coupled enzyme reaction with regeneration of
tethered cofactor (b). Taken from [36].

In 2013, Li et al. covalently immobilised NAD to the surface of amine functionalised
SiNPs with an average diameter of 15nm via carbodiimide promoted coupling to a
short carboxyl-terminated-spacer-arm [54]. NAD attachment was determined to be
73mg/g-particles (calculated to be 0.3 attachments/nm?) by HPLC analysis of the
reaction washings and attachment confirmed by thermogravimetric analysis (TGA)
and Fourier-Transform-Infrared-Spectroscopy (FTIR). Tethered NAD was then applied
to the Formate Dehydrogenase (FDH) and L-Lactate Dehydrogenase (LDH) coupled
reaction shown in Figure 1.11. Turnover number (TN), defined as the total number of
moles of product formed per mole of cofactor per unit time, was reported to reach 82.9
h-1, but was not compared to free NAD. Other recent examples of NAD tethering to

solid nanocarriers are summarised below in Table 1.1.
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Figure 1.11: Reaction scheme for coupled enzyme reaction with regeneration of
tethered NAD. Taken from [54].
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Table 1.1: Summary of other recent examples of NAD tethering.

Support material Cofactor/Enzyme Loading Application Results Re
NAD(H) 20 mg/g . .
NAD(H) and enzymes covalently linked via
105nm super- Glutamate 65 mal Synthesis epoxy functionality of particle surface.
mg/g
i Dehydrogenase - .
paramagnetic yarog of Glutamate and D Reaction rate co-immobilised enzymes and NAD [5:
nanoparticles glucono-1,5-lactone doubled when mixed with an alternating
Glucose Dehydrogenase 48 mg/g magnetic field.
Simultaneous NAD(H) covalently linked to a azelaic acid on
) NAD+ 3 malg . . . .
Chitosan coated synthesis of particle surface using NHS/EDC coupling. Free
magnetic Benzaldehyde and NADH, free NAD+, immobilized NADH and [5(
nanoparticles NADH 10 mglg ethanol by Alcohol immobilized NAD+ regenerated 1111, 1157,
Dehydrogenase 1235 and 3904 times, respectively.
NADH NA
Glutamate NADH immobilised inside hollow nanofibres by
Dehydrogenase ) ) ionic interactions and enzymes co-encapsulated
Hollow ' Enzymatic synthesis . ) o
Formate within lumen of hollow nanofibers. Proximity of
Polyurethane of methanol from 4
) Dehydrogenase, co-encapsulated enzymes and cofactor resulted
nanofibers ~4 mglg CO2 o ;
Formaldehyde in tripled methanol yield from CO, compared to

Dehydrogenase, Alcohol
Dehydrogenase and

Carbonic Anhydrase

free enzyme/cofactor system.

1.3.5 NAD modification

Covalent tethering of NAD to the surface of solid supports is generally achieved via

non-specific approaches that rely on carbodiimide [18, 54] or epoxide [36, 48, 53]

reactions that target the nucleophilic N® nitrogen of the amine group of the adenosine

moiety of NAD. However, it has been demonstrated that NAD can be tethered through

the nucleophilic phosphate groups [65]. Therefore, it is possible that in the previously

mentioned studies, NAD is tethered from multiple chemical anchor points, leading to

different surface structures. This complicates the characterisation of the tethered NAD,

as the different tether sites will result in different complexation and catalysis

efficiencies. This problem can be overcome by pre-modification of NAD in order to

16



incorporate a chemical handle that can be specifically targeted without disruption of
other functional groups, leading to a single surface structure.

NAD has been chemically modified to either facilitate covalent immobilization on solid
supports or to increase its molecular weight to allow its retention within flow cell
bioreactors [66-68]. Riva et al. investigated the influence of modification site on the
properties of several cofactors, finding that NAD linked at the N® position of the
adenine moiety showed the highest activity with many different dehydrogenases [58].
Similar results were observed by Forde et al. in 2005 [69]. In short, alkylation of NAD

at the N° position is generally achieved in three steps as shown in Figure 1.12:

(i) Alkylation at the N position of the adenine ring with ethyleneimine to form Ne-
2-aminoethyl-NAD (N8-2AE-NAD). This may also include the introduction of
other terminal functionality by carbodiimide/succinimide crosslinking.

(i) Reduction of the nicotinamide nucleotide with sodium dithionite

(iii) Alkylation of the N® amino position by a Dimroth rearrangement from the N?!
position [70]. The oxidised form is then obtained by enzymatic reduction of the
Né-linked NADH derivative.
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Figure 1.12: Generalised reaction pathway for the alkylation of NAD at the N° position.

Adapted from [70].
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1.3.6 Specific tethering of NAD
Recently, N8-2AE-NAD modified with a long poly(T)20 oligonucleotide swinging arm

has been tethered to a DNA scaffold between two tethered NAD dependent enzymes,
glucose-6-phosphate dehydrogenase (G6pDH) and malic dehydrogenase (MDH) as
shown in Figure 1.14 [52]. This was achieved via the targeted conjugation of the
aminoethyl group of N8-2AE-NAD with the 5’ amine group of modified DNA using resin-
based disuccinimidyl suberate (DSS) crosslinking chemistry as shown in Figure 1.13.
The accessibility and translocation of the tethered NAD between each enzyme was
found to be a crucial factor in the performance of the system. Optimal performance
was achieved when the NAD tether was positioned in close proximity (7 nm) between
each tethered enzyme, leading to a 90-fold enhancement in activity compared to the
equivalent free NAD and enzyme system. This enhancement was shown to decrease
as the distance between the NAD and the enzymes was increased, when the NAD
was tethered on different planes of the scaffold, or when the enzymes or NAD were
un-tethered. This demonstrates the significance of the special organisation of the
tethered biocatalytic components in order to facilitate efficient transport, interactions

and catalysis [31, 52]
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Figure 1.13: Conjugation of N8-2AE-NAD to modified DNA through resin-based DSS
crosslinking. Taken from [52]
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Figure 1.14: N8-2AE-NAD tethered by a long oligonucleotide between G6pDH and
MDH on a DNA scaffold. Taken from [52]

1.3.7 N8-linked-2AE-NAD
In order to facilitate highly specific surface immobilisation of NAD, while retaining

maximum catalytic activity with enzymes, N®-2AE-NAD has been modified with long,
flexible tether arms containing terminal thiol or vinyl functionality as shown in Figure
1.15. These chemical handles allow directed and highly specific covalent tethering of
NAD to the surface of vinyl and thiol terminated SiNPs via a simple and mild thiol-ene
‘click’ reaction, resulting in a single surface NAD structure [71]. The high density of
surface functional groups on the SiNPs facilitates a high surface coverage of NAD to
be obtained, which can be quantified using a simple ATR-FTIR technique. This allows
the creation of a robust, highly active bio-conjugated surface structure that can be
accurately compared to freely diffusing NAD through kinetic analysis in order to
characterise its catalytic behaviour in enzyme catalysed reactions. In depth kinetic
knowledge of the tethered NAD system then allows improvements to be made in order

to maximise the efficiency of the biocatalytic processes.
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Figure 1.15: Structures of Né-linked-2AE-NAD.

1.4 Substrates
A wide variety of solid substrates have been used for the covalent immobilisation of

NAD including [18], silica nanoparticles [36, 48, 53, 54], chitosan coated magnetic
nanoparticles [50] and DNA [31, 52, 72].

Silica nanoparticles as a substrate material have been shown to retain a significant
amount of function and activity of the immobilised enzymes and cofactors [36, 48, 53,
54]. This, along with the wide range of surface functionalities, broad size range, cost
effectiveness, and biostability make silica nanoparticles a highly attractive substrate
for covalent tethering. However, in order to achieve highly specific attachment, the
surface of the silica nanoparticles must possess the appropriate, complimentary

chemical anchor groups for the tether.

1.4.1 Silica Nanoparticles (SiNPs)
Silica (SiOz2) is one of the most abundant materials found in nature and is produced by

sponges, diatoms, and plants in many different forms, generally from the condensation

of silicic acid [73]. Synthetically, SiOz is produced by hydrolysis and subsequent

22



condensation of alkoxy silanes. The non-toxic nature of silica and its potential for
modification with many different functional groups makes it very attractive for
biomedical and biological applications [74]. Recently, a number of methods of
synthesising silica nanoparticles have been documented, including several post
functionalisation strategies which allow tailorable surface chemistry [75-78].

1.4.2 Stéber SINP Synthesis

SiNPs were first produced by the ‘Stober’ sol-gel method in 1968 [79]. Monodisperse
particles with controllable sizes are produced by hydrolysis and condensation of
tetraethyloerthosilicate (TEOS) in ethanol in the presence of ammonia and catalytic
water(Figure 1.16) [77]. In this approach, the size of the SiNP is controlled by varying
the concentrations of TEOS, ammonia and ethanol. It has also been found that the
alkyl chain length of alcohol solvent, silane precursor and using different base
catalysts such as primary amines can also influence the size of SiNPs [80]. A limitation
is that not all silane precursors are suitable for this approach. The Stéber method is
widely used commercially, with SINPs produced by this approach applied to
applications such as catalysis [81], thin film substrates [82], insulators [83], ceramics
[84], polymer additives [85] and chromatography support material [76, 86]. Attachment
of biological molecules such as proteins, enzymes, peptides, cofactors and DNA to
SiNPs offers many significant advances in bioassay, imaging, drug delivery and
biocatalytic applications [77, 87].
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Figure 1.16: Stober synthesis of SiNPs from TEOS [79].
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1.4.3 Stober Synthesis Mechanism
Although the Stober synthesis method has been widely studied for many years, the

formation mechanism of the particles is still under debate [73]. After decades of

devoted effort, two opposing models have been identified as the mechanism;

1. In the monomer addition model, silica nuclei are formed through hydrolysis
and condensation of TEOS, which then grow by deposition of silanol
subunits (Figure 1.17(a)) [88],

2. The aggregation model postulates the aggregation of small primary particles
into seeds which grow by surface attachment and coalescence of silanol

monomers and oligomers (Figure 1.17(b)) [88].

This image has been removed due to copyright restriction

Figure 1.17: Schematic of monomer addition (a) and aggregation (b) growth
mechanisms for SiNP synthesis via Stober method. Adapted from [88].

However, neither model comprehensively explains all experimental observations [89].
As a general explanation, the growth of SiNPs by the Stober method is initiated by the
hydrolysis of the ethoxy groups of TEOS to silanol groups in the ammonia/ethanol
solution. Silanol monomers condense together, generating branched siloxane clusters
(a). These clusters act as nucleation sites, with further condensation of siloxane
oligomers leading to particle growth (b). Growth can also simultaneously occur via

condensation of silanol monomers with the unreacted ethoxy groups of TEOS (c) [88].

Si(OEt)a + xH20 = Si(OEt)ax(OH)x + XEtOH (@)
2Si(OEt),_, (OH), = (EtO)g_o(Si—0=Si)(OH)yy + H,0 (b)
Si(OEt), + Si(OEt),_(OH), = (EtO),_(Si-O-Si),(OH),_, + EtOH (©)
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TEOS is hydrolysed via nucleophilic substitution, where the hydrolysis rate increases
with ammonia concentration due to the nucleophilicity of hydroxide compared to water
molecules. The hydrolysis rate is also increased as more ethoxy groups are converted
to silanol groups. This is due to nucleophilic attack of hydroxide becoming more
favourable as the silicon atoms increase in positive charge while the steric hindrance
due to ethoxy groups around the silicon atom is reduced. Like TEOS hydrolysis,
condensation occurs through nucleophilic attack between adjacent silanol groups
and/or ethoxy groups to form branched siloxane networks. Ethoxy groups within a
highly condensed matrix are hindered against nucleophilic attack by hydroxyl ions.
This results in an increased rate of condensation as the nucleophilic silanol groups are
more easily deprotonated than water, leading to electrophilic silicon atoms. Thus,
silanol monomers are favourably condensed to siloxane networks rather than to other
monomers or much smaller networks [88]. Incomplete hydrolysis and condensation of
TEOS within the siloxane networks due to steric hindrance leads to a small amount of
residual ethoxy groups, affecting the external morphology and internal homogeneity

of the silica particle network structure [88].

Growth of silica nanoparticles can also be described by applying the LaMer model as
shown in Figure 1.18 [90]. The model divides nanopatrticle nucleation and growth into
three phases. In the first phase, monomer (silane) concentration is raised above
supersaturation (S). Further increase in monomer concentration overcomes the
energy barrier of homogenous nucleation, where a critical point (Sc) is reached (phase
), resulting in the simultaneous formation of a large number of nuclei known as ‘burst’
nucleation. Consequently, the rapid drop in monomer concentration restricts the
further formation of nuclei, resulting in the highly uniform growth of nanoparticle
(Phase I11) [90].
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Figure 1.18: Plot of the LaMer model showing the change in monomer concentration
over time and subsequent growth of nanoparticles, where S represents
supersaturation and Sc represents the critical point. Taken from [90].

1.5 Routes to Functional SiNP surface
In complex systems, where highly specific surface chemistry is required, surface

hydroxyl groups must be modified to introduce the desired chemical functionality. A
number of approaches have been used to attach chemical moieties to the silica
surface including reactions such as aminations, esterification and coupling based
transfer catalysis [91, 92]. Surface functionality can also be introduced via co-
hydrolysis of TEOS with other silanes containing a desirable functional silane
monomer, or by condensing a functionalised silane onto the surface of a preformed

silica nanoparticle.
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1.5.1 Particle surface modification
The functionalisation possibilities for SINPs is dependent on the surface chemistry of

the prepared patrticles. Conventional Stbber particles possess silanol groups on their
surface, which have limited chemistry and generally require modification prior to
further functionalization [77]. This is typically achieved either by co-hydrolysis of TEOS
with other organosilanes (Figure 1.19(a)), or through subsequent silanization of the
particle surface by other organosilicates (Figure 1.19(b)) [75-78]. However, these two
methods generally lead to the formation of particles which are non-uniform in size and
composition. This is a result of secondary reactions, including reaction with the

solvent, self-condensation and nucleating before being grafted to the particles [75].
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Figure 1.19: Schematic of (a) co-hydrolysis of TEOS with other organosilanes and (b)
silanization of the particle surface matrix by organosilanes. Taken with permission
from [93].

1.5.2 Single Silane Synthesis of Thiol SiNPs
Recently, SINPs have been prepared using a single organosilane precursor to directly

incorporate unhydrolysable organic groups into the silica matrix while evenly covering
the silica surface in high density of surface functionality [71, 77, 94, 95]. Using 3-
mercaptopropyltrimethoxysilane (3-MPTMS) as the sole organosilane in aqueous
solution with ammonia as the catalyst, Nakamura et al. produced highly monodisperse,
spherical nanoparticles over a broad range of sizes as shown in Figure 1.20 [96]. The
particles were found to possess a surface thiol group density of 4.9/nm2, much higher
than can be achieved via previously mentioned post-modification strategies [71].
These particles have proven useful for achieving high density functional surfaces for

incorporation into coatings for self-cleaning surfaces [71, 94]
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Figure 1.20: Synthesis of thiol terminated SiNPs directly from 3-MPTMS. Taken with
permission from [71, 94].

Lu et al. studied the mechanism of this single silane, one pot method. They proposed
that the mercapto-silica particles are produced through an emulsion based process,
similar to the aggregation-only route previously described [95]. Hydrolysis of 3-
MPTMS, catalysed by ammonia, leads to amphiphilic structures of
mercaptopropylsilicate monomers and oligomers with hydrophilic silanol groups and
hydrophobic mercaptopropyl chains, forming an oil-in-water emulsion as shown in
Figure 1.21. Hydrolysis and condensation, along with coalescence allow the emulsion
droplets to grow to a point where the residual precursor is depleted. Further
condensation restricts coalescence of emulsion droplets, eventually leading to a
uniform population of mercapto-propyl terminated solid spheres. These spheres can

continue to grow through Ostwald ripening leading to less uniform particles [95].
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Figure 1.21: Schematic lllustration of synthesis mechanism of thiol terminated SiNPs
directly from 3-MPTMS [95].

1.5.2.1 Factors affecting particle growth of alkoxysilanes
The hydrolysis and polycondensation of alkoxysilanes and the morphology and type

of the resulting silica network structure is highly dependent on the alkoxysilane used,
its concentration and ratio to water, solvent effects and concentration, pH, nature of

the catalyst and temperature [93].

1.5.2.2 Effect of solvent concentration
In ethanolic media, the alcohol contributes to the back reaction of the hydrolysis step,

thus slowing the rate and leading to incomplete hydrolysis of the alkoxysilane
precursor. Less siloxane groups results in a decreased rate of condensation, leading
to a reduced rate of particle formation. It is also possible for the alcoholate (SiOR) and
silanol (SiOH) groups to reversibly exchange throughout the condensation of the silica
matrix. This “relaxation” mechanism of reversible exchange allows a slower, more
controlled growth mechanism of particle formation, leading more monodisperse SiNPs
[73].
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1.5.2.3 Effect of pH
The relative hydrolysis and condensation rates of silanes is highly dependent on pH

as shown in Figure 1.22 [97]. The size and morphology of the particles synthesised by
sol-gel processes is also highly dependent on pH, with basic conditions favoured
when synthesising discrete spherical particles [93].

Condensation

Relative reaction rate

Hydrolysis

o
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Figure 1.22: Relative hydrolysis and condensation rates of silanes as a function of pH.
Adapted from [97].

The preparation of SiNPs with highly controllable surface functionality provides useful
chemical handles for the introduction of subsequent chemical functionalities by a wide
range of chemical reactions. The past decade has seen growing interest and devotion
in finding rapid reactions that are efficient, versatile and selective. The most popular
reactions that have fulfilled this criterion are ‘click’ reactions [98]. One such member
is the free radical addition of a thiol across a carbon-carbon double bond, known as
the thiol-ene ‘click’ reaction [99, 100]. This reaction has proven to be highly efficient

in delivering new functionality to the surface of thiol terminated SiNPs [71, 93].
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1.5.3 Thiol-ene ‘click’ chemistry
Thiol-ene ‘click’ chemistry has been known for over 100 years and successfully used

for modification of polymers and surfaces, synthesis of star polymers, dendrimers,
disaccharides and bio-conjugated polymers [98, 101, 102]. It has also proven useful
for the surface functionalization of both vinyl and thiol terminated SiNPs [71, 87, 103-
105]. These reactions yield a single regioselective product, can be run in benign
solvents such as water, proceed under mild reaction conditions, can tolerate many
different alkene and thiol functionalities, and give quantitative yields that generally
require no chromatographic separation [99]. Thus, thiol-ene ‘click’ chemistry provides

an ideal route for the chemical modification of materials in biological systems [106].

Thiol-ene reactions are conducted under radical conditions and proceed via a typical
chain process with initiation, propagation and termination (Figure 1.23). Thiol-ene
reactions can be initiated photolytically by photo-initiators such as benzophenone, or
thermally by initiators such as azobisisobutyronitrile (AIBN) [98]. As shown in Figure
1.23, initiation generates a thiyl radical (RS*) which then adds to a carbon-carbon
double bond, yielding a carbon centered radical which is then transferred to a second
thiol molecule to give the anti-Markovnikov thiol-ene product and subsequent

generation of a new thiyl radical. Termination occurs by radical-radical coupling [101].

Thiol-ene product

RS
"R Rs—H

Free Radical Source

RS—H > R—S RS\/\R
1

Figure 1.23: General mechanism of a thiol-ene ‘click’ reaction. Adapted from [101].
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1.6 Characterisation of tethered NAD activity
The techniques listed above allow highly controlled synthesis of SiINP substrates and

subsequent surface attachment of N6-2AE-NAD. Techniques used to characterise and
quantify SiNP size and surface area, as well as N6-2AE-NAD attachment are covered
in Chapter 2. In order to accurately and precisely quantify the catalytic activity of the
tethered N8-2AE-NAD with enzymes requires extensive analysis and understanding of
the reaction kinetics of the surface-active heterogeneous system. Therefore,
fundamental kinetic concepts of enzyme catalysed reactions, both in solution and at
surfaces, must be investigated.

1.6.1 Enzyme Kinetics
Enzyme kinetics is the study of the chemical reaction rates catalysed by enzymes

under different reaction conditions, allowing the mechanism, catalytic function and
activity of the enzyme to be quantitatively investigated. In the most simplistic form of
an enzyme reaction, the reactant (S) reversible binds to the active site of the enzyme
(E) to form the enzyme/reactant-complex (ES), where the reactant is biochemically
transformed to the product (P), which is subsequently released, regenerating the free
enzyme for the next catalytic cycle [3]. This is represented in the following equation.

kl kcat
E+S<=ES > P+E (1.1)
k_y

Michaelis and Menten proposed a rapid-equilibrium simplification, where the
complexation reaction is significantly faster than the catalysis step and ES can be
considered at steady state, i.e. k-1 >> kcat [107]. However, this is an oversimplification
since ES is continuously being converted to product and cannot form an equilibrium.
A few years later, Briggs and Haldane proposed a quasi-steady-state-approximation
(QSSA) where, soon after mixing the enzyme and reactant, the concentration of ES
remains constant throughout the course of the reaction as shown in Figure 1.24 [108].
This led to a superior version of the Michaelis Menten equation, where the initial
velocity (vo) of the enzyme reaction is described as a function of the reactant

concentration.

_ keatETIS]

Vg = K, + [5] (1.2)
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Where Kwm is a pseudo-dissociation constant known as the Michaelis constant given
by:

k—l + kcat
M= kl

(1.3)

The reactant concentration S in Equation 1.2 represents the free reactant
concentration and is assumed to equal the total reactant concentration in the system.
This is known as the reactant stationary assumption and requires that the reactant
concentration be significantly higher than the total enzyme concentration in the
reaction system [40]. By measuring the initial velocity of an enzyme reaction over a
range of reactant concentrations, while keeping all other conditions constant, Equation
2 can be satisfied, and fitted to experimental data in order to determine its parameters.

This is known as an enzyme assay [40].

Quasi-Steady-State
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Concentration

Time

Figure 1.24: Concentration of the different reaction species in Equation 1.1 over time
showing the quasi-steady-state (QSS) where the concentration of ES is constant over
time.

1.6.1.1 Competitive inhibition
An enzyme inhibitor (1) is a compound that reversibly binds to the enzyme, decreasing

the rate of catalysis [109]. A competitive inhibitor competes for the same active site of

the enzyme, where binding excludes the reactant from binding and catalysis [3].
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Competitive inhibitors may also block the active site of the enzyme, restricting access
and binding of the reactant and thus inhibiting the reaction [110, 111]. Figure 1.25

shows a schematic of competitive inhibition.

This image has been removed due to copyright restriction

Figure 1.25: Schematic of competitive inhibition where both reactant (S) and inhibitor
(I) compete for the same active site. Taken from [109].

Applying the quasi-steady-state approximation gives:

kel E]LS] 14
UO [I] ( ' )
Ky (1 + 71) + [S]
Where:
[E][]
K- [E1] (1.5)

1.6.2 Surface enzyme kinetics
Compared to homogenous systems, where the kinetics of enzyme catalysis in solution

has reached a high degree of understanding, interfacial enzyme catalysis with
reactants attached to solid surfaces is not well defined [112, 113]. However, the recent
development of technologies and applications utilising the action of enzymes at
interfaces such as biosensors [114], DNA microarrays [115], protein chip technologies
[116] and biosynthesis [48] has driven the need to investigate the fine kinetic details
of heterogeneous enzyme catalysis [4, 24, 33, 34, 110, 112-134]. Heterogeneous

enzyme catalysis is dependent on surface structure and functionality, surface density
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of reactant and changes to the enzyme conformation at the surface leading to changes
in adsorbed enzyme activity [135]. All of these factors result in homogeneous enzyme

kinetics being a poor approximation of heterogeneous enzyme systems.

1.6.2.1 Enzyme kinetics on surface bound reactants
To date, interfacial enzyme Kinetic studies have mainly focused on enzymes

conjugated to a surface acting on substrates in bulk solution, with scarce investigation
of the converse surface bound reactant configuration [110]. In the latter configuration,
it is difficult to achieve a large molar excess of surface bound reactant relative to
enzyme concentration. Thus, an enzyme excess approach is instead applied, where
activity is measured as a function of enzyme concentration at a fixed surface bound
reactant concentration [117, 126]. In this approach, the reactant stationarity
assumption is applied to the enzyme and mass conservation applied to the surface
bound reactant, allowing the quasi-steady-state assumption (QSSA) to be applied. In
these instances, the inverse version of the Michaelis-Menten equation is applied [117,
136].

_ keatISIIE]

Vo = K., + [E] (1.6)

1.6.2.2 Examples of interfacial enzyme kinetic analysis with surface bound reactants
Gaspers et al. determined the kinetics of collagenase reacting with peptides

immobilised on a glass slide, finding that the rate was dependent on the intrinsic
enzyme reaction rate and the diffusion of the enzyme to the surface [137]. They later
proposed a modified Michaelis-Menten model for the surface reaction of protease on
monolayers of bovine serum albumin (BSA) which accounted for the adsorption of
enzyme onto the active surface [138]. Later in a series of papers, Corn et al. used SPR
techniques to characterise and model the enzyme kinetics of nuclease enzymes in
solution reacting with surface immobilised biopolymer arrays of DNA and RNA as
shown in Figure 1.26 [114-116]. The surface coverage of the enzyme-substrate
intermediate and reaction rate was found to be dependent on a combination Langmuir
adsorption kinetics and classic Michaelis Menten kinetic concepts, respectively. In
general, the enzyme reaction rate constant (kcar) was found to be ~10 fold lower at the

surface than observed with free reactant in solution [116].
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Figure 1.26: Schematic of surface enzyme reaction of enzyme and biopolymer array.
Taken from [115].

Foose et al. characterised the interfacial kinetics of proteolytic cleavage of multilayer
films of ovalbumin by the enzyme Subtilisin Carlsberg using ellipsometry [135]. By
combining the Langmuir adsorption isotherm to classical Michaelis-Menten-Briggs-
Haldane kinetic concepts, they developed a model describing the change in film
thickness due to proteolytic breakdown of the ovalbumin film as a function of aqueous
enzyme concentration [135]. Figure 1.27 depicts their proposed model, where a
dynamic equilibrium was assumed to exist between the surface adsorbed and
aqueous enzyme. Surface adsorbed enzyme then reversibly binds to the surface
reactant, forming a surface bound enzyme-reactant complex, resulting in cleavage of
peptides within the ovalbumin film [135]. A direct link between surface adsorption and
surface activity of the enzyme was observed with a plateau in activity and adsorption
occurring at a similar aqueous enzyme concentration, suggesting saturation of the
surface with enzyme. Experimental data was fitted to their proposed model, providing
apparent rate constants that were found to be comparable to those for aqueous

proteolysis.
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Figure 1.27: Schematic of enzyme adsorption, complexation and cleavage of the
enzyme Subtilisin Carlsberg onto and with the multilayer ovalbumin film. Taken from
[135].

1.6.2.3 Interfacial cellulase kinetics
One of the most widely studied heterogeneous enzyme reactions is the hydrolysis of

insoluble cellulose of lignocellulosic biomass by cellulase enzymes for the production
of biofuels [117, 118, 139]. Although a full mechanistic understanding has remained
elusive, many different studies have highlighted the following critical and unique steps

in their analysis as depicted in Figure 1.28:

A. Adsorption of cellulase onto the surface of insoluble cellulose.
B. Complexation of the chain end of cellulose with the active site of surface
adsorbed cellulase to form the enzyme-substrate complex.
C. Catalytic hydrolysis of the cellulose chain bond to yield a soluble cellobiose
subunit.
D. Desorption of cellulase to either the fluid phase or to an adsorbed catalytically
inactive phase.
For an excellent summary of work in this area, the reader is referred to the following
reviews [118, 139].
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Figure 1.28: Schematic of the catalytic action of cellulase on cellulose surfaces. Taken
from [118].

Recently, Kari et al. compared the conventional approach to Michaelis Menten kinetic
analysis to the inverse Michaelis-Menten approach, for kinetic analysis of the
interfacial reaction of cellulase on cellulose surfaces (Figure 1.29) [117]. Although they
did not directly consider adsorption of cellulase onto the cellulose surface in their
kinetic analysis, they introduced a new term for the surface density of the kinetically
active/available enzyme attack sites. When compared to the quantity of total enzyme
adsorption, the quantity of kinetically active sites was found to be lower, showing that
not all adsorption of enzyme to the surface results in kinetically successful

complexation [117].
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Figure 1.29: lllustration of enzyme saturation (A) and substrate saturation (B) of the
interfacial reaction of cellulase on cellulose surfaces. Taken from [117].

1.6.2.4 Kinetic enhancement of enzymes acting on surface bound reactants
Recently, several studies have observed enhanced enzyme activity with reactants

when they are conjugated to the surface of nanoparticles. Mirkin et al. observed a 2
fold enhancement in ribonuclease H activity with Polyvalent DNA tethered to the
surface of gold nanoparticles compared to that of free DNA in solution [140]. The
enhanced activity was attributed to enzyme/reactant co-localization resulting from
ribonuclease H association with the high concentration of DNA localised to the

nanoparticle surface.

