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Abstract

Living organisms depend on precisely calibrated biological mechanisms that are
governed by enzymes. Scientists have always been captivated by the complexity of
these systems and have endeavoured to replicate them by constructing cascade
reactions and chemical reaction networks catalysed by enzymes. Enzymes play a
crucial role in numerous applications as they possess the ability to function as
sensors. Biosensors utilize the reaction's end product to generate a signal applicable
in various fields, including biomedicine, the food and pharmaceutical industry,
environmental pollution, and forensic science. Enzyme biosensors also have the
potential for signal amplification, enhancing their sensitivity towards analytes
present in low concentrations by augmenting the concentration of output

molecules in response to input signals.

Our focus in this study is the utilization of enzymes in particle biosensors and
reactions that display amplification, such as the urease reaction which is
autocatalytic in pH. We also examine the role of transport phenomena, including
diffusion, in sensing processes for enzyme-loaded micro and nanoparticles. The
urease reaction has already been utilized in sensing applications, but its feedback
and ultrasensitivity capabilities have not yet been fully exploited. When dealing with
an autocatalytic reaction, positive feedback can be utilized to fine-tune sensor
properties. In this particular study, we focused on optimizing parameters in enzyme
particle biosensors to reduce response time, using experiments and computer
simulations of the urea-urease reaction. We discovered that entrapment of the
enzyme in thiol-acrylate polymer particles resulted in an optimum particle size for
minimum response time, taking into account the diffusion of both substrate and
product. These findings will aid in the design of enzyme-particle biosensors with

autocatalysis.

Immobilized enzymes offer reusability, which makes them ideal for applications

such as biosensors, industrial monitoring and transformations, and water quality
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examination. However, creating a suitable combination of enzyme and supportive
material can be challenging as it may lack stability, especially due to enzyme
denaturation over time or storage conditions. To address this issue, researchers
have suggested a sustainable, process-free, and robust enzyme source such as the
enzymes present in watermelon seeds (WMS) as an alternative to standard
commercial enzymes. These enzymes are shielded from the external environment
by a lipid layer known as 'protein microbodies’, making them reusable and
reproducible. We designed a system with WMS in various hydrogel particles that
detected urea down to 0.4 mM in just one hour and were stored at room

temperature for over a month.

Our research investigated the utilization of enzyme combinations in constructing
chemical reaction networks to facilitate more complex sensing and chemo-
mechanical processes. Enzyme networks that can modify pH can serve various
purposes, such as pulsatile drug delivery. Nonetheless, acquiring enzymes from
different sources can prove costly and result in incompatible or unstable enzymes.
Our objective was to combine diverse enzyme types like urease, catalase, glucose
oxidase, and beta-glucosidase to program pH shifts. We found that watermelon
seeds yielded numerous enzymes that were not only easy to use, without requiring
extensive processing, but also affordable. By combining these enzymes and building
reaction networks, we were able to enhance the reaction rate of certain processes
and accomplish significant amplitude pH changes that would have been otherwise

difficult to achieve.

The integration of chemical stimuli with a mechanical response is an innovative
concept that scientists find particularly intriguing. Smart hydrogels, which can
transform by shrinking and swelling in response to changes in external conditions,
are becoming increasingly popular in applications such as drug delivery, active
sensors, and artificial tissues. This work has produced a pH-responsive gel equipped

with multiple enzymes and a colourimetric indicator capable of producing a chemo-
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mechanical response when exposed to analytes, such as urea and glucose, that
generate a basic or acidic environment. We investigated the reusability of particles
with different enzyme sources and also obtained an enhanced mechanical response
as a result of combining the effects of enzymes in watermelon seed, including
catalase. This type of device has the potential to be used as a sensor that can
regulate the release of a substance in time, such as drugs or chemicals for

neutralising toxins.

Overall, these findings will aid in the enhancement of enzyme-particle biosensors,
benefitting a wide range of industries from biomedicine to environmental pollution

monitoring.
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1. Introduction and Background

The IUPAC definition of biosensors is: “A device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or
whole cells to detect chemical compounds usually by electrical, thermal or optical
signals”’-2. In the 1960s, the first biosensor using the enzyme glucose oxidase for
glucose detection was studied and built® and since then, scientists have developed
new materials and techniques to improve these devices. Biosensors have had a great
impact on many fields during the last few decades, partly because of the desire to
convert many technologies to biotechnologies. Opting for something 'Bio’ can
reduce environmental pollution by using biological elements (cells, enzymes),
increase the number of possible applications with respect to the traditional ones

(biological processes, physical changes) and reduce the costs*>.

Biosensors are the 2.0 version of chemical sensors, and this field is continuously
evolving. They can be a valid alternative to analytical methods in the laboratory as
a result of their small size and portable properties. Also, they have several
advantages such as high sensitivity, fast response, immunity from electrical and

magnetic disturbances® and real-time detection’?.

Biosensors can be constructed based on chemical reaction networks (CRNs) and
cascade reactions to produce more complex responses such as signal amplification
and ultrasensitivity. A cascade reaction is a chemical process in which the product
of the previous reaction is the reactant, substrate or fuel for the next reaction®®. The
system conditions do not change and there is no need to add other reactants. Once
the cascade reaction starts it is capable of self-regulating. Amplification is an
increase in output response with respect to the small input or stimuli the system is
subjected to. It could be the amount of substance present in the system that the
biosensor has to detect and can be achieved by many different methods. It is
employed in many commercial sensors such as ELISA. Ultrasensitivity is observed in

living organisms like cells and refers to a huge change in the output level
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corresponding to a small change in the input stimulus''". For example, one of the
parameters (usually substrate concentration) gives a sharp passage from an “off” to
an “on” status - a switch-like behaviour. This property has not been widely exploited

in biosensor applications as there are drawbacks e.g. very long response times.

