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Abstract

Dyestuff industry is responsible for up to 20% of the industrial water pollution, due to dye loss in
effluents. Compared to research on treatment of azo dyes (largest category), research of
anthraquinone dyes (second largest category) is neglected. Environmental considerations about
industrial chemical processes for water treatment have led to a shift towards green chemistry and
biocatalysis. Although peroxidases are vastly applied in bioremediation, they cannot be
industrially implemented due to low stability, lack of reusability and difficulty in scale-up.
Immobilisation offers reusability and can improve the catalytic functions and operational stability
of biocatalysts. Novel approaches, include bioinspired supports, synthesised fast and
economically, avoiding the environmentally un-friendly methods used in “conventional”

immobilisation.

This project focused on understanding the immobilisation of Horseradish Peroxidase (HRP) on
bespoke Bioinspired Silicas (BIS), by examining factors affecting the synthesis and performance
of the biocatalysts. We immobilised HRP on BIS via in-situ encapsulation and adsorption, and
compared the outcomes to that of HRP adsorbed on commercial silicas. We also examined the
effect of the controlled presence of amine functionalisation on BIS, of the point of HRP addition
during synthesis of the biocatalyst and of increasing HRP concentration, to the immobilisation
efficiency and performance of biocatalysts. BIS showed high potential as immobilisation
supports, offering high loading (about 20% HRP on BIS-HRP composite) of active enzyme and
their ability to protect HRP under exposure to non-optimal conditions. Biocatalysts were
characterised for their morphology and porosity before assessing their performance a standard
peroxidase assay based on 2,2'-azino-bis(3-ethylthiazoline-6-sulfonate acid oxidation (ABTS
assay) and an application assay based on enzymatic degradation of a model anthraquinone dye,
Reactive Blue 19 (RB19 assay). Further examination of the best performing BIS-HRP samples,
revealed a competitive action of BIS to enzymatic activity, where the support acts as an excellent
adsorbent, hindering the diffusion of substrate and product(s) through the pore network. Although
free HRP outperforms immobilised HRP (especially via encapsulation), immobilisation results in
a highly reusable biocatalyst, for up to 20 times with 60% performance retention towards dye
removal, with enhanced storage stability, retaining almost 100% activity over 50 days of storage,

compared to 3 days of storage reached with free HRP.

Through this work, we showed the importance of individual factors crucial for enzyme
immobilisation, regarding both biocatalyst synthesis and expected performance, as well as the
importance of the combination of enzyme, substrate and immobilisation support on biocatalyst
performance. This work can be a great base for further optimisation of BIS as enzyme

immobilisation support, and its exploration in other applications in the area of water treatment.
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Chapter 1 : Introduction

In this chapter, the focus is to introduce the problem arising from presence of dyes in water
effluents. Background information is given on the existing legislation with respect to dye content
in water streams and a general overview of dye structure is discussed, focusing on anthraquinone
dyes. The available methods used for decolorisation (mainly as part of water treatment facilities)
are discussed and compared, and focus is merited in biological methods, specifically use of
enzymes. An overview of biocatalytic actions and a thorough discussion of their advantages and
disadvantages is given, resulting in the superiority of their performance, which is hindered by the
cost and the instability of enzymes.

1.1. Problem faced from dyes in wastewaters
A very important factor of our life in every possible aspect is water, as it is not only vital for our

physical existence but it is necessary for numerous activities in domestic and industrial fields,
varying from cleaning and agriculture to cooking and product formation. Unsustainable
exploitation and uncontrollable contamination are currently the “hot issues” regarding water
management. The amount of freshwater available on Earth is 3% of the total water volume. Of
that, the amount of water, in liquid form, available for human exploitation is 0.3%, making the
percentage over the total water volume equal to 0.009% . These limited water resources need to
be adequately distributed and carefully used to fulfil the constantly rising demand due to
population growth and consequent rising of the agricultural and industrial demands. Following
that perspective, wastewater effluents need to be treated to a point of water being able to be
recycled and reused 2.

1.1.1. Available legislation
Industrial use of water is the second largest freshwater consumer after agriculture *, and amongst

others, the textile and chemicals industry is recognised the most polluting, based both on the
volume and the composition of its effluents 3. Environmental protection awareness has increased,
requiring minimisation of water usage and wastewater production, as well as limitation of the
amounts of pollutants released to the environment. There are legislations that regulate and monitor
the dyeing industry in Europe and the United States 5, however these are not clearly defined and
not comparable across countries with respect to the colour intensity of the discharged effluents °.
These issues make the monitoring of coloured effluents released in the environment quite a
challenge. The problem of the dye contaminated water is especially evident in Asia, which
contributes to about 50% of textile exports and more than 50% of world’s consumption of dyes °.
However, many of the countries involved lack sufficient legislation about environmental
protection relevant to textile industries 8, or there are no clearly set limits yet on the colour of the
discarded effluents as they are for other pollutants ’. A report produced by the World Bank with
respect to the textile industry in Bangladesh 8 shows an overview of the textile industry in

Bangladesh. 87% of the country’s total exports in 2011 was based on garments, the majority of
1-1



Eleni Routoula PhD Thesis 2019

environmental impacts with respect to water, energy and chemicals are attributed to the dyeing
process, with percentages of 85%, 80% and 65% respectively. This report discusses available or
potential sustainable solutions to mitigate those environmental implications, with reference to
energy, water and chemicals overuse, with an added benefit of economic benefits. With respect
to chemicals (dyes included), the proposed best practices are use of “eco” dyes and better dyeing
recipes. However, there is no discussion about the current issues with dyes in terms of residual
colour in water, although there are many photos illustrating the burning issue. Another case study
from India °, looked at the textile effluents of Tirupur city (also known as T-shirt city) in South
India and performed a physical and chemical characterisation, comparing the results to the limits
stated from the Bureau of Indian Standards. It was shown that the value of the effluents colour
was over 200 times higher than the standard (as measured in Pt-Co units). Also, the previously
reported practice of direct discharge of effluents in water streams despite the existing
governmental rules °, was also verified by Elango®, indicating that the implementation of

regulations is lacking and also pointing out that water streams are rendered unusable.

Although currently the relevant legislation might be vague and not properly applied %, it is clear
that not only the volume of discharged effluents needs to be minimized, but the quality of
industrial effluents discharged in the environment needs to be fully monitored as well.

1.1.2. Quantification of the problem and potential implications
It is difficult to quantify the amount of dyes lost during production or during application on

textiles, as the available figures on literature are based on estimations, or are representative of
very specific types of dyes or applications. Dye production may vary between 10,000 * and
770,000 tons per year 17 and losses are estimated around 2% during production and around 10%
during application, with wastewaters being discarded directly into the environment in developing
countries 8. Based on data from 2013, the annual production of textiles was around 30 million
tons, increasing every year 7, especially production of cotton textiles °. Each ton of textile
requires an average of 200 m?® of water during its production 22! (values depending on the type
of textile), of which about 40 m?® of water is attributed to the dyeing process. The dyestuff industry
in total is responsible for about 20% of the industrial water pollution production . It is also very
difficult to estimate the concentration of dyes in effluents, mainly due to lack of information or
consistency in measuring system, hence the range given in literature is quite vast, between 0.01g/L
to 0.25¢/L, or between 1000 to 12,500 ADMI units 2. Dye (and other organic compounds)
presence in water streams creates environmental issues such as difficulty of light penetration
hence disturbance of aquatic photosynthesis and depletion of dissolved oxygen concentration due
to the creation of films on the water surface 224, Also, there are aesthetic implications, given the
fact that dyes in water can be detected from the eye at a concentration as low as 0.005 mg/L 5.
There is also a potential for health implications, although the toxicity of dyes is not fully identified

yet, with some research being done on the toxicity of some common dyes, but no reports
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monitoring the toxicity of chronic exposure or the intermediate products of dye degradation °. It
is evident that water pollution from dyes is an existing and growing problem that demands

attention.

1.2. Focus on anthraquinone dyes
The majority of dyes industrially used today are aromatic compounds with complex, reinforced

structures. This indicates that their degradation will be more difficult compared to naturally
occurring dyes and the structure suggests that there could be enhanced toxic effects related to
them and the products of their decomposition *’. Dye structure has been altered over the years,
due to the need for dyes to be more stable (towards water, light, dry cleaning methods) and of
higher colour intensity, without needing the use of additional chemicals as colour enhancers ’.
This indicates that conventional methods available for treating effluents from dye-industries could
be ineffective * %5, so there is a particular need of innovation in the wastewater treatment sector.
Of the industrially important dye categories, the most common “azo” dyes are making up of
almost 60% of the synthetic dyes used industrially, followed by “anthraquinones” (15%), and
indigoids in respect of the chromophore group present 2. Chemically, what distinguishes azo dyes
is the presence of one or more double bonds between nitrogen atoms (namely azo groups) in the
dye molecule (Figure 1-1). Azo groups are able to absorb light in the visible spectrum and are
broadly used due to the ease of their synthesis, their stability, the availability of colours and the
low production cost 24, even if during their degradation from conventional methods they can
generate toxic by-products 2.

While for azo dyes, relevant data is easily available, it is difficult to find current or accurate data
for the annual production of anthraquinone dyes. Nevertheless, data found from previous years
can be used to roughly estimate a production volume. For the US, within a period of about 15
years (1986-2002), the annual production of anthraquinone (a precursor for dyes and other
chemicals) had a 5,000% increase (500 to 25,000 tons)?°, while a report from 1978 stated that for
the 18 commercially most important anthraquinone dyes (among 145), the total production
volume was slightly above 5,500 tons 0. Given the increase in production volume of dyes (in
general), it is safe to assume that the production of anthraquinone dyes increased as well. Based
on the current volume of dyes production and the percentage that anthraquinone dyes hold, a

rough estimation can be made, of about 100,000 tons of anthraquinone dyes produced per year.

The specific chemistry of the anthraquinone group is based on the anthracene and consists of three
fused benzene rings (basic anthracene structure) with two carbonyl groups on the central ring,
(Figure 1-1). This structure is naturally colourless, but substitution of the aromatic rings gives
colour and controls its intensity 3. Colour gets deeper with increased basicity of the substituents,
for an aniline-based substituent (NHCgHs) is used, the maximum absorption length rises to from
327nm (case of H) to 508nm?3!.
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Figure 1-1 Representation of some important synthetic dyes, belonging to the two most important chromophore
groups. The structure of the chromophore is shown in red.

Anthraguinone dyes are produced through many steps, including the production of intermediates
such as haloanthraquinones, nitroanthraquinones and aminoanthraquinoes among others, as well
as the addition of chemical groups to ease their solubility in water such as sulfonic groups *.

Those groups however make the dye recalcitrant to degradation .

The difference from azo dyes is that in the anthraquinone structure, the carbonyl group acts as an
electron acceptor, thus requiring an electron donor to react and break their structure . This,
combined with resonance effects among the anthracene structure leads to higher difficulty in
anthraquinone dyes degradation compared to azo dyes 8 33 and makes the choice of an appropriate
degradation/decolorisation method challenging 3. Due to their highly stable structure,

anthraquinone dyes are known for their great fastness, stability and brightness®.

It can be quite difficult to choose an appropriate method among the available conventional
methods to treat anthraquinone dyes, due to their characteristics *°. Also the lack of data on the
intermediate products created during degradation makes it difficult to speculate any residual
toxicity and its origin, as well as to find appropriate degradation pathways 3. There are only a
few reports about the toxicity of representative anthraquinone dyes and research has shown that
not all anthraquinone dyes show toxicity, but some of them can be potentially toxic, few of them
are mutagenic and some can be potentially carcinogenic 3+ 6-*°. With respect to the degradation
pathway of anthraquinone dyes, again few reports are produced which base their results on some

experimental data and hypothesised routes due to absence of further evidence %44,
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1.3. Available methods for decolorisation

1.3.1. Definition of decolorisation
Before elaborating on the available methods for colour removal from wastewaters, an explanation

on relevant terminology should be given. There are three terms related to colour removal from
dyed wastewaters, them being decolorisation, degradation and mineralisation “°. Although all
eventually describe the absence of colour, each term describes a different pathway towards that,
resulting in the same “visible results” (no colour) but different “invisible results” (chemical
structures). Decolorisation involves a slight chemical change of the chromophore/functional
group of the dye molecule, leading to a colourless (or of less intense colour) solution, while
degradation occurs when several parts of the dye molecule are “broken down”, resulting in
various, theoretically simpler intermediates ’. On the other hand, mineralisation involves
transformation of organic carbon to carbon dioxide, hence complete decomposition of the organic
structures. It can be argued that mineralisation cannot occur without degradation or decolorisation
of dye structure, however degradation or decolorisation do not necessarily lead to mineralised
matter. Despite the vagueness of the specifications of the colour removal procedure, importance
relies primarily on the percentage of colour removal. More rarely, analysis includes Chemical
Oxygen Demand (COD) data #* and, in the case of a specific need for mineralisation, the interest

lies also on the percentage of Total Organic Carbon (TOC) transformed 4647,

1.3.2. Conventional methods of colour removal — Basic principles
Conventional wastewater treatments include mostly physical and chemical methods and to an

extent biological in the terms of aerobic and anaerobic standard treatments used in municipal
sewage treatment. The most known and extensively applied methods in the industry are
adsorption, coagulation, membrane filtration, various oxidative or photocatalytic processes and
biological processes %8, Before exploring relevant research done in enhancing aspects of each

method, an overview of the basic operational principles will be discussed.

1.3.2.1.  Adsorption
The mechanism of adsorption is based on physical and/or chemical interactions between the

adsorbent and the substance to be removed from a usually aqueous solution.

Adsorption has been shown a preference over other methods of water treatment with respect to
dye removal, as it offers lower initial cost, easy operation and flexibility compared to other
methods. The important parameters for an efficient adsorbent are its capacity (amount of sorbed
dye per mass of adsorbent), the equilibrium rate (how fast adsorption occurs) and the regeneration
(how easy is to regenerate and reuse the adsorbent) . The capacity of an adsorbent is judged by
its porosity and available surface area. The bigger is not always the better, as there is a need for
the optimum combination of pore size, porosity and surface area, alongside the chemistry of the
adsorbent (functionalisation or available adsorption sites). The available surface area, porosity

and chemistry can also affect the equilibrium rate, the time needed for capacity to be reached.
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Also, these factors affect regeneration, based on the binding strength of the pollutant on the
adsorbent and the porosity. It should be mentioned that biosorption is another type of adsorption,
where pollutants are being adsorbed on dead (or inactive) biomass, through physical or chemical
interactions, not related to metabolism. Bio-sorption is affected by the same factors as non-bio
adsorbents (pH, T, ions among others), follows similar kinetic mechanisms and is subjected to
the same techniques for characterisation . Major differences between adsorption and biosorption
are the delicate nature of some bio-sorbents (for example dead cells), the natural abundance of
some biosorbents (for example agricultural biomass), and the valorisation of materials which are
regarded as waste (for example dead cells that were used in other processes, agricultural biomass).

Amongst many adsorbents explored such as activated carbon, peat, silica-based adsorbents,
zeolites or other naturally derived substances, activated carbon is widely studied for dye
adsorption. It is also the dominant adsorbent in industry, based on its great adsorption ability, high
surface area, stability and homogeneity . Main issues with respect to use of activated carbon as
a dye adsorbent, are the high cost of production and regeneration and the possibility of decreased
efficiency due to material loss during regeneration # 5 53, When activated carbon from leaves was
used for adsorption of Acid Green 25, adsorption was more effective in acidic solutions and that
past the initial, external uptake, diffusional limitations due to pore structure delayed equilibrium,
regardless of the over 900m?/g surface area 34, Another example using rice straw ash as adsorbent
towards removal of Reactive Blue 19, showed that the physisorption was the dominant way of
sorption, with electrostatic interactions being stronger again in highly acidic conditions (pH 1).
In this case, despite the lower surface area (about 60m?/g), adsorption capacity was high due to a
mesoporous structure that prevented strong diffusional limitations 5. Chu et al. studied the
adsorption of an anthraquinone dye (X-BR) on activated carbon derived from aquatic biomass
debris %, Decolorisation capacity (555mg dye/g adsorbent) of that type of activated carbon was
found higher than commercial carbon products, potentially due to much higher surface area
(around 1400m?/g). Further, they revealed that acidic conditions favoured adsorption and the
amount of adsorbent used was important as at higher adsorbent concentrations, aggregation of the
adsorbent caused partial clogging of the adsorptive active sites. Another frequently discussed
option in the area of adsorption, is the family of zeolites, materials abundant in nature, but with
substantially lower adsorption capacity and again facing the issue of high regeneration costs 457,
Besides activated carbon and zeolites, silicon based materials have been studied extensively for
pollutants adsorption %8 %°, Their interesting properties such as ability for a wide range of pore
size and surface areas, durability, ease of functionalisation and relatively cheaper regeneration
compared to activated carbon (lower temperature required), have made them excellent candidates
for water treatment with many examples on dye adsorption %3 However, issues such as
manufacturing cost and diffusional limitations arising from high throughput in industrial scale

applications combined with larger sized organic pollutants, have prevented them from being
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widely implemented in water treatment. Despite those aforementioned difficulties, research is

showing positive signs on their industrial implementation 4,

1.3.2.2.  Coagulation - Electrocoagulation
Chemical coagulation or flocculation, although quite popular in the past, has been replaced by

newer methods or is being used in combination with other methods, in order to reduce the effect
of some major drawbacks such as sludge production and need for further treatment of the effluent
8, The principle of coagulation and flocculation methods is the opposite charge between the
soluble pollutant (e.g. dye) and coagulant, that makes the pollutant become insoluble®.
Coagulants used are mostly based on aluminium and iron, sometimes assisted by polymeric
coagulants. The factors of importance during coagulation are the type and dose of coagulant
needed and the size and “sturdiness” of the coagulated pollutants (also known as floccs) which
dominates their ease of removal . Sludge production is a direct implication of coagulation, which
poses one of the main concerns around the use of this method, as there is further treatment
required, on a potentially more toxic waste stream than the original one. Recently, the process of
coagulation was coupled with electrochemistry and electrochemical coagulation gained interest
with respect to textile effluent decolorisation. Towards that direction, electrochemical coagulation
producing in-situ coagulants based on aluminium or iron, showed great dye removal (RB19 as a
representative anthraquinone dye, but other dyes were studied as well) and associated time .
That paper also presented an economic evaluation of some decolorisation processes, which
suggested that electrochemical and oxidative processes are advantageous to adsorption, however,
results can be considered inconclusive, as in this analysis biological methods were not included
and some values on capital and operating costs for were not defined. What was only
acknowledged but not commented further is sludge production and the need to deal with it, but,
it was shown qualitatively that use of different conditions can have an effect on the amount and

type of produced sludge.

1.3.2.3.  (Advanced) Oxidation Processes (AOP)
Oxidation Processes belong to chemical methods that can be used for water treatment. The most

widely known oxidation processes include Fenton’s process, ozonation and use of hydrogen
peroxide, and more recently, photocatalysis. The operating principle is the generation of free
hydroxyl radicals that are able to oxidise organic molecules in a non-selective way and lead to
their mineralisation . In the case of Fenton process, the presence of ferric ions can lead to
promotion of pollutants coagulation ®, combining aspects of both oxidation and coagulation
processes. Photocatalysis is a relatively modern technigue, where hydroxy! radicals are produced
by the interaction of Ultra Violet light with a semiconductor photo-catalyst °. In every case, there
are several factors of importance to the oxidation process used, such as the amount of oxidant
produced and conditions of production, current, pH of solution, type and intensity of light source,

mode of addition of the oxidant/semiconductor, structure of reactor and stability of the process.
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All these factors are crucial for the time needed for mineralisation (or adequate results) and the

cost effectiveness of the process.

What is worth highlighting with respect to AOP is the very short reaction times required, usually
minutes, leading usually to very good efficiencies in reduction not only of colour, but also of
COD/BOD levels. Main disadvantages of these methods are the cost of oxidative agents (ozone,
peroxide) and radiation sources that can pose difficulties on their consideration of scale-up and

also the production of sludge in the case of Fenton’s reaction * 72,

Radovic " examined the degradation of RB19 dye using various AOP and their combinations,
and a very high initial dye concentration (2,500mg/L, for reference, examined values in literature
are usually within the range of a few hundred mg/L). They found that each process is affected
differently by the dye structure and that UV radiation of peroxide is not as effective as Fenton’s
reagent and its variations (removal of 42% of colour by UV treatment compared to over 80% by
Fenton’s reagent or a combination of Fenton with photocatalysis). Also, upon examining
simulated effluents instead of isolated dyes, the efficiency of the treatments dropped about 10%,
fact expected, yet indicating that efficiency is still high. Similarly, Lovato “¢ examined
degradation of RB19 using ozonation and UV radiation. They found that UV radiation alone was
not very effective, but ozonation or ozonation assisted by UV radiation were highly efficient, both
removing almost 100% of the colour within 5mins. However, it was noticed that compared to
ozonation, the combination with UV radiation lead to much higher mineralisation percentage
(40% and more than 90% respectively). Two different studies also showed that ozonation can be
quite effective for degradation of RB19 (both 100% in a matter of minutes), promoting its
biodegradability based on reduction of the toxicity of the fragments “* and showing the importance
of the electrolytes to the decolorisation and identification of fragments ™. Using a slightly
different anthraquinone dye, Reactive Blue 4, Gozmen " examined its decolorisation using 4
different AOP, wet air and peroxide oxidation, photocatalysis using various oxides and Fenton’s
reagent. They found that although all treatments showed high effectiveness (100% colour removal
in less than 60min) and relatively high removal of TOC, wet peroxide worked faster. However,
this treatment required 35% w/w peroxide solution and a temperature of at least 100°C, factors
that might be limiting for industrial application.

1.3.2.4. Biological treatment
Biological methods have been used for water treatment for many years, especially in sewage water

treatment, in the form of activated sludge. They can offer distinct advantages compared to
physicochemical methods, but also challenges regarding their efficiency “6. The most common
categorisation is based on aerobic and anaerobic operation of the microorganisms involved,
however, based on the ability to use isolated enzymes, there should have been a proposed
categorisation in order to include them. Based on the latest argument, one could say that the
available biological methods can be divided on whether they are performed inside a cell (of

1-8



Eleni Routoula PhD Thesis 2019

bacteria, fungi, yeasts or algae), or using isolated enzymes. Others have proposed that use of
enzymes falls in between chemical and biological treatment, as we are “taking advantage” of

chemical reactions performed by isolated biological compounds .

Some of the clear differences between biological and non-biological methods include the lower
starting concentration of dyes examined and the longer time needed for decolorisation in
biological methods, leading to the conclusion that biological methods might not be as effective as
physical and chemical methods. From the studies examined on biological treatment of
anthraquinone dyes, the highest starting concentration was 300 mg/L of various anthraquinone
dyes of acid and basic structure, using an e-coli culture ’. This study showed that the structure of
dye had an influence on the combination of mechanisms of removal; options being degradation
due to metabolism, precipitation due to biotic effects and adsorption onto the cells. Specifically
for anthraguinone dyes, dye decolorisation occurred primarily due to microbial induced
precipitation, followed by adsorption on cells and cell metabolism. On a similar note, biological
treatment of various anthraquinone dyes using a Bacillus cereus culture showed that the structure
of dye lead to massively different degrees and times needed for decolorisation, around 90%
removal of Acid Blue 25 in 6 hours and of Disperse Red 11 in 24 hours 8. Another study 7
showed that when Proteus species were acting in a consortium, the decolorisation of
anthraquinones Reactive Blue 4 and 19 was dramatically improved compared to lone action.

There are a few reviews compiling research done on the degradation of dyes by microorganisms
17,24, 26, 80-83 eijther focusing on a specific species (e.g. bacterial), or a specific type of dyes (e.g.
azo). The outcome of this collective research is that microbial decolorisation is quite effective,
yet not so efficient, since there are many factors to be taken into consideration, such as nutrients,

culture/species of the microorganism, concentration of pollutants and contact time involved.

On the other hand, use of isolated enzymes for dye decolorisation is not industrially applied yet
due to limitations related to stability and scale up, but relevant research is flourishing 288 The
enzymes responsible for dye decolorisation belong to the family of oxidoreductases (EC: 1),
which catalyse oxidation and reduction reactions, finding application in various domains varying
from diagnostics to wastewater treatment and production of chemicals or potentially biofuels®-2,
They have been studied extensively for dye decolorisation and bioremediation, with much
research focusing on the oxidative action of laccases and peroxidases as well as the reductive
action of azoreductases (azo dye specific enzymes), with many review papers available targeting
dye degradation in general 8 8 9% or focusing on azo dyes 2* 8 %, Those enzymes have the
ability to act on the dyes (and organic substrates in general) and either create precipitants that can
be removed easier or transform the chemical substance into a compound that might be easily dealt
with %7, In literature there are numerous examples of isolated enzymes of the Oxidoreductase

family for dye decolorisation, some of them focusing on anthraquinone dyes.
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When Horseradish Peroxidase was used for degradation of RB19 dye, results were highly
promising both based on removal percentage and toxicological analysis of residual products .
However, when the same enzyme was used on a 10fold higher concentration of the same dye
solution, then inactivation was observed as well as precipitation of dye *. Other examples show
that when Horseradish Peroxidase was applied on a single anthraquinone dye (Lanaset Blue 2R)
decolorisation efficiency was very good, but when the enzyme was applied in real effluents, then
its performance decreased 1%, Application of Laccase has been also well examined in dye
degradation. Specifically for anthraquinone dyes, what Verma et al. found when applying Laccase
for the degradation of Reactive Blue 4, was that equilibrium was reached fast, but decolorisation
was not very efficient, due to the formation of coloured degradation products. However, when
biosorption followed, those fragments could be almost fully removed. What their research showed
is that although biosorption works better for dye removal (due to adsorption, not degradation),
equilibrium is much slower, making the combination of enzymatic action followed by biosorption

ideal for best results 1%L,

1.3.2.5. Emerging Methods for colour removal
A relatively new category of water treatment processing for pollutants’ removal, including dyes,

is use of advanced nanomaterials (or nanoparticles) with a size range of up to 100nm. Their action
falls somewhere within chemical and physical methods, comprising aspects of both. Some
examples of explored nanomaterials are metal oxides (zinc and titanium among others), carbon
nanotubes, and nanochitosan. 1%, The application of nanomaterials for dye degradation from
effluents is not yet thoroughly researched, but their advantages (such as durability, much higher
surface area than conventional materials, unique confined spaces and conditionally easy scale up
and low cost) lead to potential interest for their industrial application 1%, Nanomaterials can be
used as adsorbents of dyes with very promising results, especially when coupled with AOP
usually based on photocatalysis. Using zinc oxide nanoparticles to remove Reactive Blue 19 dye
showed very good results, indicating high capacity, up to 167mg dye per g adsorbent and short
contact time (max 20 minutes) . The same adsorbent was tested for removal of an azo dye
(Reactive Red 198) with the same auxochromes, and results were more promising compared to
the anthraquinone dye, despite the bulkier structure and the almost double molecular weight.
Research coupling use of zinc and titanium oxides with photocatalysis by irradiation showed that
nanoparticles can be quite effective in assisting degradation of a model anthraquinone dye, but
their efficiency depends on the structure of the dye 3. A similar experiment looked at the
optimisation of the degradation of Acid Green 25 using immobilised TiO, nanoparticles coupled
with UV light photocatalysis 1%, and further examined the importance of the chemical structure
of dyes in degradation %, A more recent example examines the degradation of Reactive Blue 4
(another model anthraquinone dye) based on the coupled use of copper nanoparticles and showed
that initially the dye gets adsorbed onto the nanoparticles and then is oxidised based on the

production of hydroxyl radicals from added mediators and the action of monovalent copper 1.
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While research shows is that nanoparticles can be a good approach for further investment into
water treatment, there are some specific drawbacks to their use. Their toxicity is not thoroughly
researched yet, however, there are strong indications that nanomaterials can be toxic to both
humans and the aquatic environment %2, Another disadvantage to their use as adsorbents is the

need for regeneration (same as with conventional adsorbents).

1.3.2.6.  Main issues with conventional methods
There are many research papers reviewing the industrially available methods and proposing new

ones. Every category and method has advantages and disadvantages related to the following
criteria: efficiency under various conditions, practicability, requirements of pre- and post-
treatment and environmental impact; all of the aforementioned ultimately relate to cost (see Table
1-1 for a general comparison between physical, chemical and biological methods). Based on
available literature, a method which could be universally applied and satisfy all demands
simultaneously does not exist 2 and majority of methods cannot be used as a holistic approach *°.
As many researchers have proposed, the best dye removal approach should be a combination of
available and under-development methods, combining their strong points and mitigating their
disadvantages 2 48,

What Table 1-1 shows is that some of the currently available physical and chemical methods may
offer high effectiveness — especially depending on the combination of dye and method used, and
there is a good amount of information about them since some of them (e.g. adsorption) have been
extensively studied. However, alongside dye removal, there is sludge generation which can be
difficult to handle, as well as the materials used cannot be regenerated easily, if at all. In addition
some of these methods are not very efficient due to the large cost, time and space requirements ©.
It also shows that while AOPs are a quite promising category of methods, they still need
refinement, whereas biological methods, past the traditional digestion, offer a novel approach to
tackling the problem of dye presence in water. However, although enzymes work effectively
towards dye degradation, there are issues about their industrial implementation that need to be

addressed.
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Table 1-1: General comparison of available decolorizing methods (adapted from 24 26, 48, 86, 95,108, 109)

PhD Thesis

Physical methods (adsorption,
filtration)

Chemical methods (coagulation /
flocculation, (AOP, photocatalysis)

Biological methods (using microorganisms or isolated enzymes, or via
bio-sorption)

Advantages
Industrially mature methods

Highly efficient (conditional on
combination of adsorbent /
pollutant)

Good knowledge of the processes
and the physical chemistry
required

Advantages

Some industrially mature methods (e.g.
coagulation, flocculation)

Highly efficient, but not highly selective

AOPs are quite fast (minutes — hours) and
can lead to complete mineralisation

Easily combined with other methods

Advantages

Some industrially mature methods (e.g. activated sludge, aerobic
digestion)

Environmentally friendly, of lower cost, with lower water input required

Dye structure is broken down to less toxic by-products, colour is
removed or subdued

Immobilisation can increase reusability, operational stability

Disadvantages

Dye is removed but not degraded,
so further treatment is required

Difficulty in regenerating
absorbents and filters/membranes

Depend on the structure of the dye
and the adsorbent

Adsorbents might be of high cost

Require long residence time
(hours — days)

Disadvantages

Some methods are not industrially mature
yet (AOPs)

Can lead to sludge production that is toxic
and requires further treatment

Costly due to energy requirements

Unsustainable (use of harsh chemicals,
production of secondary pollution)

Coagulation/flocculation do not degrade
dye structure

Disadvantages
Some methods are not industrially mature yet (isolated enzymes)

Limited knowledge and control of exact action and/or degradation
pathway

Many factors to be taken under consideration (T, pH, agitation,
inhibitors, activators, chemistry of degradation, nutrients)

Use of cultures requires high residence time (days) due to diffusion
phenomena or the period of culture development

2019
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1.4. The shift to biocatalysis

The awareness and the environmental considerations about chemical processes and substances
currently used in industry have led to a shift towards green chemistry 1%, Green chemistry, often
termed sustainable chemistry, focuses on the molecular design of chemicals based on innovative
and sustainable methods . The goal is to reduce environmental and health impacts, minimise
energy input and waste production and propose alternative, efficient solutions to existing

problems, creating that way technologies economically competitive to existing ones 1.

Based on the principles of catalysis, biocatalysis —use of microorganisms or their enzymes '%—
has received much attention due to its many advantages (Table 1-2) ' 113, Inter-disciplinary
cooperation has resulted in great advances in biocatalysis, creating biocatalysts with high
versatility, selectivity and efficiency compared to “wild-type” enzymes 2 114, Those biocatalysts
can be applied in many industrial areas, where absolute control of the molecule to be produced is
needed, such as specific enantiomers in pharmaceutical production, and often chemical catalysis

fails to guarantee the outcome 15116,

As with every technology, biocatalysis has specific advantages and disadvantages over regular
catalysis or other available options. Use of “nature’s” catalysts, enzymes, requires milder
environments, hence lower temperature, pressure and absence of harsh chemicals. These
requirements fulfil the creation of a sustainable process, as the energy usage (for heating, or
holding high pressure among others) is minimised. Furthermore, by-products produced from
enzymatic reactions, are generally considered less harmful compared to by-products produced
from other processes with the same end goal and the end product is purer, requiring less
downstream processing 7 . A good example to illustrate that is the production of sludge when
chemical flocculation is used for decolorisation, as opposed to chemically lighter fragments (or
even mineralisation) of the dye in case of enzymatic degradation. This sludge can be toxic and
requires further treatment prior safe disposal in the environment, need that however is usually not
openly discussed. With respect to efficiency, enzymes, similar to catalysts, have high turnover
numbers (product per second from a unit of enzyme), with one of the greatest examples being
carbonic anhydrase with up to 10° molecules of product produced by 1 molecule of enzyme in 1
second 8, Turnover number can get even higher through optimisation of the enzyme, the

substrate, the reaction medium or even their combination 7.

Disadvantages of biocatalysis are mostly relevant to the sensitivity of the microorganisms and
their enzymes, as their operational conditions are mostly circumneutral. There are examples
where microorganisms or enzymes show extreme thermal stability or stability in extreme pH
values, but this is not usually the case, nor these examples are developed in an industrially
exploitable scale *°. Another major drawback of easy incorporation of biocatalysis in industrial
scale is the amount of biocatalyst needed. The process to produce a specific cell culture or isolate

an enzyme in a ready-to-use format is tedious and occasionally quite expensive, making industrial
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implementation of biocatalysis difficult 1. However, advances in scale-up production of specific
enzymes of industrial importance (mainly lipase, amylase, glucose oxidase among others), have

shown that scale-up is possible %,

Table 1-2: Advantages and disadvantages of biocatalysis (adapted from 115 119),

Advantages Disadvantages

Highly efficient processes Narrow spectrum of operational parameters

Enzymes can be compatible with other | The majority of enzymes show highest activity
enzymes (consortium, or cascade reactions) | in aqueous solutions

Environmentally friendly, less energy usage, | Enzymes can be easily inhibited
less waste production

Operation under mild conditions (room T, | Industrial processes based on biocatalysis are
circumneutral pH, no harsh chemicals) difficult to establish

Potentially cheaper refining and purification | Designing and developing a biocatalyst can be
procedures compared to conventional | potentially expensive
catalysis

Based on the advantages and disadvantages of biocatalytic processes as shown in Table 1-2, the
challenge is to create methods for bioremediation, that can bypass the disadvantages of
conventional, existing treatments (shown in Table 1-1) and be efficient, cost-effective and

environmentally benign "¢ 12,

With respect to the available biological methods (aerobic, anaerobic or enzymatic processes), they
all use enzymes. In the enzymatic processes the enzymes are isolated, whereas in the
aerobic/anaerobic treatment they are part of the microorganisms (bacteria, fungi, yeasts, algae).
Exploitation of the enzymatic action in an isolated form and not as part of a microorganism has
been developed relatively recently, since enzyme purification became widely available. Using
isolated enzymes instead of the whole cell/micro-organism has divided scientists, as both options
show considerable advantages and disadvantages (Table 1-3). The final decision depends on the
targeted application and the specific conditions, but based on the specific advantages and
disadvantages, it seems that isolated enzymes are more flexible to work with and potentially more
powerful than whole cells. The enzymes responsible for dye degradation might be secreted
intracellularly or extracellularly and they belong mainly to the family of oxidoreductases,
including peroxidases (both peroxide dependent and independent), reductases and laccases 2% 122,
Those enzymes have the ability to act on the dyes (and organic substrates in general) and either
create precipitants that can be removed easier or transform the chemical substance into a

compound that might be easily dealt with %.
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Table 1-3: Points of interest in using whole cells or isolated enzymes.

Use of cells Ref. | Use of enzymes Ref.
Complemented/enhanced enzymatic 123, Use under conditions non-optimal | 9122
action, ability for syntrophic mixed 124 to the microorganism is available

cultures, ability to deal with numerous
compounds at once

Production in-situ of necessary co- 2 Faster reactions, no need to wait 125
factors for culture growth
Cell structure can cause diffusional %126, | High specificity, easily regulated | 47
limitations or substrate adsorption 127 catalytic activity, easier 124
before reaching the enzyme handling/storage, concentration

not depending on culture growth

rate
Use of cultures/cells is not as evolved in | %12 | Compromise of isolation and 128
industrial level as the use of isolated purification cost by production in
(free/immobilised) enzymes, enzymes recombinant hosts

are more industrial-scale-friendly due to
recombinant production

Usually cannot remove pollutants to 124 Ability to develop faster, easier to | 124
really low levels implement methods

1.5. Peroxidases
Peroxidases (EC: 1.11) are part of the broader enzymatic class of Oxidoreductases (EC: 1) and as

the name suggests, they catalyse reactions of oxidation and reduction, finding application in
various domains such as in biosensors, diagnostic kits, industrial wastewater treatment, chemical
production and potentially second generation biofuel production -2, Their specific characteristic
is that they contain a heme prosthetic group (iron (111) protoporphyrin IX), attached to the protein

via a histidine residue 1%,

The catalytic mechanism and the crystallography of peroxidases have been studied extensively
using primarily horseradish and cytochrome C peroxidases, as representative enzymes of this
category 30131 peroxidases catalyse the reduction of peroxides (mostly hydrogen peroxide due
to steric hindrances arising from highly substituted peroxides %?) and at the same time the
oxidation of various organic and inorganic substrates. This “dual action” mechanism has been
named “ping-pong bi bi” mechanism due to the fact that the electrons liberated by the enzyme for
the reduction of hydrogen peroxide are recovered through the oxidation of the main substrate,

with the aid of the intermediate compounds of the enzyme formulated during the enzymatic action
133

During the catalytic action, 1 enzyme, using 1 molecule of peroxide, can oxidise 2 molecules of
substrate (mainly aromatic phenols or phenolic acids, indoles, amines and sulfonates **2) due to a
“double charged” enzymatic form that requires two consecutive steps to return to its resting state
(Equation 1-4) 3 135 This dual action can be represented in the following equations:
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E + H202 — EI + H20 (EI contains a bound O molecule)

Equation 1-1

El + AH, — EIl + AH’

Equation 1-2

Ell + AH, - E+ AH" + H20

Equation 1-3

or in short: H2O2 + 2AH2 = 2H0 + 2 AH" .

Equation 1-4
E is the resting state of the enzyme (without showing catalytic action), El is the enzyme in the
“ultra-charged” state (namely Compound 1), after providing 2 electrons to reduce the peroxide
(Equation 1-1), EII is the “half charged” state (namely Compound II) of the enzyme, after
accepting an electron from the substrate (AH2, herein the chosen dye) and AH- is the oxidised
state of the substrate (Equation 1-2) 2, After accepting another electron from a second molecule
of substrate, thus reducing it, Ell is transferred to the resting enzymatic state (Equation 1-3).

The intermediate compounds (I and I1), are produced during the action of every heme peroxidase,
independently of their structural differences 3 and the type of substrate can vary, independently
of the redox potential of the intermediate compounds, including simpler or more complex
phenolic and non-phenolic molecules ¥, It should be mentioned that the radicals produced during
the catalytic cycle may not be identified due to their very short lifespan, and they could act as
primers for further reactions with no dependence on the enzyme 2. Decolorisation reactions are
measured by the reduction of colour, hence, the spontaneous formation of radicals that may have
a contribution towards the original dye structure deformation or creation of other coloured

structures, could pose a factor of uncertainty on the pure enzymatic activity.

Research on the thermal deactivation and pH dependence of peroxidases showed that the heme
group dissociates and gets degraded upon excessive heating %, or in extreme pH values (below
5 or above 9 depending on the optimum pH for each peroxidase) 13 13, Alterations of pH can
affect the thermal sensitivity of peroxidases, indicating that under suitable pH conditions the

thermal tolerance of peroxidases can be increased or hindered **¢.

Recently, a new category of peroxidases has attracted interest in the areas of decolorisation, lignin
degradation and decontamination in general; peroxidases from white-rot fungi (WRF) %140, The
applications of decolorisation and lignin degradation seem to be connected due to the similarities
of those substrates in respect of the presence of substituted phenol rings 14142 and due to the non-

specific substrate binding on these enzymes 4% 14 In order to test the activity of specific
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peroxidases towards lignin and dye degradation, some model representative compounds are being
used, like veratryl alcohol, guaiacol, syringaldehyde, and pyrogallol to represent lignin. Remazol
Brilliant Blue R or Reactive Blue 19 (RBBR or RB19), Poly R-478 are used as representative
dyes and 2,2’-azino-bis(3-ethylthiazoline-6-sulfonate (ABTS) is used as a typical substrate for

peI’OXidaseS 128, 141, 145—147.

Enzymes secreted from WRF include various peroxidases, like manganese peroxidase, lignin
peroxidase and versatile peroxidase, which are known to degrade lignin 14143, Apart from the
mentioned enzymes, there is another family of enzymes secreted from WRF, namely dye
decolorising peroxidases (DyP), which was firstly reported almost 20 years ago, showing a great
activity over the decolorisation of dyes 48 and attributing its name to the ability of those enzymes
to decolorise bulky dyes 4. So far, DyP has been categorised as peroxidase as it shows activity
over typical peroxidase substrates, varying from high to lower redox potential depending on the
strain 0, and requires hydrogen peroxide 5. However, due to indications of hybridised action of
DyP between hydrolases and oxygenases 2 and their structural differences to “typical
peroxidases”, DyP cannot be categorised under any of the known peroxidase categories but it
forms a new category *3. The wide range of substrates indicates a family of enzymes with multiple
potential applications >4, including dye decolorisation %17, lignin degradation 8 1%, synthesis
of chemicals % and bleaching (in food industry) 6,

Due to the relatively short period of research on DyP, there is some data on the structure and
mechanism of representative enzymes of this family, but information on the physiological role of
these enzymes, or the exact structural or homology differences that mark the subfamilies is not
fully mapped yet 84 149,150, 162-164 '\N/jth respect to the catalytic mechanism of DyP, different origin
of DyPs may indicate differences in their catalytic mechanism as in which amino-acid residue
serves as the base-acid catalyst (various distal residues, depending on the strain) 3¢ 165168 thys
leading to different preferred substrates and accordingly physiological roles. The mapped
mechanism of DyP so far seems quite similar to the typical peroxidase mechanism as described
in section 1.5 of Chapter 1. Recent reviews on characterisation of DyP can be of help for better
understanding of this new enzyme family 5% 1%3. 163,169 Compared to other peroxidases, DyPs
show distinguished advantages, not only when it comes to decolorisation and degradation of dyes,
but in regard of other applications as well (Table 1-4). Besides extreme activity on degradation
of anthraquinone dyes, DyPs show promising activity on lignin degradation fact that could be
used towards valorisation of lignin biomass and production of chemicals ., One major
disadvantage (as for all mediator-dependent enzymes), is their need for hydrogen peroxide and

their conditional stability to high concentrations of it 1?8,

As far as the peroxidase action is concerned, DyP show activity over substrates of mainly
anthraquinone structure %% 162 put also show lignin degradation potential as well ™.

Anthraguinone dyes examined for decolorisation using DyPs include Reactive Blue 19 (RB19 or
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RBBR) 148 154,159, 160, 172, 173 and Reactive Blue 5 (RB5) 1% 152157, 174180 \Work on isolating and
characterising DyP strains in their original hosts has been done by various researchers 148 15153,
159, 175, 181, 182 a5 well as work on heterologous expression in recombinant hosts (indicating

potential for scale up) 127 128 160, 172,174,178

Table 1-4: Points of interest and limitations of DyP peroxidases.

Advantages — points of interest Reference
Unprecedented activity towards anthraquinone dyes 181, 152, 158, 160, 177, 183
Activity on azo dyes (at some cases higher than azoreductases) 148, 183
Activity on model lignin-type compounds 128, 181, 184, 185
Ability to extend the substrate range by using mediators 84
Higher temperature and pH stability in and higher robustness 152, 162, 164
compared to other peroxidases
Easier larger scale production through recombinant hosts compared 166, 186
to other peroxidases from WRF
Limitations Reference
The need of hydrogen peroxide limits industrial applicability 84,127, 187
Excess of hydrogen peroxide causes inhibition 128
Decreased stability in “un-natural” environments, activity 155
preservation and reuse potential

Examples of application of DyP for anthraquinone dye decolorisation show great results, such as
research conducted by Shakeri et al. using recombinant DyP for RB19 degradation. They
examined the enzymatic action in batch and fed batch reactor with stepwise or continuous addition
of peroxide and showed that the enzyme had about 80% residual activity after 80 minutes. They
also showed that —as expected— high concentrations of dye or peroxide lead to either reduction of
decolorisation rate or deactivation of the enzyme and that in optimal conditions DyP had a
capacity of 20mg of dye per unit of enzyme ?’. In a different example, Shoda et al. managed to
completely decolorise Reactive Blue 5 by using a dual-peroxidase system; initially DyP
fragmentised the dye and afterwards an in-house developed Versatile Peroxidase decolorised the

degradation by-products 1,

It should be noted that researchers have developed artificial enzymes — namely nanozymes — that
mimic specific enzymatic actions. Their action is based on a chemically synthesised active site
very similar to the one of the targeted natural enzyme, focusing on enzymes that contain metals
or metal oxides 1%, So far, the research is focused on mimicking the action of some peroxidases
190-194 and carbonic anhydrase %1%, Several reviews mention the progress of research so far,
focusing on the ease of nanozyme usage over natural enzymes due to lower cost, easier scale-up
production, durability, storage and operational stability. However, they also mention that the
versatility of applications is very limited due to lack of selectivity and substrate binding ability,

as well as they have comparably lower activity to natural enzymes 189 198 199,
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Although literature shows that enzyme use in dye degradation specifically can be quite effective
under laboratory, optimised conditions, application to an industrial scale has many limitations.
The production cost (culture, isolation, equipment) and operational cost (use/reuse, downstream
processing) of the enzymes % 8. 200202 s definitely a burden. Also, high concentration of
substrates or some of the by-products of dye degradation can inhibit the enzymatic action or
potential reusability 176 203204 Fyrthermore, as the operational conditions (pH, temperature,
buffers, mediators) are important for enzymatic action, difficulties can occur when treating real

effluents #4 100. 205 where conditions are not monitored.

In order to overcome some of these limitations —along with other limitations arising from the need
to use enzymes outside of their optimum environment-— there are mainly three strategies, which
can be followed either alone or combined. The “invasive” one is by altering the properties of the
enzyme via genetic engineering and molecular biology. The “excluding” one is by screening for
new enzymes that will perform better than the so far known ones in the given conditions. The
“external improvement” one refers to improvements that can be made without changing the
enzyme, but utilising chemical engineering instead, to alter the stability of the enzyme, the
reaction conditions or the downstream processing *2* 2%, The last option includes immobilisation

which will be examined in detail in the next part.

1.6. Conclusion
In an overview, undoubtedly there is a major concern from the presence of organic pollutants,

such as dyes, in water streams. All the methods currently used and potentially applied towards
dye degradation have their strong and weak points, with respect to cost, efficiency, and
sustainability. Historically, physical methods were developed first, followed by use of chemicals
and implementation of activated sludge. Recently, novel approaches such as AOP implementing
photocatalysis, use of isolated enzymes and nanomaterials are gaining way, as they allow for
faster, better, cheaper results. However, none of them can be used as a standalone method for
complete water treatment with respect to colour removal (or anything for that matter), so the target
is to identify how further research can combine two or more methods in order to accentuate their
potential and address their pitfalls. Out of the examined methods, Advanced Oxidation Processes
and use of isolated enzymes were the most promising ones for partial or complete dye
degradation. One could argue that Peroxidases fall between both categories, as enzymes that break
down dyes based on oxidation with the use of peroxide. There are specific drawbacks in the use
of isolated enzymes, which however can be overcome with suitable practices such as

immobilisation.
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Chapter 2 : Anthragquinone dye removal from
iImmobilised oxidoreductases — a literature review

Enzymes are water soluble, so their separation from an aqueous solution is prevented, indicating
that they cannot be separated from an aqueous system in order to be reused in another batch. Also,
by nature, enzymes are sensitive to non-optimal operational conditions, so their use in native form
can be industrially challenging. In this chapter the first point of interest is the use of
immobilisation as a viable solution to tackle the main disadvantages of using enzymes. A brief,
but critical overview is given on existing methods and supports for enzyme immobilisation
(regardless of enzyme or application), identifying trends and challenges. Focus on the use of
silicas as traditionally preferred immobilisation supports is merited, and then shifted to
bioinspired silicas (BIS) as a promising solution to issues faced with other silicates. Literature is
examined for examples of immobilised oxidoreductases applied for anthraquinone dye

decolorisation and main conclusions are summarised.

2.1. Introduction to immobilisation
Immobilisation of enzymes is a technique that has been in use for almost a century 2%’ Its main

goals are to prevent the disturbance of enzymes’ secondary (active) structure, as well as facilitate
their separation and reuse by rendering them “not soluble” 2% 20°. Immobilisation, literally
meaning non-mobile, occurs by “securely attaching” the enzyme onto usually solid supports that
offer molecular rigidity 2°. Secondary goals evolved to be avoidance of product contamination
by the enzymes, operational control, increased selectivity, ability of hydrophilic enzymes to
operate under hydrophobic conditions and variety of bioreactors 2% 207, with the list not being
exhaustive. It should be noted that immobilisation does not necessarily aim to make the enzyme
perform better than its optimal operational conditions, but to increase its performance when the
conditions are not optimal 2%, In some cases, an increase in activity over a specific substrate has
been noted upon use of immobilised enzymes 2. Examples of improved enzymatic activity after
immobilisation include cellulase immobilised on magnesium oxide nanoparticles, targeting
agricultural waste hydrolysis 213, manganese peroxidase immobilised in gelatine hydrogel
targeting the degradation of an azo dye 24, or lipase immobilised on bioinspired silica ** among
others. It should be mentioned that the enhanced activity is measured with respect to kinetic
parameters and/or conversion of a specific substrate. This does not mean that the biocatalyst will
show enhanced activity towards any suitable substrate, but it shows the importance of
optimisation of the combination of enzyme, support and substrate (the latter referring to the
targeted application). The major advantage of immobilisation, ability of enzyme reuse, has been
demonstrated through various examples, such as a spectacular reuse of immobilised Phytase, over
50 consecutive batch uses (use (cycle #1), separate, reuse (cycle #2)...), losing only 5% of its
activity?®, Other examples include ability of immobilised b-glucuronidase on a silica
encapsulated alginate capsule to be reused for 10 cycles with barely any loss of activity 27 or a
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20 cycle reuse with less than 20% activity loss of immaobilised carbonic anhydrase on mesoporous
silicas 8. Also, it has been demonstrated that enzyme immobilisation allows for cascade
reactions, trying to imitate the functions of a cell, without the need of controlling or catering for
other biological functions. Selected examples of that, are work done by Rocha-Martin et al. 2°,
using horseradish peroxidase to degrade phenolic compounds, co-immobilised with formate
dehydrogenase for in-situ hydrogen peroxide generation and work done by Wang et al. 2%,
building a multi-enzyme system for methanol production from carbon dioxide, using formate
dehydrogenase, formaldehyde dehydrogenase and yeast alcohol dehydrogenase. On the other
hand, a major disadvantage of immobilisation, confirmed by many researchers, is the potential of
mass transfer or diffusional limitations, regarding the substrate and/or the product of the
enzymatic reaction 22224, These issues arise from the confined environment around immobilised
enzymes, usually porous channels, which can make transfer of bulky substrates or products
difficult. Also, diffusional limitations have been observed when large enzyme quantities are
immobilised on the support, where some enzyme molecules where packed on top of others,
showing high surface loading, but not as high expected activity 22°. A brief summary of the most

important advantages and disadvantages of immobilisation can be seen in Figure 2-1.

- Better control of enzymatic reaction compared to
cells

- Simplified downstream processing

- Enhances operational/storage stability and reuse
of enzyme

- Allows for cascade reactions
- Offers wider reactor choices
- Cost/energy effective (conditional)

- Requires rigorous design depending on the
enzyme/support/application

- Conformation alteration may decrease activity
- Mass transfer/diffusional limitations can occur

- May lead to different properties compared to free
enzyme

- Cost/energy ineffective (conditional)

Figure 2-1: Advantages and disadvantages of immobilisation27: 208, 226,

Enzyme immobilisation can be reversible or irreversible 2% and also can be chemical or physical,
depending on the kind of interactions between the enzyme and the support ?2°. There have been
developed multiple ways of immobilisation over the years (Figure 2-2), majority of them
incorporating a solid support as enzyme carrier, to facilitate removal of the biocatalyst from the
reaction medium. In recent years, a novel way of immobilisation was introduced, namely cross
linked enzyme aggregates (CLEAS) 227, in absence of a solid support. Each method has specific

advantages and disadvantages (Figure 2-2) and finds applicability in different areas. For example,
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adsorption is an overall easy method with no many steps required to create a biocatalyst, but it is
based on weak physical interactions between the support and the enzyme, so it is prone to leaching
(loss of enzyme). In order to use supports that have desired properties from the materials point of
view but would not perform as great carriers for adsorbed enzyme, functionalisation is employed
to increase their “stickiness” and promote enzyme’s immobilisation. In the latter case, the
immobilisation would be through chemical interactions (covalent bonding) between the chemical
introduced (a very common example is glutaraldehyde) 22 229, Although immobilisation usually
occurs under circumneutral conditions in order to preserve enzymatic activity, in the case of using

strong chemicals or intense procedures the activity of the enzyme can be hampered 2%,

£~ 7\ Reversible technique = Composite or aggregate preparations

Sl 2 ; .
-y s s = Cost reduction due to absence of carrier
D Physical immobilisation

D Chemical immobilisation

= Concentrated enzyme activity

= Weak interactions
= Possible denaturation by surface chemistry
= Prone to leaching

Carrier-free technique

= Strong interactions including
spacers or not

= Depending on binding site
activity can be affected

= Requires activation step(s)

= Immobilisation via salt links
= Strong attachment can cost
enzymatic activity

= Leaching can be prevented

= (an occur in-situ with support
synthesis

= Mostly physical interactions

» Mass transfer/diffusional
limitations

= Immobilisation via linkage to
nucleophilic groups
= Lacks reproducibility

= Requires functionalisation of the
enzyme and/or the support
= Offers selectivity

Figure 2-2: Brief description of immobilisation methods, (adapted from 208 226, 227, 231, 232

Advances on the area of immobilisation have allowed for improvement of the activity, selectivity
and reusability of the final product. Of course, there is no restriction in using only one method, as
combination of methods may prove to be beneficial 22" 233, Wang et al. 2** immobilised catalase
by adsorption on silica and then encapsulated the biocatalyst in a layer of polyelectrolytes to
minimise leaching. Another example of combination of methods for immobilisation is
demonstrated for immobilised laccase by entrapment in an alginate capsule, which was then
“reinforced” by encapsulation of the alginate beads in a silica layer *°. A very interesting
combination of immobilisation techniques was also shown by the immobilisation of yeast alcohol
dehydrogenase inside bioinspired silica nanoparticles, which were then adsorbed on a poly-amine
structure, creating a similar concept to CLEAs using immobilised enzymes as a start ¢, Out of
the available methods for immobilisation, the most extensively used ones are adsorption,
entrapment and covalent bonding 27, as well as their combinations. Despite the extensive
knowledge on these methods and their establishment through many examples, there is area for
advancement with respect to the supports used, the interactions between enzyme and support

causing their bonding and the combination of methods in order to achieve the optimal outcome?.
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It has to be mentioned that the majority of the volume and mass of the final product is attributed
to the support in contrast to the enzyme (usually with a ratio of 90:10) 2. A way to avoid the
non-catalytic mass present in immobilised enzymes, is by creating cross-linked enzyme crystals
(CLEC:S) or aggregates with the aid of bi-functional agents (like glutaraldehyde, which however

is toxic) 2%,

Alongside different methods of immobilisation, there are many different support types as well,
varying from soft gels to hard glassy materials, including both organics and inorganics, of natural
or synthetic origin 2*°. Also, there are many different structures of materials, such as crystals,
amorphous structures, polymeric concoctions that can have a huge impact in the retained activity
of the immobilised enzyme 2%°. Depending on the targeted application, the choice of a
hydrophobic or a hydrophilic support, or ability to create a hydrophobic or hydrophilic

microenvironment can also be of a great importance 2% 242 fact known especially for lipase?*3 244,

There is not a single suitable combination of technique, support and enzyme, as efficient
immobilisation highly depends on the targeted reaction/process, given conditions and possible
interactions. A golden mean for the factors affecting its performance is based on optimisation and
an understanding of the targeted system 2%2, The selected combination should satisfy both the
catalytic and non-catalytic requirements, such as productivity, stability and specificity for the
former and control, separation, robustness and need for further processing for the latter 24, When
choosing an appropriate support, many factors should be taken into consideration with respect to
the actual support and in general 2% 23 as immobilisation can affect the activity of the enzyme in
many different ways 2'%. A brief explanation of some important terms related to immobilisation
can be seen in Table 0-3 of Appendix I. In general, the aim is to find a method and support
compatible with the enzyme, which will lead to a stable and active biocatalyst that can be
produced and applied on an industrial scale, all these at an acceptable cost 2 242, Many reviews
have covered enzyme immobilisation from the aspect of the enzyme type and the targeted
application, the aspect of method and support of immobilisation and in general covering the sense
of immobilisation, as shown in Table 0-2 of Appendix I, with this list not being exhaustive. Some
very specific examples have focused on the design process of a biocatalyst and the many aspects
that need to be taken into consideration in order to build a system which is both effective and
efficient 242245246 |n the next section, an economic evaluation of immobilisation is attempted and
the design principles of biocatalysts are visited, in order to extract the most important points and

identify potential culprits.
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2.2. The need for improvement
2.2.1. Engineering approach and economic evaluation of
immobilisation

2.2.1.1.  Economic evaluation
It might seem that immobilising enzymes will increase the cost of the process, but this is not

always the case. There are many factors that contribute to the total cost related to an enzymatic
process such as production of the enzyme, immobilisation process, separation/regeneration, reuse
of the biocatalyst and the necessary upstream and downstream processing 22> 24’, In this trail of

costs, the cost of the enzyme may not necessarily be the highest.

The use of immobilised enzymes can be cost-effective if the cost of immobilisation (total cost of
every step of the immobilisation process) is lower than the cost of separation of soluble enzymes
from the product (including the cost of further product purification if needed) in addition to the
cost of using fresh enzyme in every “catalytic round”. In terms of production of a biocatalyst, a
very crude estimation shows that if the biocatalyst can be produced in a scale of around 100 tons
per year, then the per gram production cost is around 103, price getting lower with increased
production 2%, Furthermore, prolonged use of a biocatalyst towards production of a specific
product can lower the production costs (negative exponential relation), as there is no extra

biocatalyst cost involved and the output is —usually— high.

There is a great extent of literature on immobilisation of enzymes for numerous applications, but
only a limited number of immobilised enzymes developed are actually used in an industrial
scale?®®. A well-established example, used as “paradigm” for enzyme immobilisation, is
immobilised glucose isomerase for the production of high-fructose corn syrup, with commercial
products being available currently only from Novozyme® (Sweetzyme), with a turnover number
of 18 ton of fructose per kg of biocatalyst 2% 2°°, Another well-established example of an
industrially implemented immobilised enzyme is lipase, immobilised on resins (Novozyme 435,
Novozyme 40086), or silica gel (Lipozyme TL IM), all from Novozyme®, applied for enzymatic
interesterification 2°1. In both cases, the enzymes involved are well-studied and characterised,
able to be produced on a large scale (kg or tons, compared to mg or g), and the immobilisation
protocol is relatively simple, based on adsorption of enzyme on a solid support (silica gel or resin).
These factors surely had an impact on the commercialisation of the immobilised enzymes, as the
involved cost should have been lower compared to a newly isolated, novel enzyme, using a

laborious immobilisation method on a novel support.

2.2.1.2.  Engineering approach
The very limited number of industrially applied immobilised enzymes can be attributed to many

issues arising mainly from the delicate nature of the enzymes, the cost for the immobilisation
procedure and the efficiency of the final biocatalyst. A frequently occurring problem during
enzyme immobilisation is the deactivation of the enzyme by the chemicals used to build the
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support or attach the enzyme on it; strong chemical interactions cause disruption to the secondary
conformation of the enzyme, leading to partial or total deactivation. This can be shown in results
as reduced activity or reduced enzyme affinity to the substrate 1 219222252 Reduced activity can
also be caused by other factors related to enzyme immobilisation, such as diffusional limitations
and leaching. While diffusional limitations could be related to the application and the type of
reactor used, both factors are greatly affected by the design of the immobilisation support and the
process followed 2% 23 [eaching describes the enzyme becoming un-attached to the
immobilisation support, and occurs when the interactions between the enzyme and support are
weak. Such was observed when carbonic anhydrase was immobilised on magnetic nanoparticles,
where the biocatalyst lost 40% of its activity after the first round of use due to enzyme leaching
from the support, when it was physically adsorbed compared to covalently bound 2%, It can also
occur when an enzyme is encapsulated in a porous structure with pore openings larger than its
size. Finally yet importantly, leaching can be observed in cases where enzyme is successfully
encapsulated into a soft support, such as alginate beads, which, although great in theory and
laboratory scale, do not possess the mechanical strength and durability needed to withstand
industrial processes 2°°. With respect to diffusional limitations, they can be categorised as internal
or external. Internal diffusional limitations arise from the design of the biocatalyst for a specific
application, as the enzyme needs to be accessible to the substrate and the product needs to be
accessible to the bulk medium. If any of those two factors is not satisfied, then the design needs
optimisation on the pore size and network of the support, compared to the size of the enzyme,
substrate and product and/or their hydrophobic or hydrophilic interactions. Such issues were
observed in immobilisation of lipase in silica aerogels, where the oily substrate could not diffuse
through the narrow pores of the hydrophilic support 22, In the case of immobilised phytase in
mesoporous silica (KIT-6), it was again shown that access of substrate to the enzyme was limited
due to diffusional limitations of the bulky substrate through the pore structure, leading to
ostensibly lower activity 224, In the case of external diffusional limitations, the problem of reduced
activity is attributed to issues regarding the design of the support rather the accessibility of the
enzyme. There are two factors affecting external diffusional limitations, them being mass transfer
issues, or diffusion at the external area of biocatalyst. In the first case the issue can be resolved

with efficient stirring 248

Another usual issue to be bypassed regarding industrial implementation is the scale-up of the
immobilisation process from laboratory scale to industrial scale. Research has shown that scaling
up of a successful laboratory experiment is not a straightforward process, let alone when there are
biological species involved. There are several factors that can affect scale-up from lab to large
scale, such as mixing effects, reaction time, reaction volume, purity of reagents, easiness of
synthesis and labour needed 2°. With respect to enzyme immobilisation, further issues that can

delay or even prevent scale up are related to enzyme purification, characterisation with respect to
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stability, kinetics and inhibition (looking at the specific application and substrate), the need for
activators or ions for activity enhancement, the structure of the support and its formation 7.
Purification is related to higher specific activity and lower bulk of immobilised enzyme, however,
the associated cost can be quite high, especially for a sensitive enzyme. The enzyme to be
immobilised should be fully characterised and well researched in order to control potential
harmful phenomena (interactions, pH and temperature conditions, inhibition). The support where
the enzyme will be immobilised on should be of specifications that enhance the process
(durability, cooperation with the choice of reactor, minimised diffusional limitations, low cost,
ease of immobilisation). A protocol involving long waiting times and many different steps for
support synthesis or immobilisation might render impractical for industrial implementation,
regardless of ravishing results in laboratory scale. Also, an “easy” immobilisation protocol built
around an enzyme in an underdeveloped state (still in the characterisation and purification
process, without indications for mass production applicability), might be disregarded by the
industry on the grounds of too much effort needed until complete implementation. There are many
examples of successful immobilisation of promising enzymes that show improvement in their
stability, storage, even in their activity in some cases. However, in many cases the process
involves numerous steps (for materials’ synthesis, immobilisation, or both, including activation,
functionalisation, calcination, coatings, extensive adsorption time), waiting time, use of
dangerous chemicals, production of potentially hard to deal with waste, making the biocatalyst
potentially unwanted from industry. Some representative examples in literature where the

biocatalyst production would not be easy to reach industrial scale are shown in Table 2-1.