Medintz et al. have extensively studied the kinetic action of freely diffusing proteases
on the lysis of peptides conjugated to the surface of quantum dots [4]. In an early
study, they found a 3-5 fold increase in enzyme efficiency (kcat/Km) compared the freely
diffusing peptide system [126]. Kinetic data was found to be consistent with an enzyme
hopping model, first described by Berg et al., where the surface localised enzyme
cleaves all peptides from a single quantum dot surface before moving onto another

guantum dot as shown in Figure 1.30 [126, 133].
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Figure 1.30: Hopping mechanism of protease catalysed lysis of peptides conjugated
to the surface of quantum dots. Taken from [126].

The proposed surface localised hopping model was further supported when Wu et al.
observed increases in enzyme efficiency up to 80 fold when the surface ligand
chemistry of the zinc sulphide (ZnS) QD was varied with several different small anionic
thiol compounds [110]. Multiple copies of the peptide reactant were self-assembled
onto the QD surface along with Cysteine (CYS), dihydrolipoic acid (DHLA), glutathione
(GSH) or 3-mercaptopropionic acid (MPA) and the protease activity of thrombin or
trypsin measured for different combinations of the surface ligands (Figure 1.31).
Analysis of surface enzyme adsorption showed that the affinity of the proteases for
each QD interface could significantly increase surface proteolytic activity up to a point
where too much affinity started to inhibit activity. Although thrombin carried a net
negative charge within the assay conditions, it was found to adsorb more strongly and
was more sensitive to changes in the anionic surface coating than trypsin. This was
postulated to be due to thrombin possessing two positively charged anion binding exo-
sites. In general, the highest levels of proteolytic activity were observed for GSH and
CYS coatings which are zwitterionic in character. Zwitterionic surfaces are resistant to
non-specific protein adsorption and were thought to temper the protease adsorption in
such a way as to promote acceleration in proteolytic activity.
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Figure 1.31: Protease catalysed lysis of peptides conjugated to the surface of quantum
dots capped with different small anionic thiol compounds. Taken from [110].

The importance of how the nanoparticle surface characteristics can influence localised
enzyme activity was further explored by changing the chemical nature of the QD
surface ligands [33]. Peptides were self-assembled on the QD surface along with
seven different ligands that were either neutral, zwitterionic, positively or negatively
charged or of different length (Figure 1.32). Surface proteolytic activity of trypsin was
found to accelerated with all ligand functionalities compared to aqueous peptide, with
the largest increase in activity (~35 fold) observed with the shortest zwitterionic ligand.
Molecular dynamics simulations revealed several complex factors contributing to this
enhancement change in activity with different surface ligands. These include the
configuration of how the peptide was displayed on the surface with each ligand
chemistry as well as attractive forces between the enzyme and functional quantum dot
surface [4, 33].
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Figure 1.32: Protease catalysed lysis of peptides conjugated to the surface of quantum
dots capped with 7 different surface ligands. Taken from [33].

1.6.2.5 Analysis of interfacial enzyme kinetics with surface tethered N6-2AE-NAD
Analysis of the interfacial kinetics of enzymes catalysis with tethered N6-2AE-NAD at

the SINP surface with two different enzymes allows different kinetic factors to be
investigated. This allows a greater understanding of the catalytic action of enzymes
with N6-2AE-NAD at the SiNP surface to be gained. In this work, the enzymes applied
to N6-2AE-NAD tethered to the SiNP surface are Glycerol-3-Phosphate
Dehydrogenase isolated from E. coli (EcG3PD), commercially available alcohol
dehydrogenase (ADH) from baker’s yeast (S. cerevisiae) and commercially available
glutamate dehydrogenase (GluDH) from bovine liver. Although these enzymes belong
to the oxidoreductase family, they differ significantly in structure and surface properties

as discussed below in Section 1.7.
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1.7 Enzymes

1.7.1 Glycerol-3-Phosphate Dehydrogenase from E. coli (EcG3PD)
Glycerol-3-Phosphate Dehydrogenase (EcG3PD) catalyses the NAD dependent

interconversion of glycerol-3-phosphate (G3P) and dihydroxyacetone phosphate
(DHAP) as shown in Figure 1.33 [141].

(0]
0 EcG3PD ¥, OH
\ _OH HO o7\ + NADH
OH
DHAP
G3P

Figure 1.33: NAD dependent catalysed interconversion of glycerol-3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP) by EcG3PD.

EcG3PD was encoded from the E. coli G3PD gene (WP_001076194) and expressed
in E. coli as previously reported [14, 142]. ECG3PD is a polypeptide of 339 amino acids
forming a 73 kDA homodimer. However, the three-dimensional crystal structure for
this gene product has not yet been determined. For protein modelling, the homologous
isozyme G3PD from Leishmania Mexicana (LmG3PD) was used [141]. LmG3PD is a
78 kDa homodimer made up of 366 amino acid polypeptides and shares 32.2 %
sequence identity with ECG3PD as determined by the Uniprot sequence alignment tool
[143]. Structural analysis of LmG3PD revealed several similarities in the N-terminal
NAD binding domain to all previously studied NAD-dependent G3PDs, which, along
with size similarity and relative sequence homology, makes it a good candidate as a
model for ECG3PD [141]. Figure 1.34 shows the structure of LmG3PD with bound
NADH/DHAP intermediate.
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Figure 1.34: Tertiary structure of LmG3PD with each homodimer coloured in blue and
red and NAD/DHAP intermediate coloured in yellow [141]. Image generated with
Chimera [144].

1.7.2 Alcohol Dehydrogenase (ADH) from baker’s yeast (S. cerevisiae)
Alcohol Dehydrogenase (ADH) catalyses the NAD dependent interconversion of

ethanol and acetaldehyde as shown in Figure 1.35 [145].

ADH H
HO/\ + NAD _—— \n/ + NADH
0]

Ethanol
Acetaldehyde

Figure 1.35: NAD dependent catalysed interconversion of ethanol and acetaldehyde
by ADH.

ADH is a tetrameric dimer of dimers made up of four identical 347 amino acid subunits

totalling 147 kDA [145]. One of these dimers is shown in Figure 1.36 below.
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Figure 1.36: Tertiary structure of one ADH dimer with each subunit coloured in blue
and red and NAD (yellow) and trifluoroethanol (green) [145]. Image generated with
Chimera [144].

1.7.3 Glutamate Dehydrogenase (GluDH) from bovine liver
Glutamate Dehydrogenase (GIuDH) catalyses the reversible oxidative deamination of

L-glutamate to a-ketoglutarate as shown in Figure 1.37 [146, 147].

O e) GluDH o o
HOWLOH *NAD < = HOJ\/\n/u\OH + NADH + NH,*
2 0]
L-Glutamate a-ketoglutarate

Figure 1.37: Reversible oxidative deamination of L-glutamate to a-ketoglutarate
catalysed by GIuDH with reduction of NAD to NADH.

GluDH is a homohexamer made up of six identical subunits of 501 amino acids
totalling 345 kDA [146, 147]. One of these homohexamers is shown in Figure 1.38

below.
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Figure 1.38: Tertiary structure of GluDH homohexamer with each subunit coloured in
in a different colour and NAD (yellow) and a-ketoglutarate (green) [146, 147]. Image
generated with Chimera [144].

1.8 Enzyme assays
Enzyme assays are usually performed by measuring the increase or decrease in

reactant concentration over the course of the reaction. This is commonly achieved
using analytical techniques such as UV/Vis spectroscopy [14, 41, 42], fluorescence
spectroscopy [31, 45, 52, 72, 148-150] and chromatography [151, 152].

1.8.1 Resazurin/PMS fluorometric detection of NADH

The resazurin fluorescence assay, also known as the Alamar blue bioassay, has been
used to indicate cellular viability, activity and cytotoxicity in a range of biological
systems [150]. Resazurin is a weakly fluorescent blue dye that, in the reducing
environment of living cells, is converted to the highly fluorescent pink resorufin
(Excitation 545nm, Emission 590nm) as shown in Figure 1.40. The chemistry behind
this reaction is the reduction of resazurin by cellular components such as NADH,
NADPH, FADH, FMNH and cytochromes [150]. Thus, the resazurin bioassay can be
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used as an extremely useful tool for selectively monitoring the formation of NADH from
NAD in enzyme catalyzed reactions in the presence of the reducing agent phenazine
methosulfate (PMS*) as shown in Figure 1.39 [31, 45, 52, 72, 148-150].
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Figure 1.39: Schematic of PMS* mediated oxidation of resazurin to highly fluorescent
resorufin by NADH.
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Figure 1.40: Fluorescence Intensity of weak fluorescent resazurin (blue line) and
resorufin (pink line).

This chapter has introduced the concept of utilising the catalytic capability of enzymes
and cofactors in industrial biosynthetic applications and some of the associated
limitations. It has also introduced the idea of specifically tethering the cofactor NAD to

47



the surface of silica nanoparticles and its viability as a strategy to overcome some of
these limitations. A literature review of previous reports of the covalent tethering of
NAD to nanostructures is performed, highlighting the gap in understanding of the
surface interactions and kinetics of these processes. An informative literature review
on interfacial enzyme kinetics analysis is provided as context for later discussions.
Lastly, the enzymes relevant to this work are introduced as well as a strategy to assay
their activity.
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CHAPTER 2 EXPERIMENTAL: MATERIALS AND METHODS
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2.1 Overview

This chapter covers the materials and experimental methods used in this work. This
includes a list of all chemicals used, followed by a brief description of experimental
procedures covering silica nanoparticle synthesis and characterisation, surface
attachment and quantification of N8-linked-2AE-NAD, enzyme purification, enzyme
assays and other relevant general preparations. Lastly, information regarding

analytical techniques and instruments is provided.
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2.2 Chemicals

Table 2.1: Chemicals used in this work

Chemical Abbreviation Purity Supplier
3-Mercaptopropyltrimethoxysilane 3-MPTMS 95% Sigma Aldrich
Triethoxyvinylsilane VTES 97% Sigma Aldrich
Triethoxyphenylsilane PTES 98% Sigma Aldrich
Trimethoxy(propyl)silane PTMS 97% Sigma Aldrich
(3-Chloropropyl)triethoxysilane CIPTES 95% Sigma Aldrich
3-Cyanopropyltriethoxysilane CNTES 98% B?c?cnr;[:n?iz:uazls
Ammonium Hydroxide (25% in H20) NH40H 99% Sigma Aldrich
Absolute Ethanol EtOH 99% Chem-Supply
Potassium persulfate KPS 99% Sigma Aldrich
nonene-2AE-NAD N/A 99% CSIRO
thiol-PEG4-2AE-NAD N/A 99% CSIRO
acetonitrile ACN 99% Sigma Aldrich
B-Nicotinamide adenine dinucleotide hydrate NAD 296.5% Sigma Aldrich
B Nlcotlnamgiiozﬁsmnszﬁlﬂyglé?gde, reduced NADH >97% Sigma Aldrich
Resazurin sodium salt Resazurin ~80% Sigma Aldrich
Phenazine methosulfate PMS+ 290% Sigma Aldrich
sn-Glycerol 3-phosphatesglits(cyclohexylammonium) G3P >93% Sigma Aldrich
Tris(hydroxymethyl)aminomethane TRIS >99% Sigma Aldrich
hydrochloride
Glycerol-3-Phosphate Dehydrogenase from E. coli EcG3PD N/A CSIRO
Alcohol Deh . .
ydroggg;’:l:\;aisfig)em Saccharomyces ADH N/A Sigma Aldrich
Sodium phosphate dibasic anhydrous Na,HPO4 299% Sigma Aldrich
L-Glutamic Dehydrogenase from bovine liver GlubDH N/A Sigma Aldrich
L-Glutamic acid N/A 299% Sigma Aldrich
a-Ketoglutaric acid N/A =299.5% Sigma Aldrich
Acetaldehyde N/A >299.5% Sigma Aldrich
Ammonium chloride NH4Cl >299.5% Sigma Aldrich
2, 4- Dinitrophenol 2,4-DNP 299.5% BDH
lodoacetamide N/A 299% Sigma Aldrich
Benzyl Bromide N/A 98% Sigma Aldrich
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2.3 SINP synthesis

2.3.1 Aqueous synthesis of thiol terminated SiNPs
Stable colloidal suspensions of thiol functionalized silica nanoparticles were

synthesized using a revised and up-scaled version of Nakamura’s method [71, 75, 77,
94, 96]. In general, thiol terminated SiNPs were prepared by adding MPTMS (2-15
mM) to a blend of 25% ammonia (72 mL, 0.9 M) and water (428 mL) and stirred at
room temperature for 3 days.

2.3.2 Ethanolic synthesis of thiol terminated SiNPs
Thiol terminated SiNPs were also synthesised within ethanolic media. SINPs were

prepared by dispersing 2 mL (10.9 mM) MPTMS in 100 mL (1.7 M) ethanol, which was
then slowly added to a blend of 25% ammonia (150 mL, 1 M) and water (750 mL) and

stirred at room temperature for 4 days.

2.3.3 Synthesis of vinyl terminated SiNPs
The ethanolic method of SINP synthesis was also applied to vinyl silane to prepare

vinyl terminated SiNPs. In general, a mixture of VTES (1 mL, 23 mM) in Ethanol (39
mL, 3.3 M) was added drop-wise to a stirred solution of 25% ammonia (32 mL, 1 M)
and water (128 mL) and stirred at room temperature for 7 days.

2.3.4 Synthesis of hydrophobic SiNPs
For preparation of vinyl, propyl, phenyl, chloropropyl and cynaopropyl functionalized

silica nanoparticles of different particle sizes, the concentration of VTES, PTMS,
PTES, CITES and CNTES was altered to 4 mM,10 mM, 20 mM, 40 mM, 80 mM 120
mM and 200 mM in 3.4 M ethanol and 0.64 M NH4OH. Mixtures were stirred for 7 days
with 1 mL samples taken at different time points. Samples were washed 3 times with
1 mL ethanol by centrifugation before SEM analysis.

2.3.5 Effect of ammonia concentration on the synthesis of hydrophobic SiNPs

For preparation of vinyl functionalised SiNPs at different ammonia concentrations,
mixtures of 0.5 mL (40 mM) VTES and 10 mL (3.4 M) ethanol were added to stirred
solutions of ammonium hydroxide varying from 0 to 2.6 M. Mixtures were stirred for 7
days with 1 mL samples taken at different time points. Samples were washed 3 times
with 1 mL ethanol by centrifugation before SEM analysis.

2.3.6 Effect of ethanol concentration on the synthesis of hydrophobic SiNPs

For preparation of vinyl functionalised SiNPs at different ethanol concentrations,

mixtures of 0.5 mL (40 mM) VTES and different amounts of ethanol from 0 to 25 mL
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(0 to 8.6 M) were added to stirred solutions of ammonium hydroxide (5 mL, 0.64 M)
and varying amounts of deionised water to make up 50 mL. Mixtures were stirred for
7 days with 1 mL samples taken at different time points. Samples were washed 3 times

with 1 mL ethanol by centrifugation before SEM analysis.

2.3.7 Effect of reaction scale on the synthesis of hydrophobic SiNPs
For preparation of vinyl and propyl functionalised SiNPs at different reaction scales,

mixtures of (200 mM) VTES in ethanol (3.4 mM) were added to stirred solutions of
ammonium hydroxide (0.64 M) and varying amounts of deionised water to make up 1,
50, 100 and 1000 mL. Mixtures were stirred overnight with a 1 mL samples taken

washed 3 times with 1 mL ethanol by centrifugation before SEM analysis.

2.4 Characterisation of SiNPs
Accurate quantification of surface based biocatalytic reactions is essential to

understand the impact of tethered species on the reaction rate. To achieve this, the
SINP supports must be thoroughly and accurately characterised. Information
regarding the size, size dispersity, specific surface area and zeta potential is obtained
using a combination of scanning electron microscopy, dynamic light scattering, gas
adsorption analysis and electrophoretic mobility analysis.

2.4.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful electron microscopy technique
capable of providing high resolution information of topography on the nanoscale and
isa common technique for the accurate determination of the size and size distribution
of nanoparticles [71, 75, 153]. In short, an electron beam is generated by the electron
gun with an energy between 2-40keV. A series of electromagnetic condenser lenses
then focus the electron beam into a fine probe which is scanned across the sample
surface in a raster-pattern by coils [154]. The electrons interact with and penetrate the
specimen, producing secondary, backscattered, and Auger electrons as well as x-
rays, all of which are collected by various detectors and transformed into a raster
image. From this image, the dimensions and properties of the sample can be
determined.

2.4.2 Dynamic Light Scattering (DLS)
Dynamic Light Scattering is another common method for determining the size of

nanoparticles, offering rapid and potentially very accurate analysis. DLS has proven
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useful for the accurate determination of nanoparticle size and size distribution [155-
157]. Briefly, the nanoparticle solution is irradiated by a beam of light over a range of
angles which is then scattered by the particles, altering its direction and intensity as
shown in Figure 2.1 This variation in intensity over time is dependent on the kinetic
energy of the constant random (Brownian) motion of the particles and can be used to
measure their diffusion coefficient Dr. Using the Stokes-Einstein equation, the diffusion

coefficient can be used to calculate the hydrodynamic radius Rn of the particles:

_ kgT
= i (2.1)

where ks is the Boltzmann constant, T is the suspension temperature, n is the viscosity
of the media [157]. The results of DLS is dependent on the data processing algorithm
that is used and while the median particle size is often representative, the breadth of
particle size distribution can be problematic.

This image has been removed due to copyright restriction

Figure 2.1: Schematic of dynamic light scattering analysis of magnetic nanopatrticles
(MNPs). Taken from [157].

2.4.3 Zeta potential
The zeta potential () of a charged patrticle is the electric potential in the interfacial

double layer at the shear plane, where the velocity of the dispersion liquid relative to
the dispersed particle is zero [158]. The electric potential at the particle surface and
shear place are approximately equal to each other and thus the zeta potential is often
used for the quantification of the particle surface charge and as an indicator of the
stability of colloidal suspensions [158]. The zeta potential of a colloidal solution is
obtained from the electrophoretic mobility of the dispersed particles. When an electric

field is applied to a solution of colloidal particles, the particles will move with a constant
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velocity dependent on the magnitude of the zeta potential. The velocity is measured

by DLS and converted to the zeta potential by applying Smoluchowski’s Equation
[158].

Shear plane
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Figure 2.2: Surface potential and zeta potential as a function of distance from the
surface of a dispersed charged particle.
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2.4.4 BET Surface area analysis
In BET surface area analysis, the amount of nitrogen adsorbed onto a known mass of

dried sample is measured at low temperatures over a range pressures below
atmospheric pressure [159]. Information from the adsorption isotherm is used to
determine the surface area of the sample using the BET equation:

1 1 c-1 (PO) 2.2)

+ [(%) Y ~X.C X, \P
Where X is the mass of Nitrogen gas adsorbed at any relative pressure (P/Po), Xm is
the monolayer adsorption capacity at standard temperature and pressure (273 K and
1 atm) and C is the BET constant [159]. Adsorption data is plotted as 1/X[(P/Po)-1] vs
(P/Po), known as a BET plot as shown in Figure 2.3. The linear portion in the middle
of the plot represents monolayer formation and can be fit with (2.2) to determine Xm,
where S is the slope and | is the y-intercept:

Xp = —— (2.3)

Once Xn is determined, the total surface area, St, can be calculated from:

XmLavAm
= — 2.4
== 24
St
Sper = E (2-5)

Where Lav is Avogadro’s number, Am is the cross section area of Nitrogen and My is
the molar volume. The BET surface area Sget is obtained from the total surface area

and the total mass of the absorbent sample m.
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Figure 2.3: Schematic of BET plot of adsorbed quantity of gas onto the surface with
increasing relative pressure of a Type Il isotherm.

2.4.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR)
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

has become the most widely used FTIR analysis method as it offers rapid qualitative
and quantitative analysis with simple sample preparation. ATR-FTIR functions by
measuring changes in a totally internally reflected IR beam when in contact with a
sample. Briefly, an IR beam is passed at a specific angle into an optically dense crystal
with a high refractive index total internal reflectance occurs (Figure 2.4). The internal
reflectance causes an evanescent wave that interacts with the sample in contact with
the crystal surface. The energy of the evanescent wave will then be attenuated at IR
regions absorbed by the sample, which is then passed back to the IR beam and

detected by the IR spectrometer, generating an IR spectrum [160].

This image has been removed due to copyright restriction

Figure 2.4: Schematic of an ATR-FTIR accessory [160].

57



However, due to the highly un-reproducible level of contact between the sample and
crystal, quantitative ATR-FTIR can be difficult. It has been demonstrated that this can

be overcome by using a reliable IR active mode as an internal reference. [71, 161]

2.5 Construction of ATR-FTIR standard curves

2.5.1 nonene-2AE-NAD with thiol terminated SiNPs
For creation of the calibration curve for nonene-2AE-NAD attachment to thiol

terminated SiNPs, 0.9, 1.8, 2.6, 3.5,4.4, 5.3, 7.1 and 8.8 pL of a 75 mM NAD solution
was homogenized by mixing with 20 mg batches of thiol terminated SiNPs with an
average diameter of 149 nm and a specific surface area of 25.3 m?/g. The particles
were then dried overnight at 30 mbar and 25 °C for ATR-FTIR analysis.

2.5.2 thiol-PEG4-2AE-NAD with vinyl terminated SiNPs

For creation of the standard curve for SH-PEG4-2AE-NAD attachment to vinyl
terminated SiNPs, 0.66, 1.3, 2.0, 2.6, 3.3, 4.0, 5.3 and 6.6 pyL of a 75 mM NAD solution
was homogenized with 20 mg batches of vinyl terminated SiNPs with an average
diameter of 204 nm and a specific surface area of 15.7 m?/g. Particles were then dried

and analysed as previous.

2.6 SINP surface attachment reaction

2.6.1 Attachment of nonene-2AE-NAD to thiol SINPs
Nonene-2AE-NAD was covalently tethered to the surface of thiol terminated SiNPs via

a radical initiated thiol-ene ‘click’ reaction. In general, an equivalent of 5 nonene-2AE-
NAD molecules/nm? of SiNP surface (2-9.7 mg, 2.4-11.5 pmol) was added to thiol
terminated SINPs (20-100 mg) dispersed in 2-10 mL water. The reaction was initiated
by the addition of potassium persulfate (10mg, 37 umol). The mixture was stirred at
high speed at room temperature for 48 hours or at 60°C for 18 hours before being
washed 5 times with 50 mL deionised water by centrifugation.

2.6.2 Attachment of thiol-PEG4-2AE-NAD and thiol-PEG12-2AE-NAD to vinyl SiNPs
Thiol-PEG4-2AE-NAD and thiol-PEG12-2AE-NAD were alsp covalently tethered to the
surface of vinyl terminated SiINPs via a radical initiated thiol-ene ‘click’ reaction. In
general, an equivalent of 5 thiol-PEG4-2AE-NAD or thiol-PEG12-2AE-NAD
molecules/nm? of SiNP surface (5 mg, 5 umol) was added to thiol terminated SiNPs

(20 mg) dispersed in 5 mL of a 50:50 water:acetonitrile solution. The reaction was
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initiated by the addition of potassium persulfate (10mg, 37 umol). The mixture was
stirred at high speed at 60°C for 18 hours before being washed 5 times with 50 mL
deionised water by centrifugation.

2.6.3 Recovery of unreacted N°-linked-2AE-NAD.

Washings of the reacted particles were reduced to ~2-5ml by rotary evaporation and
excess acetone was added, causing the NAD to precipitate which was then collected
by centrifugation and re-dissolved in water.

2.6.4 Alkylation of Thiols

Residual thiols of NAD tethered SiNPs were chemically capped by adding
iodoacetamide or benzyl bromide (20 mg 0.1 mmol) to 12 mg of thiol SINPs with
tethered nonane-2AE-NAD dispersed in 5 ml 10 mM NazHPO4 buffer pH 8.8. The
mixture was stirred at room temperature for 48 hours in a covered flask. After 48 hours,

the particles were washed 3 times with 50 ml deionised water by centrifugation.

2.7 EcG3PD Purification

2.7.1 EcG3PD expression and purification
EcG3PD was obtained by cloning, expression and purification from E. coli cells. In

summary, the appropriate synthetic genes were transformed into E. coli cells and
cultured at 37 °C overnight then induced with arabinose. Harvested cells were
suspended in 30 mL of resuspension buffer (50 mM Tris buffer, 300 mM NaCl, pH
7.5). The suspension was vortexed before being passed through a microfluidic
homogeniser four times at 1600 psi. Cell debris was removed by centrifugation at
20000 rpm for 30 minutes and the supernatant filtered through a 0.45 uM syringe filter.
Expression of ECG3PD was checked by SDS-PAGE separation. The protein solutions
were purified by HIS-tagged Fast Protein Liquid Chromatography (FPLC) by elution
with resuspension buffer (50 mM Tris buffer, 300 mM NaCl, pH 7.5). The desired
EcG3PD containing fractions were collected and ran on SDS page gel at 150 V for 1
hour to confirm EcG3PD presence. The fractions were further purified using a
Superdex 200 size exclusion column and concentration with a 10 kDA molecular
weight cut off (MWCO) centrifugal filter and stored at 4 °C, or -80 °C, as required.
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2.8 Enzyme adsorption

2.8.1 Adsorption of ECG3PD to nanoparticles
For EcG3PD adsorption analysis, ECG3PD was mixed with thiol terminated SiNPs with

tethered nonene-2AE-NAD between 0.006, and 3 equivalents of ECG3PD/nm? at room
temperature for 1 hour. This was repeated for vinyl SiNPs with tethered SH-PEGa-
2AE-NAD attachments per square nanometer. The particles were separated from free
EcG3PD by centrifugation at 10,000 rpm for 5 minutes and washed 3 times in tris
buffer by centrifugation. The UV/Vis absorbance of the combined washings was

recorded at 280 nm to determine EcG3PD concentration.

2.8.2 ADH adsorption
For ADH adsorption analysis, ADH was mixed with thiol terminated SiNPs with

tethered nonene-2AE-NAD between 0.014, and 1.4 equivalents of ADH/nm? at room
temperature for 1 hour. The particles were separated from free ADH by centrifugation
at 10,000 rpm for 5 minutes and washed 3 times in 1 ml Tris buffer by centrifugation.
In order to determine the change in agueous ADH concentration, and thus the quantity
adsorbed onto the particles, the enzyme activity of aqueous ADH was measured
before and after adsorption using UV/Vis analysis of NADH formation.

2.8.3 GIuDH adsorption

For GluDH adsorption analysis, GIuDH was mixed with thiol terminated SiNPs with
tethered nonene-2AE-NAD between 0.0023, and 0.23 equivalents of GluDH/nm? at
room temperature for 1 hour. The particles were separated from free GIuDH by
centrifugation at 10,000 rpm for 5 minutes and washed 3 times in 1 ml Tris buffer by
centrifugation. In order to determine the change in aqueous GluDH concentration, and
thus the quantity adsorbed onto the particles, the enzyme activity of aqueous GluDH
was measured before and after adsorption using UV/Vis analysis of NADH formation.

2.9 Enzyme reaction assays

2.9.1 Resazurin/PMS+ coupled EcG3PD activity assay
EcG3PD activity assays were performed within 200 pL wells of 96 well plates

containing 150 yM PMS*, 100 uM resazurin, 20 mM G3P, and varying amounts of
EcG3PD, free NAD and SiNP tethered NAD in 0.01 M Tris buffer pH 7.5. Assays were
performed using a CLARIOstar multi-mode microplate reader at 37°C with an

excitation wavelength 545nm and emission 585nm with shaking.
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2.9.2 Resazurin/PMS+ coupled ADH activity assay
ADH activity assays were performed within 200 uL wells of 96 well plates containing

150 yM PMS*, 100 uM resazurin, 3.5 M ethanol, and varying amounts of ADH, free
NAD and SiNP tethered NAD in 0.01 M Tris buffer pH 7.5. Assays were performed
using a CLARIOstar multi-mode microplate reader at 37°C with an excitation

wavelength 545nm and emission 585nm with shaking.

2.9.3 SINP Inhibition of EcG3PD activity
For in situ activity measurements of ECG3PD with thiol terminated SiNPs, assay

solutions containing 0.83 yM EcG3PD, 0, 0.05, 0.1, 0.5, 1 and 5 % (w/w) thiol
terminated SiNPs with an average diameter of 204 nm, 10mM G3P, 0.005, 0.01, 0.05,
0.1 and TmM NAD, 100 yM resazurin and 150 yM PMS in 0.01 M Tris buffer pH 7.5
were heated at at 37°C. The formation of highly fluorescent resorufin was tracked with
an excitation wavelength 545nm and emission 585nm with shaking. Inhibition of
EcG3PD was also performed with 0.5 % (w/w) viny SiNPs with an average diameter
of 204 nm.

2.9.4 Resazurin/Resorufin NADH fluorescence calibration curve

For creation of a calibration curve relating the fluorescence intensity of resorufin to
concentration of NADH formed in the resazurin/PMS* coupled assay, NADH
concentration was varied between 0 to 100 pM with 150 yM PMS* and 100 uM
resazurin in 0.01 M Tris buffer pH 7.5. Fluorescence Intensity was measured at 37°C
with an excitation wavelength 545nm and emission 585nm.