Mass transport phenomena play an important role in biosensing. Enzymatic action
is facilitated by a series of chemical reactions but molecules cross short distances
between enzymes purely by diffusion. Enzyme reactions are sometimes described
as either reaction-limited or diffusion-limited. In a reaction-limited process, the rate
of reaction depends mainly on the enzyme process. In a diffusion-limited process,
the rate of reaction depends on the diffusive transport of the substrate to the
enzyme. Reaction-diffusion (RD) systems are capable of amplification, feedback,
self-assembly and self-organization'® therefore they are of great interest for

building synthetic bio-sensing systems for complex responses.

Here, new approaches combining simulations with experiments will be explored to
achieve more sustainable, economically viable and easy-to-use enzyme biosensors
that display signal amplification and ultrasensitivity. Numerical simulations are a
valuable tool for predicting the response of a system to different stimuli or
conditions. They allow us to explore the behaviour of a system without the need for
costly and time-consuming lab experiments. By using numerical simulations, we can
gain valuable insights into how a system will perform under different circumstances,

and make better decisions about how to optimize its performance’.

In this first chapter, we examine the background of enzyme biosensors, their history,
the different types, and their development and improvement in the literature up to
nowadays, giving an idea of the state of the art, together with several definitions
and basic concepts critical to the full understanding of the subject. The methods are
covered in chapter 2. In chapter 3, a series of experiments was conducted with
enzyme-particles to determine the optimal radius size for constructing a sensitive

and fast, reactive system. Thiol-acrylate polymer particles were equipped with

22|Page



indicator and urease enzyme to gain insights into the reaction time in solutions of
urea. These experiments led to the development of models that will serve as a
reliable foundation for understanding the pH autocatalytic biosensors. In chapter 4,
enzymes were encapsulated in diverse hydrogel supports to enhance their stability
and explore alternative biocatalyst sources. Watermelon seeds proved to be a
sturdy, reusable, and economical source of urease in a urea sensor displaying a
threshold response. In chapter 5, multiple enzymes were combined to obtain more
complex pH responses. We characterise other enzymes found in watermelon seed,
including catalase, and show how the enzymes could be used together to enhance
pH changes. Furthermore, in chapter 6, multiple chemical stimuli were combined
with mechanical responses to amplify the changes in pH-sensitive polymers. This
resulted in the production of gels that can expand or contract depending on the
analytes in the external environment, and we demonstrate the reusability of these
particles and their enhanced response using enzymes in WMS. These types of gels
hold the potential to be used in advanced devices, such as self-regulating chemical

or drug delivery systems.

The last chapter covers the conclusions and future work. An overview of the work is
made highlighting the major features of the topic, the systems studied, the results

obtained and the limitations observed.

1.1.  Enzymes

Enzymes are proteins made of a unique chain of amino acids and they are
fundamental elements of all living systems. They take part in the necessary series of
chemical reactions in metabolic pathways transforming the reagents into products
needed by the cell. The function of enzymes is to act as a catalyst which decreases
the energy of activation, increasing the rate, of a reaction [Figure 1]. Without
enzymes, several important transformations inside the human body could not

happen at a significant rate e.g. glucose oxidation, sucrose and lipid transformation.
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Figure 1. Gibbs energy plot showing the reduction in terms of activation enerqy in order to achieve
products faster with enzymes.

Since the enzyme is a protein macromolecule, the structural organization is
important and is divided into four levels:

The primary structure formed by the amino acid sequence in the peptide chain;
The secondary structure is obtained by the special conformation of the peptide

chain (alpha-helices and beta-sheet)
e The tertiary structure is the three-dimensional configuration

The quaternary structure is derived from the association of more polypeptide
units.

The EC (Enzyme Commission) number classifies enzymes depending on the

chemical transformation of substrates into products. At the top level, there are six

different classes according to the type of chemistry:
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e Oxidoreductases catalyse oxidation/reduction reactions (EC 1),

e Transferases transfer a chemical group (EC 2),

e Hydrolases catalysing hydrolysis reactions (EC 3),

e Lyases also split chemical bonds differently from oxidation or hydrolysis (EC 4),
e Isomerases catalyse structural changes between isomers (EC 5) and

e Ligases join two compounds (EC 6).

These EC classes are then divided into subclasses according to certain criteria such
as the chemical bond split or formed, the reaction centre and the transferred

chemical group™.

The first time the enzyme’s biocatalytic properties were discovered was in 1833 with
the diastase, which helps the conversion of starch into sugar. During the 1800s -
1900s enzyme research made significant strides, leading to a multitude of innovative
breakthroughs. These advancements have revolutionized daily lives and
transformed various sectors within the industry. From enhancing food production
to boosting energy generation, these remarkable developments have resulted in
greater efficiency and sustainability e.g. fermentation (1837 Berzelius), isolation of
the enzymes catalysing the transformation of sugar into alcohol (1897 Edward
Buchner), extraction of urease (1926 James Sumner), pepsin and trypsin
crystallization (1950 John Northrop and his co-workers)™. With technology
improving, progressively more enzymes were discovered, characterized and

catalogued by functionality.