Table 2-1: Major issues that can prevent a successfully immaobilised enzyme from becoming industrially applicable.

Issue Why it is the problem References

Extended support synthesis time, | Time consuming, requirement of various | 22% 254 258-271

including waiting times or many | steps/process changes

steps involved (>5h)

Calcination of material High temperature for long time (~500°C | 258 260, 266, 269
for 5h), unsustainable.

Use chemical agents for | Currently industrially applicable, but | 228 229 259 262,

functionalisation (e.g. | environmentally unsustainable and also | 264 266, 268, 271-

glutaraldehyde, polyethylene | not GRAS approved for use in specific | 2’’

glycol, epoxy agents) industrial areas (e.g. food industry)

Total  synthesis-immobilisation | Time consuming 254, 258, 259, 261-

procedure occurring in more than 264, 266, 269, 270,

24h 272,273, 278

Coating of synthesised material Extra step required (time, cost, process | 23 254 268, 269,
change) 219

Extended time for enzyme | Time consuming, enzyme activity can be | 228 262264, 266,

adsorption or cross-linkage (>12h) | hampered 210, 272, 273, 215,

278, 280-283
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There are however examples of enzyme immobilisation where the immobilisation procedure used
is not as lengthy or laborious. Encapsulation of invertase in germania nanoparticles was achieved
by particle formation and simultaneous encapsulation/adsorption in under 60mins %4 In a
different example, lipase was immobilised in various economical supports exploring the cost
effective aspect of immobilisation 2%, Industrially applicable immobilisation should be a matter
of not only creating the “perfectly active enzyme”, but keeping in mind the need for a simple

method, reduced time, labour and cost constraints and respect for the environment.

2.2.2. Optimisation of immobilisation based on novel supports
Individual research examples, reviews and the number of industrially applied immobilised

enzymes (a nice table of examples was created by Bornscheuer et al. 2%°) indicate that
immobilisation increases the industrial applicability of enzymes. That statement is conditional as
it was discussed in section 2.2.1, and based on the available literature around the topic, enzyme
immobilisation needs optimisation and tailoring. In the direction of optimisation and tailoring,
there are some facts that undoubtedly favour some methods and supports over others.

Much research is devoted to nanomaterials and nanoparticles as supports for immobilisation due
to the advantages they present compared to macro-scale materials. Those advantages include their
higher surface area and smaller size that enhance enzyme loading and minimise diffusional
limitations of the biocatalyst in the medium respectively. Also, nanomaterials offer enhanced
robustness, hence enhanced number of possible applications 253 28, However, disadvantages of
nanomaterials include the cost of fabrication and the difficulty in separation from the reaction
medium, as well as the yet unidentified consequences their use can have on the environment 252,
Also, due to their nature, nanomaterials suffer in the scaling up of their production, as between
lab scale and large scale the properties of the materials might change drastically, let alone the cost
in developing the scale-up process ?%”. Recent advances in the area have shown that there are ways
to “bypass” those disadvantages by introducing for example magnetic properties for easier
separation %, or finding ways of preparation that do not require expensive raw materials, time
and energy consuming processes that are unnecessarily wasteful 28829 and use synthesis

processes that are scalable 2.

In terms of the type of support used, there are some types of supports that have been examined
and used extensively and through continuous optimisation have evolved to an even higher level.
Among other extensively explored options like natural polymers (e.g. chitosan, cellulose),
sepabeads (polystyrene/divinylbenzene), various oxides (e.g. alumina, zinc, titania), alginate
beads, ceramics, precious metals, magnetic particles and various hybrid combinations of the
aforementioned, silicon derived supports are a highly preferred option. Supports based on silicon

can be in the form of silicates 2" 2%, sol-gel materials %°, and more recently bioinspired silica 2¢°.

2-27



Eleni Routoula PhD Thesis 2019

2.2.3. Silicon-based supports
It is worth mentioning that silica (SiO2-nH;0) is one of the most important inorganic materials,

due to its abundance, inert character and durability, with numerous applications in many
disciplines, ranging from rubber filler to cosmetics 2%, Silicon derived materials have been used
for enzyme immobilisation for many years due to their numerous advantages (Table 2-2). There
are many different types of silica, resulting from different synthesis procedures (most commonly
in solution) and having different characteristics. The most well-known silica formations used as
carriers for enzymes, are sol-gel silicas 2% 2* and mesoporous silica nanoparticles like SBA-15,
MCMs and FMS 237. 2%, 29,

Table 2-2: Main advantages and disadvantages of silica as support for enzyme immobilisation 297-3%,

Advantages Disadvantages

+ Enhanced stability due to narrow pore size
of ordered porous structure

+ Enzyme immobilisation via various
methods

+ Possibility to obtain pore dimensions similar
to those of biomolecules

+ Novel synthesis methods use mild
conditions, are fast and inexpensive

+ Can be of tailored pore, channel size, surface
properties, depending on the synthesis method
+ Usually there are no chemical interactions

- Possibility of enzyme leaching from the
support, hence decreased activity (applies
primarily to enzymes adsorbed on silica
through physical interactions)

- Difficulty of entrapment of large molecules
post-synthesis on traditional sol-gel silicas
due to small pore openings

- Depending on the synthesis method, may be
energy and time consuming

- Depending on synthesis method, reagents
may be harmful/toxic to the environment

between the support and the enzyme unless
functionalisation occurs

+ Ability of co-immobilisation of more than
one enzymes

+ FDA approved, good biocompatibility and
biodegradability, resistance to microbial
attack

and/or the enzyme

- In case of sol-gel derived systems, low
reproducibility of material properties due to
non-uniform pore size

Although in principle sol-gel silicas and mesoporous silica nanoparticles are synthesised using
the same method, with respect to enzyme immobilisation they are two different categories of
supports. In the sol-gel case the enzyme can be entrapped inside the porous network during the
last steps of the synthesis, whereas in the case of mesoporous silica nanoparticles, starting from a
sol-gel procedure, templates are introduced (and then removed) in order to graft a specified pore
structure and the enzyme is introduced to the support post-synthesis 2 2%, Silica is synthesised
by condensation of silicic acid, staring from polymerisation of monomers and formation of nuclei,
growth of those particles and particle aggregation into formation of a network. Starting from an
aqueous solution, the end product is a thickened gel. Silicic acid (Si(OH)a4) is produced by a
silicate (also known as precursor) dissolved in water, and the condensation occurs by formation

of siloxane bonds between a respective silicon and oxygen atom of 2 silicic acid monomers,
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following a nucleophilic substitution reaction *°*. Moving past the formation of a dimer,
polymerisation occurs based on the tendency of dimers to reduce the Si-OH groups to a minimum.
Due to this tendency, further condensation is spontaneous, and leads to 3D structures that act as
nuclei for further aggregation and eventually particle formation and growth. An illustration of
silica synthesis is shown in Figure 2-3.
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Figure 2-3: Silica synthesis based on condensation of silicic acid and further polymerisation, leading to formation of
particles (image taken from 30%),

The conditions of the solution can affect both the rates of condensation and polymerisation, as
well as the formation of particles, hence the final structure of the material (Figure 2-4). In acidic
pH conditions, hydroxyl groups are protonated and do not repel the neutrally charged silica nuclei,
so polymerisation is enhanced. Under basic pH conditions, particles are negatively charged, so
polymerisation is not favoured. However, due to Ostwald ripening, which describes a constant
state of dissolution and re-deposition, smaller particles are dissolved and re-deposited on larger
particles, until the larger particles are too large for dissolution and there are no more smaller
particles to be dissolved. At this stage, the solution with the ripe particles forms a “sol”. The
choice of precursor is also important for the properties of the final material, as well as the time
allowed for development of the polymerisation (“gelation”). Widely explored silica precursors
are alkoxysilanes (such Tetra-Meth-Oxy-Silane or Tetra-Et-Oxy-Silane) and metasilicates (such

as sodium metasilicate, also known as water glass).

In the case of alkoxysilanes, organic solvents are needed to facilitate dissolution of the precursors
and lead to formation of silica. After the gel has formed, solvents can be removed and thus a pore
structure is obtained. The ratio of solvent to water during synthesis can affect the formation rate

of silica, as well as the structure of the gel. However, presence of organic solvents has been
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characterised unwanted due to their toxicity, detrimental effect on biological compounds and un-

sustainability, hence there were efforts to abolish their use and still improve the obtained materials
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Figure 2-4: Importance of silica synthesis conditions for the end product (image taken from 1),

The structure of sol-gel silica produced from condensation of silicic acid in presence of organic
solvents, followed by evaporation of the solvent, is spontaneous, not easily reproducible and also
can lead to fragile structures due to capillary condensation during solvent extraction. Furthermore,
presence of organic solvents can affect the activity of biomolecules if they are mixed in the
solution for in-situ encapsulation to silica synthesis 2. Although some silica precursors do not
require presence of solvents, standard sol-gel synthesis does not allow for controlled pore
structure regarding the pore size or the communication channels. In order to address these issues,
use of templates during silica synthesis was implemented, leading to the formation of a new class
of materials with ordered, tuneable, mesoporous structure (referred to from now on as
Mesoporous Silica Nanoparticles (MSN)) %2, Depending on the template used, different pore
structures and sizes can be achieved, in a self-assembly formation (Figure 2-5). Common template
choices are lipids, block copolymers, biopolymers and various other surfactants with amino-
residues. Depending on the choice (or combination) of templates, a pre-designed pore structure
can be achieved °. In order for the pore structure to be usable and accessible, partial or complete

template extraction is necessary, usually occurring via calcination or solvent extraction 3%,

Upon template removal, MSN are readily usable, but due to the inert nature of silica, loading them
with substances of interest (drugs, biomolecules) can only be effective by physical adsorption,
which, as previously mentioned, is not based on strong interactions and usually suffers from
leaching. In order to address this issue, functionalisation was introduced, where a “helping agent”
is placed in the pore and acts as glue to any other substance introduced afterwards.
Functionalisation can take place post-synthesis (after formation of MSN and removal of
template), or during synthesis (template acts as carrier of the grafting agent, places it in the pore

and upon template removal functionalisation is achieved) 32,
2-30



Eleni Routoula PhD Thesis 2019
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Figure 2-5: Directed self-assembly of mesoporous silica nanomaterials with the use —and subsequent removal- of
templates (image taken from 302),

removal of
the surfactant

After MSN are functionalised, they can be used for enzyme immobilisation, based on a
combination of adsorption and covalent binding. At this point, the pore size and surface chemistry
is of great importance for efficient immobilisation. If the pore size is smaller than the size of
biomolecule to be immobilised, then the biomolecule will not enter inside the pore and it might
get adsorbed on the material’s external surface, facing the possibility of leaching. If the surface
charge of the support repels the charge of the biomolecule at given circumstances, then regardless
of a “correct” pore structure, immobilisation might be unsuccessful. This was demonstrated by
Lynch et al. 3%, who synthesised SBA-15 silica at accurately pre-determined pore sizes using
chaperonins as templates, and used the supports for immobilisation of model compounds
(lysozyme and myoglobin), examining the protective effect of immobilisation in various pH
values. Although the free enzymes performed better under optimal pH conditions, immobilisation
had a protective and enhancing effect on enzymatic activity when pH conditions allowed for
attraction between the support and the enzyme given their isoelectric points. In a similar study
examining immobilisation of a lysozyme on silica supports with different pore size it was shown
that a larger pore structure could lead to tightly packed immobilised enzymes, showing high
loading of protein on the support 3%, Examination of the secondary structure of lysozyme verified
its perseverance, however, activity was not examined in order to rule out potential inhibition due

to “overloading” that can cause steric hindrance and underuse of available catalyst.

There are multiple reviews on the use of silicas in enzyme immobilisation (Table 0-2 in Appendix
1), referencing numerous examples of “traditional” immobilisation supports such as regular
mesoporous silicates and “innovative” immobilisation supports like functionalised silicates or
their fusions with other materials that give them advanced properties. The outcome of these
examples is that the ideal immobilisation support has to be durable, in order to withstand industrial
processing procedures, yet of tailorable porous structure, in order to make the perfect host for a

given enzyme. Also, the immobilisation methods used the most are adsorption or covalent
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bonding on a pre-functionalised support, encapsulation in a porous structure. Although
functionalisation of silicon based supports is performed easily and adsorption of biomolecules is
widely and successfully explored, there seems to be a preference towards the “protection” of a
porous network, which is usually combined with internal adsorption/bonding of the biomolecule
in order to strengthen the immaobilisation.

Silicon based supports have been characterised as the most suitable for enzyme immobilisation
targeted in industrial applications, due to the mechanical strength these materials hold and the
ability to tailor their properties 27294, However, there is a distinct disadvantage to the industrial
use of the sophisticated silicon based materials, as well as many other emerging nanomaterials
which are shown as promising enzyme immobilisation supports, that being the impracticability
of their production at a —much- larger scale (kilograms or tons rather than milligrams or grams).
The impracticability arises from the synthesis conditions, which often include high temperatures
for prolonged time (hours), need for calcination in order to remove templates used to tailor pore
structure, and low production vyield, hence large waste volumes 2. Also, regarding
immobilisation of biomolecules, activity retention is of paramount importance and a protocol that
does include the least amount of necessary steps and offers the most in terms of porosity tailoring
is better received compared to laborious procedures. One step towards optimisation of enzyme
immobilisation was made with the discovery of tailorable supports. The next step will have to be
towards production of such promising supports at an industrial scale, without compromising cost,
sustainability or performance. This step has already been made, with the development of
bioinspired approaches towards synthesis of silica.

2.2.3.1. Bioinspired silica (BIS): Synthesis and properties
There is a need to overcome the major disadvantages of silicon-based supports when it comes to

immobilisation, such as laborious synthesis protocols, need for post-synthetic functionalisation,
inability for in-situ immobilisation, potential of leaching, low loading capacity and overall cost
of the support synthesis and immobilisation procedure. Novel methods of silica synthesis have
been developed, based on or inspired by nature, using less toxic reagents under milder and faster
synthesis conditions and producing less or more easily managed waste. The inspiration comes
from sponges and diatoms found in the ocean, which have the ability to synthesise silica as a
protective shell around them (namely natural silica or biosilica). Biosilica is formed from
monomeric silicon, which is dissolved in the ocean, and specific organic macromolecules, which
are found on membranes of the aforementioned organisms 3", Depending on the type of organism,
the associated macromolecules are different, leading to different biosilica patterns and porosities
(Figure 2-6). An in-depth analysis on biosilicification is given by Hildebrand 3. Inspired by this
natural way of silica synthesis, the synthesis procedure of BIS is based on the precipitation
method, where a precursor (alkoxysilanes, silica complexes or silicates) creates silica clusters

(nuclei) in aqueous environment when mixed appropriately with additives/surfactants and
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catalysed by acid 2°%. Those additives act as accelerators, assemblers, or “designers” of the surface
properties and aggregation pattern of silica particles ***!! and can be natural or synthetic, of
organic or inorganic nature and of monomeric or polymeric structure 3°7-31°, Some examples are
R5 peptide, poly-peptides, polyethyleneimines, genetically engineered proteins and amines; the
latter ones being among the most well studied additives for BIS synthesis 3% 312, with their cost
depending on the difficulty of their procurement 33,

Figure 2-6: Different structures of silica formed by diatoms (image taken from 3%),

Competitive advantages of this type of silica as immobilisation support are primarily the ability
to easily tailor its structure based on the choice of additives 3 ability for in-situ
immobilisation?®, as well as the industrially feasible % and environmentally friendly synthesis
procedure 28, Addressing each of these claims separately, it has been shown that choice of
additive used during BIS synthesis has a great effect on the porosity of the material, which affects
potential applications. A vast range of pore sizes, aggregation patterns and particle sizes can be
achieved with the choice of the correct additive 3% 34, Pore structure can vary from almost
nonporous when small, linear amines such as diethylenehexamine or pentaethylenehexamine are
used, to mesoporous with the aid of a polyamine such as polyallylamine hydrochloride or
polyethyleneimines 2% 315, With respect to in-situ immobilisation, the ability to have an one-pot
procedure for both synthesis and effective immobilisation is quite interesting and potentially
feasible at an industrial level, compared to the laborious processes for MSN synthesis,
functionalisation and use for immobilisation 2. Furthermore, it has been shown that BIS
synthesis is scalable, with the identified factors that can affect scalability being under control,
hence allowing for its production at an industrial level without compromising the quality or
properties of the material 2°%. Also, BIS synthesis was proven to be environmentally friendlier and
more sustainable than other methods of silica synthesis, as synthesis conditions are circumneutral,
no heat, solvents or extreme acids/bases are required, synthesis is completed within 5 minutes and
waste streams can be reused and recycled for subsequent synthesis rounds 2%, Last but not least,

it has been shown that immobilisation of enzymes by encapsulation in BIS offers higher loading
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amount of enzyme 316317 Achieving high enzyme loading is usually a hurdle with “regular” sol-
gel silicas ¥4, while due to BIS’s easily controlled nano structure and its ability of concurrent
encapsulation of the enzyme alongside synthesis, as BIS is forming in an enzyme-containing
solution, enzyme loading can be higher %Y.

There are quite a few reports on immobilisation of enzymes in BIS, mainly through encapsulation,
more rarely by adsorption. There have also been a few reports trying to mix methods of
immobilisation and supports, by creating complex structures formed by distinguished layers of
different materials that — at least theoretically — nullify each other’s disadvantages (e.g. swelling
of enzyme-containing alginate spheres) and offer specific advantages (rigidity and strength of
biocatalyst, protection of compartmentalisation) 217- 2323279 ' Apn important advantage is also the
ability for cascade reactions by co-immobilisation of more than one enzymes with synergistic
effects 220318 which can be advantageous for many enzymes, peroxidases included, due to their
need for hydrogen peroxide. An overview is given in Table 2-3 based on the target of the research
examples and the general findings, and a thorough review of each example is given in Table 0-4
of Appendix I.

Table 2-3: Overview of enzyme immobilisation in BIS.

Focus Enzyme Ref | Immobilisation | General findings
technique

Immobilisation | Lipase, B- 212 | Encapsulation | Increased stability (T,

exploration or | glucuronidase, laccase, | 2*> | in situ, except 3 | pH, storage), high

enhancement manganese peroxidase, | 2" | examples that loading, reusability
papain, yeast alcohol 22L | used enzyme potential, minimal
dehydrogenase, 2%, | adsorption 3% | leaching (except in case
esterase, catalase, 236, | 324 gnd 1 of BIS formation over

horseradish peroxidase | 288 | example 3% that | enzyme-containing
313, | explored both alginate beads 2'7), few

3191 techniques examples 221 313,324,325
322 identified diffusional
Biosensor Glucose oxidase, 8L, limitations, 1 example
horseradish peroxidase, | 32* showed shifted enzyme
combination of: 324, enantioselectivity 212, 1
Adenosine 326 example showed that
deaminase/nucleoside performance of the
phosphorylase/xanthine immobilised biocatalyst
oxidase surpassed the
CO; Carbonic anhydrase 32 performance of
sequestration 329 commercialised product
325
Production of | Lipase 325

esters
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In the majority of the examined examples, the activity of the produced biocatalyst compared to
the free enzyme is examined using a standard assay, not focusing on a specific — industrially
relevant — application. Only in few cases an actual application was developed and tested, although
the examined systems were treated as model systems using well-mapped enzymes. Examples
include B-galactosidase immobilised on a biosensor to detect lactose 24, carbonic anhydrase
encapsulated in BIS to mineralise carbon dioxide 2" 3%, lipase encapsulate in BIS for ester
production 32 or enzymes immobilised on BIS that can produce methanol through single or
cascade reactions 22%2%, So far, there has been no report on encapsulation of oxidoreductases (or
any enzyme) in BIS, targeting bioremediation through exploration of an industrially relevant
action. Despite the innovation of the support and the mix and match possibilities across various
materials and methods, the majority of biocatalysts based on BIS present the disadvantage of
diffusional limitations that hampers the ostensible activity of the enzyme. These are caused from
the uncontrollably porous silica wall formed around the enzyme, or from silica particles
aggregations that “block” existing pores 33, Research has been focused on the accessibility of the
enzyme, while securing its immobilisation, either by trying to enhance porosity during synthesis,

or by “crafting” it afterwards %4 294 3%,

Another disadvantage, as mentioned earlier, is the limitation of production scalability, and it
should be mentioned that in some cases, BIS formation is based on not so environmentally
friendly precursors and additives (such as alkoxysilanes, (e.g TMOS) and expensive peptides
respectively). BIS scalability has been successfully addressed, showing the industrial potential of
the synthesis method 54 2%, Also, there have been efforts to obtain BIS using simpler and less
expensive additives such as linear amines 3®°. A limitation of using BIS as immobilisation support,
(which applies to silica in general as well as metal oxides), is the limited pH range past pH 7, as
BIS gets hydrolysed when introduced in pH environments above 9, limiting its applications to
mildly basic or acidic pH 3. Problems such as diffusional limitations and residual activity (un-
related to inaccessibility of the enzyme) can be ameliorated and possibly resolved through careful
design of the biocatalyst 2. Biocatalyst’s design may refer to the combination of types of reagents
and their concentrations, buffers used, post-synthetic functionalisation, immobilisation conditions

or targeted application and it definitely requires the optimisation of their coordination.

2.3. Use of immobilised peroxidases for anthraquinone dye

decolorisation
There are some reviews available on water decontamination by immobilised enzymes, focusing

either on specific pollutants or on specific enzymatic sub-categories of oxidoreductases & % 143
831333 Generally, the operational stability of enzyme is enhanced by immobilisation but the
activity of the enzyme is reduced. The decontamination efficiency is highly depending on the
combination of enzyme and support used, as well as on the system investigated (dye structure and

concentration, presence of other substances).
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Khan et al. found that immobilised polyphenol oxidase on Celite resulted in higher percentage of
decolorisation of the anthraquinone dye Reactive Blue 4 (amongst other dyes), but also in lower
percentage of TOC compared to action of the free enzyme, indicating that immobilisation
increased the enzymatic performance 3. It has been also reported that immobilised DyP on
mesocellular foam based on silica, could be reused effectively for 20 cycles of Reactive Blue 19
degradation, resulting in 10% residual activity after the last cycle. A cycle is referring to complete
degradation (or no further dye removal) of a batch solution containing dye, immobilised enzyme
and peroxide in appropriate medium. On the same paper it was reported that the operational pH
was extremely important both for the enzymatic activity but for the efficiency of the
immobilisation as well ¢, Similarly, Sun et al. immobilised HRP on a silica composite with ZnO
nanowires using epoxy based cross linkers, and managed to achieve high loading (120mg HRP/g
support) and very good activity of the biocatalyst (almost 100% degradation of Reactive Blue 19
and Acid Violet 109 within 1 hr). They also showed the importance of the immobilisation

conditions for the immobilisation, mainly in terms of enzyme loading and prevention of leaching
335

Immobilisation of laccase on silanised alumina pellets showed reduction of the inhibitory effects
of components usually present in industrial dye-baths such as wetting, soaping or sequestering
agents 3%, When decolorisation of two structurally similar anthraquinone dyes (Reactive Blue 19
and Acid Blue 25, both containing sulfonic, amine and N-phenyl auxiliaries at the same carbon
spots) was examined using immobilized laccase in epoxy activated Sepabeads, researchers got
greatly different results (almost 0% for Reactive Blue 19 and about 40% for Acid Blue 25) 2.
That indicates that structure of dye —even if of the same general type— has an important role in
decolorisation. Presence of a mediator in the examined systems increased the decolorisation of
Reactive Blue 19 from 0% to about 30%, whereas the effect on decolorisation of Acid Blue 25
was negligible. Following the same argument, researchers 27° studying the decolorisation of two
anthraquinone dyes (Reactive Blue 19 and Acid green 25) using again laccase but immobilised
on magnetic carbon nanoparticles, achieved highly positive results (more than 80% decolorisation
efficiency, good reusability potential, stability) for both dyes. This shows that the immobilisation
support also has a great effect on decolorisation efficiency, since using the same enzyme (laccase)
acting on the same dye (Reactive Blue 19) yield different results when different supports were
examined. Demonstrating the importance of the substrate used, studies from a research group on
decolorisation of Acid Violet 109 using immobilised HRP, showed that when the enzyme was
immobilised by the cross-linked aggregation method the decolorisation efficiency was more than
70% %’ whereas when immobilised on a sulfide electron the decolorisation efficiency was only
about 40% 3%, A comprehensive table showing research examples of anthraquinone dye
decolorisation using immobilised oxidoreductases was compiled, stating the combination of

enzyme, immobilisation process and dye, as well as the decolorisation efficiency and the most
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important findings (Table 0-5, in Appendix I, or refer to reference **° for more extensive

discussion).

An issue usually faced with immobilisation supports is adsorption of dye on the actual support
instead of decolorisation due to enzymatic action, which might lead to false results if it is not
accounted for correctly. Those results can either be higher decolorisation percentage, or lower
decolorisation percentage. Examples in literature show that immobilised laccase on silica beads
performed better than the free enzyme, because the dye got initially adsorbed onto the support
and then was degraded more easily by the enzyme 274283 In a different case, Zille et al. analysed
thoroughly all the potential mechanisms leading to lower dye content in water when using an
immobilised enzyme system, and found that there were three ways that dye got removed: mainly
through adsorption on the immobilisation support, adsorption on the enzyme and degradation by
the enzyme (laccase) 4. As the reuse cycles progressed, it was shown that enzymatic degradation
increased, probably due to decrease of available adsorption sites. Other examples that
acknowledge the sorptive role of the support in the performance of the biocatalyst are shown for
laccase immobilised on magnetic carbon nanocapsules 2° and HRP immobilised on a composite
of zinc oxide and silica 3%, or chitosan beads 2. Another issue is the adsorption of degradation
products onto the support 2% 28 which might lead to enzyme deactivation due to high
concentration of inhibitors.

In terms of methods and matrices used for immobilisation of peroxidases for anthraquinone dye
degradation, looking at Table 0-5 in Appendix I, one can see that adsorption on inorganic
materials —usually silicates— is highly favoured over other combinations of methods and matrices.
This trend is not only visible for this particular set of enzyme and application, as silicon-based
materials are widely preferred for enzyme immobilisation in general. This is possibly due to the
extensive research available on those materials 23”292 and their wide industrial presence %, thus

allowing easier industrial implementation of the immobilized biocatalyst.

At this point, it is worth mentioning that none of those systems has been industrially implemented
yet for applications around bioremediation. The most relevant example of oxidoreductases that
have been industrially implemented is a liquid product of Novozyme® based on laccase, used for

fibre modification and effluent treatment 3.

2.4. Conclusion
In this chapter, the term of enzyme immobilisation was revisited, focusing on the economic and

industrial feasibility. Conventional methods and current trends were discussed and design
parameters for an effective biocatalyst were defined. Those parameters are related to the design
of the support with respect to surface characteristics and preservation of the enzymatic activity
during and after immobilisation. Silica-based supports were discussed further, as their

advantageous use for research and industrial purposes has rendered them the preferable type of
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support for immobilisation. Special attention was given to bioinspired silica (BIS), as a novel and
promising support for enzyme immobilisation. After an overview of examples of anthraquinone
dye degradation using immobilised oxidoreductases, the crucial importance of the combination
of the support, the enzyme and the targeted dye(s) was illustrated. It was shown that if one of
these factors is changing, then results can be massively different, sometimes without identified
reasoning, fact that can be related with the enzymatic activity or the breakdown pathway of the
dye.

2.5. Aims and hypotheses of thesis

As it was mentioned in Chapter 1, the problem from dyes present in water effluents is big,
potentially rising and the available decolorisation techniques are not sufficient on their own.
Furthermore, there is an emerging need to focus on more sustainable solutions. Biocatalytic
options have been explored to some extent, but the amount of ongoing research does not indicate
any possibility of saturation in the near future. To this point, isolated peroxidases have not been
implemented at an industrial level for water treatment due to difficulties arising from their use.
Development of novel solutions is needed targeting easier manipulation of the design and the

application of the biocatalyst.

The aim of this work is to provide understanding towards the formation of a sustainable
biocatalyst based on peroxidase immobilised on BIS, for effective and efficient water
decolorisation. The novelty of this work lays with the thorough exploration of peroxidase
immobilisation on BIS, targeting a model anthraquinone dye degradation. Based on this aim and
the available information about enzymes and BIS, the following general scientific questions were

formed.

e Which factors affect the efficiency and effectiveness of peroxidase immobilisation on
BIS and how can they be controlled?

e How does the activity of peroxidase immobilised in BIS compare to that of free enzyme,
specifically for anthraquinone dye decolorisation?

e How does enzyme encapsulation in BIS compare with enzyme adsorption on BIS?

The hypotheses for this project are derived from the scientific exploration towards answering the

aforementioned questions.
Hypothesis 1: The high tailorability of BIS leads to efficient immobilisation of peroxidase.

BIS offers the ability to control material properties primarily through the choice of additive, which
can be quite useful for enzyme immobilisation. Herein, two additives were chosen for BIS
synthesis, pentaethylenehexamine (PEHA) and polyallylamine hydrochloride (PAH), both
already explored in BIS preparation. For immobilised enzymes through encapsulation —the main

focus of this project— porosity has a great impact as it dictates mass transfer. Through the pore
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structure the substrate accesses the enzyme and the product gets released to the bulk volume of
the system. At the same time, the pore structure and potential adsorbing sites can prevent enzyme
leaching from the matrix. That being said, a pore structure that is spacious enough for the substrate
and the products to move in and out is needed, in combination with the ability to hold the
entrapped enzyme in. By using these two additives, the creation of different pore structures and
entrapment motifs can be explored 3%, Furthermore, partial or complete removal of the additive
was attempted post synthesis by acid elution (quenching), as it has shown potential of crafting the
surface of BIS, increasing the porosity and the surface area (PCT/GB2016/052705) 5.

This hypothesis is experimentally tested and discussed in Chapter 5.
Hypothesis 2: Immobilisation of peroxidase in BIS is affected by the immobilisation conditions.

Since BIS synthesis is pH dependant, it is expected that the point of addition of the enzyme in the
system will affect immobilisation from the support formation part. That means that if the enzyme
is added during nuclei formation (circumneutral pH) it will have a higher chance of being
entrapped within the silica matrix. If the enzyme is added before BIS formation (alkaline pH)
there might arise issues of aggregation of the enzyme which could lead to bigger particles and
higher difficulty of effective immobilisation. On the other hand, pH has an influence on the
enzymatic activity, meaning that if the pH of addition is out of the activity range for the enzyme
chosen, there is the risk of partial temporary or permanent deactivation. Finally, based on the
isoelectric point (pl) of the enzyme and the substances used (silicate, additives), speculations
show that if the pH of addition lays in between the pl values then the charge of the enzyme will
be opposite of the charge of the other substances, implying interactions between them that might

have a stabilising effect and facilitate efficient immobilisation.
This hypothesis is experimentally tested and discussed in Chapter 6.

Hypothesis 3: Immobilised peroxidase performs better at un-natural conditions compared to free

peroxidase.

As it was mentioned in section 2.1 of Chapter 2, one of the main reasons for the immobilisation
of enzymes is their protection under un-natural conditions. This can be achieved by securing the
active conformation of the enzyme through bond creation between the enzymatic structure and
the immobilisation support. This can also be achieved by preserving mild conditions inside the
confined environment of a porous support. Another major reason for immobilising enzymes is the
ability to reuse them, since their soluble nature does not allow so. It is thus expected that
peroxidase immobilised in BIS will be protected by the porous matrix and will be able to be

reused.

This hypothesis is experimentally tested and discussed in Chapter 7 and Chapter 8.
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Hypothesis 4: Since silicon-based materials are known for their use as adsorbents, BIS loaded

with peroxidase will perform better compared to pure BIS.

As it was mentioned in section 1.3, adsorption is a well-studied and applied method when it comes
to bioremediation and dye removal. Since silicon based materials have been explored as potential
adsorbents for dyes, it is expected that BIS will adsorb dyes as well. Also, many adsorbents have
been amino-functionalised in order to increase their sorptive ability, hence BIS synthesised using
amines as additives is expected to show higher performance as a standalone sorbent compared to

silica without amines present.
This hypothesis is experimentally tested and discussed partially in Chapter 6 and in Chapter 8.

To the best of the author’s knowledge there is no other attempt to immobilise horseradish
peroxidase on BIS with a clear application focus. Furthermore, a thorough investigation of the
immobilisation conditions and their effect on the properties and the performance of the biocatalyst

is made, which again, has not been explored before to this extent.
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Chapter 3 : Materials and Methods

This chapter focuses on the materials and methods used in the experimental section of this thesis.
Description of methods used is divided into two sections, with regards to the material synthesis
and characterisation, and to enzyme characterisation (free or immobilised form), so that the two

main aspects examined in this report are given separate attention.

3.1. Chemical reagents
Consumables used were plastic containers, plastic Eppendorf tubes, pipettes of 0.1, 1, 5and 10ml

with corresponding tips, crucibles, spatulas, glass test tubes, disposable cuvettes and quartz
cuvettes. All chemicals (Table 3-1) were used as received and stored as advised from the supplier
along with any produced dilutions. Prepared buffers were stored in the fridge. When a stock
solution was created from lyophilised enzyme powder in appropriate buffer(s), it was stored in
the fridge for no longer than 3 days and used appropriately. Aliquots of freshly prepared solutions
were removed and stored in Eppendorf tubes in the freezer for future experiments. All diluted
samples obtained from further dilution of stock solutions were stored in the fridge. When thawed,

enzymatic solutions were not re-frozen, but were used as fresh and then discarded.

Table 3-1: Chemicals and materials used.

Purpose Chemical reagents Source & Purity
BIS synthesis Sodium metasilicate pentahydrate Fisher, Technical grade
Pentaethylenehexamine (PEHA) Sigma — Aldrich, Technical
grade
Poly allylamine hydrochloride (PAH) | Sigma — Aldrich, >95%
Hydrochloric acid (HCI) Fisher, Meets analytical
specification of Ph. Eur. BP,
USP, 1M
Deionised water Millipore, 120mQ
Horseradish Peroxidase (powder) Sigma — Aldrich, N/A purity
Commercial silica Syloid AL 1-FP GRACE (PR sample)
Enzymatic assays for | Sodium phosphate monobasic Sigma — Aldrich , >99%
activity and protein Sodium phosphate dibasic ACROS, >99%
concentration Citric acid monohydrate Sigma — Aldrich , >98%
(includes reagents Hydrogen peroxide solution (30% wt) | Sigma — Aldrich, 29.0-32.0%
used for buffer 2,2'-Azino-bis(3-ethylbenzthiazoline- | Sigma — Aldrich, 50mg
production) 6-sulfonic acid (ABTS) ABTS per tablet
Remazol Brilliant Blue (RBBR or Sigma — Aldrich, N/A purity
RB19)
Potassium persulfate Sigma — Aldrich, 99.99%
Bovine Serum Albumin (BSA) ACROS, >96%
Bradford Reagent Sigma — Aldrich
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3.2. BIS synthesis and enzyme immobilisation
The methods presented herein were applied as described here throughout the experiments with no

alteration. In every chapter, where necessary, methods specifically applied are presented in detail.
BIS synthesis was examined as described elsewhere 33 using sodium metasilicate as a precursor
and PEHA or PAH as additives. To ensure consistency in the method and the accuracy of
preliminary measurements key experiments were conducted at least in triplicates. Briefly,
aqueous solutions of silicate (concentration of Si in final solution: 30mM) and amine (for PEHA:
1:1 molar ratio of [N]:[Si], for PAH: 1mg/mL concentration in the final solution) were mixed.
Addition of acid (HCI, 1M) initiated silica condensation, with final solution volume being 50mL.
Depending on the experiment to be conducted, one or more of the following approaches were
followed.

Approach 1: Synthesis of BIS

After acid initiated BIS condensation (final pH of 7.0 + 0.1), BIS solution was left unstirred for
5min (Figure 3-1a). Solution was then centrifuged in thrice at 5,000rpm for 15min. In between
centrifugation cycles, supernatants were collected and stored in the fridge for further analysis and
precipitated BIS was re-washed with deionised water. After the final centrifugation round, BIS
was freeze-dried. Silica yield was calculated after weighting the dry powder. BIS was stored in
air-tight containers until further analysed.

Approach 2: Additive removal post-synthesis

After acid initiated BIS condensation (final pH of 7.0 £ 0.1), BIS solution was left unstirred for
5min. In order to proceed to additive removal (referred to as “acid elution” or “quenching”), more
acid was then added until a target pH between 2.0 and 7.0 was reached ® (Figure 3-1b). Then BIS

solution was left unstirred for another 5 min and centrifuged and dried according to Approach 1.

Approach 3: Enzyme immobilisation by in-situ encapsulation

Pre-weighted amount of enzyme was added before or during silica’s precipitation and then one
of the Approaches 1 or 2 was followed (Figure 3-1c). For every set of BIS samples containing
bioactive substances, a control sample prepared using the same conditions but without the
bioactive substance was made and used accordingly. Immobilisation efficiency (% of originally
added protein loaded onto BIS) was determined by subtracting the quantity of protein present in
the supernatant after centrifugation from the initially added quantity as described in section 3.4.1
of this Chapter. Protein content in BIS (% w/w) was determined as the weight of protein (as

determined from the immobilisation efficiency) in the weight of the BIS-protein composite.
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Approach 4: Enzyme immobilisation by post-synthetic adsorption

Bioactive substance was mixed with buffer at appropriate concentration and pre-weighted amount
of BIS was added to the solution to obtain a set initial ratio of BIS to enzyme. The final solution
was left in the fridge for up to 24h. During specified time points, samples were withdrawn,
centrifuged and immobilisation efficiency was measured using the supernatant. Once amount of
bioactive substance was stabilised (adsorption was completed), the initial sample was centrifuged,
washed with specified buffer in triplicate and freeze-dried. Presence of bioactive substances was
monitored during washings in order to define the final immobilisation efficiency based on a mass

balance.
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Figure 3-1: Schemes for better understanding of BIS synthesis and Approaches followed a) BIS standard synthesis
(approach 1), b) post-synthesis modification by additive removal (approach 2), c¢) in-situ enzyme immobilisation
(approach 3) and (optional) post-synthetic additive removal.

3.3. BIS characterisation
After reviewing methods used in literature that better describe systems of immobilised enzymes

on solid supports, a list of measurements to be performed on the samples in terms of material
characterisation (structural and surface properties) was compiled. In order to verify the chemical
composition of BIS, Fourier Transformation Infra Red (FTIR) spectroscopy was used. In order to
acquire information on the porosity and morphology (surface area, porosity, particle size) of BIS,
N, adsorption and Scanning Electron Microscopy (SEM) and Ultra Small Angle X-Ray Scattering
(USAXS) were used.

3.3.1. Fourier Transform Infra-Red (FTIR) spectroscopy

FTIR Spectroscopy is used to identify a chemical substance based on its unique spectrum of
absorbance of infrared radiation. That spectrum is characteristic for molecules and molecular
bonds and it can give information about the structure of the substance under examination, based
on the vibrational energy of the existing bonds. Through FTIR spectroscopy both qualitative and
guantitative analysis is possible, through various sampling techniques available (transmission,

attenuated total reflection, specular reflection, diffuse reflectance). 342

Through FTIR, all types of samples can be assayed (liquid, solid, gas), usually in the region of

4,000-400 cm as most organic and inorganic substances absorb radiation at that region.
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Figure 3-2: Instrumentation of a FTIR spectrophotometer (taken from 342).

An optical signal is generated by a source via an interferometer, which encodes different
frequencies to it. Data obtained by the interaction between the sample and the optical signal due
to absorption of light, is passed through a detector, where it gets decoded using Fourier
transformation in order to reveal information on which wavelengths the sample absorbed light
at, based on the relationship of power density (or path length) and intensity (or wavenumber)
(Figure 3-2) *2,

Formation of BIS (silica) was verified qualitatively through ATR-FTIR spectroscopy.
Measurements were conducted on an IRAffinity-1S equipment (Schimadzu), using a resolution
of 1cm?, taking 32 scans in each measurement and scanning the wavelengths between 400 and
4000 cmL. Prior to measurement, a background (empty, clean sample space) was scanned and the
baseline was corrected. Powdered sample was then placed in the measurement space and the
procured graph of the averaged intensity over wavelength was collected. Data was normalised
based on the highest observed peak, in order to rule out any abnormalities and be able to have a
fair comparison across samples. In order to reduce the noise, data was smoothed using the
Adjacent-Averaging smoothing function of Origin software, with maximum 15 points of window,
trying to ensure that the main peaks were not altered during the smoothing process.

3.3.2. Scanning Electron Microscopy (SEM)

SEM is used in order to examine samples in magnification much greater than 1,000x which is the
maximum limit of optical microscopy, reaching up to 1,000,000x. The image procured through
SEM is created from analysis of the secondary electrons, x-rays or photons (most usually
secondary electrons or backscattered electrons are used to create the image) emitted from the
sample’s surface when it is exposed to an electron beam under vacuum (Figure 3-3). Secondary
electrons are those that are emitted from the surface of the sample with an energy up to 50eV due
to orbit disturbance by an incident electron, whereas backscattered electrons are produced due to
scattering of their initial pathway because they approached too close to a nuclei. Secondary
electrons can be produced also by backscattered ones once the latter are “travelling” to the surface.
Out of those two types of secondary electrons, the “original” ones show more information on the
topology under higher magnification, while the ones produced from backscattered electrons show
the sample topology under lower magnification. Those emitted particles/signals can show
information about the surface (max depth of 1um) of the sample, without transmitting through it.
Information shown is mainly about sample morphology and structure, but with specific
measurements such Energy Dispersive X-ray Analysis, information on the chemical composition
can be extracted. 343 34
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Figure 3-3: Different signals generated from an electron beam when it hits the sample (taken from 345),
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A usual problem faced in SEM image procurement is the low current in smaller probes which
leads to unsatisfactory image acquisition depending on the energy threshold of the material
examined and the limitation from emitted secondary electrons upon analysis, when the
sample/area examined is smaller than 5nm and/or when the material examined is of a lower
electron density. In order to deal with these issues, coating the sample with a metal film is
suggested, in order to allow excess electrons to conduct and get earthed, since electrons emitted

from metals give higher yield compared to carbon-based materials. 344 34

The main components of SEM machines are the electron gun which produces the electron beam
which interacts with the sample (field emission gun, lanthanum hexaboride gun or tungsten
electron gun), a lens which intensifies the focus of the electron beam, one or more detectors that
captive the emitted electrons and signal generators and amplifiers (Figure 3-4). Once the electron
beam is produced, demagnified and hits the sample, the detector detects emitted electrons and

based on information acquired from them the image of the surface of the sample is synthesised.

The morphology and particle size of BIS samples were examined through SEM, using a FEI
Sirion FEG SFM, with a 10 KV and 5 spot size, with the exception of a few samples where the
images were collected with 8KV and 3 spot size due to poor quality images obtained with the
original specifications. Fully dried BIS samples were lightly coated on sample holders with
carbon tape. Samples were gold-coated for 3 minutes, allowing a deposition of about 15nm of

gold. Images were collected for representative samples using 120,000 magnification.

3-46



Eleni Routoula PhD Thesis 2019

Electron gun _
Anode
Y

_ Alignment coil
_- CL (condenser lens)
P

_CL
_OL (Objective lens)
/ aperture

Scan coil

Secondary oL
electron ~ .
detector

_~Specimen holder

| -Specimen stage

Figure 3-4: Instrumentation of SEM (taken from 34).

3.3.3. Porosimetry via N, adsorption
Adsorption is the chemical or physical contact of components, the former named chemisorption

and the later physisorption. In contrast to chemisorption, physisorption is a non-specific,
spontaneous and reversible phenomenon. The contact occurs between the adsorbent (material
under examination) and the adsorbate (material/probe used for the analysis, gas in gas adsorption,
usually nitrogen). If the contact is monolayer, meaning one layer of adsorbate molecules is in
touch with the surface of the adsorbent, then the adsorption is called interfacial. The
corresponding reversed procedure of adsorptive removal from the adsorbent is called

desorption.34

Adsorption is used to provide information on the surface area and the porosity of the material
under examination, through the creation of the isotherm plots (of the adsorption and desorption
procedures). Pre-determined amounts of gas are provided on a given solid, keeping the conditions
of pressure and temperature stable. Gas is allowed to absorb (or desorb) on the solid until
equilibrium is achieved at a certain pressure point, thus creating sets of values for pressure and
quantity of gas adsorbed/desorbed that once plotted, form the isotherm curves. Theoretically, once
plotted, adsorption and desorption curves should overlay, however due to the appearance of
porosity this might not occur, especially in high pressure values (P/P, higher than 0.8). Their

“difference” is called hysteresis 3.

Information on pore sizes has distinguished three types of porosity based on pore size, namely
being macro- (more than 50nm), meso- (between 2 and 50nm) and micro-porosity (up to 2nm).
36 Surface area is calculated by the monolayer adsorption that occurs until P/P, equal to 0.3,

before multilayer adsorption commences, by applying the theory developed by Brunauer, Emmet
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and Teller —known as BET theory—34". The linear version of the BET theory is in Equation 3-1,
where x is the relative pressure (P/P°), y is 1/(n x (1-P/P°)), n is the amount of gas adsorbed for a
specific P/P° value, ny is the capacity of the monolayer and C is a parameter related to the energy
of the monolayer adsorption that is required to be positive for correct application of the theory.

P/P°  _ 1 c-1 x
nx(l_;;o Nm X C Nm X C

Gs

Equation 3-1
Surface area is calculated once the monolayer capacity is determined, given knowledge of the
cross sectional area occupied by gas when monolayer adsorption is complete. When microporous
materials are analysed, determination of the nn, factor might be difficult due to overlap with
micropore filling. In this case, determination of surface area using the BET equation needs to be

conducted using a relative pressure range where the quantity n x (1-P/Po) is increasing with

increasing relative pressure 348 349,

Depending on the material’s structure and porosity there are two types of surface area that can be
identified. These are the external and the internal, corresponding either to general terms (external
referring to area not occupied by pores and internal referring to area occupied by any type of
pores) or to the pore size (internal referring to surface area occupied by micropore and external

referring to the rest) %,

Isotherm plots and hysteresis loop patterns can be slightly or greatly different depending on the
type of adsorbent examined, but usually they fall under one of the identified categories as shown
in Figure 3-5. Types Il and IV (a, b) are typical for non-porous and mesoporous materials
respectively. Type Il is showing no hysteresis due to the absence of porosity that could create
capillary condensation. Type IV (a) is showing hysteresis belonging to type H2, typical for
siliceous materials. From the lower relative pressure range, information on the surface area and
microporosity can be obtained as explained before, due to the formation of the monolayer and the
graduate filling of the pores, starting with micropore. Information on micropore, especially the
surface area and pore volume occupied by micropore, can be extracted by the t-plot, which is a
plot that connects the thickness of the gas layer adsorbed on the material to the relative pressure
30 Depending on the porosity of the material, t-plot can look quite different. A straight line
passing by the origin is expected for nonporous materials since they can be considered as a flat
surface due to equal adsorption behaviour. For microporous materials, a straight line is again
expected, this time not passing by the origin, its intercept indicating an estimation for the
micropore volume. For meso/macroporous materials, while the points of the t-plot corresponding
to low relative pressures might form a straight line, points at higher relative pressures form a line
that deviates from straight, representing increasing pore sizes. If the material is (expected to be)

highly microporous, then analysis based on t-plot might be inaccurate due to overlapping of
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micropore filling and monolayer formation at low pressures that leads to faulty determination of

the gas layer thickness. %!
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Figure 3-5: Classification of isotherms and hysteresis loops (taken from 348),

By observing the isotherm at a higher relative pressure range, information on the mesopores and
macropores can be extracted, especially when reviewing both the adsorption and desorption
isotherms 3%, With respect to pore size and distribution analysis there are two widely used
methods, Baret, Joyner and Halenda (BJH) and Density Functional Theory (DFT) respectively.
Although the BJH method has been traditionally used over the years, it applies mainly to
mesoporous structures and it does not represent microporous materials due to the assumptions
made on the thickness layer and the perception of liquid meniscus of the gas adsorbed on the
surface or in pores. In addition it does not take into account potential hysteresis between the
adsorption and desorption isotherm although important information on pores is hiding there. On
the other hand, the DFT method —consisting of various computational models nowadays— takes
into account micropore filling and differences between the adsorption and desorption processes
%2 Amongst the various included models, Non Local Density Functional Theory (NLDFT)
model using Tarazona’s approach seems quite fitting for more accurate determination of pore

sizes as it takes into account capillary condensation and evaporation as well as phase transition
3-49



Eleni Routoula PhD Thesis 2019

phenomena that occur during gas adsorption, however this model fits better pure materials without
surface functionalisation. Given that majority of examples in literature still use the BJH method,

results were obtained using that over NLDFT.

Porosimetry of BIS was conducted through N; adsorption performed by a Micrometritics 3 Flex
ASAP 2420 for samples of HRP encapsulated in BIS and by a Micromeritics TriStar for samples
of HRP adsorbed on silicas, due to machine downtime reasons. Samples ranging from 50mg to
100mg were outgassed overnight at 105°C under very low pressure (~20 mTorr) and immediately
after were analysed. The equilibrium interval was 30s until 0.1 P/Po and 10s thereafter. The
procured data points —after being fitted in the supplied software— formed an isotherm through
which porosity characteristics were determined. Surface area was calculated using the Brunauer—
Emmett-Teller (BET) equation and micropore surface area was determined from the t-plot
between 0.8nm and 2nm aiming for correlation coefficients more than 0.8. Micropore and
mesopore analysis (pore width, pore volume, pore size distribution) was performed using

predominantly the Barrett-Joyner-Halenda (BJH) model 34,

3.3.4. (Ultra) Small Angle X-ray Scattering (USAXS/SAXS)

X-Ray Scattering analyses can offer information on the structure and morphology of samples in
a non-destructive manner. The operation principal is based on observation of electrons scattered
when the sample is being exposed to an X-Ray beam, as a function of the scattering angle, the
wavelength, the energy or the polarisation. Given the much smaller wavelength of X-Ray beams
compared to visible radiation, measurements using X-Rays are able to provide structural

information of materials at much smaller dimensions than the obtained with light scattering 353

USAXS analysis can provide valuable information on the size distribution of particles and the
shape of them (mono/polydispersity), the pore size and the ordered, agglomerated or fractal nature
of the material, especially in case on nanomaterials. It was developed as an extension to the SAXS
measurement, in order to exploit all the range of scattering and allow for better estimation of
particle size information in the range of a few nm. USAXS provides a higher detection range
(enforced by the lower scattering vector values achieved, directly related to smaller angles used
for scattering) 34 Determination of such properties is feasible after analysis of scattering
produced when electro-magnetic radiation interacts with the sample under examination. The
typical (U)SAXS equipment, Bonse-Hart set-up, includes a radiation source, a “beam
manipulator” consisting by a monochromator, mirrors and collimating crystals, a set of analyser
crystals and a detector, as beautifully illustrated by Zhang et al. ***. The initial data obtained during
USAXS analysis the intensity distribution (I) and the scattering vector (q) values, the latter being
related to the angle (8) via this equation: 4m/A x sin(B), with A being the wavelength of the X-Ray
beam and 6 being the half of the scattering angle 5. For reference, SAXS measurement can
provide information for g values down to 0.1, whereas USAXS can provide information for g

values as low almost 0.00001 3. After scattering data is obtained, it needs to be reduced to correct
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for buffer/blank scattering subtraction, intensity calibration and desmearing. Of the most useful
graphs obtained during USAXS data analysis is the plot of | v. g on normal or logarithmic scales,
which shows 3 distinctive areas based on g values (Guinier, Fourier and Porod area respectively)
(Figure 3-6). The Guinier law is directly related to the size of the particles (or their aggregates)
as well as identification of polydispersity, through determination of the radius of gyration. This
theory is applied in the lower q section of the obtained graph. The Porod law, as applied on the
area of higher g values, trying to describe the asymptote of the scattering intensity, is directly
related to surface characteristics of the particles (such as surface to volume ratio). Its application
on the 1/q plot can also provide information on the existence of fractals (irregular clusters of
agglomerated particles). The area of the obtained line in-between the Guinier and Porod areas
holds information on the shape of the particles examined, which can be defined by Fourier
transformation equations. A descriptive analysis of the equations used during USAXS data
analysis can be found in the following references 3¢ 37, One needs to be careful during fitting
obtained (U)SAXS data, as more than 1 possible interpretations might exist. The analysis can be
quite informative about the morphology of a sample, but it is best when combined with other
morphology characterisation measurements such as microscopy (Scanning or Transmission EM)

or porosimetry in order to verify the findings.
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Figure 3-6: Regions of (U)SAXS obtained data (taken from 356),

USAXS / SAXS / WAXS studies on representative samples were carried out at beamline 9 ID-C
at the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science User
Facility by Argonne National Laboratory. This instrument is operated and maintained by Jan
llavsky and his team *%°3%8, The Igor Pro 6.3 software was used for data analysis, using specific
packages for specific procedures. Data reduction was performed using the “Nika”**® and “Indra”
analysis packages and analysis, fitting and evaluation was performed using the “Irena”®® 360
package, in accordance with guidance from Professor Beaucage and the vital assistance of Alex
McGlasson, Michael Chauby, and Kabir Rishi from the Chemical and Materials Engineering

department at the University of Cincinnati in conducting the X-Ray scattering studies.
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3.4. Assays for free or immobilised enzymes
In terms of biocatalyst performance, the measurements conducted initially were relevant to

protein quantification, which will be used to assess the efficiency of immobilisation. Furthermore,
two assays for the enzymatic activity were implemented in order to monitor quantitatively the
activity of the biocatalyst in future experiments regarding the operational stability of the
biocatalyst. The term “immobilisation efficiency” herein refers to how much enzyme (in terms of
protein) is immobilised inside or on the support. The term “activity of the biocatalyst” refers to
how active the enzyme is on specified substrates. Both terms are important for the design of
systems for enzyme immobilisation, as they describe two different —but equally important— design
criteria: the capacity of the support to host enzymes and the efficiency of those enzymes when
immobilised, compared to the free form.

3.4.1. Immobilisation efficiency measurement
There are a few protein determination methods available that are used extensively, but they are

not directly quantitative as they usually measure the protein content present in an unknown sample
based on the quantification of a standard protein, usually bovine serum albumin ¢!, A method
that offers great sensitivity and is fairly simple to use, is protein quantification based on specific
amino-acids present in the protein structure, by UV absorption 2, with a wavelength used around
280nm due to the absorbance of aromatic amino-acids Tyr and Trp 3%, In the case of heme-
containing enzymes, such as HRP and DyP, there is also the possibility of quantification based
on the heme content present, using its ability to absorb light in the wavelength range of 400-
410nm (Soret band) 31161, L ast but not least, it has been shown that measuring the activity of
enzyme can be used for quantification purposes in immobilisation of enzymes %5 1%6.384 However,
enzymatic activity can very easily be hampered by immobilisation conditions 3%, so this method
needs to be used cautiously as a seemingly low activity might not be indicative of the amount of

enzyme present.

Herein three protein determination methods (UV absorption, Bradford assay and activity assay)
were examined and compared to each other in order to define the optimal method for
guantification of immobilisation efficiency. For UV absorption, supernatant or pre-prepared
solution containing protein was inserted in a quartz cuvette and absorbance was measured at
280nm. For Bradford assay, appropriate amount of similar sample was mixed with Bradford
reagent, left to develop for 10 min and absorbance was measured at 595nm, according to available
standard protocols 3. For the activity assay, the enzymatic assays used to quantify the activity of
the enzyme (described in section 3.4.2) were also used to quantify the amount of enzyme. Protein
determination was procured from absorbance readings based on calibration curves built
accordingly for each method. The equipment used was a GENESIS 10 UV-Vis spectrophotometer
from Fisher. During the standardisation of the methods, factors such as the optimum wavelength

and the interference caused from water, buffers and various reagents present in the system were
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studied. Appropriate solutions were used as blanks for each measurement to avoid falsified

results. The development of these methods is discussed in detail in Chapter 4.

3.4.2. Enzymatic activity assay development
In order to monitor the enzymatic activity of peroxidase, two assays were employed. The first one

is an assay used extensively with enzymes in the peroxidase family and is based on colour
development (namely “ABTS assay”). The second one is an assay focusing on the efficiency of
the enzyme in a potential application and is on colour disappearance of an industrially important,
sturdy dye with a half-life of 46 years 3% (namely “RB19 assay”). Results in both cases were
monitored in a GENESIS 10UV-Vis spectrophotometer by Fisher.

The ABTS assay measures the concentration of the intensely coloured product (dark green)
produced upon oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (light green)
from peroxidase, in the presence of hydrogen peroxide. This reaction can be seen in Figure 3-7.
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Figure 3-7: ABTS (light green) oxidation to ABTS* (dark green) from peroxidase (image taken from 367).,

In contrast, the RB19 (Reactive Blue 19 or Remazol Brilliant Blue Reactive, structure shown in
Figure 3-8) assay measures the concentration decrease of a bright blue dye, which is usually used

as a model pollutant, after peroxidase acts on it, in the presence of hydrogen peroxide.
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Figure 3-8: Structure of RB19 (taken from 20),

Although the decolorisation products are not yet fully identified, based on the chemistry of
reactive anthraquinone dyes 3 *8 and proposed degradation pathways for RB19 from other
researchers “%-4% 46 the decolorisation reaction can be described as removing the auxochromes

(position 1 and 2 substituents) and break down the anthraquinone structure. In both assays,

3-53



Eleni Routoula PhD Thesis 2019

enzyme was mixed with H;O, and measurable substrate (ABTS or RB19), in specified
concentrations and buffered conditions. Since these assays were not provided by a standard lab

kit, their optimisation and developing details are discussed in Chapter 4.

Although both assays have been used extensively in the literature, in every case there were some
inconsistencies, indicating the need to optimise the conditions under which the assay was

undertaken, based on the system to be applied to.

3.4.3. Determination of kinetic parameters of HRP
All kinetic models developed to understand enzymatic reactions are based on the initial reaction

pathway describing a basic conversion of substrate to product using an enzyme that forms a
complex to facilitate this conversion **° (Equation 3-2). Enzyme (E) forms a complex (ES) with
substrate (S), which is then converted to product (P) and enzyme is regenerated. Constant ki
represents the complex formation (or substrate binding) constant, k.1 the complex dissociation
constant and k» the product formation (or catalytic conversion) constant.

k1 k2
E+S «——> ES > E+P

-1
Equation 3-2

In order to determine (theoretically and experimentally) the kinetic behaviour of an enzyme, the
equation developed by Michaelis and Menten is widely implemented (Equation 3-3).

_ Vinax X [S]
" Kp+I[S]

Equation 3-3

This equation is derived from Equation 3-2 based on either the assumption of a steady state
equilibrium, or the assumption of a fast equilibrium. In the first case, the concentration of the
substrate is assumed to be much higher than the concentration of enzyme, (hence the complex
formed between enzyme and substrate) and the rate of complex formation can be assumed as zero.
Having this rate as zero, allows for further calculations on the derivation of an equation
representing the rate of the reaction based on the complex. In the latter case, it is assumed that the
rate of the formation and dissociation of the complex between substrate and enzyme is much faster
than the rate of product formation, allowing an equilibrium between the free enzyme, the complex
and the substrate. In the fast equilibrium case, the rates of formation and dissociation of the
complex can be assumed equal. Both derivations can be seen in detail in Section 1 of Appendix
1. Both derivations of the Michaelis Menten equation lead to the same final equation. Vmax
represents the maximum achievable rate (Equation 3-4) at the initial stage of the enzymatic
reaction (measured in quantity of substrate consumed/time), [E]o. being the initial amount of
enzyme used. Ky, is measured in concentration units and represents the concentration of the
substrate needed for half the maximum achievable rate. Ky, is also indicative of the enzyme’s
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affinity to the substrate, and depending on the assumption used for the derivation of the equation,
it has the value of K (dissociation constant of the enzyme complex), or the value of Ks increased
by the ratio of the turnover number (kz) over the rate constant corresponding to complex formation
(Equation 3-5).

Vinax = ka2 X [E]O

Equation 3-4
k, k_;+ k,
K, = KS + — =
" kq kq
Equation 3-5

This equation is based on a saturation hypothesis, such that substrate consumption (and product
appearance) is linear at first, reaching equilibrium at some point, and describes the enzymatic
action mathematically, representing a very big number of the enzymes characterised so far 3%°.
This model however does not acknowledge possible inhibition of enzyme due to excess of
substrate(s), excess of product/by-product formation, presence of inhibitors, or combination of
any of the above, which can lead to lower reaction rates as substrate’s concentration increases,
hence deviation from the Michaelis-Menten model and far more complicated curves 7. In order
to include these possibilities, models based on the basic Michaelis-Menten have been developed,

including besides Vmax and Km, other constants representatives of the inhibition type.

In the case of peroxide dependant peroxidases, where 2 substrates are used, although they can be
characterised through the Michaelis-Menten, and this practice is usually followed in literature 2*
99,108,154, 172 " there is another available model that incorporates their need for H,O, as initial
substrate (activator or co-substrate). This model is the Ping Pong Bi Bi model, as theoretically
described in section 1.5 of Chapter 1 and is shown in Equation 3-6, as implemented by Sekuljka®*
examining activity of HRP on dyes. In this model, Kn, refers to the Ky, of H202 and K, refers to
the Kn, of the dye (D) used as secondary substrate. Given the action of peroxidases on various

substrates, D could also refer to ABTS or any other molecule prone to oxidation.

_ Vinax X [H,0,] x [D]
 Kmp X [Hy03] 4 King % [D]+ [H20,] X [D]

Equation 3-6
It could be argued that if the concentrations of substrates are in great excess to enzyme and
substrate A is in great excess of substrate B, then the Ping Pong Bi Bi model could be re-written
as the Michaelis-Menten model, where Vmax and K, would include substrate A concentration as

a constant value 71
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In case of inhibition occurring due to one or both substrates, then the Kmx X [X] factor in Equation

3-6 is replaced by Kmx x [X] x (1+ I[(X—] ), where X is the substrate that is potentially causing the

inhibition (H20, and/or dye) and Kix is the inhibition constant assigned to that substrate 33, This
model is theoretically more suited to describe the peroxidase action compared to the classic
Michaelis-Menten model —even when substrate inhibition is accounted for— as it actively takes
into account the presence of 2 substrates and the possibility of inhibition caused by either of them.
As it was demonstrated by 3, the Ping Pong Bi Bi model with acknowledge of inhibition fitted
experimental data of dye decolorisation using peroxidase in presence of peroxide much better

than the simple Ping Pong Bi Bi model (Figure 3-9).
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Figure 3-9: Fitting of experimental data (dots) with Ping Pong Bi Bi kinetic model without (dotted line) or with (solid
line) acknowledgement of inhibition due to peroxide (left) or dye (right) concentration (taken from 133),

So far, in literature examined, the classic Michaelis Menten model dominates, so for this project

both models will be examined.