2.9.5 ADH/GIuDH coupled Reaction

ADH/GIUDH coupled enzyme reactions were performed with 2 mg/ml ADH and 2
mg/ml GluDH with 3.5 M ethanol, 100 mM NH4Cl, 10 mM a-ketoglutarate, and 0.5 to
5 uM free or thiol SiNPs with an average diameter of 204 nm with 0.2 nonene-2AE-
NAD attachments per square nanometer in 10 mM Tris HCI buffer pH 7.5 in 2 ml
volume. Reaction mixtures were mixed with an orbital shaker at 120 rpm at 37 °C and
0.1 mL samples taken at different time intervals up to 24 hours. Reaction was stopped
by centrifugation of the samples at 14,500 rpm for 10 minutes to remove the enzyme
and SiNP tethered NAD. Acetaldehyde produced was converted to ADNP by addition
of the supernatant to a mixture of 0.1 ml 20 mM DNP, 10 uL of 1M phosphoric acid
and 190 uL of acetonitrile and allowing to incubate at room temperature for 1 hour.

200 uL was then transferred to HPLC sample vial for HPLC analysis.
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2.10 NAD Stability

2.10.1 Heat degradation of NAD
NAD stability was tested by heating samples of free and SiNP tethered NAD at

different temperatures (37-100 °C) and taking samples at different time points which
were refrigerated at 4 °C to prevent further degradation. Heat treated NAD samples
were then assayed using the fluorometric resazurin/PMS™* detection method or the
ADH/GIuDH coupled assay as described above.

2.11 General Preparations

2.11.1 Synthesis of Acetaldehyde-2,4-dinitrophenylhydrazine (ADNP)
Acetaldehyde-2,4-dinitrophenylhydrazine (ADNP) was synthesises by the well known

reaction between 2,4-dinitrophenylhydrazine with carbonyl compounds [162]. 0.8 g of
2,4-dinitrophenylhydrazine (4.04 mmol) was dissolved in 5 mL concentrated
phosphoric acid, to which 2 g of acetaldehyde (44 mmol) dissolved in 15 mL ethanol
was added. The reaction mixture was stirred for one hour at room temperature before
the yellow/orange solid product was separated by filtration. The product was
recrystallised twice from ethanol to yield 0.6 g (2.7 mmol, 66% yield) of bright yellow
ADNP flaky crystals.

2.11.2 Preparation of N®-linked-2AE-NAD
Né-linked-2AE-NAD was synthesised and supplied by CSIRO Manufacturing Flagship,
Clayton, Victoria.

2.12 Analytic Techniques

2.12.1 Dynamic Light Scattering (DLS)
The average size and size distribution of nanoparticle solutions was analysed by

Dynamic Light Scattering (DLS) with a Malvern Instruments Zetasizer Nano ZS90.
DLS measurements were made at 25 °C, 1cm path length, attenuation index 8, mean
position 1.6 mm, 13 scan run duration. All measurements were made in triplicate.
Particles were prepared for DLS measurements by dissolving 1-2 drops of unwashed

particle solution in 1ml of water in a plastic cuvette.

2.12.2 Sputter Coating
A Quorumtech K757X Sputter coater was used to coat the surface of dried, drop-

cast SiNPs on silicon wafer with a 5 nm thick platinum coating.

62



2.12.3 Scanning Electron Microscopy (SEM)
SiNPs were analysed using a Inspect FEI F50 SEM with a 20 keV electron beam with

a spot size of 2 nm. Samples were prepared by drop casting 20 uL of dispersed
nanoparticles on silicon wafer and drying at 50 °C overnight. SEM images were

analysed using ImageJ to analyse SiNP size and size distribution [163].

2.12.4 Surface Area Analysis
SINP surface area was determined by Brunauer-Emmet-Teller (BET) isotherm

analysis on a micromeritics TriStar Il 3030 surface area and porosity analyser. SINPs
were dried at 0.1 mbar and 80 °C overnight prior to isothermal analysis.
2.12.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

(ATR-FTIR)
ATR-FTIR spectra were obtained using a Perkin Elmer Spectrum 400 with 64 scans,

4 cm* resolution, 1 cm data points, 0.5 cm™*/second scan speed. IR Spectra were
recorded between 4000-550 cm™™.

2.12.6 Zeta potential
The zeta potential of nanoparticle solutions was analysed by the electrophoretic

mobility of the particle solutions, measured by DLS analysis with a Malvern
Instruments Zetasizer Nano ZS90. Zeta potential measurements were performed with
similar parameters to DLS measurements in Section 2.3.1 with patrticles dispersed in
0.01 M tris buffer pH 7.5.

2.12.7 UV/Vis Spectrophotometry

UV/Vis absorbance measurements were performed using a CLARIOstar multi-mode
microplate reader with 200 uL 96 well clear polycarbonate plates. Kinetic based
measurements for enzyme activity were performed at 37 °C at a wavelength of 340
nm with 5 seconds of orbital shaking at 500 rpm between each measurement cycle.
Resazurin concentration-based measurements were performed using scanning mode
from 450 to 700 nm.

2.12.8 UV/Vis measurement of ECG3PD concentration

UV/Vis measurements of ECG3PD concentration were performed using a Thermo
Fisher NanoDrop ND-1000 spectrophotometer from 220 to 350 nm. Measurements
were blanked with water and zeroed with 0.1 M tris buffer pH 7.5.
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2.12.9 Fluorescence Spectrophotometry
Fluorescence intensity measurements were performed using a CLARIOstar multi-

mode microplate reader with 200 uL 96 well white opaque polystyrene plates. Enzyme
assays were performed at 37 °C with an excitation wavelength of 545 nm and an
emission wavelength of 600 nm with 200 flashes per well, a focal height of 9.2 mm,
gain set between 500 and 1000 with 5 seconds of orbital shaking at 500 rpm between

each measurement cycle.

2.12.10 High Performance Liquid Chromatography (HPLC)

2.12.10.1 Analysis of NAD attachment reaction washings
HPLC analysis of NAD was performed as described by Yoshino et. al. Samples were

separated using an Agilent 1200 series HPLC system equipped with a 150 mm x 4.6
mm Phenomenex PhenoSphere-Next 5 uM C-18 column and UV/Vis diode array
detector. 2.5 uL samples were separated using a 50 mM KH2PO4 buffer pH 7.0 mobile
phase run at 1 mL/min at 20 °C. NAD was detected by UV/Vis at 260 nm, eluting at
9.75 minutes [164].

2.12.10.2 Analysis of ADNP in GIuDH/ADH coupled reaction

HPLC analysis of ADNP was performed described by Saczk et. al. Samples were
separated using an Agilent 1200 series HPLC system equipped with a 150 mm x 4.6
mm Phenomenex PhenoSphere-Next 5 uM C-18 column and UV/Vis diode array
detector. 2.5 uL samples were run through with a 50:50 acetonitrile:H20 mobile phase
run at 2 mL/min at 40 °C. ADNP was detected by UV/Vis at 360 nm [162].

2.13 Computation Chemistry

2.13.1 Protein Modelling
The electrostatic potential maps of enzymes were generated using UCFS Chimera

version 1.13.1 [144]. Using a similar method to Wu et al. [110], protein structures were
located and imported from the Protein Data Bank (1N1E for EcG3PD, 5ENV for ADH
and 1HWY for GIuDH). The PDB2PQR function was used to assign charges and radii
using the PARSE force field. Using the PROPKA function, the protonation state of
enzyme was determined at pH 7.5 and the surface electrostatic potential mapped by

the Adaptive Poisson-Boltzmann Solver (APBS) function.
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2.13.2 Solubility Parameter Calculation
In order to calculate the solubility of each alkoxy silane in water, each alkoxy silane

was drawn using Materials Studio 2017. The geometry of each was then optimised
using Forcite geometry optimisation with 200 iterations. This was repeated with the
structure of water. Each alkoxy silane and water was then combined in an amorphous
cell at a ratio of 50:1 silane to water and at a density of 1 g/cm3. The system was then
equilibrated using Forcite dynamics with NVT ensemble. The cohesive energy density
and solubility parameters were then calculated using the Cohesive Energy Density
task of the Forcite Calculation tab.

2.13.3 Construction of amorphous silica surfaces with tethered NAD
Materials Studio 2017 was used to construct amorphous silica surfaces with tethered

NAD. This was achieved by first importing the low crystalline quartz structure
“SiO2_cristobalite _low”. Using the ‘Cleave surface dialog’, the (0 0 -1) plane was
cleaved to a thickness of 12.159 Angstroms to expose a single surface silicon atom.
A mercaptopropyl or methyl vinyl was then attached to the surface exposed silicon
atom and the geometry optimised using Forcite geometry optimisation. A 3 x 3
supercell was then constructed making a 1.5 x 1.5 nm amorphous silica surface
containing 9 mercaptopropyl or vinyl surface groups. Forcite geometry optimised
nonene-2AE-NAD or thiol-PEGs-2AE-NAD were then attached to the central
mercaptopropyl or vinyl surface groups of the super cell, respectively, and the
geometry optimised using Forcite geometry optimisation. The supercell range was
further extended by 3 x 3, creating 4.5 x 4.5 nm surfaces containing 81 surface groups
(4.1/nm?) and 9 NAD surface attachments (0.45/nm?). The system was then

equilibrated using Forcite dynamics with NVT ensemble
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3.1 Overview

This chapter describes research to optimise the reaction conditions for the synthesis
of thiol functionalised SiNPs as well as a new modified Stober process method of
synthesising vinyl functionalised SiNPs. The method for vinyl SINP synthesis was also
successfully applied to other hydrophobic organosilanes, to prepare SiNPs with
phenyl, propyl, chloropropyl and cyanopropyl functionality with controllable size and
narrow size dispersity. The growth of SINPs derived from these hydrophobic silanes
was explored in order to gain an understanding of the reaction mechanism and the
factors that govern the growth of the particles. This included investigation of the

influence of silane concentration, pH, ethanol concentration and reaction scale.
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3.2 Introduction

Simple preparation, non-toxicity and a vast range of potential chemical surface
functionalities make silica nanopatrticles (SiNPs) a highly useful class of nanostructure
[80]. The most important factor controlling the functional properties such as dispersion,
interactions with surroundings and potential for delivery/carrier systems of SiNPs in
these applications is the fine tuning of the external surface chemistry [71, 95]. SINPs
are commonly prepared via the Stober method, producing size controllable and
monodisperse particles with hydroxyl terminal functionality. Strategies to chemically
incorporate more useful surface functionalities, such as co-hydrolysis or post-
silinization with another organosilane, lead to detrimental changes in particle
morphology and low surface coverages. Therefore, a simple synthesis method for the
direct preparation of monodisperse and size controllable SiNPs with useful surface
functionalities would prove highly useful to the development of nanoparticle

technologies.

This chapter outlines the synthesis of thiol terminated SiNPs that serve as a platform
for the surface tethering of NE-linked-2AE-NAD structures. SiNPs produced are
analysed by SEM and DLS to determine their size and size dispersity, while nitrogen
sorption is used to determine the specific surface area by BET surface area analysis.
A new synthetic method is introduced for the size controllable synthesis of
monodisperse SiNPs with vinyl functionality directly from vinyl silane. The vinyl
terminated SiNPs also serve as a platform for N°-linked-2AE-NAD tethering. The
method for the single silane growth of vinyl terminated SiNPs is also successfully
applied to other organosilane precursors with useful hydrophobic R group
functionalities. The size of these hydrophobic functional SiNPs can be controlled by
changing the organosilane concentration, with narrow size dispersions achieved over
a range of sizes for all functionalities. The vinyl terminated SiNP synthesis method is
used a model system to investigate the influence of ammonia catalyst concentration,
ethanol dispersant concentration and reaction scale on the growth of hydrophobic
SIiNPs.
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3.3 Formation of Thiol SiNPs
As previously reported, monodisperse SiNPs with high density surface coverage of

thiol functionality were prepared directly from 3-MPTMS [71, 77, 94-96, 165, 166]. This
process is similar to the traditional Stober method, however, water is used as the main
solvent instead of ethanol. Thiol terminated SiNPs were also successfully prepared
when the solution contained 10% ethanol. The synthesis parameters and size analysis
for the prepared SiNPs are shown below in Table 3.1 and SEM images of SiNPs in
Figure 3.1.

Table 3.1: Summary of reaction conditions and size analysis by DLS and SEM of the
prepared thiol terminated SiNPs. Average diameter of SiNPs from SEM analysis is
obtained from measuring the average diameter of 100 particles using ImageJ. Error is
standard deviation.

Average SiNP

Diameter (nm) 3-MPTMS NH2OH (25%) EtOH H20 Scale
DLS SEM mL mM mL M mL M mL mL
53+4 50+ 4 0.4 2.2 216 14 0 0 784 1000
101+9 98+8 0.72 7.9 72 0.9 0 0 428 500
155+5 149+12 1.04 11.4 72 0.9 0 0 428 500
170+ 7 166 + 10 2 10.9 150 1.0 100 1.7 750 1000
201+15 204+17 1.36 14.9 72 0.9 0 0 428 500
248 +1 247 +9 2 10.9 100 0.6 100 1.7 800 1000
304 + 26 296 + 7 25 13.7 100 0.6 100 1.7 800 1000
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204 +17 nm

Figure 3.1: SEM images of thiol terminated SiNPs with average diameter of 50 + 4 nm,
98 £8 nm, 149 + 12 nm, and 204 + 17 nm.

3.3.1 Comparison of aqueous and ethanolic synthesis of thiol terminated SiNPs
When no ethanol is present in the reaction, 3-MPTMS is added dropwise to a stirred

solution of ammonia in water so as to allow each drop to disperse in the solution before
the next is added. This results in a clear solution which starts to become cloudy after
24 hours of stirring before appearing milky within 48 hours indicating the formation of

solid silica spheres (Figure 3.2(a)).
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Figure 3.2: Diagram of 3-MPTMS addition method for (a) aqueous and (b) ethanolic
synthesis methods
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In the ethanolic approach, 3-MPTMS was first dispersed in ethanol which was then
slowly poured into the stirred ammonia and water solution. This resulted in a cloudy
solution that became clear within minutes and remained clear for at least 48 hours of
reaction. The reaction was complete after 72 hours giving a milky solution of solid
spheres (Figure 3.2(b)). The ethanolic method also prevented the formation of large
visible aggregates of silica that were otherwise observed to form on the walls of the
reaction vessel and solution surface. The observed decrease in rate of particle
formation and reduced size distribution in the ethanolic reaction conditions is due to
the difference in the condensation reactions in the two media. During the formation of
the SINPs, the condensation of two silanol groups results in the irreversible formation
of a Si-O-Si bond. However, in ethanolic media, the hydrolysis and condensation rates
are reduced by the reverse reaction of the hydrolysis step, driven by the high ethanol
concentration, as discussed in Section 1.5.4. This “relaxation” mechanism of
reversible exchange allows a slower, more controlled growth mechanism of particle

formation, leading more monodisperse SiNPs [73].

3.3.2 BET surface area analysis of Thiol SiNPs
For accurate quantification of attachments on the surface of SiNPs, knowing the

specific surface area of a given batch of SINPs is crucial. If the SINPs are perfectly
uniform in size, simple geometry calculations along with the diameter determined by
SEM analysis can be used to obtain the specific surface area. However, Figure 3.1
shows variation in the size, size distribution and morphology of the obtained SINPs
and thus geometrical calculations will only serve as an estimate for the surface area
of the particles. Table 3.2 compares the experimentally determined BET surface areas
of the thiol terminated SiNPs to the theoretically calculated surface areas, assuming
the density of the SiNPs to be 2.0 g/cm?® [71]. As the average particle diameter
decreases, the experimentally determined BET surface area lies further away from the
theoretical value as shown in Figure 3.3. This is due to the relationship between

surface area to volume ratio and particle radius as shown in the following equations.

Surface Area = 4nr? (3.1
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Surface area:Volume = -

(3.2)

(3.3)

Smaller particles within the dispersity index will skew the surface area more than larger

ones as they have a higher ratio of surface area to their volume. This is especially

apparent SiNPs batches with smaller diameters such as 50 and 98 nm.

Table 3.2: Theoretic Surface area and BET Surface area of different sized Thiol SiNPs.
See Appendix for BET isotherms.

Diameter (nm) Theoretical SA (m?/g) BET SA (m?/g)
50 60.0 92.1+1.7
98 30.6 36.7+4.9
149 20.1 253+1.7
166 17.8 22.3+15
204 14.7 17.0+£0.7
247 12.1 135+1.2
296 10.1 11.2+0.5
100.0
900 | ®
__ 800
:.:’ 70.0
E’ 60.0 » Theoretical SA (m2/g) BET SA m2/g
Z 500
8 400 T
£ L
5 30.0 ' = -
20.0
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0.0
40 90 140 190 240 290

SiNP diameter (nm)

Figure 3.3: Theoretic Surface area and experimentally determined BET Surface area
of thiol terminated SiNPs of different sizes.
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3.4 Formation of Vinyl SiNPs

Previously, SiNPs with terminal vinyl functionality have been prepared via post
functionalisation or co-hydrolysis of TEOS particles with vinyl organosilanes [75, 76,
167]. However, as discussed in Chapter 1, there are several issues associated with
post functionalisation methods.

Vinyl terminated SiNPs have been produced directly from the vinyl organosilane,
VTES using a similarly approach as for the synthesis of thiol terminated SiINPs. As
with the ethanolic synthesis of thiol terminated SiNPs, VTES was first dispersed in
ethanol before being slowly added to the stirred aqueous ammonia solution. VTES is
significantly more hydrophobic than 3-MPTMS and thus caused the solution to
become cloudy (semi-opaque grey) upon addition, indicating the formation of an oil in
water emulsion. A milky solution (opaque white) was then observed within minutes to
7 days of mixing, depending on the silane concentration, indicating the formation of
solid particles. Figure 3.4 shows a diagram of the addition of VTES, dissolved in
ethanol, into the aqueous ammonium hydroxide solution and subsequent synthesis of
vinyl terminated SiNPs. The synthesis parameters and size analysis for the prepared

SiNPs are shown below in Table 3.3 and SEM images of SiNPs in Figure 3.5.

—
i)  Hydrolysis _
ii) Consensation
\7

NH,OH/H,0

VTES/EtOH

Figure 3.4: Reaction schematic of vinyl terminated SiNPs from VTES (left), illustration
of VTES and ethanol mixture to stirred ammonia solution (right).
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175+ 12 nm 204 +15 nm

Figure 3.5: SEM images of vinyl terminated SiNPs with an average diameter of 104
nm+4nm, 175 nm + 12 nm and 204 nm + 15 nm.

Table 3.3: Summary of reaction conditions and size analysis by DLS and SEM of the
prepared vinyl terminated SiNPs.

Average SiNP

Diameter (nm) VTES NH4O0H (25%) EtOH H20 Scale
DLS SEM mL mM mL M mL M mL mL
109+ 4 104 +5 1 24 32 1 39 3.3 128 200

174+12  175+12 5 24 150 1 200 34 650 1000
205+22 204+15 1 95 3.6 0.5 4 14 414 50

3.4.1 BET surface area analysis of vinyl terminated SiNPs
The vinyl terminated SiNPs listed in Table 3.3 will serve as a platform for the surface

tethering of N®-linked-2AE-NAD. Assuming the density of vinyl terminated SiNPs to be
the same as that of thiol terminated SiNPs, 2.0 g/cm? [71], the specific surface area
for vinyl terminated SiNPs shown below in Table 3.4.
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Table 3.4: BET Surface area of the vinyl terminated SiNPs.

Diameter (nm) BET SA (m?/g)
104 33.3+£0.5
175 20.8+£3.5
204 15.7+1.7

3.5 Investigation of Hydrophobic SiNP synthesis
The method used to prepare vinyl terminated silica nanoparticles above has also been

applied to prepare monodisperse and size controllable SiNPs directly from
hydrophobic organosilanes bearing propyl, phenyl, chloropropyl and cyanopropyl
functionalities (Figure 3.6). As in the synthesis of vinyl terminated SiNPs, addition of
silane dispersed in ethanol caused the formation of a cloudy oil in water emulsion.
High silane concentrations resulted in the formation of a milky solution of colloidal
particles within minutes while lower concentrations required several days of mixing.
To further investigate the growth of these hydrophobic functional SiNPs, the synthesis

of vinyl terminated SiNP from VTES is used as a model system.
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E1Q EtOH/NH,OH < AN
EtO—ISi—R >
EtO
/\/\C|
/\/\CN

Figure 3.6: Schematic of the universal one-pot method for the synthesis of
hydrophobic functional SiNPs directly from a single silane.

3.5.1 Effect of organosilane precursor concentration
Similarly to the synthesis of thiol terminated SINPs, the size of hydrophobic terminated

SiNPs is strongly dependent on the concentration of the corresponding hydrophobic
organosilane precursors [71, 77, 95]. In order to demonstrate silane concentration
dependent size control, the concentration of each hydrophobic organosilane precursor
was varied between 4 mM and 200 mM while the concentration of ammonia catalyst
and ethanol were held at 0.64 M and 3.4 M, respectively. The synthesis of vinyl
terminated SiNPs was performed at a total volume of 50 mL, while the other silanes
were grown in 1 mL volumes due to restricted availability of the silanes. Figure 3.7
shows the increase in the size of the obtained particles with increasing concentration
of the different hydrophobic organosilane precursors with example SEM images of
SiNPs produced at a silane concentration of 20 mM and 200 mM. Particle size was
observed to increase with silane precursor concentration, presumably due to the
availability of more precursor allowing more extensive particle growth [95]. A linear

increase in particle size was observed at lower silane concentrations (<120 mM) with
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a plateau in size observed at 200 mM. A similar plateau in SINP size at high silane
concentrations was observed in the synthesis of thiol terminated SiNPs by Nakamura
et al. and Lu et al. who attributed the plateau to agglomeration of the large, unstable
particles during growth [77, 95]. At silane concentrations below 20 mM, no particle
formation was detected with VTES and CNpropTES. This suggests that the hydrolysed
monomers and oligomers remain soluble in solution without further condensation due
to the size of the primary particles in the steady state being too small to act as
nucleation sites. Table 3.5 shows the theoretical solubility parameters of each silane
precursor, calculated from the cohesive energy density using the Amorphous Cell and
Forcite functions of Materials Studio. It can be seen that VTES has the lowest solubility
parameter of 16.66 (J/cm?3)%° indicating that it is the most hydrophobic silane, and least
soluble in the reaction solution while. CNpropTES has the highest solubility parameter
of 19.05 (J/cm?3)%° and is thus the most soluble. This indicates that the minimum silane
concentration at which particle formation is observed is not related to the solubility of
the silane precursor in the reaction solution. Further investigation is required to
determine the cause of the observed differences in the dependence of silane

concentration on particle formation for the different silanes.

Examination of the plots of particle size as a function of silane concentration in Figure
3.7 show that low silane concentrations produced small, highly monodisperse particles
below 100 nm in diameter. As the silane concentration was increased, particle
diameters increased up to 1000 nm but became increasingly less uniform. This
increase in size dispersity was not observed for the synthesis of vinyl terminated
SiNPs which was performed on a 50 ml scale, as compared to 1 mL for the other
hydrophobic silanes. This relationship between size and size dispersity and reaction
scale explored is explored below in Section 3.5.2. Therefore, for more accurate
analysis of the dependence of size and size dispersity on the concentration of the
various hydrophobic alkoxysilane monomers, experiments should be repeated at least
10 mL in scale to facilitate more homogeneous mixing, especially at higher

concentrations.
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Table 3.5: Solubility parameters of the silane precursors generated using Materials

Studio modelling software.

Silane

Solubility parameter (J/cm?®)°5

VTES
PTES
PropTES
ClpropTES
CNpropTES

16.66
17.93
18.75
17.64
19.05
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Figure 3.7: : Example SEM images of showing increase in size of SINPs as silane
concentration is increased.

3.5.2 Effect of Reaction Scale
As shown in Section 3.5.1, the scale of a particle synthesis reaction can significantly

impact the dispersity and shape of the resultant particles, especially in systems that
are heterogeneous as the oil phase can partition at the air surface or the walls of the
reaction vessel. We have observed aggregation of particles at both the air interface
as well as on the walls, often as a crust. As a result, the particle size achieved is not
predictable due to the effective concentrations being different.

Most of the published work in this area produces about 100 mg of particles or less and
a significant aspect of this project has been to increase the reaction volume. As a
result, highly monodisperse, vinyl terminated SiNPs have been produced at large

reaction scales for use as platforms for tethered NAD.

1mL 100 mL

1000

700

Diameter (nm)

VTES

0 50

Reaction Volume (mL)

100

1100 |
1000 } i

PTES

0 50

Figure 3.8: Reaction scale effect on size and size distribution of vinyl and phenyl
terminated SINPs.
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To test the effect of reaction scale, vinyl and phenyl terminated SiNPs were
synthesised at a silane concentration of 200 mM in reaction volumes from 1 mL to
1000 mL. Ammonia and ethanol concentrations were held at 0.64 M and 3.4 M,
respectively. Figure 3.8 shows that vinyl and phenyl terminated particles with a very
broad size distribution were synthesised on the 1 mL reaction scale. Increasing the
reaction volume to 10 mL resulted in a significant reduction in size distribution of both
vinyl and phenyl terminated particles and also increased the average size. As the scale
was further increased to 100 mL, the particles became increasingly monodisperse.
The large size distribution of particles produced on a 1 mL reaction scale is attributed
to inhomogeneous mixing of the reaction mixtures as shown schematically in Figure
3.9. 1 mL scale reactions were performed in a 2 mL Eppendorf tube and were stirred
by a small 6 mm magnetic stirrer bar, while larger scale reactions were performed in
70 mL or 250 mL specimen vial with a much larger stirrer bar. Due to the small radius
of the stirrer bar, turbulence generated by stirring is only able to homogenise the lower
section of the solution of in the Eppendorf tube as shown in Figure 3.9. When the
silane concentration is low, small particles condense over a period of days and
inhomogeneous mixing is less detrimental to the size distribution as the components
are mixed by diffusion. However, at high silane concentrations, where are particles
form within minutes, homogeneous mixing is critical for the consistent addition and
condensation of silane monomers and oligomers to the growing particle.
Inhomogeneous mixing results in a concentration gradient of the silane monomers,
oligomers and growing particles, leading different growth rates in particles and

subsequently, a broad range of particle sizes.
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NH,OH/H,0

- Silane

S
-

N1

1mL

50 mL

Figure 3.9: Comparison SiNP synthesis reaction performed on a 1 mL scale ina 2 ml
Eppendorf tube with a small stirrer bar leading to inhomogeneous mixing of the red
silane and homogeneous mixing of reaction performed on a 50 mL scale.

3.5.3 Effect of NH4OH concentration (pH)
Similarly to the synthesis thiol terminated SINPs, the size distribution of vinyl

terminated SiNPs is dependent on the concentration of the ammonia catalyst [95]. The
concentration of ammonia was varied between 0 M and 2.6 M while the concentration
of VTES and ethanol were held at 40 mM at 3.4 M, respectively. SEM images of the
particle produced after 4 days of reaction are shown in Figure 3.10 and the average
particle diameters plotted as a function of pH in Figure 3.11. When no ammonia
catalyst was present (pH 5.5), no particle formation was observed. This is due to the
low rate of hydrolysis and condensation, as shown in the plot of the proposed relative
hydrolysis and condensation rates as a function of pH for VTES in Figure 3.12. At low
ammonia catalyst concentration (0.16 M, pH 11), particle formation was observed
within an hour of reaction, whereas at high concentrations (2.6 M, pH 13.5) particle
formation was not observed until 1-2 days of mixing. This can be explained by the
competing hydrolysis and condensation reaction rates as illustrated in Figure 3.12. At
pH 11, the rate of condensation dominates the rate of hydrolysis, resulting in the rapid
condensation of any partially hydrolysed VTES monomers and oligomers forming
large particles with a wide size distribution. Conversely at pH 13.5, the rate of
hydrolysis dominates the rate of condensation, resulting in very slow condensation,
and thus slow particle formation, of fully hydrolysed VTES monomers. Similarly to Lu

et al., a wide size distribution was also observed at high pH [95]. Although the average
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size of the particles grown (within error) did not change, the particle size distribution
was significantly influenced by the reaction pH. An optimal pH for narrow particle
distribution was identified to occur at 1.3 M NH4OH (pH 13). This is likely to be close
to the pH where the rate of hydrolysis and condensation are equal and there is balance

between the two as shown in Figure 3.12.

Figure 3.10: SEM images of vinyl terminated SiNPs synthesised at different pH.
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Figure 3.11: Average diameter of SiNPs with different concentrations of NH4OH with
40 mM VTES and 3.4 M EtOH. Error bars represent standard deviation.

83



— Hydrolysis —— Condensation

pH 13.5
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o
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Figure 3.12: Proposed hypothetical relative hydrolysis and condensation rates at
different pH for VTES based on results, showing pH values at 5.5 (no ammonia), 13
and 13.5, the pH range examined [97].