Only in the 20™ century their importance in medicine and the chemical industry
started to be appreciated’®'>'6, Nowadays, enzymes are often used in processes'”
e.g. hydrogen peroxide decomposition in living organisms (catalase)'®, hydrolysis of
urea (urease)', decomposition of complex sugars into more simple ones (B-
glucosidase)??, production of lactose- free milk (lactase)?', bio-diesel production
(lipase)??, paper, food and textile industry (cellulase)?® etc. This evolution in the use

of enzymes is due to their superior properties compared to inorganic catalysts.
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Table 1. Enzyme properties compared to inorganic catalysts

PROS CONS

A small amount generates a big Higher price
change in the reaction rate

High specificity Less stability
Standard reaction conditions

Different regulation mechanisms

Another application of enzymes takes advantage of the properties listed in [Table
1]; in particular, their high specificity for a certain substrate. In complex systems in
which several reactions take place at the same time, enzymes can selectively catalyse
just one of them resulting in the formation of a particular product before others. In
this case, the enzyme is capable of detecting the presence of a specific reactant

among others. That is why it was suggested that enzymes could be used as sensors.

1.2.  Sensors and Enzyme biosensors

1.2.1. What is a sensor: type of sensors

Sensors are highly advantageous instruments that are capable of detecting diverse
substances and altering conditions, subsequently producing a signal that enables
comprehension of the situation at hand. These devices are ubiquitous in everyday
life, from the smoke detector in one's kitchen to the automated door-opening
system at the local supermarket. Additionally, sensors perform a crucial role in
scientific applications where exactitude and precision are paramount. For instance,
sensors can detect changes in temperature, pressure, sunlight, and other significant
parameters?4. Examples of sensors in the scientific domain are sensors such as the
pH sensor, bromide sensor, and flow sensor are employed to detect changes in pH

levels, bromide concentrations, and flow rates, respectively. The utilization of
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sensors enables an astonishing amount of knowledge and comprehension

concerning the surrounding environment.

The sensors expounded upon in this thesis adhere to Brian R. Eggins' definition of
chemical sensors, whereby they exhibit selectivity in reacting to analytes and
possess the ability to quantify them either qualitatively or quantitatively. The same
author has provided to specify that biosensors are really a sub-set of chemical
sensors and are formed by a ‘biological sensing element’?®>. A biosensor is formed

by three main parts as can be observed from [Figure 2]°°:
e A receptor to acquire information about the substance we want to detect

e A converter to transform the chemical signal into an output signal we are able

to measure

e A processor to amplify and display the signal.

2.
CONVERTER/
TRANDUCER

AIMS TO CONVERT
THE SIGNAL

3

1. PROCESSOR
BIORECEPTOR AIMS TO
AIMS TO ANALYZE SHOW/REPRODUCE

THE SIGNAL

BIOSENSOR

Figure 2. General biosensors’ structure.
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In particular, the biosensor’'s components are [Figure 3]:

- ¥
** @

‘:éf’v W K — Sample analytes

ol

Immobilized enzymes
Antibodies

€ DNA, aptamer

whaole cell, microorganism

Electrochemical
3 Optical
Transducers D Piczoelectric

Calorimetric

Amplifier
s Slanin]

Microelectronics e Drata processing

Figure 3. Detailed Biosensors' structure. Reproduced from ref. 2" © The Royal Society of Chemistry
2019

Sensors may alternatively be classified according to the detection method. If the
detection needs to be accurate, chemical, magnetic, electric or ultrasonic sensors

may be employed.

1.1.1.1 Selectivity and Sensitivity
Sensors are characterised according to the performance criteria of sensitivity and
selectivity, detection ranges and operational limits, stability and response times. For
a sensor, to be ‘selective’ means to detect just one substance among different
reactants. In fact, an enzyme's active site is capable of interacting with substrates
only if they are geometrically and functionally complementary. Being ‘sensitive’ on
the other hand indicates the low quantities of reactant necessary for detection. The
selectivity is an intrinsic property of an enzyme sensor, contrarily the sensitivity is a

property which typically needs to be improved. In this way, the sensor will be
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capable of detecting even trace amounts of substances or single molecules in a
system. The detection limit or lower limit of detection (LOD) is the lowest quantity

of substance that can be identified.

1.2.2. Amplification
Amplification is required to improve the sensitivity of sensors when the analyte is
present in low concentrations. This is generally achieved by developing methods to

increase the concentration of output molecules in response to the input signal.

According to Goldbeter and Koshland ‘sensitivity amplification’ is the term used to
indicate the increase in the signal strength of the output with respect to the input
acquired by the sensor?8 If it can be assumed that in the system there is a stimulus
(S) that activates the enzyme, the amplification can be defined as the ratio of the
final flux (output, ®) over the initial flux. Analytically, the amplification factor A; can

be defined as:
AD (@f — D))
[o; / @,

AS/Si B (Sf — Si)/si

A5 = (D

Where the subscripts f and i refer to the final and initial condition, respectively. The
amplification factor gives the percentage change in the response relative to the
variation in the stimulus. There are a number of basic mechanisms to achieve such
sensitivity amplification in enzyme biosensors?® including classical allosteric
cooperativity. Allosteric regulation of an enzyme occurs when an effector molecule
(or ligand) binds to the enzyme either activating or inhibiting it°32°. Ultrasensitivity

is also a type of amplification that results in a sharp “on-off” response.