3.4.4. Activity examination of immobilised enzyme
In order to assess the activity of the system examined herein, the following methodology was

used. Predetermined amount of immobilised enzyme was placed in a polyethylene cuvette. In a
separate container, solution of substrate and solution of hydrogen peroxide were mixed to the
ratio used in the assays. The volume of the free enzyme solution was replaced with the associated
buffer. The mixture (total assay volume equal to the assay volume for the free enzyme) was added
to the cuvette and cuvette was inserted in a UV-spectrophotometer where absorbance was
recorded for 10mins in the appropriate wavelength, using an appropriate blank solution. After
that, the cuvette was covered tightly with parafilm and left aside. The absorbance of the assay was
measured in specific time intervals. In every case, BIS without enzyme was assayed as a control,

using the same method to determine any activity caused by the immobilisation support.

3.4.5. Reusability examination of immobilised enzyme
In order to assess the reusability of the immobilised enzyme, the following methodology was

used. After the first cycle, the contents of the cuvette (assay mixture and immobilised enzyme)

3-56



Eleni Routoula PhD Thesis 2019

were carefully removed, placed in an Eppendorf vial and centrifuged at 20,000rpm for 5 min.
Supernatant was removed and its absorbance was recorded. The immobilised enzyme was washed
3 times using the associated assay buffer. The washing procedure involved 1mL of buffer inserted
in the Eppendorf vial, contents shaken vigorously, occasionally with the aid of a pipette to
facilitate mixing, and then the Eppendorf vial was centrifuged at 20,000rpm for 5 min. Then
supernatant was removed and washing was repeated. After the last washing, the immobilised
enzyme was placed in a new cuvette and the activity assay was performed as described previously.

3.4.6. Leaching examination of immobilised enzyme
In order to assess enzyme leaching from the immobilisation support, the following procedure was

used. Predetermined amounts of immobilised enzyme and support without presence of enzyme
were mixed (separately) with the buffer used in the assay. A ratio of solids (mg) to buffer (mL)
of 50:1 was used, in order to amplify any leaching potential. Mixtures were occasionally stirred
and a sample was withdrawn in specific time intervals, placed in an Eppendorf vial and
centrifuged at 20,000 rpm for 5 minutes. The supernatant was assayed both for protein content
using the Bradford assay and for enzyme activity using one of the activity assays.

3.4.7. Storage stability examination of free and immobilised

enzyme
In order to assess the storage stability of free enzyme, the following procedure was used.

Lyophilised enzyme was mixed with buffer or other mediums in order to obtain a 1mg/mL
concentration. Vials were sealed and placed in the fridge, at 4°C. At specific time intervals,
aliquots were withdrawn and checked for activity using one of the assays described in section
3.4.2. In order to assess the immobilised enzyme, the procedure was slightly different.
Immobilised enzyme was stored after drying in airtight containers in the fridge, at 4°C. At specific
time intervals, predetermined amount of immobilised enzyme was withdrawn and its activity

assayed.

3.5. Measurement of dye adsorption on silica
Measurement of dye adsorption on BIS was performed in two ways. The first was by applying

the same assay used for determination of the enzymatic action on pure BIS, as discussed in
Chapter 6 in order to obtain results necessary for pure enzymatic action determination. The second
was by performing a complete adsorption profile, as shown in literature regarding dye removal
by adsorption, discussed at the end of Chapter 8. Briefly, a stock solution RB19 dye was prepared
by dissolving a specific amount of powdered dye into deionised water using a magnetic stirrer for
5 min. A stock solution of BIS was also prepared by dissolving 10 g/L of BIS into deionised
water. Immediately prior to the adsorption tests, fresh sorbent solutions of desired concentration
were prepared by diluting the stock solution. Samples were prepared by mixing dye and sorbent
solutions in appropriate ratio. To ensure equal distribution of sorbent within each sample, the

stock solution was mixed using a vortex at 1200 rpm for 30 s prior to ejection from the stock. The
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dye-sorbent samples were then mixed using a vortex for 15 seconds to allow the dye and sorbent

solutions to effectively mix.

The adsorption kinetics were studied as follows. Samples were introduced into a shaker water
bath (25°C and 180 rpm) and were extracted and analysed over regular time intervals until no
further change in the dye concentration was observed. A maximum 7-day profile was considered
in order to clearly understand and distinguish the adsorption mechanisms undertaken within the
process. Extracted samples were centrifuged at 10,000 rpm for 5 min and residual dye was
measured in the supernatant using a spectrophotometer as discussed in The adsorption capacity
(g, mg/g) and removal efficiency (RE, %) of each sorbent was determined through the following

equations:

(Co—Ce) x (V)
w

q:

Equation 3-7

CO Ce

RE =
Co

x 100

Equation 3-8
where Co and C. are the initial and equilibrium concentration of RB19 in the solution (mg/L), V

is the volume of solution (L) and w is the mass of the sorbent (g).

In order to obtain adsorption isotherms, a stock solution of RB19 was prepared and diluted to
produce dye-sorbent samples at different initial dye concentrations (Co, mg/L) ranging from 12.5
- 1500 mg/L. The adsorption tests were performed as described above. The samples allowed

optimum contact time identified from the kinetic study for each sorbent.

The experiments and analysis of the sorption profile of BIS using RB19 were performed by Mr.
Hinesh Patel, during his research project towards hid master of Engineering degree, under the

guidance, supervision and help of the author.

3.6. Statistical analysis
Every BIS synthesis and enzyme immobilisation experiment was conducted at least in triplicate,

where individual samples were prepared on the same or different days. Analysis of enzymatic
activity conducted on these samples was performed in technical replicates (multiple samples from
the original sample). In the case of assay development for enzyme quantification and activity
measurement, every condition was examined in at least 3 individual replicates. In the case of
FTIR and porosimetry, at least 3 individual BIS samples (with presence of enzyme or not) were
analysed for each examined factor. In the case of SEM and USAXS, only selected samples were

analysed in a single analysis as these techniques were used complimentary to FTIR and
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porosimetry. Results were presented as average of the replicates with error bars representing one

standard deviation.

Statistical analysis using t-test was conducted in order to identify significant differences between
sample populations, when the average value of the replicates and the deviation rendered
identification unclear. The hypothesis of unequal variance was used, with a 95% confidence level.
Brief explanation of results is as follows. Assuming 2 different sample populations (Table 3-2),
we aim to identify whether they differ significantly. Using the built-in function “t-test assuming
unequal variations” of Excel™ and selecting the data sets, the t-test results are provided as shown
in Table 3-3. From the procured results table, the values of importance are “t stat”, “p” and “t
critical”. The relation between “t stat” and “t-critical” defines the difference between the 2
populations. If “t stat” > “t critical”, then the null hypothesis (here: no significant differences
between the populations) is rejected, as the calculated value (t stat) is larger than the set critical
value (t critical) in order to accept the hypothesis. A second level of examination, is the probability
that the extreme values of the data sets analysed will be observed, if the null hypothesis is true.
Having a set level of confidence at 95%, indicates that if “p” > 0.05, then the null hypothesis is
accepted and there are no significant differences between the 2 populations. For the examined
example “t stat” > “t critical” and “p”” < 0.05, hence the null hypothesis is rejected and the means
of the populations are significantly different.

Table 3-2: Example used for explanation of t-test

Population 1 Population 2 Average Standard deviation
74.5 70
97 60.1
75.7 55 Pop. 1: 79.38 Pop. 1: 9.905907
76.2 61.2 Pop. 2: 62.725 Pop. 2: 6.556809
73.5 58.6
71.45
Table 3-3: Results procured from t-test using Excel built-in function.
Variable 1 Variable 2
Mean 79.38 62.725
Variance 98.127 42.99175
Observations 5 6
Hypothesized Mean Difference 0
df 7
t Stat 3.217753
P(T<=t) one-tail 0.00735
t Critical one-tail 1.894579
P(T<=t) two-tail 0.014699
t Critical two-tail 2.364624
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Chapter 4 : Assay development

In this chapter the focus is the development of assays to be used for activity and protein
concentration determination. This development was required because the relevant assays and
information provided from literature were found insufficient and inapplicable in their existing
state. Assays were developed with respect to activity measurement of the enzymatic action (either
standard activity or based on the targeted application), as well as with respect to protein
concentration determination. Although in the case of activity measurement the assay development
was mainly straightforward, protein quantification was trickier. Factors of the system causing
interference were identified and there was an effort to eliminate or control them. The outcome of
this chapter is that although the system cannot be fully controlled, we were able to improve our
knowledge of the limits and interferences in these assays. This knowledge was then further used

in defining the protocols used herein.

4.1. Method development for activity assay based on ABTS

As mentioned in the section 3.4.2 of Chapter 3, the ABTS assay was used to monitor the

peroxidase action, which is based on monitoring colour formation (production of oxidised ABTS).

Before proceeding to experimentation, the optimal wavelength of measurement should be
identified. According to literature, the absorbance of oxidised ABTS is usually monitored in the
area of 405-440nm 131150, 159.173, 183,372 o1 rarely at 735nm 37 374, After creating the oxidised form

of ABTS, it was scanned (Figure 4-1) and 420nm was chosen as the optimum wavelength.

420nm - - - - Unreacted ABTS
— Oxidised ABTS

Absorbance (A.U.)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4-1: Scan of ABTS in unreacted and oxidised form in order to identify the optimum wavelength for
absorbance monitoring of the oxidation.

4.1.1. ABTS calibration curve

In order to quantify the amount of oxidised ABTS produced from enzymatic oxidation and to

analyse the activity of the enzyme, a calibration curve should be constructed to match the
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absorbance with the quantity of the ion. According to literature 343> a method to oxidise ABTS
non enzymatically, is by using potassium persulfate. Herein, in order to achieve full oxidation of
the ABTS which would allow to quantify the amount of oxidised ABTS produced, high excess of
potassium persulfate was used. The reaction (chemical oxidation) was conducted in water (as
suggested in literature) as well as in phosphate-citrate buffer of pH4 (as suggested in the proposed
enzymatic assays) to monitor any differences. Necessary dilutions were made for creating
calibration standards and absorbance was measured at 420nm using unreacted ABTS as a control
(original absorbance: 0.142). Also, the absorbance of other reagents (unreacted potassium
persulfate and sulphate ions) was monitored around the wavelength of interest to make sure that

there was no added interference. The calibration curves are shown in Figure 4-2.

1.4 Water B

. 1.2{ y=29.03817-0.13097 .-

D 1] R?=0.99989 8’

<

3 0.8 ,,ﬁfBuffer

S 0.6 8 y=2885128-0.12791

o] - 2 _

2 04 K R2 = 0.99838

)

g 0.2 af . — .

o o Water----- Linear fit of "Water

0.0 = o Buffer- - Linear fit of "Buffer"

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Concentration (mM oxidised ABTS)

Figure 4-2: Calibration curve for oxidised ABTS produced from reaction with potassium persulfate in water and in
phosphate-citrate buffer of pH4.

From the curves, it is clear that the use of water or buffer as a medium does not have a significant
impact, however, for consistency reasons, the buffered system curve will be used for future
reference. Scans of the ABTS ions produced with each method (chemical or enzymatic oxidation)

showed matching structure, validating the choice made during method development (Figure 4-3).

4.0 420nm Unreacted ABTS
354 . - —— Enzymatic oxidation
' Coe Chemical oxidation

3.0

251
2.04
1.5
1.0

Absorbance (A.U)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4-3: Scans of ABTS ion procured from enzymatic or chemical oxidation.
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4.1.2. Developing the ABTS assay
The protocol followed for the ABTS assay was provided by the collaborating laboratory of Dr.

Wong and upon implementation it was found that the original values were inappropriate for

guantitative purposes and reaction monitoring, as discussed below.

In initial experiments, the importance of the concentration of H,O, and the enzyme were
examined, keeping the ABTS concentration constant (Figure 4-4). Using the assay protocol as
received resulted in an immediate colour saturation (blue line in the graph). From the starting and
final points in the graph, it can be concluded that decreasing by an order of magnitude the amount
of enzyme and/or hydrogen peroxide, results in a very high colour intensity of the reaction product
after seconds. These results indicate that both enzyme and peroxide concentrations are well in
excess for appropriate measurements, even in the case of lower (0.1mg/mL) enzyme

concentration.

WA s r Pt Arned s el Fagg e

—— ABTS (unreacted)
1 — Peroxide (0.44mM), HRP (1mg/ml)
14 Peroxide (0.044mM), HRP (1mg/ml)
Peroxide (0.044mM), HRP (0.1mg/ml)
0 —— Peroxide (0.44mM), HRP (0.1mg/ml)
0 30 60 90 120
Time (s)

Absorbance (at 420nm) (A.U.)

Figure 4-4: Kinetics of ABTS assay, having ABTS concentration of ImM and altering the concentration of enzyme
and hydrogen peroxide. Concentrations mentioned for HRP are initial concentrations of stock solutions.

Comparing qualitatively the kinetics with higher concentration of peroxide (0.44mM) and high
concentration of enzyme (1mg/mL, blue line) or low (0.1mg/mL, purple line), one can see that
lower enzyme concentration slows down the reaction rate, but the outcome is still a highly
saturated coloured solution (quavery line of absorbance in the upper limit of detection). On the
other hand, comparing the kinetics of the systems with high concentration of enzyme but high
and low concentration of peroxide, one can see that the rate of colour formation is similar,
indicating that even at low peroxide concentration the amount of peroxide present is more than
enough for the amount of enzyme. A definite outcome of Figure 4-4 is that even the “lower”
examined conditions, are incredibly high for quantitative analysis of the results (i.e. absorbance

much higher than 13%). In order to identify conditions that would allow better kinetics monitoring,
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experimentation with the concentration of enzyme was conducted, keeping the peroxide

concentration constant, at 0.44mM.

In order to be able to conduct quantitative activity measurements, the concentration of the enzyme
used should be lowered as required so that the absorbance generated from the oxidised ABTS to
be lower than 1 for a substantial amount of time, so that we would be able to safely extract the
reaction rate (Figure 4-5). Enzyme concentrations used are based on subsequent dilutions of an

initial enzyme concentration of 1mg/ml just before the assay.

2.00+

0.01 mg/mL

1501
1.25-
1.001
0.75-
0.50-
0.25-
0 f——os—"-—
0 120 240 360 480 600
Time (s)

0.005 mg/mL

0.001 mg/mL

Absorbance (at 420nm) (A.U.)

Figure 4-5: Examination of the effect of enzyme concentration on ABTS oxidation over the examined assay period.
Assay concentrations: ABTS: 10mM, H202: 0.44mM. Initial enzyme concentrations used: 0.001-0.1 mgHRP/ml.

Based on the findings from Figure 4-5, the enzyme concentration used to conduct further
experiments using HRP in free form, should be 0.005mg/ml (initial concentration of prepared

enzymatic solution), as the other examined concentrations were too high (0.1, 0.01mg/ml).

After choosing a suitable concentration of free enzyme to fall within the appropriate absorbance
range, replicates were conducted towards establishment of the stability of such a low enzyme
concentration over time (Figure 4-6). It was found that the stability of HRP in such a low
concentration was very low, even when stored in the appropriate buffer, as the activity of
replicates originated from the same 0.005mg/mL solution decreased significantly, more than 80%,
over a time lapse of about 1 hour. So for further experiments, dilutions of a stock solution of

protein of 1mg/mL were prepared fresh directly before any enzymatic assay using ABTS.
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Figure 4-6: Replicates of ABTS activity assay using aliquots of a stock solution of enzyme of 0.005mg/ml. The
absorbance was measured at 420nm at the end of the assay.

In order to examine the importance of the buffer to the assay, three different buffers were tested,
of different ions present or pH, using the conditions as decided above (ABTS concentration of
10mM, peroxide concentration of 0.44mM, initial HRP concentration of 0.005mg/mL). Figure
4-7 shows a time comparison of 3 selected buffer conditions, phosphate citrate 0.1M of pH 4,
phosphate (1 column) 0.1M of pH 4 (2" column) and phosphate 0.1M of pH 7 (3" column). The
1% photo represents the samples (and blanks) 1h after assay initiation, the 2" photo shows the
same samples after 24h and the 3" after 7 days, with bottom row showing the blank and top row
showing the oxidised sample. Results indicate - qualitatively - that the pH of the buffer is
important for the stability of the produced radical, see comparison in across different buffers (in
each photo) and over 7 days (comparison between 1% and last photo). We should mention that
examination of the optimum pH regarding the enzymatic activity was performed and results are

presented in section 8.1.1, as it was better suited at this point for continuity reasons.

The effect of ABTS “disappearance” can occur naturally, as the oxidised ABTS is condition
dependant and generally more stable in lower pH *7. Further consideration of research on the

stability of ABTS radical was considered outside the scope of this project and was not pursued.

Figure 4-7: ABTS assay, buffer examination over time (1% column: citrate-phosphate buffer pH4, 2™ column:

phosphate buffer pH4, 3™ column: phosphate buffer pH7)
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Based on the findings from Figure 4-7, it was decided to follow the proposed buffer system
(phosphate-citrate of pH4) for the activity measurement of HRP. In conclusion, the ABTS assay
as developed so far, consists of an initial HRP concentration of 0.005mg/ml (quantity used: 50pl),
assay concentration of peroxide 0.44mM (volume used: 15ul of a stock of 88mM) and assay
concentration of ABTS of 10mM (volume used: 2.935ml of a stock of 10.2mM). For extraction
of kinetics, the absorbance was monitored over 10mins, at 420nm. The full protocol followed can
be seen in detail in Section 2 of Appendix I1l, or in short in Table 4-1.

Table 4-1: Concentrations and volumes of reagents used for ABTS assay.

Concentration Final
.. . Volume used .
Reagent Conditions in stock concentration
. (mL) .
solution in assay (mM)
In phosphate-citrate
ABTS buffer, pH 4 10.2mM 2.935 10
Peroxide In deionised water 0.3% w/w 0.015 0.044
In phosphate-citrate ~0.19x10°
Peroxidase pbu ffper b4 0.005mg/mL 0.050 (assuming My,
P of 44KDa)

4.1.2.1.  Extraction of reaction rate
It is unclear in literature how reaction rates are extracted from kinetic monitoring data. Based on

the curves obtained for ABTS oxidation as shown in Figure 4-4 and in Figure 4-5, as well as on
the description found in 1 source in literature 3%, reaction rates were extracted by fitting data using
exponential models. Upon experimentation with fitting, it was decided that the model to be used
to fit obtained data would be the exponential model, as shown in Equation 4-1, and the rate would
be extracted from the slope of the linear part of the curve, as obtained after differentiation
(Equation 4-2).

—(x—TD)
y = Yb + A (1 — e T )

Equation 4-1

dy

—— =A X Ry X efoxx
dx|, 0

=0
Equation 4-2

where Yy is the baseline, A is the change in response, TD is the time offset and t is the time
constant. The meaning of the factors for the curve, as well as a sample calculation of the initial

rate based on obtained data can be seen in Figure 4-8 a and b respectively.

4-65



Eleni Routoula PhD Thesis 2019

] b 100+

a
1 A+ Y0 — ]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, = 80
é i -(%- 601 Rate: A x Ry =0.36 mM/s
©
= 7 lﬂ_l Model Exponential
c
() . <C 40 Equation y =y0 + A*exp(R0O*X)
2 i Slope of linear part: A* R, e O 96.46029 + 0.15495
8 8 N A -81.35928 + 0.13865
Yo | © 207 RO -0.00438 + 2.3839E-5
”””””””””””””””” ) Adj. R-Square 0.99856
o 0 100 200 300 400 500 600
Time Time (s)

Figure 4-8: a) Explanation of the factors for exponential association fit of ABTS oxidation data, b) sample
calculation of initial rate.

For all kinetic analysis using the ABTS assay, this equation was applied to identify the rate of the

reaction, after fitting original data using the associated fitting function in Origin software.

4.2. Method development for activity assay based on RB19

As mentioned in section 3.4.2 of Chapter 3, the RB19 assay will be used to monitor the enzyme’s
performance in a potential application, based on monitoring of colour disappearance (RB19
decolorisation).

4.2.1. RB19 calibration curve

Before proceeding to any enzymatic reaction, a scan of dye in water was taken to identify the
optimum wavelength for absorbance monitoring (dashed line in Figure 4-9). As proposed by other
researchers 2% 42172 and also shown by the scan, 594nm was identified as the wavelength where
RB19 shows maximum absorbance in the visible wavelength area. From the scans shown before
and after enzymatic decolorisation of RB19 (Figure 4-9a), as well as the visual observation of the
starting solution and the product after the assay (Figure 4-9b), one can see that enzymatic action

does not result in complete decolorisation.

Although the peak between 500-700nm (blue hues) has considerably lowered, at the region of
400-500nm (where yellow and pink colour show absorbance) there was increase of absorbance,
shown also visually from the pinkish-brownish shade of the final solution. This implies that
although the blue colour is reduced, by-products are created, some of them coloured 4> 18172 Ag
mentioned in section 1.2, there have been efforts to identify the fragments created, but so far, a
fully confirmed degradation pathway has not been announced, mainly due to the short life of some

of the radicals or fragments created and the spontaneous reactions they cause 3.

Previously, during the degradation of a similar anthraquinone dye using a different peroxidase,
the pinkish-brownish colour was attributed to the presence of 2,2-disulfonul azobenzene %, In
that study, multiple anthraquinone dyes, were used for decolorisation experiments and it was

found that the degradation pathway is dependent on the enzyme used as well as the dye applied
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on as well. When monitoring dye degradation over several days selectively, no precipitation was
observed. Other researchers showed that dye degradation using HRP may or may not result in

precipitation, depending on the structure of the dye *°.

Q

1.0+ 594: nm b
0.8
0.6+

0.4+

Absorbance (A.U.)

0.2+

0.0 x x : ‘
300 400 500 600 700
Wavelength (nm) A

Figure 4-9: a) Scans of samples of RB19 before (dashed line) and after (solid line) action of HRP, b) visual
decolorisation of RB19 (A: blank, unreacted dye sample before enzymatic action, B: after enzymatic action. Reaction
conditions for 3mL assay: 0.125mM RB19 in 0.1M phosphate-citrate buffer pH 4, 0.044mM H202 and 50ug HRP).

At this point it should be mentioned that there are two methods of calculating the decolorisation
degree. The one takes into consideration the absorbance of the examined dye at the wavelength
of maximum absorbance and the other one measures the area under the absorbance spectrum
curve between the edges of that curve (see Section 1 of Appendix Il1). Both methods are shown
in literature, but they represent different outcomes. The first one examines the removal of the
colour associated with the dye under examination " and the latter one examines the removal of
total visible colour 2 14°, Herein decolorisation was assayed primarily based on the absorbance at
the optimum wavelength, unless stated otherwise, as this method is usually followed from

literature and it would facilitate comparisons.

Knowing the optimum wavelength, a calibration curve was constructed using a stock solution of
RB19 in water and serial dilutions and was used to match absorbance to quantity of RB19, when

absorbance was measured at 594nm (Figure 4-10).
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Figure 4-10: Calibration curve for RB19 (the standard deviation bars are present but very small).

4.2.2. Developing the RB19 assay

Having seen that the proposed conditions for enzymatic RB19 degradation were appropriate for
guantitative measurement of colour degradation, exploration of the importance of reaction media
was attempted, similarly to the ABTS assay. The thought behind exploration was that this project
evolved around a potentially commercial application of immobilised peroxidase, decolorisation
of industrial dyestuff effluents. Thus, enzymatic activity should —eventually— be explored under
non-standard or recommended conditions but under realistic ones. In literature, pH of dye
effluents is found to be usually around 7 since effluents are water with dyes and other
organics/pollutants, not in a significant concentration to alter the pH drastically at most times®"
380, It should be mentioned that there are cases where HRP was used for decontamination of water
with presence of phenols and optimum pH was found to be pH 7 2% 381 but when decolorisation
of dyes is attempted, the proposed mediums are usually of acidic pH *# 2°. This could either be
indicative of the enzyme used based on its origin or available iso-enzymes 382), or the substrate
used, as same enzymes obtained from different sources are not necessarily structurally the same,

or one enzyme might show different optimum pH depending on the substrate >4,

The examined reaction media at this point were deionised water and 3 buffers of controlled pH
(citrate-phosphate 0.1M / pH4, phosphate 0.1M / pH4, phosphate 0.1M / pH7), so that the
importance of the reaction medium conditions could be explored. Figure 4-11 shows visual
observation of enzymatic degradation in the different examined media (a) as well as the calculated
decolorisation degree based on the assay’s difference to the unreacted RB19 in the same media
(b). Duplicates were performed within 10 min difference from each other, 1 round of assays per
condition was examined before each condition was repeated. This means that by the time the 1%
pH 7 assay was initiated, the 1 deionised water assay had been running for 40 min, and by the
time the 2" pH 7 assay was initiated, the 1% deionised water assay had been running for about 80
min. Visual results (Figure 4-11a) show that RB19 decolorisation in mediums of lower pH (4-6)
occurs faster (based on observation of the left photo in Figure 4-11a, with assays performed in

deionised water showing a slightly darker hue. In the case of phosphate buffer pH7 (last column
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in photos shown in Figure 4-11a) there seems to be a delay in action, with results being equalised
after a few hours (after 24h of observation both duplicates have the same colour as shown in the
right photo in Figure 4-11a). The colour difference observed between the examined mediums is
probably related to the pH and the composition of buffer. It has been shown that the buffer
composition and the pH of the same buffer can highly affect the enzymatic action due to alteration
of the conformational stability 8% 384, Further analysis using HPLC or other analytic techniques
could elaborate on the reasoning behind these changes, which are probably related to different
by-products formed during degradation.

3 p
F y ,

1234 12 34

b [ ]10mins
o 1004 I 24hours
0
r 804 L
T =~
s Ee0- u
Z &

2 240+
28
o
g 201
fa
S 0 ‘
1 2 3 4

Figure 4-11: Decolorisation of RB19 from HRP in different mediums, a) visual observations of samples within 1h
after the assay (left photo) and after 24h after assay initiation (right photo), b) % decolorisation based on
absorbance difference from unreacted RB19, directly after assay (10mins) and after 24h. Media examined:1:
deionised water (pH~6), 2: citrate-phosphate buffer 0.1M, pH 4, 3:phosphate buffer 0.1M, pH 4, 4:phosphate buffer
0.1M, pH 7. For all assays: 0.125mM RB19, 0.44mM H202, 50ug HRP. Bottom row: unreacted RB19 samples used

as controls, middle and top rows: duplicates of assays.

As shown in Figure 4-11b, the degree of decolorisation was almost the same for the first 3 media
examined (columns 1-3, deionised water, phosphate-citrate buffer pH 4 and phosphate buffer pH
4 respectively), progressing from around 70% after 10mins to almost 80% after 24h. In the case
of phosphate buffer pH7 (column 4), the degree of decolorisation was lower just after the 10mins
of initial monitoring, but after 24h it resulted to 88% of RB19 decolorisation, higher than the other
media.

Based on the results shown above, the procedure of assaying RB19 decolorisation will be using

phosphate-citrate buffer of pH4 as a reaction medium. This was decided as on the one hand the
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proposed buffer provided by Dr. Wong’s lab was phosphate-citrate of pH 4, and on the other
hand, despite the similar obtained results, the pH of deionised water is not considered reliable and
could potentially lead to uncontrolled results. With respect to the standard amount of dye to be
used in the standard assay, it was decided to use a value close to values reported in literature for
similar experiments, so a final assay concentration of 0.125mM was used. The concentration of
free HRP was set at 50pg for a 3mL total assay volume, and the final concentration of H,O, was
set at 0.44mM. With respect to the amount of enzyme used it will be 50ul of solution with
concentration 1mg/ml and the amount of H.O. will be 15ul of solution with concentration
0.3%w/v. For extraction of kinetics, absorbance was monitored over 10mins, at 594nm. The full
protocol followed can be seen in Section 2 of Appendix I11, or briefly in Table 4-2.

Table 4-2: Concentrations and volumes of reagents used for RB19 assay.

Concentration Final
. . Volume used .
Reagent Conditions in stock concentration
. (mL) .
solution in assay (mM)
In phosphate-citrate
RB19 buffer, pH 4 0.127 mM 2.935 0.125
Peroxide In deionised water 0.3% w/w 0.015 0.044
. ~1.14x 103
Peroxidase In pgg:fe r;ate;'cgrate 1 mg/mL 0.050 (assuming My
P of 44KDa)

4.2.2.1 Extraction of reaction rate
For the extraction of the reaction rate of the enzymatic breakdown of RB19, original absorbance

data was transformed into dye concentration data using the calibration curve shown in Figure
4-11. Similarly to the issues faced with the calculation of the initial rate for the ABTS assay,
literature is not very elaborated on how rates are calculated. In order to minimise errors, manual
calculation of the rate from the linear part of the curve was omitted. Instead, fitting of the curve
with available functions of the Origin software was attempted and the best fitting was found to be
using exponential decay model (Equation 4-3).

—X

y=A;x et + y,
Equation 4-3

The maximum initial rate would be extracted from the slope of the linear part of the curve, as

obtained after differentiation (Equation 4-4).

d A -x
_y frgp— _1 X e t1
dx x=0 ty

Equation 4-4
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where A; is the amplitude, 1/t; is the time constant and vy is the plateau of the curve for infinite
X. The meaning of the factors for the curve, as well as a sample calculation of the initial rate based
on obtained data can be seen in Figure 4-12a and a sample rate calculation can be seen in Figure
4-12b. It was noticed that the spectrophotometer was not able to monitor the first few seconds of
the reaction, so the obtained data could not be considered representative of the initial stage of the
reaction. A “forged” initial point was added into the procured set of data, indicating the initial dye

concentration of the reaction medium (Figure 4-12c).
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Figure 4-12: a) Explanation of the factors for exponential association fit of ABTS oxidation data, b) sample
calculation of initial rate, c) sample calculation with forged initial point.

Rate was calculated for both cases to identify the difference that the first few seconds made. In
the case of original, as produced, data, the calculated rate was 3 uM RB19/s. In the case of the
data set with the forged initial point, the calculated rate was 120 uM RB19/s/. As one can see,
there is a major difference between the two sets of data, even if the only difference is the starting
point. Based on this observation, it was decided to insert a forged point as the initial point of the

reaction, given the known initial RB19 concentration.

4.3. Measurement of immobilisation efficiency

4.3.1. Protein determination based on UV absorbance
During preliminary analysis, scans of deionised water and the decided assay buffer (phosphate-

citrate 0.1M pH4), as well as scans of the individual reagents used for BIS synthesis (sodium
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silicate and 2 additives, PEHA and PAH) and the resulted supernatants after the silicification were
obtained (Figure 4-13 a and b respectively), all in absence of enzyme presence. Those scans were
compared to the scan of HRP in deionised water (Figure 4-14). From Figure 4-13b one can see
that only the scans related to PEHA have significant absorbance in the area of 280nm and 405nm
(however without distinctive peaks) which are of importance for the protein quantitation.

a1_00_280 (Amino acids) 405 (Soret band) bl.25— 280 (Amino acids) 105 (Soret band)
— Deionised water - - Silicate-water
—— Phospate-citrate (pH4) 1.00 - - PEHA-water
o 0.751 8 - - PAH-water
o c ) —— BIS-PEHA supernatant
% S 0.75+4 — BIS-PAH supernatant
o = 1
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Figure 4-13: Scans of a) air, deionised water and phosphate-citrate 0.1M pH 4 buffer and b) individual BIS reagents
(silicate, PEHA, PAH) and post-synthesis supernatants (BIS-PEHA, BIS-PAH). Concentrations of individual reagents
are as required for BIS synthesis (30mM).
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Figure 4-14: Comparison of scans for buffer, BIS reagents and supernatants to scan for HRP in deionised water

(enzyme concentration 1mg/mL).

Given the fact that quantification of HRP would occur after BIS synthesis, based on enzyme
present in supernatant, BIS supernatants procured with PEHA or PAH as additives were mixed
with HRP in concentration of 1mg HRP/mL and their scan was obtained. This scan (HRP in
supernatants) was compared to the scan of supernatants without enzyme, and also a few repeats
were obtained in order to examine reproducibility (Figure 4-15). Repeats were based on procuring
supernatant from freshly prepared BIS samples using either PAH or PEHA as additive and adding
the same quantity of HRP. It can be noted that supernatants of BIS-PAH samples produce almost
identical scans (peaks and intensity) under the same conditions, (either plain supernatant of mixed
with HRP) and scans of BIS-PAH-HRP supernatants match the “expected” scan of HRP in water

4-72



Eleni Routoula PhD Thesis 2019

(Figure 4-15a). However, in case of BIS-PEHA, the procured scans are not matching in terms of
intensity across replicates, either for plain supernatants or when mixed with HRP, although the
same peaks are observed (Figure 4-15b). This effect can be attributed to the presence of BIS
colloids being present when BIS is synthesised with PEHA as additive, causing scattering of the
absorbance measurements. It is known that due to longer chain length of PAH, it is more effective
at flocculating nanoparticles from solution, leaving very few of them in suspension, compared to
PEHA 2%, For reference, BIS-PEHA supernatants, if left undisturbed, showed “turbidity” within
an hour of procurement while the same effect was observed for BIS-PAH supernatants after 24h.
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Figure 4-15: Replicates of scans of supernatants (dotted lines) and supernatants mixed with HRP (continuous lines)
for a) BIS-PAH supernatant and b) BIS-PEHA supernatant. Grey line represents the scan of HRP in deionised water.
For every HRP-containing scan, the enzyme concentration is Img/mL.

Looking closer to BIS-PEHA, in order to examine whether the presence of “leftover”
nanoparticles in BIS-PEHA supernatants after the initial centrifugation can be controlled, further
centrifugation of samples with developed turbidity was attempted. In Figure 4-16a we see scans
of plain supernatant (red line) and supernatant mixed with HRP at a Img/mL concentration (blue
line), as obtained after the initial centrifugation (dotted lines) and after further centrifugation
(solid lines). For comparison, the scan of 1mg/mL HRP in deionised water is included (blackline).
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Figure 4-16: (a) Scans of BIS-PEHA supernatant, plain (red) or mixed with HRP (blue), before (dotted lines, 1/2) or
after further centrifugation (solid lines 3/4), compared to scan of HRP in water (black/5), (b) Scans of phosphate-
citrate buffer 0.1M, pH 4, mixed with HRP, before (black) and after centrifugation (red). All initial HRP

concentrations were at 1mg/mL.
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From Figure 4-16a it is clear that the absorbance of the further centrifuged samples is much lower,
leading to the conclusion that BIS nanoparticles present in supernatant affect the detected amount
of enzyme present. For comparison and completion reasons, solution of 1mg/mL HRP in
phosphate-citrate 0.1M, pH4 buffer was prepared and its scan was obtained before and after
centrifugation (Figure 4-16b). A 15% reduction in the absorbance was noted, indicative of partial
sedimentation of HRP present. Further analysis is needed to characterise the effect of
nanoparticles presence concomitantly with the enzyme. In any case, it is evident that an extra
centrifuge cycle before measurement could possibly remove the interference caused by
nanoparticles present, but would also result in significantly different results. In conclusion,
measurement of protein based on UV absorbance was found impractical and in cases unreliable.

Protein quantification based on the Bradford method was examined next.

4.3.2. Immobilisation efficiency based on Bradford assay
Protein quantification via Bradford method works based on the creation of a coloured complex

between the Bradford reagent and specific amino acids present in the protein structure, mainly
arginine 38538 |t is a well-known and trusted method used for protein determination in enzyme
immobilisation studies. After initial control experiments it was found that the amines used in BIS
synthesis were reacting with the Bradford reagent causing light to severe interference, which
indicates that it should be factored in the assay’s sensitivity and efficiency in protein
determination. In order to examine the level of interference, solutions of all the reagents used for
BIS synthesis were produced in separate pots and tested with the Bradford assay. As expected
silicate did not cause any absorbance so it was ruled out for potential interference. To analyse
further the extend of interference caused by the amines, both amines used (PEHA and PAH) were
tested in 4 different concentrations for their binding on the Bradford reagent. Examined
concentrations were: the actual concentration used for BIS synthesis (1) but also double (2), half
(0.5), 1/10 (0.1) and 1/100 (0.01) of the concentration used for BIS synthesis. Given the different
structure and [N] content of the additives used, the concentration of amine corresponding to these
ratios was different between PEHA and PAH, (30mM, 60mM, 15mM, 3mM and 0.3mM
respectively for PEHA and 0.06mM, 0.12mM, 0.03mM, 0.006mM and 0.0006mM for PAH).
These amine concentrations were examined via Bradford assay using the “micro” and “macro”
assay options, and results are shown in Figure 4-17a and b, with the x axis corresponding to the
concentration ratio as explained before. Results showed that for PAH, regardless of the
concentration present, the absorbance was stably high (about 0.2 for Macro and 0.8 for Micro
assay, as shown from the red squares in Figure 4-17a and b respectively), indicating very strong
interference, whereas for PEHA (blue circles in same graphs), interference was much lower, yet

substantial for Micro assay.
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Figure 4-17: Bradford (a) “macro” assay and (b) “micro” assay of amines used in BIS synthesis (PAH, PEHA) in
various ratios to the needed concentration for BIS formation. Results shown are the average of 2 or more replicates,
with the error bar representing 1 standard deviation.

This can be explained from the high regional concentration of amine groups on the PAH molecule
as opposed to PEHA.. Since the interference of PEHA was not as high as of PAH, it could mean
that the Bradford assay (at least the macro version of it) could be used to quantify protein
immobilised on BIS made with PEHA and possibly with PAH, depending on the amount of
residual amines from the additive being present. The amount of residual amine being present is
relevant to the ability of it to be eluted post BIS synthesis. As it was explained in section 3.2. of
Chapter 3, one of the main aspect of using BIS as immobilisation support, is the ability to elute
the additive during synthesis, indicating a ratio of amine in solution post synthesis to amine
initially needed for BIS ranging from very low (no additive elution) to almost 1 (complete additive

elution).

It was also found that the amine content present in BIS supernatants after synthesis was not
constant despite the standardised manner of BIS synthesis. This was observed by using the
Bradford “macro” assay to examine supernatants from BIS samples synthesised on different days
for amine content. These supernatants were from BIS samples synthesised either with PEHA (blue
symbols) or PAH (red symbols) as additives, with the additive being left in BIS after synthesis at
pH 7 (full symbols) or partially eluted using more acid until pH 5 (hollow symbols) and results
are shown in Figure 4-18. There was not presence of any additional amine groups
(protein/enzyme). What can definitely be seen in Figure 4-18, is that the response of the
supernatants produced at pH 7 (full symbols) was lower that of those produced at pH 5 (hollow
symbols), as predicted from the previous analysis done on the amount of amine present in
solution. The very small deviations during BIS synthesis regarding weighting of reagents and
experimental conditions (pH of reaction) and the higher observed differences in yield for sample
replicates, which could not be assigned to experimental errors due to the protocol followed, leads
us to assume unmapped presence of colloids during BIS formation, which has been mentioned
before 3¥'. Presence of colloids could interact with the spectrophotometry measurement by

causing scattering, but could also interfere with the assay, as the Coomassie Brilliant Blue dye
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(used in the Bradford reagent) could possibly adsorb on the silica colloids being present, causing

unmapped interference.
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Figure 4-18: Examination of response to Bradford “macro” assay of BIS supernatants (control samples, no
protein/enzyme added) produced on different days, using PAH or PEHA as additive, in zero or partial elution.

In order to reduce issues caused by amine presence other than aminoacids and to address the
differences in amine held by BIS, an easily followed option is to create a calibration curve for
each series of experiments per day, instead of using a standard curve produced on a different day.
A few calibration curves were made for protein quantification via the Bradford method, using
HRP instead of BSA, for higher accuracy, based on all the examined preparations of BIS. Curves
produced for BIS with full additive content present (pH 7) are shown in Figure 4-19a and b, for
BIS synthesised with PAH and PEHA as additive respectively. Curves produced for BIS with
some additive eluted (pH 5) are shown in Figure 4-20a and b for BIS synthesised with PAH and
PEHA as additive respectively. Curves for BIS with additive eluted to the highest extent (pH 2)
are shown in Figure 4-21 for BIS synthesised with PAH or PEHA as additive respectively.
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Figure 4-19: Independent calibration curves for Bradford assay using supernatant of freshly synthesised BIS with (a)
PAH and (b) PEHA as additive, mixed with HRP. BIS samples were synthesised at pH7, no quenching was performed
and supernatant was isolated after the 1% round of centrifugation.
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Figure 4-20: Independent calibration curves for Bradford assay using supernatant of freshly synthesised BIS with (a)
PAH and (b) PEHA as additive, mixed with HRP. BIS samples were synthesised at pH7 and quenched at pH5.
Supernatant was isolated after the 1% round of centrifugation.
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Figure 4-21: Independent calibration curves for Bradford assay using supernatant of freshly synthesised BIS with (a)
PAH and (b) PEHA as additive, mixed with HRP. BIS samples were synthesised at pH7 and quenched at pH2.
Supernatant was isolated after the 1t round of centrifugation.

Curves produced for the same type of BIS are slightly varying across different synthesis days,
especially when PAH was used (Figure 4-19a). If we look a bit further than the curves, into the
results they return for a given absorbance value, we can actually estimate the difference in the
calculated values and see the magnitude of the calibration curves difference. Using a set
absorbance value of 0.5 initially, we calculated the estimated HRP concentration using every
calibration curve for each type of BIS and we compared the results. Table 4-3 shows the standard
deviation (%) across the calculated values. We can see that for “standard” BIS samples,
synthesised at pH 7 without further elution, the returned HRP concentration value (the “x” of the
calibration curve) is within a 5% deviation for a 0.5 absorbance and closer to 10% for a 0.1
absorbance, which is considered on the lower scale. However, in the case of eluted additive either
at pH 5 or at pH 2, regardless of the additive used, the deviation is rising above 10%, reaching
very high values, up to almost 50%, which is very high. The uncertainty caused by the varying
amine content and the presence of colloids as well as their interaction with the Bradford reagent
even before adding any protein/enzyme in the mixture, was judged as too high to proceed using
solely this method for protein quantification, especially when elution of the additive was
performed.
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Table 4-3: Calculated deviation (% over the average) for a hypothetical absorbance of 0.5 and 0.1, in order to test
the variation of the calibration curves per BIS type examined.

Sample Standard deviation for 0.5 | Standard deviation for 0.1
absorbance value (%0) absorbance value (%)
BIS-PAH (pH 7) 2.69 7.67
BIS-PEHA (pH 7) 4.59 9.80
BIS-PAH (pH 5) 32.98 34.87
BIS-PEHA (pH 5) 44.28682 -152.353
BIS-PAH (pH 2) 18.94438 49.17122
BIS-PEHA (pH 2) 12.57569 22.44241

Interference using the Bradford assay is quite a common phenomenon, with many substances
being categorised as competitors to protein with respect to binding on the dye and causing colour
shifting, leading to overestimation or underestimation of protein %, There have been examples
in literature, where Bradford assay (shown as Coomassie brilliant blue test) was used to indicate
the charge of silica particles synthesised with PAH 3, or even attempt quantification of amines
30, In a very similar research project, the quantity of lipase immobilised on functionalised
magnetite nanoparticles was determined using different methods and their variations, and
Bradford showed the highest variance, due to issues such as standard protein used for calibration
instead of lipase, possible interference from nanoparticles present and from amine-containing

reagents used for materials synthesis 3.

4.3.3. Immobilisation efficiency based on enzymatic activity
Another method that has been used in the literature for protein quantification is based on the

activity of the enzyme left in the supernatant . The limitation of this method is that the
immobilisation procedure or reagents used can have an effect on the activity, causing false results.
For example detection of lower activity in the supernatant can lead to the result of high
immobilisation while it can be due to partially inactivated enzyme. On the other hand, residual
activity of the enzyme in the supernatant after immobilisation could indicate the expected activity
of the immobilised enzyme, by taking into account any deactivation during immobilisation. In
order to examine whether any of the reagents used had an effect on the activity of the enzyme
during the immobilisation, the stability of the enzyme was assayed under 7 different conditions,
including initial reagents and supernatants after BIS synthesis, and was compared to the activity
of enzyme stored in buffer. The conditions relevant to the initial reagents were based on the
following hypothesis: the conditions of enzyme immobilisation can affect the degree of
immobilisation. Based on this statement, HRP was mixed with BIS reagents individually (sodium
metasilicate, PEHA, PAH), and it was also mixed with freshly collected supernatant obtained
from silica synthesis using both PEHA and PAH in different final pH according (pH 7, 5 and 2).
The concentration and pH of the reagents was the same one used for BIS synthesis, at the point
of HRP addition. The pH of silicate, PEHA and PAH solutions was around 11-12, compared to
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the regulated pH of the examined supernatants (pH 5 and pH 7) or the optimal conditions for
enzymatic activity, of pH 4 in citrate-phosphate buffered medium). The activity (reaction rate)
was examined over various time points (15mins, 1 hour and 24 hours after initial mixing), to
monitor activity loss over prolonged exposure to adverse conditions, and was compared to the
activity of HRP when in optimal storage conditions. Activity as measured using the standard
RB19 assay. Based on the experimental procedure for immobilisation of enzyme in BIS,
supernatant would be collected after 15 min of centrifugation. However due to multiple samples
being synthesised at the same time and multiple supernatant samples to be examined, it could take
up to 1 hr before enzyme activity of a supernatant could be assayed, so directly after

centrifugation, supernatants were placed in the fridge.

In Figure 4-22a the actual rates are shown as calculated from the activity measurement, and in
Figure 4-22b one can see the absorbance of standard RB19 assays, in absence of HRP, and in
presence of the individual mediums used, in order to rule out any contribution from non-
enzymatic degradation. In the case of HRP mixed with reagents used for BIS synthesis (silicate,
PEHA and PAH), the activity of HRP is hampered quite substantially (almost 50% for PEHA and
silicate and close to 100% for PAH). In the case of HRP mixed with silicate, the stability of HRP
was hampered as well, as the activity reduction over time is evident (between initial measurement
and measurement after 24 hr almost 100 of the activity was lost). The activity reduction is
expected as the initial pH of the reagent solutions was quite alkaline and it is known that
enzymatic activity in such high pH values is usually reduced. Specifically for silicate, the activity
was initially high (almost 50% of expected) but quickly degraded, reaching almost zero (95%
loss) after 24 hr. Evidence in literature shows that dissolved silica has an inhibitory effect on
enzymatic activity, preventing cell growth 2. This could potentially be attributed to the
multivalent charge of dissolved silicate, leading to disfigurement of the enzyme’s conformation,
hence reduction of its activity. The reduced activity of HRP in presence of amines (PAH and
PEHA) can be explained by the combination of ionic strength of the solutions and alkaline pH
compared to optimal conditions and the effect they have on the electrostatic interactions amongst
the enzyme’s structure that can lead to its partial of complete unfolding and subsequent activity
loss 39339 Activity preservation when the concentration of amine or silicate were lower and the
pH of the solution was closer to “normal” values (circumneutral to slightly acidic for HRP)
corroborates the aforementioned arguments. It was not within the scope of this project to elaborate
on the ionic strength examination of the solutions used, so further analysis on this area was not
pursued. The findings from this analysis on stability allowed to use activity as a method of protein
quantification reliably, only when addition of HRP was performed after BIS synthesis (pH around
7, reduced concentration of amine/silicate due to silica formation). Sample examination had to
occur as soon as possible (maximum within 24 hours) after the immobilisation procedure. Having

defined an activity measurement method as a means of protein quantification, calibration curves
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were created for both RB19 and ABTS assays, as shown in Figure 4-23a and b respectively. Stock
solutions of Img/mL HRP were used in both cases and appropriate dilutions were made, based

on the sensitivity of the assay.
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Figure 4-22: (a) Stability evaluation of HRP in initial reagents of BIS and in supernatants, activity measured using
RB19 assay and (b) relevant rate for stability evaluation of HRP. Results shown are the average of triplicates, with
the error bar representing 1 standard deviation.
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Figure 4-23: Calibration curve of HRP activity based on (a) RB19 and (b) ABTS for protein quantification.

It is worth mentioning that due to the sensitivity of the ABTS assay and the need for subsequent
dilutions, the possibility of errors is much higher. It is also worth mentioning that for both assays,
the idea of creating a calibration curve based on the product of the reaction was examined. In the
case of RB19 assay this curve would connect amount of protein and degree of RB19
decolorisation, whereas in the case of ABTS assay the curve would connect amount of protein
and amount of oxidised ABTS (using curve shown in Figure 4-2). However, creation of this curve
for RB19 was not feasible, as while there was a difference in rate, the degree of decolorisation
was almost identical at the end of the assay timeframe independently of the amount of enzyme
present.
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4.3.4. Verification of protein quantification method
In order to gain confidence that the use of activity as a method for protein quantification would

produce reliable results, its verification was pursued. The idea behind this concept was that for a
given solution of unknown HRP concentration, all three methods (Bradford assay, activity assay
based on two substrates) should provide the same —at least in ballpark— end result in protein
quantification. Verification was attempted in 2 layers. Initially a solution of HRP in water was
subjected to protein quantification analysis (Figure 4-24a). Results showed that the most reliable
method would be Bradford with only -2.39% deviation from the expected result, while the least
trustworthy would be examination of ABTS activity with a deviation of +11%. This error could
be partially attributed to subjected dilutions as was commented on earlier. At a secondary level,
verification of the enzymatic activity as a quantification method was attempted for HRP solutions
created with supernatants of BIS synthesis under various conditions, after 1 centrifugation cycle
(Figure 4-24b). Results were interestingly different compared to the solution of HRP in water, as
when activity was assayed using RB19 as substrate, the quantified protein was substantially
different compared to protein quantification using the Bradford assay or activity based on ABTS.
As shown from the calculated errors (insert table on Figure 4-24b), the error of quantification
based on Bradford assay was almost double compared to the initial verification test (Figure 4-24a)
and the error of quantification based on the RB19 assay was also substantially higher. One can
see that for the solutions containing PAH, errors are slightly higher compared to solutions
containing PEHA, indicative of the higher effect that PAH has both on the activity of the enzyme
as well as on the Bradford assay as a factor that causes interference. With respect to the ABTS
assay, the calculated error of protein estimation when HRP was mixed with BIS supernatants
compared to optimal conditions, appears to be reduced. In terms of accuracy, the Bradford assay
shows the lowest error in both verification tests, whereas activity assays are ranked 2" and 3',

with no trend being shown.
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Figure 4-24: Quantification of HRP (a) under optimal conditions, using a standard solution of 0.5mg/mL HRP and
(b) in various BIS supernatants prepared with PAH or PEHA, using a standard concentration of HRP equal to
0.4mg/mL, using 3 different methods (Bradford assay, or activity on RB19 and ABTS). Quantification methods have
been ranked according to their accuracy from 1% (highest) to 3™ (lowest). Results shown are the average of 2 or more
replicates, with the error bar representing 1 standard deviation.
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4.4. Conclusions
In this chapter, the methods regarding the presence of enzyme in BIS in terms of activity or protein

determination were developed based on existing protocols. With respect to enzymatic activity,
two assays were chosen, one based on standard peroxidase activity (ABTS) and one based on a
potential application of the biocatalyst (RB19). The initial conditions of the assays provided from
literature or collaborating researchers were examined and were tweaked in order to achieve
meaningful results. A more thorough examination on the effect of substrate concentration will

take place in Chapter 6, as it is more suited there.

In terms of protein determination, methods usually used in the literature were employed. Contrary
to other research examples where protocols are applied without a prior feasibility study, the
suitability of these methods for this project was examined and a few ill-fitting points were
identified. In this chapter, we examined many aspects of the provided protocols and tweaked the
best performing ones to fit the purpose, which was to determine protein content as accurately as
possible. If we were to apply these methods as they were provided, we would not be able to obtain
accurate results. Protein determination based on UV absorbance was rejected altogether, and it
was decided to use the Bradford assay in combination with activity assays as a means of protein
determination. It should be mentioned that, the point of designing a biocatalyst is mainly
preserving and/or enhancing the enzymatic action under continuous use or not optimal operational
conditions. From an engineering point of view where mass balances are important, it is desirable
to know the exact amount of enzyme immobilised. From a biochemical point of view, the quantity
of enzyme immobilised is not important if it is not active. For this project, due to the difficulties
faced during protein quantification, it was accepted that absolute quantification of the enzyme
immobilised on bioinspired silica could not be feasible. For an as precise as possible estimation
of the protein content, it was thought appropriate to use both Bradford assay and activity assays
each time. A graphic summary of the methods examined and the respective findings is shown in
Figure 4-25.

Future work could focus on trying to eliminate interference from substances found in the system.
Such could be achieved by passing procured supernatant through an HPLC column of such
affinity to attract anything but the enzyme. However, enzymes are known to be adsorbed onsilica,
material usually employed to build HPLC columns, so research and development of such a
method would be required. Also, work could focus on fundamental understanding of bioinspired

silica synthesis and how it can affect current methods.
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UV-Vis Absorbance
Principle: protein backbone (amino acids) shows peaks at 220-280nm
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Bradford assay
Principle: amino acids react with Bradford reagent, leading to color formation, read at 595nm
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Figure 4-25: Summary of each of the 3 methods examined for protein quantification, UV-Vis absorbance, Bradford

assay and Activity assay respectively.
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Chapter 5 : Exploration of immobilisation of
HRP in BIS

In this Chapter, the immobilisation of enzyme in BIS is explored. Focus is given on optimising
the in-situ immobilisation procedure using commercial Horseradish Peroxidase (HRP), however
for comparison reasons, immobilisation post-synthesis via adsorption was performed as well. The
optimisation procedure is based on the factors identified for their potential influence on
immobilisation, as pointed out in section 2.5 of Chapter 2. Immobilisation efficiency is measured
in two different ways, as illustrated in Chapter 4, and results are critically analysed.
Characterisation of the material is performed using mainly porosimetry, but also SEM and FTIR
analyses. Conclusions are drawn, identifying the optimum method for efficient immobilisation in
situ. Ex-situ immobilisation was also examined briefly, using BIS and a commercial silica to
immobilise HRP via adsorption. A comparison between in situ and ex situ immobilisation allows
useful conclusions to be drawn regarding specific advantages and disadvantages of BIS as

immobilisation support overall.

5.1. Encapsulation of HRP in BIS

5.1.1. Effect of additive used on immobilisation and porosity
As it was pointed out in Chapter 2, functionalisation of silica supports enhances immobilisation,

as the interactions between the enzyme and the chemical functionality are stronger compared to
physical adsorption. In the case of Mesoporous Silica Nanoparticles, material is usually calcined
post synthesis in order to remove the organic additive (also known as template) used, and then
surface functionalisation can be introduced to enhance immobilisation 2%’. In the case of BIS, the
material is synthesised around the enzyme, encapsulating it inside the porous structure, in the
presence of additives 3'7. The additive used in BIS has a strong influence on the structure of the
material, determining surface area, porosity, pore size and potentially the accessibility of pore
structure *°, During in-situ immobilisation in BIS, silica synthesis is initiated in the presence of
the target enzyme and silica clusters are formed around the enzyme. Depending on the aggregation
pattern and the availability of amino-residues —both relevant to the template used —the enzyme
could be immobilised in-between particles during their aggregation, inside the pore structure of
formed particles or by electrostatic interactions between “free” amino-residues of the additive
used and some amino-acids of the protein (Scheme 5-1). Based on the aforementioned
“localisation options”, it is quite difficult to identify where exactly is the enzyme inside BIS. In
this project, 2 additives were used for BIS synthesis: a linear amine of low molecular weight
(pentaethylenehexamine, PEHA) and a branched, polymeric amine of high molecular weight
(polyallylamine hydrochloride, PAH), in order to identify the role of additive on immobilisation.
It has been shown that the structure as well as the size of the nanoparticles of obtained BIS using
PEHA and PAH are substantially different.
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Scheme 5-1: Potential locations of enzyme in BIS nanoparticles.

BIS synthesised with PEHA (BIS-PEHA) has shown particles of larger size (few hundred nm),
whereas BIS synthesised with PAH (BIS-PAH) leads to much smaller nanoparticles (less than
100nm). Furthermore, the porosity of BIS-PAH is much more enhanced compared to BIS-PEHA,
which leads to almost nonporous silica 2> 2®°, Both additives have been examined for BIS
synthesis in combination with in-situ encapsulation of enzymes or drugs, leading to interesting
findings, hence their choice seemed appropriate in order to examine two fundamentally different

material structures, as host for the same bioactive molecule.

A standard amount of enzyme was added just after initiation of BIS formation, within 30s, at
circumneutral pH, as it has been shown as the preferred way of in-situ immobilisation in BIS from
previous work 2327 |f the enzyme would be added before pH neutralisation, to the silicate or
additive solution, both with a very alkaline pH, the enzymatic activity could be severely
hampered, as shown in Figure 4-22a. Immobilisation efficiency is expressed as a % of the initial
amount of enzyme (Figure 5-1a) and results are also expressed as % of enzyme concentration in
BIS obtained after drying (Figure 5-1b). % immobilisation efficiency was measured through the
supernatant, using two assays: one based on protein content and the other based on enzymatic

activity detected in supernatant, using the RB19 assay as explained in section 4.3 of Chapter 4.
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Figure 5-1: a) % Immobilisation efficiency and b) % HRP in BIS composite, for both templates used for BIS
formation. Results shown are based on protein quantification based on Bradford assay, or enzymatic activity in the
supernatant, using RB19 as a substrate. Results shown are the average of 3 or more replicates, with the error bar
representing 1 standard deviation.
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Comparing Figure 5-1a and b, three conclusions can be extracted. The first is that there is an
obvious difference between the assays used for immobilisation efficiency, although it was shown
in section 4.3 of Chapter 4 that protein measurement using any of the two assays should lead to
very similar results. What was not accounted for in the exploration and validation of using both
assays for measurement of protein content, was the actual reaction mixture and ongoing formation
of BIS during immobilisation. During assay exploration as show in section 4.3 of Chapter 4, HRP
was added in supernatant extracted from the centrifugation of freshly synthesised BIS, trying to
simulate the synthesis conditions and predict any foreseeable inhibitory interactions. However,
obtained results (Figure 5-1a) show that this simulation was not realistic. The second observation
is that the average values in both plots indicate there is no significant difference on the
immobilisation efficiency using any of the 2 additives, fact supported by a t-test conducted using
the values collected. The third observation is the variation obtained by replicates illustrated by
the error bars. Especially in the case of using PAH, irrespectively of the assay used to measure
enzyme concentration, the error bars are quite high, showing high variation. This indicates that
presence of PAH has an effect on both assays, inhibiting a clear and accurate illustration of
immobilisation efficiency. Such an effect was predicted during the assay exploration (sections

4.3.2 and 4.3.3 of Chapter 4), however experimental data shows that it was underestimated.

The effect of PAH is probably relevant to the [N] density of the molecule and its effect on various
aspects of the system. It has been shown that the ratio of [Si]:[N] as well as the size and structure
of the additive are important for BIS properties %7 and for in-situ immobilisation of biomolecules,
as it affects crucial properties of the material with respect to immobilisation, such as porosity 2>
299,315 Allso, it was illustrated that both Bradford and activity assays were quite sensitive to the
presence of PAH. These observations lead to the conclusion that the amount of residual [N] at the
end of BIS synthesis and HRP immobilisation was not constant, regardless the constant synthesis
conditions. In the case of BIS formation without presence of HRP, [N] is directly relevant to
amount of PAH present, due to absence of other reagents with amine content (e.g. amino acids),
whereas when HRP is present, [N] is derived from both additive and enzyme present in the

supernatant.

One way of trying to understand the effect of the additive is by monitoring the yield of material
produced, as — theoretically — the more additive engaged into BIS formation, should lead to more
BIS, hence higher yield. The yield of BIS samples produced without HRP using either PEHA or
PAH as additives, was compared to the yield of BIS samples produced with either PEHA or PAH,
in presence of 12.5mg of HRP (Figure 5-2). Data was subjected to a t-test, which showed
significant difference between BIS-PEHA samples in presence or not of HRP, indicating that
yield of BIS-PEHA is higher in presence of HRP due to immobilised enzyme quantity
(comparison of blue bars in Figure 5-2). However, there was no significant difference in the case

of BIS-PAH yield in presence or not of HRP, indicating that the yield of BIS in presence of
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enzyme was not affected by the added mas of immobilised enzyme. This indicates an undefined
effect of PAH during BIS synthesis in presence of HRP. The action of HRP as an initiator of silica
formation was examined and it was showed that BIS would not form in absence of an additive.
This is in consistence with the literature, where carbonic anhydrase was unable to induce silica

formation 328,

Il 5/s-PEHA pure [l BIS-PEHA-HRP
L

BIS-PAH purclfll BIS-PAH-HRP

120+

Yield (mg BIS)

Figure 5-2: Yield of BIS in presence (textured) or not (plain) of enzyme, using PEHA (blue) or PAH (red) as
additives. Results shown are the average of 3 or more replicates, with the error bar representing 1 standard
deviation.

Speculations of the yet undefined relation between PAH and HRP during BIS formation, could
be related to the formation of agglomerates between PAH (or PEHA) and HRP. The isoelectric
point (pl) of HRP was estimated at pH 5.28, using the Expasy Prot Param online tool 3% based on
enzyme sequence 3%, This indicates that at pH 7 HRP is negatively charged. On the other hand,
amines have a high isoelectric point (pKa for PAH has been valued at 8.7 3%°), indicating that at
pH 7 they are positively charged. Those opposite charges of PAH and HRP could indicate
attraction of the molecules to form a composite. Work on ionisation of PAH %7 showed that in
higher pH values (>pH 9), the molecule has the tendency to form spheroid to spherical
conformations due to low ionisation, and that for pH values of 7 and above, the conformation of
PAH is of bent spheroid. This conformation, combined with the tendency of charge interactions,
could lead to PAH-HRP composites to form. Such structures might not be able to enter the already
formed structure of BIS and due to lower rate of condensation at this point, “new” silica might
not form around them. During centrifugation, these structures could sediment with BIS, leading
to lower [N] being present in the supernatant, fact that is supported by the low response of
Bradford assay on the original supernatant. However, when the 2™ supernatant (after washing
BIS and re-centrifuging) was assayed for either protein or enzymatic activity, no response was
obtained compared to BIS samples without presence of HRP. This indicates, that if the
aforementioned speculation is correct, then the clusters were incorporated onto/into BIS. Another
speculation on the effect of HRP to BIS formation, is that its presence reduced the amount of BIS

made, hence the amount of material to act as a host for immobilisation. As it was discussed in
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section 2.2.3.1 of Chapter 2, the role of the amine additive during the formation of BIS is of an
accelerator, assembler and designer at the same time. Its reduced concentration or absence would
make silica formation delayed compared to the 5 min timespan as it is examined here.
Consequently, if amine’s role is disturbed by the presence of HRP, that would lead to less BIS
being made, possible with a lower degree of aggregation (and chance of immobilisation of HRP
in-between the aggregates). This speculation could explain the statistically not different yield
obtained with PAH used as additive, with or without the presence of HRP as shown in Figure 5-2.
This speculation can also explain the higher variance of yield observed in the same Figure, when
PEHA was used as additive, in presence of HRP. In the case of PEHA, BIS synthesis rate is much
faster 29314 so BIS is almost completely formed by the time HRP is added, hence the effect of
HRP on the yield disruption is not so strong. Similar effect of the rate of BIS formation (as
affected by ionic strength) on immobilisation of lipase was observed by Cazaban et al. 3%°, who

showed that a slower formation rate lead to higher protein entrapment into BIS.