3.5.4 Effect of ethanol concentration
The size and size distribution of vinyl terminated SiNPs was also found to be

dependent on the concentration of ethanol. Figure 3.13 shows the particles formed
when VTES (40 mM) was dispersed in different concentrations of ethanol from 0 to
8.6 M before addition to 0.64 M ammonia hydroxide solution. The particle size is
plotted as a function of ethanol concentration in Figure 3.14. Ethanol acts as a mutual
solvent to homogenise the hydrophobic VTES in the aqueous ammonia solution and
also contributes to the reverse hydrolysis and condensation reactions. When no
ethanol was present or at very low concentration (0.43 M), VTES was not soluble in
the reaction mixture, resulting in large agglomerates of solid silica, revealed to be
composed of highly non-uniform particles by SEM analysis (Figure 3.13). Ethanol
concentration was also found to affect the rate of particle formation with particle

formation observed within hours at 0.86 M and after 7 days at 8.6 M. This is due to the
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increased contribution to the reverse hydrolysis and condensation step with increasing
ethanol concentration, resulting a reduced rate of particle formation and smaller
particle diameter. It was also found that narrow size distributions were obtained at
higher ethanol concentrations, likely due to reversible exchange relaxation mechanism

between silanol and alcoholate groups within the silica matrix.

Figure 3.13: SEM images of vinyl terminated SiNPs synthesised at different ethanol
concentrations.
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Figure 3.14: Average diameter of SINPs with different concentrations of ethanol with
40 mM VTES and 0.64 M NH4OH. Error bars represent standard deviation.
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3.5.5 Growth kinetics
The growth kinetics of vinyl terminated SiNPs were measured at three different VTES

precursor concentrations and the growth kinetics can be explained by application of
the LaMer model discussed in Chapter 1. The increase in particle diameter with time
was measured via SEM analysis, as shown in Figure 3.15. At high VTES concentration
(200 mM), the critical supersaturation point (Sc) of VTES is reached within minutes,
resulting in the hydrolysis and condensation of large nuclei which rapidly grow by
addition of further VTES monomers and oligomers to form solid spheres with a
diameter of 725 nm within 15 minutes of reaction. These spheres continue to rapidly
grow, depleting VTES concentration, resulting in a monodisperse colloid of 1080 nm
particles after just 4 hours of reaction, as shown in Figure 3.16. No change in particle
size or size dispersion was observed with extended reaction time, suggesting that all
VTES has been consumed. At moderate VTES concentration (80 mM), Sc is reached
after a longer time period, resulting in slower particle growth, with 512 nm solid spheres
observed after 30 minutes of reaction. These particles continue to slowly grow by the
addition of hydrolysed VTES monomers and oligomers, reaching a maximum size of
600 nm after 18 hours. At low VTES concentration (40 mM), Sc is reached after an
even longer time period with solid particle formation (186 nm) not observed until 18
hours of reaction. Particles continued to grow slowly due to the low concentration of
available VTES precursor, with fully formed particles with a diameter of 280 nm
produced after 7 days of reaction. The growth kinetics are consistent with the
conventional mechanism of growth of SiINPs described in Chapter 1, where particle
growth follows a monomer addition or aggregation growth model resulting in the

uniform growth of nuclei until all monomer in solution is depleted.
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Figure 3.15: SEM analysis of the growth of vinyl SINPs synthesised at different VTES
concentrations over time.

87



Figure 3.16: SEM images of the growth of vinyl terminated SiNPs over time prepared
with 200 mM VTES.

3.6 Conclusion

Thiol terminated SiINPs were synthesised by a modified one-pot Stéber synthetic
method in both aqueous and ethanolic media. Growth of thiol terminated SiNPs in
ethanolic media was found to proceed at a slower, more controlled rate of hydrolysis
and condensation leading to more monodisperse SiNPs compared to the aqueous
route. The ethanolic media synthetic method was applied to the vinyl terminal
organosilane VTES, resulting in the growth of uniform vinyl terminated SiNPs. The
ethanolic method was further explored by applying a range of other hydrophobic
organosilane precursors bearing propyl, phenyl, chloropropyl and cyanopropyl R
groups. It was demonstrated that the homogenous mixing of the reaction solution was
a critical factor in obtaining monodisperse particles, especially at high silane
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concentrations. The size of the hydrophobic SINPs was demonstrated to be
controllable by altering the concentration of the organosilane precursors, with a linear
increase in SINP size with silane concentration up to 120 mM before destabilisation of
large patrticles resulted in a plateau in size. Using VTES as a model hydrophobic
silane, the role of pH (ammonia catalyst concentration), ethanol concentration and
growth kinetics were explored. Varying the pH of the reaction mixture was found to
influence the competing rates of hydrolysis and condensation, and thus the rate of
particle growth and their size uniformity. At pH 13, highly monodisperse vinyl
terminated SINPs were produced, indicating a balance between the competing
hydrolysis and condensation rates of the vinyl silane. Ethanol concentration was found
to influence the size, uniformity and growth rate of the SiNPs with rapid growth of
disperse patrticles at low ethanol concentrations and very slow growth of highly uniform
particles at high ethanol concentration. Lastly, the growth kinetics were analysed by
measuring the increase in size of vinyl terminated SiNPs over time by SEM at different
VTES concentration. The LaMer model was then applied in to explain the difference
in particle growth rates at different VTES concentrations. Kinetic analysis revealed that
the growth of the hydrophobic functional SiNPs follow the conventional mechanism of
growth where nuclei grow at a uniform rate by the addition of silane monomers to the

growing particle surface until all silane is depleted.
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CHAPTER 4 : TETHERING AND QUANTIFICATION OF SURFACE
ATTACHMENT DENSITY OF N®-LINKED-2AE-NAD
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4.1: Overview
This chapter discusses the tethering and attachment quantification of N®-linked-2AE-

NAD to the surface of SiNPs. N°-linked-2AE-NAD is covalently tethered via a thiol-ene
‘click’ reaction, coupling the terminal thiol or vinyl groups on the N°-linked spacer arm
of NAD to the vinyl or thiol functional groups on the SINP surface. The surface
attachment density of NAD resulting from the tethering reaction is determined using a
guantitative ATR-FTIR method. The attachment densities of N°-linked-2AE-NAD on
the surface of thiol and vinyl terminated SiNPs are then compared to other values for
NAD surface attachment density found in literature. The change in zeta potential,
measured by the electrophoretic mobility of the functionalised nanoparticles, is then
determined in order to confirm NAD attachment and the configuration of the surface
tethered NAD investigated using Molecular Dynamics (MD) simulations. Residual thiol
groups on the particle surface are covalently ‘capped’ with small alkylating agents and

their attachment confirmed by ATR-FTIR analysis.
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4.2 Introduction
Mangos et al. developed a thiol-ene ‘click’ reaction system used to attach 11-

bromoundecene to the surface of thiol terminated SiNPs [71]. Using photoinduced
benzophenone initiation, a maximum of 4.9 11-bromoundecene attachments per
square nanometer were achieved on the thiol terminated SINP surface. Attachment
density of 11-bromoundecene on the thiol SINP particle surface was determined via a
guantitative ATR-FTIR technique, which was supported by thermogravimetric analysis
(TGA) [71, 93]. The experimental attachment density of 4.9 attachments/nm? was
found agree well with 4.7 thiols per nm? calculated computationally, suggesting
reaction of all surface thiols. Such high attachment density was only achieved after 2
hours when 4500 equivalents of 11-bromoundecene molecules were applied per
square meter of nanoparticle surface. However, due to the limited quantity of N6-
linked-2AE-NAD available, the excess of N¢-linked-2AE-NAD molecules that could be
applied to the SiNPs is severely limited. Therefore, an appropriate procedure for the
thiol-ene ‘click’ attachment of N°-linked-2AE-NAD to the surface of thiol and vinyl
terminated SiNPs must be developed.

4.3 Tethering of N°-linked-2AE-NAD to the SiNP surface
A facile thiol-ene ‘click’ reaction was selected to covalently tether N°-linked-2AE-NAD

to the surface of thiol and vinyl terminated SiNPs, through the terminal vinyl and thiol
groups of the N® spacer arm, respectively. The photo-initiator, benzophenone, has
shown to effectively initiate the successful attachment of a hydrophobic long chain
alkene molecule to the surface of thiol terminated SiNPs by thiol-ene ‘click’ chemistry
[71, 93]. However, the sensitivity of N-linked-2AE-NAD requires the careful selection

of an appropriate initiator for the thiol-ene ‘click’ reaction.

4.3.1 Initiator Choice
Due to the thermal and photosensitivity of NAD, as well as its insolubility in organic

solvents, a suitable free radical initiator for the thiol-ene ‘click’ reaction had to be
chosen [168]. Although photo-initiators such as benzophenone and thioxanthone have
been shown to induce thiol-ene ‘click’ reactions with high efficiencies, they are
unsuitable due to their UV light requirement and their hydrophobic nature [98]. Thermal
initiators such as AIBN have also shown provide high reaction efficiencies but require
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high temperatures (>80°C) and are also insoluble in water. The most effective
approach to generating radicals under mild, aqueous conditions is via the one-electron

transfer reaction by redox initiators such as persulfates [169].

4.3.2 Tethering of N6-linked-2AE-NAD to thiol and vinyl terminated SiNPs
Né-linked-2AE-NAD was tethered to the surface of thiol and vinyl terminated SiNPs via

a thiol-ene ‘click’ reaction initiated by potassium persulfate. Thiol terminated SINPs
were first dispersed in water by extensive sonication to assure particles were un-
agglomerated and all particle surface was exposed to the solution. Nonene-2AE-NAD
and potassium persulfate were added, and the mixture stirred vigorously at room
temperature for 48 hours. Thiol-PEG4-2AE-NAD was tethered in the same manner,
except the vinyl terminated SiNPs were dispersed in a 75:25 solution of deionized

water and acetonitrile due to the hydrophobic nature of the vinyl terminated SiNPs.

In general, 5 equivalents of N°-linked-2AE-NAD molecules were applied per square
nanometer of SINP surface, allowing a large enough excess to obtain a quantifiable
attachment density while maintaining a large enough quantity of particles for analysis
and use in enzyme reactions. An extended reaction time of 48 hours accounted for the
limited excess of N°-linked-2AE-NAD and low reaction temperature. Figure 4.1 shows
a schematic for the surface tethering of nonene-2AE-NAD to thiol terminated SINPs

via a potassium persulfate-initiated thiol-ene ‘click’ reaction.

Particles were thoroughly washed by centrifugation after the attachment reaction in
order to remove all un-attached NAD. HPLC analysis of the washings in the Appendix
show that all un-attached NAD is removed from the SiNPs after three wash cycles.
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Figure 4.1: Schematic of the thiol-ene ‘click’ tethering reaction of nonene-2AE-NAD to
the surface of thiol terminated SiNPs.

4.4 Quantification of N°-linked-2AE-NAD attachment to the SiNP
surface

4.4.1 Construction of calibration curves for quantification of attachment of N®-
linked-2AE-NAD to thiol and vinyl terminated SiNPs.
In Chapter 3, SEM and DLS analysis revealed the average diameter of each particle

batch and the specific surface area determined by BET surface area analysis.
Therefore, for a given mass of particles with a given molecular surface coverage, a
molar quantity of the attaching molecule can be calculated. This is achieved by
conversion of an attachment density to the total number of molecules per mass of
SiNPs to a molar quantity using Avogadro’s number. This molar quantity can easily be
prepared through dilution of a starting stock solution and be applied to a controlled
mass of SiNPs of known specific surface area in order to simulate a desired average
attachment density. This can then be sampled over a range of appropriate attachment
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density simulations in order to construct a calibration curve relating the increase of an
FTIR active mode of the sampled molecules against a reference band of the SiNPs.
Using this logic, calibration curves for the attachment of NAD to thiol and vinyl
terminated SINPs were prepared by the addition of appropriate amounts of NAD
solution to dried thiol and vinyl particles [71]. NAD is a far bulkier molecule than the
alkyl chains previously attached to thiol terminated SiNPs [71]. Therefore, a far lower
attachment density of NAD is expected to be obtained than the upper limit of ~5
attachments/nm?. Consequently, the NAD attachment calibration range was set
between 0-0.8 attachments/nm? for thiol SiNPs and 0-1 attachment/nm? for vinyl
SiNPs. A higher NAD attachment density was expected on the surface of vinyl
terminated SiNPs due to the nature of thiol-ene reaction mechanism. This is because
the nucleophilic attack of small free thiol radicals on surface vinyl groups is expected
to be more efficient than the nucleophilic attack of a surface thiol radical on freely
diffusing vinyl groups. The carbonyl (C=0) stretch of the amide of the nicotinamide
nucleotide of NAD at ~1700 cm™ was chosen as the IR reference band for quantitative

ATR-FTIR analysis of surface attachment as shown in the Appendix.
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Figure 4.2: Diagram of method used to construct ATR-FTIR calibration curves

95

wy ATRFTR ° &% SINP

Absorbance (au)



4.4.2 Standard curve construction
For the construction of the NAD attachment calibration curves, the NAD overlap region

between 600 and 1200 cm™! of the Si-O-Si peak was first corrected as described in the
Appendix. The resulting NAD calibration curves are shown in Figure 4.2(b) and Figure
4.2(d) where the addition of NAD to the dried SINP powders resulted in a linear
increase in the C=0 stretch at 1700 cm™ with respect to the normalized Si-O-Si
reference band of both thiol and vinyl terminated SiNPs, respectively. A non-zero y-
intercept was observed in the calibration curve for the attachment of nonene-2AE-NAD
to thiol SiNPs (Figure 4.2(b)). This is due to the slight overlap between the C=0 band
of the NAD amide with small thiol SiNP band at 1650 cm-! due to surface adsorbed
water within the condensed SiNP matrix as shown in the Appendix. Assuming the ratio
of this band to be constant to the Si-O-Si band in thiol SiNPs, this intercept will be

constant and independent of particle size and amount of SINPs on the ATR crystal.
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Figure 4.3: Overlayed ATR-FTIR spectra of thiol terminated SINP/NAD standard
mixtures with inset region from 1550 to 1750 cm™ showing the C=0 peak of NAD at
1700 cm? (a) used to construct used calibration curve of nonene-2AE-NAD
attachment to thiol terminated SiNPs (b). Similarly, the inset region from 1500 to 1800
cm? shows the C=0 peak of NAD at 1700 cm™ in ATR-FTIR spectra of the vinyl
terminated SiNP/standard mixtures (c) used to construct the calibration curve for thiol-
PEG4-2AE-NAD attachment to vinyl terminated SiNPs (d). Note that spacing between
absorbance spectra in inset plot do not match the spacing of the spectra in the outset

plot in (a) and (c).

4.4.3 ATR-FTIR analysis of tethered N°-linked-2AE-NAD SiNPs
Reaction mixtures were washed thoroughly with water to remove unreacted N®-linked-

2AE-NAD and potassium persulfate initiator. A small sample of particles were dried

for ATR-FTIR analysis. Figure 4.4 and Figure 4.5 show the ATR-FTIR spectra of
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nonene-2AE-NAD tethered to the surface of thiol terminated SiNPs and thiol-PEGa4-
2AE-NAD tethered to the surface of vinyl terminated SiNPs, respectively.
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Figure 4.4: ATR-FTIR spectra of nonene-2AE-NAD tethered to the surface of thiol
terminated SiNPs of different sizes with inset of region between 1500 and 1800 cm™!
showing C=0 peak of nonene-2AE-NAD at 1700 cm™.
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Figure 4.5: ATR-FTIR spectra of thiol-PEG4-2AE-NAD tethered to the surface of vinyl
terminated SiNPs of different sizes with inset of region between 1500 and 1800 cm!
showing C=0 peak of thiol-PEG4-2AE-NAD at 1700 cm™.
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Table 4.1 shows the surface coverage of N°-linked-2AE-NAD achieved for each batch

of thiol and vinyl terminated SiNPs determined by quantitative ATR-FTIR analysis.

NAD attachment densities as high as 0.50 attachments/nm? were achieved,

comparable to that observed previously, as shown in Table 4.2 [18, 54]. Knowing the

specific surface area of each batch of particles, as quantified by BET surface area

analysis in Chapter 3, along with the total mass of particles, allows the NAD

attachment density to be transformed into a total molar amount of NAD. Thus, the

volume of the NAD tethered SiNP solution can be controlled to accurately achieve the

desired total molar concentration. This is essential for subsequent enzyme assays

where tethered and free NAD are compared at equivalent concentrations.

Table 4.1: Attachment density of N°-linked-2AE-NAD on the surface of thiol and vinyl
terminated SiNPs determined by quantitative ATR-FTIR.

Sample A/B ratio NAD/nm?
98 nm thiol SiNP nonane-2AE-NAD 0.0079 0.50
166 nm thiol SINP nonane-2AE-NAD 0.0047 0.20
204 nm thiol SiNP nonane-2AE-NAD 0.0050 0.20
104 nm vinyl SiNP thiol-PEG4-2AE-NAD 0.0009 0.50
175 nm vinyl SiNP thiol-PEG4-2AE-NAD 0.0005 0.25
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Table 4.2: Attachment densities of NAD found in literature. NAD attachment densities
were calculated using the reported NAD loading in mg/g of support material and the
reported size and/or surface area of the support materials.

Reference Support Material NAD attachments/nm?
[18] 500 nm Polystyrene particles 0.35-0.56
[48] 30 nm silica nanoparticles 3.6
[36] 124 nm silica coated magnetic nanoparticles 1.3
[54] 15 nm silica nanopatrticles 0.3
[53] 105 nm super-paramagnetic hanopatrticles 0.6
[50] Chitosan coated 9 nm magnetic nanoparticles 0.03

Other less quantitative techniques can be used to confirm the attachment of new
functional groups of to the surface of nanoparticles. One such method is measurement

of the zeta potential of the nanopatrticle surface.

4.4.4 Zeta potential of functional SINP surfaces
Zeta potential can be used to confirm the attachment of chemical moieties to the

surface of SiNPs by monitoring change in electrophoretic mobility. The magnitude and
charge of the zeta potential can also give information regarding the charge of the
nanoparticle surface. Table 4.3 shows the zeta potential charge of thiol and vinyl
terminated SiNPs before and after attachment of N6-linked-2AE-NAD in 10 mM tris
buffer pH 7.5, based on electrophoretic light scattering. Thiol terminated SiNPs
showed a zeta potential of -35 mV, indicating a stable colloid of negatively charged
particles at this pH. Tethering of N°-linked-2AE-NAD to the surface of thiol terminated
SiNPs increased the zeta potential to -51.9 mV, indicating a large increase in colloidal
stability due to an increase in surface net negative charge. This is due to the two
negatively charged hydroxyl groups of the pyrophosphate bonds of N°-linked-2AE-
NAD. The highly hydrophobic terminal vinyl groups of vinyl terminated SiNPs rendered
the particles unmeasurable in the aqueous buffer solution. However, tethering of
hydrophilic N6-2AE-NAD significantly increased the zeta potential to -15 mV, indicating

weak colloidal stability.
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Table 4.3: Zeta potential of SiNPs before and after N6-2AE-NAD tethering.

Nanoparticle Zeta potential (mV)
Thiol SINP -35

Thiol SiNP tethered alkenyl-2AE-NAD -51.9
Vinyl SINP NA

Vinyl SiNP tethered PEG4-2AE-NAD -15.0

The surface configuration of chemicals attached to the surface of nanoparticles is a
critical factor controlling the surface properties of the nanopatrticle. This is especially
important in the present study where the surface tethered NAD must be displayed on
the silica surface in a configuration that can be readily accessed and bound by the
active site of enzymes in order to perform their catalytic function. Since this cannot be
directly visualised by any existing methods, surface structures can be simulated and

investigated with great accuracy using Molecular Dynamics computer simulations.

4.4.5 Molecular dynamics simulations of Né-linked-2AE-NAD tethered surfaces
Figure 4.6 shows a Forcite geometry optimised and equilibrated 4.48 nm x 4.48 nm

(19.9 nm?) amorphous silica surface with all surface silica atoms functionalized with
mercaptopropyl groups. The density of surface mercaptopropyl groups equates to
4.1/nm?, closely simulating the upper limit of 5/nm? [71, 93]. Nonene-2AE-NAD has
been attached to the surface thiols at an attachment density of 0.45 attachments/nm?,
closely simulating the highest attachment density achieved for this configuration of 0.5
attachments/nm?. Analysis of the simulated structure shows that NAD is well
separated from the silica surface by the nonane linker and points up and away from
the surface into the bulk solution. Each NAD molecule is separated by 1.5 nm and do
not overlap, demonstrating that an attachment of 0.5 attachments/nm? is physically
possible for nonene-2AE-NAD. A similar surface structure was obtained for thiol-
PEGs-2AE-NAD attached to the surface of a vinyl functionalised amorphous silica
surface of similar dimensions, as shown in Figure 4.7. NAD is well separated from the
vinyl functionalized surface by the PEG4 spacer arm, while the NAD is well exposed
to the bulk solution. Like previous, the average spacing between each surface tethered
NAD was determined to be 1.5 nm with no overlap of the structures. Thus, MD

simulations have revealed that the attachment densities obtained for tethered NAD on
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both thiol and vinyl terminated SiNPs are reasonable. The tethered NAD has also

shown to have favorable surface configurations for use in catalytic enzyme reactions.

Figure 4.6: Forcite geometry optimised silica surface simulating a thiol terminated

SiNP with 0,5 nonene-2AE-NAD attachments/nm?. Produced using Materials Studio.
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Figure 4.7: Forcite geometry optimised silica surface simulating a vinyl terminated
SiNP with 0,5 thiol-PEG4-2AE-NAD attachments/nm?. Produced using Materials
Studio.
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4.5 Alkylation of residual surface thiol groups
Strong electrostatic interactions between residual surface thiols on the nanopatrticle

surface and adsorbed enzymes can lead to inhibition of enzyme activity. Therefore, in
order to achieve maximum surface enzyme catalytic activity with tethered NAD, it is
important to reduce the magnitude of these interactions. This can be achieved by
chemically attaching a small molecule to the surface thiols in order to introduce a
surface chemical functionality that will interact with the enzyme less. lodoacetamide is
commonly used to alkylate thiol groups of proteins in order to stop the formation of
disulfide bonds [170, 171]. Here, iodoacetamide, along with two other similar alkylating
agents, benzyl bromide and bromoethanol, are used to alkylate the residual thiol
groups on the SINP surface after the tethering of NAD. Alkylation of the thiol groups
was performed in pH 8.8 buffer in order to deprotonate the surface thiol groups,
facilitating the nucleophilic substitution reaction depicted in Figure 4.6. The reaction
mixture was stirred at room temperature for 48 hours in the dark before the un-
attached alkylating agents were removed by centrifugation. A small aliquot of each
particle batch was dried for ATR-FTIR analysis as shown in Figure 4.7, 4.9 and 4.11.
The attachment of the alkylating agents was not quantified, and therefore the degree
of thiol capping is not known. The reader should also note that the implications of the
alkylation of surface thiols not explored until Chapter 7, where particle-enzyme

interactions are investigated in further depth.
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Figure 4.8: Schematic of the covalent capping of unreacted surface thiols with
alkylating agents.

4.5.1 Alkylation of residual surface thiol groups by iodoacetamide
Figure 4.9 shows an overlay of the ATR-FTIR spectra of 166 nm thiol terminated SiNPs

with 0.2 NAD attachments/nm? before (blue) and after alkylation of the residual surface
thiols by iodoacetamide (orange). It can be seen that alkylation did not affect the NAD
C=0 peak at 1700 cm, but it did result in an increase in peak height of the SiNP band
at 1620 cm* and the appearance of a small shouldering peak at 1670 cm™. These
signals are characteristic of the amide C=0 of iodoacetamide as shown in the

iodoacetamide FTIR spectra in the Appendix.
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Figure 4.9: ATR-FTIR spectra of thiol terminated SiNPs with tethered NAD (blue) and
with surface thiols capped by iodoacetamide (orange).

4.5.2 Alkylation of residual surface thiol groups by benzyl bromide

Alkylation of residual surface thiols by benzyl bromide also did not affect the NAD
C=0 peak at 1700 cm* as shown in Figure 4.10. It did, however, result in the
appearance of a sharp peak at ~1490 cm, characteristic of the aromatic C=C
bending of the benzene group of benzyl bromide as shown in the benzyl bromide
FTIR spectra in the Appendix. This indicates the successful alkylation of surface

thiols by benzyl bromide.
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Figure 4.10: ATR-FTIR spectra of thiol terminated SiNPs with tethered NAD (blue) and
with surface thiols capped by benzyl bromide (orange).

4.6 Conclusion
Né-linked-2AE-NAD has been specifically attached to the surface of SiNPs using a

thiol-ene ‘click’ reaction to couple the terminal thiol or vinyl groups of the N&-linked
spacer arm of NAD to the vinyl or thiol functional groups on the SiNP surface. This
was achieved through careful selection of an appropriate radical initiator, potassium
persulfate, which suited the aqueous solubility and thermal instability of the NAD
derivatives. ATR-FTIR analysis of the washed and dried SiNPs revealed the
appearance of a band at ~1700 cm!, characteristic of the intense C=0 stretch of the
nicotinamide moiety of NAD, This band was used to determine the surface attachment
density of the NAD on the patrticle surface using a quantitative ATR-FTIR technique
that required the careful construction of standard mixtures of NAD and SiNPs to
simulate attachment densities. NAD attachment densities were determined to within
the range of 0.2-0,5 attachments/nm?, which compared well with attachment densities
of NAD on particles calculated from literature. Attachment of NAD was confirmed by
zeta potential measurements, where attachment resulted in an increase in the zeta
potential of thiol terminated SiNPs from -31 mV to -51.9 mV, while vinyl terminated
particles when from being unmeasurable to -15 mV. MD computer simulations were

then used to construct simulations of the tethered NAD surfaces, showing the obtained
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attachment densities are indeed possible and NAD adopts a favourable conformation
pointing out to bulk solution on both SINP surfaces. Lastly, residual thiol groups on the
particle surface are covalently ‘capped’ with several different small alkylating agents
in order to decrease the interactions between the surface thiols and enzymes.

Attachment of the small alkylating agents were then confirmed by ATR-FTIR analysis.
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CHAPTER 5 : ENZYME ADSORPTION
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5.1: Overview
Enzyme interaction with the surface holding the co-factor is a key step in the reaction

mechanism. This chapter describes the adsorption of the enzymes used in this project
(EcG3PD, ADH and GIuDH) onto the surface of thiol and vinyl terminated SiNPs with
tethered NAD. Enzyme adsorption onto the particle surface was found to follow a
Langmuir model of adsorption, allowing the determination of a Langmuir constant (KL)
and a maximum adsorption capacity ([*]max). Molecular Dynamic simulations of the
enzymes were used to explain the differences in the observed adsorption properties

of the enzymes on the thiol and vinyl terminated SiNP surfaces.
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5.2 Introduction
The enzymes are very large compared to the size of the co-factor and since the co-

factor is tethered to the surface of the SiNP, the interaction between tethered NAD
and freely diffusing enzymes is likely to also involve the enzyme interacting with the
surface of the SINP. Most likely, for the interfacial enzyme reaction to proceed, the
enzyme must first adsorb to the active surface. In order to accurately quantify the
surface catalysis kinetics of tethered NAD with enzymes a highly detailed
understanding of this adsorption process is critical. Several previous studies focusing
on the catalytic action of freely diffusing enzymes on surface bound reactants have
utilised Langmuir adsorption kinetics to describe the adsorption of the enzyme to a
surface [115, 116, 172]. A schematic for the reversible adsorption of freely diffusing
enzyme to the surface of a dispersed SINP with surface tethered NAD is shown in
Figure 5.1. In order to develop a mathematical kinetic model of the catalytic enzyme
reaction with surface tethered NAD, the adsorption of freely diffusing enzymes onto

the nanopatrticle surface must be considered.

Figure 5.1: Adsorption of enzyme onto SiNP surface
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5.3 Langmuir adsorption kinetics
The first step in the reaction model is the reversible adsorption of freely diffusing

enzyme in solution (Efree) Onto an available surface site (*) on the nanoparticle surface,

resulting in a surface adsorbed enzyme (E*) Figure 5.1.

kOTl
Efree +* = E° (5.1)
Kofr

The maximum number of enzyme adsorption sites on the nanoparticle surface can be

expressed by the following:

[*lmax = [¥] + [E7] (5.2)

Where [*]max is the total concentration of available adsorption sites for enzyme in the
system. Reversible adsorption of enzyme onto the surface of SiNPs without catalytic
action of the enzyme can be reduced to Langmuir surface adsorption and desorption
kinetics.

d[E”]
dt

= kon[Efree]([*]max —[E*]) - koff [E*] (5.3)

The surface concentration of enzyme at equilibrium [E*]eq as a function of aqueous

enzyme concentration can then be expressed as:

[E*]eq _ KL[Efree]
[*]max 1+ KL [Efree]

(5.4)
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Where KL is the Langmuir constant expressed as:

k
KL =_on (55)
Kofr

Equation 5.4 is known as the Langmuir adsorption equation. It describes the
adsorption of an adsorbate onto an adsorbent with limited surface adsorption sites.
Adsorption sites are linearly filled with increasing adsorbate concentration. As
adsorption sites are depleted, adsorption begins to plateau to a point where no more

adsorption can occur.