Numerous studies have attempted to explain how to improve and maximize the
amplification process. As an example, Saghatelian et al.?° produced a system with

an engineered allosteric enzyme for DNA detection. The allosteric enzyme had the
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active site combined with an inhibitor, so it was not active. When a complementary
DNA sequence was added to the system, the enzyme was capable of detecting it,
activating itself by removing the inhibitor from the active site. Once the enzyme was
activated it catalysed a reaction to produce an optical signal. In this way, many
output molecules were produced from a small input: 10 fmol of DNA could be

detected in less than 3 minutes.

‘Magnitude amplification” indicates a process in which the input stimulus is smaller
with respect to the number of output molecules which carry the response to the
next step of the system?. It can be achieved by a single enzyme or a cascade
process. An example is the blood clotting cascade process leading to a magnitude
amplification. Basically, magnitude amplification is needed whenever a small

amount of signal has to be translated into a readable output response.

1.2.3. Types of enzyme biosensors

1.2.3.1.  Enzyme reactions

Among all the possible biological elements that might be used to build a biosensor
e.g. antibodies, cells, and synthetic molecules, the ones chosen in this work have
been enzymes. Although all of them are good candidates for high selectivity, only
enzymes have shown to well behave in terms of durability, robustness and range of
applications whereas the other biological reagents are often poorly stable on the

long term?31,

It has been observed that an abundance of enzymes is frequently employed in

biosensors. Herein, a selection of enzymes shall be presented.

e Glucose oxidase serves as a popular option for detecting glucose levels within

the bloodstream?32:

GOX
H,0
CeH1206 + 0, —> CeH120, + H,0, (2)
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e Ureases are a group of enzymes, widely used in nature, which catalyse the
hydrolysis of urea, producing carbon dioxide and ammonia. The urease reaction

is used for the detection of urea33:

Urease
2NH; + 2Hg"12= — NH,Hg,l3 (Apax = 385) + NH} + 517 (4)

e The enzyme catalase is present in many living organisms and regulates the

amount of hydrogen peroxide3*:

catalase

1
Hzoz — H20+§OZ (5)

e B-glucosidase enzyme is widely recognized for its significant capability to
catalyse the hydrolysis of complex sugar chains, including cellobiose, into

simpler monosaccharides?:

B—glucosidase

(CH;(0H)40),0 + H,0 ———— 2 CgH;,04  (6)

These enzymes represent merely a fraction of the vast variety of enzymes available
for use in biosensors, with the ultimate selection being dependent on the specific

application at hand.

1.2.3.2. Enzyme supports

Enzyme biosensors typically require immobilization of the enzymes for stable and
continuous monitoring. Furthermore, encapsulating enzymes is a brilliant method
to improve their stability and enhance their reusability3¢3’. Over the years,
researchers’ attention has been directed to enzyme immobilization techniques.
Specifically, what sustainable processes and materials could be used to develop

biosensors. The classic methods can be described as follows33839;
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e Entrapment: a gel is formed in the presence of the enzyme. The gel formation
does not necessarily need an enzyme, but it impacts on the time scale of the

process.

e Adsorption: Enzymes are deposited by dipping the support in an enzyme
solution for a certain amount of time followed by a dip-evaporation step.
Although the approach is simple, the enzymes are not deposited in an ordered
way.

e Sol-Gel Process: A solution in which a gel-like material is created and then put
in the oven for solvent evaporation. The sol-gel formation is an easy
immobilization method and it is conducted at low temperatures to be
compatible with biomolecules.

e Covalent Binding: The nucleophilic groups not involved in the active site,
present in the amino acids of the enzyme, are used to form the covalent linkage.
The working conditions need to be low temperatures and neutral pH to avoid
the loss of functional enzymes.

e Polymeric Films: Enzymes are trapped in polymers as a result of ion-pair
interactions and hydrogen bonds. This method also shows excellent

biocompatibility, high affinity and low molecule permeability'3.

Some methods have been improved over time, such as enzyme immobilization on
mesoporous silica particles. The first technique consisted of covering an enzyme
with a polyelectrolyte multilayer, very easy to make but with leaky encapsulation“°.
A later method used mesoporous silica in which the enzyme was immobilized and
the polyelectrolyte layer was deposited layer by layer. Then, the mesoporous silica
was dissolved, and the free enzyme was trapped inside the multilayer. When an
external condition was altered, like pH, the multilayer permeability changed
allowing the enzyme to diffuse outside®’. The process is shown schematically in

[Figure 4].
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Figure 4. Mesoporous silica particle scheme. Reproduced from ref. *° © 2005 WILEY-VCH

Mesoporous silica has been used in recent research combined with an ELISA
(Enzyme-linked immunosorbent assay) sensor introduced by Engvall and Perlmann
in 1971 for signal amplification*!. ELISA is a system formed by an antibody and
enzymes combined with an antigen (a large biological molecule to be detected). In
the presence of an enzyme substrate, ELISA produces an optical output that
changes the colour of the solution [Figure 5]. Typical enzymes used include

horseradish peroxidase (HRP) with substrate tetramethylbenzidine (TMB).