BIS samples synthesised with PAH or PEHA, with or without presence of enzyme, were subjected
to porosity analysis via N, adsorption (Figure 5-3, Figure 5-4) measurements, in order to monitor
the effect of the additive and/or the enzyme presence. The surface areas shown in are leading to
following observations. Firstly, BIS synthesised with either PAH or PEHA as additive shows
similar values of total surface area, even in the presence of HRP (Figure 5-3a), as also shown for
lipase encapsulated in BIS using the same method 25, Secondly, surface area due to pores larger
than 2nm is much more prominent for BIS synthesised with PAH compared to BIS synthesised
with PEHA (Figure 5-3b). This can lead to the conclusion that PEHA forms almost micropore
materials, whereas PAH can lead to formation of mesoporosity, which is consistent with literature
reports for BIS synthesised with PEHA 6430,
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Figure 5-3: (a) Surface area measured using BET method and (b) non-microporous surface area calculated through
t-plot, for BIS samples synthesised with PAH or PEHA, in presence or not of HRP. Results shown are the average of
3 or more replicates, with the error bar representing 1 standard deviation.
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Figure 5-4: (a) isotherm plots and (b) pore size distribution for BIS samples made with PAH or PEHA as additives,
in presence or not of enzyme.

The difference in porosity for BIS made with PAH or PEHA as additive is attributed to the nature
of the additive, as it has been observed by work done previously within this group 2% %%, When
the surface area (total or non-microporous) of BIS-HRP composite is compared to the value of
the unloaded BIS, results are not statistically different when PAH is used as additive, but they
were statistically different when PEHA was used. This can be also seen from the procured
isotherms (Figure 5-4a), where for BIS synthesised with PAH the isotherm has a type Il (almost
horizontal line to xx” axis) combined with type IV structure (increasing neck towards higher p/po),
typical of materials which have some mesoporosity 4. On the contrary, isotherms of BIS samples
synthesised with PEHA, show a type Il structure, typical for nonporous materials. A comparison
of the pore size distribution (Figure 5-4b) also shows that in the case of BIS-PAH there is higher
porosity than if PEHA is used as additive, evident from the peak around 25nm (250A) for BIS-
PAH (black and red line), compared to the almost “flat” lines corresponding to BIS synthesised
with PEHA (blue and grey line). It should be mentioned that BIS samples synthesised with PEHA
show increased porosity in the very low pore size area (less than 2nm) evident from the initial
part of the graphs shown in Figure 5-4b. For both additives, differences in porosity caused in BIS
in presence or absence of the enzyme are not significant (based on a series of repeats and not only
one measurement as usually shown in literature). A summary of porosity information on BIS
samples synthesised with both additives, in presence or absence of HRP, under various conditions
examined in this Chapter, is shown in Table 5-4. It should be mentioned, that although
speculations on the expected differences of BIS porosity before and after HRP encapsulation can
be made, they cannot be conclusive at this point. In literature, for similar protocols followed for
encapsulation, there is a tendency for the surface area to reduce upon enzyme encapsulation, as
the enzyme is partially occupying the open pore volume 3% 3% whereas for the same protocol
followed using a different enzyme, in-situ encapsulation did not lead to substantially different

porosity 2%°,

SEM analysis of BIS produce using PEHA or PAH as additives was used to identify differences

in the morphology of the particles (Figure 5-5). Results showed that particles produced with PAH
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(Figure 5-5b) are fairly uniform in size and shape (about 30nm), and when PEHA was used as
additive (Figure 5-5a) particles were significantly larger (about 200nm), with indications of

smaller particles as well.

Figure 5-5: SEM images of BIS synthesised with PEHA (a) or PAH (b) as additives. Photos were captured using a
120K magnification.

Samples of BIS synthesised with PAH or PEHA as additives, in absence of HRP, were also
analysed through USAXS, in order to gain more information on particle size and aggregation
pattern. Scattering data were processed using appropriate analysis packages and characteristic
plots were produced (Figure 5-6). From the unified fit of those plots we were able to gather
information on the structure and particle size distribution of the examined samples. Results verify
the difference in the observed particle size for BIS synthesised with PAH (top left graph) or PEHA
(top right graph), as in the case of PAH there was only 1 particle size identified, around 10nm and
in the case of PEHA 2 distinct particle sizes were shown, about 30nm and 300nm respectively.
These particle sizes are comparable to the observed through SEM, as being in the same order of
magnitude. When HRP was in-situ encapsulated in BIS synthesised with PAH or PEHA as
additive, USAXS analysis reveals the same particle trend per additive, with slightly bigger size
compared to “unloaded” BIS, around 14nm particles for BIS-PAH-HRP and 40nm and 400nm
particles for BIS-PEHA-HRP. Fitting parameters identified during USAXS analysis are shown in
Table 0-7 of Appendix I1l. We should say at this point, that given the structure of BIS and the
sensitivity of USAXS, the different identified levels might not necessarily correspond to
individual particle sizes, but be representative of primary and secondary particles. In order to
identify which scenario serves better the truth, TEM analysis would be very useful. Literature on
USAXS analysis for BIS samples synthesised with PAH agrees with the particle sizes observed
herein 4%, It is also important to mention that besides the observed primary particles, both
examined samples shown aggregated particle formations, described as fractals, as it has also been
shown elsewhere %, As it was mentioned in the relevant experimental section, USAXS analysis

was performed on selected samples, hence conclusive statements are not available at this point.
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Figure 5-6: Logarithmic plot of intensity versus q for BIS (top) and BIS-HRP (bottom), synthesised with PAH (left) or PEHA (right) as additive, obtained from USAXS measurements.Red line represents

the unified fit of the experimental data. Right x-axis represents the associated error for the fit.
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When BIS was examined through FTIR (Figure 5-7), silica formation was verified by observation
of the well documented FTIR spectra for silica, based on 3 characteristic peaks 4% 402, Peak A
(1035 cm™) and peak B (780 cm™) correspond to the Si-O-Si bond and peak C (955 cm?)
corresponds to the =Si-OH bond.
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Figure 5-7: FTIR spectra of BIS synthesised with PAH or PEHA as additive, in presence or not of enzyme (HRP).

Main graph focuses on BIS structure, insets refer to BIS with PAH as additive (top) and BIS with PEHA as additive
(bottom).

In the insets, one can see the peaks related to contribution from the additives and/or presence of
HRP, which overlap. Both additives contain primary amines and PEHA also contains secondary
amines. Their characteristic peaks derive from N-H scissoring for primary or bending for
secondary amines, at around 1615 cm™ (peak D). Presence of HRP can be contribute to an FTIR
spectrum by showing peaks from amide I and 11 being present. Those peaks are located at around
1650 cm™ due to C=0 stretching from amide I, at around 1620 cm™ due to NH, bending from
amide | (peak D), and at around 1550 cm™ due to C-N stretching and N-H bending from amide 11
(peak E) %%, Comparing the BIS spectra synthesised with PAH or PEHA (black and grey line in
the inset graphs of Figure 5-7 respectively), one can see that the absorbance of BIS-HRP
composites is higher, qualitatively corresponding to higher amount of amine present. This is
expected, due to the structure and [N] local density of PAH compared to PEHA. Furthermore,
comparing the spectra of BIS-HRP composite to pure BIS (sets of spectra in each inset), one can
see that —again qualitatively— BIS-HRP composite shows higher absorbance, indicative of higher
presence of amino-content. This can be attributed to the presence of enzyme, which contributes

to the absorbance of amides due to the amino acid backbone of its structure.
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5.1.2. Effects of point of HRP addition during BIS synthesis on

immobilisation and porosity
As it has been discussed previously, conditions of immobilisation can affect drastically the

amount of protein loaded on the support. In order to examine this approach for the systems
examined herein and compare results, immobilisation of HRP was explored in different stages
during the synthesis.

Although the approach examined so far for enzyme immobilisation in BIS from our group has
been the introduction of enzyme during formation of silica 2> 3?7, developments in the area
indicate that other avenues need to be explored as well. A thorough examination of the importance
of the point of addition of a drug (calcein) during synthesis was conducted earlier from this
group®°. Addition points examined in that study are shown in Table 5-1, along with an
explanation of steps followed for composite synthesis. It was found that the point of addition not
only affected how much calcein got incorporated in the final material, but it also affected the yield
of the composite. The yields ranged from 0 to almost 100%, with experiments O1, 02, O3 and
O7 exhibiting the best silica yields (40% and above, compared to almost O observed for
experiments O4, O5 and O6). A thorough analysis of protonation of each reagent for each
experiment showed that the point of addition changed the initial ionisation for additive and
calcein, which then changed their interactions with silicate, hence when interactions between
calcein and additive were strong (e.g. O5), the interactions between silicate and additive were
low, and BIS yield was also low. It is also noted, that in the examined work, the point of addition
was examined for BIS samples synthesised with only one additive (PAH) and only for one of the

examined addition points another additive (PEHA) was examined as a comparison point.

Table 5-1: Addition of drug in BIS during different stages of synthesis, in order to understand the effects in
encapsulation (taken from 2%9),

Step 1

Step 2

Step 3

Step 4

01

02

03

04

05

06

Drug + silicate solution
Drug + PAH solution

PAH + silicate solution

Drug + silicate solution
Drug + PAH solution

pH of PAH solution adjusted
to pH 7

Dissolved PAH added to
solution from step 1
Dissolved silicate added to
solution from step 1

PH of solution from step 1
adjusted to 7

pH of solution from step 1
adjusted to 7

pH of solution from step 1
adjusted to 7

Silicate solution acidified to
pH7

Identical to O5 but PAH replaced with PEHA.

pH adjusted to 7
pH adjusted to 7

Dissolved drug added
immediately to solution
from step 2

pH of PAH solution adjusted
topH 7

Silicate solution acidified to
pH7

Solutions from step 1 and 2
mixed

N/A
N/A

N/A

Solutions from
steps 2 and 3 mixed
Solutions from
steps 2 and 3 mixed
N/A

Given the design of experiments followed by Steven? and the associated results, it was decided
to omit experiments O4, O5, O6 for the system examined here, due to the much lower obtained
results, and the overall longer procedure required. We explored HRP immobilisation in BIS
synthesised using 2 different additives and following the O1, O2, O3 approaches, adding one

extra experiment (Table 5-2).
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The yield of BIS-HRP composite using each additive for each different experiment is shown in
in Figure 5-8. Examining the results for BIS produced using PEHA as additive, after conducting
t-tests between the yield of control samples and BIS-HRP composite samples, it was shown that
there was no statistical difference for experiments B and C, but average yield was statistically
different for experiments A and D. When PAH was used as additive, yield of control samples and
BIS-HRP composite showed no difference in the case of experiments C and D, but they were

statistically different for experiments A and B.

Table 5-2: Procedure followed for exploration of HRP addition in different stages during BIS synthesis.

Experiment | Synthesis procedure followed

A HRP added in silicate solution, then additive is added, combined solution is
neutralised at pH 7 (equivalent to O1)

B HRP added in additive solution, then additive is added, combined solution is
neutralised at pH 7 (equivalent to O2)

C Silicate and additive solution are mixed, then HRP is added, combined solution
is neutralised at pH7

D Silicate and additive solutions are mixed, neutralised at pH7, then HRP is added
(equivalent to 03)
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Figure 5-8: Effect of point of HRP addition during BIS synthesis, on yield of BIS-HRP composite synthesised with
either PAH or PEHA as additive. Results shown are the average of 3 or more replicates, with the error bar
representing 1 standard deviation.

Immobilisation efficiency and final HRP loading on BIS composite using the Bradford (protein)
assay are shown in Figure 5-9a. An initial observation from Figure 5-9a is that the variance across
data collected for BIS synthesised using PEHA as additive is much smaller, both between each
experiment but also within each experiment compared to the variance observed for BIS
synthesised with PAH. This indicates —as discussed earlier— that PAH has a stronger interference
with immobilisation efficiency measurement, and potentially with BIS synthesis, in presence of
HRP. Another observation is that the loading of HRP on BIS composite is not statistically

different regardless of the additive used for BIS synthesis, or the point of addition of the enzyme.
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The obtained values for both additives, with HRP being added at any examined point during
synthesis, resulted at loading percentage of about 10% w/w. The constant value could indicate
that the amount of enzyme added (12.5mg HRP per sample) is higher than the capacity of BIS
synthesised with any additive to host biomolecules. Combined with the observations on the yield,
the constant HRP load value could also indicate that there are unidentified effects between BIS
reagents and HRP. Last but not least, the fact that there is no difference observed between the
HRP load in BIS synthesised with PAH or PEHA, might mean that the initial hypothesis of a
larger additive being related to higher immobilisation efficiency and enzyme load is false. The
stage of enzyme addition was also attempted following the same procedure as shown in Table 5-2
using a different protein, Bovine Serum Albumin (BSA), instead of HRP, focusing only on PEHA
as additive. In that case, results showed a clear difference in immobilisation efficiency of BSA,
favouring addition points A, B and C 3%, This indicates that not only the presence of a biomolecule
is of importance, but its composition as well. It should also been pointed out that analysis on the
effect of individual amino acids on the formation and characteristics of BIS did show that there
was an acceleration or reduction on the formation rate and a difference in the surface area of BIS
obtained, depending on the isoelectric point of the amino acid 4. Based on those indications and
the nature of complex biomolecules, the prediction of an effect caused by enzyme presence with
simultaneous presence of another additive can be validated, although the effect could not be

quantified at this point.
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Figure 5-9: Effect of point of HRP addition during BIS synthesis, on immobilisation efficiency and HRP load on BIS
composite synthesised with either PAH or PEHA as additive. Results procured through (a) Bradford assay, or (b)
enzymatic activity assay using RB19 as substrate. Results shown are the average of 3 or more replicates, with the

error bar representing 1 standard deviation.

Looking at the immobilisation efficiency and HRP loading on BIS based on measurements using
the activity of the residual enzyme in the supernatant (Figure 5-9b), observations are slightly
different. Although statistically the immobilisation efficiency for samples prepared with PEHA
is not different regarding the stage of HRP addition, activity measurements show that there was
less enzyme detected in the A, B and C cases, hence higher percentage of immobilisation. As it
was discussed in section 4.3.3 of Chapter 4, protein quantification based on activity measurement

is used herein based on examination of the stability of the enzyme in said conditions. However,
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given the issues identified under in section 5.1.1 about the comparison of the 2 quantification
methods, attention should be given to premature conclusions drawn. The pH of the initial
solutions where HRP is added, was between 11 and 12. There is the potential that its activity was
severely hampered and observed efficiency was based on false results. This speculation could be
viable if protein measurement identified less quantities of HRP present in the supernatants, fact
that did not occur given the Bradford assay response. In both cases of PEHA and PAH, the loading
of HRP in BIS was determined at around 3% w/w using calculations based on enzymatic activity
measurement, and was not statistically different between additives. As it was shown in work
conducted by Davidson at al.?®® monitoring encapsulation of calcein in BIS prepared with both
amines used herein, there was not a clear correlation between the amine and the loading efficiency

of the drug, statement that is verified herein using HRP.

The relatively “low” loading (between 3% and 10% w/w) compared to previously reported values
of about 20% w/w using very similar protocols?*® could be attributed to the interactions between
charged HRP, silicate, additive or their mixture. The isoelectric points of sodium metasilicate,
PAH and PEHA are estimated to be quite high (above pH13), based on calculations using
SPARCS software “%. In the A, B and C points of addition of HRP as shown in Table 5-2, addition
of the enzyme occurred in a highly alkaline solution (around pH 11-12). Based on the pl of HRP
(about pH 5), its charge will be highly negative at pH 11-12. On the other hand, PAH and PEHA’s
charge at pH12 is mostly neutral to slightly positive, indicating that no major interactions are
occurring between the amines and HRP. At pH 7 however, both PEHA and PAH are mostly
positively charged, hence they can interact with negatively charged HRP and cause disturbance
of BIS formation by obscured interaction with also negatively charged silicate. These charge
interactions could be the reason behind the unexpected yield values between BIS and BIS-HRP
composite (Figure 5-8) and across the immobilisation efficiency as measured using the activity

assay (Figure 5-9b).

Porosity analysis of BIS samples synthesised with PAH or PEHA exploring various points of
HRP addition was performed, as this measurement can provide key information. A comparison
of the surface area across BIS samples synthesised either with PAH or PEHA as additive, with
HRP added at different points during synthesis shows variant results (Figure 5-10 and Table 5-
4). When PAH was used as the additive, incorporation of HRP at high pH (experiments A, B and
C) resulted in surface area values significantly lower than the surface area obtained for pure BIS
samples. There was no statistical difference in the surface area for BIS-HRP composite when
HRP was added at pH 7 (experiment D). Similar trends were observed for the pore size
distribution profiles (Figure 5-11a). The profiles for samples A, B and C show much lower pore
size compared to D and control sample (unloaded BIS). This indicates a change occurring in the

structure of BIS upon incorporation of enzyme at specific points.
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The absence of radical change between control sample and addition of HRP just after
condensation of BIS (experiment D) could be attributed to the entrapment of HRP inside a small
percentage of the pores of already formed BIS. In both cases, BIS formation was initiated in
absence of “foreign” substances, other than silicate and amine, so the BIS formed is expected to
be structurally similar. Absence of substantial mesoporosity in the case of A, B and C BIS-PAH-
HRP samples could be attributed to the co-assembly of HRP and PAH molecules due to opposite
charges and subsequent inhibition of PAH to direct mesopores. This could be a viable scenario
given that at the point of mixing all the reagents together (for experiments A, B and C), silicate is
positively charged, HRP is strongly negative and PAH has an almost neutral charge. Upon
acidification, PAH acquires a positive charge, so the presence of negatively charged HRP

potentially leads to PAH-HRP co-assembly, rather than solely BIS formation.
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Figure 5-10: Non-micropore surface area of BIS samples prepared with PAH or PEHA as additives, examining the
point of addition of HRP during synthesis. Results shown are the average of 3115) or more replicates, with the error
bar representing 1 standard deviation.
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Figure 5-11: Pore size distribution for BIS samples prepared with (a) PAH or (b) PEHA as additive, examining
addition of HRP at various points during synthesis. Results shown here are based on 1 sample per category.

In the case of PEHA, no significant differences were observed in the values of surface area of

control BIS samples and BIS-HRP composite samples of A, B and C points of addition, however,
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there are significant differences when the surface area of BIS-HRP composite at D point of
addition is concerned. In this case the obtained surface area is significantly higher than that of
control samples or samples of points A, B and C. This could possibly be attributed to the
disturbance of BIS synthesis progress is “interrupted” by the addition of HRP, whereas in the
cases of A, B and C, BIS formation is initiated in presence of HRP. Pore size distribution data
when PEHA is used as additive cannot provide any further information on the effect of the point
of HRP addition, as BIS is almost non porous Figure 5-11(b).

USAXS analysis of selected samples of BIS—PAH-HRP from every experiment, revealed that
for experiments A and B there were 2 particle sizes identified, out of them 1 consistent with the
identified for experiment D as it was discussed previously, at 14nm. The second particle size for
experiment A was estimated at 72nm and for B at 51nm. In the case of experiment C, again 2
particle sizes were defined, of much bigger size though, at 43nm and 222nm respectively. A full
disclosure of the fitting parameters and the associated USAXS plots can be found in Table 0-8 of
Appendix Ill. The determination of 2 distinct sizes of particles for BIS-PAH-HRP, all of them
bigger than the single particle size determined for BIS-PAH, indicates that presence of HRP
probably has an effect in BIS formation. This effect could be the synthesis of larger particles due
to encapsulation of HRP molecules in unaffected structure of BIS, or a fundamental change of the
primary particle aggregation, leading to larger secondary particles. The much bigger size of
particles observed when HRP is added to the mixture of silicate and additive solution prior
neutralisation at pH 7, indicates either different magnitude of the aforementioned effect, or a new,
unidentified effect in BIS formation. As it was discussed previously, since only one sample per

case was used for USAXS measurement, conclusions cannot be final at this point.

Given the very similar HRP loading on BIS regardless of the point of addition, further

experiments were conducted following point of addition D.

5.1.3. Effect of additive removal through acid elution on

immobilisation and porosity
So far, the use of additives in order to render porosity or facilitate biomolecules encapsulation in

solid supports has been well documented and discussed. However, the issue arising from the
presence of “unwanted” organics in the final biocatalyst is also discussed, especially when the
biocatalyst is applied in the food industry in order to reveal the pre-designed pore structure and
purify the material. The most commonly used method of removing unwanted organics from a
silica-based support is calcination, typically at 500°C for 4-5hr %, Although this method is highly
successful for removing templates, it cannot be applied post-immobilisation, because
biomolecules will also burn off. Another method used for template removal is solvent extraction
495 which again cannot be applied without deactivating enzymes. Recent work from our group
showed that both calcination and solvent extraction methods are highly unsustainable, due to the

conditions and the chemicals required, and proposed acid elution as a means to remove the
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additive(s) present in BIS, in a controllable way . Acid elution removes the additives from BIS
by modulating surface-charge interactions between the additive and the silica surface. It was
shown that for small, linear amines (such as PEHA), the amount of acid used for elution
(measured through the final pH of the solution) was related to the amount of additive removed,
leading to 100% additive removal at pH2. Also, the amount of additive removed was correlated
to increased surface area and pore volume. In the case of bigger amines (such as PAH), some
removal was possible but full removal was not achieved by simple acidification.

Since this method of additive removal is gentler compared to the application of heat or refluxing
in solvents, it was thought that it could be applied post-immobilisation without permanently
deactivating the enzyme. In this way, in the same container where material synthesis and
immobilisation occurred, acid elution could be applied in a 2™ step and lead to the final biocatalyst
with increased porosity. In order to do this, 3 final solution pH values were examined, namely pH
7, pH 5 and pH 2. Note that these were pH values reached in a 2" step after BIS synthesis was
performed at pH 7 (refer to Figure 3-1b and Approach 2 as discussed in section 3.2 of Chapter 3).
Figure 5-12 shows the product of BIS formation using PAH as additive at the 3 pH values
examined. At pH 7 no additive is removed, at pH 5 there is partial removal and at pH 2 extended
removal of the additive has occurred, at least for the smaller additive (PEHA). There is a
noticeable difference between the samples, with respect to transparency. While at pH 7 BIS seems
solid, opaque, at pH 5 there is translucency and at pH 2 BIS reassembles a gel (both consistency
and appearance). It is worth mentioning that such an effect was not observed when PEHA was
used as additive, in which case the only observable difference between samples of pH 7, 5 and 2

was the quantity of solid paste obtained.

Figure 5-12: BIS synthesised at pH 7 using PAH as additive, before removing the additive through acid elution.
From left to right: BIS at pH7, BIS at pH 5 and BIS at pH 2.

Figure 5-13a and b show the immobilisation efficiency (how much enzyme made it in BIS) and
the loading of enzyme (how much was the enzyme mass per mass of BIS composite), based on
protein determination by Bradford or activity assay respectively. There is no protein
determination data based on activity for pH2 shown in Figure 5-13b, as no activity was detected
due to enzyme deactivation. Some direct conclusions are that BIS system using PAH is showing
high deviation regardless of the method of measurement of the conditions of acidification. This
can be related to effects of PAH on protein determination methods, combined with the higher

presence of the additive in solution after its elution from BIS.
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Based on the knowledge and understanding developed on the removal of additive through acid
elution ®, there needs to be a comparison of the mass of procured silica in each case (both control

samples without enzyme and samples with presence of enzyme), in order to be able to draw

conclusions.
Il 'mmob. efficiency (PAH) I immob. efficiency (PAH)
a I immob. efficiency (PEHA) b 507 |l 1mmob. efficiency (PEHA)
B -RP in BIS-PAH composite (w/w) . .
Il HRP in BIS-PEHA composite (w/w) @ rrpP in BIS-PAH composite (w/w)
100, 404 [Hl HRP in BIS-PEHA composite (w/w)
30+
R
$ 20+
10+
0
pH2 pH5 pH7 pH2 PHS pHY
Final pH Final pH

Figure 5-13: Effect of acid elution on immobilisation efficiency and loading of HRP in BIS composite synthesised
with either PAH or PEHA as additive. Results procured through (a) Bradford assay or (b) enzymatic activity assay
using RB19 as the substrate. Results shown are the average of 3 or more replicates, with the error bar representing 1
standard deviation.

As shown in Table 5-3, the mass of BIS (without presence of enzyme) procured is reduced with
elution, which is expected due to removal of amine, as well as partial disintegration of silica
clusters due to removal of amine. The effect is more noticeable for PAH, fact attributed to its
ability to bridge many particles due to the larger molecular size compared to PEHA. Results were
subjected to t-test analysis and it was shown that the yield difference between pH 7 and pH 5 is
not significant, whereas for pH 2 there is significant loss of mass.

Table 5-3: Yield of BIS and BIS-HRP composite for samples produced either with PAH or PEHA as additive and

underwent acid elution. Results shown are the average of 3 or more replicates, with the value in brackets
representing 1 standard deviation.

Yield (mg)
PAH PEHA
BIS (no HRP) B'(Sv\flc"_”:lgg;'te BIS (no HRP) BI(SV\;O,TSE,TE
pH2 | 6488(889) | 57.5(7.74) | 4554(3.10) | 5L.08 (354)
PH5 | 10198 (452) | 94.40(950) | 5835(6.15) | 53.40 (4.80)
pH7 | 100.13(2.37) | 100.82 (16.26) | 6540 (326) | 79.38(9.91)

This is in alignment with previous findings ®, based on the estimation of amine loss in relevance
to pH. They showed that between pH 7 and pH 5 there is almost 25% amine reduction (results
based on PEHA) increasing to a 100% amine removal by acid elution at pH 2. They also showed
preliminary results of the effect of acid elution on a polymeric amine, showing about 25% amine
content reduction at pH 2, instead of 100% as shown with PEHA.. In the same table (Table 5-3)
the values of mass obtained for BIS samples in presence of HRP are also shown, side to side with

the yield of BIS without enzyme present, for both additives used and for the 3 different values of
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final pH of the solution. Subjecting the yield values in a t-test analysis, showed that when PAH is
used as additive there is no significant difference to the yield of BIS of BIS-HRP composite for
each stage of acid elution. However, in the case of PEHA there is statistical difference on the
procured mass without acid elution taking place (pH 7), as well as in the case of acid elution at
pH 2. The absence of statistical difference in the procured mass of silica with or without enzyme
and the slightly lower procured values of BIS-HRP composite compared to pure BIS, indicate
once again the existence of unidentified effects between HRP and PAH, in regards not only to
immobilisation efficiency, but potentially to BIS formation. These effects might be attributed to
charge interactions and their modulation from pH variance (from pH 12 to 7 for BIS synthesis
and then to 5 or 2 depending on the elution degree), which can lead to disintegration of BIS and
formation of colloids, affecting the yield, as well as the assays used. Due to lower mass of BIS
obtained for elution at pH 2 and lower amount of enzyme being encapsulated, the ratio of BIS to
HRP (% loading) appears the same for samples prepared with PAH across all 3 examined pH
values. In the case of PEHA, it can be concluded that the % loading for samples undergoing acid
elution at pH 5 is higher, due to the immobilisation efficiency being the same as for samples of

pH 7, however the procured mass of the composite being lower than the equivalent of pH 7.

With respect to the effect of acid elution on porosity, BIS samples produced using either PAH or
PEHA as additives, with or without presence of HRP, for every pH value examined, were
subjected to porosimetry analysis using N2. The available surface areas of BIS-PAH samples
(Figure 5-14a), show no significant differences from acid elution or HRP presence. This can be
attributed to the lesser extent of additive removal through acid elution, due to the polymeric nature
of PAH, as it was also noted in previous work from our group 8. When PEHA was used as additive
(Figure 5-14b), the non-micropore surface area increased with acid elution, fact consistent with
literature findings %, trend also noticed for BIS-PEHA-HRP. What is notable, however, is that
although for pH 7 and pH 5 there is significant difference between the measured non-micropore
surface area of BIS and BIS-HRP composite, in the case of pH 2 there is no statistical difference.
This indicates that at this case, either majority of HRP has been removed from BIS-HRP
composite, or there are structural differences in BIS-HRP composite arising from presence of
HRP, that upon removal of the additive lead to forming material with similar surface area. The
later speculation is in alignment with the presence of HRP in BIS-HRP composite as observed by
Bradford assay (Figure 5-13).

With respect to the pore size distribution of the materials produced when PEHA was used as
additive (Figure 5-15b), there are considerable differences between BIS samples of pH 2 and BIS
samples of pH 7 or 5, as expected based on previous findings %. Although there is not a distinct
pore size distribution, Figure 5-15b reveals increased microporosity, with pore volumes ranging
from about 0.1cm®/g for BIS of pH 7 and 5 (black and red line), to 0.33 cm®g for BIS of pH 2
(blue line). Comparing BIS samples with BIS-HRP samples (black, red and blue lines with grey,
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orange and light blue lines respectively), we can see that pore size distribution graph (values
shown in Table 5-4) shows reduction of respective pore volume, except of the case of pH 7, where

addition of HRP does not lead to considerable change.
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Figure 5-14: Available surface area of BIS samples synthesised with (a) PAH or (b) PEHA as additive, in presence
or not of HRP, after post-synthetic acid elution treatment in 3 final pH values. Results shown are the average of 3 or
more replicates, with the error bar representing 1 standard deviation.

Comparison of cumulative pore volume shows similar values for pH 7 and pH 5 BIS and BIS-
HRP samples, and a considerable reduction of about 50% for pH 2 samples of BIS-HRP compared
to BIS, with a value of 0.12 cm®/g. This difference in behaviour between pH 2 and the rest of BIS
samples upon incorporation of HRP, could be attributed to the pore volume of BIS being partially
occupied from encapsulated HRP. While we would a pore volume reduction to occur once HRP
is incorporated in BIS in the case of pH 7 and pH 5 samples, this is not observed, as probably
HRP is incorporated in BIS in a way that does not block existing pores (pH 7) or crafted porosity
upon atrial additive elution (pH 5).

When PAH was used as an additive, results on pore size distribution and pore volume for BIS and
BIS-HRP samples of the 3 examined pH are shown in Figure 5-15a (values shown in Table 5-4).
Compared to results shown for PEHA, BIS samples synthesised with PAH show a combination
of micro- and meso-porosity, with distinct pore size distributions. Pore sizes are getting
progressively reduced with additive elution (black, red and blue lines in Figure 5-15a ,
corresponding to BIS samples of pH 7, 5 and 2, with pore volumes of 1.186, 0.877 and 0.328
cm?®g respectively). Based on Manning’s findings, it would be expected to see an increase of
porosity and pore size with the reduction of additive present, however, results indicate the
opposite. This can be attributed to the pore network collapsing due to removal of PAH which is a
bulky polymeric additive. Such an effect was observed before, when a different bulky additive

(polyethyleneimine) was used as additive (unpublished data).

In the presence of HRP, pore size distribution data also show mesoporosity, but there is not
apparent trend. At pH 7 pore size distribution for the BIS-HRP composite (grey line) is fairly

similar to BIS (black line), with the cumulative pore volume of the composite being also similar
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(about 1.00 cm®/g). At pH 5 pore size distribution for the BIS-HRP composite (orange line) shows
larger pore sizes compared to BIS (red line), but pore volumes are similar in both cases, about
0.76 cm®/g. In the case of pH 2 pore size distribution for the BIS-HRP composite (light blue line),
shows larger pore sizes compared to BIS (blue line), with cumulative pore volume of the
composite being almost double than BIS (0.76 cm®g). For exact values and standard deviation
please refer to Table 5-4.
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Figure 5-15: Pore size distribution for BIS samples prepared with (a) PAH or (b) PEHA as additive, examining
removal of the additive through acid elution. Results shown here are based on 1 sample per category.

What can be concluded, is that there is minor difference in the porosity of BIS and BIS-HRP at
pH 7 (slightly reduced pore volume), whereas porosity is starting to get enhanced upon additive
elution, initially by increase in pore size (as shown for pH 5, pH 2) and upon further elution,
increase in pore volume (shown only for pH 2). This could be attributed to potential localisation
of HRP inside the porous structure of BIS synthesised with PAH, which upon elution of the
additive can lead to the formation of bigger pores, while HRP still being encapsulated.
Furthermore, removal of the additive can cause the network to collapse, as speculated for BIS
samples, which, in the case of HRP being encapsulated, could lead to release of the enzyme and

increase in the pore volume.

With respect to the particle morphology, Figure 5-16 shows SEM images of BIS samples
synthesised with either PEHA or PAH as additives, followed by acid elution at the pH values
examined. Although there were clear differences in porosity between BIS particles synthesised
with PEHA or PAH, there were no visually observable differences upon acidification, indicating
that acid elution does not alter the morphology of the particles. Given the absence of visual
differences shown between BIS and BIS-HRP through SEM (Figure 5-5), there were no SEM
images taken of BIS-HRP samples for pH 5 and 2.

USAXS measurement of BIS samples synthesised with either additive, acidified to pH of 7, 5 or
2, showed interesting results on particle size identification (Table 0-7 for BIS in absence and
Table 0-8 in presence of HRP, found in Appendix I1l). In the case of BIS synthesised with PAH

as additive, upon elution of the additive, BIS particles seem to develop polydispersity, as a second
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slightly larger size of particles is detected only upon acidification. For BIS-PEHA, elution of the
additive does not cause formation of a 3™ particle size, but although the 1 particle size is
preserved at 30nm, the 2" particle size is reduced upon additive elution, from 300nm to almost
half, or less. This can be attributed to the collapse of BIS structure, which can lead to merging of
smaller particles to form larger, distinct particles.

Figure 5-16: SEM images of BIS synthesised with PEHA (top) or PAH (bottom) as additive. a, b and ¢ correspond to
BIS synthesised with PEHA, with no acid elution (a), acid elution to pH 5 (b) or acid elution to pH 2 (c), d, e and f
correspond to BIS synthesised with PAH, with no acid elution (d), acid elution to pH 5 (e), or acid elution to pH 2 (f).
Magnification used is 120K. (Images b and e were captured by Mr. Max Yan under the author’s supervision, images
a and d were shown previously in Figure 5-5).

USAXS analysis of BIS-HRP particles, showed that upon additive elution there is a very similar
effect observed, where when PAH is used as additive a 2" particle size is being detected for
elution at pH 5 and pH 2, slightly bigger than the 1st one, and both slightly bigger than BIS-PAH
in absence of HRP. When PEHA is used as additive for BIS-HRP, additive elution leads to overall
smaller particles compared to BIS-PEHA-HRP of pH 7, similarly to BIS-PEHA in absence of
HRP, but also a 3" size is being detected, in-between the 1 and the 2" . These observations
indicate the effect HRP has on BIS, but also that additive elution results in similar outcomes
regardless the presence of enzyme, possibly attributed to structure crush upon additive removal.
Again, given the measurement being conducted only for one sample for each additive and pH,
further analysis is needed in order to be able to explain the findings with more confidence.
Nevertheless, USAXS confirm microstructured effects of acidification, also noted for porosity.

The FTIR spectra produced from BIS samples made with PAH or PEHA as additive, following
acidification at pH 7, 5 or 2 is shown in Figure 0-2 of Appendix Ill. For both additives, there are
no clear differences on the extent of amine presence (as described by the absorbance of the
respective C-N, N-H and C=0 bonds in the region between 1400-1700cm). FTIR spectra of BIS-
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HRP composite for the 3 pH examined could not render usable results due to the combined effect

of enhanced amine content due to enzyme and reduction of amine content due to acid elution.

To summarise the effect of post-synthetic acidification, we note that yield of BIS as well as its
porosity is affected. As additive is being removed through elution, less BIS mass is obtained, with
either improved porosity, in the case of PEHA, due to pore channel opening, or reduced porosity,
in the case of PAH, due to pore channel collapse. When HRP is immobilised, yield and
immobilisation efficiency results are not showing a clear trend. With respect to porosity of the
BIS-HRP composite, there is an inversed trend between PEHA and PAH, similar to the one
observed for BIS. Although the cumulative pore volume for BIS and BIS-HRP of pH 7 and 5 is
similar, for pH 2 samples there is substantial difference between BIS and BIS-HRP samples;
reduction in the case of PEHA, increase in the case of PAH. This can be related to the localisation
of the HRP in the composite. While SEM did not show observable changes regarding
acidification, USAXS analysis indicated structural changes, both across acidification and enzyme
presence. Based on immobilisation efficiency and w/w HRP loading, as well as porosity results,
post-synthetic additive elution at pH 5 was considered as the best option to continue investigating.

5.1.4. Effect of amount of HRP added on immobilisation and porosity
Having examined the effect of the type of the additive, the point of addition of HRP during BIS

synthesis and the effect of acid elution, another factor to optimise a biocatalyst is the loading of
enzyme. Loading could be measured either as mass of enzyme per mass of material 2*> (as shown
herein so far), but also it can be shown as activity of enzyme per mass of material (measured
activity after immobilisation) °6. Description of HRP loading based on mass was chosen herein
in order to illustrate the point of BIS being able to host large amounts of enzyme. With respect to
the activity of the enzyme loaded on BIS, it will be systematically discussed in Chapter 6. In order
to identify the capacity of BIS as enzyme immobilisation support, 4 different initial concentrations
of HRP were examined during BIS synthesis, following acid elution to pH 5, namely 0.1, 0.17,
0.25 and 0.4 mg/mL HRP in the initial solution (50mL). Results of the immobilisation efficiency
and mass of enzyme per mass of composite are shown in Figure 5-17a and b respectively, using
both Bradford and activity assay of the supernatant with RB19 as substrate. Comparing
immobilisation efficiency when measured through the Bradford or the activity assay, we can see
that again there is a large difference in the results obtained with each assay. Across the different
HRP amounts added, immobilisation efficiency results show a variance, which however is not of
major concern, except for the BIS-HRP samples obtained with PEHA and the largest amount of
HRP. This is the only point where Bradford and activity assay return almost the same result,
statistically no different, lower than usual for Bradford assay (51%) and higher than usual for

activity assay (36%).
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Figure 5-17: Effect of mass of HRP added a) on immobilisation efficiency and b) on w/w HRP loading on BIS-HRP
composite synthesised with either PAH or PEHA as additive and examined with Bradford or activity assay using
RB19 as substrate. Results shown are the average of 3 or more replicates, with the error bar representing 1 standard
deviation.

Results procured via the Bradford assay on the w/w HRP loading (square symbols in Figure
5-17b) are fairly consistent with the idea of a maximum immobilisation capacity of enzyme being
immobilised. For BIS synthesised with PEHA, a 20% w/w capacity was reached for HRP
immobilisation in BIS. In the case of PAH, again there is a high variance, potentially due to
interactions between PAH an HRP, and/or an effect of the amine on the assays used. For w/w
HRP loading examined through the activity assay (circle symbols in Figure 5-17b), results for
both BIS synthesised with PEHA or PAH are fairly similar, below 5%, until the 0.4mg/mL point,
where loading for BIS-PEHA jumps to about 12%, whereas the value for BIS-PAH remains low.
Higher amount of enzyme being added was not tested in this project, but it would be interesting

to explore the option.

Looking at yield data from Figure 5-18, it is evident that the lowest examined quantity of HRP
(0.1mg/mL initially added) has the maximum effect on BIS synthesis. Yield of BIS-HRP
composite was significantly lower to control sample, regardless of the additive used. For HRP
guantity higher than 0.1mg/mL, yield of composite showed no statistical differences regardless
of the quantity of enzyme added. It is interesting to note that in the case of 0.4mg/mL HRP added,
the incorporated amount into BIS composite was 15-20% measured with both protein
determination assays (when PEHA was used as additive). Assuming a value of 50%
immobilisation efficiency (roughly accurate by the values shown in Figure 5-17a for PEHA, when
0.4mg/mL HRP is added), about 10mg of HRP should be incorporated into BIS. Adding 10mg to
the control BIS yield (58mg), returns a value of 68mg expected yield of BIS-HRP composite,
while the yield recovered was about 50mg. The difference between the expected and the actual
yield value is 22%, which is deemed not significant due to the variance observed between the

replicates.
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Figure 5-18: Effect of mass of HRP added on yield of BIS-HRP composite, synthesised either with PAH or PEHA as

additive, compared to BIS with no enzyme presence. Results shown are the average of 3 or more replicates, with the
error bar representing 1 standard deviation.

Same calculations in the case of 5mg added enzyme return a 47% difference of the obtained yield
compared to expected when PEHA is used as an additive and a 15% difference when PAH is used
as additive. These values can be used as evidence, supporting an effect between HRP and the
additives, hindering BIS formation.

With respect to the effect of the mass of HRP incorporated into BIS on porosity of BIS-HRP
composite, results on available surface area (Figure 5-19, blue columns) show a clear trend for
BIS made with PEHA. Measured non-micropore surface area of BIS-HRP composite is higher
compared to BIS without presence of HRP, and the surface area reduced with increased amount
of HRP added. For the maximum amount of HRP incorporated (when 0.4mg/mL HRP was
introduced), the surface area shows no statistical difference to the one observed for BIS without
HRP. On the contrary, for the lowest amount of HRP present (when 0.1mg/mL was introduced),
the observed surface area is more than quadruple the value of the control sample. This indicates
that the more enzyme present, the lower the effect on porosity when PEHA is used as additive
during BIS synthesis. As expected, there is no observed pore size peak for BIS samples
synthesised with PEHA as additive, regardless of the amount of HRP present (Figure 5-20Db).
However, comparing the pore volume of BIS-HRP samples to the one of BIS, we can see that
there is an increase, with the strongest effect shown for the BIS-HRP samples obtained by adding
0.1mg/mL HRP. Whereas the pore volume of the BIS sample in absence of HRP is 0.08cm?/g,
the pore volume for the BIS-HRP samples is 0.275, 0.14, 0.14 and 0.109 cm?®/g for increasing
guantity of HRP added. A simple explanation to that could be attributed to electrostatic
interactions between PEHA and HRP, which at lower enzyme concentrations could disturb the

role of PEHA in BIS formation, or to the lower amount of enzyme entering BIS, which would
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mean that acidification could lead to larger pore structures. The higher surface area obtained in
presence of 0.1mg/mL HRP and the increased pore volume, could indicate a structural change of

the obtained solids.
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Figure 5-19: Effect of mass of HRP added on the available surface area yield of BIS synthesised either with PAH or

PEHA as additive. Results shown are the average of 2 or more replicates, with the error bar representing 1 standard
deviation.

When PAH is used as additive, the observed effect on the available surface area is almost inversed
(Figure 5-19, red columns). All BIS samples in presence of HRP showed lower surface area
compared to control samples and there was no statistically significant difference across different
amounts of HRP introduced (and retained). This effect can be attributed to the presence of enzyme
inside and in-between BIS particles, which occupies the available pore space and surface area.
This explanation can be corroborated by data on pore size distribution (Figure 5-20a), which
shows that for BIS-HRP composite the pore size is larger than the pore size of BIS in the absence

of enzyme, regardless of the amount of enzyme added.
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Figure 5-20: Pore size distribution for BIS samples prepared with (a) PAH or (b) PEHA as additive, examining
amount of HRP added for encapsulation. Results shown here are based on 1 sample per category.

Also, it is worth commenting on the cumulative pore volume being almost stable across all BIS-

PAH and BIS-PAH-HRP samples, with values between 0.75 and 0.85 cm?®g supporting even
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more the speculation of the effect of enzyme on porosity, as given the lower surface areas shown
for BIS-HRP, we would expect a difference to be observed for pore volume. Tabulated results
on porosity characteristics can be found in Table 5-4.

As discussed earlier, FTIR spectra could not be used to draw relevant conclusions due to the
complicated effect of HRP presence during BIS formation. SEM images were collected for BIS-
HRP composites with the highest amount of enzyme and were compared to images of BIS without
the presence of HRP in order to identify any differences (Figure 5-21). No differences were
observed with respect to enzyme presence, the only observable difference was attributed to the
different amine used as additive during BIS synthesis, as illustrated also in Figure 5-5. Such an
effect is not unexpected, as BIS secondary particles synthesised with PEHA or PAH as additive
have a size of about 300nm and 60nm respectively, resulting in a volume of a few thousand nm?,
and the size of HRP is about 6 nm x 4 nm x 1 nm, resulting in a volume of about 30nm?3. Based
on these volumes, its encapsulation within secondary particles would not have made such a visible
difference in the material. Also, HRP could be residing within the pore structure of the material,
as suggested by porosity results, but SEM confirms no effects on the morphologies.

Figure 5-21: SEM images of BIS synthesised with PAH (top) or PEHA (bottom) as additive. a and c correspond to
BIS without presence of HRP, b and d correspond to BIS-HRP composite with the 0.4mg/mL HRP introduced.
Magnification used is 120K. Images b, ¢ and d were captured by Mr. Max Yan under the author’s supervision.

Comparison of USAXS measurements for BIS-HRP of 0.25mg/mL and 0.4mg/mL introduced
concentration of HRP showed that in the second case, particle sizes detected were almost identical
to BIS in absence of enzyme (for each additive respectively). When 0.25mg/mL were added for
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encapsulation, there were some slight differences as discussed earlier (fitting parameters,

including particle sizes can be seen in Table 0-8 of Appendix IlI).

A very thorough analysis on localisation of encapsulated protein in BIS was done by Cardoso “%,
who however used protein —lysozyme- as the additive to initiate silica formation. Their findings
indicate that protein is localised in closely packed particle aggregates, leading to lower surface
area compared to silica in the absence of protein, fact that is also supported from data found
herein. In similar research from our group, localisation of lipase encapsulated in BIS could not be

confidently concluded either based on SEM and N adsorption data 2°.

Summarising the findings in this section, we can see that we were able to achieve a 20% w/w
HRP in BIS-HRP composite, value quite high compared to general literature as it will be
discussed later. We also once again showed that there is an unidentified effect of the presence of
HRP in BIS formation, especially for lower quantity of HRP added. Although morphologically
we were not able to observe any differences, porosity data suggest structural differences of BIS
upon addition of HRP.
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Table 5-4: Comparison of porosity of silicas used for HRP encapsulation, before and after enzyme incorporation for
all the experiments conducted (additive elution, point of addition, quantity of HRP). Results represent the average
value of 2 or more replicates, with the value in parenthesis being 1 standard deviation.

Total Non
. Average
Type of silica surface micropore Pore volume nore size
area surface area (cm®g)
(miig) | (wig) (nm)
BIS (PAH) pH2 285 (93) 158 (19) 0.328 (0.079) 9.8 (2)
BIS (PAH) pH5 294 (19) 224 (7) 0.877 (0.383) 10 (3)
Silica BIS (PAH) pH7 313 (53) 223 (20) 1.186 (0.124) 21 (2)
BIS (PEHA) pH2 603 (12) 72 (17) 0.344 (0.194) 3(3)
BIS (PEHA) pH5 174 (20) 14 (1) 0.079 (0.026) 3(0.4)
BIS (PEHA) pH7 294 (16) 18 (6) 0.121 (0.031) 6 (1)
BIS (PAH) pH2-HRP
[DH7, 0.25] 374 (25) 246 (46) 0.793 (0.065) 15.7 (4)
BIS (PAH) pH5-HRP
[PH7, 0.25] 267 (29) 165 (23) 0.835 (0.106) 18.8 (9)
BIS (PAH) pH7-HRP
[DH7. 0.25] 294 (31) 159 (54) 1.018 (0.154) | 16.8(7)
BIS (PEHA) pH2- 306
HRP [pH7, 0.25] (138) 55 (12) 0.259 (0.195) 6.2 (1.8)
BIS (PEHA) pH5-
HRP [pH7, 0.25] 357 (55) 26 (7) 0.134 (0.016) 5.3(0.5)
BIS (PEHA) pH 7-
HRP [pH7, 0.25] 295 (30) 33(7) 0.171 (0.058) 5.4 (0.3)
BIS (PAH) pH7-HRP
[amine, 0.25] 220 (23) 136 (18) 0.513 (0.029) 18 (3)
BIS (PAH) pH7-HRP
[silicate, 0.25] 203 (31) 123 (7) 0.521 (0.056) 17 (3.7)
BIS (PAH) pHT-HRP 214 (27 139 (14 0.541 (0.096 17 (3
Silica-HRP [mixture, 0.25] (27) (14) ' (0.096) )
BIS (PEHA) pH 7-
HRP [amine, 0.25] 218 (46) 20 (5) 0.105 (0.007) 7.3(1)
BIS (PEHA) pH 7-
HRP [silicate, 0.25] 256 (45) 20 (3) 0.107 (0.005) 71)
BIS (PEHA) pH 7-
HRP [mixture, 0.25] 231 (42) 17 (3) 0.095 (0.017) 7(2)
BIS (PAH) pH5-HRP
[DH7, 0.1] 260 (30) 173 (26) 0.748 (0.097) 17 (2)
BIS (PAH) pH5-HRP
[PH7, 0.17] 286 (24) 194 (5) 0.868 (0.383) 18 (8)
BIS (PAH) pH5-HRP
[DH7, 0.4] 344 (0) 155 (17) 0.831 (0.049) 18 (2)
BIS (PEHA) pH5-
HRP [pH7, 0.1] 449 (42) 86 (15) 0.275(0.103) 5.7 (0.4)
BIS (PEHA) pH5-
HRP [pH7, 0.17] 385 (14) 32 (3) 0.140 (0.002) 6 (0.6)
BIS (PEHA) pH5-
HRP [pH7, 0.4] 239 (36) 18 (3) 0.109 (0.045) 4(2)

5-111



Eleni Routoula PhD Thesis 2019

5.2. Adsorption of HRP on BIS

Adsorption of HRP on BIS and on commercial silica was examined in order to compare in-situ
immobilisation with traditional adsorption. Adsorption has been well established as an
immobilisation method as discussed in section 2.1, especially when a functionalised support is
used to enhance retention of an enzyme. Given the built-in functionality of BIS derived from the
presence of amines used as building blocks, BIS is expected to perform better than pure silica
without functionalisation as a support for enzyme adsorption. The point of this comparison is not
to examine in detail the potential of BIS as an immobilisation support for enzyme adsorption, but
to directly compare with encapsulation. Similar work in terms of comparison was done by our
group 3% examining encapsulation of ibuprofen in BIS during formation and compared it with
adsorption of ibuprofen on MCM-41. It was shown that despite the higher immobilisation
efficiency achieved with MCM-41, drug content was much lower than in examined BIS samples.
Similarly, immobilisation of lipase was examined by in-situ encapsulation in BIS and by
adsorption post material synthesis, showing higher immobilisation efficiency for encapsulation,
but higher activity retention for adsorption 3%, Herein, immobilisation of HRP on BIS in situ is
compared to both adsorption of HRP on BIS post synthesis as well as adsorption of HRP on a

commercial silica.

5.2.1. Effect of type of silica in ex situ HRP immobilisation
BIS was synthesised using PEHA or PAH as additive and furthermore post-synthetic acid elution

was performed to obtain BIS with full amount of additive present (pH 7), partial additive removal
(pH 5) or more extended additive removal (pH 2). The commercial silica, Syloid, type AL — 1FP,
was used as a comparison with purified BIS (pH 2). AL — 1FP is a product of GRACE® 77,
applied in drug delivery 4%, It was chosen over other silicas, such as MCM-41, because it is
already commercially available in a large scale, while other mesoporous silicas (e.g. MCM-41)
are not. A comparison of porosity of Syloid and BIS before HRP adsorption (Table 5-5) showed
that Syloid has considerable higher surface area compared to BIS (almost double of BIS-PAH).
Syloid appeared to be microporous, as the non micropore surface area was estimated at about a
sixth of the total surface area, 100 m?/g. Syloid was deemed similar to BIS synthesised with PEHA

as additive, due to the similar value of available surface area pore volume.

Comparing BIS synthesised herein with mesoporous materials found in literature, BIS shows
similar pore size to many ordered silicas with pore range of up to 20nm 4% however, BIS is not
ordered, and the measured pore size is not representative of the bulk material. Although surface
area and pore volume values for BIS synthesised with PAH as additive are high and imply high
expectations, it does not mean that the full potential of the material is exploitable, as pores might
be too narrow, tortuous, or not connected to a pore network. We will engage in further analysis

on this argument in Chapter 6.
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Table 5-5: Comparison of porosity of silicas used for HRP adsorption, before and after enzyme adsorption. Results
represent the average value of 2 or more replicates, with the value in parenthesis being 1 standard deviation.

Total . Non Average
- micropore | Pore volume )
Type of silica surface 3 pore size
area (m2/g) surface (cm?/g) (nm)
area (m?/g)
Syloid Al-1FP 664 (5) 103 (17) | 0.210(0.005) | 2.5(0.1)

BIS (PAH) pH2 285(93) | 203 (41) | 0.381(0.149) | 15.4 (3.2)
BIS (PAH) pH5 294 (19) 224 (8) | 0.747 (0.098) | 15.4 (2.8)

Silica BIS (PAH) pH7 | 313(53) | 227(27) | L.141(0.060) | 21.1(2.2)
BIS (PEHA) pH2 | 604 (12) | 69(19) |0337(0.182) | 51(L8)
BIS (PEHA) pH5 | 174 (20) (1) |0079(0.026) | 34(L4)
BIS (PEHA) pH7 | 294 (16) 18(6) | 0.109(0.016) | 6.1(0.7)
Sy'o'asg;lFP' 632 (18) | 38.3(28) |0.119 (0.010) | 2.50 (0.01)
BIS (Pﬁé*g PHZ= | 490(0.4) | 471(32) | 0.106 (0.004) | 66 (0.7)
BIS (Pﬁé*g PHS> | 1150 (04) | 110(6) | 016(001) | 57(03)
Silica-HRP | ©'° (Pﬁé*g PHT- 1 1224 (0.3) | 118.0 (0.8) | 0.200 (0.007) | 6.90 (0.01)
BIS (PE';’;) PH2- 1 908 (16:8) | 15.9(25) | 0,020 (0.003) | 4.1 (16)
BIS (PE';’;) PHS> 1 161 (6:6) | 7.71(0.06) | 0,013 (0.003) | 4.0 (0.5)
BIS (Pi':{ﬁ) PH7- 1 188(04) | 16.7(06) | 0.021(0.002) | 5.12 (0.86)

Maintaining standard conditions during immobilisation with respect to time and temperature of
adsorption, as well as a ratio of support to available concentration of HRP calculated to ensure
equal availability to encapsulation experiments, the adsorption of HRP on different silicas was
examined. For the adsorption of HRP on Syloid, the conditions used were the same as for BIS-
PEHA pH 2 samples. This was deemed equivalent based on the similarity of the material. The
rationale behind calculating the equivalent HRP quantities to be used for adsorption, was to have
the same starting basis of silica and enzyme, as in the case of in-situ encapsulation. This was
decided due to the non-linear or straightforward trends shown in the case of in-situ encapsulation,
due to the unidentified contribution of HRP during BIS synthesis. Therefore, trying to keep a
common point and facilitate comparison, the initial enzyme mass to adsorbent mass was chosen,
based on obtained mass for BIS in absence of HRP. From the obtained results on HRP adsorption,
it was noted that for most examined silica samples, majority of HRP was adsorbed within 1-4h
(Figure 5-22). This behaviour is quite typical for adsorption of substances onto supports and has

been observed also for adsorption of enzymes on solid supports & 324 3%
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Figure 5-22: Immobilisation efficiency over time and after washing for HRP adsorbed on different type of silicas.
Efficiency was measured using Bradford assay. Results shown are the average of 2 or more replicates, with the error
bar representing 1 standard deviation.

It was noticed that for silicas with absence or lower presence of functionalisation, or with pore
sizes larger than the HRP size (largest dimension is about 6nm), there was a small percentage of
HRP desorption over time, until a new equilibrium was reached. This can be attributed to the
weak initial adsorption, which over time equilibrated to the actual capacity. Similar effects have
been observed in literature. For cellulase adsorption on cellulose, it was shown that after a rapid
adsorption, desorption followed, leading to equilibrium about 50% lower than initially
adsorbed*®, In order to test the robustness of immobilisation by adsorption, after the 24hr of
adsorption, samples were isolated and washed twice, with water and supernatants were assessed
for protein content using Bradford assay. From the results it was clear that HRP adsorption on
BIS-PAH was robust, regardless of pH, as hardly any loss of adsorbed enzyme was observed.
However, for all other samples (BIS-PEHA and Syloid), HRP loss was increased upon washing.
As the HRP adsorption is governed by the pore sizes, surface area and the surface chemistry, these
results are not surprising. For BIS-PAH samples, amine functionalisation to available surface area
and in the mesopore range allows for higher loading into the pores rather than just extended
surface. In the case of Syloid and BIS-PEHA pH 5 and pH 2 (partial and complete removal of
additive respectively), immobilisation of HRP is only achieved through weak physisorption on
the surface area of the material, predominantly externally. For BIS-PEHA pH 7 samples,
adsorption is enhanced compared to BIS-PEHA pH 5 and pH 2, fact attributed to the presence of
amine functionalisation on the surface area, but results are not as high as for BIS-PAH. The w/w
loading of HRP on BIS achieved through adsorption is shown in Figure 5-23. As we can see, BIS-
PAH pH 7 and pH 5 show the highest loading, around 10%, followed by BIS-PEHA pH 7 at 5%.
Loading for BIS-PAH pH 2, BIS-PEHA pH 5 and BIS-PEHA pH 2 is similar, around 3% and

Syloid shows the weakest performance, with just about 1% HRP per mass of composite.
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Figure 5-23: w/w of enzyme per support mass for HRP adsorbed on different silicas after 24h. Results shown are the
average of 2 or more replicates, with the error bar representing 1 standard deviation. For BIS-PAH, pH 5, standard
deviation is 0.00613, hence the error bar is not visible.

The results showed in both Figure 5-22 and Figure 5-23 are in good agreement with porosity of
the composite materials as shown in Table 5-5. In every case of HRP adsorption on silica there
was reduction in the surface area and the pore volume of the composite after adsorption, indicative
of HRP occupation of pores. BIS synthesised with PAH with no additive removal (pH7) showed
the best immobilisation efficiency and HRP retention on BIS, which is expected given the higher
pore volume and pore size compared to other BIS. BIS-PAH pH 5 showed similar, only slightly
lower, HRP loading. This is expected, as both BIS-PAH pH 7 and pH 5 samples had a high pore
volume and similar surface area and pore sizes. Further, for polymeric additives like PAH, the
removal of the additive through elution at pH 5 is small. For BIS-PEHA samples, only small parts
of the additive are available on the external surface area and due to the pore sizes only small part
of the porous structure is accessible by HRP during immobilisation. PAH, being a polymeric
amine, theoretically allows for higher concentration of available attachment points for HRP as it
was indirectly indicated by FTIR measurements of the amine-derived peaks due to C-N, N-H and
C=0 bonds (Figure 5-7). Scheme 5-2 shows graphically the differences between the 3 main
supports used for enzyme adsorption, BIS-PAH, BIS-PEHA and Syloid, based on the
aforementioned discussion. There are various examples in literature that examine the adsorption
of enzymes on functionalised supports, leading to a conclusion that, up to a point, higher density
of functional groups leads to generally higher immobilisation efficiency 22 4% 411 Results in
Figure 5-23 also show that BIS with all 100% of the additive present shows higher protein loading
efficiency compared to BIS treated post synthesis via acid elution (pH 7 vs pH 5 and pH 2).
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Scheme 5-2: Illustration of HRP adsorption on BIS and Syloid.

Another very important factor when adsorption of enzymes on solid supports is examined, is the
surface area and the pore size of the material. As also verified here, materials with very small pore
size are not very successful immobilisation supports for enzymes of molecular size larger than
the pore opening, as adsorption occurs predominately in the external surface area #2413, Through
an extensive analysis of adsorption of various enzymes on various MSNs under varying
conditions, it was shown that besides the porosity of the materials, charges are also massively
affecting immobilisation, as they affect electrostatic interactions between the support and the
enzyme 12, As discussed earlier, silica is negatively charged in any pH above 2-3 (isolelectric
point of silica). Furthermore, given the isolelectric point of HRP around pH 5, in any solution of
pH higher than that, HRP is negatively charged. Given the pH 7 of the solution during adsorption,
HRP is slightly negatively charged, fact that indicates possibility of weak interactions between
the positively charged areas of the enzyme and the predominantly negatively charged support.
Last but not least, amines are positively charged in any solution of pH lower than 13. Since
adsorption of HRP in BIS and Syloid occurs in deionised water (measured pH of about 6), the
charge of HRP is partially negative, charge of silica is mostly negative and the charge of the
additive present is mostly positive. This can also explain the lower immobilisation efficiency in
absence —or lower presence— of positively charged additive, as was demonstrated in detail be
Deere 12, Herein this is illustrated by the relatively low adsorption of HRP on Syloid (about 10%)
and on BIS synthesised either with PEHA or PAH with the additive being eluted at pH 2
(efficiency of 12% and 21% respectively). There are similar examples in literature, examining
efficiency of enzyme adsorption on solid supports with alternating pH of the system’s solution,
showing that the higher the difference in charge between the support and the enzyme, the higher
the adsorption efficiency. This was clearly demonstrated by Shakeri **® who examined adsorption
of DyP4 (isoelectric point of 4.2) in functionalised mesocellular foams in a pH range of 3 to 6.

They showed that solution’s pH was crucial for adsorption, as it affected the charge, hence the
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interactions between the support and the protein. In another relevant study?®, Hudson et al.
showed comprehensively the importance of surface charge interactions between the silica
supports and the enzyme for immobilisation, concluding that it is difficult to differentiate between
hydrophobic and electrostatic interactions and that not all supports are equally prominent for
adsorption of a specific enzyme. This is in alignment with work shown herein, as two different
supports are examined, showing different adsorption efficiency for the same enzyme.

5.2.2. Effect of amount of HRP in ex situ immobilisation
In order to compare the capacity of BIS for HRP immobilisation via adsorption with that measured

for encapsulation, BIS synthesised with PAH or PEHA as additive, with acid elution to partially
remove the additive (pH5) were used as the adsorbents. Results (Figure 5-24) indicate a clear
superiority of encapsulation as an immobilisation method, with respect to how much enzyme was

able to be immobilised.

100 BIS-PAH
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Figure 5-24: Comparison of immobilisation efficiency and HRP in BIS composite (w/w) between encapsulation and
adsorption of HRP on BIS synthesised with a) PAH or b) PEHA as additive, with the additive eluted at pH5. Results
shown are the average of triplicates, with the error bar representing 1 standard deviation.