5.4 Adsorption of EcG3PD, ADH and GIuDH onto the surface of

SiNPs
Accurate determination of interfacial kinetic constants requires knowledge of the

Langmuir adsorption kinetics of the enzymes onto the NAD tethered SiNP surfaces.
To determine the adsorption kinetics, ECG3PD, ADH and GluDH were adsorbed onto
thiol and vinyl terminated SiNPs with tethered NAD simply by mixing different
equivalents of the aqueous enzymes with the dispersed SiNPs. After mixing, the
nanoparticles were isolated and washed of free, unbound enzyme by centrifugation,
which has been shown to be an effective method for the separation of free proteins
from protein/nanoparticle complexes [111]. Proteins that have associated strongly with
the nanoparticles will travel with them, whereas weakly interacting proteins will be
removed by both exchange with proteins in the bulk liquid and by the shear force of
the particles in motion through the liquid [111]. The change in enzyme concentration
in the supernatant liquid can then be used to determine the quantity of enzyme
adsorbed onto the particle surface by difference. UV/Vis spectroscopy can be used to
determine the supernatant concentration of enzymes if the enzyme has a convenient
absorbance and/or the change in enzyme activity of the solution before and after
mixing with the particles can be used to quantify the remaining enzyme, as shown

schematically in Figure 5.2(a) and Figure 5.2(b) respectively.
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Figure 5.2: Change in enzyme concentration after mixing with SiINPs measured by (a)
UV/Vis absorbance and (b) analysis of the change in enzyme activity.

EcG3PD absorbs in the UV range and Figure 5.3(a-b) shows the change in the
spectrum for various concentration of ECG3PD on thiol and vinyl particles respectively.
The quantity of ECG3PD adsorbed/nm? of SiNP surface was plotted as a function of
the quantity of EcG3PD applied/nm? of SiNP surface in order to generate the

characteristic adsorption isotherm in Figure 5.3(c).
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For ADH and GluDH, quantification of residual activity is a convenient method to
determine the adsorption onto the SINP surface (Figure 5.2(b)). Knowing the activity
of these enzymes per mass of enzyme under specific conditions, i.e. umol/min/mg,
the change in the total activity of the agueous enzyme before and after mixing with
SiNPs can be used to determine the change in concentration of the enzyme. However,
this assumes that the enzyme suffers no loss in catalytic activity while in dynamic
equilibrium with the SINP surface and bulk solution. The activity of ADH and GluDH,
before and after mixing with SiNPs, was quantified by tracking the increase in UV/Vis
absorbance at 340 nm due to the enzyme catalysed reduction of NAD to NADH
Determining the change in enzyme activity with increasing amounts of enzyme
applied/nm? of SiNP surface in allows the amount of enzyme adsorbed/nm? of SiNP
surface to be determined. These values are plotted together in order to generate the
Langmuir adsorption isotherm for ADH (Figure 5.4(b)) and GIuDH (Figure 5.5(b)).
Adsorption analysis of ADH and GluDH onto vinyl terminated SiNPs with tethered NAD

was not performed.
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Figure 5.3: UV/Vis spectra of ECG3PD left in particle washings after adsorption onto
thiol terminated SiNPs (a), and vinyl terminated SiNPs (b) with surface tethered NAD.
The amount of EcG3PD applied/nm? is then plotted against the quantity of EcCG3PD
adsorbed/nm? to generate a Langmuir adsorption isotherm for each SiNP species (c).
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Figure 5.4: Increase in UV/Vis absorbance at 340nm due to the formation of NADH by
the catalysis of ADH remaining in particle washings after adsorption onto thiol
terminated SiNPs with tethered NAD (a). The change in ADH activity is used to
determine the amount of ADH adsorbed/nm? of SiNP surface, which is then plotted as
a function of the quantity of ADH applied/nm? to generate the Langmuir adsorption
isotherm (b).
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Figure 5.5: (a) Activity of GIuDH before and after mixing with thiol terminated SiNPs
with tethered NAD and (b) corresponding amount of GluDH adsorbed onto the thiol

SiNP surface.

5.4.1 Langmuir adsorption kinetics
The Langmuir constant, K., and maximum equilibrium adsorption capacity, [*]max

(Table 5.1) for each surface and enzyme combination were determined by fitting the

Langmuir adsorption expression (Equation 5.4) to the adsorption isotherms (Figure
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5.3(c), Figure 5.4(b) and Figure 5.5(b)). Knowing the specific surface area of the SiINPs

allows the Langmuir constants to be converted to a molar concentration.

Table 5.1: : The Langmuir constants, K., and maximum equilibrium adsorption
capacities, [*]max, derived by fitting Equation 5.4 to the adsorption isotherms of
EcG3PD, ADH and GIuDH on thiol and vinyl terminated SiINPS with tethered NAD in
(Figure 5.3(c), Figure 5.4(b) and Figure 5.5(b)).

, Theoretical [*]max
Enzyme  SiNP Surface K. (E/nm?)? [*]max (E/nm?)

(E/nm?)
Thiol/NAD 9.6 0.1 0.02
EcG3PD
Vinyl/NAD 1.4 0.09 0.02
ADH Thiol/NAD 19 0.005 0.007
GluDH Thiol/NAD 14 0.004 0.005

The Langmuir constant, K., is the equilibrium constant for the forward enzyme
adsorption reaction, given by Equation 5.5. The high K. value for ECG3PD adsorption
onto thiol terminated SiNPs (9.6 (E/nm?)1) compared to the vinyl particle (1.4 (E/nm?)
1) indicates a much stronger affinity of ECG3PD towards the thiol surface compared
with a vinyl surface on the particle. This is schematically illustrated in Figure 5.6(a).

The maximum number of enzymes /nm? adsorbed onto the surface is approximately
0.1 Enzymes / nm? for both nanoparticles as shown in Table 5.1. The largest length
dimension of the enzyme determined from the crystal structure of LmG3PD, a model
for ECG3PD, was 8nm [141]. Assuming EcG3PD is spherical with a diameter of 8 nm,
highly ordered packing only physically allows a calculated 0.02 enzymes/nm?. This
indicates that either the enzyme conformation is significantly altered upon adsorption
or more likely the formation of a multi-layered second order structure on the SiNP
surface such as the commonly reported protein corona [173, 174]. This suggests

strong protein-protein interactions between EcG3PD molecules.
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Interestingly, the maximum adsorption of both ADH and GIuDH is about 200 times less
than that for ECG3PD at about 0.005 enzymes /nm?. This compares well to the
theoretical value of 0.007 ADH molecules/nm?, assuming high density packing of
spherical ADH with diameter of ~14 nm as determined by crystal structure [145]. A
lower experimentally determined value for the maximum surface coverage than the
theoretical value suggests the formation of a single layer of ADH on the particle surface
with much weaker protein-protein interactions than suggested in the EcG3PD
adsorption analysis. GIuDH has a diameter of 16.5 nm as determined from analysis of
its crystal structure [146, 147]. Assuming high packing efficiency on the SiNP surface,
a maximum adsorption capacity of 0.005 GluDH/nm? is possible. This correlates well

with the experimental value of 0.004 GluDH/nm?2.

Similar to EcG3PD adsorption onto vinyl terminated SiNPs with tethered NAD,
adsorption of ADH onto thiol terminated SiNPs with tethered NAD resulted in a low
Langmuir constant suggesting weak enzyme-surface interactions. This is
schematically illustrated in Figure 5.6(b). The maximum equilibrium surface coverage

of ADH was found to be 0.005 ADH molecules/nm? on the thiol particle surface.
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(b)

Figure 5.6: Graphical representation of EcG3PD and ADH adsorption onto thiol
terminated SiNPs with tethered NAD (a) and EcG3PD and ADH adsorption onto vinyl
terminated SiNPs with tethered NAD (b).

Like EcG3PD, GIuDH has a higher Langmuir constant, indicating the adsorption
equilibrium towards enzyme adsorption, suggesting strong interactions between the
enzyme and surface. Therefore, GIuDH exhibits a similar adsorption to the surface of
thiol terminated SiNPs as EcG3PD depicted in Figure 5.6(a). However, the lower
experimental maximum adsorption capacity compared to the theoretical value
suggests the formation of a single layer of GIuDH on the particle surface. This
suggests weaker protein-protein interactions as in the case of ADH. Therefore, the
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SINP surface is occupied by GluDH molecules at low concentrations before all vacant
adsorption sites are filled and adsorption plateaus, as observed in Figure 5.5(b).

In order to explain differences in adsorption properties of the different enzymes on the
different surfaces, the physical and chemical properties of the enzymes and surfaces
must be examined. This can be achieved by considering the surface electrostatic
properties of both the nanoparticle and enzyme, which can be achieved by zeta
potential analysis and MD simulations, respectively.

5.4.2 Comparison of thiol and vinyl terminated SiNP surfaces
As discussed in Chapter 4, Zeta potential ({) measurements of thiol and vinyl

terminated SINPs with tethered NAD were measured in pH 7.5 buffer solution,
simulating the enzyme adsorption and reaction conditions. At pH 7.5, the zeta potential
of thiol terminated SiNPs with tethered NAD was found to be -51.9 mV while that of
vinyl terminated SiNPs with tethered NAD was -15.0 mV. This shows that thiol
terminated SiNPs are highly stable in the reaction solution and carry a large negative
charge. This negative charge is caused by the small amount of deprotonated surface
silanol and thiol groups, as well as the high density of negatively charged surface
tethered NAD. The zeta potential of vinyl terminated SiNPs with tethered NAD
indicates mild stability in solution and a weak negative surface charge, resulting from

deprotonated surface silanol groups and negatively charged surface tethered NAD.

5.4.3 Comparison of EcG3PD, ADH and GIluDH
EcG3PD is a small homodimer ~8 nm in diameter with a molecular mass of 72 kDa

[141]. Langmuir adsorption analysis of ECG3PD onto the SiNP surfaces with tethered
NAD in revealed that ECG3PD adsorbs strongly onto the surface of thiol terminated
SiNPs with tethered NAD compared to weaker adsorption onto the vinyl terminated
SINP surface with tethered NAD. The maximum adsorption capacity of ECG3PD onto
the SiNP surfaces was determined to be 0.1 EcG3PD/nm?2. Since the calculated
maximum adsorption with highly ordered packing was calculated to be 0.02
EcG3PD/nm?, it is likely that multiple layers of EcCG3PD were adsorbed. ECG3PD was
also determined to have much stronger adsorption than ADH onto the surface of thiol
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terminated SINPs with tethered NAD. Langmuir adsorption analysis revealed the
maximum adsorption capacity of ADH to be 0.0055 ADH/nm? which correlated well
with the calculated value of 0.007 ADH/nm? for the much larger 146 kDa homo-
tetramer with a diameter of ~14 nm [145]. GIuDH is a large homo-hexameric protein
with a molecular mass of 345 kDA and a diameter of ~16.5 nm. Like EcG3PD, GluDH
was found to have strong interactions with the thiol terminated SINP surface as
determined by Langmuir adsorption analysis. GIuDH was found to have maximum
adsorption density of 0.004 GluDH/nm?, just under the maximum theoretical value of
0.005 GluDH/nm?. Therefore, like ADH, it is likely that GIuDH has weaker protein-
protein interactions. These observed differences in adsorption properties of each
enzyme can be explained by analysis of their electrostatic potential maps in Figures
5.7-5.9.
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(kT/e)

Figure 5.7: Surface electrostatic potential maps of ECG3PD (PDB ID: 1N1E) at pH 7.5,
showing the NAD binding face with bound NAD (yellow) (a) and the reverse face (b).
Generated using the Chimera [144]. Red corresponds to negatively charged surface
regions while blue is positively charged surface regions.
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Figure 5.8: Surface electrostatic potential maps of ADH (PDB ID: 5ENV) at pH 7.5,
showing the NAD binding face with bound NAD (yellow) (a) and the reverse face (b).
Generated using the Chimera [144]. Red corresponds to negatively charged surface
regions while blue is positively charged surface regions.

123



Figure 5.9: Surface electrostatic potential maps of GluDH (PDB ID: 1HWY) at pH 7.5,
showing the NAD binding pockets with bound NAD of homo-hexamer subunits.
Generated using the Chimera [144]. Red corresponds to negatively charged surface
regions while blue is positively charged surface regions.
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EcG3PD has an isoelectric point of 9.5 [141]. Therefore, at pH of 7.5, the pH at which
all adsorption and enzyme activity experiments were carried out, ECG3PD will possess
a net positive surface charge. ADH has an isoelectric point of 5.4-5.8 and thus will
carry a net negative surface charge at pH 7.5. The electrostatic potential map of the
EcG3PD homo-dimer shows a large, strongly positive region on the face containing
the NAD binding sites (Figure 5.7(a)) and two small, negatively charged regions on
the opposite face (Figure 5.7(b)). ADH (Figure 5.8), however, possesses a mixed
coverage of surface charged regions, with a slightly higher density of negatively
charged regions on the side containing the NAD binding sites (Figure 5.8(a)). These
NAD binding sites carry a positive charge within their cavity, facilitating the binding of
negatively charged NAD [145]. ADH dimers dimerise in a “back-to-back” configuration,
forming a large homo-tetramer where the active sites are fully exposed to bind
reactants [145]. Therefore, in its native state, either side of ADH would most closely
resemble the NAD binding face Figure 5.14(a) with both sides of the tetramer
possessing a net negative surface charge. The electrostatic potential map of the
GluDH homo-hexamer (Figure 5.9) shows regions of dense positive charge within and
surrounding the NAD binding pockets which are separated by neutral and slightly
positive regions. Although a literature value for the isoelectric point of GluDH from
bovine liver could not be found, the electrostatic surface mapping correlates well with
the adsorption data. The large proportion of surface positive charge of GIluDH would
facilitate strong interactions between the negatively charged thiol terminated SiNP
surface with tethered NAD. Therefore, a large Langmuir constant is expected with
monolayer adsorption due to weak protein-protein interactions. The structural
properties of the surfaces of both SiNPs and enzymes as determined by molecular
dynamics simulations are therefore highly consistent with the adsorption properties
experimentally observed in Section 5.4 and are consistent when compared to the

reaction pH and their literature isoelectric point values.

5.6 Conclusion
In order to facilitate the accurate determination of surface enzyme catalysis of kinetics

of tethered NAD, the adsorption of the enzymes EcG3PD, ADH and GIuDH onto the
surface of thiol and vinyl terminated SiNPs with tethered NAD was investigated. This
was performed by mixing controlled amounts of each enzyme with SiNPs, separation

by centrifugation and then determination of the amount of enzyme adsorbed by UV/Vis
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analysis or by measuring the change in activity of the enzyme solutions. Enzyme
adsorption was characteristic of reversible Langmuir adsorption allowing the
calculation of a Langmuir constant (KL) and a maximum adsorption capacity ([*]max)
for each enzyme on the SiNP surfaces. The difference in adsorption properties of each
enzyme was then explained by investigation of the SiNP surface zeta-potential and

MD simulations of the surface electrostatic potential of the enzymes.

126



CHAPTER 6 : SURFACE CATALYSIS KINETICS OF TETHERED
NAD: AN EXCESS ENZYME APPROACH
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6.1 Overview
This chapter describes the development of a kinetic model describing the interfacial

kinetics of the catalytic action of NAD dependent enzymes with surface tethered NAD.
This allows the determination of the kinetic rate constants for several critical reaction
steps such as reversible enzyme adsorption, complexation, de-complexation and
catalysis of the surface-bound-enzyme/NAD-complex. These kinetic constants are
then compared to those of an equivalent enzyme reaction system containing free NAD,

modelled by conventional Michaelis-Menten kinetics.

Utilising the Langmuir adsorption kinetics determined in Chapter 5, a quasi-steady-
state-assumption (QSSA) is applied to the surface adsorbed enzyme and the reactant
stationary assumption to the freely diffusing enzyme, allowing the derivation of an
expression that accurately described the enzyme reaction rate with surface tethered
NAD as a function of enzyme concentrations. Kinetic constants derived from the rate
expression are then supported via theoretically modelling the reaction against
experimental data. The rate constant of surface catalysis of ECG3PD and ADH were
found to be enhanced with SiNP tethered NAD up to ~25 fold for catalysis and ~2.4
fold for complexation as compared to equivalent concentrations of freely diffusing
NAD. Kinetic analysis, along with molecular dynamic simulation of the interfacial
interactions between the NAD/SINP surface and enzymes revealed a combination of
tuneable factors giving rise to the observed kinetic enhancement. These factors
included the strength of the electrostatic attraction or repulsion between the enzymes
and SiNP surface, the enzyme size, adsorption orientation and surface protein-protein

interactions.
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6.2 Introduction
Biorecognition, binding and catalytic action of biological agents such as enzymes,

antibodies and peptides at cellular interfaces are highly prevalent processes in nature
[113, 117, 123, 125, 129, 134]. Membrane bound proteins are thought to comprise
30% of all proteins within the cell, playing a critical role in cellular activity [175]. Some
enzymes such as cellulases, lysozymes, lipases, collagenases, amylases and
receptor tyrosine kinases have also evolved to target, bind and react with chemicals
localised to cellular interfaces [113, 125]. The prevalence of surfaces decorated with
many different chemical functionalities in living cells, along with the abundance of
surface active enzymes indicate that these natural systems take advantage of

principles of heterogeneous catalysis in ways yet to be understood [34].

Due to several factors, homogeneous enzyme kinetics are a poor approximation of the
kinetics of enzyme reactions at surfaces, as discussed in depth in Chapter 1. This is
especially apparent in the case where aqueous enzymes act on surface bound
reactants. Efforts to characterise the interfacial enzyme kinetics in this configuration
usually employ an enzyme excess approach, where enzyme reaction rates are
measured as a function of enzyme concentration at a fixed concentration of the
surface bound reactant. This approach has been used to analyse the kinetics of
nuclease cleavage of surface tethered DNA [115, 116], proteolytic cleavage of
ovalbumin films [135], hydrolysis of insoluble cellulose by cellulase [117, 118, 139]
and the lysis of peptides conjugated to the surface of quantum dots (QDs) by aqueous
proteases [33, 110, 126], as described in Chapter 1. This “inverse” approach to
enzyme kinetic analysis, compared to the conventional Michealis-Menten (MM)

configuration is shown below in Figure 5.1.
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Figure 6.1: Comparison of (a) enzyme saturation by the reactant in the conventional
Michaelis-Menten (MM) approach and (b) reactant saturation by the enzyme in the
inverse approach where surface tethered NAD is the example reactant. In the
conventional approach, the enzyme reaction rate (blue line) is measured as a function
of reactant concentration resulting in saturation of the enzyme at high reactant
concentrations. In the inverse configuration, enzyme reaction rates are measured as
a function of enzyme concentration resulting in saturation of the reactant at high
enzyme concentrations. Adapted from [117].

6.3 Kinetic Model
Several reports have explored the catalytic action of enzymes on surface tethered

NAD as discussed in Chapter 1 [18, 41, 48, 50, 52-54, 72]. However, in order to
develop efficient biotechnological applications of surface tethered NAD, the rate of
enzyme reactions with the immobilised cofactor must be maximised. This can only be
achieved by gaining a detailed kinetic understanding of the complexation and catalysis
between enzymes and surface tethered NAD. Towards this, this chapter describes the
kinetics of two different cofactor dependent enzymes acting on NAD tethered to the
surface of SINPs, characterised by a combination of Langmuir adsorption isotherm
described in Chapter 5 and Michaelis-Menten kinetic concepts. Scheme 6.1 depicts

the proposed mechanism of enzyme catalysis with surface tethered NAD. The first
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step shows the adsorption equilibrium between freely diffusing enzyme in solution
(Efree) and surface adsorbed enzyme (E*), Scheme 6.1(i). Surface adsorbed enzyme,
for which there is a limited amount of surface adsorption sites (*), depicted by the
yellow area, then reversibly binds to surface tethered NAD (NAD) forming the surface-
bound-enzyme/NAD-complex (ENAD*), Scheme 6.1(ii). Catalysis of the surface-
bound-enzyme/NAD-complex reduces surface bound NAD to NADH Scheme 6.1(iii)
which can then participate in the detection assay Scheme 6.1(iv). Applying a quasi-
steady-state-assumption (QSSA) to the surface-bound-enzyme/NAD-complex and
subsequently, the surface bound enzyme, allows the development of an expression
for rate of surface enzymatic catalysis as a function of aqueous enzyme concentration.
Fitting this interfacial rate expression with experimental data allows the kinetic rate
constants for the processes depicted in Scheme 6.1 to be determined. Rate constants

are then verified via integration of the mass balance equations by Euler's method

against raw kinetic data.

(iif)

G3P DHAP (iv)

ENAD®

Resazurin

Scheme 6.1: Schematic of heterogeneous enzyme reaction with NAD tethered to the surface

of SINPs showing i) adsorption, ii) complexation, iii) surface catalysis and iv) regeneration of
surface bound NAD by the resazurin/PMS* coupled assay.

This proposed kinetic model shown in Scheme 6.1 accounts for the adsorption of free
enzyme onto the SiNP surface, complexation of the surface adsorbed enzyme with
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NAD, surface catalytic reaction with decomplexation of enzyme surface NAD. Kinetic
analysis of this model does not consider the rate of the PMS™ mediated reaction of
NADH with resazurin to form resorufin, which has been shown to have a second order
rate constant of 180 M s under similar reaction conditions, which, as will be
demonstrated, is several orders of magnitude greater than any rate constant
determined in this study [176]. Thus, the fluorometric detection of resorufin produced
in the resazurin/PMS* coupled assay is an accurate indicator of NADH formation and
therefore an accurate measure of the enzyme reaction rate. The proposed kinetic
model also does not consider the rate of the reversible binding of G3P and ethanol to
EcG3PD and ADH respectively. This is because the concentration of these reactants
in the assay systems (0.2 M G3P and ~3.5 M ethanol) are several orders of magnitude
greater than any other reacting species. Thus, the diffusion and rate of complexation
of these reactants to the surface adsorbed enzymes is assumed to not be a limiting

factor in surface catalysed enzyme reactions.

6.3.1 Development of the mathematical kinetic model
In order to analyse the kinetics of the catalytic enzyme reaction with surface tethered

NAD, a model has been developed combining Langmuir adsorption of the enzymes
with QSS assumptions of the surface catalysed reaction. As discussed in Chapter 5,
the first step in the reaction model is to determine the concentration of surface
adsorbed enzyme (E*) onto an available surface site (*) on the nanopatrticle surface
based on the reversible adsorption of freely diffusing enzyme in solution (Efree), from
Scheme 6.1(i).

kOn
Efree +% = E (6.1)
Kofr

In the next step, surface adsorbed enzyme reversibly complexes with tethered NAD
(NAD) on the nanopatrticle surface to form the surface-bound-enzyme/NAD-complex
(ENAD*) Scheme 6.1 (ii).

132



k1
E*+ NAD = ENAD* (6.2)
k_q

Reaction can then occur at the surface, liberating product (P) with decomplexation of
ENAD to E* and NADH which is regenerated to NAD in the resazurin/PMS* coupled

assay Scheme 6.1 (iii-iv).

kcat
ENAD* - P+ E*+ NADH (6.3)

The maximum amount of enzyme adsorption sites on the nanoparticle surface can be

expressed by the following:

[*]max = [x] + [E*] + [ENAD"] (6.4)

Where [*]max is the total concentration of available adsorption sites for enzyme in the

system.

The adsorption of enzyme onto the nanoparticle surface, complexation with surface
bound NAD and catalytic formation of product and decomplexation of the surface-
bound-enzyme/NAD-complex can be described with the following differential

equations:

d[E*]

—3i = KonlErree| ([¥lmax = ((E*] + [ENAD'])) = koss[E*] — ka[E*]INAD] + k_; [ENAD*](6.5)
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d[ENAD*]

T = kalE"][NAD] — k_,[ENAD"] (6.6)
d[P] .
—r = kear [ENAD*] (6.7)

d[P]/dt provides the term for the change in product with time. When the change in
product is constant, it is indicative of the establishment of a quasi-steady-state (QSS)
where the concentration of surface-bound-enzyme/NAD-complex (ENAD*) remains

constant with time, i.e.

d[ENAD"]

It =0 (6.8)

Consequently, the concentration of surface-bound-enzyme/NAD-complex is only
constant when the surface enzyme concentration is also constant as described by
Equation 6.9.

d[E*]
dt

=0 (6.9)

Thus, under a QSSA, Equations 6.5 to 6.7 yield the following rate expression
representing the rate of product formation (vo) at equilibrium adsorbed enzyme surface

concentration as a function of the aqueous enzyme concentration:

d[P] = p, = kcatkl[NAD] [*]maxKL[Efree]
dt " k_y + Ky [Efree| (k_y + ke [NAD])

(6.10)

Note that Ki was defined in the Langmuir adsorption analysis in Chapter 5.
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6.3.2 Measurement of enzyme reaction rates
The reaction rates of ECG3PD and ADH were characterised using the resazurin/PMS*

coupled reaction described in Chapter 1. In the reaction, highly fluorescent resorufin
is produced from the PMS* mediated reduction of resazurin by the NADH produced in
the enzyme catalysed reaction, which is subsequently regenerated to NAD, as shown
in Scheme 6.1(iv). Since NADH is regenerated to NAD within each catalytic/detection
cycle, the reaction is not limited by the small concentration of NAD (< 1 uM) within the
system and the reaction can continue until all resazurin, the limiting reagent, is
depleted. This intrinsic NAD regeneration within the highly sensitive fluorometric

detection assay becomes highly useful for two reasons.

0] regeneration of NAD allows a QSS between NAD and NADH to be established,
subsequently allowing the surface-tethered-enzyme/NAD-complex to form a
QSS . This allows enzyme activity to be measured over extended time periods
without depletion of the small concentration of NAD within each system. This
allows more accurate determination of reaction rates at high enzyme
concentrations, which would be difficult to accurately determine using
techniques such as UV/Vis analysis of NADH formation, where most of the
reaction is complete before analysis can be initiated.

(i) Secondly, it allows detection of enzyme activity at extremely low enzyme
concentrations since measurements can be obtained over extended periods of
time, allowing resorufin concentration to accumulate to a detectable and
guantifiable level. This allows accurate determination of reaction rates as a
function of a large range of enzyme concentrations with small concentrations
of NAD.

The relationship between fluorescence intensity and the concentration of resorufin,

and thus NADH, produced in the coupled assay reaction is quantified using linear

regression in the Appendix.

6.3.3 Approach to surface kinetic analysis
SiNPs with surface tethered N8-linked-2AE-NAD as well as an equivalent amount of

freely diffusing NAD under identical reaction conditions were applied to the EcG3PD
and ADH catalysed reactions. Thiol terminated SiNPs had an average diameter of 98

nm with a surface attachment density of nonene-2AE-NAD of 0.5 attachments/nm?.
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Vinyl terminated SiNPs had an average diameter of 105 nm with a coverage of 0.5
attachments/nm? of SH-PEG4-2AE-NAD. Although NAD surface coverage is relatively
high, applying the large excess of NAD concentration that is required to satisfy the
reactant stationary assumption of conventional Michaelis-Menten kinetic analysis in
order to acquire the maximum enzyme velocity becomes exceedingly difficult to
achieve. This is because, as the total concentration of NAD is increased within the
system, so too is the total SINP concentration, to a point where the SiNPs start to
inhibit the enzyme catalysis as discussed later in Chapter 7. This limitation can be
overcome by using an enzyme excess approach, where reaction rate is measured as
a function of enzyme concentration at a fixed concentration of reactant [33, 110, 117,
126, 135]. In our kinetic analysis, ECG3PD reaction rates were measured as a function
of excess EcG3PD concentrations while the total concentration of surface tethered
NAD or free NAD within the system was held at 1 uM. Analogously, ADH reaction rates
were measured as a function of excess ADH concentration with 0.5 uM surface
tethered NAD or free NAD.

6.3.4 Measurement of surface kinetics under enzyme excess conditions
Application of different concentrations of ECG3PD and ADH to fixed concentrations of

freely diffusing NAD (Figure 6.2(a) and Figure 6.3(a)) and surface tethered NAD
(Figure 6.2(b-c) and Figure 6.3(b)) resulted in linear rates of NADH production over
time, as measured by the resazurin/PMS* coupled reaction. This linear enzyme
reaction rate indicates the establishment of a quasi-steady-state concentration of the
surface-bound-enzyme-NAD complex on the particle surface, and analogously, the
enzyme/NAD complex (ENAD) in solution. The reaction rate as a function of enzyme
concentration for ECG3PD (Figure 6.2(d)) and for ADH (Figure 6.3(d), shows a linear
increase in activity at low enzyme concentrations with each source of NAD. However,
as the enzyme concentration is increased, a plateau in activity is reached, probably

due to saturation of NAD with enzyme as depicted in Figure 5.1(b).
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EcG3PD activity with NAD tethered to the surface of thiol and vinyl terminated SiNPs
was comparable to that with free NAD at higher concentrations examined in these
Figures. At low concentrations, the reaction rate of ECG3PD with aqueous NAD goes
to zero (undetectable) at ECG3PD concentrations below 0.167 uM, probably due to
productive collisions between EcG3PD and aqueous NAD becoming increasingly
diffusion limited in this range.

Significantly, at low concentrations of ECG3PD, higher reaction rates were observed
for the thiol SINPs compared to that of free NAD and NAD tethered to vinyl terminated
SiNPs (Figure 6.2(d)). Adsorption analysis indicated that there are strong interactions
between EcG3PD and thiol terminated SiNPs with tethered NAD which could facilitate
the adsorption of ECG3PD onto the surface of thiol terminated SiNPs with tethered
NAD at very low enzyme concentrations. Conversely, the much weaker interactions

with vinyl terminated SiNPs with tethered NAD could explain the lower reaction rate.