Figure 5. Sandwich ELISA sensor scheme: (A) Solid-phase adsorbed antibody on microwell plate. (B)
Formation of antigen-antibody complex. (C) Detecting enzyme-labelled second antibody combining

with “solid-phase” antigen “sandwich.” (D) Addition of substrate. Reproduced from ref. * © Humana
Press 1994
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To advance the signal amplification, a large quantity of enzymes needs to be present
requiring biocatalysts immobilization in particles. In contrast to past work in which
liposomes and polymers have been used, a new technique with dendritic
mesoporous silica nanoparticles has been tried?°. This material has a large surface
area, high pore volume and large pore size so it is possible to immobilize a high
quantity of enzyme with a simple physical absorption. The new improved sensor is

called ELISA+ [Figure 6].

e HRP 9 Insulin { DMSN

Y 1#antibody Y 2"Antibody

Figure 6. Comparison between A. Eliza sensor and B. Eliza+ sensor where HRP = Horseradish
Peroxidase. Reproduced from ref. *! © The Royal Society of Chemistry

Many new studies and discoveries have taken place in the last twenty years
regarding the immobilization of enzymes on nanoparticles. Nanoparticles are
defined as nanomaterials with a diameter smaller than 100 nm“** and the main
reason to use such a small size is to decrease the diffusion limitation and at the
same time increase the surface area®. The big advantage of nanoparticles is their
versatility in size and shape. Nevertheless, it is possible to combine inorganic core,
which gives them properties not achievable with an organic compound, with
organic ligands. Then one can decorate the end of the ligands with different
functional groups, according to the external stimuli of the system. These can be

both chemical e.g. solvents, acid/base, metal ions or redox and physical e.g.
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temperature, magnetic field or light. By altering the nanoparticle structure, it is also
possible to generate self-assembled nanoparticles using different ligands which
respond to different stimuli?’. Moreover, enzymes immobilized on nanoparticles are

more resistant to a severe range of temperature and pH®.

An example of an inorganic core enriched with organic functional groups is the
metallic nanoparticles, in particular, gold nanoparticles**. They are chemically
robust, highly stable and lightly soluble, perfect biosensors for chemical or
biological samples [Table 2]. Furthermore, there is increasing interest in the gold
nanoparticles properties: catalytic, optical, magnetic and electronic*, making them

very versatile for every substance that needs to be detected*.
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Table 2. Nanoparticle-based enzyme biosensors examples in industrial and clinical application.
Reproduced from ref. © © 2011 Elsevier Inc.

Enzyme Type of nanoparticle  Application References
immobilized
Glucose Selenium H»0, biosensor, Zhang et al.,
oxidase nanoparticle determination of free 2004a, b
glucose in body fluids,
faod and agricultural
products
Uricase Zn0 nanoparticle Uric acid biosensor, Zhang et al.,
evaluation of serum 2004a, b
uric acid
Glucose Gold nanoparticle Biosensors, catalytic Yang et al., 2006;
oxidase nanodevice to Li et al., 2007
construct nanoreactors
Laccase Zinc-tetra-amino- Fiber optic biosensor, Huang et al.,
phthalocyanine- catechol biosensor and  2007; Zhang et
Fe;04, laccase- in degrading bisphenol  al,, 2007;
madified silica A Galliker et al.,
nanoparticles, 2010
magnetic core-shell
(F€304—Si02)
nanaparticles
Glucose Nickel oxide Amperometric Salimi et al.,
oxidase nanoparticle biosensor and 2007
electrochemical
investigation of glucose
oxidase
Glucose Platinum Biosensors, naked eye  Zhao et al,, 2007;
oxidase nanoparticle, gold detection of glucose in  Radhakumary
nanoparticles urine and Sreenivasan,
2011
Urease Silver nanoparticle, Biosensors, anaiysis of  Crespilho et al.,
phosphonate grafted urea content in blood, 2009, Sahoo et
iron oxide urine, alcoholic al., 2011
nanoparticle beverages, natural
water and
environmental
wastewaters
Peroxidase Gold-chitosan Rapid deterioration of  Lin et al., 2007
nanoparticle Ha05, water treatment,
pharmaceutical and
biomedical applications
Glucose Pt/FGS/chitosan, Glucase biosensar, Whu et al,, 20093,
oxidase silica nanoparticle quantitative estimation b, Jang et al,,
of glucose 2010
Cyclodextrin  Cellulose-silver Biosensors, Ma and Ding.

glycosyl nanoparticle determination of 2009; Mahmoud
transferase, methanol and methyl et al.,, 2009; Ling
alcohol ester content of pectin  and Heng, 2010
oxidase

An additional challenge scientists are trying to overcome is the immobilization of
several enzymes on the same support for the detection of multiple species. In one
of these works, the biosensor was prepared using a ZnO film functionalized with
three different enzymes on a flexible membrane for the simultaneous detection of

alcohol, glucose and lactate. Detection was possible in a sample of sweat.
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In [Figure 7] it is possible to observe a picture of the biosensor; the M1 and M2

regions are the electrodes, whereas the S region is the biosensor4®.

z

S M,

EEE N

Figure 7. ZnO based biosensor. The S region represents the biosensor whereas the M1 and M2 regions
are the electrodes. The biosensor has been functionalised with three different enzymes in order to detect
simultaneously alcohol glucose and lactate. Reproduced from ref. 4 © MDPI

Recently, biosensors were created and developed using materials such as quantum
dots and liquid crystals to take advantage of their different properties and improve
the technology. Quantum dots (QDs) are semiconductor nanocrystals characterized
by high brightness, good photostability and long fluorescence lifetime. Their
integration with various nanomaterials such as noble metal nanoparticles can create
new possibilities in nanoscience and nanotechnology for biomedical and
environmental applications?’. In particular, the combination of QDs with molecule
detection creates QD-based nanosensors with significant advantages of high signal-
to-noise ratio, low sample consumption, and high sensitivity gold nanoparticles
(AuNPs) exhibit unique electrical, optical and catalytic properties. The coupling of
AuNPs with QDs may lead to the QD-AuNP configuration for biosensing. This
method could reach a detection limit of 0.52 uM and a penetration depth of 400

um without the biological environment interfering>#’.