Especially when PEHA was used as the additive, immobilisation via encapsulation lead to almost
five times higher efficiency compared to adsorption for the lower amounts of enzyme. When
immobilisation of the highest quantity of HRP was examined, encapsulation was just over 2 times
more effective than adsorption. In the case of PAH, results again favour encapsulation over
adsorption, but not as prominently as PEHA. These results could be potentially explained by the
concentration of enzyme during the adsorption experiments. Although the ratio of BIS to HRP
was kept the same as in encapsulation, the system volume was different. In encapsulation
experiments, system’s volume was 50mL, whereas in adsorption experiments system’s volume
was 25mL. Given the circumneutral conditions of the experiment, higher enzyme concentration
could indicate intensification of lateral repulsion between negatively charged HRP molecules,
which might have resulted in their stabilisation in solution and repulsion from the positively
charged amines present. This, combined with the negatively charged silica bed, could lead to
reduced adsorption efficiency. Furthermore, another issue that could be occurring is the

adsorption of HRP molecules at the entrance of pores, preventing diffusion and adsorption of
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enzyme inside the pore structure. It has been shown in literature that high concentrations of
enzyme might lead to immobilisation efficiency lower than the assumed capacity of the adsorbent,
due to competitive interactions or collisions between the enzyme molecules and the sites for

adsorption 264 414,

For reference, adsorption of increasing quantity of HRP was also examined for Syloid AL-1FP

and results were compared to adsorption of HRP on BIS (Figure 5-25).
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Figure 5-25: Comparison of effect of added mass of HRP on a) immobilisation efficiency and b) quantity of HRP on
the biocatalyst. Results shown are the average of triplicates, with the error bar representing 1 standard deviation.

There is an evident superiority of BIS compared to commercial silica as a support for enzyme
adsorption, regardless of the quantity of enzyme added. Even at a low initial concentration (5mg
HRP added at 50mg support, leading to 0.1mg/mL initial HR concentration), Syloid shows very
low ability to adsorb HRP, leading to a mere 1% of enzyme on the biocatalyst (Figure 5-25b).
Given the constant amount of enzyme adsorbed on Syloid regardless of the increased initial mass
of HRP, it is safe to assume that about 1% is the maximum achieved loading of HRP on Syloid,
compared to the almost 10% achieved when BIS was used as immobilisation support for
adsorption. The difference between BIS and Syloid AL-1FP is attributed to amine
functionalisation being present in BIS given the use of amino-containing additives for its synthesis
(PAH and PEHA).

5.3. Leaching

Given the encapsulation of enzyme occurs during the formation of BIS nanoparticles, hence
entrapped within the porous structure, it is expected that leaching will not be high. Leaching
studies on in-situ enzyme encapsulation in BIS showed minimal to no release of enzyme over
time, fact attributed to the small pore channels of BIS, which prevented leak of entrapped enzymes
215,221, 236,321 ‘Herein, leaching of HRP from the BIS structure was observed over 48h, for selected
BIS-HRP samples synthesised with PAH or PEHA as additive, using suitable BIS controls to rule
out BIS contribution to the assays. Supernatants were assayed both using the Bradford assay and
an activity assay. Results (Figure 5-26a) show an interesting pattern, where there is a high value

of protein detected by the Bradford assay during the 1% hour of the study, which however reduces
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over the duration of the study. When assayed for enzymatic activity (round, overlapping symbols
in Figure 5-26a for all measured samples) using the very sensitive ABTS assay, supernatants
showed no activity. The absence of activity could be attributed to either absence of enzyme in the
solution, or enzyme being present but deactivated, hence showing no activity. Given the low
stability of low concentration of HRP in solution, as shown in Figure 4-6 of Chapter 4, the latter
explanation could be plausible. However, if such occurred, Bradford assay should show
indications of protein presence in the consecutive time points as well, not only the 1% one. There
are two possible explanations for the discrepancy observed between Bradford and activity assay.
The first would be that there is HRP leaching from the composite during the 1% hour, which
however gets adsorbed on BIS, hence the reduction in the subsequent measurements. The absence
of enzymatic activity determination at the 1hr point would mean that the enzyme is deactivated.
The second explanation would be that the initial measurement based on Bradford assay has
wrongly identified HRP being present, and the enzymatic activity corroborates this statement.
The obtained signal could be due to either nanoparticles in the supernatant sample which caused
scattering, or due to released amines which caused a colour-forming reaction with the Bradford
reagent. Given the previous analysis on issues faced with the Bradford assay (see section 4.3.2 in

Chapter 2), the 2" explanation is deemed as more plausible.
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Figure 5-26: Leaching examination of HRP a) from BIS-HRP composites obtained via in-situ encapsulation and b)
from BIS-HRP and Syloid-HRP composites obtained via adsorption. 2 assays were used, Bradford assay and activity
assay using ABTS as substrate. Results shown are the average of 2 or more replicates, with the error bar
representing 1 standard deviation.

When immobilised HRP on BIS or Syloid via adsorption was examined, (Figure 5-26b) HRP
adsorbed on BIS-PAH samples showed no leaching, regardless of the presence of additive,
indicating a strong adsorption. For BIS-PEHA of pH 7 and pH 5 some leaching was noticed within
the 1% hour of examination, which progressively increased until the end of the examination period,
reaching a 5% of adsorbed enzyme loss. Syloid also showed leaching, resulting in a similar value
at the end of the examination. It is worth mentioning that the aforementioned results were obtained
using the Bradford assay for protein detection, while the activity assay using ABTS as substrate

did not return any results for any of the examined samples (flat, horizontal lines in (Figure 5-26Db).
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The difference shown between the assays could be attributed to amines or nanoparticles being
present in the system, causing interference to the Bradford assay, in addition to leached enzyme

gradually getting deactivated over time.

In any case, the highest leached amount of HRP by the end of the leaching study for encapsulated
HRP was no more than 2.5% of the HRP quantity originally present in the composite and no more
than 5% of the HRP quantity originally present in the composite in the case of adsorbed HRP on
BIS or Syloid. This low percentage shows that BIS is a reliable support for leach-proof

immobilisation of enzymes.

5.4. Comparison of findings for BIS-HRP with literature
(w/w loading, porosity, leaching)
5.4.1. Loading of HRP on BIS

With respect to the obtained mass of enzyme per mass of BIS composite, the maximum value
obtained herein —just below 20% w/w for 20mg HRP added during BIS synthesis with subsequent
additive removal through acid elution at pH5— as shown in Figure 5-25b is comparable with other
reports of enzyme immobilisation in BIS. Luckarift reported a 20% (w/w) loading of
butyrylcholinesterase #°, while a just over 20% (w/w) for lipase in BIS was reported by Forsyth
215 and a range between 10-30% (w/w) was reported by Steven 2 for calcein encapsulated in BIS.
The value reported here is higher than the maximum value reported for enzyme immobilisation
in sol-gel materials (about 5% w/w with some great examples reaching 10% w/w) 6, In some
outstanding cases, immobilisation was able to achieve just over 50% w/w loading of carbonic
anhydrase on functionalised mesoporous silica supports “’ and of lysozyme on mesoporous silica
supports 8, Such a high loading was possible due to advantageous interactions between the
enzyme and the support and a combination of large pore structures. Research examples
specifically looking at immobilisation of HRP that report a final loading of enzyme mass per
support mass were difficult to find as majority of examples focus on activity. A vague report by
416 shows a range between 1-5% (w/w), without details being disclosed, and “*° reported a value
of 3.4mg HRP adsorbed on fumed silica, corresponding to a 0.34% w/w, followed by a later report
18 of a value of almost 3mg HRP adsorbed per g kaolin, corresponding to 0.3% w/w. Another
report resulted at an almost 5% w/w of HRP immobilised on Eupergit®C support via covalent
bonding “°. The maximum values found in literature were almost 13%, reported for immobilised
HRP on zinc oxide using epoxy cross linkers 3, 10%, reported for immobilised HRP on graphene
oxide by adsorption ! and 8% w/w reported for co-precipitated HRP with CaCOs, before cross-

linking the loaded particles with glutaraldehyde and remove the inorganic template 2.

5.4.2. Porosity

Compared to mesoporous silica materials, BIS does not exhibit the ordered pore structure. In this

case, the synthesis method dictates random aggregation of primary particles to form nanoparticles
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and as a result the final materials, might show large surface area and promising pore volumes
(such as 603m?/g and 0.344cm?®/g respectively for BIS-PEHA pH 2). However, in reality, due to
large tortuosity and non-ordered structure of the pore channels, BIS materials might not offer a
viable system for immobilisation of large molecules. Difficulties arise from the high micropore
volumes, which might indicate large porosity, however porosity might not be usable if the
molecules to be diffused (e.g. substrate, product) are larger than not only the pore opening, but
the pore channel width as well, which for uneven and tortuous channels can be significantly
different and unpredictable. Using the BIS-PEHA pH 2 example, the non micropore surface area
is 72m?/g, indicating that the rest is due to micropores existence (pore size < 2nm). An illustration
of the aforementioned arguments is given in Figure 5-27 and Figure 5-28a and b, showing the

pore hierarchy, potential pore shapes and the assumed porosity of BIS respectively.

macroscopic monolith (cm range)

> 50 nm

Figure 5-27: Pore size hierarchy and pore shapes in porous materials. 3 size ranges of pores, macropores (light blue
circle, >50nm), mesopores (orange circle, 2-50nm) and micropores (dark blue circle, <2nm. Different pore
arrangements are shown, such as (a) inverse opal-like structures, (b) isolated pores, (c) co-continuous porosity, and
(d) a cellular build-up (in the scheme, the blue part represents the solid network, the white part is the pore space).
Furthermore, well-organized pores with monomodal character as shown for a 2D hex structure (left hand side in
orange circle) or disordered pore arrangements (right hand side in orange circle) are possible. Image taken from 422,

Due to the disordered nature of BIS pore network, it is assumed that pores can have all possible
shapes shown in Figure 5-28a. Based on the difference between the pore size estimation from the
adsorption and desorption isotherm produced from porosimetry measurements; the later showing
reduced values, pore shapes are expected to be closer to (ii) and (iv) type, potentially with large
pore opening, leading to micropore networks. These arguments on BIS pore channel tortuosity
and disordered shape of pores can explain why loading was not higher, given the available pore

volume. With respect to the effect of enzyme immobilisation on porosity of the composite, we
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can say that although there was not an overall commendable difference on porosity when HRP
was encapsulated, for specific samples there was substantial difference. In such cases, porosity
difference was attributed to fundamental changes to BIS aggregation pattern and structure, as
indicated by USAXS analysis.

a b

Model particle to be
diffused
[ ]

Porous material
section

(white area: pore
space, blue area:
solid network)

BIS nanoparticle aggregat}:
¢+ Secondary particle cluster

Amine

Figure 5-28:1llustration of a) pore channel structures and b) BIS nanoparticle aggregate based on secondary
particle clusters connected with amines. a) i: ordered, uniform sized pore, ii: tortuous pore, iii: dead-end pore, iv:
connected pore network. Diffusion of a model particle (red) is possible only in cases (i) and (iv), b) points (i) and (ii)
represent the ability for diffusion or not respectively, due to tortuosity and micropore structures.

On the other hand, there was substantial porosity reduction upon adsorption of HRP on BIS or
Syloid, given the expected volume occupation by HRP. Such behaviour has been observed in
literature, with many examples of immobilised enzymes via adsorption, such as lipase and BSA
adsorbed on mesoporous silicas, showing a 20-30% and 50-60% pore volume reduction
respectively “%. Another example showed a considerable reduction of surface area and pore
volume (up to almost 50% and 25% respectively) upon adsorption of carbonic anhydrase and
HRP on colloidal mesoporous silica nanoparticles ***. When adsorption of lysozyme on
mesoporous silicas was examined, it was shown that due to the large pores and small enzyme
size, as well as favourable charge interactions, surface area was significantly reduced (more than
80% for bimodal UVM silicas), indicating high enzyme loading (up to 35% w/w was
measured)*?>, On a lower scale, upon adsorption of HRP on mesoporous silica (SBA-15), surface
area and pore volume of the composite were reduced after the immobilisation, but not
substantially compared to the initial values, indicating residence of the enzyme in micro-channels

of the material as opposed to the “bulk pore volume” 4%,

5.4.3. Leaching

During enzyme immobilisation, the ability of the support to securely hold the enzyme is of great
importance, affecting mainly the reusability of the biocatalyst and purity of the reaction bulk, but
ultimately being linked to the cost of the process. There are many systems that can be used
successfully in immobilisation, but due to adverse operational conditions the enzyme leaches
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from the support. One such system is use of alginate beads, due to large pores and the lack of
mechanical strength, which leads to easy rupture and enzyme loss, especially if immobilisation
conditions are not optimised °7- 108235427 |t has been shown however that incorporation of a silica
layer around alginate-based immobilised enzyme systems can minimise leaching, due to higher
mechanical strength and better control of porosity 27235428,

In the case of mesoporous silicates, leaching can occur when the attachment of enzyme on the
porous support is due to weak (or pH dependant) electrostatic interactions 26¢2%, In one example,
a “layering” methodology was used, in order to protect adsorbed catalase on mesoporous silicates.
It was shown that although during the layering of the loaded silicate with a polyelectrolyte,
enzyme got partially desorbed, the residual enzyme quantity got entrapped into the pores and its
stability was enhanced 24, An extensive analysis by Lynch 3% on leaching of physically adsorbed
enzymes on SBA-15 of controlled various pore sizes, showed that leaching depends both on the
pore size, as well as on the electrostatic interactions between the support and the enzyme. It was
shown that up to 35% of myoglobin can leach at pH 7.6, but with increased pore size of the
support, leaching can be reduced to 15%. This was attributed to the neutral charge of myoglobin
at this pH, which reduced electrostatic interaction with the support. When immobilisation of HRP
was attempted on composites of zinc oxide and silica using either physical adsorption or a cross
linking approach, an analysis on leaching of enzyme over 50 h showed that HRP adsorbed on the
composite leached 100% more compared to the cross linked enzyme, leading to a loss of 40% of

initially bound enzyme 33,

With respect to in-situ entrapment of enzymes in BIS, it was shown from our group for lipase and
carbonic anhydrase immobilisation, that leaching was either not observed at all, in the case of
lipase, 2%, or was less than 10%, in the case of carbonic anhydrase over the course of 1 week 3.
This indicates successful and secure encapsulation inside the pore network, supporting the
findings of this project, where leaching was not observed in the case of HRP encapsulated in BIS
and it was less than 5% of the immobilised enzyme in the case of HRP adsorbed on BIS. Other
research examples of enzymes in-situ encapsulated in bioinspired and biomimetic silicas, looking
at carbonic anhydrase 3%, B-glucuronidase 22 ¢4 butyrylcholinesterase ** and horseradish

peroxidase #?°, also support our findings, as leaching of immobilised enzyme was not observed.

5.5. Conclusions
In this chapter, the immobilisation of Horseradish Peroxidase (HRP) was explored via in-situ

encapsulation in Bioinspired Silicas (BIS) and post-synthetic adsorption on BIS. Through a
systematic approach, factors affecting immobilisation were identified and their effects analysed.
These factors included the type of additive used for BIS synthesis and the controlled removal of
it post-synthesis, the point during synthesis at which HRP was added for in-situ immobilisation

and the amount of HRP added for immobilisation. When HRP was adsorbed on BIS, the examined
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factors were the type of BIS used (based on additive used for its synthesis and the post-synthetic

removal of it) and the amount of HRP added for immaobilisation via adsorption.

The conditions of immobilisation are important for the efficiency of the procedure in regards both
to how much enzyme is retained and how much is the percentage of enzyme on the final mass of
the biocatalyst. The findings from examining the point of addition of HRP during BIS synthesis
indicate a yet undefined effect of the presence of protein during materials synthesis and in-situ
immobilisation, influencing synthesis and porosity of procured materials, as well as the efficiency
of immobilisation. Although further extensive work is needed to fully explain this effect,
speculations point to the direction of electrostatic interactions between HRP and additives, which
strongly affect BIS synthesis. The exploration of in-situ immobilisation and additive removal
through acid elution was also examined in order to develop a 1-pot procedure allowing tailored
synthesis and immobilisation. It was shown that additive elution had an effect on the porosity of
the obtained materials, and also on the amount of retained HRP, as the enzyme got partially eluted
as well. Increasing the quantity of HRP introduced for in-situ immobilisation led to a plateau and
even slight decrease of the amount of enzyme retained. Upon examination for leaching, none of
the examined samples showed considerable leaching of HRP.

A comparison between encapsulation and adsorption of enzyme in the same types of BIS, showed
that the type of additive which is used to initiate BIS synthesis has an important role in adsorption,
as it acts in a similar way to post-synthetic chemical functionalisation, enhancing immobilisation
efficiency through strong electrostatic interactions. It was shown that higher functionalisation
present (i.e. no additive eluted) led to higher percentage of HRP adsorbed on BIS. Increasing the
amount of HRP introduced for adsorption led to increased amount of HRP retained, up to a point
where higher quantity made no difference. When compared with a commercial silica, BIS shows
much higher potential as immobilisation support based on the amount of enzyme that can be
encapsulated or adsorbed. Immobilisation of HRP in BIS resulted in a maximum of 20% mass of
HRP per mass of biocatalyst composite, value higher than other examples found in literature.
Analysis of leaching of immobilised HRP from the obtained biocatalysts resulted in no leaching
in the case of in-situ encapsulation and minimal leaching (less than 5%) in the case of adsorption.
This corroborates the argument that BIS is a promising support for immobilisation, which

however still needs optimisation in order to enhance results even more.
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Chapter 6 : Performance screening of free and
Immobilised Horseradish Peroxidase (HRP)

After having explored different immobilisation strategies of HRP with respect to immobilisation
efficiency, porosity and morphology, in this chapter, we explore the performance of the
immobilised HRP samples. The parameters examined for their effect on immobilisation efficiency
in Chapter 5 (immobilisation by encapsulation or adsorption, additive used during BIS synthesis,
point of HRP addition during encapsulation, the possibility for additive elution, amount of HRP
added for immobilisation) are examined again, in terms of their effect on the biocatalyst’s activity.
This Chapter results with the identification of the samples to be taken forward for further
characterisation of the immobilised HRP. The aim is to identify the optimum immobilisation
strategy for best performance, while simultaneously describing what “best performance” is.
Performance is assayed using 2 different assays as described in Chapter 4. The first assay is
directly relevant to peroxidase activity and the second one is based on a realistic application, in
order to explore the industrial potential of the biocatalyst.

6.1. HRP encapsulated in BIS in-situ
6.1.1. Effect of additive used

As discussed in section 5.1.1 but also throughout Chapter 5, the additive is quite important during
BIS synthesis, as it leads to materials with different structure, porosity and functionalisation. Use
of PEHA (small, linear amine) led to mostly microporous materials, whereas use of PAH forms
BIS with distinct pore sizes and increased pore volume and available surface areas. Given the
structural differences of the biocatalysts produced via encapsulation of HRP in BIS synthesised
with PAH or PEHA as additives, different performance is expected. Performance was assayed
using both the ABTS and RB19 standard assays, on the same quantity of BIS-HRP composite.
This indicates that the amount of HRP present might not be the same, but corrective measures
were put in place in an effort to normalise the results and be able to compare the results. Samples
examined in this instance are BIS-HRP composites synthesised by addition of an initial
concentration of HRP equal to 0.25mg/mL, during synthesis of BIS using PAH or PEHA as
additive, at a circumneutral pH (pH 7.0 = 0.1). Obtained results using the ABTS or the RB19
assay are shown in Figure 6-1, examining the performance over a course of 48h with 4 time points
of observation. The extension of the assay to 48h was deemed necessary, as upon initial
experimentation with the original 10min of assaying the absorbance (as developed for the free

enzyme), results were not conclusive on the potential of the biocatalysts.

What is immediately noticeable from both graphs of Figure 6-1 is that BIS-HRP synthesised with
PAH performs generally better (higher production of oxidised ABTS and higher decolorisation

of RB19). Looking at the performance of the samples based on the ABTS assay, a common trend
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is identified, where while oxidation of ABTS seems to increase, after a point a noticeable drop is

occurring.
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Figure 6-1: Performance of BIS-HRP synthesised with either PAH or PEHA as additive, with the same initial amount
of HRP added for in situ encapsulation, examined under standard assay procedure using a) ABTS or b) RB19 as
substrate. Results shown are the average of 3 or more replicates, with the error bar representing 1 standard
deviation.

In order to explain these observations, a few points need to be discussed. These points are: a)
concentration of HRP in BIS-HRP, b) structural differences between samples, ¢) mechanism
behind assay, and d) contribution of the support. Starting with the concentration of HRP in the
BIS-HRP composites, although the amount of HRP added during immobilisation was the same,
the amount retained was different. Looking at Figure 5-1a of Chapter 5, we can see that the
amount of HRP present in BIS-HRP composite is about 10% (w/w) in both cases. This indicates
that observed differences are not due to less HRP being present, but they might be due to less

enzyme being available.

This leads us to examination of the second point, the structural differences between the
composites. Characterisation of the samples done through porosimetry showed that PAH leads to
BIS with much higher porosity (pore volumes can be over 1 cm®/g and available surface areas are
much higher, compared to 0.1 cm®/g and low surface areas measured for BIS-PEHA samples,
please refer to Table 5-4 and Figures 5-3 and 5-4 in Chapter 5). This knowledge, combined with
the performance of the samples in both assays, indicates that structure of BIS-HRP synthesised
with PAH offers better accessibility of the enzyme (pores of average size of 20nm were measured,
compared to 6nm average size of BIS-PEHA pores), allowing substrate to reach the inside of the
structure and product to flow to the bulk. In the case of BIS-HRP synthesised with PEHA, the
enzyme is there, but is not accessible to substrates, probably due to the combination of micro

porosity, tortuosity and the localisation of HRP in the composite.

Moving on to having a closer look at the mechanism of action of the assays in presence of BIS-
HRP composite, there are some interesting observations to be made. In the case of ABTS assay,
unreacted ABTS needs to diffuse through the pore system and find the HRP which should be

excited by the presence of peroxide. Then, initial oxidation should occur, leading to the generation
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of ABTS radicals, which need to diffuse out of the porous network to be measured. In the case of
RB19, similarly, dye molecules need to diffuse through the pores, and find the excited HRP in
ordered to get decolorised. In this case however, since we are measuring the colour reduction,
adsorbed but unreacted dye molecules will result in an overestimation of enzymatic dye
degradation.

BIS-HRP contain PAH or PEHA and hence are amino-functionalised silicas. The properties of
amino-functionalised silicas as adsorbents are quite well known and studied, with many examples
examining dye removal %° %, This indicates that there is a high chance that the BIS support alone
can have a contribution, or interference to the measurement of colour during each assay. In the
case of ABTS assay, unreacted or oxidised ABTS might get adsorbed on the BIS bed. This leads
to lower observable colour, hence ostensibly lower performance of immobilised HRP. In the case
of RB19 assay, dye or dye degradation products might get adsorbed on the BIS bed. This leads to
lower observable colour, hence ostensibly higher performance of immobilised HRP. An
illustrative depiction of the potential interference and contribution from the BIS support for both
assays is shown in Figure 6-2. In the case of ABTS assay, substrate gets adsorbed on BIS and
eventually moves inside the pore structure, where is get oxidised by the enzyme. Based on the
observed results, this process probably lasts for about 1h. Then oxidised ABTS gets diffused in
the bulk (increase in measured colour), before get adsorbed on the BIS structure again. In the case
of RB19, dye initially gets adsorbed on BIS, and eventually it diffuses through the porous
structure towards the enzyme. Upon degradation, by-products might either diffuse back in the
bulk or get adsorbed on the BIS bed as well. These results are supported by the visual observations
of the samples, 48h after assay initiation (Figure 6-3). The qualitative contribution of the support
is clear, especially in the case of BIS synthesised with PAH, where the bed (BIS, with no HRP
present) is visibly coloured with adsorbed unreacted ABTS or RB19 dye.

Standard ABTS assay No fresh substrate added No fresh substrate added

via encapsulation
(enzyme mostly inside)

UV-Vis observation

Assay before ©

enzyme 1 -
®

Assay after enzyme
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Figure 6-2: Illustration of BIS-HRP obtained via encapsulation performance during a) ABTS assay and b) RB19
assay. Arrow coming in represents the addition of substrate, arrow coming out represents the observable outcome via
UV-Vis. From left to right, illustrations show the progress of the assay over time (0, up to 48h). For an explanation
on BIS-HRP structure, please refer to Scheme 5-1and Scheme 5-2 of Chapter 5.

Furthermore, the enzymatic contribution is more distinguishable for BIS-HRP samples
synthesised with PAH, as the characteristic dark green colour is evident in the bulk solution
(middle cuvette, left top side), and also for the decolorised sample, bulk solution has less of a blue
tint (comparison between left and middle photos on right top side). In the case of PEHA being
used as an additive towards BIS synthesis and in-situ HRP immobilisation, visual results are
barely noticeable, with the Blank ABTS solution being slightly more coloured than both BIS and
BIS-HRP sample (bottom left set of photos). In the case of RB19 decolorisation there is barely
any difference between the BIS and BIS-HRP samples, both being slightly less intensely coloured
than the Blank sample (bottom right set of photos).

BIS BIS-HRP Blank BIS BIS-HRP Blank

BIS-HRP w/ PAH

ABTS assay RB19 assay

Figure 6-3: Snapshots of BIS-HRP assay, illustrating the difference between PAH and PEHA additives used for BIS
synthesis. Photos were taken 48h after assay initiation.
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It is quite difficult to quantify the contribution of the BIS support to the observed results and

answer questions such as “how much does adsorption of unreacted ABTS affect the rate of the
reaction?”, or “how much ABTS is oxidised during the examined time?”, due to technical
difficulties. Such difficulties arise from the simultaneous need for quantification of unreacted
ABTS adsorption on BIS and its localisation in BIS structure, as well as quantification of the
oxidation of ABTS accounting for the amount of oxidised ABTS adsorbed on BIS during or after
production. However, we can quantify the contribution of BIS to RB19 decolorisation, by
examining the same quantity of BIS for dye adsorption over the examined time and subtracting
the quantity adsorbed from the result obtained using BIS-HRP. Obtained results for the

quantification of the contribution of BIS using the RB19 assay, are shown in Figure 6-4.
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Figure 6-4: Examination of RB19 removal by BIS-HRP and BIS samples in order to distinguish the contribution of
adsorption and enzymatic degradation. Samples were examined using the standard RB19 assay. RB19 removal was
recorded at 4 specific time points for samples of immobilised HRP on BIS and corresponding BIS supports in
absence of HRP. Results shown are the average of 2 or more replicates, with the error bar representing 1 standard
deviation.

Looking at the ratio of adsorption to enzymatic degradation for both BIS-HRP preparations, we
can see that in the case of PAH, adsorption dominates, with the enzymatic contribution being
visible later in the assay. In the case of PEHA the enzymatic dye degradation seems to be
dominating over adsorption. This can be attributed to the combination of adsorption sites being
present and the porosity of each sample. Higher density of amines in bigger pores (BIS-PAH)
facilitates faster adsorption, whereas smaller pore structures and less amine presence (BIS-PEHA)

makes it easier for RB19 to reach the enzyme.

6.1.2. Effect of point of addition
Having analysed the observed phenomena and the effect that BIS synthesised with different

additives have in each assay in the previous section, here we focus at the point of addition of the
enzyme during BIS-HRP synthesis. As explained in detail in section 5.1.2, addition of HRP during
4 different stages during BIS synthesis was attempted, resulting in 4 types of BIS-HRP for each
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additive examined. These stages were mixing HRP with the additive (A), with silicate (B), or with
their mixture (C) before acidification (pH ~12), or adding it just after acidification, at pH 7 (D).
The initial amount of HRP added was kept the same across all samples. Samples were examined
using both assays and in the case of RB19 assay, the contribution of the BIS support was estimated
as shown in the previous sub-section. Results obtained through the ABTS assay are shown in
Figure 6-5. Given the very similar immobilisation efficiency obtained across samples synthesised
with PAH and across samples synthesised with PEHA, regardless of the point of addition of HRP
(please refer to Figure 5-9 in Chapter 5), results are presented as received, with no normalised

correction.
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Figure 6-5: Oxidation of ABTS by BIS-HRP produced using a) PAH or b) PEHA as additive, with the enzyme added
in different stages during BIS synthesis. A: addition of HRP to the additive before mixing with silicate and
acidification to pH 7, B: addition of HRP to the silicate before mixing with additive and acidification to pH 7, C:
addition of HRP to the mix of additive and silicate before acidification to pH 7 and D: addition of HRP just after
acidification, at pH 7. Results shown are the average of 2 or more replicates, with the error bar representing 1
standard deviation.

From the oxidised ABTS measured across all different preparations of BIS-HRP, adding the
enzyme just after acidification of the amine-silicate solution, offers the highest measured ABTS
oxidation in both cases of PAH and PEHA as additives. Given the complexity of the system
though, with BIS having such a strong adsorption effect for the substrate and the product, it is
difficult to confidently identify the best result. The negative results obtained when BIS without
HRP was examined under the ABTS assay (star symbol lines in Figure 6-5), indicate removal of
unreacted ABTS from solution and the slightly coloured BIS bed implies adsorption of unreacted
ABTS on it (“BIS” sample on photos related to the ABTS assay shown in Figure 6-3). It is worth
mentioning again the much higher measured oxidation in the case of BIS-PAH-HRP compared
to BIS-PEHA-HRP, as well as the almost uniform trend regarding the assay development over
time. Absorbance for BIS-PAH-HRP samples increases up to the 24h mark before reduction, as
opposed to the 1h mark shown for BIS-PEHA-HRP. For points of addition A, B and C, the

performance of the biocatalyst does not show any significant difference for BIS-PAH-HRP.

Comparing the performance of the different BIS-HRP preparations via the RB19 assay (Figure

6-6) one can see that there is no considerable difference for BIS-HRP samples produced with

6-130



Eleni Routoula PhD Thesis 2019

PAH as additive. In the case of PEHA, the results on decolorisation are generally much lower
compared to PAH, despite the concentration of the immobilised HRP being relatively similar
(difference of 5% at the most). However, in the case of PEHA, the action of the enzyme compared
to the action of the support is clearer, as there is a distinct difference between the performance of
the control sample (star symbol) and the HRP-containing samples, clear mostly from the 24h
mark. Mixing HRP with the silicate solution or with the mixture of additive and silicate solution,
before acidification, results in a better performance, substantially different to BIS-HRP produced
by mixing the enzyme with PEHA before BIS production, or adding in during silicification. This
difference in performance could be related to either accessibility of the enzyme to substrate, or to
its residual activity. Having run initial checks regarding the preservation of enzymatic activity
during synthesis (refer to Figure 4-22 in section 4.3.3), we can confidently assume that HRP is
not deactivated in any of the cases examined, so the difference in activity is probably related to

structural differences across the composites.
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Figure 6-6: Removal of RB19 by BIS-HRP produced using a) PAH or b) PEHA as additive, with the enzyme added in
different stages during BIS synthesis. A: addition of HRP to the additive before mixing with silicate and acidification
to pH 7, B: addition of HRP to the silicate before mixing with additive and acidification to pH 7, C: addition of HRP
to the mix of additive and silicate before acidification to pH 7 and D: addition of HRP just after acidification, at pH7.
Results shown are the average of 3 or more replicates, with the error bar representing 1 standard deviation.
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Figure 6-7: Snapshots of BIS-HRP assay 48hr after initiation, illustrating the difference between PAH and PEHA
additives used for BIS synthesis, as well as the importance of the point of HRP addition during BIS synthesis (A:
addition of HRP to the additive before mixing with silicate and acidification to pH 7, B: addition of HRP to the
silicate before mixing with additive and acidification to pH 7, C: addition of HRP to the mix of additive and silicate
before acidification to pH 7 and D: addition of HRP just after acidification, at pH 7).
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Figure 6-7 shows photos taken of the examined samples 48h after assay initiation. Again, the
superiority of PAH as an additive for BIS synthesis and effective HRP immobilisation is visibly
shown (darker green for ABTS assay, less blue for RB19 assay). Whereas similar work was
produced in terms of loading efficiency of drug upon its addition during different stages of BIS
synthesis 2*°, obtained composites were not tested for drug release, so a comparison benchmark
is not available for the observations made here.

From the aforementioned results, for the 4 different points of addition examined, it was decided
to choose point D (addition of HRP during silicification, at pH 7) for further consideration, for

both amines examined.

6.1.3. Effect of post-synthetic acid elution
As it was mentioned in section 5.1.3, elution of the additive was examined post synthesis in order

to tune the properties of the obtained biocatalysts. Elution was performed by adding more acid to
the obtained BIS-HRP composite, to lower the pH from 7 to 5 or 2. BIS-HRP was produced by
addition of the same initial amount of HRP during silicification of samples produced with PAH
or PEHA. Due to the varying loading of HRP across the different preparations, obtained results
were normalised to the extrapolated performance per mg of HRP present in the assay, focusing
on the enzymatic action of the biocatalyst. A comparison of the performance of BIS-HRP

composites with increasing elution of additive through the ABTS assay is shown in Figure 6-8.
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Figure 6-8: Normalised oxidation of ABTS for BIS-HRP samples produced with a) PAH or b) PEHA, with the
additive either completely present (pH7), or eluted with more acid until pH 5 (partial elution) or pH 2 (close to
complete elution). Results shown are the average of 3 or more replicates, with the error bar representing 1 standard
deviation.

Regardless of the additive used for BIS synthesis, its removal shows a clear difference for the
BIS-HRP samples examined. In both cases, eluting the additive partially (pH 5) produced the best
results in terms of observed product over time. This sample, in both cases, shows a significantly
higher product compared to samples as-made (pH 7) or with highest amount of additive removed
(pH 2). This effect can be attributed to the accessibility of HRP for unreacted ABTS due to the
removal of additives. It is worth mentioning that there was no substantial difference observed in

the surface areas between BIS-HRP samples with 100% or partial additive presence per additive
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case (around 200m?/g for BIS-PAH-HRP and 30m?/g for BIS-PEHA-HRP as shown in Figure

5-14 of section 5.1.3). This implies that improved performance can be due to the increased
accessibility of enzyme and the reduction of available sites for adsorption of unreacted ABTS.
This suggests that more molecules of ABTS can reach the enzyme, in a shorter period of time,
with not much retention of the oxidised product from lack of adsorption. For pH 2 samples,
regardless the additive, the performance of the immobilised HRP is very low. This is noteworthy,
as elution at pH 2 represents the highest amount of additive removed, thus providing higher
porosity and better access to HRP. However, pH 2 is too acidic for HRP and leads to activity loss,

explaining the much lower performance of the biocatalyst despite the improved accessibility.

Examining the BIS-HRP samples using the RB19 assay, we can again see distinguishable
differences depending on the additive elution point for both additives (Figure 6-9a for BIS-PAH
and b for BIS-PEHA), where samples with the additive eluted at pH 5 show the best performance
in terms of % of dye removal based on the action of the BIS-HRP composite.
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Figure 6-9: Removal of RB19 based on the composite action of BIS-HRP produced with a) PAH or b) PEHA, with the
additive either completely present (pH7), or eluted with more acid until pH 5 (partial elution) or pH 2 (close to
complete elution). Results shown are the average of 3 or more replicates, with the error bar representing 1 standard
deviation.

Isolating the enzymatic performance by subtracting the amount of dye adsorbed on corresponding
samples of BIS with the additive eluted and normalising the response to the extrapolated value of
quantity of dye removed by 1 mg HRP, results show an interesting trend (Figure 6-10). In the
case of BIS-HRP produced with PAH (Figure 6-10a), all samples start with negative enzymatic
contribution, indicating dominant adsorption of dye on BIS. By the 1h mark, enzymatic
contribution is substantially higher than dye adsorption, leading to almost 30nmol of RB19
removed per mg of immobilised HRP. Progressively, the enzymatic contribution reduces to a
value of almost 10nM per mg HRP. In the case where PAH is eluted to pH 2 (triangles), dye
adsorption is dominant throughout the assay. On the contrary, the contribution attributed to
enzymatic degradation in the case of BIS-HRP produced with PEHA progressively increases

(Figure 6-10Db). This effect is highly noticeable in the cases of full or partial presence of additive
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on the BIS-HRP composite (pH 7 and pH 5 samples), whereas in the case of additive eluted to

pH2, the enzymatic response is almost zero, similar to the case of ABTS assay.
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Figure 6-10: Quantity of RB19 removed over time due to enzymatic contribution of BIS-HRP produced with a) PAH
or b) PEHA, with the additive either completely present (pH7), or eluted with more acid until pH 5 (partial elution)
or pH 2 (close to complete elution). Results shown are the average of 3 or more replicates, with the error bar
representing 1 standard deviation.

Based on the observations made with both the ABTS and RB19 assays, we can see that partial
elution of the additive offers the best results for both PAH and PEHA. This is due to a “sweet
spot” between porosity, accessibility of HRP, the presence of amines in the composite and enzyme
stability.

6.1.4. Effect of amount of HRP encapsulated

Having seen the effects of increasing quantity in immobilisation efficiency on immobilisation
efficiency and porosity of BIS-HRP composites (refer to Figure 5-17 of section 5.1.4), it is
interesting to see whether the amount of encapsulated HRP had an influence on activity. Results
for BIS-HRP synthesised with PAH or PEHA, with increasing initial concentration of HRP added
for immobilisation are shown in Figure 6-11 using the ABTS assay. Since the loading efficiency
is different for each sample, results are presented by normalising per mg HRP present. This helps
compare how much ABTS would 1mg of immobilised HRP can oxidise. If there were no
structural/porosity differences, we would expect to see the same results after normalisation to
1mg of HRP. Hence, any observed differences would be attributed to factors such as porosity of
BIS, accessibility to HRP and adsorption of ABTS (unreacted or oxidised) on BIS. In the case
where BIS is synthesised with PEHA (Figure 6-11b), the increase of initial amount of HRP added
for immobilisation leads to an increase in the oxidation of ABTS. In the case where BIS is
synthesised with PAH (Figure 6-11a), results are showing a different response. For BIS-PAH-
HRP samples, during the earlier stages of the assay (up to 1h), samples with 0.17mg/mL and
0.4mg/mL initially added HRP show the quickest highest response, which gets reduced as assay
progresses. In the case of BIS-HRP samples created with 0.1mg/mL or 0.25mg/mL of initially
added HRP, response is delayed, but results to high amount of oxidised ABTS around the 24h

mark. Trying to correlate the observed response with the obtained information on porosity for
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BIS-PAH samples synthesised with PAH (refer to Figure 5-19 and Figure 5-20 of section 5.1.4),

there seems to be no obvious correlation. That leads to assume an undefined effect by the presence

of HRP during BIS synthesis, depending on the quantity added.
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Figure 6-11: Normalised oxidation of ABTS by BIS-HRP samples produced with a) PAH or b) PEHA, with the
additive partially eluted, examining the effect of increasing the initially added mass of HRP. Results shown are the
average of 3 or more replicates, with the error bar representing 1 standard deviation.

The effect of initially added quantity of HRP to produce BIS-HRP via encapsulation was
examined through the RB19 assay as well. Results on the BIS-HRP composite action are shown
in Figure 6-12 (as observed, no normalisation taking place). Regardless of the initially added
quantity or the type of amine used, RB19 removal shows a sharp initial increase within 1h of
assay initiation, slowing down after the 24h mark, except from the 0.17 and 0.25mg/mL samples
for BIS-PEHA, where there is a sharp decolorisation increase between 24h and 48h.
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Figure 6-12: As observed percentage removal or RB19 by BIS-HRP samples produced with a) PAH or b) PEHA, with
the additive partially eluted, examining the effect of increasing the initially added mass of HRP. Results shown are
the average of 3 or more replicates, with the error bar representing 1 standard deviation.

The composite action of BIS-HRP synthesised with PAH (Figure 6-12a) results in very high
colour removal percentage (80-90% within 48h) for every quantity of HRP examined except from
the 0.1mg/mL. When PEHA was used as additive (Figure 6-12a), there is a substantial difference

to the colour removal achieved for different initial HRP quantities, with the higher initially added
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guantities of HRP leading to higher percentage of removal at the 48h mark. This performance is

not surprising, given the increased quantity of theoretically available HRP.

In order to isolate the enzymatic action from the composite action, the contribution of dye
adsorption on BIS samples was subtracted and obtained results were extrapolated to the
expectation of dye degradation by 1mg HRP being present in the assay (Figure 6-13). Looking at
BIS-PAH-HRP samples (Figure 6-13a), we see that for the higher initial concentrations of HRP
(upward and downward triangle respectively), the enzymatic contribution is increasing until the
1h mark, reaching a value of almost 30nmol RB19 per mg of HRP in both cases and stabilises
later, to a value around 10nmol RB19 per mg of HRP. Interestingly, the HRP contribution when
0.17mg/mL of HRP are initially added (circles) shows a high value at the beginning of the assay,
which is almost halved by the end of the assay. For the case of 0.1mg/mL HRP initially added
(squares), the presence of enzyme in BIS-HRP does not enhance colour removal, as BIS in

absence of HRP performs better than BIS-HRP, hence the negative results.
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Figure 6-13: Normalised enzymatic degradation of RB19 by BIS-HRP samples produced with a) PAH or b) PEHA,
with the additive partially eluted, examining the effect of increasing the initially added mass of HRP. Results shown
are the average of 3 or more replicates, with the error bar representing 1 standard deviation.

When PEHA is used as additive (Figure 6-13b), results are more on the “expected” side, where
the contribution of the higher initial quantities of HRP (upward and downward triangle) is
significantly higher than in the lower added mass cases (square and circle). Interestingly, this
trend is inversed as the assay progresses, showing a delayed activity from lower quantities of HRP
present. Comparing Graphs a and b, we can see that BIS-PEHA-HRP does not overshadow
enzymatic contribution as much as observed in the case of BIS-PAH-HRP, as past the initial
10min, results are increasing and are overall positive. Based on the so far observations, it looks
like dye is fast adsorbed on BIS synthesised with PAH before dye molecules are able to access
the enzyme. Higher quantity of HRP present generally enhances obtained response, with a clear
difference between 0.1mg/mL and higher concentrations, whereas for the 3 higher quantities

examined there is not a clearly observed trend.
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Having seen the response of BIS-HRP with varying quantity of HRP using both ABTS and RB19

assay, it is clear that although for the ABTS assay there is a clear trend, with increased response

when quantity of HRP is higher, in the case of RB19 there is no clear trend.

6.2. HRP adsorbed on BIS or Syloid AL-1FP ex-situ
6.2.1. Effect of additive used

As it was shown in the case of in-situ encapsulation of HRP, the choice of additive has a great
contribution to the performance of BIS-HRP, mainly due to differences on the porosity of BIS-
HRP composites and presence of different type of amines. In the case of BIS-HRP obtained by
adsorption of HRP on pre-synthesised BIS, the enzyme is theoretically more easily accessible,
hence the performance is expected to be enhanced compared to the encapsulated version.
Examining the effect of amine first, BIS-HRP was synthesised via adsorption of the same initial
quantity of HRP on BIS synthesised with PAH or PEHA, without elution of the additive (Figure
6-14). BIS-HRP with HRP being adsorbed (from now on referred to as B1S-ads-HRP) shows the
same performance trend regardless of the additive used (Figure 6-14a). However, when PAH is
used (red circles), the performance of the composite is almost half of the one obtained for BIS-
HRP where PEHA was used as support (blue squares). This can be partially attributed to the
accessibility of enzyme in each case. HRP accessibility can be affected by the structure of BIS
(porous and functionalised in the case of PAH, almost non-porous with no much surface
functionalisation in the case of PEHA), or the “over-loading” of HRP on BIS, implying high
potential but underperforming due to clutter. We should also not forget the adsorptive ability of
BIS (especially BIS-PAH), which probably did contribute to the lower observation of ABTS
oxidation due to adsorption of unreacted ABTS preventing its oxidation from HRP, or oxidised

ABTS, preventing its diffusion in bulk volume.
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Figure 6-14: Performance of BIS-HRP synthesised with either PAH or PEHA as additive, with the same initial
amount of HRP added for adsorption on pre-synthesised BIS, examined under standard assay procedure using a)
ABTS or b) RB19 as substrate. Results shown are the average of 2 or more replicates, with the error bar representing
1 standard deviation.

Moving to the examination of the effect of amine on the performance of BIS-ads-HRP using the

RB19 assay (Figure 6-14b), we can see that the removal percentage is quite high for both
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preparations and past the 1h point, with the obtained colour removal being identical. The results
obtained with the RB19 assay are not complete at this point, as the contribution of the BIS as
adsorbent needs to be subtracted as discussed in the case of encapsulated HRP. Once the
enzymatic contribution is isolated and shown as a percentage of the total performance, it is clear
that the enzymatic contribution of HRP synthesised with PEHA is much higher than the enzymatic
contribution shown in the case of PAH being used as additive, with higher initial and progressive
contribution (Figure 6-15). Based on the comparison of Figure 6-4 and Figure 6-15, we can see
that when HRP is adsorbed on BIS as opposed to encapsulated, the enzymatic contribution is
much more apparent and fast. In the case of encapsulated HRP, the enzymatic contribution
towards decolorisation was not more than about 10% of the composite action, regardless the time
point of the additive used, whereas for adsorbed HRP the enzymatic contribution is quite high

even from the 10min time point, with more than 50% contribution.
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Figure 6-15: Examination of RB19 removal by BIS-HRP and BIS samples in order to distinguish the contribution of
adsorption and enzymatic degradation. Samples were examined using the standard RB19 assay. RB19 removal was
recorded at 4 specific time points for samples of immobilised HRP on BIS and corresponding BIS supports in
absence of HRP. Results shown are the average of 2 or more replicates, with the error bar representing 1 standard
deviation.

When results are normalised to the presence of 1mg HRP in the assay and enzymatic performance
is isolated (Figure 6-16), the much higher performance of HRP adsorbed on BIS synthesised with
PEHA is clear. This effect might be explained based on 2 possible scenarios, which can occur
independently, or have a cooperative effect. Adsorbing HRP on BIS synthesised with PEHA led
to an almost 5% w/w concentration of HRP on BIS-HRP composite, whereas when PAH was
used that concentration was just over 10% wi/w. This indicates a higher concentration of HRP
being immobilised, which could have led to aggregation of enzyme molecules and blocking of
their action 22 2743 Fyrthermore, we need to think where is adsorption of HRP taking place in
each BIS case. Based on porosity analysis of BIS synthesised with PEHA or PAH, we showed

that in the case of PEHA we have an almost non porous material with low available surface area
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(18m?/g), whereas in the case of PAH, BIS is significantly more porous, with much higher
available surface area (180m?/g). This indicates that HRP will get adsorbed predominately on the
external surface area of BIS synthesised with PEHA, whereas in the case of PAH there will be
partial adsorption on the internal pore structure. Introduced substrate in each assay will easily
“find” the excited HRP in the case of BIS synthesised with PEHA, but in the case of PAH it will
get adsorbed initially on BIS, before reaching the enzyme which is adsorbed in the pores of the

material.
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Figure 6-16: Enzymatic contribution of HRP adsorbed on BIS synthesised with PAH or PEHA as additive,
extrapolated to 1 mg of HRP being present in the assay. Results shown are the average of 2 or more replicates, with
the error bar representing 1 standard deviation.

Similar to the depiction shown for encapsulated HRP in Figure 6-2, an.illustrative depiction of
the potential interference and contribution from the BIS support for both assays, for the case of
adsorbed HRP is shown in Figure 6-17. In the case of ABTS assay (Figure 6-17a), substrate gets
easily in touch with the HRP adsorbed on the surface of BIS and oxidation occurs quickly, leading
to high absorbance readings up until the 1h point. Due to the high adsorbing ability of BIS
(especially with PAH used as the additive) oxidised ABTS can then adsorb on BIS, and since
oxidation reaction has finished, we do see a reduction in the absorbance of the assay, as product
is being adsorbed but no fresh product is generated. Over the examined period of 48h, more and
more product is being adsorbed, up to the 24h point, where it seems that adsorption is reaching a
limit, since the concentration of oxidised ABTS present in the assay is stable (Figure 6-14a). In
the case of RB19 degradation (Figure 6-17b), dye gets quickly oxidised by HRP being easily
accessible on the surface of BIS, before adsorption of residual dye and/or dye fragments on BIS

takes place.

The comparison of the 2 additives was clear for encapsulation of HRP, with PAH favouring faster
communication between the bulk solution and the enzyme due to the larger pore network. In the

case of adsorbed HRP, presence of an amine loaded pore network seems to be obstructing the
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enzymatic performance. Based on this observation, it is interesting to examine the performance
of BIS-HRP obtained via adsorption on BIS synthesised with either PAH or PEHA, with elution
of the additive prior the immobilisation

a

Standard ABTS assay No fresh substrate added  No fresh substrate added

BIS-HRP biocatalyst
via adsorption
(enzyme mostly outside)

UV-Vis observation
Assay before o

enzyme E?_’ .

e Assay after enzyme

b

Standard RB19 assay No fresh substrate added No fresh substrate added

BIS-HRP biocatalyst
via adsorption
(enzyme mostly outside)
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—=
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- Assay after
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Figure 6-17: Illustration of the performance of BIS-HRP obtained via adsorption during a) ABTS assay and b) RB19
assay. Arrow coming in represents the addition of substrate, arrow coming out represents the observable outcome
via UV-Vis. From left to right, illustrations show the progress of the assay over time (0, up to 48h). For an
explanation on BIS-HRP structure, please refer to Scheme 5-1and Scheme 5-2 of Chapter 5.

6.2.2. Effect of acid elution
Similarly to examining the effect of additive elution for the performance of encapsulated HRP,

the effect of using BIS with various stages of additive elution as immobilisation support for HRP
on the performance of the enzyme was examined. The same 3 pH levels were examined, where
additive was either fully present in BIS (“pH 77, BIS as synthesised), partially eluted (“pH 57,
BIS synthesis at pH 7, then extra acid was added until pH 5), or further eluted (“pH 27, BIS
synthesis at pH 7, then extra acid was added until pH 2). The initial amount of HRP added was
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the same, but immobilisation efficiencies were quite different per pH and per additive used
(shown in Figure 5-23 of section 5.2.1). Hence, results are normalised to 1 mg of HRP being
present in the assay was employed again. Results for the ABTS assay are shown in Figure 6-18a
and b for BIS-PAH and BIS-PEHA respectively.
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Figure 6-18: Normalised oxidation of ABTS for BIS-HRP samples produced by adsorption of HRP on BIS
synthesised with a) PAH or b) PEHA, with the additive either completely present (pH7), or eluted with more acid
until pH 5 (partial elution) or pH 2 (close to complete elution). Results shown are the average of 3 or more
replicates, with the error bar representing 1 standard deviation.

Regardless of the additive used for BIS synthesis, the highest degree of elution (pH 2) leads to
the highest performance of immobilised HRP (about 9 mmol or 13 mmol of ABTS oxidised per
mg of HRP for the case of PAH or PEHA being used for BIS synthesis respectively). Obtained
results for pH 7 and pH 5 samples were almost identical, whereas pH 2 showed a substantial
difference (Figure 6-18a). We speculate that this difference is due to the lower amount of PAH
present in the case of pH 2, leading to less available sites for adsorption of ABTS, hence less
adsorption of oxidised product and subsequently less interference towards product measurement.
In the case of PEHA used as the additive (Figure 6-18b) there is a noticeable difference across all
3 examined sample sets. This difference could be attributed, again, to the lower presence of
available sites for oxidised ABTS adsorption, as well as to the lower amount of HRP present (in
the case of pH 2), which can promote better activity as shown earlier. The difference in
performance of HRP depending on the degree of elution is more noticeable in the case of PEHA,
probably due to the more controlled elution of additive upon addition of more acid, compared to
PAH ¢,

Examining the same samples using the RB19 assay, we initially present colour removal as
observed, before the enzymatic contribution normalisation, for BIS synthesised with PAH or
PEHA (Figure 6-19a and b respectively). For both examined additives, results obtained based on
the composite action favour HRP adsorbed on BIS after partial additive elution (pH 5), as even
from the 10min mark the colour removal is almost as high as the final time point of the assay
(more than 80% colour removal in both cases). Furthermore, for both additives, the performance

of BIS-HRP for BIS with majority of additive eluted (pH 2, triangle shape lines in both graphs of
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Figure 6-19) starts considerably lower compared to the pH 7 and pH 5 cases, but by the end of

the assay colour removal is close to the maximum obtained with the other samples.
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Figure 6-19: Removal of RB19 based on the composite action of BIS-HRP produced by adsorption of HRP on BIS
synthesised with a) PAH or b) PEHA, with the additive either completely present (pH7), or eluted with more acid
until pH 5 (partial elution) or pH 2 (close to complete elution). Results shown are the average of 3 or more
replicates, with the error bar representing 1 standard deviation.

When the contribution from the support is subtracted and the enzymatic contribution is normalised
to the extrapolated quantity of RB19 removed by 1 mg HRP being present in each case (Figure
6-20), results follow the trend shown for ABTS only in the case of PAH used as additive (Figure
6-20a). The performance of HRP adsorbed on “pH 2” BIS is substantially higher compared to
other types of BIS. In the case of PEHA being used as additive, when BIS-HRP is examined using
the RB19 assay, results obtained for the enzymatic contribution are almost opposite to the ones
shown using the ABTS assay (Figure 6-20b). The pH 5 set is showing a stably high enzymatic
contribution and pH 2 set is showing an increasingly high performance, which eventually, by the

end of the assay is approaching the one measured for pH 5 set.
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Figure 6-20: Normalised quantity of RB19 removed over time due to enzymatic contribution of BIS-HRP produced by

adsorption of HRP on BIS synthesised with a) PAH or b) PEHA, with the additive either completely present (pH7), or

eluted with more acid until pH 5 (partial elution) or pH 2 (close to complete elution). Results shown are the average
of 3 or more replicates, with the error bar representing 1 standard deviation.

It is worth commenting on the maximum contribution observed with BIS-HRP when PAH was
used as additive compared to the use of PEHA. For the former the maximum observed

contribution form immobilised HRP is almost 600nmol RB19 per mg HRP, at the beginning of
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the assay, before contribution from BIS overpowers HRP. For the latter, this number is almost
double, measured at almost 1100nmol RB19 per mg HRP, showing a stable performance
overtime. This difference can possibly be attributed the accessibility of HRP, with BIS
synthesised with PAH offering a porous network lined with amines (quantity depending on
elution), hence potentially obstructing the dye from reaching HRP adsorbed in the pores. The
adsorbing ability of BIS is also the reason for the inversed trend on the enzymatic contribution
observed for BIS-PAH and BIS-PEHA. For BIS-PAH the enzymatic performance is decreasing
with time, as RB19 gets adsorbed on BIS, not allowing contact with HRP. On the other hand, for
BIS-PEHA the adsorption is not as prominent, allowing enzymatic activity to occur (and develop)

without obstacles.

Although the performance of BIS-ads-HRP samples showed very high performance for BIS
synthesised with either PAH or PEHA, with the additive eluted at pH 2, BIS materials selected
for further study were BIS with additive eluted at pH 5, in order to keep a common point for
comparison with the encapsulated HRP.

6.2.3. Effect of amount of HRP adsorbed

Similarly to section 6.1.4, the performance of progressively increased amount of initially added
HRP for immobilisation via adsorption on BIS or Syloid Al-1FP was examined using both assays.
Obtained results using the ABTS assay are shown in Figure 6-21. Before looking in detail at each
type of silica used as immobilisation support, we will compare the maximum estimated value of
oxidised ABTS per mg of HRP immobilised on each different support. Comparing the maximum
observed point of each Graph of Figure 6-21, we can see that the best performance is by far shown
from HRP immobilised on Syloid AL-1FP, with a 45umol ABTS oxidised per mg HRP, compared
to about 12 pmol and 6 pmol ABTS for HRP immobilised on BIS synthesised with PEHA or PAH
respectively.

Examining the effect of increasing quantity of HRP, there is not a consistent trend shown for any
of the 3 supports examined. When BIS-PAH was used (Figure 6-21a), the biocatalyst with the
lowest amount of HRP present (0.1mg/mL initial HRP concentration showed the lowest
performance (square symbols). Disregarding the face value of the rest sets but looking at the
obtained immobilisation efficiency (0.25 > 0.4 > 0.17mg/mL as shown in Figure 5-25 of section
5.2.2), there is a trend, where lowest amount of HRP present shows higher potential of ABTS
oxidation. Given that results shown in Figure 6-21 are based on the same amount of HRP being
present in the composites, the difference in performance could be explained by the ratio of HRP
to available amine for adsorption of ABTS. Theoretically, higher amount of HRP retained from
BIS indicates higher amount of amine residues engaged with it, hence lower amount of amine
residues available for dye adsorption. In the case of 0.1mg/mL the amount of HRP present is
almost half compared to 0.17mg/mL or 0.4mg/mL and is almost the 1/5 of HRP present on the

0.25mg/mL samples (Figure 5-24a in section 5.2.2).
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Figure 6-21: Normalised oxidation of ABTS by immobilised HRP samples on a) BIS synthesised with PAH or b) BIS
synthesised with PEHA, with the additive partially eluted, or on c) Syloid AL-1FP, examining the effect of increasing
the initially added mass of HRP. Results shown are the average of 3 or more replicates, with the error bar
representing 1 standard deviation.

Looking at Figure 6-21b, where BIS-PEHA was used as support, results show that the sets of
0.1mg/mL, 0.17mg/mL and 0.25mg/mL of initial HRP concentration, have a similar performance,
at least until the 1h point. These samples have similar content of HRP (2.3%, 3.2% and 2.5% w/w
HRP/BIS-HRP as shown in Figure 5-25b of section 5.2.2). On the other hand, the sample of BIS-
PEHA with the higher amount of HRP adsorbed (0.4mg/mL initial concentration, leading to 5.5%
w/w HRP/BIS-HRP) shows the lowest performance. This shows the potential of activity hinder
due to larger amount of HRP present. Last but not least, when HRP was immobilised on Syloid
AL-1FP, oxidation of ABTS was correlated to immobilisation efficiency of HRP on the
composite, with lower amounts of HRP oxidising more ABTS.

Results on colour removal from immobilised HRP obtained through the RB19 assay for each of
the 3 supports used (Figure 6-22), show a distinctively lower performance for the lowest HRP
concentration present for both BIS-HRP preparations, with the other 3 quantities examined
showing a similar performance (comparison between Figure 6-22a and b). In the case of HRP
adsorbed on Syloid AL-1FP, the observed colour removal is showing the exact opposite trend
shown for ABTS previously, where lower quantity of HRP results in lower percentage of colour
removal (Figure 6-22c).
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Figure 6-22: Effect of HRP mass on as observed percentage removal or RB19 by immobilised HRP samples via
adsorption on a) BIS synthesised with PAH or b) BIS synthesised with PEHA, with the additive partially eluted, or on
c) Syloid AL-1FP. Results shown are the average of 3 or more replicates, with the error bar representing 1 standard

deviation.

Results of enzymatic contribution to RB19 degradation, after subtracting the contribution of the
silica support and normalising the enzymatic contribution per mg HRP present in the assay for
each case, are shown in Figure 6-23. We can see that — as observed for the ABTS assay — the
amount of RB19 enzymatically degraded by HRP is lower by an order of magnitude between
HRP immobilised on BIS-PAH (Figure 6-23a) or on Syloid AL-1FP (Figure 6-23c), with the
performance of HRP adsorbed on BIS-PEHA (Figure 6-23b) being in between. It should be
pointed out that for HRP adsorbed on BIS synthesised with PAH, the enzymatic contribution of
HRP at the lowest quantity added (0.1mg/mL) was negative (not shown on Figure 6-24a),
indicating that BIS in absence of HRP performed better. For the other quantities, obtained results
are consistent with the ABTS assay, where less quantity of HRP present leads to higher removal
of RB19. When HRP is adsorbed on BIS synthesised with PEHA, increasing the concentration of
HRP present in the assay leads to mixed results, until the highest concentration (obtained for
0.4mg/mL HRP added for immobilisation), where the performance of immobilised HRP is the
lowest. Last but not least, HRP adsorbed on Syloid AL-1FP shows a performance similar to the
observed for the ABTS assay, where higher amount of HRP present in the assay leads to smaller

quantity of RB19 being degraded, although the effect is not as noticeable as in the case of ABTS.
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Figure 6-23: Normalised enzymatic degradation of RB19 by immobilised HRP samples produced via adsorption on

a) BIS synthesised with PAH or b) BIS synthesised with PEHA, with the additive partially eluted, or on c) Syloid AL-

1FP, examining the effect of increasing the initially added mass of HRP. Results shown are the average of 3 or more
replicates, with the error bar representing 1 standard deviation.

In conclusion, lower amount of HRP being immobilised led overall to better results, except from
the case of BIS synthesised with PAH, where for the lowest amount of HRP present, performance
was the lowest observed, indicating the possibility of a “threshold” to be reached by enzymatic

action to overcome the contribution from the support.

6.3. Conclusion and comparison with literature
In this Chapter, we examined the performance of the synthesised biocatalysts, after their

characterisation as shown in Chapter 5. So far, presented results were categorised based on the
form of immobilisation of HRP (encapsulation or adsorption) and secondly based on an
optimisation of the porosity of the BIS support (based on type of amine and amount of amine
present) or of the amount of HRP immobilised. The ultimate goal through the exploration of those
factors is to understand their importance for the performance of the BIS-HRP composite, using 2
different assays. A commercial silica (Syloid AL-1FP) was used as a control, in order to examine
how the in-house produced BIS compares as an immobilisation support with an already

commercialised material.

Based on the results as shown for immobilised HRP via encapsulation or adsorption, the adsorbed

enzyme shows a much faster and higher response, when examined under the same conditions as
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the encapsulated, regardless of the assay used. This is mainly attributed to the localisation of HRP
in each immobilisation system. In the encapsulation case the enzyme is buried deep inside the
pore structure (mostly micropore in the case of PEHA, some mesopores in the case of PAH), with
no clear “channels of communication” with the bulk solution of the assay. In the adsorption case,
HRP is located mainly on the external surface area, or in easily accessible pore channels, allowing
for easier interaction with the substrates.

Narrowing down the comparison of the systems examined in this section, 2 graphs were created,
based on the normalised enzymatic ABTS oxidation or RB19 removal. The value selected to
represent each system in each graph was the maximum detected during the assay, across the same
cohort, i.e. amount of HRP initially added, point of addition, elution state of the additive,
representing both additives examined. A tabulated matrix showing the best identified options is
shown in Table 6-1. Results for ABTS for all the best performing samples (including HRP
adsorbed on Syloid AL-1FP) are shown in Figure 6-24a and equivalent results for RB19 are
shown in Figure 6-24b. Through those collective graphs, one can see the clustered performance
of HRP encapsulated of adsorbed on BIS, as well as the overall higher performance of HRP
adsorbed on Syloid AL-1FP. When HRP is assayed using the — much more sensitive — ABTS
assay, there is a difference of an order of a magnitude between the best immobilised HRP version
and the free enzyme (Figure 6-24a), whereas, for RB19, the performance of free and immobilised
enzyme is more comparable (Figure 6-24b).

At this point we have to mention the very high interaction that BIS had with both assays used.
BIS proved to be a very good adsorbent for both substrate and product of each assay used, leading
to spectacular results when it came to colour removal. Isolating the enzymatic contribution and
identifying the “real” measurement in each case was difficult. It should also be pointed out that
only a few literature examples on enzyme immobilisation for dye decolorisation acknowledge the
potential contribution of the immobilisation support to dye removal, such as 108 271 274, 283, 431, 432
and there is only 1 report of thorough examination of decolorisation due to dye adsorption on the
support of immobilised laccase 3%. In this example, the contribution of the alumina support and
the presence of not catalytically active protein (bovine serum albumin) was examined to dye
removal, similarly to how we tried to isolate the contribution from the support used in this work.
It was found that adsorption of dye was overall more prominent compared to enzymatic
degradation, with results similar to the obtained for HRP encapsulated in BIS. Many reports do
not state the use of appropriate controls needed for monitoring of adsorption contribution to colour
removal 97261263, 381,433-435 ' dagpite the fact either that the supports under question (silicas, alginate
beads) are known for their adsorbing abilities. In other cases, there is a brief mention dye

adsorption potential on the support without further analysis 55 156. 335 436,
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Figure 6-24: Best performing samples of immobilised HRP as shown in Table 6-1, compared with free HRP,
examined through the a) ABTS and b) RB19 assay. Results shown are based on the normalised per mg HRP
approach, of the maximum observed value of each sample during the assay. Results shown are the average of 3 or

more replicates, with the error bar representing 1 standard deviation.
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Table 6-1: Matrix of best results achieved from each assay, for each amine used for BIS synthesis, for each immobilisation method of HRP.