ADH reaction rates with free NAD were significantly higher than that with NAD tethered
to thiol terminated SiNPs. This is likely due to the weak interactions between ADH and
the surface of thiol terminated SINP with tethered NAD and the significantly lower
surface adsorption capacity compared to ECG3PD, due toit’s larger size. ADH showed
little to no activity with NAD tethered to the surface of vinyl terminated SiNPs, with
activity undetectable below 0.68 uM ADH. This is possibly due to even weaker

interactions between ADH and the vinyl/NAD surface.

6.3.5 Kinetic analysis of the excess enzyme approach
Equation 6.10 predicts that the rate of product formation will increase linearly with

enzyme concentration with an upper limit reached at high aqueous enzyme
concentrations, as described by Langmuir adsorption. At this limit, the nanoparticle
surface is saturated with enzyme and additional increase in enzyme concentration will
not increase the surface enzyme concentration or corresponding surface-

enzyme/NAD-complex concentration. At this point, the rate of surface enzyme
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catalysis reaches an upper limit. Therefore, Equation 6.10 described the trends seen
in the experimental kinetic data for surface tethered NAD.

6.3.6 Determination of kinetic constants
Therefore, Equation 6.10 can be fitted to the experimental kinetic data for ECG3PD in

Figure 6.2(d) and ADH in Figure 6.3(c) to determine the values for kcat, k1 and k-1. The
values for these constants can then be compared with Euler integration of the mass
balance equations for the processes described in equations 6.5 to 6.7, which also
allows specific values for the adsorption constants, kon and Koft, to be determined. For
the free NAD system, kinetic data is fit to the inverse Michaelis-Menten Equation (6.11)
which describes enzyme rate as a function of enzyme concentration at a fixed reactant
concentration [117, 136].

d[P] _ kcat[NAD] [Efree]
Tk tk
dt 1 kl cat [Efree]

(6.11)

The values obtained from fitting the experimental data to Equation 6.10 for SiNP
tethered NAD and Equation 6.11 for free NAD are specified in Table 6.1

Table 6.1: Kinetic rate constants of the EcCG3PD and ADH catalysed reaction derived
from Equation 6.10.

Enzyme NAD source Kon (umol*mint) kot (Mint)  Ki (umol?) ki (umol* mint) ki1 (mint)  Keat (Min?)
Free NAD N/A N/A N/A 631 0.0047 0.54
EcG3PD Thiol SiNP tethered NAD 1450 0.033 44000 19361 0.076 8.0
Vinyl SiNP tethered NAD 210 0.031 6800 26187 0.0431 13.6
ADH Free NAD N/A N/A N/A 132740 0.005 31.7
Thiol SiNP tethered NAD 250 0.026 9700 29296 0.029 210
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6.3.7 Kinetic modelling
In order to confirm the validity of the values of the rate constants determined by fitting

Equation 6.10 to experimental data shown in Table 6.1, the reactions were simulated
via kinetic modelling. Kinetic simulation allows the theoretical concentration of each
species within the reaction to be examined over time to verify that the values of these
kinetic constants are reasonable and accurately describe the reaction processes. It
also allows the assumptions made in the construction of the kinetic expressions to be
validated. Kinetic simulations were performed manually using Euler's method to
integrate the mass balance equations for the reactions described in equations 6.5 to
6.7 of the kinetic model for each EcG3PD and ADH concentration with each NAD
source. The simulated increase in product formation, i.e. the total quantity of NADH
formation, were compared to the experimental values in order to verify the values of
the rate constants as shown in the example simulations for each system in Figures
6.4-6.8.

6.3.7.1 Modelling of the EcG3PD reaction with free NAD

As shown in Figure 6.4(a-b), free NAD in solution rapidly complexes with aqueous
EcG3PD to form the enzyme/NAD-complex within first 3 minutes of mixing,
establishing a QSS where the enzyme/NAD-complex remains constant in
concentration at ~0.5 uM. Thus, half of the total free NAD is participating in the reaction
at the QSS. Complexation is governed by the forward second order rate constant k1
which was determined to be 631 umol* mint and the reverse first order rate constant
k-1 which was found to be 0.0047 min-t. The enzyme/NAD-complex then catalyses the
product formation step with reduction of NAD to NADH with subsequent
decomplexation back into free enzyme and NADH. The rate of this step is dependent
on the irreversible first order rate constant, kcar which was determined to be 0.54 min-
1, This is also the rate limiting step of the reaction, typical of enzyme catalysed
reactions. Figure 6.4(c) shows the simulated rate of product (NADH) formation which

agrees well with the experimentally determined reaction trajectory.
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Figure 6.4: Kinetic simulation of the EcG3PD catalysed reaction with 1 uM free NAD
and 8.33 uM EcG3PD showing the concentration of (a) free enzyme, (b) NAD and the
enzyme/NAD-complex throughout the course of the reaction and (c) comparison of
simulated and experimental reaction trajectories.

6.3.7.2 Modelling of the EcG3PD reaction with thiol SINP tethered NAD
Langmuir adsorption analysis in Chapter 5 showed that the adsorption equilibrium of

EcG3PD onto thiol terminated SiNPs with surface tethered NAD lies towards the
adsorption of enzyme onto the available surface sites on the particle surface. Figure
6.5(a-b) shows that free enzyme is rapidly adsorbed onto the SiNP surface with all
available surface sites being filled, establishing a steady state after 3 minutes. Kinetic
simulation revealed the specific values for kon and kot to be 1450 pmol -t min-t and
0.033 mint, respectively. Adsorbed enzyme E* then complexes with tethered NAD on
the SINP surface to form the surface-bound-enzyme/NAD-complex (Figure 6.5(c-d)).
This results in a rapid decrease of un-complexed tethered NAD concentration and a
sharp increase in surface-bound-enzyme/NAD-complex to 0.038 uM at QSS, below
the calculated maximum value of 0.04 uM assuming a maximum of 0.02 EcG3PD/nm?
can physically access the surface at any point in time. This step leans heavily towards
the formation of the surface-bound-enzyme/NAD-complex with the second order rate

constant ki found to be 19361 pmol* mint and the first order rate constant k-1 found
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to be 0.076 min! in the reverse direction. This equates to a ~30 fold enhancement in
the forward rate of complexation of surface adsorbed EcG3PD with surface tethered
NAD compared to that of the free NAD system. Surface catalysis of the surface-
bound-enzyme/NAD-complex catalytically releases product with decomplexation to
surface bound enzyme and surface tethered NADH which then participates in the rapid
resazurin/PMS coupled assay reaction. The rate of this enzymatic catalytic step was
determined to be kcat = 8.0, ~15 fold greater than that of the free NAD system. The
simulated reaction rate was found to agree well with the experimental rates at 8.33 uM
EcG3PD as shown in Figure 6.5(e).
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Figure 6.5: Kinetic simulation of the EcG3PD catalysed reaction with 1uM thiol SINP
tethered NAD and 8.33 uM EcG3PD showing the concentration of (a) free enzyme.
(b) available surface sites and surface adsorbed enzyme, (c) surface tethered NAD
and (d) surface-bound-enzyme/NAD-complex throughout the course of the reaction.
comparing theoretical and experimentally determined reaction rates and (e)
comparison of simulated and experimental reaction trajectories.

6.3.7.3 Modelling of the EcG3PD reaction with vinyl SiNP tethered NAD
In the case of the vinyl SINP tethered NAD, Langmuir adsorption analysis of EcG3PD

revealed much weaker adsorption than that of thiol SiNP tethered NAD. This is shown
by the much slower adsorption of the enzyme onto the particle surface (Figure 6.6(a-

b) with the second order rate constant kon determined to be 210 umol ** min** and the
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first order reverse rate constant kot found to be 0.031 mint. Surface adsorbed enzyme
is rapidly complexed with surface tethered NAD (Figure 6.6(c-d)) with the second order
rate constant ki found to be 26187 umol * min** and the de-complexation first order
rate constant k-1 found to be 0.0431 min-t. Like the thiol SiNP tethered NAD system, a
large enhancement (~40 fold) in the forward complexation reaction rate was observed
compared to the free NAD system. At QSS the concentration of the surface-bound-
enzyme/NAD-complex was 0.025 uM, about one third of that of the thiol SINP tethered
NAD reaction. The slow adsorption of enzyme, but rapid complexation with surface
tethered NAD results in a very slow establishment of a QSS (~30 mins). This is evident
in the lag period of activity over the first 15 to 20 minutes of enzyme reaction with the
vinyl SINP tethered NAD. This lag period was accurately modelled in our kinetic
analysis (Figure 6.6(e)) with the first order rate constant of the enzymatic catalytic step
determined to be kcat = 13.6 min-t, equating to a ~25 fold enhancement over the free

NAD system.
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Figure 6.6: Kinetic simulation of the ECG3PD catalysed reaction with 1uM vinyl SiNP
tethered NAD and 8.33 uM EcG3PD showing the concentration of (a) free enzyme.
(b) available surface sites and surface adsorbed enzyme, (c) surface tethered NAD
and (d) surface-bound-enzyme/NAD-complex throughout the course of the reaction.
comparing theoretical and experimentally determined reaction rates and (e)
comparison of simulated and experimental reaction trajectories.

6.3.7.4 Modelling of the ADH reaction with free NAD
Like EcG3PD, rapid complexation of aqueous ADH and aqueous NAD occurs within

seconds of mixing as shown in the reaction simulation in Figure 6.7(a-b). NAD, ADH
and the ADH/NAD complex (ENAD) exist in a dynamic QSS governed by the second

order rate constant for complexation ki of 132740 umol! min? and the de-
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complexation first order rate constant of 0.005 min-t. Reaction simulation reveals that
almost all of the NAD present in the reaction exists as the ADH/NAD complex at any
point in time after establishment of the QSS. Product is then formed by the high
concentration of ADH/NAD complex, governed by the first order rate constant Kcat
which was found to be 31.7 min-t. The formation of product with time in the reaction
simulation was found to agree well with the experimentally measured reaction rate as
shown in Figure 6.7(c).
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Figure 6.7: Kinetic simulation of the ADH catalysed reaction with 0.5 uM free NAD and
6.8 uM ADH showing the concentration a) free enzyme, (b) NAD and the
enzyme/NAD-complex throughout the course of the reaction and (c) comparison of
simulated and experimental reaction trajectories. Note that (a) and (b) are on a 1
minute time scale while (c) is on a 10 minute scale.

6.3.7.5 Modelling of the ADH reaction with thiol SiNP tethered NAD
Langmuir adsorption analysis of ADH onto the surface of thiol terminated SiNPs with

tethered NAD revealed adsorption to be significantly less favourable than that of
EcG3PD, suggesting much lower attractive forces between ADH and the SINP
surface. This is shown in the reaction simulation in Figure 6.8(a-c) where ADH

adsorption on the particle surface takes ~20 minutes to reach equilibrium compared
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to 3 minutes for a similar concentration of EcCG3PD. The model predicts that all
available ADH adsorption sites are filled once equilibrium is reached at this ADH
concentration. Kinetic simulation revealed the specific values for kon and kot to be 250
umol * mint and 0.026 mint, respectively. Adsorbed ADH then complexes with
tethered NAD on the SiNP surface to form the surface-bound-enzyme/NAD-complex
Figure 6.8(d-e). The rate of this complexation step was determined to be similar to that
of EcG3PD, with the second order rate constant for complexation ki found to be 29296
umol -1 mint and the first order de-complexation rate constant k-1 found to be 0.026
min-1. Since the rate of ADH complexation is far more rapid than ADH adsorption, the
QSS lies heavily in favour of surface bound enzyme-NAD-complex formation with a
predicted concentration of ~0.0048 uM approaching the theoretically calculated
maximum of 0.005 uM, assuming a maximum of 0.005 ADH/nm? can physically access
the surface at any point in time as discussed in Chapter 5. This accounts for the rapid
decrease in surface adsorbed ADH after ~2.5 minutes of reaction as it is rapidly
complexed with surface tethered NAD. An extremely high rate of surface catalysis was
determined for ADH with the first order rate constant kcat found to be 210 min-i, seven
times greater than that of the free system. Using rate constants derived from Equation
13, the simulated reaction rate agreed well with the experimentally measured rate as
shown in Figure 6.8(f). As with the EcG3PD reaction with vinyl SiNP tethered NAD,
the model accounts for the initial lag in the reaction as a QSS is established.
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Figure 6.8: Kinetic simulation of the ADH catalysed reaction with 0.5 uM thiol SiNP
tethered NAD and 6.8 uM ADH showing the concentration of (a) free enzyme. (b)
available surface sites (c) surface adsorbed enzyme, (d) surface tethered NAD and
(e) surface-bound-enzyme/NAD-complex throughout the course of the reaction.
comparing theoretical and experimentally determined reaction rates and (f)
comparison of simulated and experimental reaction trajectories.

6.4 Discussion
Analysis of kinetic data of the enzyme reactions with free and surface tethered NAD

has revealed a linear increase in the formation of fluorometrically detected resorufin
with time, as a result of the continuous cycling of NAD to NADH within the coupled
reaction system. This confirms the establishment of a QSS of the surface-bound-

enzyme/NAD-complex. Since a dynamic equilibrium exists between aqueous and
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adsorbed enzyme on the SINP surface, a QSS can also be simultaneously applied to
the adsorbed enzyme. Applying the reactant stationary assumption to the freely
diffusing enzyme allows Equation 6.10 to be developed, combining Langmuir
adsorption kinetics with classical enzyme kinetic principals into a single rate
expression. Fitting Equation 6.10 to the enzyme reaction rates with tethered NAD
experimentally determined at different enzyme concentrations gave estimates for the
various kinetic rate constants. The values of the calculated rate constants were then
verified using kinetic simulation of the reaction model. Enhancement in the rate of
enzyme catalysis on the surface tethered NAD was observed compared to equivalent
amounts of aqueous NAD in both the EcG3PD and ADH reaction systems. Surface
adsorbed EcG3PD was found to rapidly complex with tethered NAD, with a 1.9 fold
enhancement in complexation rate (ki/k-1) with NAD tethered to thiol terminated SiNPs
and a 2.4 fold enhancement with the vinyl terminated SiNP platform. Catalysis rates
(kcat) were similarly enhanced with a 14 fold enhancement observed when EcG3PD
reacted with NAD tethered to thiol terminated SiNPs and a 25 fold enhancement with
NAD tethered to vinyl terminated SiNPs. ADH, however, showed a 26 fold decrease
in the rate of complexation with NAD tethered to the surface of thiol terminated SiNPs
compared to an equivalent amount of freely diffusing NAD, but did show a 7 fold
enhancement in catalytic rate. These changes in the kinetic processes are tabulated
in Table 6.2 below.

Table 6.2: Changes in the rate of complexation and catalysis of ECG3PD with NAD
tethered to the surface of SiNPs compared to that of freely diffusing NAD.

Enhancement/Reduction (fold)

Enzyme NAD source Complexation (ki/k.1) Catalysis (Kcat)
Thiol SiNP tethered NAD 1.9 14
EcG3PD
Vinyl SiNP tethered NAD 2.4 25
ADH Thiol SiNP tethered NAD -26 7

Catalytic rate enhancement with enzymes acting on surface tethered reactants,
compared to the aqueous reactants, have been recently observed [4, 33, 110, 126,
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140]. Although the exact enhancement mechanisms within these studies remain to be
fully characterised, they can be attributed to several critical factors. Co-localisation of
the enzyme with high concentrations of reactant at the nanoparticle interface, thus
saturating the enzyme with localised reactant, is thought to be the general underlying
mechanism of enhancement. Interfacial characteristics such as charge, configuration
of surface reactant and attractive forces between the enzyme and surface are
responsible for fine tuning of the surface enzyme activity [4, 33, 110, 126, 140]. In
order to help explain the differences in catalytic rate enhancement of ECG3PD and
ADH with NAD tethered to thiol and vinyl terminated SiNP surfaces, physiochemical
properties such as the structure and surface chemistry of both enzymes and the SINP
surface must therefore be considered. These factors were investigated using a

combination of molecular dynamic (MD) simulations and experimental data.

6.4.1 Proposal of enhancement mechanism
Due to the positively charged surface region surrounding the active sites it is likely that

EcG3PD will orientate with this positive face adjacent to the negatively charged SiNP
surface with strong electrostatic interactions as shown schematically in Figure 6.9.
This is a favourable adsorption orientation as the NAD binding sites should face the
NAD tethered to the SINP surface. However, the strength of the electrostatic attraction
between the positively charged NAD binding face of the enzyme and negatively

charged SIiNP surface may hinder the reaction for two reasons.

150



r Tethered NAD

%

NAD Binding site

EcG3PD

Figure 6.9: Proposed adsorption orientation of ECG3PD onto the thiol terminated SINP
surface with tethered NAD

Firstly, the opposing charges of each face of ECG3PD may facilitate strong protein-
protein electrostatic interactions, resulting in stacking of the enzyme on the particle
surface, as shown in Figure 6.10. This can block or hinder the diffusion of other
reactants such as G3P, DHAP, resazurin, PMS* and resorufin to and from the reaction
vicinity. Stacking and multilayer formation of ECG3PD due to these protein-protein
electrostatic interactions is a probable cause of the high adsorption capacity observed
with EcG3PD in the Langmuir adsorption analysis. Hindered diffusion of reactants to
and from the surface due to multi-layer formation of ECG3PD may also explain the
lower reaction rate of ECG3PD with NAD tethered to thiol terminated SiNPs at high
EcG3PD concentrations, as shown in Figure 6.2(d), compared to vinyl SiNP tethered
NAD and free NAD.
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Figure 6.10: Schematic of proposed model of ECG3PD stacking due to strong protein-
protein electrostatic interactions resulting in the blocking (blue dashed arrow) or
hindered diffusion (green dotted arrow) of reactants such as G3P, resazurin and PMS*
to and from the active particle surface.

Secondly, strong electrostatic attraction between EcG3PD and the thiol terminated
SINP surface with tethered NAD may hinder the lateral movement of the enzyme
across the nanoparticle surface as shown in Figure 6.11. This may explain the reduced
rate of surface NAD complexation (ki) and catalysis (kcat) of ECG3PD with NAD
tethered to thiol terminated SiINP than with NAD tethered to vinyl terminated SiNPs,
as shown in Table 6.1. Less electrostatic attraction between EcG3PD and the vinyl
terminated SiNP surface may facilitate more rapid lateral movement of the enzyme
across the particle surface (Figure 6.12) such as in the enzyme ‘hopping’ model
previously proposed for enzymes acting on surface reactants [33, 110, 126, 133]. This
may explain the increased rate of surface NAD complexation and catalysis of ECG3PD
with NAD tethered to vinyl terminated SiNP. In the ADH system, weak electrostatic
interactions also existed between the enzyme and particle surface, resulting in slow
adsorption but extremely rapid complexation, catalysis and re-complexation as

indicated by the rate constants determined for these processes in Table 6.1 and
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simulated in Figure 6.8. This is shown schematically in Figure 6.11. A similar
phenomena was observed by Wu et al. [110]. In their work, described in detail in
Chapter 1, the least amount of surface proteolytic enzyme activity was observed with
the protease, thrombin, which was shown to strongly adsorb to QD surfaces capped
with negatively charged ligands through two anion binding exo-sites [110]. The surface
proteolytic activity of thrombin was found to increase when the QD surface was capped
with zwitterions, which showed less adsorption due to the restriction of non-specific
protein adsorption [110]. The greatest amount of surface proteolytic activity was
observed with the enzyme trypsin which had a net negative surface charge and
displayed weak adsorption interactions with the terminal negative charge of the
zwitterionic QD surfaces. Like thrombin, trypsin showed the greatest activity with the
zwitterionic surfaces, with kinetic enhancement in the specificity constant (Kca/Kwm)
reaching up to 80 fold over that of the free reactant system [110]. Comparatively, in
this work, the specificity constant of the EcG3PD reaction with NAD tethered to vinyl
terminated SiNPs is enhanced by 40 fold compared to free NAD.

Figure 6.11: Schematic of the slow lateral movement of ECG3PD across the thiol
terminated SiNP surface with tethered NAD due to strong electrostatic interactions (a)
and fast lateral movement of ADH due to much weaker electrostatic interactions (b).
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EcG3PD

Figure 6.12: Schematic of the rapid lateral movement of ECG3PD across the vinyl
terminated SiNP surface with tethered NAD due to weak electrostatic interactions.

The kinetic enhancement of catalytic enzyme activity observed with SINP tethered
NAD compared to freely diffusing NAD is likely due to adsorption of the enzyme to a
high density of NAD localised to the SINP surface. The enzyme can then rapidly
complex, perform its catalytic function and re-complex with the high concentration of
NAD localised to the SiNP surface, eliminating diffusion limitations experienced by an
equivalent concentration of NAD and enzyme freely diffusing in solution. The rate and
strength of the reversible surface adsorption and complexation of the enzyme to the
tethered NAD surface has been shown to be strongly dependent on the correlation

between the surface properties of the platform material and enzyme.

6.5 Conclusion
NAD tethered to the surface of thiol and vinyl terminated SiNPs has been applied to

the catalytic reactions of the oxidoreductase enzymes, EcG3PD and ADH, and kinetic
profiles obtained by varying the concentration of the enzymes. A kinetic model
combinig Langmuir adsorption of the enzymes onto the SiNP surfaces, discussed in
Chapter 5, and classical Michaelis-Menten Briggs-Haldane kinetic concepts was

derived. Fitting experimental data to the derived rate expression allowed determination
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of the critical kinetic constants describing complexation of the enzyme with surface
tethered NAD (k1), decomplexation (k-1) and surface catalysis (kcat). Kinetic simulations
confirmed the validity of the derived Kkinetic constants, which indicated an
enhancement in the rate of surface catalysis of ECG3PD and ADH compared to
equivalent concentrations of freely diffusing NAD. Catalytic rates were found to be
enhanced with SiNP tethered NAD up to ~2.4 fold for complexation and ~25 fold for
catalysis. Kinetic analysis, along with molecular dynamic simulation of the interfacial
interactions between the NAD/SINP surface and enzymes revealed a combination of
tuneable factors giving rise to the observed kinetic enhancement. These factors
included the strength of the electrostatic attraction or repulsion between the enzymes
and SINP surface functionality, the enzyme size, adsorption orientation and protein-

protein interactions.
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CHAPTER 7 : SURFACE CATALYSIS KINETICS OF TETHERED
NAD: AN EXCESS REACTANT APPROACH
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7.1 Overview
This chapter explores the surface enzyme kinetics of the EcG3PD reaction with

surface tethered NAD via an excess NAD approach, as opposed to the excess enzyme
approach in Chapter 6. Increasing NAD (and hence SiNP) concentration resulted in
inhibition of the enzyme reaction. In order to account for this, a competitive mechanism
of enzyme inhibition is proposed, resulting from adsorption of the enzyme in non-
productive conformations, restricting access of reactants and tethered NAD to the
active site, attenuating the surface complexation kinetics. A kinetic rate expression is
derived relating the rate of surface enzyme catalysis with surface tethered NAD to the
total concentration of available surface adsorption sites and an equilibrium constant
for the non-productive adsorption of enzyme onto the particle surface (inhibition). In
order to gain an estimate for this inhibition constant, the inhibition of ECG3PD by plain
thiol and vinyl terminated SiNPs with freely diffusing NAD is used as model system.
Applying the derived ‘free NAD’ rate constants to kinetic analysis of EcG3PD
measured under NAD excess conditions with NAD tethered to the surface of thiol and
vinyl terminated SiNP produced kinetic rate constants that were similar to those
derived using the enzyme excess approach to interfacial enzyme kinetics analysis. In
order to reduce the inhibitory effects caused by the strong electrostatic interactions
between EcG3PD and the thiol terminated SiNP surface with tethered NAD, the
residual surface thiol groups on the particle surface were chemically ‘capped’ with
several different common alkylating agents. Covalent capping of thiols was found to
significantly reduce inhibition of the ECG3PD catalysed reaction with surface tethered
NAD due to the reduction in non-productive adsorption of ECG3PD due to a reduction

in the electrostatic interactions between the enzyme and particle surface.
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7.2 Introduction

In Chapters 5 and 6 it was assumed that all adsorption of enzyme to the SINP surface,
as determined by Langmuir adsorption analysis, resulted in the enzyme adsorbing in
a productive orientation. However, non-specific binding of proteins to the surface of
nanoparticles can lead to deactivation or inhibition of the enzyme due to adsorption
orientations that block reactant from accessing the active site, or orientations that lead
to conformational changes of the enzyme modifying this function [110, 111, 118, 139].
This is essentially a form of competitive enzyme inhibition. High concentrations of
nanoparticle support materials in solution have been shown to act as competitive
inhibitors. [110, 111]. This is especially common in the breakdown of insoluble
cellulose by cellulase, where surface adsorption of cellulase often results in non-
productive binding, leading to enzyme inhibition [118, 139]. For this reason, in Chapter
6, the interfacial enzyme kinetics of the catalysis of surface tethered NAD was
measured at very low NAD (and hence particle) concentration, and the enzyme

concentration varied to an excess amount.

In this chapter we investigate the kinetics of the interfacial catalysis of ECG3PD with
NAD tethered to the surface of SiNPs as a function of tethered NAD concentration. As
the concentration of tethered NAD is increased, so too is the SiNP support
concentration. High concentrations of SINPs in the system lead to an unexpected rapid
plateau in ECG3PD activity, especially in the case of thiol SiNPs. This observed
inhibition is assumed to be due to adsorption of EcG3PD in non-productive
conformations leading to enzyme deactivation. A method is then proposed in order to
account for this inhibitory effect, where enzyme inhibition by thiol and vinyl SiNPs is
investigated and an equilibrium inhibition constant (Ki) derived for each particle
species. The interfacial rate equation derived in Chapter 6 is expanded to include this
inhibition constant, accounting for the enzyme inhibition by the SiNPs. This expression
describing the enzyme reaction rate with enzyme inhibition by non-productive
adsorption is then fitted to kinetic data for ECG3PD when the SINP tethered NAD
concentration is varied in order to extract rate constants. These rate constants are
then compared to those determined in Chapter 6. Lastly, chemical modification of the

residual surface thiol groups with small alkylating agents is shown to reduce inhibitory
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effects on the EcG3PD surface catalysed reaction with high tethered NAD

concentrations.

7.3 Kinetic model of enzyme inhibition by non-productive binding
Figure 7.1 shows a schematic of the adsorption of enzyme onto the particle surface

resulting in a productive and non-productive (inhibited) orientation. Although there are
other mechanisms of enzyme inhibition by the addition of nanoparticles such as an
increase in mass transfer resistance as a result of the increasing solid to liquid mass
ratio, this model assumes that all inhibition observed in the kinetic analysis is due to

non-productive binding of the enzyme to the particle surface [48].

r Tethered NAD

EE) Enzyme

Koft )
Ki
/ Kon \ Non-productive adsorption
Productive adsorption (inhibition)

/

Figure 7.1: Schematic of enzyme adsorption leading to productive and non-productive
(inhibited) orientations.

159



7.3.1 Development of the mathematical model
In Chapter 6 the following interfacial enzyme reaction model was proposed:

Kon kq kcat
Efree +* = E*4+ NAD =& ENAD* - P+ E*+ NADH (7.1)
Korr k_y

Addition of competitive inhibition of enzyme by SiNP surface adsorption as depicted
in Figure 7.1 is as follows:
ki
Efree +* = EI’ (7.2)
ki
Where * is a free surface adsorption site and EI" is the inhibited adsorbed enzyme.

The total concentration of available surface sites [*]max can therefore be expressed by:

[*lmax = [*] + [E*] + [EI'] + [ENAD"] (7.3)

The productive and inhibitory adsorption of enzyme onto the nanoparticle surface,
complexation with surface bound NAD and catalytic formation of product and
decomplexation of the surface bound enzyme/NAD complex can be described with the

following differential equations:

—dEiEt*] = kon|Efree|([*lmax — ([E*] + [EI"] + [ENAD*])) — koff[E*] — ko [E*][NAD] + k_,[ENAD"](7.4

d[ENAD*]

—— = ki [E"][NAD] — k_,[ENAD"] (7.5)
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= ki[Efree][*] — k_[EI"] (7.6)

— = kea[ENAD'] (7.7)

Assuming the system reaches a QSS, the concentration of each enzyme species will

not change, as discussed in the previous Chapter. Therefore:

d[E d[E*] d[EI'] d[ENAD*
|Efree] _ dlE"] _d[EI"] _dl L (7.8)
dt dt dt dt

Combining Equations 7.4-7.8 results in the following rate expression relating the rate
of product formation to the aqueous enzyme concentration, surface concentration of

tethered NAD and available surface sites for adsorption [*],,,4:

d[P] =y, = kcatkl[NAD] [*]maxKL[Efree] (7 9)
—— =y, = .
dt ke, + (1 + [*]K%) + Ky [Epree] (k_1 + ki [NAD])
Where:
k_;
K; = k_l (7.10)

Equation 7.9 accounts for the decrease in the rate of complexation of adsorbed
enzyme with surface tethered NAD due to the decrease in productively adsorbed
enzyme as a result of competing adsorption of non-productively adsorbed enzyme.
Therefore, knowing the inhibition constant (Ki) for the non-productive adsorption of
enzyme onto the particle surface, it is possible to use Equation 7.9 to accurately

guantify the rate constants of complexation (k1 and k-1) and catalysis (kcat) when the
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reaction kinetics are instead determined as a function of NAD concentration rather
than enzyme concentration as in Chapter 6.