Liquid crystals (LCs) are materials that can exhibit both the mobility of liquids and
the anisotropy of solid crystals. The LC molecules can transform chemical and

biomolecular binding events into amplified optical signals that can be easily
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observed, even with the naked eye*. The LCs are used as sensing elements in the
detection of biomolecules because they can localize biomolecules with micrometre
resolution. In this way, the LC biosensing technique is used in bioassays for low
concentrations or trace amounts of analyte. The procedure can be carried out in
natural light without electricity. A protein assay on plain glass substrates coated with
an organosilane has been produced for inducing the homeotropic alignment of
LCs*8. The method can conveniently provide a yes/no answer when the protein
concentration exceeds a critical value. The LC cells’ surface modification plays a key
role in the orientation, it has a great influence on the signal-to-noise ratio and the
distinction between positive and negative results which can indicate both the

identity and/or concentration of the substance.*4°

Another technique to incorporate enzymes is obtained using a patterned paper. It
is formed by compartments hydrophilic separated by hydrophobic “walls”. This
allows to detect and analyse different samples at the same time just taking
advantage of the capillary action, using small volumes. These sensors are
inexpensive, portable, easy to fabricate, small and disposable. It is based on the use
of protein for detection and a colorimetric change to show and amplify the output

response. In [Figure 8] it is possible to observe an example of how it works°.

a) b)

e)
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Figure 8. Paper-based detection assay for glucose and protein BSA. Reproduced from ref. *° © 2007
WILEY-VCH
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However, due to the necessity of improving biosensors' characteristics, many
applications rely on the use of hydrogels®'. Hydrogels are a crucial material in
sustainable and biocompatible biosensors, playing a pivotal role in recent studies.
Engineered hydrogels offer a vast range of possibilities [Figure 9], including
industrial, biomedical, drug delivery, soft robotics, and regenerative medicine

applications>2°3,
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Figure 9. Hydrogel possible applications and use scheme. Reproduced from ref. >> © 2015 Elsevier

Researchers are actively working to understand and replicate the features and
materials by combining polymers in hydrogels. When applied to medicine and
pharmaceuticals, these materials are referred to as biomaterials and possess the
ability to adapt and replace tissues and structures in the human body. Today, the
most commonly used materials include natural polymers and combinations of them.
Many hydrogels are created through polymer cross-linking in an aquatic

environment, and different and enhanced features can be achieved depending on
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the polymer combination and technique used. One particularly intriguing aspect of
hydrogels is the stimuli-responsive nature of gels that can react to various stimuli,
such as light, pH, temperature, and chemical species. With its vast potential,

hydrogels continue to be a significant area of interest for researchers and scientists

alike [Figure 10].
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Figure 10. Different properties of hydrogels. Reproduced from ref. >> © 2015 Elsevier

The advancement in material science and enzyme encapsulation technology has
paved the way for the development of responsive gels, which have garnered
significant interest in the scientific community. These materials are designed to
exhibit changes in size and shape in response to external stimuli, with temperature
and pH being the most common triggers [Figure 11]. Responsive gels have the
unique ability to swell or shrink based on the input stimuli, which enables them to

be used in a wide range of applications>*>.
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Figure 11. Responsive gel stimuli classification. Reproduced from ref. ¢ © 2002 Elsevier Science Ltd.

When exposed to chemical stimuli, such as changes in pH, the responsive gels
exhibit a chemo-mechanical response mechanism, whereby they react to the
external chemical stimulus by altering their physical structure. This unique property
enables the creation of smart materials that can self-regulate in response to various
stimuli, including different substrates [Figure 12]. The versatility of responsive gels
is further enhanced by their ability to be loaded with a diverse range of enzymes.
This feature enables the creation of more complex systems, including chemical

reaction networks and cascade reactions®’.

The development of responsive gels is a complex scientific challenge, and their
successful application requires intricate adjustments to enable their use in various
applications, including sensors>®-> and drug delivery devices®?®1°6, One interesting
example of application is given by Isakova and Novakovic®> who were able to couple
oscillatory systems and smart materials in order to generate a drug delivery device

based on the chitosan-palladium combination.
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Figure 12. Schematic example of a responsive urease gel shrinking as a pH change consequence.
Reproduced from ref. 8 © 2002 American Chemical Society

In conclusion, responsive gels represent a significant breakthrough in material
science and have the potential to revolutionize various fields. Their unique
properties and capabilities, including chemo-mechanical response mechanisms and
smart material capabilities, make them an exciting area of research and

development.