PhD Thesis

Encapsulation of HRP in BIS using PEHA \ Best (time point, h)

| Adsorption of HRP on BIS using PEHA | Best (time point, h)

ABTS assay
Point of addition atpH 7 (1) Elution of additive at pH 2 (24)
Elution of additive atpH5 (1) Mass of HRP initially added 0.1 or 0.17mg/mL (1)
Mass of HRP initially added 0.4mg/mL (48)

RB19 assay
Point of addition Any (48) Elution of additive at pH5 (0.16)
Elution of additive at pH 5 (48) Mass of HRP initially added 0.25mg/mL (0.16)
Mass of HRP initially added 0.4mg/mL (24)

Encapsulation of HRP in BIS using PAH

Best (time point)

| Adsorption of HRP on BIS using PAH | Best (time point)

ABTS assay
Point of addition at pH 7 (24) Elution of additive at pH 2 (24)
Elution of additive atpH5 (1) Mass of HRP initially added 0.17mg/mL (1)
Mass of HRP initially added 0.4mg/mL (1)

RB19 assay
Point of addition atpH7 (1) Elution of additive at pH 2 (0.16)
Elution of additive atpH5 (1) Mass of HRP initially added 0.17mg/mL (1)
Mass of HRP initially added 0.4mg/mL (1)

2019
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In conclusion, answering the question on whether using BIS as immobilisation support is an
effective option, the answer is a conditional yes. BIS achieves high loadings of enzyme, and the
enzyme shows activity upon examination. We were able to identify optimised conditions of
immobilisation which led to higher results in terms of ABTS oxidation or RB19 degradation.
However, results obtained with BIS-HRP biocatalysts (regardless of immobilisation type, amine
or mass of enzyme), where not as high as achieved results with HRP immobilised on Syloid AL-
1FP. Based on the experimental observations and speculations about the BIS-HRP systems, this
is attributed to a) contribution from the BIS support on the assays and b) amount of HRP present
in the assay.

A comparison with literature regarding the factors examined in this Chapter, shows that although
there are many reports examining the effect of different factors on the immobilisation efficiency
(as we showed in Chapter 4); few reports examine the effect of these factors on the performance
of the biocatalyst. As it was showed in this Chapter, more often than not, samples with lower
amount of immobilised HRP showed much higher response to both oxidation of ABTS and
degradation of RB19, so it should be advised that samples are biocatalysts are tested for enzymatic
activity regardless of the amount of enzyme loaded. A great report which does that was produced
by Janovic et al, who looked at immobilisation of HRP on various supports and immobilisation
systems and examined their performance. It was shown that systems with high performance were
not necessarily rich in immobilised HRP and vice versa, as well as encapsulated HRP performed
lower compared to adsorbed or covalently bound HRP, due to higher enzyme availability 7%,
verifying the observations made herein. There are a few reports which examine the optimisation
of the synthesis of immobilised enzyme systems, such as the one reported by Mansor 2%, regarding
laccase entrapped in mesoporous silicas synthesised via the sol-gel method, examining the ratio
of silica precursor to water, the quantity of amine present and the quantity of enzyme present
during the synthesis of biocatalysts. Their analysis resulted in a set of design parameters where
amine concentration was on the lower side of the examined spectrum and enzyme concentration
on the higher side of the examine spectrum 27, aligning with the observations herein, where
elution of additive from BIS leads to biocatalysts with higher enzymatic activity. Another
example compared the performance of immobilised HRP in alginate or acrylamide beads,
resulting in higher performance of the latter, increased compared to free HRP %, Furthermore,
the decolorisation potential of laccase immobilised on imidazole-modified silica, ionic resin and
modified montmorillonite was examined, showing that the lower amount immobilised on the
silica support offered the highest results on dye removal “®2. Sekulijca examined the effect of
glutaraldehyde and bovine serum albumin concentration used for aggregation of HRP to form
CLEAs and showed that higher amount of both leads to higher recovery of aggregates, but with
lower enzymatic activity **’. Temocin showed that higher amount of HRP present in biocatalysts

synthesised by HRP immobilised on modified acrylamide fibers resulted in higher activity up to
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a point, when activity was stable regardless of the increasing quantity of HRP 264, Similarly,
increasing the concentration of a DyP immobilised in alginate beads resulted in increase of the
retained activity, up to a maximum, followed by a drop “*. Many of the literature examples on
immobilised enzyme systems examined on dye decolorisation show a quite high decolorisation
degree, comparable or even higher to the observed for the free enzyme 108 27433743 However,
having seen the contribution of the BIS support in this case and being aware of the lack of
information on the contribution of immobilisation supports in literature examples, a comparison

with literature should be taken with a pinch of salt.

A takeaway message from this Chapter is that researchers ought to be more careful during data
collection using immobilised enzymes. Attention is needed in order to identify all factors that
might have an effect on the observed results and try to quantify the contribution. In this way, we
can increase understanding of the system and create a solid base for further development and
potential future work. Also, a correlation between enzyme loading and activity of the biocatalyst
reveals that higher amount of enzyme present does not always imply high activity. Diffusional
limitations can affect the enzyme-activity balance (as it was the case for encapsulated HRP), but
also presence of excessive amount of enzyme can cause reduced activity response (as it was the
case for HRP adsorbed on BIS or Syloid AL-1FP). Last but not least, what we saw in this chapter,
was that activity response of immobilised enzyme might by substantially delayed, fact mainly
attributed to diffusional limitations and adsorbing abilities of the immobilisation supports used.
If the assay time was kept constant at 10min as it was for free HRP, we would not have been able
to observe and assess the enzymatic activity of immobilised HRP, neither witness the adsorbing

ability of BIS, or build understanding around the response time needed for different systems.

For HRP encapsulated in BIS, regardless of the additive used, the best results were identified
when the additive was eluted at pH 5 and the initial concentration of HRP to be incorporated was
0.4mg/mL. Given the identified contribution of BIS to the response of the assays, in order to have
a fair comparison with the BIS-HRP samples produced by in-situ encapsulation, the selected BIS-
HRP samples produced by adsorption to be used for comparison reasons were again of BIS pH 5.
This decision was made based on the levels of complexity which would be involved if too many

factors changed at the same time.
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Chapter 7 : Kinetics of enzymatic action of free
and immobilised Horseradish Peroxidase

In Chapter 6 we identified the best performing samples of immobilised HRP either through
encapsulation in BIS or adsorption on BIS using standard assays. In this chapter we further
explore the performance of those immobilised HRP samples, comparing it to that of free HRP,
regarding the kinetics of enzymatic action. Characterising the kinetic behaviour of enzymes in
free or immobilised from is a quite common way of examining and comparing their performance,
using the initial rate of controlled enzymatic reaction. The most common kinetic model which
described enzymatic activity was developed by Michaelis and Menten “¥’. Most of enzymes can
be characterised using this model, under controlled conditions. When conditions are different than
the “appropriate”, then behaviour does not fit with the simple Michaelis-Menten model and
further corrections need to be applied as mentioned and described in section 3.4.3 of chapter 3.
Given the use of both H>O, and “coloured” substrate (ABTS or RB19) used for HRP, kinetic
characteristics were determined for both cases, using both ABTS and RB19 assays.

It should be mentioned that HRP is a fairly well characterised enzyme, which however, as for
every enzyme, can have a different performance depending on the origin of the enzyme, the
isoenzyme type, the concentrations of reagents used and the substrates used 133 134 382,438 The
added level of complexity due to immobilisation can potentially lead to even higher ambiguity of
obtained results. Furthermore, there is not explicit information in the literature on how the initial
rates for enzymatic conversions are obtained, a fact which can lead to substantially different

results as we will explain later.

In order to define the kinetic characteristics of HRP —in free or immobilised form — under standard
assay conditions, all parameters were kept constant except from the concentration of one substrate
at a time. Results are shown initially for the free enzyme, followed by a section for the

immobilised preparations.

7.1. Studies on free HRP

7.1.1. Effect of RB19 and ABTS concentration
Keeping the concentration of HRP and H.0, constant, (at 0.017 mg/mL and 0.044mM final

concentration in the assay respectively), the concentration of RB19 was varied from 0.05 to
0.5mM, Kinetics were monitored (Figure 7-1), adding the “forged” initial point, as it was
explained in section 4.2.2.1 and illustrated in Figure 4-12 of Chapter 4. From Figure 7-1 it is
evident that for higher dye concentrations, HRP does not reach complete colour removal (at least
to the extent observed for lower concentrations), as it can also be observed from the actual samples

visually (Figure 7-2).
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Figure 7-1: Kinetics monitoring of enzymatic RB19 degradation. One sample per RB19 concentration examined is
shown and the point skipping function is used for clarity.
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Figure 7-2: Snapshot of enzymatic degradation of RB19 upon increasing concentration of dye. Photos were taken
about 1h after assay initiation.

The initial rate of the decolorisation reaction was determined by fitting the kinetics using the
exponential decay model as it was demonstrated in section 4.2.2.1 and plotted for increasing
substrate concentration in Figure 7-3. Table 7-1 shows the kinetic parameters as obtained through
fitting. With respect to the Kinetic parameters, given that measured rates were kept at a more or
less constant value past the concentration of 75uM and until 500 pM, inhibition (reduction of
measured rate) was not occurring for the measured dye concentration range. Fittings were
performed with the classic Michaelis Menten model and the Ping Pong Bi Bi model !, as
discussed in section 3.4.3 of Chapter 3. The measured maximum initial rate (Vmax) was almost
3.5uM RB19/s and the Michaelis Menten constant (Ky) was calculated at 25.16uM. Another
study of the same system, decolorisation of RB19 using HRP, resulted in kinetic parameters an
order of magnitude higher than calculated here (Vmax was 1.8 uM/min and K, was 455 pM, but
there is no information on how rates were calculated. Furthermore there are concerns about the
quality of the result, as the calculated Ky, is an order of magnitude higher than the concentration
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range examined in their study 2. A similar study (same enzyme, different dyes) resulted in kinetic
parameters within the same order of magnitude as observed herein (K equal to 46 and 58 uM for

Reactive Blue 221 and Reactive Blue 198 respectively) 432,
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Figure 7-3: Initial rate of RB19 degradation by free HRP with increasing substrate concentration and determination
of kinetic parameters. Results shown are the average of 3 or more replicates, with the error bar representing 1
standard deviation. Red symbol signifies point out of order which prevented fitting, hence it was excluded during
fitting.

Table 7-1: Determination of kinetic parameters for models shown in Figure 7-2. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
Michaliss Ping Pong Bi Bi
Menten (inhibition)
y= 0.44 x Vmax X X/A
y =
Equation - x
Vinax X x/(Km i) A ((Kmb %X 0.044) + Kpa X x X (1 + ( /Klb)>> +
(0.044 x x))
Vmax
3.50 (0.16) 3.50 (0.17)
(nM/s)
Km (uM) 25.16 (4.07) ~
Kma
- 2.94E-15 (0.00)
(M)
Kmb
== 25.17 (4.83)
(M)
Kib (M) -- 130.09 (0.00)
R? 0.9591 0.9428
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Work from Sekulijca (same enzyme, different dye, examining inhibition) resulted either in Vmax
2 orders of magnitude higher than calculated here and K, 1 order of magnitude higher **, or in
similar Kn and 2 orders of magnitude higher Vmax 8. The aforementioned examples and some
research examples examining the activity of HRP on non-dye substrates can be seen tabulated in
Table 0-9 and Table 0-10 of Appendix I1l. These results show high variance, mainly attributed to
either the examined system (type and concentration of reagents), or to the generation of data
(calculation of rates, fitting models). Hence, it is not uncommon to not find a good match between
the data produced here and the literature.

Although the focus of this section is the determination of kinetic parameters, further analysis past
this point was conducted. In order to be consistent with the assay procedure, the concentration of
the examined samples was monitored over 48h (Figure 7-4). Results show that beyond the first
10min, dye content was not significantly reduced over the 48h time period, indicating the fast
action of free HRP and the absence of subsequent spontaneous oxidation. It should be mentioned
that points for t=0s and t=10s are connected by a straight line for illustrative reasons.
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Figure 7-4: Removal of RB19 by free HRP over the assay period, examining different initial concentrations of RB19.
Results shown are the average of 3 replicates, with the error bar representing 1 standard deviation.

Similarly for ABTS, kinetic parameters were determined by monitoring of kinetics (Figure 7-5)
and calculation of the initial reaction rate. Substrate concentration was varied from to 0.01mM to
10mM, keeping the concentration of other reagents stable (0.044mM for H,0, and 0.084pg/mL
HRP). From Figure 7-5 it is clear that with increasing initial concentration of ABTS the oxidation
rate and production of ABTS radical increases, up to a point where rate (and production) starts
decreasing (after 0.5mM ABTS). The rate of the oxidation reaction was determined (Figure 7-6)
by fitting of the kinetic monitoring data with the exponential model, as demonstrated in section
4.1.2.1. of Chapter 4. Figure 7-6 shows a typical inhibition based on substrate concentration,
indicating deactivation of HRP as initial concentration of ABTS increases. The classic Michaelis-

Menten model is not appropriate to fit the data, but models taking inhibition into consideration
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reach a good fit level (Figure 7-6, Table 7-2). Inhibition can be attributed to dead-end complexes
formed between the enzyme and the oxidation products, as described by Sekulijca when examined

excess concentrations of dye using HRP 1%,

120+
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—o— 0.0lmM —o— 0.05mM —&— 0.1mM —v— 0.25mM

—0— 0.5mM —<— 1mM —— 2.5mM —0— 5mM —#%— 10mM

Figure 7-5: Kinetics monitoring of enzymatic ABTS oxidation. One sample per ABTS concentration examined is
shown and the point skipping function is used for clarity..

Interestingly, if the higher ABTS concentrations are omitted from the plot and data gets re-fitted
with the same models, inhibition is not present (Figure 7-7) and classic Michaelis-Menten model
fits very well (Table 7-3). Again, given the discrepancy shown for kinetic parameters obtained
with B19, a comparison with literature on the kinetic parameters obtained with ABTS would not

provide any useful information.

B Rate
Michaelis Menten (classic) fit
0.30+ — = Michaelis Menten (inhibition) fit
T i -+ + Ping Pong Bi Bi (inhibition) fit
0.254 =
4 L
@ 0.20 ) ﬁ
= |
EO015¢ . o
o) 11 E
£0.101 u .
o | 1 -
0.054 .
i\ e u
0.00+

ABTS (mM)

Figure 7-6: Fitting of calculated ABTS oxidation rates for ABTS concentration varying from 0 to 10mM. Results
shown are the average of 3 replicates, with the error bars representing 1 standard deviation.
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Table 7-2: Determination of kinetic parameters for models shown in Figure 7-6. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
. . Michaelis-Menten Ping Pong Bi Bi
Michaelis-Menten (inhibition) (inhibition)
y = 008 X Vg X /,
y =
- Voo X x A= (Kpp x 0.044) +
Equation | V... Xx (Km +x X (1+%/1cy)
/(Km+x) KmaXxx<1+
X
( /Kib)>) + (0.044 x x))
Vinax (mM/s) 0.14 (0.03) 0.89 (0.06) 0.14 (0.03)
K (mM) 0.01 (0.02) 0.51 (0.04) -
Kma (mM) - - 1.28E-20 (0)
Koo (MmM) - - 0.01 (0.03)
Kin (mM) - 0.34 (0.03) 0.37 (0)
R2 0.0278 0.9988 -0.3611
0.30- .
0.25- jaE T
/.r‘
% 0.20- s
= ¢
£0.151
2 .’5{
£0.10{ &
7 ®  Rate
i Michaelis Menten (classic) fit
0.05{ / ~ — Michaelis Menten (inhibition) fit
'" -+ + Ping Pong Bi Bi (inhibition) fit
O-Oo T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
ABTS (mM)

Figure 7-7: Re-fitting of calculated ABTS oxidation rates for ABTS concentration varying from 0 to 0.5mM, while
keeping every other factor constant. Results shown are the average of 3 replicates, with the error bars representing 1
standard deviation.

7-157



Eleni Routoula PhD Thesis 2019

Table 7-3: Determination of kinetic parameters for models shown in Figure 7-7. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
. . Michaelis Menten Ping Pong Bi Bi
Michaelis Menten (inhibition) (inhibition)
y:““4xwmxxﬁh
y =
- Vo X x A= (Kpp X 0.044) +
Equation | V... X x (Km +x X (1+%/k )
&&n+@ mmxxx(1+
(x /Kib)>> + (0.044 X x))
Vinax (mM /5) 0.41 (0.03) 0.73 (0.19) 0.41 (0.06)
Km (mM) 0.19 (0.03) 0.41 (0.13) -
Kma (mM) - - 0 (O)
Kb (mM) - - 0.19 (0.05)
Kib (mM) - 0.52 (0.30) 0.31 (0)
R? 0.9915 0.9981 0.9745

Similarly to RB19, 48h monitoring of ABTS oxidation for the initial ABTS concentrations
examined is shown in Figure 7-8, where it is clear that for the lower concentrations of ABTS (up
to 1ImM), oxidation is completed by the 1% hour, whereas for the higher concentrations, the slower
rate of enzymatic activity dictates a longer time until reaction is completed. Having seen the effect
that RB19 and ABTS initial concentration has on enzymatic activity, we can conclude that for
both substrates, if the concentration is kept at values up to 0.5mM, there is no inhibition present,

whereas for higher concentrations enzymatic activity can get severely hampered.

1E+07 -

1E+061

Oxidised ABTS
(umol/mg HRP)

1E+05 ; .
0.1 1

—0— 0.01 MM —0— 0.05mM —&— 0.1 mM —— 0.25mM
—— 0.5mM <+— 1mM —>— 2.5mM —0— 5mM —&— 10mM

Figure 7-8: Oxidation of ABTS by free HRP over the assay period, examining different initial concentrations of
ABTS. Results shown are the average of 3 replicates, with the error bar representing 1 standard deviation.
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Furthermore, it should be pointed out that given the different structure and oxidation mechanism
of the 2 substrates, resulting in different kinetic parameters in each case is not surprising.
Examples in literature have shown a very different performance of the same enzyme towards

different substrates 154 177,185

7.1.2. Effect of H2O2 concentration
During the previous examination, concentration of hydrogen peroxide was being kept constant,

but since it is also a substrate, its effect on enzymatic activity should be examined as well. The
low stability of peroxide-dependant peroxidases to hydrogen peroxide is a well-known issue with
those enzymes, as it is considered a limiting factor for their industrial implementation **°. Much
research is done in order to understand and increase the stability of peroxidases to peroxides, with
main research avenues being through molecular biology or immobilisation 87187440 The initial
rate of the enzymatic oxidation of ABTS or RB19 was monitored while concentrations of ABTS
or RB19 were kept constant and H.O, concentration varied from 0.015mM to 44mM (final assay

concentration).

Results obtained for RB19 oxidation based on kinetic monitoring of the first 10min of the reaction
are shown in Figure 7-9. It is clear that for the extreme concentrations of peroxide (0.0147mM
and 44.1mM) the enzymatic activity is substantially different compared to the rest, given the
considerably higher RB19 concentration left by the end of the monitoring. This is also evident by

the snapshots of the examined samples just after the assay (Figure 7-10).

. —0— 0.0147mM —O— 0.0735mM —&— 0.147mM
S 1404 | —v—0.441mM —0—0.735mM —<— 1.47mM
= . D 441MM —0— 14.7mM —&— 44.1mM

o 120-

i ]

[EEY
N A O ®® O
o O O O O

o

Concnentration of RB

0 100 200 300 400 500 600
Time (s)

Figure 7-9: Kinetics monitoring of enzymatic RB19 degradation. One sample per H202 concentration examined is
shown and the point skipping function is used for clarity..

7-159



Eleni Routoula PhD Thesis 2019

0.0147 0.147 0.735 4.41 44.1

mM mM mM mM mM
U PN &
0.0735 0.441 1.47 14.7
mM mM mM mM

Figure 7-10: Snapshots of enzymatic degradation of RB19 with increasing concentration of H202, keeping every
other factor constant.

Determination of the initial rates of the enzymatic reactions showed that highest rate was observed
for peroxide concentration of 0.44mM, with high rates being also observed within the range
between 0.0735 to 0.735mM H.0- (inset of Figure 7-11). The only model reaching a fit was the
Michaelis Menten including inhibition (Table 7-4), leading to a Vmax of 4.6mM RB19/s, a Ky, of
0.04mM and an inhibition constant (K;) of 6.8mM.

® Rate
- Michaelis menten (classic) fit

4 - - - - Michaelis Menten (inhibition) fit
!i Ping Pong Bi Bi (inhibition) fit
L e e e
~~ x \
Q 3 T “ \ 4.0 ]
o)) o Q .
— | \ ] u »
m ! \ z 3.5
04 1 \\ =
= 21 : " 30/
3 . S :;
1 ~
% 14 Sl 2'50.0 05 10 15 20
(nd Tt~ - H,0, (MM)
ORI |

0O 10 20 30 40 50
H,O, (mM)

Figure 7-11: a) Fitting of calculated RB19 degradation rates and b) determination of kinetic parameters, for H202
concentration varying from 0.0147 to 44.01mM, while keeping every other factor constant. Results shown are the
average of 3 replicates, with the error bar representing 1 standard deviation.

As discussed previously, comparison of these results to literature cannot offer any constructive
information, other than the similarity of the inhibition trend 1. Attempting to identify the non-
inhibitory concentration range of peroxide for the enzymatic activity, obtained rates were re-
fitted, for peroxide concentration ranging from 0.0147mM to 0.147mM (Figure 7-12), indicating
a better fit with the Michaelis Menten model than before, although still fitting better with the
inhibition model, as shown in Table 7-5. It should be pointed out that although the Ping Pong Bi

Bi model seems to reach a fit, the R? value is poor, indicating falsified converging.
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Table 7-4: Determination of kinetic parameters for models shown in Figure 7-11. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
. . Michaelis Menten Ping Pong Bi Bi
Michaelis Menten (inhibition) (inhibition)
y= 0.125 X Vypygye X x/A
y =
y= Vinax X X A= (Kyp x0.125) +
Equation | V... Xx (Km +x % (1+%/1cy)
/(Km+x) KmaXxx<1+
X
( /Kib)>) +(0.125 x x))
Vmax (mM/s) 3.27 (0.24) 4.58 (0.24) 7.57856 (4.03802)
Km (mM) 0.007 (0.014) 0.037 (0.009) --
Kma (m M) - - 1 (0)
Kmb (MM) -- -- 1(0)
Ki(mM) -- 6.79 (1.18) 1(0)
R? -0.0346 0.9160 -28.15
m Rate
5- - Michaelis Menten (classic) fit
- - - Michaelis menten (inhibition) fit
Ping Pong Bi Bi (inhibition) fit
~4 o T T T TS [ T
g o S ST m
ma3l W
x>~
= |
E24
L 1
@® )
o 1A
O __F T T T 1
0.0 0.4 0.8 1.2 1.6
H,O, (mM)

Figure 7-12: Re-fitting of calculated RB19 degradation rates for H202 concentration varying from 0.0147 to
1.47mM, while keeping every other factor constant. Results shown are the average of 3 replicates, with the error bar
representing 1 standard deviation.
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Table 7-5: Determination of kinetic parameters for models shown in Figure 7-12. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
. . Michaelis Menten Ping Pong Bi Bi
Michaelis Menten (inhibition) (inhibition)
y= 0.125 X Vyyax X x/A
y =
g Ve XX A= ((Km,, x 0.125) +
Equation | V.. xx (Km +x X (1+%/gy)
/(Km+x) KmaXxx(1+
(x /Kib)>> + (0.125 X x))
Vimax (MM/s) 3.92(0.22) 4.95 (0.70) 3.92 (0.31)
Km (MM) 0.020 (0.011) 0.047 (0.023) -
Kina (MM) - - 2.44E-19 (0)
Kb (MM) - - 0.02 (0.01)
K; (MM) - 4.18 (2.60) 0.15 (0)
R? 0.6399 0.9160 0.2799

Repeating the same procedure but using ABTS as substrate this time, Kinetics monitoring for
peroxide concentrations ranging from 0.0147mM to 44.1mM while keeping all other factors
constant, is shown in Figure 7-13 and determination of kinetic parameters are shown in Table 7-6.
It is evident that the examined concentration of peroxide does not pose such an inhibitory effect
to HRP when it comes to ABTS oxidation, as opposed to RB19 degradation, as for higher
concentration of peroxide oxidation rate of ABTS is not decreasing as drastically as in the case
of RB19. Given the different structure and oxidation mechanism of the 2 substrates, such an
observation is again not surprising. The fitting of the models should be commented at this point,
as for all 3 models fit is quite acceptable (high R? obtained), but only in the case of Michaelis
Menten with accounted inhibition model the fitting line passes by all the experimental points,

indicating a better representation of the data.

So far, we saw the performance of HRP in free form, on a range of concentrations of each
substrate, keeping all other factors constant. The obtained profiles and the kinetic characterisation
give us information on the effect each substrate has on the enzyme, and the inhibitory potential.
Trying to fit the experimental data with the available models shows that although in many cases
a fit to the classic Michaelis Menten model is obtainable, data fits better to more complicated
models, accounting for inhibition by excessive substrate concentration. Furthermore, comparing
the fit obtained with the classic Michaelis Menten model and the Ping Pong Bi Bi model with
accounted inhibition, we can see that they are identical in every case. The K, factor (Michaelis
Menten constant representative of the substrate with the varying concentration) is practically 0,

nullifying the relevant portion of the model, leading to a classic Michaelis Menten expression.
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Figure 7-13: Fitting of calculated ABTS oxidation rates for H202 concentration varying from 0.0147 to 44.01mM,
while keeping every other factor constant. Results shown are the average of 3 replicates, with the error bar

representing 1 standard deviation.

Table 7-6: Determination of kinetic parameters for models shown in Figure 7-13. Values shown are in the format of
“returned value (error)”. Values shown have been rounded to max 4 significant digits.

Model
. . Michaelis Menten Ping Pong Bi Bi
Michaelis Menten (inhibition) (inhibition)
y= 105 e X3/
y =
y= Viax X X A= Kmnp X 10) +
Equation | V.. xx (Km +x X (1+%/ky)
/(Km+x) KmaXxx<1+
X
( /Kib)>> + (10 X x))
Vima (MMS) 262 (0.26) 4.40 (1.68) 2.62 (0.37)
Ko (MM) 6.83 (1.20) 11.86 (4.83) -
Kona (MM) - - 0(0)
Koo (MM) = - 6.83 (1.71)
K (M) - 26.08 (25.56) 73.02 (0)
R? 0.9842 0.9933 0.9685

In literature there has been extensive work trying to characterise peroxidases based on

determination and quantification of the intermediate compounds formed, determination of kinetic

parameters under various operational conditions and even in the presence of known inhibitors 34

135,275,311 1n this project the scope of kinetic characterisation of the enzyme is being done only to

compare between the free and immobilised form of HRP, without looking into further detail, as

it is considered beyond the scope.
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7.2. Studies on immobilised HRP

Given the ultimate goal of enzyme immobilisation which is the preservation of enzymatic activity
under “normal” conditions and enhancement of it under “unnatural” conditions, it is interesting
to compare the kinetic characteristics of the free enzyme with the immobilised preparation. In
many cases there are diffusional limitations, preventing us from observing the real activity and
allowing us only to see the apparent activity. Such effects are more pronounced in immobilised
enzyme preparations where the enzyme is entrapped or encapsulated in a matrix, or immobilised
in a pore structure, given the higher possibility for diffusional limitations 2% 44, Given the
physical meaning of maximum initial rate (Vmax) and Michaelis Menten constant (Kr), we are
able to distinguish the nature of the difference between the kinetics in free or immobilised form
of an enzyme. Vmax is directly associated with the activity of the enzyme, whereas K, is associated
with the affinity of the enzyme to substrate *°. When Ky, is higher for the immobilised
preparation, it indicates a lower affinity to the substrate, leading to lower enzymatic rate. Lower
affinity is usually related to changed conformation of the enzyme rather than delayed action of it.
Usually, obtained parameters are compromised for the immobilised preparation of the enzyme,
ranging from “worse, but comparable” values of marginally lower Vmax and slightly higher Ky, 22>
218,323 10 “significantly compromised values” of much higher Kmn or much lower Vmax, by at least
50% compared to free enzyme 18 222 254,365, 421, 441, 442 In some cases, immobilisation has led to
enhancement of the kinetic characteristics of the enzyme, showing higher V max and/or lower Ky,
compared to free enzyme, indicating higher activity and affinity of the enzyme to the substrate
214, 222,322,483 This is usually attributed to a more stable active conformation, allowing for better
enzymatic activity. Given the sensitivity of enzymatic reactions using different substrates and the
added complexity of immobilisation, there are reports where kinetic characteristics of
immobilised enzyme had a different relation to those of free enzyme for different examined
substrates 444, In addition, there are reports showing higher Kn (worse affinity for the substrate)
but higher Vmax (faster reaction) 1% 261 or the opposite 321, These results indicate that designing a
biocatalyst with good retained activity, high(er) reaction rates and high(er) affinity for the

substrate under examination, let alone every potential substrate, is very challenging.

Given the very strong prominent adsorption of RB19 on BIS, examination of immobilised HRP
kinetics using RB19 as a substrate was omitted from the scope, and Kinetic characterisation was
performed using ABTS as measurable substrate. The BIS-HRP samples chosen for kinetic
characterisation were in-situ encapsulated HRP during BIS synthesis using PAH as additive, with
the additive partially eluted at pH 5 and HRP adsorbed on BIS synthesised with PAH as additive,
with the additive eluted at pH 5. In both cases the HRP concentration initially introduced for
immobilisation was 0.4mg/mL. Such a choice was justified by two criteria, the highest response
of ABTS oxidation obtained from encapsulated HRP (as shown in the conclusive Table 6-1 of

section 6.3) and also the need to have as few factors changing in our system as possible due to the
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adsorbing abilities of BIS. Based on the second criterion and since all of the BIS-HRP-ads showed
a decent-to-great response towards ABTS oxidation (as shown in Figure 6-18 and Figure 6-21),
the chosen sample as a representative from this cohort was HRP adsorbed on BIS-PAH with
partial elution of additive at pH 5. Experiments and subsequent data analysis was performed using
the same methodology as in the case of free HRP.

7.2.1. Effect of ABTS concentration
Monitoring of HRP activity of BIS-HRP samples using varying concentrations of ABTS, shows

a clear difference between encapsulated and adsorbed HRP on BIS with respect to the time needed
to reach a maximum (Figure 7-14a and b for encapsulated and adsorbed HRP respectively),

hinting the comparison of the procured rates and the trend of the curve.

a 140, b
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—o0— 0.05mM —A4—0.1mM —— 1mM —>— 10mM —A— 0.1mM —<— 1mM —>— 5mM —&— 10mM

Figure 7-14: Kinetics monitoring of enzymatic ABTS oxidation by a) encapsulated HRP in BIS and b) adsorbed HRP
on BIS.. One sample per ABTS concentration examined is shown.

Given the different concentrations of HRP being present in each case, procured rates cannot be
compared directly, but initial observations can be drawn. It should be mentioned that the HRP
quantity present in each case was 0.88mg for encapsulated HRP assays and 0.17mg for adsorbed
HRP assays. Looking at Figure 7-15 we can see that the rates calculated for adsorbed HRP are
significantly higher compared to the ones for encapsulated HRP, despite the lower concentration
of HRP. This could be attributed either to excessive amount of enzyme in the encapsulated
preparation, leading to less product due to active site blockage, or — more realistically — to severe
diffusional limitations in the case of encapsulated HRP which prevent fast contact of ABTS to
HRP or diffusion of oxidised ABTS. Trying to fit the obtained rates with the models used in
section O (Table 7-7) we can see that although fit seems successful for the Michaelis Menten
model with accounted inhibition, the actual parameter estimation leads to untrustworthy results,
with extremely high estimated values and even higher associated error. For example, Vmax for
encapsulated HRP was estimated at 2,364 mM/s using the Michaelis Menten inhibition model,
with error of 2.2E06 for the aforementioned Vmax value and a R? of 0.97. In the case of adsorbed

HRP returned results seem more realistic, but the error value does not allow us to accept them.
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Figure 7-15: Fitting of calculated ABTS oxidation rates for ABTS concentration varying from 0.05 to 10mM, using
immobilised HRP, while keeping every other factor constant. Results shown are the average of duplicates, with the

error bar representing 1 standard deviation.

In an effort to see which system shows higher inhibition from increasing ABTS concentration,

obtained rates (including the obtained ones for free HRP) were normalised to the maximum

observed value in each case. Results (Figure 7-16) show that immobilisation of HRP expands the

tolerance of the enzyme to ABTS, as the maximum rate is observed for higher concentration in

the case of encapsulated and adsorbed HRP (at 1mM, compared to 0.5mM for the free enzyme).

The relatively higher rates observed for lower ABTS concentrations from free HRP compared to

immobilised are expected, as enzymatic activity is not being inhibited at this point for free HRP,

whereas diffusional limitations and adsorption of produced ABTS radical is a occurring.

Normalised rate
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Figure 7-16: Normalised rates for the 3 systems examined, with respect to performance upon increasing ABTS

concentration, keeping every other factor constant.
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Table 7-7: Determination of kinetic parameters for models shown in Figure 7-15. Values shown are in the format of
average (error), as calculated from OriginPro® software.

Model
. . Michaelis Menten . I
Michaelis Menten (inhibition) Ping Pong Bi Bi
Encapsulated BIS-HRP
y= 0.044 X V.0, X x/A
y =
Vo xx A= ((Kmb x 0.044) +
y= max
Equation Ve X X (Kn +x % (1+%/1ey)
/(Km+x) KmaXxx<1+
(x /Km)>> + (0.044 X x))
Vmax (MM/s) 0.35(0.29) 2364 (2.20E6) 0.90 (0)
Km (mM) 0.032 (0.167) 650.7 (606437) -
Kma (m M) - - O (0)
Kmb (MM) - - 0.34 (0)
Ki(mM) - 5.00E-4 (0.46) 1.02 (0)
R? -0.4253 0.9776 0
Adsorbed BIS-HRP
Vmax (MM/S) 1.81 (0.85) 58.48 (125.80) 1.81 (1.48)
Km (mM) 0.044 (0.047) 3.01 (6.6) -
Kma (MM) - - 0(0)
Kmb (MM) - - 0.044 (0.082)
Ki(mM) - 0.18 (0.44) 1.39 (0)
R? 0.0188 0.9050 -1.944

Looking at snapshots of the examined samples, we can visually observe the difference of the
effect of ABTS concentration (Figure 7-17). What is worth pointing out is that for the lower
concentrations used (0.05mM, 0.1mM), BIS particles transformed from white to green (upon
adsorption of ABTS substrate and/or oxidised ABTS) to purple (close-up shown in Figure 7-18
upper photo). The reasoning behind this colour transformation cannot be explained further at this
point, other than there is an effect of BIS-HRP and oxidised ABTS.

T

' T
| (l /)

Figure 7-17: Snapshots of enzymatic oxidation of ABTS using HRP-BIS immobilised by encapsulation (top) or
adsorption (bottom), examining increase of ABTS.
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Figure 7-18: Snapshot of 0.05mM and 0.1mM ABTS assays for BIS-HRP samples produced by adsorption (2 cuvettes
on the left) or encapsulation (2 cuvettes on the right), soon after assay initiation (Up) and 30 days after assay
initiation (Down).

The purple colour was only observed in the presence of BIS loaded with HRP, as control samples
of BIS in presence of the ABTS assay mixture did not show this behaviour, neither did the samples
of free HRP when assayed under the same conditions. When the same samples were reviewed 30
days after assay initiation, solution and BIS-HRP bed was pink (Figure 7-18 lower photo),
phenomenon that had not been observed before for the ABTS assay before (standard ABTS
concentration: 10mM). In literature there is only 1 relevant study which mentions a pink coloured
product as a result of the savaging action of antioxidants on formed ABTS radical **°. Although
to the best of our knowledge there is no presence of antioxidant compounds in the assay, there
might be a side reaction occurring between the ABTS radical and amines contained in BIS,
evident due to the considerably lower concentration of ABTS radical compared to higher initial
concentrations of ABTS. The examined samples of immobilised HRP were monitored over 48h
and obtained concentrations were normalised to the expected per mg of HRP present in the assay
(Figure 7-19). Results show that in both immobilised HRP preparations, maximum oxidation of
ABTS was reached by 1h after assay initiation. In the case of encapsulation of HRP in BIS the
adsorption of oxidised ABTS on the silica bed was much more prominent compared to adsorbed
HRP (max reduction of 84% compared to 63% respectively), probably attributed to the

unoccupied external pore structure of BIS.

It is worth comparing the maximum oxidation of ABTS per mg of immobilised HRP with the
equivalent quantity calculated for the free HRP (see Figure 7-8). The difference between the
production of ABTS radical for the free and immobilised HRP is of about 4 orders of magnitude
(compared for the same initial concentration of ABTS, 1mM), indicating severe diffusional

limitations for the immobilised preparations.
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Figure 7-19: Oxidation of ABTS by immobilised HRP via a) encapsulation in BIS or b) adsorption on BIS, over the
assay period, examining different initial concentrations of ABTS. Results shown are the average of 3 replicates, with
the error bar representing 1 standard deviation.

7.2.2. Effect of H202 concentration
The effect of initial peroxide concentration was examined on the activity of BIS-HRP samples in

the same way as for the free enzyme. Monitoring of kinetics for both encapsulated and adsorbed
HRP shows again a considerable difference, regarding the time needed for maximum oxidation,
indicating that adsorbed HRP performs better than encapsulated HRP (Figure 7-20). Furthermore,
in both immobilised HRP preparations, there is a difference between concentrations below and
above the range of 0.44-1.47mM. As stated in the previous section, given the difference in HRP

loading, a direct comparison or rates or performance is not advisable.

—0— 0.147mM —0— 0.441mM —A— 1.47mM b i ggﬁ;ﬂ“"ﬂﬁ%:ﬂﬁw
120+ V- 441N ~O 14.7mM < 264.7mM 140, |—0—4.41mM —<— 14.7mM —>— 264.7mM
_ SO o = AT AT arar
- % lOOA < - % 120‘
) o
5w 80 T I e
= = = = 80
£2 60 g
c = 60+
22 40l 33
S € .9 401
o2 8%
3 20+ 5 201
0 T T T T T T ! 0 T T T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Figure 7-20: Kinetics monitoring of enzymatic ABTS oxidation by a) encapsulated HRP in BIS and b) adsorbed HRP
on BIS, with varying initial concentration of H202. One sample per ABTS concentration examined is shown..

Looking at the rate profile (Figure 7-21), we can see that the performance of adsorbed HRP on
BIS seems more prominent than the encapsulated preparation, probably due to the accessibility
of enzyme, allowing for faster and higher results. Upon fitting of the obtained rate values with
the models used so far (Table 7-8) we can see that the Michaelis Menten model accounting for
inhibition seems the best fitting one for both preparations based on the R? value, however the
same issue as previously is shown. Estimated values for the kinetic parameters and the associated
errors are unreasonably high (especially for encapsulated HRP). Looking at the fit and parameters
returned for the classic Michaelis Menten model, in both cases returned values are within
acceptable range and the R? value is also acceptable. In the case of the Ping Pong Bi Bi model
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with accounted inhibition, whereas for the adsorbed HRP the response is exactly the same as the

Michaelis Menten model, for the encapsulated HRP fit is not acceptable.
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Figure 7-21: Fitting of calculated ABTS oxidation rates and b) determination of kinetic parameters, for H202
concentration varying from 0.075 to 14.705mM, while keeping every other factor constant.Results shown are the
average of duplicates, with the error bars representing 1 standard deviation.

Table 7-8: Determination of kinetic parameters for models shown in Figure 7-21 Values shown are in the format of
average (error), as calculated from OriginPro® software.

Model
Michaelis Menten Mlc(?sﬁ:;tl:/loir)]ten Ping Pong Bi Bi
Adsorbed BIS-HRP
y = 10X Vngy Xx/A
y =
g Voo X X A= <(Kmb x 10) +
Equation | V.., X x/ (Km +xx (1+ X/Kl-))
(Km +x) KmaXxx<1+
(X/Kib)>) + (10 x x))

Vmax (MM/s) 11.36 (2.39) 46.59 (30.06) 11.35 (3.39)

Km (mM) 2.59 (0.56) 10.90 (7.09) --

Kma (MM) - -- 6.68E-24 (0)

Kmb (MM) - -- 2.59 (0.81)

Ki(mM) - 3.53(3.01) 3.46 (0)

R? 0.9393 0.9872 0.8787
Encapsulated BIS-HRP

Vmax (MM/s) 1.98 (0.53) 17955 (2.86E7) 1.98 (0.92)

Km (MmM) 0.93 (0.60) 15726 (2.506E7) --

Kma (MM) - -- 0(0)

Kmb (MM) - -- 0.93 (1.05)

Ki(mM) - 0.0013 (2.2044) 5.39 (0)

R? 0.7179 0.9884 0.1538
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In order to compare the obtained results between the two immobilised systems and the free HRP,
normalisation of the rates was employed again, to the maximum observed value for each case
(Figure 7-22). Comparing the observed trends, we can say that free HRP shows a slow increase
up to 1.4mM peroxide until the rate spikes at 14mM peroxide, but in the case of adsorbed HRP
on BIS rate shows a steeper increase and reaches maximum value at 4.4mM peroxide, slightly
faster than the free enzyme. Encapsulated HRP in BIS shows a similar increase in rate with
increasing concentration of peroxide present, but it quickly drops after reaching the maximum at
4.4mM peroxide. Based on this “relevant” representation of data, we could argue that
immobilisation of HRP allows the enzyme to reach maximum rate using a lower concentration of
peroxide. This could be advantageous if the obtained rates for immobilised enzyme were

comparable to the ones obtained for immobilised enzyme, which is not the case here.

B Free HRP
1.24] ¢ Adsorbed HRP on BIS
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Figure 7-22: Normalised rates for the 3 systems examined, with respect to performance upon increasing H20:
concentration, keeping every other factor constant.

Observing the over time performance of the 2 systems of immobilised HRP (encapsulation shown
in Figure 7-23a and adsorption shown in Figure 7-23b), we can clearly see the performance
difference between the adsorbed and encapsulated HRP in terms of oxidation of ABTS. Again,
this is most likely attributed to the strong diffusional limitations for the encapsulated system,
arising from both the porosity and the action of BIS as adsorbent. Unfortunately a direct point-
to-point comparison with the free enzyme is not possible as this data was not collected. However,
observing the trend shown for immobilised HRP (much higher production of oxidised ABTS for
peroxide concentration between 1.47mM and 14.7mM) and having in mind the 4-order of
magnitude of difference between free and immobilised HRP performance for 0.441mM peroxide
(as commented for Figure 7-19), we can safely assume that there is no meaning in comparing the

performance of the free to immobilised HRP.
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Figure 7-23: Oxidation of ABTS by immobilised HRP via a) encapsulation in BIS or b) adsorption on BIS, over the
assay period, examining different initial concentrations of H202. Results shown are the average of 3 replicates, with
the error bar representing 1 standard deviation.

7.3. Conclusions
In this Chapter se saw the Kkinetic characterisation of HRP using the 2 substrates of the enzymatic

assays used in this project (RB19 and ABTS), but also hydrogen peroxide, which is the main
peroxidase substrate. Kinetic characterisation was performed in both free and immobilised HRP,
the latter including both encapsulated and adsorbed preparations. Determination of kinetic
parameters was cumbersome for the case of immobilised HRP, due to the major diffusional
limitations the BIS system poses. Free HRP obeys the classic Michaelis-Menten kinetics under
specific considerations and upon high concentrations of any of the 3 substrates (peroxide, ABTS,
RB19) the enzymatic activity is inhibited. Although a direct comparison of the obtained kinetic
parameters is not applicable for the examined systems due to the different concentration of HRP
used, monitoring of the enzymatic performance in each case over the time, oxidation of ABTS
shows the inferiority of the immobilised systems. On a positive side, there is a clear superiority
of immobilisation by adsorption between the 2 immobilisation techniques examined, due to the
lower diffusional limitations. A comparison of normalised reaction rates between free HRP and
adsorbed HRP on BIS, shows that immobilisation might be offering some protection to HRP in
high concentrations of ABTS and is facilitating higher — relevant —rates for lower concentrations
of peroxide. However, much optimisation is needed before these results can actually have an

applicable meaning.
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Chapter 8 : Examination of stability and
reusability of Horseradish Peroxidase in free and
Immobilised form

In Chapter 7 we examined the performance of immobilised HRP with respect to its kinetic
characteristics and compared it to the performance of free HRP. Although knowledge on the
kinetic parameters of an enzymatic system can reveal much information, they are not the only
way of performance evaluation. Other important attributes of an immobilised enzyme are its
stability under various conditions and its ability to be reused, given industrial requirements. In
this chapter, we are looking at the operational stability, as affected by pH, the thermal stability
and the storage stability of selected BIS-HRP samples, comparing it to the respective values
obtained for the free enzyme. Due to issues related to adsorption of RB19 on BIS-HRP samples,
the RB19 assay was omitted in some cases. Also, due to reasons related to BIS-HRP performance
and need for measurable results, only BIS-PAH-HRP samples were examined for operational and
thermal stability. Furthermore, we are exploring the reusability potential of immobilised HRP,
trying to separate the enzymatic contribution from the contribution of the support, using both
ABTS and RB19 assay, for selected samples of BIS-HRP prepared with PAH or PEHA and
comparing them to the performance of Syloid FP-1AL-HRP. Last but not least, motivated by the
unexpected performance of BIS as adsorbent, we are looking a bit further into its potential,

exploring adsorption kinetics and isotherm evaluation of BIS-PEHA samples.

8.1. Effect of pH on the operational stability of free or
immobilised HRP

One of the main effects of immobilisation is the protection of enzyme under non-optimal
operational conditions. Such conditions might include pH values outside of the optimal for the
specific enzyme. There are many immobilisation reports which show an improvement on the
observed enzymatic activity in pH conditions where free enzyme is not showing the highest
activity (measured through the reaction rate, amount of product or other metrics) 213 229 264, 442, 444,
446448 Some reports manage to preserve the activity profile of the enzyme intact after
immobilisation 279 443449450 or with slightly improved enzymatic activity following the trend of

the free enzyme 97, 228, 235, 266, 284.

There is a need to distinguish between operational and storage pH stability, as the first measures
the adaptability of the enzyme in different operational conditions than the optimal ones. The
second describes whether the enzyme can preserve its activity after it has been exposed in non-
optimal storage or treatment pH conditions. Herein, we chose to focus on the operational stability
of HRP under various pH values, as we believe it is more relevant for potential industrial

implementation.
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The comparison between reaction rate (or activity) and decolorisation percentage over time, as
well as the monitoring of decolorisation over an extended period of time, has not been studied in
much detail in literature. What is usually shown regarding dye decolorisation (or generally water
treatment) monitoring, is the exploration of the rate of the reaction — or the activity — using a
standard assay and the percentage of decolorisation (or pollutant removal) as an application of the
enzyme 42 97, 9. 204, 261, 274, 281, 335 Some reports show only the percentage of decolorisation or
pollutant removal, without any mention to rates or activity 18 20.133.203,433.451 ‘\/ery few examples
are actually comparing the reaction rate with the decolorisation percentage, such as 2% 43,
providing a different perspective into very complex systems such as enzymatic reactions. These

observations can be useful when deciding on the specifications for a system

8.1.1. Studies on free HRP
Operational stability was examined by changing the pH of the assay medium and keeping every

other parameters of the assay unchanged (ratio of reagents, ions present, and enzyme storage
conditions). The pH was varied from 3 to 7, as usually this is the examined pH range for
Horseradish Peroxidase 2 % 3%, Results shown in Figure 8-1 represent the performance of HRP
under different operational pH using ABTS as a substrate. Figure 8-1a depicts the difference of
the ABTS oxidation rate under different pH conditions and Figure 8-1b depicts the production of
oxidised ABTS (ABTS ion or radical) over a course of 48h.

What can be instantly observed is the substantial difference of the reaction rates for the different
operational pH values examined, where at pH 5 the enzyme clearly performs much better than at
any other pH. Usually, enzymatic activity shows a sharp peak at the optimal pH and the activity
can be substantially lower for pH values not much different to the optimal one. This is due to the
charge alteration of amino acids, which can lead to them getting displaced from the active
configuration of the enzyme, hence, leading to lower, or even zero, activity 3° and the optimal

pH can change drastically depending on the substrate >4,
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Figure 8-1: Effect of pH on a) initial rate for ABTS oxidation by free HRP and b) 48h monitoring of product
formation, using the standard ABTSassay, in buffered medioum of pH ranging from 3 to 7. Each point is based on
triplicates, with the error bar representing one standard deviation.
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Comparing the rate profile with the product concentration over time, it seems that HRP performs
better at pH 5, even up to 48h, where the concentration of the produced ion gets substantially
reduced. These observations contrast slightly with the optimal pH values shown in literature for
horseradish peroxidase using ABTS as the substrate. The most often reported value is pH 6 42
453 with some reports indicating pH 7 34, or pH 5 %4 4% and one report showing an optimal pH
value for HRP at pH 2 “%, However, we should not forget that HRP is an enzyme with many
different isoenzyme forms, showing a big range of isoelectric points 3%, hence potential for many
different optimal pH values. Research conducted on the stability of the produced ABTS ion via
chemical oxidation showed that stability (hence observed absorbance) gets reduced in the alkaline
pH, with the best results shown in the area of pH 4-5 %, The lower stability of the ion could

explain the lower measured product at 48h compared to earlier time points.

Having seen the obtained results with ABTS, the RB19 assay was applied as well (as described
in section 4.2), in order to explore the effect of pH during a potential application. Both initial rate
of reaction and absorbance in specific time points after assay initiation were monitored in order
to obtain an accurate picture. Herein, based on the rate of decolorisation (Figure 8-2a), the
optimum pH is pH 4, with a difference of two orders of magnitude between the other pH values
examined. It has been pointed out that the optimum pH may differ even for the same enzyme,
depending on the origin of the enzyme and the system it is applied to 2°. When HRP is applied on
dye decolorisation, the optimum pH is shown to be either around pH 4-5 or pH 6-7. Monitoring
the reactions over the course of 48h allowed for some very interesting observations with respect
to the progress of decolorisation over time (Figure 8-2b), as well as the final product (Figure 8-3).
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Figure 8-2: Effect of pH on a) initial rate for RB19 decolorisation by free HRP and b) 48h monitoring of
decolorisation, using the standard RB19 assay, in buffered medioum of pH ranging from 3 to 7. Each point is based
on triplicates, with the error bar representing one standard deviation.

As it can be seen in both figures, for pH values 6 and 7 there is a dramatic difference over time,
leading to almost colourless solutions. Furthermore, it is notable that although there was a great

difference in the initial rate of the reaction for pH 3 and 4, the end product appeared very similar
(red-pink hues shown in Figure 8-3).
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Figure 8-3: Visual observations of RB19 decolorisation from HRP using standard RB19 assay in buffered medium of
pH ranging from 3 to 7. Rows represent triplicates.

Based on measured decolorisation efficiency after 24 to 48h, as well as the visual observation of
the samples, one could argue that the best pH would be 6. It is then a matter of preference on what
“best” signifies, depending on the need for speed and stable results (pH 4), or the need for
maximum decolorisation over a more extended period of time (pH 5-6). Having mentioned earlier
about the measurement of decolorisation based on the area under the curve instead of the
absorbance difference at a specific wavelength (section 4.2), it would be interesting to see the
comparison of the two methods in this case, where such a visual difference between results is
observed. A scan was obtained for 1 reaction from each triplicate, in the area of visible wavelength
(350-700nm) and the area under the curve between these wavelengths was calculated using the
Peak Analyzer function of Origin software. Results are shown in Figure 8-4a and b. These results
verify the observations made earlier about the lighter colour obtained over an extended period of
time compared to not as visibly decolorised solutions obtained faster, and show the importance
of the pH for dye decolorisation by free HRP. The lower rate (and lower dye removal percentage
for the first few minutes/hours) is expected, given the sensitivity of enzymes to operational
conditions as described earlier for the ABTS assay.
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Figure 8-4: a) absorbance spectra and b) calculated area under curve for decolorisation of RB19 using free HRP in
buffered medium of H ranging from 3 to 7. Region of interest was between 350nm and 700nm (visible region).
Baseline used was of 0 absorbance. Results represent 1 sample from each different condition. Control (unreacted
dye) sample is of pH 4, as a representative, as there was no observable difference across control unreacted dye
samples of different pH.
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With respect to the high degree of decolorisation for samples with a low reaction rate (e.g. at pH
6 or pH 7), we should mention that degradation of RB19 is an oxidation reaction, where upon
initial formation of radicals due to the enzymatic excitation by peroxide, can be spontaneous and
uncontrollable. Studies on Reactive Black 4 (RB4), another anthraquinone dye with structure
similar to RB19, showed that there are 3 predominant, deprotonated species of RB4 in a range of
pH from 4 to 14 *’. This indicates 3 different “starting structures” for enzymatic degradation
depending on the pH, which can potentially lead to different fragments. This speculation can
explain the different colours observed during degradation and at the end of the assay as shown in
Figure 8-3.

Work on RB19 degradation using photocatalysis with hydrogen peroxide, showed that
degradation of the dye in solution of higher pH was faster %8, During photocatalysis, hydrogen
peroxide generates hydroxyl radicals, which “attack” ionisable groups of the organic molecule
and lead to the structure disruption. Given the similarity of this procedure to the enzymatic
decolorisation, where hydroxyl radicals are produced by hydrogen peroxide via the activity
mechanism of peroxidase as alternatively presented by Rodriguez-Lopez '*, a mixed effect
between the reduced production of hydroxyl radicals and the different starting structures can be

assumed.

Examining the operational stability of HRP we saw that results follow 2 trends, depending on the
perspective one want to focus on. If the interest lays with fast reaction (high initial rate), then the
optimal pH for HRP was pH 4, showing maximum initial rate, but not as colourless products as
in other cases. If the interest lays with most effective decolorisation (% of dye removal either by
measurement at the optimal wavelength or by area under curve, regardless of time needed), then
the optimal pH for free HRP was pH 6. From a point of industrial interest, both angles are
important. An efficient biocatalyst should be working fast, producing optimal results (in our case
colour reduction). In the next section we will examine the operational stability of immobilised

HRP, looking at how immobilisation affects the aforementioned results.

8.1.2. Studies on immobilised HRP

As it has been mentioned earlier, one of the aspects that makes enzyme immobilisation very
valuable, is the ability to protect the enzyme under conditions different than the determined as
optimal. In the previous section the optimal operational pH conditions for free HRP were
identified and observations for the performance of the enzyme were made using the 2 different
assays. In this section, selected samples of immobilised HRP were assayed under the same
conditions, in order to compare the performance of HRP in immobilised form, using samples
procured with both encapsulation and adsorption of HRP on BIS. The selected samples of
immobilised HRP were the same as shown in Chapter 7, based on best performance and need for
consistency. Encapsulated HRP sample chosen was HRP in BIS synthesised with PAH and

subsequent elution of amine at pH 5, with an initial HRP concentration of 0.4mg/mL. Adsorbed
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HRP sample chosen was HRP adsorbed on BIS synthesised also with PAH, with the amine eluted
at pH5 and a HRP quantity introduced for immobilisation of 0.4mg/ml. The assay of the bio-
composites was performed as described in section 3.4.4. As it was noted in Chapter 6, both assays
interacted one way or another with the substrates, especially in the case of RB19, so control
samples of pure BIS were used in order to extract the portion of the enzymatic performance. In
Figure 8-5 the comparison of the initial rates of ABTS oxidation using HRP in free form and in 2
different immobilised forms is shown, depicting the actual (Figure 8-5a) as well as the normalised
rates (Figure 8-5), using the maximum observed value of each sample for the latest. Comparing
the actual values for the initial rate of ABTS oxidation, it is clear that neither of the immobilised
preparations of HRP can perform to the same extent as the free enzyme. There is a difference of
4 orders of magnitude between the free and adsorbed HRP and a difference of 7 orders of
magnitude between encapsulated and free HRP, indicating that in both cases there are serious
issues regarding the enzymatic activity. It is worth mentioning that there is some activity
measured at pH 3 for HRP adsorbed on BIS, whereas no activity was detected for either free or
encapsulated enzyme. It should also be pointed out based on what he have witnessed so far, that
the accessibility of enzyme to ABTS and oxidised ABTS to bulk volume is considerably different.
Despite the low performance of immobilised HRP compared to expectations, if rates are
normalised to the maximum observed value per case, results are very interesting (Figure 8-5).
There is a common point between the 2 preparations of immobilised HRP, which is the
considerably higher activity shown at pH 4, compared to the free enzyme. For operational pH of
5, 6 and 7, free HRP and HRP adsorbed on BIS show basically the same descending trend,
whereas HRP encapsulated in BIS shows a semi-stable profile for pH 4, 5 and 6 and an increase

activity for pH 7.
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Figure 8-5: Initial rates of ABTS oxidation using the standard ABTS assay, for free HRP, HRP immobilised in BIS
via encapsulation and HRP immobilised in BIS via adsorption. a) values of initial rates as calculated using collected
data, b) normalised rates to the maximum value observed for each BIS preparation. Each point is based on
triplicates, with the error bar representing one standard deviation.

Interestingly, all 3 HRP preparations show the same relative effect for pH 6. As it was pointed
out earlier, the dislocation of the optimal point or the perseverance of the same profile and even

the lower observed activity are fairly often observed in enzyme immobilisation. Addressing the
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move of the optimal performance point between the free HRP and HRP adsorbed on BIS, this can
be possible given the attachment of HRP on BIS, which could provide protection of the active

conformation of the enzyme for this operational pH.

The absence of the same protective effect for pH 6 and 7, could be due to stronger interactions
and charge alterations of HRP aminoacids at these pH values, compared to the offered protection
from BIS. On the other hand, when HRP is encapsulated in BIS, the overall oxidation rate was
much lower, but it did not show the sharp decrease either side of the optimal pH point such as in
the case of free and adsorbed HRP. Results show that the maximum rate for encapsulated HRP
was observed at pH 7. Activity between pH 4 and pH 6 is lower by only 20% from the optimal.
This indicates a stronger protective effect of BIS to HRP, which could be attributed to the
encapsulation procedure and the reduction of full exposure of the enzyme to operational
conditions. When HRP is adsorbed on BIS, the enzyme is mostly located on the external surface
area. When HRP is in-situ encapsulated, the bulk of the enzyme is located inside the pore structure
of BIS, with some quantity potentially adsorbed on the external surface area. It has been argued
before that encapsulating enzymes into immobilisation supports can preserve the active
microenvironment around the enzyme, hence help the composite show a higher activity compared
to the free enzyme “*° under non-optimal conditions. It has also been shown that introduction of
drastic pH changes could lead to desorption of enzymes from a solid support % 1% 413 when
immobilisation was based on weak charge interactions, so this could be a possibility to take into
consideration here. Trying to investigate the effect of some of the aforementioned possibilities,
an exploration of the oxidation of ABTS per time point could offer some enlightenment.

In Figure 8-6, the production of oxidised ABTS is shown over time for the 3 systems examined,
in each of the pH conditions (graphs a to e corresponding to pH 3 to 7). Presented results are
shown as an expectation of ABTS oxidation per mg of HRP, based on the measured results for
the given HRP amount in each case. What is immediately noticeable is the magnitude of
difference between the performance of the free enzyme compared to the immobilised form, as it
was also established through the initial rate comparison (Figure 8-5a). Another observation is the
much lower observed product by the 48h point for the BIS-HRP samples compared to the
maximum observed measurement, especially when HRP was adsorbed on BIS (shown be the
decrease of the red lines over time in graphs a-e of Figure 8-6). The maximum observed reduction
in observed product in the case of free HRP was shown at pH 7 (Figure 8-6€), where the maximum
observed value was at 24 h and by 48 h the oxidised ABTS concentration was reduced by 53%,
which is most probably relevant to the stability of the oxidised ABTS as explained in section
8.1.1. For pH 3 and 4 (Figure 8-6a, b) there was no observable difference throughout the time
points examined and for pH 5 and 6 (Figure 8-6¢, d) there was a difference between the maximum
value (observed again 24 h after assay initiation for both cases) of 22% and 8% respectively.

These observations indicate that once ABTS is oxidised by free HRP, its concentration stays
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mainly unchanged throughout the assay. With respect to the immobilised HRP preparations,
results are different. In case of pH 3 (Figure 8-6a), both preparations lead to a zero value (lower
compared to control sample of unreacted ABTS) of observed oxidised ABTS 48h after assay
initiation. The stable oxidised ABTS concentration in the case of free HRP at pH 3, leads to the
conclusion that in the case of BIS-HRP, at pH 3, all the produced ABTS ion is getting adsorbed
on BIS. For pH 4 (Figure 8-6b), where again the performance of free HRP was stable over time,
maximum oxidised ABTS concentration for BIS-HRP (both preparations) is shown at 1h. After
this point, encapsulated HRP assays show a reduction of about 63% for observed ABTS ion and
adsorbed HRP assays show a reduction of about 76% respectively, 48h after assay initiation,
again, indicating adsorption of the coloured product on BIS. For pH 5 (Figure 8-6¢) the respective
reduction is 22% and 61% for encapsulated and adsorbed HRP, whereas for pH 6 (Figure 8-6d)
the values move to 14% and 43% respectively. Last but not least, at pH 7 (Figure 8-6e), the
observed product 48h after the assay initiation is 12% and 30% reduced for encapsulated and
adsorbed HRP respectively, compared to the maximum observed value in each case. It is worth
mentioning that in the case of immobilised HRP preparations the maximum observed
concentration for oxidised ABTS is measured at 24h and 1h for encapsulated and adsorbed HRP

respectively, consistently through the different operational pH values explored.
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Figure 8-6: Effect of pH on oxidation of ABTS over time for free HRP (black squares), BIS-HRP via encapsulation
(blue circles) and BIS-HRP via adsorption (red diamonds) in operational pH conditions varying from pH 3 (a) to pH
7 (e), f: Collection of same results for BIS-HRP via encapsulation for a more focused view. Each point is based on
triplicates, with the error bar representing one standard deviation.

The great difference of product concentration between 10min and 1-24h for immobilised HRP
(circles, diamonds), opposed to the almost stable product concentration already from the 10min
point for free HRP (squares), as well as the time delay between the encapsulated and the adsorbed
HRP are indicative of the difficulty of substrate and product movement through the BIS network.
Comparing the observed product reduction over time for the immobilised HRP systems, assuming
that is it due to adsorption of oxidised ABTS on the BIS support, it seems like the adsorption
abilities of BIS to ABTS ion are much better at lower pH, which is reasonable. BIS is almost
neutrally charged (pl is at pH 2), probably slightly positive from the presence of PAH and ABTS
is negatively charged. Similar analysis conducted with HRP immobilised in silica and used for

ABTS oxidation confirmed this observation 4.