7.3.2 Inhibition of EcG3PD by thiol terminated SiNPs
In order to estimate the inhibition constant (Ki) for the non-productive adsorption of

EcG3PD to the SiNP surface, the inhibitory effect of thiol and vinyl terminated SiNPs
on the EcG3PD catalysed reaction with free NAD was determined. This was achieved
by measuring the EcG3PD catalysed reaction kinetics with free NAD, containing
different quantities of thiol and vinyl terminated SiNPs dispersed within the system. It
is proposed that adsorption of the EcG3PD onto the particle surface will result in
deactivation due to non-productive adsorption conformations, resulting in inhibition of
the enzyme, as shown in Figure 7.1. This quantity of inhibited EcG3PD will increase
as the concentration of particles, and therefore adsorption sites, is increased. Figure
7.2(a-f) show the increase in NADH produced over time in the EcG3PD catalysed
reaction, as measured by the resazurin/PMS* coupled assay. EcG3PD activity is
measured as a function of NAD concentration, with increasing quantities of dispersed
SINPs, expressed as the concentration of available surface adsorption sites (*). The
EcG3PD reaction rate is plotted as a function of free NAD concentration at the different
concentrations of total available adsorption sites on the thiol and vinyl terminated SiNP
surfaces as shown in Figure 7.2(g). It can be seen that as the quantity of thiol
terminated SIiNPs is increased, the ECG3PD reaction rate significantly decreases. A
similar quantity of vinyl terminated SiNPs (14 uM) is shown to have a far smaller
inhibitory effect on the EcG3PD reaction, indicating that the observed inhibition is
related to the interactions between the enzyme and particle surface as discussed in
Chapter 6.
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Figure 7.2: Increase in NADH production over time, as measured by the

resazurin/PMS* coupled assay, by EcG3PD at different NAD concentrations
containing (a) 0 uM, (b) 1 uM, (c) 3 uM, (d) 14 uM, (e) 28 uM available adsorption sites
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on thiol terminated SiNPs and (f) 14 uM vinyl available adsorption sites on vinyl
terminated SiNPs The rate of ECG3PD reaction is then plotted as a function of NAD
concentration for each particle concentration (g).

Fitting the kinetic data in Figure 7.2(g) to the rate equation for competitive inhibition
(Equation 7.11), discussed in Chapter 1, allows the inhibition constant for the thiol
(Kitioisive) and vinyl (Kivinyisine) terminated SiNPs with EcCG3PD to be determined.

These values are specified in Table 7.1.

_ kcat [Efree][NAD]
Tk t+k
1 k cat (1 + [*]Ir(nax) + [NAD]

1 i

Yo (7.11)

Table 7.1: : Inhibition dissociation constants of thiol (Kitioisine) and vinyl (Kivinyisine)
terminated SiNPs with EcG3PD.

Kitnioisine (WmMol) Kivinyisine (WmMol)

15000 220000

Ki is an equilibrium constant describing the dissociation of the inhibited enzyme (EI)
back to the native state (Efree). Therefore, the lower Kiwmioisive Value indicates strong
binding interactions between EcG3PD and the thiol terminated SiNP surface resulting
in enzyme inhibition by non-productive adsorption. This correlates well with the
Langmuir adsorption analysis performed in Chapter 6, where EcG3PD was found to
have strong interactions with the thiol terminated SINP surface with tethered NAD.
Conversely, the larger Kivinyisine vValue indicates much weaker binding interactions
between EcG3PD and the vinyl terminated SiNP surface, leading to less enzyme
inhibition by non-productive adsorption. This also correlates well with the findings in
the Langmuir adsorption analysis, where EcCG3PD showed much weaker adsorption

interactions with vinyl terminated SiNPs with tethered NAD.
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The derived inhibition constants can then be applied to Equation 7.9 as an estimate
value for the inhibition of the EcG3PD catalysed reaction with tethered NAD by non-

productive adsorption of ECG3PD onto the particle surface, as depicted in Figure 7.1.

7.4 Excess reactant approach to determination of EcG3PD surface
kinetics
The rate of the ECG3PD catalysed reaction was measured as a function of tethered

NAD concentration using the fluorometric resazurin/PMS* coupled assay. Figure 7.3
shows the increase in NADH production with time by EcG3PD at different
concentrations of NAD tethered to thiol (Figure 7.3(a)) and vinyl (Figure 7.3(b))
terminated SINPS. The EcG3PD reaction rate is then plotted as a function of NAD
concentration (Figure 7.3(c)). It can be seen that the increase in concentration of NAD
tethered to the surface of vinyl terminated SiNPs leads to a linear increase in the rate
of EcG3PD catalysis, even up to 50 uM NAD. However, the increase in concentration
of NAD tethered to thiol terminated SiNPs results in a linear increase in ECG3PD
reaction rate up to only 1 uM, before the reaction rate plateaus. According to the
proposed model of inhibition, this suggests that at low NAD concentrations, a higher
degree of ECG3PD is adsorbed onto the particle surface in productive conformations
than non-productive conformations. However, as the NAD concentration, and
therefore SINP concentration, is increased, non-productive conformations of ECG3PD

adsorption dominates, resulting in a plateau in ECG3PD activity.
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Figure 7.3: Amount of resorufin (NADH) produced over time by EcG3PD as measured

by the resazurin/PMS™ coupled assay with different concentrations of (a) nonane-2AE-

NAD tethered to the surface of thiol terminated SiNPs and (b) PEG4-2AE-NAD

tethered to the surface of vinyl terminated SiNPs. EcG3PD reaction rates are plotted

as a function of tethered NAD concentration (c).

Inhibition by non-productive adsorption attenuates the observed rate of surface
complexation and catalysis of ECG3PD with surface tethered NAD. In order to account
for this, Equation 7.9 relates the enzyme reaction rate when the total amount of
enzyme adsorption sites in the system and an equilibrium constant describing the
dissociation of enzyme from the inhibited to native state. To gain an estimate for this
inhibition constant, the inhibition of the ECG3PD reaction with free NAD by thiol and
vinyl terminated SiNPs (Kitioisine and Kivinyisine) was used. Fitting Equation 7.9 to the
kinetic data in Figure 7.3(c), using Kimioisive and Kivinyisine @s the inhibition constants
gave the kinetic rate constants shown in Table 7.2 (Excess reactant rows). Table 7.2

also shows that the kinetic rate constants for the EcG3PD catalysis of surface tethered
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NAD determined using Equation 7.9 under excess reactant conditions are similar to
those determined under excess enzyme conditions in Chapter 6.

Table 7.2: Comparison of kinetic rate constants of complexation, decomplexation and
catalysis of ECG3PD with NAD tethered to the surface of thiol and vinyl terminated

SiNPs determined by the excess enzyme (Chapter 6) and excess reactant approach.

NAD source Kinetic approach ki (Mmol™? min?) k1 (min't) Kcat (Mint)
Free NAD Excess enzyme 631 0.0047 0.54
Excess enzyme 19361 0.076 8
Thiol SINP tethered NAD
Excess reactant 22300 0.085 7.8
Excess enzyme 26187 0.043 13.6
Vinyl SiNP tethered NAD
Excess reactant 33100 0.066 15

The rate of complexation (ki) of EcG3PD with NAD tethered to the surface of thiol
terminated SiNPs determined by the excess reactant approach was found to be 13%
higher than that determined by the enzyme excess approach. Similarly, the rate of
decomplexation (k-1) was found to be 10% higher than the enzyme excess approach
while the catalysis rate (kcat) is almost identical. A 20% higher value for the rate of
complexation and a 35% higher value for the rate of decomplexation EcG3PD with
NAD tethered to the surface of vinyl terminated SiNPs was obtained from the excess
reactant approach compared to the enzyme excess approach. Like thiol SINP tethered
NAD, the value for the rate of catalysis was relatively similar to that obtained from the
enzyme excess approach. The differences in the complexation and decomplexation
rates is due to errors associated with using the inhibition constant for the free enzyme
system as an estimate for the observed inhibition in the tethered NAD system.
However, the small amount of difference between the values of the kinetic constants
derived from the enzyme excess approach and the reactant excess approach with

estimated inhibition shows there is validity in the method.
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7.5 Strategy to reduce inhibition by thiol terminated SiNPs
In order to reduce the inhibition of EcG3P with NAD tethered to the surface of thiol

terminated SiNPs, residual thiol groups on the particle surface have been partially
‘capped’ with a series of common alkylating agents. Figure 7.4(a-b) shows the
resazurin/PMS* coupled assay of ECG3PD with NAD tethered to the surface of SINPs

with the residual thiols capped with different alkylating agents.

3
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0.5 pM . g , ol
SuM L % 15 5 o
= | 0.5
. ANy & B = T ) |
- o S - .
Time (min) Time (min)
0.350 |
0.300 c) |
—. 0.250 ®Un-capped
=
E 0200 Acetamide
EL 0.150 Benzyl
o
o0 | 0 et |
T P R R L LR LR bbbt
0.050 | . .
-
0.000 *
0 10 20 30 A0 50
[NAD] (uM)

Figure 7.4: Activity of ECG3PD at different concentrations of NAD tethered to SiNPs
with residual thiol groups capped with iodoacetamide (a) and benzyl bromide (b). Initial

reaction rates ae plotted as a function of tethered NAD concentration with the different

surface chemistries (c).

The rate of EcG3PD catalysis with NAD tethered to the surface of thiol terminated

SiNPs plateaus after 1 uM NAD. However, when the residual surface thiols are capped

by small alkylating agents, the rate of ECG3PD reaction increases linearly with NAD

concentration. This is similar to EcCG3PD catalysis with NAD tethered to the surface of

vinyl terminated SiNPs. This suggests that capping of the residual thiol groups reduces
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the inhibition of ECG3PD catalysis by reducing the amount of non-productive EcCG3PD
binding. This is due to a reduction in the surface charge by alkylating the residual
hydrolysable thiol groups with small unhydrolysable groups. Assuming that the
complexation and catalysis kinetic rate constants (ki, k-1 and kcat) are unchanged for
the catalysis of surface tethered NAD on the particle surface, the Langmuir adsorption
constants (KL) and the inhibition constants (Ki) of these NAD surface structures can
be calculated by fitting Equation 7.2 to the experimental data in Figure 7.4. These are

shown in Table 7.3.

Table 7.3: Estimated Langmuir and inhibition constants of ECG3PD with NAD tethered
to the surface of SINPs with residual thiol groups capped with different alkylating

agents.

Alkylating agent KL (umol?) Ki (umol)
Uncapped thiol 44000 15000
Vinyl 6800 220000
lodoacetamide 9400 750000
Benzyl Bromide 7450 360000

Table 7.3 shows a significant reduction in the calculated Langmuir adsorption
constants and significant increase in the inhibition constants for the iodoacetamide
and benzyl bromide capped SiNPs. This suggests that capping the residual surface
thiols with these molecules significantly reduced the magnitude of the ECG3PD/SINP
surface interactions. It can be seen that the calculated Langmuir adsorption constants
the iodoacetamide and benzyl bromide capped SiNPs were similar to that of vinyl
terminated SINPs with tethered NAD. The calculated inhibition constants were
significantly increased compared to vinyl terminated SiNPs with tethered NAD,
suggesting a large reduction in the proposed enzyme inhibition by non-productive
binding of EcG3PD. The mechanism of this observed decrease in interactions
between EcG3PD and NAD tethered to capped thiol surfaces is likely due to that

discussed in Chapters 5 and 6. Capping of the residual surface thiols with the
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alkylating agents results in a decrease in the negative surface electrostatic charge of
the thiol terminated SINPs with tethered NAD, therefore decreasing the strong
electrostatic interactions with EcG3PD. This results in weaker interactions between
EcG3PD and the particle surface, leading to decreased surface adsorption and
inhibition. Previous reports investigating the dependence of the base nanoparticle
surface functionality on the surface enzyme catalysis with surface bound reactants
have shown similar outcomes [33, 110]. As discussed in Chapter 1, Wu et al. were
able to increases the enzyme efficiency when the surface ligand chemistry of the zinc
sulphide (ZnS) QD was varied with several different small anionic thiol compounds
[110]. Strong interactions between the positively charged region of the thrombin with
the negatively charged surface was found to enhance enzyme efficiency less
compared to the weaker, non-specific interactions of zwitterionic ligands. This was
further explored by Diaz et al. where factors such as the charge and length of the
surface capping ligand was explored. Similarly, the greatest enhancement was
observed with the shortest zwitterionic ligand, which through MD simulations, was
shown to allow the surface bound reactant to be prominently presented for enzymatic
catalysis, while facilitating non-specific interactions and suitable attractive forces with
the enzyme. Here, the acetamide capped surface resulting from alkylation by
iodoacetamide was found to result in the greatest decrease in ECG3PD inhibition,
followed by the benzyl capped surface. Resonance stabilisation of acetamide by sp?
hybridisation of the nitrogen atom results in acetamide switching between a
zwitterionic resonance structure as shown in Figure 7.5 [177]. It is proposed that this
zwitterionic state decreases the non-specific adsorption of ECG3PD as observed by
Wu et al. and Algar et al., decreasing inhibition while retaining the ability of the enzyme
to move laterally across the particle surface resulting in highly efficient complexation
and catalysis with surface tethered NAD [33, 110]. The short length of acetamide also

suggests prominent display of surface tethered NAD to the enzyme.

@) O@
L, = Lo

H3C NH- HsC NH.,

Figure 7.5: Resonance structures of acetamide
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The observed kinetic enhancement was the second greatest when surface thiols were
capped with benzyl bromide, resulting in benzyl surface functionality. Like vinyl groups,
phenyl groups are uncharged and hydrophobic, decreasing the electrostatic
interactions between EcG3PD and the thiol surface. However, the tendency of
enzymes to undergo aromatic r stacking between interfacial aromatic amino acids and
the surface phenyl groups may have introduced attractive forces between the enzyme
and NAD tethered surface leading to a lower degree of enhancement compared to the

acetamide capped surface [178].

7.6 Conclusion
The reactant excess approach to enzyme kinetics has been utilised to determine the

kinetics of ECG3PD catalysis with NAD tethered to surface of thiol and vinyl terminated
SiNPs. In order to account for inhibition due to adsorption of ECG3PD in non-
productive conformations as the particle concentration in the system is increased,
Equation 6.10 from Chapter 6 was modified to include a term for inhibition. In order to
estimate the inhibition constant for the non-productive binding of EcCG3PD to the
surface of SiNPs with tethered, the inhibition constant of ECG3PD with free NAD with
thiol and vinyl terminated SiNPs was determined. This inhibition constant was applied
to the inhibition rate expression which was fitted to experimental rate data of ECG3PD
measured at different tethered NAD concentrations. The rate constants determined
correlated well with those determined by the enzyme excess approach in Chapter 6,
showing the validity of the approach. Lastly, in order to reduce the inhibitory effects of
the residual thiol groups of NAD tethered to the surface of thiol terminated SiNPs in
the EcG3PD catalysed reaction, thiol groups were ‘capped’ with common alkylating
agents. Kinetic analysis revealed that capping of the residual surface thiols with
iodoacetamide resulted in the greatest decrease in ECG3PD inhibition, due to a
decrease in the electrostatic interactions and non-specific binding resulting from the

zwitterionic character of the acetamide resonance structure.
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CHAPTER 8 : KINETICS OF COFACTOR REGENERATION
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8. 1 Overview
This chapter describes the regeneration of surface tethered NAD within a multi-

enzyme coupled reaction. The reaction kinetics are determined through analysis of
product formation over time by HPLC and modelling the reaction with numerical Euler
integration of the ordered differential equations of the proposed model of multi-enzyme
biocatalysis. The kinetic constants for ADH catalysis of surface tethered NAD derived
in Chapter 6 are used along with the adsorption kinetics of GIuDH, the cofactor
regenerating enzyme. This allowed the derivation of estimated kinetic rate constants
of complexation, decomplexation and catalysis of surface tethered NADH by GluDH
which could be compared to those of the free NAD system. Strategies to maximise the

efficiency of the system are subsequently discussed.
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8.2 Introduction

Due to the high costs and stoichiometric consumption, it is essential for cofactors to
be regenerated in situ for industrial viability [18, 23, 44]. As discussed in Chapter 1,
the most common approach to cofactor regeneration in biocatalytic processes is by
coupling a second cofactor dependent enzyme to perform the cofactor regenerating
reaction. This approach has the added potential of affording the production of multiple
valuable chemicals within the same system [43]. Several previous studies have
regenerated tethered NAD within a multi-enzyme system [18, 48, 52-54]. However,
these studies have neglected to analyse the kinetics of the multi-enzyme cofactor
regeneration system. In this chapter, NAD is enzymatically regenerated in the
ADH/GIuDH coupled reaction (Figure 8.2). Acetaldehyde produced in the reaction is
reacted with 2,4-dinitrophenylhydrazine (2,4-DNP) to form acetaldehyde-2,4-
dinitrophenylhydrazine (ADNP), which is quantitatively analysed by HPLC in order to
determine the reaction rate of the system. Knowing the Langmuir adsorption kinetics
of ADH and GIuDH from Chapter 5 along with the kinetics of the reduction of surface
tethered NAD by ADH from kinetic analysis in Chapter 6, reaction modelling is used
to estimate the kinetics of complexation and catalysis of the oxidation of surface
tethered NADH back to NAD by GluDH. Similar to experimental observations in
Chapters 6 and 7, a kinetic enhancement in the rate constants for complexation and
catalysis of GIuDH and surface tethered NADH was revealed. This further shows the
potential for tethered NAD to improve the efficiency of NAD dependent biosynthetic

applications.

8.3 Kinetic model of multi-enzyme regeneration of surface tethered

NAD
Figure 8.1 shows a schematic of the kinetic steps of the multi-enzyme regeneration of

NAD tethered to the SINP surface. In the first step, the enzyme that catalyses the
oxidation of NAD (Elsee) reversibly adsorbs to the surface of the SiNP, occupying an
available surface adsorption site (*) (Figure 8.1(i)). The surface adsorbed enzyme
(E1") reversibly binds to surface tethered NAD to form the surface-bound-
enzyme/NAD-complex (ENAD") (Figure 8.1(ii)). Catalysis results in the oxidation of

surface tethered NAD to NADH, with simultaneous transformation of the enzyme’s
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i)

reactant (Reactant 1) to product (Product 1) and regeneration of the surface adsorbed
enzyme (E1") (Figure 8.1(iii)). In order to enzymatically regenerate the surface
tethered NADH back to NAD, a second enzyme (EZ2iree) reversibly (and competitively)
adsorbs to the surface of the SINP, occupying an available surface adsorption site ()
(Figure 8.1(iv)). The adsorbed enzyme (E2") reversibly complexes with surface
tethered NADH to surface-bound-enzyme/NADH-complex (ENADH") (Figure 8.1(V)).
Catalysis regenerates surface tethered NAD from NADH with simultaneous
conversion of the second enzyme’s reactant (Reactant 2) to product (Product 2) and

release of the surface bound enzyme (E2").

vi)
Product 1 kofie2 Kong2
‘ E1free Reactant 1 NADH ENADH Reactant 2
ENAD* Keate? Kiez Product 2
k1E1
ku[‘fE1 knnE‘I ﬂEE kcatE:
e E2 NAD

NAD .

Eq° SiNP

Figure 8.1: Schematic of multi-enzyme regeneration of surface tethered NAD showing
adsorption of Enzyme 1 (i), complexation of Enzyme 1 with surface tethered NAD (ii),
catalysis of the surface-bound-Enzyme/NAD-complex with transformation of reactant
1 to product 1 and reduction of surface tethered NAD to NADH (iii). Surface tethered
NAD is then regenerated by adsorption of Enzyme 2 (iv), complexation of Enzyme 2
with surface tethered NADH (v) and then catalysis of the surface-bound-
Enzyme/NADH-complex with transformation of Reactant 2 to Product 2 and oxidation
of surface tethered NADH back to NAD (vi).

175



8.4 ADH/GIuDH coupled reaction
The complex multi-enzyme regeneration reaction of surface tethered NAD in Figure

8.1 involves the continuous competitive adsorption, complexation, catalysis and re-
complexation of two different enzymes, simultaneously on the particle surface. Due to
the limited available surface area onto which the enzymes can adsorb and perform
their catalysis reaction, high surface mobility of the enzymes is a critical factor in
achieving efficient cofactor regeneration, and thus, product conversion. In Chapter 6,
ADH showed high surface mobility and surface catalysis with NAD tethered to the
surface of thiol terminated SINPs. This was correlated to the weak electrostatic
interactions between the negatively charged particle surface and the weakly positively
charged surface of ADH. Figure 8.2 shows a schematic of the ADH/GIUDH coupled
reaction with regeneration of tethered NAD. In the ADH catalysed reaction, ethanol is
oxidised to acetaldehyde with simultaneous reduction of surface tethered NAD to
NADH. GIluDH catalyses the reductive amination of a-ketoglutarate to glutamate with
simultaneous oxidation of surface tethered NADH back to NAD. In order to
characterise this reaction, the production of acetaldehyde was monitored over time by
HPLC analysis. This was achieved by derivatising acetaldehyde with 2,4-DNP in order
to make the highly coloured acetaldehyde-DNP (ADNP) as shown in Figure 8.3. This

allows the reaction to be accurately monitored with high sensitivity.
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Figure 8.2: Reaction scheme of the enzymatic regeneration of surface tethered NAD
by the ADH/GIuDH coupled reaction.
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Figure 8.3: Conversion of colourless acetaldehyde to highly coloured acetaldehyde-
2,4-DNP by conjugation with 2,4-DNP.

8.4.1 Analysis of the ADH/GIuDH coupled reaction
In order to accurately quantify the amount of acetaldehyde produced in the

ADH/GIUDH coupled reaction, an ADNP calibration curve was constructed. [162].
ADNP standards of different concentrations were dissolved in acetonitrile and
analysed via HPLC with UV/Vis detection. Figure 8.4 shows the increase in peak
height with increasing ADNP concentration. Increasing ADNP concentration resulted

in a highly linear increase in peak area as shown in the calibration cure in Figure 8.5.
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Figure 8.4: Overlaid HPLC chromatogram of ADNP standards eluting at 4.1 minutes,
measured at 365 nm.
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Figure 8.5: ADNP HPLC standard curve

8.4.2 NAD dependent kinetics of ADH/GIuDH coupled reaction
ADH and GIluDH were mixed with different concentrations of NAD tethered to the

surface of thiol terminated SiNPs and mixed at 37°C. Aliquots were taken at different
time points to which an acidified solution of 2,4-DNP in acetonitrile added to convert
the acetaldehyde formed in the coupled reaction into ADNP for HPLC detection. This
also has the added bonus of quenching the reaction, stopping further formation of
acetaldehyde, giving accurate time-based results. Figure 8.6(a-d) shows the overlaid
HPLC chromatograms of acetaldehyde-2,4-DNP produced at different time points with
0.5 uM and 5 uM free NAD and NAD tethered to the surface of thiol terminated SiNPs.
The amount of acetaldehyde-2,4-DNP (and therefore acetaldehyde) produced is
plotted as a function of time in Figure 8.7 for free NAD and tethered NAD, revealing a
linear increase in acetaldehyde production over the first 2-5 hours. The rate of
acetaldehyde production was calculated from the slope of the time points collected
over the initial two hours of the reaction where acetaldehyde production was linear
with time. The rates for 0.1uM and 1 uM NAD for free NAD and NAD tethered to the
surface of thiol terminated SiNPs were calculated from a single time point recorded
after two hours of reaction, shown in Figure 8.8. The initial rate of acetaldehyde

production (vo) is then plotted as a function of NAD concentration (Figure 8.8(c)).
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Figure 8.6: HPLC traces showing the ADNP produced overtime in the GIluDH/ADH
coupled assay with (a) 0.5 uM free NAD (b) 5 uM free NAD (c) 0.5 uM thiol SINP
tethered NAD and (d) 5 uM thiol SINP tethered NAD.
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Figure 8.7: Acetaldehyde, as indicated by HPLC analysis of ADNP concentration,
produced over time by the ADH/GIuDH coupled reaction with free NAD (a) and NAD
tethered to the surface of thiol terminated SiNPs (b)
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Figure 8.8: HPLC traces showing the ADNP produced after two hours in the
GIuDH/ADH coupled assay by different concentrations of (a) free NAD and (b) NAD
tethered to the surface of thiol terminated SiNPs. The Initial reaction rates of the
ADH/GIuDH coupled reaction is plotted as a function of free and SiNP tethered NAD
concentration (c).

Similar to results in Chapter 6 and 7, reaction rates were significantly higher when
NAD was free in solution. This is due to all free NAD molecules being available for
complexation and catalysis at any point in time whereas tethered NAD is restricted by
the amount of surface adsorption sites for the enzymes. This problem is compounded
when a second enzyme is required to catalyse the NAD regeneration at the surface

resulting in competitive adsorption.

Since the kinetics of adsorption, complexation and catalysis of ADH with surface
tethered NAD are known from the kinetic analysis performed in Chapter 6-7, and the
adsorption kinetics of GIluDH known from Langmuir adsorption analysis in Chapter 5,
kinetic simulation can be used to estimate the kinetic rate constants of complexation
and catalysis of GluDH with tethered NAD. Gaining a kinetic understanding of the
multi-enzyme reaction allows reaction parameters such as the concentration of each

enzyme to be fine-tuned in order to optimise the system for maximum efficiency.
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8.5 Derivation of GIuDH kinetic constants by kinetic simulation
Kinetic modelling was performed using numerical integration as in Chapter 6. Eulers

method was used to integrate the mass balance equations associated with the kinetic
steps in Figure 8.1. Applying the known rate constants for ADH, i.e. Kone1, Koffe1, Kie1,
k-1e1, and kcae1, the simulated production of acetaldehyde over time was fitted to
experimental values determined by HPLC analysis in order to determine the
analogous GIuDH rate constants. Figure 8.9-8.10 shows example kinetic simulations
of these systems for both free and SiNP tethered NAD. The kinetic rate constants

derived for GIuDH are shown below in Table 8.1.

Table 8.1: Kinetic rate constants for GIuDH with free and SiNP tethered NAD as

determined by kinetic modelling of the ADH/GluDH multi-enzyme coupled reaction.

NAD source Kon (cmoltmin?) kot (Min1) K. (emol?) kg (emolt min?) ki (min?)  kear(min?)
Free NAD N/A N/A N/A 52500 0.011 27
Thiol SiNP tethered NAD 700 0.05 14000 64000 0.044 138

8.5.1 Kinetic simulation of ADH/GIuDH coupled reaction with free NAD
Figure 8.9(a-e) shows the kinetic simulation of the ADH/GIuDH coupled reaction at

5uM free NAD. Figure 8.9(a) shows the rapid complexation of ADH with almost all of
the freely diffusing NAD within the first few seconds of, resulting in a rapid decrease
in NAD concentration (Figure 8.9(c)) and a rapid increase in the ADH/NAD complex
(ADHNAD) (Figure 8.9(d)). Catalysis results in the production of acetaldehyde (P)
(Figure 8.9(e)) and NADH, with which, GluDH can complex, resulting in the rapid
decrease in GIuDH concentration (Figure 8.9(b)) and the appearance of the
GIuDH/NADH complex (GIuDHNADH) reaction (k1 = 52500 umol*min-, k1 = 0.011
mint). Catalysis of GIuUDHNADH results in the regeneration of NAD, along with the
equimolar conversion of a-ketoglutarate and ammonia to glutamate (kcat = 27 mint).
A steady state between all the reactive species is established after ~15 seconds of

reaction resulting in the linear formation of acetaldehyde over time which correlated
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Figure 8.9: Reaction simulation of the ADH/GIuDH coupled reaction showing the
concentration of each reaction species with time. Reactions contain 6.8 uM ADH, 2.9

uM GIuDH and 5 uM free NAD. Note that a-d are on 1 minute time scale while e is on
120 minute scale.
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8.5.2 Kinetic simulation of ADH/GIuDH coupled reaction with thiol SiNP tethered
NAD
Figure 8.10(a-g) shows the kinetic simulation of the ADH/GIuDH coupled reaction with

NAD tethered to the surface of thiol terminated SiNPs at a total concentration of 5 uM.
Figure 8.10(a-b) show the first steps of the surface catalysed multi-enzyme reaction,
the competitive adsorption of ADH and GluDH, which is dictated by the previously
determined Langmuir surface adsorption kinetics. The second order rate constant of
adsorption of GIuDH kon was found to be 700 umol* min- and the first order desorption
rate constant kot was found to be 0.05 mint). Competitive adsorption results in the
rapid decrease in available surface adsorption sites (*) over the first 15 minutes of
reaction 8.10(c) and the formation of surface adsorbed ADH and GluDH (ADH* and
GluDH¥*) 8.10(d). The chosen enzyme concentrations (6.8 uM ADH and 2.9 uM GIuDH)
resulted in a relatively even adsorption concentration of the two competitively
adsorbing enzymes, with a slightly higher surface coverage of GluDH*. Adsorbed ADH
then reversibly complexes with surface tethered NAD, resulting the formation of the
surface-tethered-NAD/ADH complex (ADHNADY) (Figure 8.10(e)) and the decrease in
surface tethered NAD concentration (Figure 8.10(f)). Catalysis of ADHNAD* results in
the formation of acetaldehyde (P) Figure 8.10(g), surface tethered NADH and ADH*
which can desorb or re-complex with surface tethered NAD. NADH formed is then
reversibly complexed with GIuDH* to from the surface-tethered-NADH/GIuDH
complex (GIUDHNADH*) (k1 = 64000 pumol*min?, k1 = 0.044 min?). Catalysis of
GIuDHNADH?* regenerates surface tethered NAD and forms GluDH* which can desorb
or re-complex with surface tethered NADH. The rate constant of NADH catalysis by
GluDH kcat was determined to be 138 mint. After ~10 minutes, a steady state is
established and the concentration all the reactive species remain constant. The rate
of acetaldehyde production is linear with time and correlates well with the

experimentally determined values.
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Figure 8.10: Reaction simulation of the ADH/GIuDH coupled reaction showing the
concentration of each reaction species with time. Reactions contain 6.8 uM ADH, 2.9
uM GIuDH and 5 puM thiol SINP tethered NAD.