1.2.4. Properties of enzyme biosensors

The fundamental principle behind biosensors is the detection of information and
the production of a signal that can be interpreted by the user. Despite this
commonality, each class of biosensor generates unique outputs based on its
distinctive properties. The three primary categories of biosensors are
electrochemical, magnetic, and optical, although this is not an exhaustive list. For a
more comprehensive understanding of the various types, reference can be made to
[Table 3]. The aim of this review is to provide an overview of the different properties,
methods, and applications of these biosensors, highlighting their significance in
various fields. It is important to note that biosensors play a critical role in a wide
range of scientific and medical applications, and their continued development and
refinement will undoubtedly result in even more innovative and impactful

applications in the future.
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Table 3. Biosensors' type of outputs. Reproduced from ref. % © Taylor & Francis

Type Principle Advantage Disadvantages
1. Optical
a Fiber optics Evanescent wave based, Remote in-situ Costly equipment
allows measurement of measurement, inherent | and not portable,
binding at the fiber sensitivity of optical
surface approaches
b. Laser interferometry Planar waveguides have | Highly sensitive, detect | Susceptibility to
evanescent field up to | cell turbidity interference
responsible to change in
index of refraction
2. Electrochemical Highly buffered
a. Conductometric Change in conductance Fast, low cost solution may
b. Potentiometric Electric potential interfere
c. Amperometric Oxidation/reduction
Sensitivity level up
3.Piezoelectric Quartz crystals oscillation | High sensitive, fast to I cell have not
at defined frequency, demonstrated
binding of an analyte to it
changes the mass of
crystal hence oscillation
frequency
Not quantitative
4. Colorimetric/Strip Color development Not required any
instruments Quantitative
5. DNA biochip Array based Instrument required

The electrochemical biosensor is widely used. It can be differentiated into three
other subgroups depending on the way the electrical output is produced:
amperometric, potentiometric and piezoelectric. The support for this kind of
biosensor may be carbon, in the form of nanotubes, as well as graphene, or
nanoparticles. The limitation of using an electrochemical output in a biological
environment is that it could be altered by electrochemical interference promoted

by the chemicals present in the matrix.

The amperometric biosensor is based on oxidoreductase enzymes coupled with
amperometric detection. The biocatalytic conversion of the analyte is related to a
redox process, which results in electron transfer that consequently generates
current, proportional to the analyte concentration, which is quantified using an
electrochemical set-up. Potentiometric biosensors, conversely, are usually

characterized by short lifespan, delayed response time and low sensitivity.
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Piezoelectric biosensors take advantage of the compression of materials to create a
localized charge, which gives a signal to be measured. Usually, to generate
oscillations, acoustic waves are reproduced at a defined frequency and quartz
crystal is the material chosen to allow high sensitivity. The piezoelectric method has

emerged due to its simplicity, cost, sensitivity and real-time label-free detection®.

Magnetic biosensors exploit magnetic or electromagnetic forces. One of the latest
works uses nanoparticles for a "magnetic sensitive biosensor”®. Magnetic
nanoparticles (MNPs) have been shown to have wide application prospects in the
field of biological detection due to their biocompatibility, stable physical and
chemical properties and superparamagnetism. They can be magnetized by an
oscillating magnetic field and by measuring the magnetic intensity, the number of
magnetic particles can be detected. This type of labelled biosensor is sensitive to
biomolecules with magnetic properties. It converts the magnetic signal into an
available output signal for biomolecular detection. Compared with traditionally
labelled biosensors, it has the advantages of easy operation, high sensitivity,
quantitative accuracy, good reproducibility, specificity and interference-resistance.
Applications are quite diverse and include the fields of biological detection,
medicine and food hygiene inspection, the detection of various pathogenic bacteria,
and as a tumour marker. As a result of its properties, it is becoming the most
promising field detection tool, which can alter traditional biological detection

methods®>.

An optical biosensor is a device using a signal as output which can be detected with
the naked eye, as well as a microscope or related tools. These biosensors produce
a colourimetric change, radiation, refraction, absorbance or fluorescence®®’. The
precise output depends mainly on the enzyme’s properties: examples based on

various enzymes are shown in [Table 4].

A variety of optical biosensors are available nowadays but possibly the simplest

and easiest ones to use are the biosensors based on the colourimetric change and
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fluorescence, called direct optical biosensors because of the absence of a
transducer. This is because certain enzymatic reactions do not require optical
transduction since optically detectable species are generated or consumed during
the reaction. Optical biosensors are capable of giving changes in colour or
luminescence at room temperature, at near-neutral pH, in a reasonably short time
and in a reversible way. An indicator layer, usually sensitive to a species or pH, is
spread over transparent inert support. An indicator dye is either directly dissolved
in a polymer matrix or, alternatively, covalently immobilized or physically adsorbed
on the surface of microbeads. The indicator layer is responsible for sensing either
substrate consumed or products produced during the enzymatic reaction.®® Optical
sensors that exploit chemiluminescent and bioluminescent reactions are usually
simpler because no indicator layer is required. Such sensors usually consist of a
membrane that contains the immobilized enzyme. Chromogenic or fluorogenic
substrates are added to the sample into which the sensor is submerged. Generally,
the optical biosensor activity can be improved and amplified by coupling or using
it in the form of nanoparticles®, gold nanoparticles*, quantum dots*’ and liquid

crystal’®,
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Table 4. Examples of optical biosensors for various enzymes. Reproduced from ref. % © 2008