When HRP immobilised on BIS was examined under different operational pH conditions using
the RB19 assay, obtained results were different compared to the ABTS assay, showing the
importance of the substrate when designing a biocatalyst. Due to the high adsorptive capacity of
BIS, monitoring of rates for RB19 degradation was not possible, so this point of comparison to
the free enzyme was omitted. Data collected represent the decolorisation degree over time for the
2 different BIS-HRP preparations under the examined pH conditions, with respect to the specific
wavelength for RB19, as well as the area under the curve obtained at the end of the assay. Control
BIS samples were also assayed for RB19 dye removal and their performance was subtracted from
the one of the composite, trying to identify the extent of the enzymatic decolorisation from its
combination with dye adsorption on the BIS support. Looking initially at the performance of the
BIS-HRP composite, Figure 8-7a shows the performance of the 2 different BIS-HRP preparations
in comparison to free HRP and BIS without presence of enzyme. What is instantly noticeable is
the almost inversed effect between free enzyme and BIS, where BIS is performing much better at
lower pH and enzyme shows better performance at higher pH values (with respect to colour

removal). The improved performance of BIS at more acidic pH can be explained by the
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electrostatic interactions between silica and dye, where the first is negatively charged but very
close to neutral charge (pl of silica is at pH 2), and the second is negatively charged as being an
anionic dye. Furthermore, the presence of positively charged amines (pl of PAH is around pH11),
offers chemisorption points as it will be explained later in more detail. However, at higher pH
(pH 6 or 7), the negative charge of silica possible overcomes the positive charge of amines present,
making the adsorption ability of BIS less powerful.
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Figure 8-7: Effect of pH on decolorisation of RB19 using the standard RB19 assay ,by free HRP (A), BIS (B), BIS-
HRP obtained via encapsulation (C) and BIS-HRP obtained via adsorption (D) measured 48h after assay initiation
(a) as concentration difference at the optimal wavelength and (b) as area under the curve obtained through a scan at
the area of visible wavelength, normalised to the minimum area obtained per case. Each point of graph (a) is based
on triplicates, with the error bar representing one standard deviation, points for graph (b) were obtained by single
scans.

Comparing the performance of the BIS-HRP preparations (points of lines C and D on the same
figure), we can see that in pH values approaching neutrality their performance is comparable,
while in acidic conditions BIS-HRP via adsorption performs considerably better than BIS-HRP
via encapsulation. Interestingly the expectation was the opposite, since for adsorbed HRP the
majority of enzyme is located on the surface and is occupying the positively charged sites of PAH,
whereas in the case of encapsulated HRP, the bulk of the enzyme is located inside the pore
structure of BIS. The high ability of adsorbed HRP to decolorise RB19 at pH 3, might be an
indication of improved enzymatic activity caused by immobilisation, specifically towards RB19
decolorisation, since a similar effect was not observed for ABTS. As it can be seen by comparing
the performance of free HRP to the performance of both BIS-HRP samples for pH 4, 5 and 6, all
3 systems are having a high performance. Specifically for pH 4, the BIS-HRP via adsorption
sample shows a 9% and BIS-HRP via encapsulation shows about a 3% increase in RB19 removal
compared to free enzyme. Having explored the performance of each system on dye decolorisation
based on reduction of absorbance at the dedicated wavelength, it would be interesting to compare
that with the area under the curve, as calculated by area integration from a scan of the assays. As
it was shown visually for the free enzyme, different operational conditions can lead to different
degradation patterns, which can affect the residual colour, not only necessarily to the original dye,

but due to formation of coloured by-products. What each line in Figure 8-7b shows, is the ratio
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between the lowest calculated area (representing optimal performance of decolorisation) under
the obtained curve for each sample, to the area(s) obtained in other pH conditions. This ration can
be a measure to express how many times that specific sample at that specific pH was better than
the same sample in other pH values. It is interesting that both BIS and BIS-HRP via adsorption
showed the lowest area when assayed for RB19 decolorisation at pH 3, whereas the lowest area
for free HRP was obtained at pH 6 and for BIS-HRP via encapsulation at pH4. The other
interesting observation is the relatively small ratio or areas observed for the enzymatic
preparations. No sample was more than 8 times “worse” than the best performing one, whereas
for BIS without presence of enzyme, the ratio of the “worst” sample was an almost 18 at pH 7
and a 12 at pH 6, indicating 18 and 12 times larger areas under the curve respectively. For
comparison purposes, the lowest area under curve for the free enzyme was 10.31, for BIS it was
3.45, for BIS-HRP via encapsulation it was 9.77 and for BIS-HRP via adsorption is was 6.60 (all
in arbitrary units). This indicates that presence of BIS had a positive effect in the area reduction,

probably due to the combination of enzymatic degradation and adsorption.

In an effort to see the contribution of the enzymatic degradation on the BIS-HRP composite
action, results obtained for the composite were reduced by the performance of BIS. Figure 8-8a
and b show the % contribution of immobilised HRP to decolorisation of RB19 for encapsulated
or adsorbed HRP respectively. Immediately we can notice the much higher enzymatic
contribution in the case of adsorbed HRP, as for every pH and time point, it is superior to the
observed for encapsulated HRP. Knowing that the concentration of HRP in encapsulated form is
much higher than that of adsorbed form, we can assume that the difference is due to diffusional
limitations, mainly arising from the localisation of the enzyme as discussed previously. As it had
been analysed previously, HRP being buried deep inside the pore structures in the case of
encapsulation, does not allow easy contact of RB19 with the enzyme, as the pores might be

tortuous or too small, or, the presence of amine facilitates adsorption of dye on BIS.
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Figure 8-8: Enzymatic contribution to decolorisation of RB19 by BIS-HRPproduced via a) in-situ encapsulation and
b) adsorption, in relation to pH. Each point is based on triplicates, with the error bar representing one standard
deviation.
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All these speculations could explain the time delay before noticing an optimum of enzymatic
decolorisation for encapsulated HRP, as well as the overall low values (Figure 8-8a). In the case
of pH 3, the negative enzymatic contribution indicates that BIS in absence of HRP is removing
RB19 better than BIS-HRP, indicating that presence of enzyme hinders the adsorbing ability of
BIS. In the case of adsorbed HRP (Figure 8-8b), we can see that enzymatic contribution is
reaching a maximum within the 1% hour of assay, dropping afterwards. This shows that due to
easier accessibility, HRP overpowers BIS on RB19 decolorisation, before adsorption kicks in.
This is mostly evident in the lower pH values (3-5), as adsorption of RB19 on BIS is stronger due
to charge interactions (line B in Figure 8-7a).

In order to compare the output of free HRP and immobilised HRP, an extrapolation on the
productivity (uM RB19 destroyed) per mg HRP was made, using the highest observed
decolorisation output during the assay. Results are shown in Figure 8-9 for free HRP and the 2
immobilised HRP preparations. As a reminder, the assay contains about 125uM RB19 and the
enzyme quantities present during assay are 0.0168mg free HRP, about 0.9mg immobilised HRP
via encapsulation and about 0.18mg immobilised HRP via adsorption. The trend for the expected
productivity of HRP in free and immobilised form for RB19 degradation as shown in Figure 8-9
is similar to the trend observed for the expected oxidation of ABTS. Free HRP shows a difference
of about 3 orders of magnitude compared to encapsulated HRP and about 2 orders of magnitude
compared to adsorbed HRP. These results are reasonable, on the basis of competitive action
between dye adsorption on BIS and enzymatic degradation of dye, as well as due to diffusional

limitations.
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Figure 8-9: Expected productivity —based on extrapolation— per mg of HRP in free or immobilised form, depending
on operational pH conditions. Each point is based on triplicates, with the error bar representing one standard
deviation.

In conclusion, regarding the operational stability of HRP in free and immobilised form, looking
past the incomparable productivity of the free form to the immobilised preparations, we can see
that immobilisation can offer protection of the enzyme in pH conditions other than the optimal.

In addition, for the examined application of dye decolorisation, the choice of pH can offer very
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good results based on the combined action of the BIS-HRP composite. In both cases, there are
substantial issues arising from the interaction of BIS with the substrates and their products upon

exposure to enzymatic activity.

8.2. Thermal stability of free or immobilised HRP

As mentioned in previous sections, immobilisation of enzymes is primarily used for easy
separation, ability of reuse and protection of the enzymatic activity under non-optimal conditions.
Such conditions might be different operational pH (as examined in section Chapter 8), or different
temperature, as needed from the targeted industrial application. Specifically regarding
temperature, much research is devoted into the molecular design of enzymes which offer high
thermotolerance 6% 42, Immobilising enzymes on solid supports as opposed to immobilisations
in gels or via aggregation is thought of offering higher thermostability, and silicas are known for

their high thermotolerance 23" 2%,

For this project, free HRP and immobilised HRP were incubated in temperatures ranging from
20°C to 70°C for 10mins and their activity was then examined using the standard ABTS assay.
The immobilised preparations of HRP selected to be examined for their stability were chosen
having in mind the contribution of the support, as well as the need to see some measurable
concentration of product. Based on the best performing samples of BIS-HRP as identified in
Chapter 6, the chosen sample was HRP encapsulated in BIS synthesised with PAH, with the
additive partially eluted at pH 5 and initial concentration of HRP introduced being 0.4mg/mL. In
order to keep the effect of the support as similar as possible and avoid confusion, the selected
sample from the adsorbed HRP cohort was HRP adsorbed at BIS-PAH, with the additive partially
eluted at pH 5 and initial amount of HRP added being again 20mg. Response was initially
measured by the initial rate of the enzymatic oxidation of ABTS (Figure 8-10), and data is
presented as received (Figure 8-10a) and after normalisation to the best observed value per system
(Figure 8-10b).
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Figure 8-10: a) rate of ABTS oxidation from free HRP (black), HRP encapsulated in BIS (blue), or adsorbed on BIS
(red), when exposed to various temperatures in order to explore enzymatic stability. Rate was calculated per mg of
HRP present in the assay by extrapolation of the measured rate in each case. Each point is based on triplicates, with
the error bar representing one standard deviation. b) normalised rate values to the maximum observed for each
system.
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Looking at the actual rates, there is a clear difference between the 3 systems, with the free enzyme
having by far the best performance, by 2 orders of magnitude higher than adsorbed HRP on BIS
and 5 orders of magnitude higher compared to encapsulated HRP in BIS. What is also noticeable
is that free HRP shows the sharpest drop at high temperatures, compared to the immobilised
systems, having a 99% drop in activity at 70°C from the observed max at 30°C, compared to the
drop of just over 50% for encapsulated HRP and about 80% for adsorbed HRP. This indicates
some protection of HRP by its immobilisation, although the actual rate values are not at all
comparable. Last but not least, looking at the relative rates as observed for each system (Graph
b), we need to point out the maximum performance for each sample, this being at 30°C for free
HRP, at 60° for encapsulated HRP and at 20°C for adsorbed HRP. The temperature profile
observed for free HRP looks reasonable and comparable with similar studies on free HRP found
in literature 7 133 263,264,276 "\yhereas for the immobilise systems the maximum observed points
are substantially different to the neighbouring ones. At this point, it is not clear why this might be
happening. As it has been shown previously, the contribution of the BIS support could lead to
inaccuracy of rate measurement, due to a) diffusional limitations, b) adsorption of substrate and/or

product on the BIS support hence, lower measured activity compared to “real” one.

Observation of ABTS oxidation during the designated time points of the assay was conducted for
each examined system and temperature (presented as the extrapolated expectation of 1mg HRP
being present in the assay) is shown in Figure 8-11a, b and c, for free, encapsulated and adsorbed
HRP respectively. Looking at the oxidised ABTS production as observed for the free HRP (Figure
8-11a), we can clearly see a correlation between the generally much lower observed product for
70°C and the initially lower observed product for 60°C, with the observed rates in Figure 8-10a.
For the rest of examined temperatures, ABTS oxidation over time is almost identical, correlating
with the very similar rates observed. Comparing Figure 8-10b to Figure 8-11b and ¢ with respect
to the performance of the immobilised HRP systems, we can say that the difference between the
production of oxidised ABTS over time is not as big as in the case of free HRP compared to the
observed difference of the measured rates. This could be related to the generally lower observed
values and the unknown performance of BIS as adsorbent upon heating. The delayed increase of
maximum oxidised ABTS concentration in the case of encapsulated HRP (max shown at 24h),
compared to the adsorbed HRP (max shown at 1h) can be attributed to the localisation of the

enzyme and the diffusional limitations posed in each case, as discussed before.

Briefly, does immobilisation of HRP offer protection against exposure to temperature other than
the optimal? Conditionally, yes. Both immobilised systems showed a higher relative performance
compared to free HRP, encapsulated HRP was better in terms of temperature optimum and

adsorbed HRP showed preservation of the activity around the temperature range.
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Figure 8-11: Measured production of oxidised ABTS per time point during the assay, for a) free HRP, b) HRP
encapsulated in BIS and c¢) HRP adsorbed on BIS, when exposed to different temperatures, in order to examine the
stability of the enzyme. Each point is based on triplicates, with the error bar representing one standard deviation.

A protective effect upon immobilisation of HRP was also observed by Celebi, using polysulfone
supports, managing to enhance HRP activity at higher temperatures compared to the free enzyme,
although for lower temperatures (below 50°C) free HRP showed a better performance 2. A
similar protective effect was also observed when HRP was immobilised in alginate beads, where
relative stability at temperatures above 40°C was greatly enhanced, up to 80°C where enzymatic
activity was not observed for either free or immobilised enzyme °’. Again immobilised in alginate
beads with assistance of crosslinking this time, showed higher and more stable performance at
higher temperatures compared to free HRP, identifying the same optimum temperatures for free
and immobilised HRP as shown herein “3, Another great example of protection of HRP upon
exposure to high temperatures was shown by Fernandes, who used polyaniline as immobilisation
support, achieving a stably high performance at lower temperatures and much higher percentage
of preserved activity at higher temperatures compared to free HRP 25, When HRP was
immobilised on magnetic nanoparticles and subsequently on a fibrous support, showed higher
activity in higher temperatures compared to the free enzyme, owning the effect to the protection
achieved with immobilisation “*. Similarly, HRP immobilised on a polymeric matrix grafted by
radiation showed substantial prevention of activity loss at higher temperatures compared to free

HRP 42, Literature shows that immobilisation has extended the thermal stability of other
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peroxidases as well, with examples of immobilised laccase 22 235 261,266 or other peroxidases 21
447, 465, 466.

The higher activity retention in higher temperatures for immobilised enzymes is generally
attributed to the prevention of the inevitable unfolding and alteration of the secondary
conformation. When enzymes are securely attached on a support by covalent binding, or securely
encapsulated inside the pore structure of a thermostable material, then unfolding can be delayed.
However, it should be pointed out that the majority of examined cases (including this project)

showed slightly or significantly lower activity of the immobilised enzyme for lower temperatures.

8.3. Storage stability of free or immobilised HRP

Stability of a biocatalyst is a very important attribute when it comes to industrial implementation,
as it helps reduce the associated costs, by producing the biocatalyst in bulk and being able to store
it for prolonged periods of time, with high activity retention, hence reproducibility of results.
Immobilisation has been shown to improve the storage stability of enzymes 27, with examples in
literature ranging from days to months of high activity recovery 2°* 215 compared to the much

lower activity recovery during storage of enzymes in free form 8 320,

In order to examine the storage stability of immobilised HRP, selected samples were stored
directly after preparation and their activity was examined via both assays at specific time points,
for a course of 50 days. The selected samples of immobilised HRP were the best performing
samples, obtained with either PAH or PEHA used as an additive for BIS synthesis, and using
both encapsulation or adsorption as method of immobilisation. Storage stability examined via the
ABTS assay is shown in Figure 8-12, regarding formed product, as detected at the end of the

assay (48h), and normalised to the first time point of examination.
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Figure 8-12: Storage stability of HRP immobilised in BIS based on the oxidation of ABTS, examined through the
standard ABTS assay, as recorded after 48h of assay. Each point is based on triplicates, with the error bar
representing one standard deviation.
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From an initial observation, it looks like the method of immobilisation did not have an effect on
the storage stability when PEHA was used as an additive for BIS synthesis. During the 50 days
of examination, the obtained product at the end of the assay was similar to the initial measurement,
indicating high stability under storage. In the case where PAH was used as an additive for BIS
synthesis, results are different. Whereas when HRP is encapsulated, storage stability shows an
almost linear trend, in the case of HRP adsorption on BIS, the observed concentration is
decreasing with increased storage time, resulting to about 40% of the initially observed value.
This behaviour indicates that the enzymatic performance degrades faster when immobilised by
adsorption on BIS synthesised with PAH, over any other immobilisation method and support
examined. However, given the peculiarities of the BIS-HRP system as described before, further
analysis is necessary before finalising conclusions. Although Figure 8-12 shows the observed
concentration of the oxidised ABTS ion at the end of the assay, it is important to see the pathway
of the ABTS oxidation, given the fact that BIS was shown to be a prominent adsorbent of this
particular product. Based on the performance of BIS-HRP samples from the screening section
(Figure 6-1a and Figure 6-14a of Chapter 6) and in an effort to avoid unnecessary or repeated
information, we only show the maximum value of expected product per mg HRP present in the
biocatalysts, also stating the time point of the assay (Table 8-1). We can see that for BIS-PAH-
HRP samples, maximum values are observed consistently within 1h during the assay, during the
course of storage time. We can also see that for both BIS-PAH-HRP preparations the observed
values are more or less stable during storage examination. This contradicts previous observations
for BIS-PAH-HRP via adsorption, where observations at the 48h mark showed reduced product
observation over time (Figure 8-12). An explanation to that could be that over time, the adsorbing
capacity of BIS-PAH-HRP with adsorbed enzyme increases, which however cannot be looked

further into at this point.

Table 8-1: Time point for maximum value of observed oxidised ABTS by BIS-HRP and associated value, for BIS-HRP
samples synthesised with PAH or PEHA and HRP being encapsulated or adsorbed. Stated value is the extrapolated
expectation of ABTS oxidation, based on original value collected and amount of HRP present in each sample, in ug
oxidised BATS/mg HRP units. Presentation format: average (standard deviation). Each point is based on triplicates,

with the error bar representing one standard deviation.

BIS-PAH-HRP | BIS-PEHA-HRP | BIS-PAH-HRP | BIS-PEHA-HRP
(encapsulated) (encapsulated) (adsorbed) (adsorbed)
Day 1 (h) 1 1 1 1
Max value | 826.38 (39.51) 900.96 (4.52) 1853.81 (9.91) 5617.50 (64.56)
Day 14 (h) 1 1 1 24
Max value | 771.68 (7.79) 806.10 (6.02) 2029.83(90.41) | 5501.29 (270.01)
Day 28 (h) 1 48 1 1
Max value | 733.89 (7.79) 744.28 (7.03) 2267.16 (76.79) | 6532.72 (55.76)
Day 50 (h) 1 24 1 1
Max value | 745.70 (74.58) | 730.07 (37.18) | 2261.03 (241.51) | 5181.68 (64.57)
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Looking at BIS-PEHA-HRP, we can see that there is not a very clear trend, neither for the point
of max value observation, or the value itself. For BIS-PEHA-HRP via encapsulation the
maximum observed value is slowly decreasing over time, and similarly do values for BIS-PEHA.-
HRP via adsorption, except for the 28™ day one, which is considerably higher than the others.
Interestingly, the trend shown in Table 8-1 (max product) does not match with results shown in
Figure 8-12 (product at the end of the assay), fact potentially associated with the adsorbing
abilities of BIS rather than an alteration of enzymatic activity. Having seen the effect storage has
on the biocatalyst through it performance using the ABTS assay, it is interesting to see if the effect
is the same using the RB19 assay, where the observations are based on colour disappearance over
time. Examining samples of the same biocatalysts, under the same time points with respect to
assay development and storage stability, results are shown in Figure 8-13a. These results represent
the decolorisation of RB19 based on the combined action of adsorption and dye degradation,
given the complexity of the biocatalyst composite as described earlier. Similarly to the approach
taken for the ABTS assay, obtained results were normalised to the value obtained on the first day
of examination. Based on the performance of the composite, the only sample with stable
performance over the storage period of 50 days is HRP in-situ encapsulated in BIS synthesised

with PAH as additive, as its performance was literally unchanged.

For every other sample, there was a reduction on the degree of RB19 decolorisation over time,
especially after day 28, indicating that the performance of the biocatalyst deteriorated over
storage. Knowing the very strong ability of BIS to adsorb RB19, and since the focus of this project
on the enzymatic performance, it deemed necessary to separate the enzymatic degradation from
the adsorption of dye and judge the preservation of the former. This was done, as explained before,
by assaying BIS samples without HRP, using the standard RB19 assay. Once the adsorption
contribution was removed, obtained results were normalised per sample, to the initial observation

of maximum detected enzymatic decolorisation (Figure 8-13b).

Looking at the enzymatic performance of the biocatalyst over the examined period of storage, it
is clear that it would be wrong to assume that the biocatalysts are as stable as shown in Figure
8-13a and claim that BIS offer unaffected protection of HRP. There is definitely a protective
effect since there is enzymatic activity detected at such a prolonged storage period, however, for
every examined sample, the enzymatic degradation of RB19 decreased over time. Comparing the
performance of the composite and the isolated enzymatic activity of BIS-PAH-HRP samples (red
lines in Figure 8-13a and b respectively) one can see that especially in the case of adsorbed HRP
on BIS (red circles), the drop of enzymatic activity over time is not negligible, whereas based on

the composite action, RB19 removal seems stable.
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Figure 8-13:Normalised storage stability of HRP immobilised in BIS based on the decolorisation of RB19, using the
standard RB19 assay, as recorded after 48h of assay, a) based on the action of BIS-HRP composite and b) based on
enzymatic activity. Each point is based on triplicates, with the error bar representing one standard deviation.

Looking at these results from a broader perspective and focusing on the commercial potential of

BIS-HRP biocatalyst, for every examined case, the decrease observed in either composite or

enzymatic action was not larger than 20% from the originally observed value, with the exception

of HRP encapsulated in BIS synthesised with PEHA as additive. This indicates an overall positive

and quite promising effect of immobilisation on the storage stability of HRP. Furthermore,

regarding the enzymatic decolorisation, it was noted that the time point of the maximum value

observed during the 48h assay was kept constant over the 4 points of storage examination (Table

8-2), showing that the enzyme did not showed a considerably delayed action, despite the decrease

in enzymatic activity.

Table 8-2: Time point in assay where the maximum value of enzymatic contribution to decolorisation of RB19 was
observed for BIS-HRP composites and associated value. Values represent the average of triplicates, and values
shown in parentheses represent 1 standard deviation.

Day 1 Day 14 Day 28 Day 50
Sample 4 Max 4 Max 4 Max 4 Max
3 | value 3 | value (% 5 | value (% 3 | value (%
@ ) @ @ @
E | roto | B |removed)| B |removed)| B | removec
=) =) =) =)
= | remove = = = )
= d) = = =
BIS-PAH- 1 37.59 1 41.50 1 41.97 1 33.33
HRP (4.10) (1.07) (1.42) (4.23)
Encapsulated
BIS-PEHA- 48 64.75 48 68.41 48 58.56 48 47.68
HRP (3.39) (2.49) (2.11) (0.82)
Encapsulated
BIS-PAH- 0.16 51.62 0.16 55.15 0.16 39.28 0.16 44.21
HRP (0.27) (2.94) (1.72) (3.99)
Adsorbed
BIS-PEHA- 1 77.36 48 76.54 1 77.99 1 86.05
HRP (0.09) (0.27) (0.46) (0.47)
Adsorbed

8-191




Eleni Routoula PhD Thesis 2019

The only difference was shown for HRP adsorbed on BIS synthesised with PEHA, where the
maximum observed value for enzymatic degradation was at 48h, however, statistically this value
was not different to the one observed at 1 h of assay. Overall, immobilisation of HRP on BIS
extends the shelf life of the enzyme, allowing for use after 50 days of storage with good activity
retention. Results are slightly different using the two different assays, but this is expected, given
the different response of HRP to each substrate, as well as the contribution of BIS’s presence to

the observed results.

Comparing the performance of BIS-HRP samples on RB19 decolorisation after extended storage,
to examples found in literature, findings from this work show a better performance than other
systems of HRP immobilisation. HRP immobilised on aluminum-pillared clay lost 65% of
activity over a 65 day storage period 2%, In a different study, it was found that HRP immobilised
on polysulfones supports showed 29% activity towards dye decolorisation after 15 days of
storage, which dropped to 12% after 48 days 2%%. For reference, monitoring the activity of free
HRP, stored in buffer, under the same temperature conditions, showed that the enzyme was highly
active for the first day of storage, with the activity substantially decreasing after day 2 and the
enzyme being almost inactive by day 3 (Figure 8-14). Comparing results obtained on storage
stability for the free and immobilised enzyme, we can see that immobilisation definitely offers
protection of the enzymatic activity over time, maintaining the activity levels almost intact over
the 50 day period of examination. Depending on the immobilisation method and the additive used
to synthesise BIS there are some differences on the ability of the support to protect HRP (e.g. in
the case of HRP adsorbed on BIS synthesised with PAH, when biocatalyst was examined using
the standard ABTS assay). Literature on storage stability of immobilised peroxidases shows
similar results, where immobilised preparations preserved high enzymatic activity for longer

compared to free enzyme, for periods of usually more than 30 days 108 229 263,264, 381, 447, 467

Rate (mmol RB19 degraded/s)
N

0- —
0 1 2 3
Days of storage

-b<|l

Figure 8-14: Storage stability of free HRP using the standard RB19 assay. Storage conditions: in phosphate-citrate
buffer 0.1M, pH 4, at 4°C. Each point is based on triplicates, with the error bar representing one standard deviation.
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It should be commented that in many of the examined examples, free HRP had a relatively high
activity for many more days compared to the only 4 shown here 22% 264 31 Thjs difference could
related to the initial concentration of HRP used, or the fact that HRP used in this project was
obtained as a lyophilised powder. It is unknown whether there were other contaminants present
during lyophilisation (salts, buffers, possibly contaminants), which could potentially interfere
with the buffer used here, but this could probably explain the results shown.

8.4. Reusability of immobilised HRP

As discussed in sections 2.1 and 2.2 of Chapter 2, the ability to reuse a (bio)catalyst is of
paramount importance, given the operating principles and the associated costs. A major drawback
of free enzymes is the absence of reusability, due to their soluble nature. Although a theoretical
solution would be to add more substrate in a contained space, for practical reasons (finite volume
of container, potential poisoning from product accumulation, severe dilution of enzyme’s initial
concentration) this is not applicable. A “good” immobilised enzyme system should allow for
prolonged reuse, with a relatively stable performance, ideally close to the initial cycle. In order to
examine the potential of BIS as an immobilisation support which could offer reuse of HRP,
selected samples of BIS-HRP obtained by encapsulation or adsorption, using PAH and PEHA as
additives, were assayed via the standard ABTS and RB19 assays as developed in sections 4.1 and
4.2 respectively. The samples examined to illustrate the potential of BIS as an enzyme
immobilisation support which allows for reusability of the enzyme, where the best performing
BIS-HRP composites derived from in-situ HRP encapsulation, as identified in Table 6-1 of
Chapter 6. These were composites derived from encapsulation of an initial concentration of HRP
introduced being 0.4mg/mL, added just after acid neutralisation, around pH 7, on BIS supports
synthesised with PAH or PEHA, followed by acid elution to pH 5. For completion, their
performance was compared to the reusability of BIS-HRP composites derived by adsorption of
the same initial amount of HRP on premade BIS using PAH or PEHA and acid elution at pH 5.
Furthermore, a Syloid Al-1FP — HRP composite was assessed for reusability, in order to compare

the potential of reusing a BIS-based biocatalyst with a commercial silica-based biocatalyst.

8.4.1. Examination through the ABTS assay

Results of the production of ABTS ion through enzymatic oxidation after consecutive cycles are
shown in Figure 8-15. Values shown were measured at the end of the 48h assay and normalised
to the maximum observed value for each system, to rule out the effect of parameters such as
different concentration of enzyme present in each system. A few observations can be extracted
from this graph. Initially, it can be noted that the behaviour of all examined samples is decreasing
with repetition, regardless of the type of silica used or the immobilisation method. Furthermore,
samples of BIS-HRP synthesised with PAH show an increasing trend, followed by a plateau and
then a rapid decrease in performance, whereas BIS-HRP samples synthesised with PEHA show a

more “expected” performance, higher at the beginning, decreasing after a few cycles. The last
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observation is about the maximum product observed, which for the majority of samples except
from 1 (BIS-HRP synthesised with PEHA, with in-situ encapsulation), is shown in consecutive

cycles instead of the initial one.

1.0

o o O
~ o 0
1 1 1

Oxidised ABTS production
(normalised)
o
)

0.0+
0 1 2 3 456 7 8 91011
Cycle

—— Syloid AL-1FP -HRP_adsorbed
—@— BIS-HRP (PAH)_adsorbed, —y— BIS-HRP (PEHA)_adsorbed
—— BIS-HRP (PAH)_encapsulated, —&— BIS-HRP (PEHA)_encapsulated

Figure 8-15: Effect of repeated use on performance of immobilised HRP using the standard ABTS assay. ABTS
oxidation was recorded after 48h and values were normalised based on the maximum value recorded across all
cycles per sample. Each point is based on triplicates, with the error bar representing one standard deviation.

The increasing trend of ABTS oxidation for the first few cycles for BIS-PAH-HRP samples could
be explained by the very good performance of BIS as an adsorbent. Based on our developed
knowledge on the performance of BIS-PAH-HRP during the ABTS assay and on the observed
behaviour of BIS-PAH-HRP samples upon reuse, we can reach another conclusion, besides the
excellent adsorbing capacity of BIS. The other conclusion is an estimation on the capacity of BIS
to adsorb ABTS radical. This conclusion is derived from the fact that —assuming the ABTS has
to diffuse in and out of the pores— after a point (cycle 4 for adsorbed and cycle 6 for encapsulated
HRP on BIS synthesised with PAH as shown in Figure 8-15), we are able to see a maximum in
the observed production of oxidised ABTS. This could be indicative of the adsorbing capacity of
BIS being reached, allowing “easier” diffusion through the pore structure, as amino residues from
PAH would not be available. The aforementioned argument can be further supported from the
surface characteristics of the biocatalyst. Based on porosimetry data on porosity and surface area,
as discussed in various sections of Chapter 5, BIS-HRP samples synthesised with PAH as additive
offer large surface areas and a mesoporous profile, allowing — theoretically — for easier flow of
reagents. However, given the knowledge on the structure of BIS, there is a high probability of the
pore channels being “lined” with amine residues, where reagents can get adsorbed. As we saw for
every ABTS assay of BIS-PAH-HRP so far, this is most definitely happening with both
unoxidised and oxidised ABTS. A speculation would be that initially formed ABTS radical gets
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adsorbed on the BIS structure by favourable electrostatic interactions, and once at least a
monolayer is formed, “newly” oxidised ABTS is easier to diffuse outside the pore structure. When
HRP is adsorbed on BIS, then the enzyme is more easily accessible by the substrate, hence
observation of ABTS oxidation occurs faster and more intensely. However, reduction of the
absorbance intensity occurs faster as well, due to adsorption of the ion on the biocatalyst. An
attempt to depict this speculation was shown in Figure 6-2a and Figure 6-17a of Chapter 6 for
encapsulated and adsorbed HRP on BIS respectively.

Re-use (# n) with fresh substrate No fresh substrate added  No fresh substrate added

Assay before
enzyme o

L}
=

®
Assay after enzyme

Figure 8-16: Depiction of BIS-HRP biocatalyst using ABTS assay, during consecutive cycles of reuse. Arrow coming
in represents the addition of substrate, arrow coming out represents the observable outcome via UV-Vis. From left to
right, illustrations show the progress of the assay over time (0, up to 48h).

Having established that reacted ABTS gets adsorbed on the BIS-HRP biocatalyst during or after
production, the question of what happens during reuse arises. Based on the observations made
from the collected data, a speculation on the difference between the encapsulated and adsorbed
HRP system can be made. Given the few cycles of reusability, before noticeable reduction on
ABTS production, we believe that during the initial first few cycles accessibility of HRP is more
or less stable, until the peak absorbance is observed. After this point, reduction of the observed
concentration of oxidised ABTS is documented. This could mean either higher adsorption of
produced radical on BIS, or lower generation of produced radical by HRP. Given the finite
capacity of BIS as adsorbent and the few reuse cycles already occurred, the acceleration of
adsorption of ion on BIS is not a plausible scenario. This leaves the reduction of ABTS oxidation
as the only reason for the reduced observed concentration. Decrease in the generation of ABTS
ion can occur either due to inactivation of the enzyme, or difficulty of the substrate to reach it.
The first scenario would imply poisoning of HRP due to high accumulation of product and the
second scenario would imply a clogged pore network, possibly due to adsorbed ABTS. Such

scenarios for the explanation of reduced apparent enzymatic activity over prolonged reuse of
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immobilised enzyme systems have been proposed in literature 1% 468, In both immobilised HRP
systems, there is the possibility of a decrease in the observed value for ABTS ion concentration
due to loss of biocatalyst during the separation and washing procedure, which however is not
considered based on the leaching analysis shown in section 5.4.3. An illustration of the prolonged
reuse and subsequent termination of observed enzymatic activity is shown in Figure 8-16.

Comparing the method of immobilisation, still referring to BIS-PAH-HRP, it is obvious that the
delay until the cycle with the maximum ABTS ion observation is higher in the case of
encapsulated HRP (squares in Figure 8-15) compared to adsorbed HRP (circles in Figure 8-15).
Furthermore, the plateau observed for encapsulated HRP (about 5 cycles) does not occur in the
case of adsorbed HRP (rapid decrease after max value is observed). These observations could be
attributed to the localisation of HRP in the BIS-HRP composite in each case. When HRP is
immobilised in-situ, during BIS synthesis, it is expected that the majority of the enzyme will be
entrapped within particle aggregates, deep inside the pore structure. In the case of HRP being
adsorbed on BIS, the enzyme will enter the pore structure when allowed from the pore size and
potentially the tortuosity, but predominantly, it will be localised in the external surface area,
adsorbed strongly on the embedded amine and through weak interactions on the silica. This
realisation, can lead to the assumption that protection of the enzyme is enhanced in the
encapsulated system, hence showing a prolonged plateau of “max” observed ABTS ion. Having
said that, even when the maximum concentration of ABTS ion is observed for the encapsulated
HRP system, certainty on this amount corresponding to the maximum produced from the enzyme
present cannot be acquired. Uncertainty is merited to the absence of accurate knowledge on the
guantity of enzyme present as well as its accessibility to the substrate. Furthermore, although the
assumed explanation on why there is such a trend during reuse of BIS-HRP in presence of PAH

seems reasonable, further analysis is needed to convert the assumption into a confident statement.

In the case of reuse BIS-PEHA-HRP systems, results are different to PAH, as shown in Figure
8-15 (blue data sets). Here, the performance of the biocatalyst starts high and then either drops
quickly (for encapsulated HRP, triangles), or retains high values before a rapid decrease (for
adsorbed HRP, inverted triangles). This behaviour could be attributed to the structure of the
material, which — as shown from the porosimetry analysis — is much less porous, and with
considerably lower surface area. Furthermore, although both PEHA and PAH have amino-
residues where oxidised ABTS can adsorb on, in the case of PEHA, the concentration of nitrogen
is less, allowing for fewer adsorption points. The effect of less prominent adsorption of the
oxidised ABTS on BIS synthesised with PEHA compared to PAH, was also shown from the time
points measured during the assay, as shown earlier, since the absorbance of the solution would
not reduce over time, as it was observed in the case of BIS-PAH. Comparing the method of
immobilisation, based on obtained results, adsorbed HRP (inverted triangles in Figure 8-15)

seems to perform better when reused, as it allowed for 3 cycles before observing a reduction of

8-196



Eleni Routoula PhD Thesis 2019

the performance. On the other hand, in the case of encapsulated HRP, performance was drastically
reduced after the initial cycle (triangles in Figure 8-15). The rapid performance reduction for
encapsulated HRP can be attributed, again, to the localisation of enzyme in the composite
combined with the reduced accessibility of it, especially if the narrow pore channels were blocked
with adsorbed ABTS (oxidised or not). In the case of adsorbed HRP, the relative performance of
the biocatalyst was similar to the relative performance of HRP adsorbed on BIS synthesised with
PAH, although in the case of PAH, an additional 2 cycles of high performance were obtained
before decrease occurred.

Last but not least, the performance of HRP adsorbed on Syloid AL-1FP is interesting, as the
expectation was to see a trend similar to the observed for HRP adsorbed on BIS-PEHA, given the
very narrow pores and the absence of functionalisation. On the contrary, HRP adsorbed on Syloid
shows a behaviour similar to the one observed for HRP adsorbed on BIS-PAH, where consecutive
to the initial cycles show a higher performance —purely based on product measurement, before
there is a decrease and a subsequent termination of enzymatic activity. There is no clear
understanding on why such a behaviour might have occurred, but initial assumptions could be
based on loosely adsorbed oxidised ABTS molecules on the silica particles, which desorbed upon

consecutive cycles, showing an ostensible increase in enzymatic performance.

Putting numbers on the normalised approach used so far, the maximum obtained concentration of
oxidised ABTS per mg of HRP present on each examined composite, based on the maximum
observed absorbance value is shown in Table 8-3. One can see that the best performing samples
in terms of observed ABTS oxidation are by far BIS-PEHA-HRP where HRP is adsorbed post-
synthesis and Syloid AL-1FP-HRP. In both these cases, adsorption of oxidised ABTS on the
support is not as favoured as in the other cases, either due to lack of strong attachment points (e.g.

amines), or due to lack of porosity.

Table 8-3: Maximum oxidised ABTS production per examined composite. Value was obtained by extrapolation to 1
mg HRP being present in assay. Each value is based on triplicates, with the value in parenthesis representing one
standard deviation.

Sample examined Maximum oxidised ABTS | Cycle where maximum
concentration / mg HRP production is observed
(rM)
BIS-PAH-HRP encapsulated 701.64 (5.01) 5
BIS-PEHA-HRP encapsulated 641.26 (25.12) 1
BIS-PAH-HRP adsorbed 5,805.02 (235.81) 4
BIS-PAH-HRP adsorbed 10,228.80 (45.72) 3
Syloid AL-1FP - HRP 18,634.53 (425.09) 3
Free HRP (for reference) 15,915,744 (789,455) -

It is worth mentioning that these 2 samples had the lowest HRP loading amongst the examined

samples (as estimated via the Bradford assay). Specifically, Syloid Al-1FP — HRP had half the
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HRP loading of BIS-HRP synthesised with PEHA. The fact that the maximum oxidised ABTS

concentration calculated for each sample is representative of the loading ratio, shows that the
samples perform in a similar way. Comparing the HRP loading of BIS-HRP composite derived
by adsorption of HRP on BIS synthesised with PAH and with PEHA, in the case of PAH, the
loading is almost 50% higher than in the case of PEHA. However, maximum production results
show an inversed effect, as the performance of BIS-HRP synthesised with PAH is almost half of
the equivalent synthesised with PEHA. This can be attributed to a few factors, mentioned below.
Firstly, there are structural differences between BIS-PAH and BIS-PEHA, leading to biocatalysts
with potentially different localisation of HRP. When PAH is used, larger pores are created,
allowing HRP to be immobilised “internally” as well, compared to the almost only “external”
adsorption in the case of BIS made with PEHA, where material’s morphology is mostly
nonporous. Secondly, the effect of amine presence during the ABTS assay showed a strong
interaction between PAH and ABTS (oxidised or not). Formed product would not get diffused in
the bulk solution allowing for us to measure it, but it would get adsorbed upon its creation, maybe
slowly released over time and then re-adsorbed on the BIS particles, making accurate
guantification very difficult. Thirdly, substrate and product accumulation can be detrimental to
enzymatic activity, fact that might have contributed to reduced performance of HRP compared to
expected, as the immobilisation support acted as a “sponge” for both substrate and product, which
could have led to deactivation of HRP. Last but not least, accumulation of adsorbed substrate
and/or product could have caused blocking of active sites of HRP, leading to lower activity.

The behaviour observed during reuse of BIS-HRP composites for ABTS oxidation is not expected
based on the usual expectations and available observations for immobilised enzyme reuse. Most
systems in literature show either a stable performance for the number of cycles examined 156 46
470 or an initially high and subsequently decreasing performance, attributed to various factors as
noted in literature. Such factors are enzyme leaching from the support 27, biocatalyst loss during
reuse 221, enzyme deactivation upon prolonged reuse %* 471 blocked access to substrate 2%, or
even easier deactivation under specific assay conditions 6, However, there are many examples
where an explanation on the activity or performance reduction over prolonged use is not given &
97,155,195, 218, 262, 277, 321, 430, 431, 435, 442,472 ' showing that there is a need for more in depth understanding
of the dynamics during reuse of immobilised enzymes. Being able to explain the mechanisms that

enhance or hinder reuse is fundamental for designing better biocatalysts.

8.4.2. Examination through the RB19 assay

Throughout the recycling of the BIS-HRP composite samples for the monitoring of colour
removal, the blank samples were recycled as well, to gain understanding for the capacity of the
support as adsorbent. In order to identify the contribution of the enzymatic degradation on the
observed reduction of colour over time, the contribution of the support was removed as shown

previously. As a reminder, the samples examined for reusability where the identified as best
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performing BIS-HRP composites via in-situ encapsulation for each additive, with corresponding
samples from the adsorbed HRP cohort. Furthermore, a Syloid Al-1FP — HRP composite was
assessed for reusability, in order to compare the potential of reusing a BIS-based biocatalyst with
a commercial silica-based one. Similarly to previous cases, results per sample are presented after
normalising the performance to the best observed one, in to avoid complications arising from the
unequal concentration of immobilised (and available) HRP in each case (Figure 8-17). Putting
some figures on the normalised results presented, the RB19 removal (after 48h) for the first cycle
was 96%, 62%, 95%, 94% and 40% for the examined samples, with the order of appearance on
Figure 8-17. There is a statistically significant reduction of performance after the initial cycle
across all examined samples, with residual performance reaching between 60-80% for BIS-HRP
samples and being almost 0 for Syloid AL-1FP-HRP. For subsequent cycles, the performance of
most BIS-HRP samples retained, with the exception of HRP adsorbed on BIS-PEHA, where
performance drastically reduces over repeated use. A simple explanation for the reduction in
performance would be leaching of enzyme, which however is probably not the case here, as it
was shown in section 5.4.3 of Chapter 5. There is a similarity on the reusability performance trend
observed for Syloid AL-1FP-HRP and BIS-PEHA-HRP via adsorption, where in both cases, past
the initial use, the performance rapidly traces off, with performances significantly lower than the
initial one. Furthermore, there are structural similarities of the 2 materials, BIS-PEHA is almost
nonporous, with some porosity obtained after acid elution, but not at substantial level, and Syloid
AL-1FP is categorised as “mesoporous” with a pore size of 2nm, hence, on the verge of
microporous area. Given those 2 observations, we can explain the rapid performance reduction as
reduction of the adsorbent’s capacity (especially since a portion of adsorption sites was occupied
with HRP), combined with blocked active sites, or inactivation of the adsorbed enzyme.
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Normalised RB19 removal
(BIS-HRP action, at 594nm)
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Figure 8-17: Effect of repeated use on performance of immobilised HRP using the standard RB19 assay. RB19
removal was recorded after 48h and values were normalised based on the maximum value recorded across all cycles
per sample. Results represent the performance of the composite action. Each point is based on triplicates, with the
error bar representing one standard deviation.
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Another point for consideration is potential loss of biocatalyst particles during the recycling
process, as the composite had to be separated from the assay volume and washed with buffer at
least 2 times. This is a valid concern especially in the case of Syloid Al-1FP, since the commercial
product sample was received as very finely milled powder, compared to the untreated particle
aggregates of BIS. It should be emphasised that the performance observed in Figure 8-17 is the
combination of the adsorbing action of silicas and the catalytic degradation by immobilised HRP.
Since the point of this project is the preservation of the enzymatic activity, it was crucial to extract
the portion of the performance which corresponded to each portion of the composite. That was
done by subtracting the performance of BIS types used for immobilisation and Syloid AL-1FP,
when assayed for adsorption of RB19 over the same number of cycles as the immobilised HRP
samples. In an effort to present those results in an understandable manner, and illustrate the
aforementioned points, a “per time point approach was chosen”, focusing on the first and the last

cycle of each of the 5 immobilised HRP preparations examined (Figure 8-18).

In this figure, graphs have been colour coded. Grey bars represent the contribution of enzymatic
degradation of RB19 during the assay and textured bars represent the portion of RB19 being
adsorbed on the support. Graphs a and b describe encapsulated HRP in BIS-PAH and BIS-PEHA
respectively, graphs ¢ and d describe adsorbed HRP on BIS-PAH and BIS-PEHA respectively
and graph e represents the commercial silica, Syloid AL-1FP as support for HRP adsorption.
Given the uneven amounts of HRP being present, absolute % RB19 removal should not be
compared across graphs, but only within the same graph. A comparison of the performance on
that factor is being done later. What we are focusing on is the ratio between the contribution of
the support and the contribution of the enzyme on the total performance, as time during the assay
progresses, as well as between the first and last cycle. Specifically looking at the performance of
BIS-PAH-HRP composites (Figure 8-18a and c), we can see that for the first cycle the
contribution of the enzyme is higher at the beginning of the assay (10min to 1h). However, for
the last cycle, the enzyme shows a higher contribution towards the end of the assay, with the
overall contribution not being comparable to the contribution from dye adsorption. This shows
that in these immobilised HRP preparations, the initially fast action of the enzyme is substituted
by a slower enzymatic contribution, as dye adsorption on BIS takes over. It also shows that
although in the first cycle the maximum colour removal was more or less reached within 1h for
encapsulated HRP and within the first 10min for adsorbed HRP, with a more than 50%
contribution of the enzyme, by the end of the reuse study, the maximum result is reached by 48h,
depending almost solely on dye adsorption. Focusing on Figure 8-18b and d, for BIS-PEHA-HRP
samples by encapsulation and adsorption respectively, we can see that for both initial and last
cycle, the composite performance is highly dependent on enzymatic degradation, as the dye
adsorbed on the support accounts for a small part of the performance and appears later in the

assay. Looking at Figure 8-18e, representing the performance of Syloid AL-1FP-HRP, we can

8-200



Eleni Routoula PhD Thesis 2019

see that adsorption of RB19 on the support steadily increases during the assay, but the highest
contribution of the enzyme is not shown until the 24h time point during the first cycle, implying
a delay on the enzymatic activity. The second — and last — cycle run for this preparation implies
that dye removal based on the action of the support is better than the action of the composite, as

subtracting the “support only” contribution from the performance of composite led to negative

results.
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Figure 8-18: Performance of immobilised HRP being reused using the standard RB19 assay. RB19 removal was
recorded at 4 specific time points for samples of immobilised HRP and corresponding supports, in order to
distinguish the contribution of adsorption and enzymatic degradation. Results shown here are for the initial and 5%
cycle of reuse, for a) BIS-PAH-HRP via encapsulation, b) BIS-PEHA-HRP via encapsulation, c¢) BIS-PAH-HRP via
adsorption, d) BIS-PEHA-HRP via adsorption and e) Syloid AL-1FP-HRP. Each point is based on triplicates, with
the error bar representing one standard deviation.
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Comparing the contributions of the 3 different supports used for immaobilisation of HRP (Figure
8-18a and c for BIS-PAH, b and d for BIS-PEHA and e for Syloid AL-1FP), we can see that
presence of PAH makes BIS a very prominent adsorbent. Even after 5 cycles of reuse, its
performance is reduced by almost 50%, compared to the more than 90% reduction in the
performance of BIS synthesised with PEHA. The performance of Syloid AL-1FP as adsorbent is
reduced by almost 50% within 2 cycles and the composite loses all enzymatic activity, whereas
in every other case, a percentage up to almost 30% is preserved.

Trying to explain these findings, we need to consider not only the type of support used and the
method of immobilisation, but also the procedure of dye degradation. RB19 is oxidised by HRP
previously activated with peroxide. That means that both peroxide and dye molecules need to get
in the vicinity of the enzyme, which might be located primarily on the external surface of the
support (if adsorbed), or deep inside the pore structure (if encapsulated). Given the presence of
moieties located on the support, that facilitate adsorption of the dye based on weaker or stronger
electrostatic interactions, and depending where the enzyme is, adsorption might dominate
compared to enzymatic degradation. This is mostly observed in the case of BIS synthesised with
PAH, as the presence of protonated amine residues interacts strongly with the anionic sulfonate
groups of RB19. Until the available moieties for adsorption are covered and dye molecules can
diffuse further inside the pore structure to find the excited enzyme, adsorption will dominate over
enzymatic activity. However, if the enzyme is “easily available”, on the external surface of the
composite, such as is the case when adsorbed, then enzymatic degradation is much more
prominent and faster than adsorption, as shown in Graphs ¢, d and e of Figure 8-18. Again, dye
adsorption is occurring, but given the direct availability of excited enzyme, enzymatic degradation
is dominating, until either peroxide concentration is substantially reduced, or the active
conformation of the enzyme is distorted. The pore structure of BIS has been discussed before, on
the context of not having enough information about the shape of the pores and the tortuosity
effects caused by the not ordered formation of the material. A not ordered pore structure can cause
delayed expression of enzymatic activity, fact illustrated for BIS-HRP composites where HRP is

encapsulated, especially in the case of PEHA.

As recycling occurs, there are fewer adsorption sites during each subsequent cycle, as the capacity
of BIS as sorbent is being approached. The strong adsorption of RB19 on BIS support can have
various effects which affect the composite’s performance. Due to the increased concentration of
dye on, in and around the support, HRP present might get poisoned, as excessive concentration
of substrate has been seen to have this effect. Furthermore, adsorption of RB19 on the external
surface area and diffusion of RB19 through larger pores and subsequent adsorption of it in there,
can cause delayed of event blocked access to HRP residing in the pores, hence much lower

enzymatic contribution to observed colour removal.
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In conclusion, based on the so far presented results, there is a distinct advantage of BIS-HRP
compared to Syloid AL-1FP-HRP, that being the prolonged reuse of the composite with some
enzymatic activity being detected. Furthermore, there is a an advantage of faster initial action of
HRP adsorbed on BIS compared to the encapsulated composite, which however does not carry

the trend over multiple uses.

Trying to examine these results from a more quantitative point of view and compare across
samples, we are employing the method used previously. We normalise the observed enzymatic
contributions from the mass of HRP present in the assay, to 1 mg HRP; how much dye would be
decolorised if 1mg HRP was present in the assay within the specific composite. In this approach,
we do not take into consideration the contribution of the support, as a different type of analysis is
needed for that. The observed enzymatic contribution used is the maximum one observed per
cycle, irrespective of the time point. Results are shown per cycle for every preparation of
immobilised HRP in Table 8-4. At a first glance, one can observe that the maximum value of
enzymatically degraded dye is shown for BIS-PEHA-HRP via adsorption, at 1865 uM, followed
by BIS-PAH-HRP via adsorption. For reference, the maximum quantity of RB19 decolorised by
1mg of free HRP using the standard RB19 assay was calculated around 7000 uM.
Table 8-4: Arbitrary estimation of maximum enzymatic decolorisation using immobilised HRP, based on max

enzymatic decolorisation observed per sample per cycle and extrapolated to 1mg of HRP present. Values are based
on triplicates, with the value in parenthesis representing one standard deviation.

Maximum enzymatic decolorisation
(1M RB19/mg HRP present on composite)

Sample Cycle#1 | Cycle#2 | Cycle#3 | Cycle#4 | Cycle #5 Sum
BIS-PAH-HRP 62.00 5.26 7.73 38.90 6.01 119.92
(encapsulated) (5.56) (11.2) (1.39) (5.44) (2.92)

at 1h at 24h at 48h at 48h at 48h
BIS-PEHA-HRP 55.27 47.48 44.45 55.77 34.34 237.31
(encapsulated) (4.67) (12.82) (7.40) (4.42) (4.59)
at 48h at 48h at 48h at 48h at 48h
BIS-PAH-HRP 433.48 176.71 208.54 187.82 99.81 1106.37
(adsorbed) (16.55) (56.08) (2.76) (110.51) (2.91)
at 10min at 24h at 48h at 24h at 48h
BIS-PEHA-HRP | 1037.07 598.04 109.58 57.28 63.14 1865.11
(adsorbed) (21.10) (44.51) (16.18) (14.70) (2.65)
at 1h at 48h at 48h at 48h at 24h
Syloid AL-1FP - 917.39 - - - - 917.39
HRP (96.55)
at 24h

Results for Syloid AL-1FP-HRP are close to the aforementioned for adsorbed HRP on BIS,
although collected over only 1 cycle. When it comes to encapsulated HRP in BIS, the enzymatic

contribution is considerably less. Looking at the per cycle results, as reuse progresses, enzymatic
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dye degradation reduces for the adsorbed HRP faster than for encapsulated HRP. Furthermore,
looking at the time point for the as observed maximum enzymatic degradation contribution, it
gets delayed in every case, but the encapsulated HRP in BIS synthesised with PEHA, where the
maximum result is constantly observed at the 48h point. These observations are reasonable given
the localisation of HRP in each immobilised preparation, and the action of the support as a dye
adsorbent based on presence of porosity and functionalisation induced from amine presence.

The different processes occurring during the initial cycle of the RB19 assay as discussed above,
are shown illustratively in Figure 6-2b and Figure 6-17b of Chapter 6. Looking at prolonged
use of BIS-HRP samples for dye degradation, the performance is similar to the observed for
ABTS oxidation, where after a point the capacity of BIS as adsorbent of RB19 is reached and
adsorbed dye is blocking access to immobilised enzyme, or enzyme has been deactivated. These
effects are illustrated in Figure 8-19. So far, reuse potential of immobilised HRP was examined
over 5 cycles. However, after the last cycle, some of the samples were still showing high
decolorisation ability. Hence, it was decided to keep recycling them in order to identify a) when
obtained decolorisation would completely degrade and b) get an estimation of the adsorbing
capacity of different BIS. The samples selected for this purpose were BIS-HRP samples with
encapsulated HRP in BIS synthesised with PAH or PEHA. They were reused for a total of 20
cycles, results of enzymatic and adsorption contribution shown in Figure 8-20.

Re-use (# n) with fresh substrate No fresh substrate added No fresh substrate added

Assay before
enzyme e

-
Assay after enzyme

Figure 8-19: Depiction of BIS-HRP biocatalyst using RB19 assay, during consecutive cycles of reuse. Arrow coming
in represents the addition of substrate, arrow coming out represents the observable outcome via UV-Vis. From left to
right, illustrations show the progress of the assay over time (0, up to 48h).
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Figure 8-20: Repeated use of immobilised HRP by encapsulation in BIS synthesised with a) PAH or b) as additive,
over 20 cycles. Light grey bars represent the enzymatic contribution to colour removal, coloured bars show the
colour removal based on the action of the composite. Values are based on triplicates, with the error bar representing
one standard deviation.

It is clear that the observed decolorisation potential in the case of BIS-PAH-HRP is attributed
mainly to adsorption of dye on the composite (red bars being much bigger than grey bars),
whereas in the case of BIS-PEHA-HRP colour removal is due to enzymatic action (grey bars
being almost equal to blue bars). It is worth mentioning the relatively stable performance over the
course of 20 cycles in the case of BIS-PAH-HRP, where colour removal past the initial cycle is
hovering around 60%. In the case of BIS-PEHA-HRP the performance is reduced by about 66%
by the end of the 20 cycles. In both cases, by cycle 20 the contribution of immobilised HRP to
the overall colour removal was severely degraded, reaching 0 and 5% for BIS-HRP synthesised
with PAH or PEHA as additive respectively. Calculating the dye removed by this point based on
the action of the composite, we result at 0.19 and 0.088mg RB19 removed per mg BIS-HRP
composite synthesised with PAH and PEHA respectively. This analysis is not conclusive, just
indicative of the potential of BIS-HRP, as especially in the case of BIS-HRP synthesised with
PAH, the adsorbing performance still showed considerable potential even after 20 continuous
cycles of reuse, without regeneration taking place.

Comparing the performance of the different preparations of BIS-HRP examined for dye
decolorisation with examples of immobilised HRP found in literature (Table 8-5), some of the
systems examined herein perform much better than in other cases, where the biocatalyst could not
last for more than a few cycles (e.g. immobilisation in alginate beads). However, there are some
examples in literature which show great potential based on the number of cycles of reuse and the
retained activity percentage (e.g. 2’1 3% 453473 'where for more than 7 cycles, the retained activity

on dye decolorisation was higher than 50%).
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Table 8-5: Examples of immobilised HRP and its reusability potential on dye decolorisation.
Cycles % or performance
System of retained by last cycle Reference
reuse compared to initial
BIS-HRP (encapsulated, using .
PAH) 20 67 This study
BIS-HRP (encapsulated, using .
2 21 This st
PEHA) 0 is study
BIS-HRP (adsorbed, using PAH) 5 61 This study
BIS-HRP (adsorbed, using PEHA) 5 7 This study
HRP adsorbed on polysulfones 7 17 263
supports
HRP encapsulated in alginate 3 14 433
beads
HRP encapsulated in alginate 5 36 435
beads
HRP adsorbed on acrylamide gel 5 37 435
HRP adsorbed on kaolin 6 40 18
HRP adsorbed on ZnOfsilica 12 80 335
nanowires
HRP bound on chitosan 5 0 Ara
HRP encapsulated in alginate 10 11-13 (multiple dyes o7
beads examined)
HRP immobilised by cross-linking 50-80 (multiple
with glutaraldehyde on chitosan or 7 immobilisation preparations 211
aluminum oxide/gelatin composites examined)
HRP immobilised as CLEA with
magnetic nanoparticles, with or 8 60 (for both preparations) 413
without glucose oxidase
HRP immobilised in porous 55-63 (multiple
structure in presence or absence of 7 immobilisation preparations 421
CaCoOs examined)
e inbatch or packeabed | 7| ZoSo(miipleusesof |
P immobilised HRP)
reactor
HRP immobilised on functionalised 53
. 10 90
polypropylene films
HRP encapsulated in alginate 7 44-55 (multiple dyes 163

beads

examined)

8.5. Exploring the adsorbing potential of BIS

Having seen the significant contribution of the immobilisation supports as adsorbents during

examining the performance of immobilised HRP preparations, it was deemed interesting to

examine the adsorbing capacity of various silicas in absence of enzyme. This research project was

carried out by Mr. Hinesh Patel, in fulfilment of the degree of Master of Engineering, under the

author’s supervision and guidance. The adsorption profile of 4 different silicas was examined.
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The chosen silicas were BIS synthesised with PEHA, with the amine either fully present (pH 7),
partially removed (pH 5), or fully removed (pH 2) and Syloid Al-1FP. The choice of silicas was
as such, due to the more controlled amine content compared with BIS synthesised with PAH as
additive .

8.5.1. Adsorption kinetics and mechanisms
Initially, the adsorption of RB19 was examined by the 4 selected types of silica, over a period of

7 days. Results show that silicas with absence of amine content (BIS with fully removed amine
and Syloid Al-1FP) were not as effective sorbents as BIS in full or partial presence of the initial
amine content. This is attributed to the absence of functionalisation of these materials and the
negatively charged silica surface and anionic dye. The uptake of RB19 onto BIS in presence of
amine is denoted by 2 phases: (a) a slow initial rate of removal for approximately 4 hours where
20-30% of dye was adsorbed, and (b) a faster rate of adsorption after 1-day. It is likely that the
first phase represents the time taken for large dye molecules (diameter of RB19 is calculated to
2nm) to diffuse through the smaller pores, while the second phase may represent greater and faster
interactions between the functionalised sorbent surface and the sorbate. The enhancement of dye
uptake onto BIS with full or partial amine content (BIS pH 7 and BIS pH 5) is most likely to be
through electrostatic interactions between the anionic sulfonate groups of the dye arising
following dissociation in water and the protonated amino groups on the sorbent. After 7 days, the
maximum dye removal (%) was 85% (BIS pH 5) and 94% (BIS pH 7).

o Syloid AL-1FP —O— BIS pH2 A BIS pH5 ¥ BIS pH7|
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Figure 8-21: Effect of sorbent on RB19 decolorisation over time (7 day study).The insets show the photos of samples
at the beginning (t=0) and end of adsorption for various samples. Values are based on triplicates, with the error bar
representing one standard deviation.

Given the complexity of the adsorption, which as we saw for BIS-HRP samples includes effects
from porosity, surface chemistry, chemisorption and diffusion, using established models to

describe the adsorption kinetics can provide valuable mechanistic information. With this view,
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the adsorption data obtained for the best performing BIS pH 7 and BIS pH 5 were fitted using
non-linear regression analysis against a pseudo-first order model “”® (Equation 8-1), a second-
order model #’® (Equation 8-2), and an intraparticle diffusion model (Equation 8-3). These models
are commonly used to describe an adsorption process between dye molecules and sorbents 477478,
with the first one described mainly physisorption, the second one includes chemisorption and the
third one accounts for diffusional limitations during adsorption.

— -kt
4t = de — Ge,calc Xe ™t

Equation 8-1
where k; (days?) is the pseudo-first-order rate constant, ge and q: (mg/g) are the adsorption

capacities at equilibrium and time t, and Qecac (MQ/g) is the modelled equilibrium capacity

respectively.
t 1 1

— = + t
qe  k; qz,calc de,calc

Equation 8-2

where kz (g/mg/day) is the second order rate constant and the ko x g%.cac (Mg/g/day) is the initial

rate of adsorption.
qe = kit®® + C;

Equation 8-3

where ki is the intraparticle diffusion rate (mg/g/day®®) and C; is the boundary layer constant.

Results (Table 8-6) show that the pseudo-first order model does not fit the data as good as the
second order model, due to the high value of x?, despite the also high R? value. The intra-particle
diffusion model is showing the best fit. The unsuitability of the pseudo-first model is expected
because this model is most suitable for systems with physisorption on flat or smooth surfaces,
while in this case, BIS are porous materials with potential for chemisorption derived from amine
functionalisation. The good fit of the data with the second order model provides evidence for
chemisorption as the main adsorption mechanism. The chemisorption is via electrostatic
interactions between the anionic sulfonate groups from the dye molecules and protonated amines
from the additive molecules present on the silica surface. The not high R? (0.8255) in the case of
BIS pH 5 indicates that the model does not provide a great fit for all the data points, fact attributed
to the not consistent functionalisation presence on the material. As demonstrated by Manning 5
and also discussed in Chapter 5, partial elution of the additive at pH 5 leaves a porous external
surface, with additive being present mainly on the inside area of the material. This leads to
physisorption on the external surface of BIS pH 5 sample, followed by chemisorption on the

internal pores, while for BIS pH 7, chemisorption is dominating as all available surfaces are amine
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functionalised. These observations clearly suggest that, in addition to chemisorption, the diffusion

of the dye molecules into the pores of silica particles is a rate determining step #7°-4%2,

Table 8-6: Kinetic parameters for sorption of RB19 onto BIS pH 7 and BIS pH 5.