Applying the kinetic rate constants for the surface adsoprtion and catalysis of ADH
with NAD tethered to the surface of thiol terminated SiNPs, along with Langmuir
adsorption kinetics of GIuDH has allowed the surface complexation and catalysis
kinetics of GIuDH with tethered NAD to be determined by numerical integration
modelling. Similar to the mono-enzyme kinetic analysis performed in Chapters 6 and
7, a kinetic enhancement in the kinetics of multi-enzyme cofactor regenerating
catalysis of NAD tethered to the surface of thiol terminated SiNPs has been revealed.
The rate constant for the oxidation of surface tethered NADH by GIuDH kcat was found
to be enhanced by ~5 fold compared to free NAD with a ~20% enhancement in the

forward complexation rate constant ki.

8.6 Conclusion
NAD tethered to the surface of thiol terminated SiINPs has been applied to a multi-

enzyme cofactor regenerating coupled reaction of ADH and GIuDH. The colourless
acetaldehyde produced in the reaction was reacted with 2,4-dinitrophenylhydrazine
(DNP), converting it into the highly coloured yellow acetaldehyde-2,4-
dinitrophenylhydrazine (ADNP) which was simply, sensitively and efficiently separated
and quantified by HPLC analysis. This method was used to detect the formation of
acetaldehyde over time at different free NAD and thiol SiNP tethered NAD
concentrations. A mechanism involving the competitive adsorption of ADH and GluDH
to the particle surface, complexation and catalysis of surface tethered NAD by ADH,
complexation and catalysis of adsorbed GIuDH with surface tethered NADH,
regenerating NAD, was proposed. Numerical integration by Euler's method was then
used, along with rate constants for adsorption, complexation and catalysis of ADH with
surface tethered NAD determined in Chapter 6 and the Langmuir adsorption kinetics
for GIuDH determined in Chapter 5, in order to model the highly complex reaction. This
allowing the determination of the complexation and catalysis rate constants of GluDH
with surface tethered NADH, revealing a 20% enhancement in ki and a 5 fold

enhancement in kcat compared to the equivalent free NAD reaction.
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CHAPTER 9 : STABILITY OF SINP TETHERED NAD
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9.1 Overview
In this chapter, the stability of NAD tethered to the surface of thiol terminated SiNPs is

investigated and compared to that of free NAD. SiNP tethered NAD and free NAD are
heated at between 37°C and 100°C with aliquots taken at different time points and
applied to the EcG3PD catalysed reaction performed at 37°C. The change in ECG3PD
activity is is determined to be a first order process with a 16-fold longer half-life for the
tethered NAD compared to free NAD.

In a second part of this chapter, the thermal stability of ECG3PD in dynamic adsorption
equilibrium with the surface of thiol terminated SiNPs with tethered NAD is also
investigated, revealing an 11-fold enhancement in thermal stability compared to freely
diffusing EcG3PD.
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9.2 Introduction
The instability of enzymes to heat, long term use, pH and harsh solvents is one of the

biggest challenges in the field of biocatalysis [179]. Several different methods have
been used to stabilise biocatalysts including the use of thermophilic enzymes, genetic
engineering and immobilisation [179, 180].

Immobilisation of enzymes onto the surface of nanoparticles has been shown to
enhance their stability while facilitating simplistic product separations [27, 121, 179-
181]. Multimeric oxidoreductases, such as EcG3PD and ADH, are highly sensitive to
extreme temperature, pH and co-solvents, which cause dissociation of the enzyme
subunits and their subsequent deactivation. [182, 183] The stability of oxidoreductase
enzymes is therefore a fundamental limitation of their use in industrial biocatalytic
processes. Strategies to improve the stability of oxidoreductase enzymes include
protein engineering, chemical crosslinking and immobilisation by covalent bonding,
entrapment or adsorption [182, 183]. However, immobilisation of oxidoreductases
rarely results in both enhanced stability and maintained enzyme activity. Enzymes
isolated from thermophilic bacteria, as well as enzymes genetically modified to be heat
resistant offer enhanced rates at high temperatures [179]. However, the degradation
products of the hydrolytic cleavage of NAD have been shown to inhibit the catalysis of

these enzymes [184].

Several reports have investigated the thermal degradation of NAD [168, 184-186] and
it has been shown to proceed by the hydrolytic cleavage of the nicotinamide-ribose
linkage, generating nicotinamide and adenosine diphosphate ribose (ADP-ribose) as
shown in Figure 9.1 [168, 184]. The disappearance of NAD due to thermal degradation
has been quantified by several methods. These include a UV/Vis cyanide assay [168,
186], HPLC analysis [184, 185] and using ADH to track the decrease in enzymatic
reaction rate due to NAD degradation as illustrated in Figure 8.2 [168]. The high cost
and instability of NAD necessitates its stabilisation for the development of industrially
viable biosynthetic processes [185]. Therefore, the enhancement of the thermal
stability of NAD has the potential to significantly improve the efficiency of these

systems.
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In this chapter, the thermal stability of NAD tethered to the surface of thiol terminated
SiNPs compared to free NAD is investigated. This is achieved by determining the
change in reaction rate of ECG3PD due to the thermal degradation of free and SiNP
tethered NAD at 37°C and 100°C. Degradation of NAD is shown to follow first order
kinetics, allowing the extraction of the degradation rate constant (k) and half-life (ti2).
The thermal stability of EcG3PD in adsorption equilibrium with the surface of thiol
terminated SiNPs with tethered NAD is then determined at 60°C by a similar method
and compared to free ECG3PD.

9.3 Analysis of the thermal stability of tethered NAD
The stability of tethered NAD and free NAD was investigated by heating the particles

and solution respectively at two different temperatures, 37 °C and 100 °C. Small
aliquots were taken during the heating process and refrigerated until all samples had
been collected. The heat treated tethered NAD was subsequently used in a EcG3PD
catalysed reaction and the activity was determined using the resazurin/PMS™* coupled

assay.

Figure 9.2(a-b) shows the decrease in ECG3PD activity with increasing heating time
of the NAD. This decrease in activity is attributed to the thermal degradation of free
and SINP tethered NAD and can thus be used to indicate the change in concentration
of NAD over time as shown in Figure 9.2(c) [168]. The linear relationship between
IN[NAD] and heating time as shown in Figure 9.2(d) indicates that the thermal
degradation of both free NAD and tethered NAD are first order reactions with a first
order rate constant of 0.0198 hour? and 0.0012 hour?, respectively. This allows the
stability of free and SiNP tethered NAD to be expressed as the half-life (t12), the time

taken for half of NAD to be thermally degraded under given conditions as calculated

by:

== 9.1)
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Figure 9.2: Increase in total NADH production over time as indicated by the
resazurin/PMS* fluorometric assay of EcG3PD with (a) free NAD (b) thiol SiNP
tethered NAD heated at 37°C for up to 14 days. The change in activity is then plotted
as a function of heating time (c) and a first order kinetics plot between In[NAD] and

heating time (d).

Figure 9.2(c) shows a steep decline in free NAD concentration (blue line) over the first
7 days of heating. No EcG3PD activity was detected with NAD heated at 37°C after 7
days. NAD tethered to the surface of thiol terminated SiNPs appeared to degrade at a
much slower rate, with ~25% degradation after 14 days of heating at 37°C, as

indicated by the decrease in ECG3PD activity in Figure 9.2(b).

In order to test the applicability of SINP tethered NAD to high temperature systems,
NAD tethered to the surface of thiol terminated SiNPs was heated at 100 °C for 12
hours and evaluated using a similar procedure to that above. The resazurin/PMS*
coupled assay of the heat-treated NAD activity is shown in Figure 9.3(a-b) and the
change in NAD concentration as indicated by the change in ECG3PD reaction rate is

plotted as a function of heating time as shown in Figure 9.3(c).
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Figure 9.3: Increase in total NADH production over time as indicated by the
resazurin/PMS* fluorometric assay of EcG3PD with (a) free NAD (b) thiol SiNP
tethered NAD heated at 100 °C for up to 12 hours. The change in activity is assumed
to be due to thermal degradation of NAD, which is then plotted as a function of heating

time (c) and a first order kinetics plot between IN[NAD] and heating time (d).

Figure 9.3(c) shows a rapid decrease in the concentration of free NAD within the first
60 minutes of heating at 100 °C, as indicated by the decrease in ECG3PD reaction
rate with heat treated free NAD (Figure 9.3(a)). The first order kinetics plot in Figure
9.3(d) allowed the extraction of the first order rate degradation constants of free and

tethered NAD, which were determined to be 2.09 hour'and 0.138 hour?, respectively.

Table 8.1 shows the first order rate constant of degradation and half-life of free and
SINP tethered NAD determined at 37 °C and 100 °C. At 37 °C, free NAD degraded
with a first order rate constant of 0.0198 hour! and with a 34.5-hour half-life. The first

order rate constant of tethered NAD degradation was found to be 0.0012 hour! and
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exhibited a 558-hour half-life. This equates to a remarkable ~15-fold enhancement in
the half-life of NAD tethered to the surface of thiol terminated SiNPs compared to free
NAD. This large enhancement in long-term thermal stability of NAD under operational
temperature has the potential to allow NAD dependent biosynthetic processes to be
performed over much longer time periods without replacement of NAD, significantly
increasing the efficiency of these processes.

At 100 °C, the first order rate constant of degradation of free NAD was found to be
2.09 hour? with a 20-minute half-life. As above, NAD tethered to the surface of thiol
terminated SiNPs degrades at a much slower rate, degrading just 15% after 12 hours
of heating at 100 °C with a first order rate constant of 0.138 hour* and a half-life of 5
hours. Similarly to the degradation analysis at 37 °C, the half-life of SiNP tethered NAD
at 100°C is enhanced by ~15 fold compared to free NAD. NAD is known to thermally
degrade by the hydrolytic cleavage of the nicotinamide-ribose linkage as shown in
Figure 9.1 [168, 184]. Therefore, the observed increase in thermal stability of SINP
tethered NAD suggests a mechanism that reduces the rate of this hydrolytic process.
Similarly, the observed enhancement of the thermal stability of NAD tethered to the
surface of thiol terminated SiNPs implicates extended use in biosynthetic applications
at physiological and high operational temperatures. This has the potential to increase
the efficiency of these processes by reducing costs associated with constant
replacement of costly cofactors.

Table 9.1: First order rate constants of degradation (k) and half-lives (t12) of free and
SINP tethered NAD at 37 °C and 100 °C.

37°C 100 °C
k (hour?) tyz (hour)  k (hour?) tu2 (hour)
Free NAD 0.0198 34.5 2.09 0.33
Thiol SINP tethered NAD 0.0012 558 0.138 5
Enhancement (fold) 16 15
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Table 9.2 shows the values of the first order rate constant of the degradation of free

NAD and the corresponding half-lives measured under similar conditions found in the

literature [168, 184]. The experimentally determined values agree well with these

literature values and also fit to make a linear Arrhenius plot in Figure 9.4.

Table 9.2: Literature values of the rate of thermal degradation and half-life of free NAD.

LN(k) (hour-1)

Ref Temperature Method k (hour?) tu2 (hour)
[184] 85 °C HPLC 1.73 0.4
[168] 100 °C ADH assay 3 0.17
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Figure 9.4: Arrhenius plot including literature rate constants (blue) and our
experimental rate constants (red) [168, 184].
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9.4 Stability of ECG3PD
The thermal stability of ECG3PD while in a dynamic adsorption equilibrium with the

surface of thiol terminated SiNPs compared to EcG3PD free in solution was

investigated.

EcG3PD adsorbed onto the surface of thiol terminated SiNPs by mixing for one hour
and separated by centrifugation. The quantity of ECG3PD adsorbed onto the particle
surface was determined by UV/Vis analysis at 280 nm. The SiNPs were then
resuspended and heated at 60 °C for 5 hours with aliquots taken at different time
points before the activity of the ECG3PD was assayed at 37 °C. This was compared
to an equivalent amount of free NAD and free ECG3PD. The decrease in activity with
increasing heating time was assumed to be due to only the degradation of ECG3PD,
as the NAD was fresh
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Figure 9.5: Increase in total NADH production over time in the resazurin/PMS*

fluorometric assay of (a) heat treated free ECG3PD reacted with free NAD and (b) heat

treated EcG3PD that has been in adsorption equilibrium with the surface of thiol

terminated SiNPs with tethered NAD. The change in activity is assumed to be due to
thermal degradation of ECG3PD, which is then plotted as a function of heating time (c)

and a first order kinetics plot between In[EcG3PD] and heating time (d).

Table 9.3: First order rate constants of degradation and half-lives of free and SiNP

adsorbed EcG3PD at 60 °C.

k (hour?) ti2 (hour)
Free NAD/Free EcG3PD 1.9 0.36
Tethered NAD/Adsorbed EcG3PD 0.18 3.85

Enhancement (Fold)

11

Figure 9.5(c) shows a steep decline in free ECG3PD concentration (blue line) over the
first 2 hours of heating. ECG3PD that was heated while in an adsorption equilibrium
with the surface of thiol terminated SiNPs with tethered NAD degraded at a much
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slower rate. Table 9.3 shows the first order rate constant of degradation and half-life
of free and adsorbed EcG3PD determined from Figure 9.5(d). Free EcG3PD degraded
with a first order rate constant of 1.9 hour! and with a 22-minute half-life. The first
order rate constant of adsorbed EcG3PD degradation was found to be 0.18 hour* and
exhibited a 3.9-hour half-life, 11-fold longer than that of free ECG3PD. Like tethered
NAD, adsorption of ECG3PD to the particle surface has shown to significantly increase
the thermal stability of the enzyme. Covalent immobilisation of biomolecules such as
DNA [187, 188], enzymes [182, 189, 190] and pharmaceuticals [191], to the surface
of nanostructures has previously been reported to enhance their thermal stability.
enzymes thermally denature and deactivate in solution due to loss of tertiary structure
by disruption of hydrogen bonds and hydrolysis [182]. On the nanoparticle surface,
electrostatic interactions between the enzyme and surface increase structural rigidity
of the quaternary structure, preventing dissociation of subunits and thus improving
thermal stability [190]. The strong electrostatic interactions between EcG3PD and the
thiol terminated SINP surface investigated in Chapter 5 may therefore hold the key to
the observed 11-fold enhancement in EcG3PD thermal stability at 60 °C, when in

dynamic adsorption equilibrium with the SINP surface.

9.5 Conclusion
The thermal stability of NAD tethered to the surface of thiol terminated SiNPs was

investigated at 37°C and 100°C and compared to that of free NAD at an equivalent
concentration. This was achieved by heating the NAD at the appropriate temperature
and taking aliquots at different time points, before applying them to the EcG3PD
catalysed reaction with resazurin/PMS™* coupled fluorescence detection. The observed
reduction in EcG3PD activity was assumed to be due to thermal degradation of the
NAD, allowing determination of first order rate constant of degradation (k), as well as
the half-life of NAD. A 16-fold enhancement in the half-life of NAD tethered to the
surface of thiol terminated SINPs was observed at 37°C, and a 15-fold enhancement
at 100°C, compared to free NAD. A similar method was used to investigate the thermal
stability of EcG3PD in dynamic adsorption equilibrium with the surface of thiol
terminated SINPs with tethered NAD is also investigated, revealing a 11-fold
enhancement in thermal stability compared to freely diffusing ECG3PD. This shows
great potential for the long term use of tethered NAD and enzymes at high operational
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conditions, reducing costs associated with constant replacement of costly enzymes
and cofactors.
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CHAPTER 10 : CONCLUSIONS

200



Prior to this work, the covalent attachment of NAD to the surface of nanoparticles had
only been achieved through non-specific routes without the integration of spacer arms,
resulting in relatively low biocatalytic efficiencies of the tethered NAD. Most previous
studies have also neglected to explore the interfacial enzyme kinetics of these
systems, and a detailed knowledge of the dynamic chemistry goes unknown. Chapter
1 introduces the concept of modifying NAD at the NB8-position with intelligently
designed flexible linker arms with specific terminal functionality, supplying a chemical
handle for highly specific and directed chemical immobilisation while allowing the
modified NAD to retain maximum native efficiency once tethered. Chapter 2 describes
the detailed experimental protocol regarding the synthesis and characterisation of the
chosen solid support materials, silica nanoparticles, along with the subsequent

tethering and surface attachment density quantification.

The synthesis and characterisation of thiol and vinyl terminated silica nanoparticles is
explored in Chapter 3, with the development of a new method for the preparation of a
range of SiNPs with different terminal hydrophobic functionalities from their singular
hydrophobic organosilane. The size of the SiNPs prepared using this method was
demonstrated to be controlled between ~100-1000 nm by altering the organosilane

precursor concentration.

Careful selection of a suitable aqueous radical initiator in Chapter 4 allowed thiol-ene
‘click’ chemistry to be applied to tether of N°-linked-2AE-NAD to the surface of thiol
and vinyl terminated SIiNPs. Quantitative ATR-FTIR analysis revealed NAD
attachment densities up to 0.5 attachments/nm? on the thiol and vinyl terminated
SiNPs, a physically obtainable density as revealed by MD simulations.

In Chapter 5, the Langmuir adsorption isotherm is applied to determine the adsorption
kinetics of the enzymes EcG3PD, ADH and GIuDH onto the surface of thiol and vinyl
terminated SiNPs with tethered NAD. MD simulations of the interfacial enzyme
properties was used to describe the adsorption characteristics of the different enzymes
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on the different surfaces, where the electrostatic interactions were found to play a

significant role.

In Chapter 6, Langmuir surface adsorption kinetics were combined with classical
Michaelis-Menten enzyme kinetics concepts, allowing the mathematical development
of a kinetic model describing the observed rate of enzyme catalysis of surface tethered
NAD as a function of enzyme concentration. Fitting experimental data to the derived
kinetic model revealed enhancement in the surface complexation and surface
catalysis of both EcG3PD and ADH with surface tethered NAD on thiol and vinyl
terminated SiNPs compared to free NAD. These kinetic results were supported by
kinetic modelling of the reaction systems using numerical integration by Eulers’
method. The mechanism of the observed kinetic enhancement was proposed to be
due to the high localised concentration within the SiINP surface microenvironment,
where the lateral mobility of the surface adsorbed enzyme is dictated by the strength

of the electrostatic interactions between enzyme and surface.

In Chapter 7, inhibition of ECG3PD by thiol terminated SiNPs was proposed to be due
to non-productive adsorption of ECG3PD onto the particle surface leading to enzyme
deactivation. This allowed the development of a mathematical model describing the
observed rate of enzyme catalysis of surface tethered NAD as a function of NAD
concentration, while accounting for inhibitory effects of non-productive EcG3PD
adsorption. Fitting of experimental data to this model, resulted in the determination of
kinetic rate constants for the EcCG3PD comparable to those derived in Chapter 6,
demonstrating the validity of the method. The observed inhibitory effects were then
successfully reduced by alkylating residual surface thiols with several small alkylating
agents, introducing different base surface functionality. Alkylation by iodoacetamide
was shown to provide the greatest enhancement in ECG3PD activity due to the its

ability to undergo resonance stabilisation to a zwitterionic conformation.

In Chapter 8, NAD tethered to the surface of thiol terminated SiNPs was regenerated
an ADH/GIuDH coupled reaction, where acetaldehyde produced was conjugated with
2,4-dinitrophenolhydrazine facilitating sensitive detection and quantification by HPLC
analysis. The experimentally determined production of acetaldehyde with time at
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different NAD concentrations was mathematically modelled using numerical
integration of the proposed reaction mechanism by Euler's method allowing the
complexation and catalysis kinetics of GIuDH to be determined, revealing a kinetic

enhancement similar to that observed in Chapters 6 and 7.

Lastly, in Chapter 9, the thermal stability of tethered NAD was investigated, along with
the thermal stability of ECG3PD when it is in dynamic adsorption equilibrium with the
surface of thiol terminated SiNPs with tethered NAD. Heating tethered and free NAD
at physiological and an extreme temperature for resulted in a decrease in the observed
EcG3PD activity with heating time. Assuming this decrease in activity to be due to
thermal degradation of NAD, first order kinetics were used to determine the thermal
degradation rate constants and half-lives of free and tethered NAD. Tethered NAD
was found to have a ~15 fold enhancement in half-life compared to free NAD, while
EcG3PD was found to have an 11~fold enhancement in thermal stability when in

adsorption equilibrium.

The findings from this thesis can be summarised as:

e NAD can be covalently attached to a surface through a flexible tether arm in a
highly specific way via a mild thiol-ene ‘click’ reaction, thereby ensuring that all
attached species are available for reaction.

e The concentration of NAD on the surface of both thiol and vinyl terminated silica
nanoparticles can be controlled and quantified using a simple ATR-FTIR
approach, with up to 0.5 NAD molecules per square nanometre of particle
surface achieved.

e The mechanism of enzymatic catalysis of surface tethered NAD involves
reversible adsorption of the enzyme to the active SiNP surface, binding of the
enzyme with tethered NAD and subsequent catalysis. Adsorption was found to
be a highly important factor, dictated by the electrostatic interactions between
the enzyme and SiNP surface, with generally stronger interactions and greater
adsorption between the thiol/NAD surface and enzymes compared to the
vinyl/NAD surface. ECG3PD was found to adsorb stronger than GIuDH and

ADH and could form multiple adsorption layers on both thiol and vinyl SiNPs.
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When the volumetric concentration of NAD is low, but the concentration of freely
diffusing enzyme (EcG3PD or ADH) is sufficiently high to saturate the active
surface by reversible adsorption, the rate of catalysis of SiNP tethered NAD is
decreased compared to an equivalent concentration of freely diffusing NAD.
This was speculated to be due to several reasons:

o blocking of reactive NAD sites on the surface by the enzyme

o enzyme crowding at the active surface reducing enzyme mobility

o blocking the diffusion of other reactants to the active surface
When both the volumetric concentrations of NAD and freely diffusing enzyme
are low, less enzyme is adsorbed to the surface resulting in higher reaction
rates with SINP tethered NAD compared to freely diffusing NAD at equivalent
volumetric concentrations. This was thought to be due to several reasons:

o Less enzyme crowding at the surface allows much greater enzyme

mobility and more exposed NAD reactive surface sites
o The enzyme is effectively saturated by the high localised concentration
of tethered NAD on the particle surface

Less electrostatic attraction between the vinyl SINP surface and EcG3PD
facilitate a higher degree of surface mobility of the enzyme resulting in a greater
enhancement in complexation and catalysis rate constants of NAD compared
to that of the thiol SiINP surface. A similar effect was observed with ADH with
thiol SINP tethered NAD where there was little electrostatic attraction.
When the concentration of ECG3PD is low and the volumetric concentration of
NAD varied, a sharp decrease in activity was observed at a low concentration
of thiol SINP tethered NAD compared to vinyl SINP tethered NAD. This was
proposed to be due to inhibition of ECG3PD by non-productive enzyme
adsorption as a result of the strong electrostatic interactions between the two.
The effect of this inhibition could be accurately accounted for by using an
inhibition constant derived from an inhibition plot generated using freely
diffusing NAD and EcG3PD and various concentrations of unmodified thiol
terminated SiNPs.
Kinetic analysis performed using the enzyme excess and reactant excess

approach gave very similar rate constants.
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e Capping of residual unreacted thiols on the SINP surface with small alkylating
agents greatly reduced the surface adsorption and inhibition of EcG3PD
resulting in higher reaction rates at high NAD concentrations.

e SiNP tethered NAD could be enzymatically regenerated in a coupled enzyme
reaction with ADH and GluDH. Knowing the forward reaction rate constants of
ADH and assuming a mechanism of competitive adsorption, followed by
complexation and catalysis, allowed the rate constants of the reverse NAD
regenerating GluDH reaction to be determined.

e The lifetime of NAD tethered to the surface of thiol SINPs is significantly longer
than that of freely diffusing NAD.

e The lifetime of ECG3PD is significantly increased when in adsorption equilibrium
with the surface of thiol terminated SiNPs with tethered NAD.

Modification of NAD at the N® position of with a flexible tether arm has allowed NAD
to be tethered in a highly specific orientation, facilitating the accessible binding and
catalysis of all attached species with freely diffusing enzymes. Detailed and in-depth
kinetic analysis of NAD with different spacer arms tethered to two different species of
SiNPs with two different enzymes has revealed a great deal of information on factors
that dictate the interactions, binding and catalysis of enzymes with tethered NAD. A
kinetic enhancement mechanism of enzyme catalysis has been revealed at low NAD
and enzyme concentrations compared to the free NAD and enzyme reaction system.
This enhancement was also observed when two enzyme reactions were coupled
together to regenerate the surface tethered NAD. The lifetime of NAD tethered to the
surface of SINPs and EcG3PD in adsorption equilibrium were also found to be greatly
enhanced compared to their freely diffusing counterparts. Together, these factors
demonstrate that SINP tethered NAD is an ideal candidate for the integration into
industrial biosynthetic processes, as well as having great potential in bio-sensing and

medical applications.
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Figure Al: BET Isotherm of thiol terminated SiNPs with average diameter of a) 50 +

4 nm, b) 98 £+ 8 nm, ¢) 149 + 12 nm, d) 167 + 10 nm, e) 204 + 17 nm, f) 247 + 9 nm,
g) 296 + 7 nm.
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Figure A2: BET Isotherm of vinyl terminated SINPs with average diameter of a) 104
nm, b) 175 nm and c) 204 nm.

A.3: SEM images of thiol SiNPs
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Figure A3: SEM images of thiol terminated SiNPs with an average diamter of 167 + 10

nm, 247 £ 9 nm, and 296 + 7 nm.

219



A.4 Correction for the NAD/SINP FTIR spectral overlap
Figure A4 shows an ATR-FTIR spectrum of NAD overlaid on a thiol SINP spectrum. It

can be seen that the NAD spectra overlaps every peak of the SiNP spectra, and thus

no peaks will be unaffected by the addition of NAD.
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Figure A4: Overlay of normalized NAD FTIR spectrum over normalized thiol

terminated SINP FTIR spectrum.

In order to use the Si-O-Si band at ~1020cm! of the SiNPs as an internal reference
as previous, the peak has to be corrected for the addition of NAD. This was achieved
by determining the peak height ratio of the amide C=0 stretch at 1700cm due to NAD
in the SINP mixture to that of a normalized NAD spectrum. This ratio was then
multiplied by every data point of the NAD spectrum The scaled NAD spectra is then
subtracted from the FTIR spectra of the SINP/NAD mixture in the overlap region from
600 to 1200 cm. Figure A5 confirms that this method accurately corrects the NAD

spectrum to the absorbance contribution of NAD in the NAD/SINP spectrum.
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Figure A5: ATR-FTIR spectra of thiol terminated SiNPs mixed with the equivalent of 1

NAD attachment/nm? and overlay of NAD FTIR spectra scaled to match contribution

in the SINP/NAD mixture.
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A.5: Analysis of NAD attachment washings by HPLC
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Figure A6: HPLC chromatogram of washing after attachment of nonene-2AE-NAD to

the surface of thiol terminated SiNPs. No nonene-2AE-NAD is detected after 3

washes,
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A.6 ATR-FTIR spectra of alkylating agents
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Figure A7: ATR-FTIR spectra of iodoacetamide.
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Figure A8: ATR-FTIR spectra of benzyl bromide
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A.7: Quantification of NADH/resorufin concentration
In the resazurin/PMS* coupled assay, the NADH formed by the catalytic cycle of ECG3PD or

ADH reduces resazurin to the highly fluorescent resorufin in the presence of PMS* in a 1:1
molar ratio, as per Scheme 6.1(iv) [45]. In order to quantify the concentration of resorufin, and
thus NADH, produced in the coupled assay reaction, controlled amounts of free NADH were
applied to the resazurin/PMS™* coupled assay containing no enzyme or NAD. The reaction was
allowed to go to completion and the resulting fluorescence intensity of these standards was
then measured and plotted as a function of NADH concentration in order to prepare the
calibration curve shown in Figure A9. Using linear regression, the calibration curve in Figure
A9 is applied to the increase in fluorescence intensity measured by the resazurin/PMS*
coupled enzyme reactions in order to determine the rate of NADH formation. This allows the
fluorometrically measured reaction rates of enzymes to be expressed in standard molar units,

i.e. umol/min.
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Figure A9: Fluorescence intensity of resorufin produced after applying different concentrations

of NADH to the resazurin/PMS* coupled assay without enzyme or NAD.
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