Sorbent BISpH5 BISpH 7
Model Parameter
ki (day?) 0.359 0.393
Pseudo-first order Gecas (M 0°) >191 >-524
R? 0.948 0.966
X2 0.276 0.424
ko (g mg?) 0.25 1.69
Qeccale) (Mg g0) 5.67 6.16
Second order K2X Ocaic (Mg gt day?) 7.99 64.3
R? 0.826 0.991
X 0.016 0.001
Webber-Morris ki (mg gt d?%) 1.96 1.96
(intraparticle Ci(mg g?) 1.16 1.91
diffusion) R? 0.996 0.991

It is interesting to note that the diffusion rate constant for both samples is identical, which suggests
that the pores in both samples have similar physical and chemical properties (e.g. sizes, structure
and surface chemistry). This corroborates earlier findings 3 and the fact that both samples had
the same origin, with BIS pH 5 undergoing an additional acid wash at pH 5 in order to remove

only the external amines and retain the internal amines.

8.5.2. Adsorption isotherms
The best performing samples as identified in the previous section (namely BIS pH 5 and BIS pH

7) were used for exploration of the sorbents capacity upon exposure to increasing dye
concentrations (adsorption isotherm). Dye concentrations examined were up to 1500mg/mL, with
the study period being 7 days. Results (Figure 8-22) show that BIS pH 5 and BIS pH 7 exhibited
high dye removal capacities at lower initial dye concentration (92 and 97% for BIS pH 5 and BIS
pH 7 respectively). These decreased with increasing initial dye concentration, reaching to 44 and
75% respectively for BIS pH 5 and BIS pH 7, for initial dye concentration of 1500mg/L. A drop
in capacity is expected with the increasing sorbate concentration due to a reduction in available
adsorption sites, however, it is worth noting that the dye removal by BIS pH 7 dropped only to
75%, at a relatively high initial dye concentration compared to literature 8 thereby showing

excellent potential.
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Figure 8-22: Effect of initial RB19 concentration on the dye removal by silica samples. Values are based on
triplicates, with the error bar representing one standard deviation.

Data obtained from adsorption isotherms was fitted using the Langmuir and Freundlich models (

Equation 8-4, Equation 8-5) to explain the mechanisms undertaken within the sorption of RB19
onto these sorbents.
_ qmbCe
€™ 1+bc,
Equation 8-4

1
de = KFC:

Equation 8-5
where ge and gmare the equilibrium capacity (mg/g) and the maximum adsorption capacity (mg/g)

of the sorbent respectively, Ce is the equilibrium dye concentration (mg/L), b is a Langmuir

equilibrium constant, and Kg and 1/n are the Freundlich constants.

The Langmuir isotherm model is used to describe monolayer surface coverage at specific
homogenous sites within an adsorbent and that adsorption can no longer take place at a site once
occupied by a dye molecule “%. The Freundlich isotherm model unlike the Langmuir model
assumes multilayer adsorption on a heterogeneous surface and that adsorption can still occur at
an occupied site “®°. The 1/n factor is used to indicate the affinity and hence favourability of the
sorbent (examined silicas) towards the sorbate (dye): 0 < 1/n < 1 indicates strong interactions
between RB19 and their respective sorbent and hence favourability “®°. Fitting the experimental
adsorption isotherms for RB19 uptake onto BIS pH 5 and BIS pH 7 samples showed that while
the data in both cases was well represented by the Freundlich model, only BIS pH 7 followed the

Langmuir model (Table 8-7). In the case of PS7, the observed higher adsorption affinity (see KF
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values in Table 8-7), a good fit with Langmuir model and a higher maximum capacity (qm) when
compared to BIS pH 5 sample strongly support the presence of chemisorption through

electrostatic interactions identified from the 2™ order kinetics model.

Table 8-7: Determined parameters of RB19 adsorption on BIS, using the Langmuir and Freundlich adsorption
models.

Sorbent Langmuir Freundlich

gm (Mmg/g) | B (L/mg) R? 1/n KF(mg*¥n LY /g) R?
BISpH5 103* 0.009* 0.895* 0.65 1.74 0.966
BISpH 7 334 0.0052 0.995 0.67 4.56 0.997

* Due to a poor fit of PS5 with Langmuir model, these values are show for completeness and they
should not be used to draw quantitative inferences.

The adsorption capacity of PS7 reported in this study (334 mg/g) is significantly higher than the
highest capacity reported previously for any sorbent (221 mg/g) %, and it is an order of magnitude
higher than most competing sorbent materials. Additionally, excellent removal efficiencies were
observed for BIS pH 7 for dye concentrations as high as 1500 mg/L, which surpass those reported
in the literature “6%-488 These results highlight that bioinspired silica can be extensively used to
remove high concentrations of RB19 that are likely to pose greater environmental and health
concerns. It is important to mention at this point that these results were based on BIS produced
with PEHA as an additive. Having seen the much faster and better adsorbing performance of BIS
when synthesised with PAH as additive, it is safe to assume that we can expect much better results

upon further investigation.

8.6. Conclusions
In this Chapter we explored the ability of BIS as immobilisation support for HRP to protect the

enzyme, enhance its stability and facilitate reusability, based on the performance of the BIS-HRP
composite using 2 substrates. Comparing the performance of HRP and BIS-HRP samples for
stability in operational pH and exposure to temperature, it was found that comparison of actual
performance does not show any advantage of immobilisation. However, relative performance (for
each sample under the examined set of conditions), shows that immobilisation can offer protection
of HRP in non-optimal conditions, and maintain the activity of the enzyme for prolonged periods
of storage. With respect to immobilisation, we showed that BIS-HRP is highly reusable, fact
attributed not only to the protection of the enzyme and facilitation of its removal, but also to the
adsorbing abilities of BIS. We found that BIS-HRP could be reused for 20 times with 20% or
more than 60% performance retention, depending on the additive used for BIS synthesis (PEHA
and PAH respectively), overpowering Syloid Al-1FP-HRP which could be reused only up to 5
times. Upon extended reuse, we were able to identify the different tentacles of this system leading
to observations during the assays, them being enzymatic performance which is obscured by
diffusional limitations and adsorption of substrate and/or product on BIS, blocking of the pores
and eventually deactivation of the catalyst.
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In the last section we explored the potential of BIS as an adsorbent, given the identified adsorbing
abilities during the BIS-HRP composite action. Analysis was done using BIS synthesised with
PEHA, with the additive present in full (pH 7), partially (pH 5), or absent (pH 2), comparing the
findings to Syloid AL-1FP as a commercial benchmark. Results showed that BIS-PEHA pH 7
performs best as a dye adsorbent, due to the presence of functionalisation which allows for
chemisorption on top of physisorption into the existing porosity. We were able to describe the
adsorption kinetics and mechanism and estimate the capacity of the sorbent, which was found on
the higher end of the spectrum of values shown in literature. Although the aim of this work was
to design and optimise efficient biocatalysts, we nevertheless managed to identify materials with

great adsorbing potential, which can be enhanced by the added value of enzymatic action.
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Chapter 9 : General remarks and Future work
9.1. Motivation

This work was motivated by the need to preserve the already limited freshwater reservoirs, as
industrial processes are polluting them to an extent of not only rendering them unsuited for recycle
and reuse, but also dangerous for aquatic and human life and aesthetically unpleasant. The focus
of this work was treatment of polluted water effluents from the textile industry in order to remove
dyes. Specifically, the dyes we focused on were of anthraquinone structure, as they are more
resistant to degradation and less thoroughly researched compared to azo dyes. Upon exploration
of the currently available and emerging water treatment methods, biocatalysis — use of enzymes
— is showing very good potential towards complete breakdown of organic pollutants. However,
enzymes are sensitive to operational conditions and cannot be easily reused, if at all, making them
not an ideal solution to tackle the given problem. In order to assist their reusability and potentially
preserve their activity under non-optimal conditions, immobilisation is an interesting approach,
where the enzyme is being attached on or encapsulated in a solid support. Although enzyme
immobilisation is a quite well-studied area, the results are highly dependent on the enzyme, the
targeted enzymatic action and substrate and the immobilisation support used, indicating that the
guidelines established so far might not offer a straightforward understanding. Furthermore, in an
effort to optimise the support and the immobilisation method to offer higher enzymatic activity,
factors relevant to industrial implementation of biocatalysts, such as cost and manufacturing time
involved, are commonly overlooked. In this project, we systematically investigated how the
performance of horseradish peroxidase (HRP) is affected upon immobilisation using bioinspired
silica (BIS) as support, via the oxidation of 2 different substrates, in an effort to understand how
to create effective biocatalysts for water treatment, using more environmentally friendly materials

and methods.

9.2. Main findings and how they improved our
understanding

On the methods used for protein determination

There are quite a few methods used for enzyme quantification, based on protein determination,
through quantification of aminoacids via colorimetric assays or their UV absorbance, or more
rarely, based on their activity. The quantification of HRP with respect to the immobilisation
system was examined in this project using UV absorbance, Bradford assay and activity
measurement using RB19 or ABTS as substrates. Based on thorough experimentation, it was
found that the widely used methods for protein quantification based on UV absorbance (at the
range of 200-280nm, as well as the peroxidase-specific absorbance in the Soret range ~400nm)
were not appropriate, due to interference caused by other reagents in the system. Protein
quantification using the Bradford assay was also problematic, as the amine additives used for BIS

formation were causing interference by reacting with the Bradford reagent. Given the strong pH
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dependence of BIS synthesis, any subtle changes (beyond those accurately detectable) caused
occasionally considerable differences and led to our inability to be able to fully control this source
of interference. Last but not least, we tried to standardise enzymatic activity observations, in order
to be able to use activity measurement as an accurate method for enzyme quantification. We did
S0 by exposing the enzyme in conditions that would possibly occur during in-situ encapsulation.
These conditions were identified by the point of HRP addition during BIS synthesis, specifically
exposure to amine solution (PAH or PEHA), silicate solution and freshly produced supernatants
of BIS synthesis. Results showed that this method could actually be trustworthy, if activity
measurements were taken within a specific time limit, given the effect some of the reagents had
on HRP. Under fully controlled conditions, we were able to validate results between HRP
guantification using Bradford assay and quantification using enzymatic activity assays. Although
there have been research examples questioning the suitability of Bradford assay for certain
systems of immobilisation and proposing ways to bypass difficulties, to the best of our
knowledge, a thorough comparison and validation of enzyme quantification using both the protein

nature and the activity of the enzyme has not been shown.

It should be mentioned that the detected interferences with HRP quantification were further
investigated using detailed design of controlled experiments, based on individual or mixed
reagents occurring during the immobilisation protocol. The identification of these interferences,
show that a) not every method is applicable to every system, regardless of how well studied the
method or the system is, and b) there is a need for appropriate control samples, in order to make
sure that the methods chosen are working towards the selected goal. If interference was not
identified, then obtained results would have led to ostensibly correct but in principle false
conclusions. Unfortunately, if a method is known to be working for a system, its suitability for
similar systems or even upon altering a parameter on the original system is not often questioned.
This culture of not questioning pre-established decisions and protocols might be detrimental for
the quality of data collected and the conclusions or further experiments correction or avoidance
of potential errors. The importance of the analysis done on protein quantification is based on the
need to know how much enzyme is immobilised and connect this quantity with the observed

activity of the biocatalyst and the expected activity of the biocatalyst.

At this point we need to mention the difference in observed performance of HRP using ABTS or
RB19 as substrate. The sensitivity of the enzyme to ABTS was much higher compared to RB19,
leading to more noticeable results upon minor change of conditions. This could be due to the
different structure of the substrate and the different radicals — and their subsequent reaction
products — created. It would be wrong to assume that the performance of an enzyme will be equal
or even comparable when examining its activity on different substrates. Adding the contribution
of BIS as an adsorbent to the equation when assaying immobilised HRP, it would be wrong to

imply that the performance of BIS-HRP using ABTS will be the same with the performance of
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BIS-HRP using RB19. This identifies another gap in the literature, where, again, in the absence
of correct control samples or in-depth characterisation of the examined system, results shown are
not representative of the real performance of the system examined. In many literature cases, it
was noticed that controls were missing or were insufficient to rule out any potential contribution
to the observed “enzymatic” activity of an immobilised biocatalyst. It is of paramount importance
to identify factors that might affect the performance of the examined system and try to understand
the extent of their contribution, in order to be able to tune the system towards a specific route.

On the immobilisation of peroxidase

The focus of this work was mainly the exploration of in-situ encapsulation of HRP in BIS, as a
biocatalyst using a fast method and a sustainable and tailorable support, in contrast to the
laborious and environmentally unfriendly protocols reported in the literature. As a brief reminder,
BIS is formed within seconds, by the acidification of sodium silicate, in the presence of a
bioinspired additive (amine). Upon BIS formation, additive presence can be reduced or
completely eliminated with further acidification of the material. We initially examined the effect
of specific factors on the amount of HRP immobilised in BIS. Those factors were relevant to the
synthesis and structure of BIS (additive used, partial or complete additive removal) and of in-situ
incorporation of HRP (point of addition during BIS synthesis, amount of HRP added). In order to
have a point of reference, adsorption of HRP on BIS was also examined, using the same factors
where applicable (type of additive used, partial or complete additive removal, amount of HRP

added), as well as on a commercial silica (Syloid AL-1FP).

It was found that in-situ encapsulation of HRP in BIS offers almost double retention of HRP in
the support (~20% w/w) compared to adsorption of HRP on BIS (max 10% w/w) or commercial
silica (max 5% wi/w), when similar immobilisation conditions are examined. This effect is mainly
attributed to BIS synthesis and/or nanoparticle formation around the enzyme during in-situ
encapsulation, leading to HRP localisation mostly inside BIS, as opposed to the adsorption of
HRP on available adsorption sites and localisation mainly on the outside. Analysis of the structure
of silica revealed an almost non-porous structure, with low available surface areas when a small
additive (PEHA) was used and slightly increased porosity and available surface areas when a
larger polymeric additive (PAH) was used. Differences in structure and functionalisation between
BIS synthesised using different additives, or upon elution of additives were relevant to the amount
of HRP retained, especially during adsorption of the enzyme. During in-situ encapsulation of HRP
in BIS, obtained results based on immobilisation efficiency, percentage of HRP in BIS and
porosity analysis indicated a yet undefined effect of the presence of protein during BIS synthesis,
attributed to tangled interactions between charged molecules. These findings indicate that

Hypothesis 1 and Hypothesis 2 (section 2.5 of Chapter 2) are confirmed.
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On the performance of peroxidase

BIS offers a promising option as immobilisation support, based on the amount of enzyme retained
and the immobilisation method, compared to other supports and methods examined in literature.
That being said, a high enzyme load on a solid support is not scientifically or industrially

appreciated if the enzyme does not show the expected activity.

The performance of HRP was assessed using 2 different substrates. The first was a typical
peroxidase substrate, 2,2'-azino-bis(3-ethylthiazoline-6-sulfonate acid (ABTS), measuring colour
appearance. The second one was a model anthraguinone dye, Reactive Blue 19 (RB19),
measuring colour disappearance. HRP activity was examined in free and immobilised form, and
results were compared, in order to examine the efficiency of immobilisation. Findings from the
comparison of the enzymatic action of HRP in free and immobilised form indicate that the
observed activity of immobilised HRP is substantially lower compared to the one of free HRP.
Based on a systematic experimentation on the effect of immobilisation procedure followed
(process and reagents) on the activity of HRP, we can argue that the much lower activity is
ostensible and attributed to 2 factors. The first arises from the structure of the biocatalyst, which
posed severe diffusional limitations. The second one arises from the functionalisation present in
the biocatalyst, which hindered our ability to actively measure the product. These assumptions
are corroborated from the much higher activity observed for adsorbed HRP compared to
encapsulated HRP (almost 10 fold difference) due to the easier accessibility of enzyme from the
substrate and of product to bulk volume. Furthermore, the quite higher activity shown from HRP
adsorbed on supports with absence of porosity or functionalisation (Syloid AL-1FP and BIS

synthesised with PEHA, with the additive fully eluted) also point to the aforementioned direction.

Trends within each enzymatic system (free, encapsulated, adsorbed) obtained by converting the
observed results to relative values based on the maximum observed per sample, showed a different
pattern. Immobilisation (both methods) was able to offer protection of HRP under lower pH and
higher temperature conditions, and led to higher relative activities upon exposure to high
concentrations of substrates. Furthermore, various immobilised HRP preparations using BIS as
support showed a practically stably high performance over an examination period of 50 days and
were able to be reused for more than 20 cycles. In specific cases, such as examination of
operational stability at various pH values using the RB19 assay, the performance of BIS-HRP
surpassed that of free HRP, indicating the selective superiority of immobilisation, attributed to
the presence of BIS support. These findings indicate that Hypothesis 3 and Hypothesis 4 (section
2.5 of Chapter 2) are conditionally confirmed or rejected, depending on the specific conditions

under examination.

As mentioned at the end of Chapter 6, we were able to synthesise an active biocatalyst using BIS

to immobilise HRP. However, upon initial experimentation, the contribution of the support as a
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potentially powerful adsorbent was noticed in both assays, so exploration of the adsorbing
abilities of BIS became a partial part of the scope of this project. Examining in depth the adsorbing
performance of BIS synthesised with PEHA, with the additive present in full, partially, or
removed and comparing it to a commercial silica (Syloid AL-1FP), we were able to describe and
quantify the adsorbing potential of BIS. Results on RB19 removal showed that both physisorption
(due to porosity) and chemisorption (due to amine presence) were responsible for dye adsorption,
and that diffusional limitations were also present. Overall the capacity of the best performing
adsorbent (BIS-PEHA with amine fully present) was calculated higher than other values in
literature, showing the superiority of BIS also as adsorbent, besides immobilisation support.

Connecting the activity results with the HRP retention results upon immobilisation and building
on the knowledge acquired so far for this system, we can say that high functionalisation offers
higher enzyme retention, but also leads to enhanced performance of BIS as an adsorbent of
substrates (and/or products), hence hindering the enzymatic action. Answering whether BIS-HRP
is an effective biocatalyst with performance comparable to the free enzyme, the answer is yes, but
it highly depends on the substrate. Similarly, answering whether BIS-HRP can be effectively used
for dye decolorisation compared to free HRP, the answer is yes, but the performance is highly
affected by the support as well. In order to reduce the effect of the “but” in the previous answers,
further work is needed, in order to expand our understanding on the complexities identified in the
BIS-HRP systems examined here.

9.3. Avenues for further exploration
During this research project we discussed some limitations arising by the systems examined, the

available methods and their combination. We also examined a systematic approach towards the
exploration of BIS as support for enzyme immobilisation, and we were able to identify the
potential of BIS as an adsorbent. Although there are many factors examined in this thesis, there
are also many ideas generated for future exploration, in order to better understand the systems
described herein and take a step further with the exploration of BIS’s wider applicability.
Furthermore, this project allowed us to improve our understanding culprits that can prevent a

researcher form conducting rigorous research.

Improvement in understanding of BIS formation in presence of charged molecules and

characterisation of materials

Based on the protein determination difficulties and the unspecified contribution of HRP to BIS
formation, as highlighted by differences in porosity and yield, it would be interesting to
investigate further the effect of an additional charged molecule being present during BIS
synthesis. Similar work has been done by our group before using relatively simpler surfactants
and molecules, but an approach of exploring the effect of an added factor in a — theoretically —

well characterised system has not been pursued. A potential starting point would be exploration
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of the co-presence of more than one additives during BIS formation, followed by substitution of
1 additive for a small protein and subsequently a larger protein. Based on the porosity difference
shown for the presence of low quantity of HRP during BIS formation, further elaboration on the
quantity and/or molar ratio of reagents would be interesting. This would improve deeper
understanding of fundamental changes during BIS formation, and allow optimisation of the
material itself but also immobilisation of protein present.

The characterisation methods used herein are well established in materials science, but they were
not enough to fully characterise this type of nanomaterials. The main issue is the unconventional
structure of BIS, not fully fitting the assumptions of built-in models for characterisation (e.g. BJH
or NL-DFT porosity models), with particles and pores quite small to be observed in SEM. A
combination of gas adsorption, microscopy (including TEM) and small angle scattering
techniques (USAXS, SAXS, SANS), performed in a substantial amount of samples, would help
tremendously to improve our knowledge on the structure of the materials obtained and trace it
back to the origin for difference. Individually each method can offer valuable information, but
only through combination and corroboration we will be able to have an accurate picture, as in
many cases there might be more than 1 plausible scenarios (e.g. while fitting USAXS data or
deciding whether a formation is an aggregate in SEM/TEM). Additional to these characterisation
measurements, elemental analysis and silicon speciation analysis could offer more information
on the chemistry of the materials, helping us to compose a more complete picture. For all of the
aforementioned techniques, especially for the ones incorporating chemical reactions, it is of
paramount importance to use appropriate control samples, in order to identify any potential

interference and be reassured that collected data represent the factor under examination each time.

By having a complete picture of materials structure, we will be in a much better position to explain
the origin and extent of diffusional limitations and the internal pore network structure, leading us

to identify or design potential applications more suited to these materials.
Further optimisation of enzyme immobilisation using BIS as support

Based on the comparison between adsorbed and encapsulated HRP using BIS as support, we can
say that the adsorbed enzyme seems to offer a higher enzymatic performance, excluding the action
of BIS as adsorbent. In the case of encapsulated HRP, adsorption of substrate and/or product on
BIS seems to be the driving force, leading to subsequent enzymatic activity. In order to improve
those systems with respect to enzymatic activity, a few ideas could be investigated. It was shown
that the best performing systems of BIS-HRP when HRP was adsorbed, were those where BIS
carried the least amount of additive present, as absence of amine functionalisation indicated less
obstruction of the substrate to reach the enzyme. On the other hand, amine functionalisation
assisted with the adsorption of HRP on BIS due to strong charge interactions. A way to maintain

strong attachment of the enzyme, but reduce any other functionalisation, would be to introduce
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specific “new” functionalisation post-additive removal, added at an appropriate ratio in order not
to leave residual unoccupied functionality post immobilisation (overlooking the additional
labour/cost/time required). Another approach would be to use a different functionalisation for the
purpose of immobilisation, which would allow the enzyme to be attached further from the BIS
surface (space-arm approach). Both methods would mean introduction of at least an additional
step to the immobilisation protocol and furthermore added cost, depending on the type of
chemicals used. Both approaches have been explored in literature, but not using BIS and
peroxidase for the purpose of water treatment.

In order to improve the performance of encapsulated HRP in BIS, post synthetic approaches
would probably not work, so changes should occur at an earlier stage. Herein we examined 2
fundamentally different additives, a small linear amine (PEHA) and a large polymeric and tangled
amine (PAH). The creation of porosity in the case of BIS-PAH was beneficial for the interaction
of encapsulated HRP with the bulk volume, but the embedded presence of PAH caused enzymatic
activity to be delayed. Partial removal of the additive was beneficial, but it was not enough, and
additive removal by eluting the composite with acid at a low pH was detrimental for HRP. A mid-
ground approach could be further explored, examining the effect of additive elution at pH lower
than 5, but not as low as 2. Based on previous work from our group, a “sweet spot” was found for
BIS synthesised with PEHA upon acid elution in terms of structural differences ®, but such work
is not done for PAH.

Further exploration of BIS as an adsorbent

Although the focus of this project was the exploration of immobilisation of HRP for application
in dye removal, through experimentation and development of the biocatalysts, the contribution of
BIS as adsorbent was realised and pursued further, examining the potential of BIS synthesised
with PEHA as additive, as it was shown in section 8.5 of Chapter 8. However, it was shown that
BIS synthesised with PAH showed much higher potential as an adsorbent, both towards RB19
but also towards reacted and unreacted ABTS. It would be interesting to explore the adsorbing
potential of BIS synthesised with a variety of additives, and identify the contribution from the
structure and from the embedded functionalisation. Furthermore, it would be interesting to see
the adsorbing potential of BIS towards other pollutants. Some work has already been done in this
area “®, but more exploration would be beneficial in order to identify the extend of the potential
of BIS.

Ideas for future exploration based on knowledge from BIS-HRP performance

An interesting idea would be the exploration of immobilising a more selective peroxidase towards
dyes, such a Dye decolorising Peroxidase (DyP). As briefly described in section 1.5, DyPs show
high selectivity towards anthraquinone dyes. Using an in-house developed DyP, generously gifted

from Dr. Wong and his PhD student, we were able to partially characterise the enzyme and
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compare the findings to the relevant for HRP. It was shown that DyP exceeded by far the storage
stability of HRP (Figure 9-1la), however it was also more sensitive towards excessive
concentration of peroxide (Figure 9-1b). The difficulty to model DyP’s performance in order to
determine its kinetic parameters (Figure 9-2, Table 9-1) might be due to the early stage of
enzyme’s development and purification, or its performance based on a different reaction
mechanism. Further experimentation using DyP4 was not conducted at this time, due to the
limited quantity of DyP available. It would be interesting to see though how DyP would perform
upon adsorption on BIS.
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Figure 9-1: Early-stage comparison between HRP and DyP4 a) Comparison of storage stability of HRP and DyP4,
examined using the RB19 standard assay. Enzyme solutions were stored in the fridge and aliquots were subtracted at
specific time points, b) comparison of stability of HRP and DyP4 for H202 concentration varying from 0.0147 to
14.7mM, while keeping every other factor constant. Values are based on at least replicates, with the error bars
representing 1 standard deviation.
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Figure 9-2: Fitting of calculated RB19 degradation rates using DyP4 for H202 concentration varying from 0.0147 to
14.7mM, while keeping every other factor constant. Results shown are the average of at least duplicates, with the
error bar representing 1 standard deviation.

Assuming a further optimised system with controlled diffusional limitations, using BIS as
immobilisation support, another idea would be co-immobilisation of glucose oxidase or another
peroxide producing enzyme, in order to reduce the need for external addition of hydrogen
peroxide. This idea is not new and such an approach could be industrially preferred, compared to

the need of peroxide addition as a requirement for enzymatic activity. Controlling the activity of
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glucose oxidase for optimal peroxide production for the encapsulated peroxidase, deactivation of
peroxidase due to excess peroxide can be prevented. However, this approach comes with other

problems, such as the need of ensuring activity of the oxidase and controlling cascade reactions.

Table 9-1: Determination of kinetic parameters for models shown in Figure 9-2. Values shown are in the format of
average (error), as calculated from OriginPro® software.

Model
Michaelis-Menten M'i?:ﬁ:;)si-t':gi;]ten Ping Pong Bi Bi
y= 10 X Vg ><x/A
y =
y= Vmax X X A= ((Kmb X 10) + Ky X
Equation Vmax X% (Km +x X (1+%/ )
(K + x)
x X (1 + (x/Kib))) +
(10 X x))
Vimax (MM/s) 2.10(0.18) 758.35 (97122) 2.10 (0.21)
Km(mM) | 0.006 (0.029) 11.75 (1530) -
Kma (MM) -- -- 6.85E-23 (0)
Kmb (MM) -- -- 0.006 (0.034)
Ki(mM) - 0.0013 (0.1716) 0.80 (0)
R? -0.1071 0.7378 -0.5499

Advice on how to work with complex systems

Some systems are more difficult to work than others, although at a doctorate level of research
there is not such a term as a “straightforward system”. What arose from this work that is of
immense importance, was the establishment of control samples and measurements before any key
data collection. It is not very common to examine every factor of a system individually for their
contribution to a specific phenomenon, as many times factors work synergistically. However, if
the additives used for BIS formation were not analysed for their effect on the UV assay or their
reaction with Bradford reagent, or if BIS without presence of HRP was not analysed using the
assays used for the enzymatic activity, the extracted results would have been wrong, as those
important sources of interference and added contribution would have been missed. In addition,
when working with systems that show randomness regarding structure and patterns, repeating
measurements in triplicate might not lead to a consistent value. Assuming that the error is not
caused by the researcher or experimental apparatus, more replicates are advisable, in order to
reach a conclusion, which might be that a consistent value cannot be achieved. A final piece of
advice is that when a system consists of too many factors with potentially unidentified effects, a
“given” solution or method by someone else should not be taken as granted, but it should be

adequately tested for its suitability to the examined system.
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Supporting information for Chapter 2

Table 0-1: Examples of literature on isolated strains of DyP from various microorganisms and the substrates on which they were assayed.

2019

Microorganism Substrate used for characterisation Reference
Thanatephorus cucumeris Dec 1 ABTS, RB5 151, 152, 157
Geotrichum candidum Dec 1 RBlue5, 148,175,176
Rhodococcus jostii RHA1 H,O,, ABTS, wheat lignin 181,182

150, 185

A. auricula-judae

ABTS, DMP, RB5 (black/blue), RB19

Bacillus subtilis

veratryl glycerol-b-guaiacyl ether, ABTS, RB19, RBlue5

146

Basidiomycete I. lacteus

ABTS, DMP, RB19, RBlack5, Veratryl alcohol

159

Recombinant production of DyP (as
comparison to wild type or sole focus of

paper)

ABTS, various dyes, lignin derivatives

127, 128, 131, 146, 150, 158, 160, 165, 172-174, 177, 178, 180,
181, 183
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Table 0-2: Reviews covering enzyme immobilisation from different points of view

2019

Interest

Description

Reference

Enzyme

Immobilisation of lipases for their application in organic media (hydrophilic enzyme in
hydrophobic application)

243

Immobilisation of alpha-amylase using various supports

490

Immobilisation of invertase

491

Enzyme + application

Immobilisation of fungi to be used in dye removal

143

Immobilisation of laccases and phenoloxidases using various supports

331

Immobilisation of enzymes for biofuel production

492, 493

Immobilisation of enzymes to be used in food industry

238, 494, 495

Support used for
immobilisation

Nanoparticles and nanomaterials as immobilisation matrix

253, 286, 496

Silicates as immobilisation matrix

237, 292, 295-298, 405, 497

Sepabeads as immobilisation matrix

280

Heterofunctional immobilisation matrices

498

Bioinspired silica as immobilisation matrix

289

Inorganic materials combined with covalent bonding

499

Method of immobilisation

Absence of immobilisation carrier (cross-linked enzyme aggregates)

227,233

Sol-gel encapsulation (mostly referred to silicon supports, but other options are referenced as
well)

230, 294

General

Information on importance of immobilisation, examples of immobilised enzymes and
procedures followed, categorisation depending on the type of application or the method of
immobilisation

116, 207, 211, 239, 241, 242, 245, 246, 500, 501

Industrial aspect

Information on existing applications of immobilised enzymes in industrial processes

200, 244, 249, 502-504
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Table 0-3: Terminology related to enzyme immobilisation (adapted from 116 200, 248)

2019

Parameter

Definition/equation

Immobilisation yield (x100, %): how much enzyme is bound to the carrier based on the
residual activity of the supernatant

Immobilised activity/starting activity

Immobilisation efficiency (x100, %): how much enzyme is bound to the carrier, based on
the activity observed activity of the immobilisate. Can be done based on the protein
measurement but it may be misleading.

Observed activity/immobilised activity

Immobilised activity

Starting activity — Activity in supernatant

Activity recovery (x100, %): comparison between the observed activity of the
immobilisate and the starting activity of the enzyme

Immobilisation yield*immobilisation efficiency = Observed
activity/starting activity

Leaching (x100, %): how much activity is lost during each consecutive cycle

(Immobilised activity — immobilised activity after 1
cycle)/immobilised activity

Total activity (preferred for comparable results)

Units (mol/min)

Specific activity

Unit/mL or Unit/mg

Efficiency coefficient (or effectiveness factor): shows the mass transfer control by
comparing the conversion rate between soluble and immobilised enzyme

Substrate conversion rate for immobilised enzyme/substrate
conversion rate for free enzyme
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Table 0-4: Examples of enzymes immobilised on BIS
Focus Enzyme Additive/method used Findings Ref.

Enhancement of
immobilisation

efficiency

B-glucuronidase

protamine/ encapsulation of

enzyme-containing alginate

beads

Mechanics/chemistry of immobilisation, enhanced activity and reuse potential, there was

leaching during reuse due to stirring

217

Enhancement of
immobilisation

efficiency

B-glucuronidase

protamine encapsulation

High loading achieved (5% w/w), enhanced stability in T/pH/storage, decent reuse

potential, diffusional limitations, no leaching occurred

316

Enhancement of

B-glucuronidase

Lysozyme/encapsulation

Immobilisation efficiency based on activity, mixing enzyme with the additive first

364

sequestration

Vmax, decent reusability, minor leaching, increased thermal stability, high CO, removal

stability facilitates effective immobilisation due to electrostatic attraction, increased pH and
storage stability, decreased Vmax (reduced activity) and increased Kn (reduced substrate
affinity), 12 cycle reusability

CO; Carbonic anhydrase DETA/encapsulation high immobilisation efficiency, decent residual activity, comparable Km but lower 821

CO,
sequestration

Carbonic anhydrase

fused R5

peptide/encapsulation

Full material characterisation, enhanced thermal/storage stability/reusability, outer

surface catalytically more important

328

Immobilisation

efficiency

Catalase and

horseradish peroxidase

R5/encapsulation

Confirmation of entrapment over immobilisation by adsorption, activity comparable to

free enzyme, increased thermal stability, use of magnetic nanoparticles

288
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Immobilisation | Esterase and lipase R5, PEI, fused R5 Higher immobilisation efficiency of fusions compared to enzyme plus additive, basic 212

efficiency peptide/encapsulation material characterisation, low retained activity, biosilicification shifts enantioselectivity

Biosensor Glucose oxidase protamine/adsorption Basic material characterisation, retained enzymatic activity, enhanced 323
thermal/biochemical stability

Biosensor Horseradish peroxidase | poly-L-lycine, PEI, PEI is better compared to PANAM, qualitative analysis, material characterisation based | 3%

PAMAM/encapsulation

on SEM

Enhancement of | Laccase protamine/protective layer Enhanced storage/pH/T stability, prolonged reusability, extended SEM analysis as part 235
immobilisation of material characterisation

efficiency

Enhancement of | Lipase DETATETA TEPAPEHA/ | High immobilisation efficiency, no leaching, good reuse potential, comparable residual 215
immobilisation encapsulation activity to free enzyme and Novozyme 435

efficiency

Enhancement of | Lipase polyallylamine/encapsulatio | High immaobilisation efficiency but low retained activity, enhanced thermal/storage 820
immobilisation n stability, experimentation with different silica precursors

efficiency

Enhancement of | Lipase pomegranate leaf Basic material characterisation, enhanced pH/T optimum, enhanced T stability, 822

immobilisation

efficiency

extract/adsorption

favourable reaction microenvironment, good reusability
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Enhancement of
immobilisation

efficiency

Manganese Peroxidase

chitosan/encapsulation

Enzyme pre-incubation with the additive enhances immobilisation efficiency,

comparable kinetics, enhanced stability in solvents

319

Enhancement of
immobilisation

efficiency

Papain

R5/encapsulation

Full material characterisation, enhanced stability under various conditions (including pH

T), decent reuse potential, enhanced affinity but decreased activity

321

Enhancement of

Yeast alcohol

PEI, PAH/encapsulation

Full material characterisation, enhanced activity and performance of the biocatalyst,

236

immobilisation | dehydrogenase decent to good reuse potential, enhanced storage stability
efficiency
Biosensor B-galctosidase R5/encapsulation, adsorption | Immobilisation by adsorption showed higher efficiency than encapsulation, good storage | 3

stability, mass transfer limitations

Enhancement of

d-amino-acid oxidase

PAH/encapsulation

Basic material characterisation, higher immobilisation efficiency results in decreased

313

immobilisation recovered activity, enhanced pH/T stability, mass transfer limitations, almost decent
efficiency reusability, enhanced stability to H,0,
Biosensor Adenosine poly-L-lysine/encapsulation | good storage stability, no material characterisation, mild preparation conditions 1

deaminase/nucleoside
phosphorylase/xanthine

oxidase

Vi
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Immobilisation
efficiency/ CO;
sequestration

Carbonic anhydrase

spermine/encapsulation

almost preserved pH stability, great reusability (shown up to 10 cycles)

Results mostly based on esterase activity rather than actual application, enhanced T and

329

Immobilisation
efficiency/
FAME

production

Lipase

encapsulation

PEl/adsorption and

cycles), mention of diffusional limitations

Exploration of immobilisation conditions, adsorbed lipase shows better performance on
synthesis of FAME but encapsulated lipase shows better standard catalytic potential,

both perform better than commercial product, poor reusability (up to 20% activity after 5

325

Table 0-5: Decolorisation of anthraquinone dyes by immobilised oxidoreductases.

Dye name/

Throughput

Enzyme Method/Support concentration (mg/L) (mg/L/h)** Summary of findings Ref.
Horseradish Covalent binding/ . 85% decolorisation within 1h, decent reuse potential (7 times, 20% 263
. methacrylated Reactive Blue 19/ 40 34 L . . -
peroxidase activity left by 7th), increased storage stability. Increased T stability
polysulfones
Multiple immobilisation approached examined, chitosan was the best
Covalent bindina/ support, 68% decolorisation of RB19 within 4h, high activity retention,
Horseradish . g . further analysis conducted with azo dyes, but overall the biocatalyst a7
- chitosan + Reactive Blue 19/ 100 17 . .
peroxidase lutaraldehvde had improved performance to free enzyme, up to 7 cycles of reuse with
g y good activity retention (70%), no difference to decolorisation degree
between high and low dye concentration.
Covalent binding/ Between 70-80% within 30mins for free enzyme and within 10hours
Laccase functionalised Reactive Blue 19/ 22.5, 1.68.0.93 and 17hours for immobilised enzyme respectively. Dye gets adsorbed 274
controlled porosity Dispersed Blue 3 /21.3 R onto support and then enzymatically decolorised by enzyme, dyes do
silica beads not affect enzymatic activity, increased toxicity after degradation
Dye- Adsorption/ 100% removal within 5mins, immobilisation support affects enzymatic
decolorising | immobilized FSM-16 | Reactive Blue 19 /150 1800 activity hence decolorisation, pH affects decolorisation and enzyme 155
peroxidase and AISBA-15 leaching from support

\l



Eleni Routoula

PhD Thesis

2019

Dye- High adsorption yield but low residual activity, pH affects
decolorising | Adsorption/ MCF Reactive Blue 19 /150 3600 decolorisation and enzyme leaching from support, very good reuse 156
peroxidase potential (20 cycles) in pH4
Polyphenol Adsorption/ Celite Immobilised enzyme shows better results than free, pH affects
. Reactive Blue 4 /50-100 | 43.5-87 decolorisation, immobilized enzyme treatment leads to reduced TOC 334
oxidase 545
post-treatment compared to free enzyme
Adsorption-covalent Decent activity recovery of immobilised enzyme (68%), higher thermal
Laccase bonding/ Silanised Reactive Blue 19 /150 N/A stability and stability to inhibitors, higher detoxification of 336
alumina anthraguinone dyes
High encapsulation efficiency and low leakage, slight improvement of
Horseradish | Encapsulation/ Ca- . pH stability and considerable i_mprovement on thermal stapi_lity, max
peroxidase alginate beads Acid Blue 25/10.4 8.32 removgl (80%) was reached within an hour, decent _re_usablllty (~10% o7
reduction after 4 cycles, 86% after 10), reduced toxicity after
decolorisation
Decent immobilisation efficiency (17-32%) and activity recovery,
Covalent adsorption/ | Acid Blue 25, Reactive improved pH, thermal, storage stability, slightly improved solvent
Laccase Epoxy activated Blue 19, Acid green 27 ~0.5 stability, use of mediator (HBT) aids decolorisation of some dyes, max | %!
polymers 120 (all) decolorisation degree for AQ dyes was ~60% (24h), no comparison
with free enzyme
Adsorption/ alumina Good immobilisation efficiency and activity recovery (~70% both),
Laccase Reactive Blue 19 /100 1.07 ~45% decolorisation over 42h, slightly reversed results after 70h, 42
pellets . o : >
identification of degradation pathway, reduced toxicity
High decolorisation degree (70-90%), decolorisation experiments in
Horseradish | Cross linked Enzyme - batch/packed bed reactors (packed bed performs better), enhanced pH
Peroxidase Aggregates Acid Violet 109 /30 36-46 stability and higher dye and peroxide concentration tolerance, reduced 7
toxicity after enzymatic treatment of dye solution
Adsorption conditions examined, good decolorisation (87% after
Horseradish | Adsorption/activated S 40mins), improved pH stability during decolorisation, better tolerance |
Peroxidase kaolin Acid Violet 109 /40 522 of high dye concentration, considerably lower substrate affinity but not i
very lower initial rate, high (7) reuse cycles (35% activity left)
Horseradish | Adsorption/ sulfide Acid Violet 109/ 30 144 Study examined the potential of energy generation while decolorising a | s34

Peroxidase

electrode

dye, max efficiency achieved was about 40% within 50min

VI
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Adsorption/ Silica

Dye initially adsorbed to matrix but decolorisation was due to

carbon capsules

Acid Green 25/ up to
2000

19, 18-360 for
Acid Green 25

reusability (activity almost intact after 6 cycles), acknowledgment of
dye adsorption on support, good storage stability (10% activity loss
after 2 months)

Laccase beads Reactive Blue 19 /25 3.04 enzymatic action (97,5%), better reaction rate than free enzyme, 283
increased storage stability
Hematin
(not enzyme,
but of 97.4 for Decolorisation is based on action of hematin as peroxidase active site,
structure Covalent adsorption/ Hematin comparison with immobilised horseradish peroxidase is taking place,
resembling chitosan and APTS Alizarin red/ 200 40 for about 50% efficiency on 1% cycle, after 6 cycles efficiency drops to ar4
peroxidases) Horseradish 34%, identification of possible reasons for decreased activity,
and Peroxidase comparison between 2 dyes (anthraquinone and azo)
Horseradish
Peroxidase
Decolorisation experiments for the 2 dyes were under different
Reactive Blue 19/ 100- 18-54 for conditions, very high loading achieved (1g enzyme/g support), almost
Laccase Adsorption/ magnetic | 300 Reactive Blue | 80% decolorisation within 1% hour, 90% within 5 hours, excellent 270

Horseradish
Peroxidase

ZnO nanowires-
porous silica
composite

Acid Violet 109,
Reactive Blue 19/ 50

~50

Enzyme gets immobilised using epoxy based crosslinkers to prevent
leaching, examination of various parameters affecting immobilisation,
a max of 120mg/g loading was achieved, acknowledgement of dual
action based on both enzyme and support, very positive results (100%
dye removal, reuse for up to 12 cycles with 20% activity loss)

335

*values shown are for the optimised methods as presented by researchers and refer to removal of colour unless stated otherwise

**arbitrary value calculated to show the maximum removal capacity of any given method within an hour, based on the best results presented in each reference

timescale of the decolorisation is within a few minutes, the assumption of decolorisation ability over continuous use for 1 h is made

. In cases where the
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Appendix I

Supporting information for Chapter 3

Section 1: Derivation of Michaelis — Menten equation
Reaction equation: [E] + [S] €~ [ES] = [E] + [P] (Egn. Alll. 1)

With rate of the reaction being: v=k, X [ES] (Eqn. Alll. 2)

where E: enzyme, S: substrate, ES: complex between enzyme and substrate, and P: product. The
equivalent rate constants are ki for the [ES] production, k.; for the [ES] dissociation back to [E]
and [S] and k; for product formation.

a. Steady state approach: assumes that substrate is in a highly excessive concentration
compared to the formed ES complex, allowing for the rate of ES formation to be
assumed as zero. This is expressed as:

d[ES)

£22 = 0 (Ean. AllL3)

Expressing all reagents present in Egn. Alll.1 as rates, we get:

W = k_y < [ES) + ky x [ES]— ky x [E][S] (Eqn. Alll.4)
%= k_, x [ES]— ky x [E][S] (Eqn. AllL5)

% =ky X [E1[S]+ ky X [ES] — k, x [ES] (Eqn. AllL6)
% =k, x [ES] (Eqn. AllL7)

[E], = [E] + [ES] (Egn. AllL8).

From Eqn. Alll.2 and AIIL5, we get: k; X [E][S] = (k_; + k3) X [ES], which solved to
[ES] returns:

_ kiX[E][S]
[ES] = itk (Egn. AllL9)

Dividing Eqgn. Alll. 2 with Egn. Alll. 8 returns:

vk X[ES]
[Ele ~ [E]+[ES]

(Eqn. Alll. 10)

and substituting [ES] with the equivalent from Egn. Alll. 9 gives:

K, x KL XIES]

v=[E]l; x —Zm  (Eqn. Alll 11)

[E]+ k—q1+ko

Neutralising [E] in Egn. Alll. 11 and multiplying both numerator and denominator with

k_q+ Kk
——Zreturns:
kq

v=[E]e X iy

1+ ko
L2 s)

(Eqn. Alll. 12)

The constant values of [E]; and k, can be grouped together to form 1}, and the constant

k_1+k
values of the %
1

can be transformed to the following:

expression represent the Michaelis constant, Km. Hence, Eqn. Alll. 13
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— Vmax ><[S]
v=rpes sl (Egn. Alll. 13)

Eqn. Alll. 14 is the well-known Michaelis — Menten expression.

b. Rapid equilibrium approach: assumes that product is formed in a much slower rate
compared to the formation and dissociation of the ES complex, allowing for a rapid
equilibrium relationship between enzyme [E], substrate [S] and complex [ES].

At the equilibrium point, the rate of complex formation is equal to the rate of complex
dissociation. Using Eqgn. Alll. 1 and expressing this equilibrium for [ES], we get: k; X
[E][S] = k_; X [ES] (Eqgn. Alll. 14)

ki X [E

Solving Eqn. Alll. 13 to [ES], we get: [ES] = “= 5] (Eqn. AlllL 15)

Using Egn. Alll. 14 to substitute ES at Eqn. Alll. 10, returns:

— k_1
V= [E]t X [E]+k—12[_E1][SI] (Eqn Alll. 16)

In Eqgn. Alll. 16, [E] can be eliminated, and also, the constant combination % can be
1

named dissociation constant (Ks), defined by the ratio of dissociation over formation of ES.
These actions return:

81
ez X 36

v=[E]; x —& (Egn. Alll. 17)

1+K—S

By multiplying both the numerator and the denominator with Ks, we get:

_ [Ele x kp x[S]

e (Eqgn. Alll. 18)

Similarly to the steady state assumption, [E]; X k, isthe maximum initial rate of the
enzymatic reaction (Vmax). In this case, Ks is different to Ky, and is indicative of how
strongly the substrate binds on the enzyme.

Comparing K and Ky as defined earlier, we can result to the following equation:

Km=Ks + % , 50 Kwm could be assumed equal to Ks if kz is much smaller than k., (indicating
1

that formation and dissociation of ES complex is much smaller than the formation of
product, showing the extend of successful collisions between enzyme and substrate to form
product).

Xl
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Section 2: BIS synthesis

Table 0-6: Mass balance and pH measurement for BIS produced with both additives (PEHA, PAH), without presence of enzyme. Solids were separated from supernatant at pH7, or were eluted with

more acid to target pH of 5 or 2.

PhD Thesis

2019

Additive: BIS pH7 BISpH 5 BIS pH2
PEHA Mean of 15 Standard Mean of 9 Standard Mean of 6 Standard deviation
samples deviation samples deviation samples

Silicate (target: 318.2 mg) | 318.17 0.37 317.98 0.21 318.24 0.22

Amine (target: 58.1 mg) 58.21 0.34 58.13 0.22 58.17 0.19

HCI used (ml) 3.46 0.05 3.49 0.01 3.50 (+1.0) 0.01 (0.15)

pH value achieved (target: | 7.04 0.07 7.02/5.02 0.02/0.04 7.02/2.05 0.03/0.03

7.00/5.00/2.00)

Theoretical mass yield 148.30 0.041 148.20 0.27 90.14 0.00

(mg)

Actual product (mg) 73.52 5.98 55.09 5.10 23.39 7.63

Yield (%) 49.55 3.96 61.16 5.65 45.10 6.27
Additive: Mean of 13 Standard Mean of 10 Standard Mean of 6 Standard deviation
PAH samples deviation samples deviation samples

Silicate (target: 318.2 mg) | 318.08 0.21 318.23 0.22 318.30 0.26

Amine (target: 50.00 mg) | 49.89 0.34 50.29 0.36 50.06 0.32

HCI used (ml) 2.43 0.06 2.44 0.03 2.42/0.94 0.04/0.12

pH value achieved (target: | 6.96 0.09 6.98/5.05 0.07/0.06 6.91/2.00 0.17/0.06

7.00/5.00/2.00)

Theoretical mass yield 140.02 0.00 140.43 0.40 90.16 0.00

(mg)

Isolated product (mg) 109.16 4.56 104.52 3.88 68.74 9.02

Yield (%) 77.96 3.26 73.65 2.40 55.46 10.42

Xl
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Appendix I1

Supporting information for Chapters 4, 5, 6, 7, 8

Section 1: Information on RB19
Calculation of decolorisation based on absorbance at maximum wavelength:

L Ainitiai=Afi
%decolorisation = Ztat—2rinalxq 00,

Ajnitial
Calculation of decolorisation based on the area under the curve:
%decolorisation = (XX2799(A, 41 — Ay)/2 of treated sample - ¥ XZ759(A4, 41 — A,)/2 of
blank)*100%

Section 2: Assay protocols
Protocol used for ABTS oxidation
1. Prepare 0.2M Na2HPO4.H20 (1). Check the hydration state whilst preparing the solution
2. Prepare 0.1M CgHg0O7.H20 (2). check the hydration state whilst preparing this solution
3. Prepare citric acid- Na;HPO, buffer of pH4 (3). For 10mL add 6.145mL of (2) and
3.855 of (1)
4. Prepare 10mM ABTS in (3) (4). Prepare freshly, ABTS should be stored in the fridge
5. Prepare 0.3% (w/w) H,O; solution (5). Prepare freshly, 30% (w/w) H,O, solution is
stored in the fridge
6. Prepare 0.005mg/ml HRP in phosphate buffer pH4 (or other buffer as appropriate) (6),
from enzyme solution of 1mg/ml, immediately before the assay. Lyophilised enzyme is
stored in the fridge. After use store the enzyme solution in the fridge for short periods or
in the freezer for longer periods.

7. For the assay prepare the reaction mixture below in cuvettes, in the order of reagents as

proposed:
Components Sample (uL) Control (uL)
Enzyme 25 0
H-0; 50 50
Buffer 0 25
ABTS 2925 2925
Total volume 3000 3000

8. Upon addition of the enzyme and peroxide in the cuvette, allow 5minutes for incubation
(cuvette should be covered).

9. Insert the cuvettes in the spectrophotometer and set up the measurement for absorbance
at 420nm.

10. Initiate the reaction with addition of the ABTS and monitor kinetics for 5minutes.

X1
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Protocol used for RB19 degradation

1. Prepare 0.125mM RB19 in water
2. Prepare 0.3% (w/w) H20; solution. Prepare freshly, 30% (w/w) H2O; solution is stored

in the fridge.

2019

3. Prepare 1mg/ml HRP in phosphate buffer pH4 (or other buffer as appropriate).

Lyophilised enzyme is stored in the fridge. After use store the enzyme solution in the

fridge for short periods or in the freezer for longer periods.

4. For the assay prepare the reaction mixture below in cuvettes, in the order of reagents as

proposed:
Components Sample (pnL) Control (uL)
Enzyme 50 0
H-0; 15 15
Buffer 0 50
RB19 2935 2935
Total volume 3000 3000
5. Upon addition of the enzyme and peroxide in the cuvette, allow 5minutes for incubation
(cuvette should be covered).
6. Insert the cuvettes in the spectrophotometer and set up the measurement for absorbance
at 595nm.
7. Initiate the reaction with addition of the RB19 and monitor kinetics for 10minutes.

XV
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Section 3: USAXS data interpretation

Table 0-7and Table 0-8 show the parameters obtained through USAXS measurement for every examined sample (one replicate). Figure 0-1 shows the
logarithmic plot of Intensity vs Q for each sample, including experimental data and fitting. Sample correspondence to graphs is done through the Graph
ID code as shown in the Tables, matching the legend of each graphs. Graphs are presented in order of sample appearance.

Table 0-7: Parameters obtained from analysis of USAXS data using suitable fitting tools. Samples in this table are BIS samples synthesised with PAH or PEHA as additive, in absence of enzyme. Level 1
and 2 represent identification of 2 particle sizes. G is the Guinier prefactor, Rg is the radius of gyration, B is the power-law prefactor at intermediate. S/V is the surface to volume ratio for the primary

particles, dp is the Sauter mean diameter related to V/S for these particles, PDI is an index of primary particle polydispersity (1 for monodisperse spheres and larger values with higher particle size
dispersion).

Sample / Graph 1D G (cm?) Rg (A) B P SIV (m?/cmd) dp (NnmM) PDI
BIS-PAH (pH 7) / graph shown in Figure 5-6 85.78 67.03 1.91E-05 4 566.72 10.59 2,777
BIS-PEHA (pH 7) / graph shown in Figure 5-6 745.5 303.2 7.43E-07 4 176.07 34.08 5.199
BIS-PAH (pH 5) / 0504 92.73 72.44 1.35E-05 4 487.05 12.32 2471
Level 1 BIS-PEHA (pH 5) / 0505 4158 276.7 6.10E-07 4 194.78 30.8 5.309
BIS-PAH (pH 2) /0519 31.59 52.87 3.30E-05 4 995.074 6.03 5.039
BIS-PEHA (pH 2) /0520 412.6 218.4 9.36E-07 4 189.02 31.74 3.189
BIS-PAH (pH 7) / graph shown in Figure 5-6 2195 202.1 1.17E-05 4 554.645 10.82 5.471
BIS-PEHA (pH 7) / graph shown in Figure 5-6 1.23E+06 1731 4.61E-07 4 1.95E+01 307 2.07
BIS-PAH (pH 5) / 0504 1089 167.2 1.46E-05 4 814.15 7.37 6.458
Level 2 BIS-PEHA (pH 5) / 0505 2.50E+04 886.8 2.29E-07 4 5.99E+01 100.1 3.50E+00
BIS-PAH (pH 2) / 0519 5.89E+02 104.4 1.18E-05 4 3.12E+02 19.26 1.47E+00
BIS-PEHA (pH 2) /0520 1.22E+04 505.7 3.06E-07 4 4.09E+01 146.7 1.02E+00

XV
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Table 0-8: Parameters obtained from analysis of USAXS data using suitable fitting tools. Samples in this table are BIS samples synthesised with PAH or PEHA as additive, in presence of enzyme.
Parameter explanation is the same as in Table 0-7.

Sample G(m?l) | Rg(A) B P | SIV(m%cm®) | dp(nm) PDI

BIS-PAH-HRP . i

S (HRP added @ pH 7, 0.25mg/mL) / graph shown in 4241 | 1122 | 165E-05 | 4 407.001 1474 | 3813
Figure 5-6

BIS-PEHA-HRP (HRP added @ pH 7, 0.25mg/mL) / graph shown in 1354 340.8 6.24E-07 4 134.48 144,62 3.838
Figure 5-6)

BIS-PAH-HRP (HRP added @Oglgg?, eluted @ pH 5, 0.25mg/mL) / 768.2 105.4 3 60E-05 4 418216 14.35 3577
BIS-PEHA-HRP (HRP added @Ogll—(|) 7, eluted @ pH 5, 0.25mg/mL) / 3327 28 56 2 77E-05 4 1504.4 3088 3.416
BIS-PAH-HRP (HRP added @ pH 7, eluted pH 2, 0.25mg/mL.) / 0517 28.38 45.22 3.82E-05 4 959.672 6.252 3.477

Level 1 - - .

v BIS-PEHA-HRP (HRP added g@sng 7, eluted pH 2, 0.25mg/mL) / 1157 9201 2 62E-06 4 190 567 31.49 3975
BIS-PAH-HRP (HRP added @ additive, 0.25mg/mL) /0514 95.91 129.3 2.90E-06 4 413.793 14.5 5.229
BIS-PAH-HRP (HRP added @ silicate, 0.25mg/mL) /0515 393.7 128.4 1.53E-05 4 459.346 13.06 6.538

BIS-PAH-HRP (HRP added @/DO;nzlg additive-silicate, 0.25mg/mL) 300.8 399.6 1.07E-07 4 138.35 43.37 5.615

BIS-PAH-HRP (HRP added @OE(IJ—;?, eluted @ pH 5, 0.4mg/mL) / 1525 82.84 1 50E-05 4 466.28 12.87 » 853

BIS-PEHA-HRP (HRP added @?)5%: 7, eluted @ pH 5, 0.4mg/mL) / 299 6 198.4 9.29E-07 4 199 338 301 2 966
BIS-PEHA-HRP (HRP added @ pH 7, 0.25mg/mL) / graph shown in > 11E+06 1963 3A2E-07 4 1 336401 4507 148

Figure 5-6)
Level 2 BIS-PAH-HRP (HRP added @Opslggl eluted @ pH 5, 0.25mg/mL) / 3.82E404 539 1 1 44E-05 4 3.15E402 20.5 197
BIS-PEHA-HRP (HRP added @Ogll—(; 7, eluted @ pH 5, 0.25mg/mL) / 205.5 1016 1. 00E-05 4 693.91 8.647 3195

XVI
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BIS-PAH-HRP (HRP added @ pH 7, eluted pH 2, 0.25mg/mL) / 0517 9.58E+02 114.1 3.38E-05 7.11E+02 8.435 3.69
BIS-PEHA-HRP (HRP added @ pH 7, eluted pH 2, 0.25mg/mL) / 7 57E404 6.21E+ 3 08E-06 9.65E401 62.2 374

0518 02
BIS-PAH-HRP (HRP added @ additive, 0.25mg/mL) /0514 4 51E+04 722.6 1.04E-06 8.24E+01 72.83 3.89
BIS-PAH-HRP (HRP added @ silicate, 0.25mg/mL) /0515 2.09E+05 753.7 7.91E-06 1.17E+02 51.24 7.54
BIS-PAH-HRP (HRP added (c?o;nzlg additive-silicate, 0.25mg/mL) 3.72E+03 8373 1 44E-08 3.00E+01 999 4 117
BIS-PAH-HRP (HRP added @OEOH77, eluted @ pH 5, 0.4mg/mL) / 1216 154.5 1 69E-05 682.04 8.797 4.897
BIS-PEHA-HRP (HRP added %)S%I; 7, eluted @ pH 5, 0.4mg/mL) / 2 B5E404 659 1 1.53E-06 1 34E402 44.76 6.97
BIS-PEHA-HRP (HRP added @Ogll-(|)7 eluted @ pH 5, 0.25mg/mL) / 4.83E+06 1275 1 04E-05 3.81E+01 1575 350
Levelz | BISPEHA-HRP (HRP added g@ssz 7 eluted pH 2,0.25mg/mb) | 5 oo 05 | 1531 | 3.84E-06 4.52E+01 1328 | 3.66

BIS-PEHA-HRP (HRP added @ pH 7, eluted @ pH 5, 0.4mg/mL) /

0508 8.42E+05 1368 2.50E-06 8.54E+01 70.26 6.42
Level 4 | DIS-PEHA-HRP (HRP added @BSS) 7 eluted @pH 5, 0.25mg/mb) /| ) oo 07 | 3086 | 3.03E-07 7.29E+00 8234 | 143
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Figure 0-1: Logarithmic plot of Intensity vs Q for BIS and BIS-HRP samples examined through USAXS measurement.
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Figure 0-2: FTIR spectra of BIS synthesised with PAH or PEHA as additive, examining the effect of acid elution.
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Section 4: Information on immobilised HRP from literature

Table 0-9: Examples of HRP used for decolorisation (Km, Vmax procured from Michaelis-Menten equation unless stated otherwise).

2019

Enzyme form Application/ substrate Km (uM)/ Vmax (uM/s) Comments Ref.

Free RB19 decolorisation 454.5/0.03 Inhibition by high dye C, pH opt was 5, broad T range, several factors examined | 2°

Free RB5 58/0.238 Research on DyP but mentioning parameters for HRP 176

Free Acid Blue 225, Acid 221.3/0.016 (acid blue 225), Different decolorisation time for each dye, same enzyme C for max % 133
Violet 109 237.4/0.0273 (acid violet 109) | decolorisation, high C of H,O> has inhibitory effect, high dye C is not
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2019

Based on inhibition model

necessarily inhibitory, same pH opt for both dyes, same pattern of thermal

deactivation

Free

Remazol Blue, Crystal
Violet

100/0.31 (Remazol blue),
18/0.005 (crystal violet)

Substrate inhibition in reaction pH over 6, dye degradation or precipitation in

relation to dye structure, equimolar H,O, consumption to dye concentration

99

Free/Immobilised

AV109

47/21.16 (free) 79/14.5
(immob.), based on inhibition

model

Overall improved performance (decreased dye inhibition), not good reusability

18

Free/Immobilised

Various dyes, 1
anthraquinone (Acid Green
84)

Half the quantity of immobilised enzyme performs as double the amount of
soluble, decent reuse potential (10 cycles), varying decolorisation % among

dyes

505

Free/Immobilised

Acid Orange 7 and Acid
Blue 25

Increased thermal stability, decent reusability (different for each dye), same pH

optimum with free enzyme, same optimal amount of enzyme used for both dyes

97

Free/immobilised

Reactive Blue 221 and 198

46/1.57E-3 and 58/5.22E-3 for
each dye (free HRP)

Immobilisation on alginate beads, exploration of mass transfer phenomena, poor

reusability (10% efficiency by 3" cycle), incomplete optimisation study

433

Table 0-10: Examples of immobilised HRP not used in decolorisation, (Km, Vmax procured from Michaelis-Menten equation unless stated otherwise).

Support/ method

Application/substrate

Km (uM)/Vmax (uM/s)

Comments

Ref.

esters/ adsorption

Cinnamic carbohydrate

Immobilisation

efficiency / ABTS

Varying between 92.8-
126.6/0.06-0.34 across
different immobilisation
supports (based on

inhibition model)

Too much time/steps involved, enhanced thermal stability, controversial
stability at different pH, freezing and thawing examination, decreased

storage stability, diffusional limitations/deactivation

222

XXII



Eleni Routoula

PhD Thesis

2019

BlS/encapsulation

Biosensor/ 4-AAP

In-situ encapsulation, customisable shape/size of nanoparticles, long-term

stability

326

Activated acrylamide

pyrogallol

decrease of pH opt, increase of pH stability, same T opt, increased T
stability, enhanced storage stability, good reuse potential, eventual

denaturation of protein, increased stability in organic solvents

264

Silane modified
ceramics/covalent

attachment

Oily wastewater
treatment/ 4-AAP

decent/high immob efficiency (1.16mg HRP/g support), good storage
stability, enhanced pH stability, decent reusability

229

Activated alkylamine CPG
Beads/covalent attachment

Decontamination /4-AAP

(calculation of similar
coefficients based on in-

house developed model)

Apparent kinetic parameters determination, comparison of kinetic model for

free and immobilised enzyme

275

Graphene oxide/electrostatic

interaction

Decontamination/

various phenols

high enzyme loading, increased stability in high pH, increased thermal

stability, decent reusability, increased storage stability

381

Porous silica fibers/ In-situ

encapsulation

4-AAP

650/8.3 (free)

inhibition by H202, enhanced thermal stability, enhanced pH stability, good

reuse potential, flexibility of support

442

Aluminum pillar

clay/adsorption

Decontamination/4-AAP,

phenolic compounds

Activity enhancement by using PEG, increased phenol C is inhibitory, poor

reusability, decent storage stability

203

Activated agarose beads/
covalent attachment (triple

enzymatic system)

Decontamination w/ in-
situ H,O, production/

pyrogallol

very low activity of HRP due to glycoxyl groups present, not great immob

efficiency but enhanced stability compared to soluble system

219

Nanoporous SBA-15

Immobilisation
efficiency/ 4-AAP

27072 (free), 310/0.146

(immob)

Enzyme confinement, increased thermal stability, decreased reaction rate but

almost stable substrate affinity, increased stability to denaturising agents

506
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