American Chemical Society

analyte enzyme transducer  analytical range LOD spectroscopy indicator or substrate ref
L-phenylalanine L-phenylalanineDH 6—0 mM ki LI PEG—NAD" 123
phenylpyrvate phenylpyruvate DH 0—0.7 mM ? LL PEG—NAD™ 222
pyruvate LOx 4 LI O=0.1 mM 8.4 uhd LL NAD' (coenzyme) 15
sorbitol sorbitolDH + OR + 20 nM— 10 M 20 nM BL 133
b. luciferase
sulfite sulfite oxidase oxygen 00— 100 ppm ks LL perylene 151
sulfite sulfite oxidase + HPOx  H,0; 1= 100 gM 0.5 pid CL luminol 163
superoxide radical  superoxide dismutase + Ha0s 7 20 nv LI Amplex Red 124
HPOx

urca Urease pH =40 mM T Abs, BTB 172
urea urease pH 0—2mM ? Refl. BTB 180
urea urease pH A0—250 M ? Refl. phenal red 181
urea UTEAsE pH ? ki LI FITC |82
urea urease pH 0—1 mM 20 nM LL NBD-PE 186
urea urease [pH =4 mM ki Refl. FITC 183
urea Urense pH 0= 100 mM ki Abs, PVP |87
urea urease pH 0.2— 100 mM 0.1 mM Abs. Prussian Blue 185
urea urease [pH 0061 M 0.06 M Abs, polypyrrole 184
urea urense pH 2.0—12.0 mM ki Abs, Prussian Blue 97
urea urease pH 0.001—=10 mM 2.5 uM ratio of LI~ FITC 39
urea urease pH =300 gt * ratio of LI SNARF 34
ures urease MNH; 0.05-2.5 mM ? LI CF |88
urea urease MNH; 0.25—8 mM 023mh  Abs. BTB 189
urea urease NH; 1—5 mM 7 LL HPTS 1910
wres urease NH; 0.01—=1 mhd 0,03 mhd LI Mile Blue 191
urca urease NH; 1= 100 mM 0.1 mh Abs, acridine orange 192
urea urease NH; 10 =100 mM 7 Abs. ETH 5350 193
urea urease NH; 0.1=10mM 7 Ahs, brilliant yellow 194, 1935
urca NH; Rl mM—-01 MM 01 mM LI octadeeyl dichlorofluorescein - 196

1.2.

urease

5. Applications

Biosensors have emerged as highly promising tools for a wide range of applications

owing to their remarkable cost-effectiveness, ease of application, and exceptional

versatility. They offer a plethora of benefits and have found their way into various

fields such as biomedicine and industry (pharmaceutical and food), research, and

diagnosis. There is tremendous potential for practical innovation with biosensors in

the future. Their dynamic capabilities and adaptability make them an ideal choice

for a diverse range of applications, and we can expect to see continued growth and

development in this exciting field. Biomedical biosensors are exploited in different

modes:

As "offline” devices = samples are collected and measured using biosensor-

based analytical equipment. For example, measuring blood glucose.

As “in vivo” sensors = when they are implanted to detect extracellular changes.

For instance, as drug delivery devices”’
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e Asan “on-line"” device > when integrated with a sampling device implanted in
the body or biological material. For instance, microdialysis probes can be
implanted and connected to a flow-through detector incorporating a biosensor

element3.

Some of the first studies on biosensors were made for DNA detection and disease
diagnosis®. Later, uses of biosensors in the biomedical field concerned the
detection of glucose*® and hydrogen peroxide’?, as well as urea/ammonia®8’374,
tumours3#3, lactate, glutamate and cholesterol®* or coupled with antigens to build

an immunoassay system (ELISA)™41,

Biosensors can also be applied in environmental applications. It is possible to detect
pollutants, toxic intermediates and heavy metals from waste streams and to monitor
weather conditions such as humidity. Nanomaterial-based sensing tools can be
used to find the extent of damaging materials present in the environment as organic
pollution, water treatment, and oil recovering?’’>. Biosensors have been used to
monitor the abiotic conditions that are essential for the optimization of biological
recovery from contamination?644. They have been developed for the detection of

nitrates, inorganic phosphates, and biological oxygen demand>°.

In industry, it is possible to use biosensors to regulate the feeding of nutrient media
and substrate mixtures in bioprocessing. On an industrial scale, many commercial
preparations and separations can be improved with sensors. For instance, in
metallurgical operations requiring the separation of impurities existing in a
complexed form, nano-biosensors can be used to selectively separate the impurities

by exploiting different configurations of the sensing enzymes?®.

A further application recently adopted in forensic analysis concerns biomarkers
appearing in blood samples left at a crime scene by people of different ethnicities
and gender3®. It combines the properties of biosensors with a Boolean logic gate

and is discussed further below.
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1.3.  New directions in Enzyme biosensors

Biosensors have a high potential, great versatility and wide applications and
scientists are trying to improve their properties and functionalities as well as couple
them with more complex systems. The aim is to achieve a semi-automated device
that is sensitive to a trace amount of substance (ultrasensitive), to control a cascade
of reactions (e.g. in a feedback loop), to process biological information and give a

clear and precise signal/answer (Boolean logic gates, noise-driven amplification).

1.3.1. Boolean logic gates

Recent advances in biochemical computing have made it possible to combine
cascade enzymatic reactions and computing gates, such as AND, OR opening new
biosensing opportunities’®’’. The system is composed of an enzyme which will
perform a biocatalytic reaction and it will be “the information processing system”. It
will then mimic computing networks where input/output signals will be represented
by biochemical means. Supposing there are two enzymes present in the system, the

possible answers are

e (1,1) = both present in the system
e (0,0) > both absent in the system

e (1,0) or (0,1) = just one of the two is present in the system.

When the AND gate is arranged to obtain the “yes"” response from the system, both
the enzymes have to present (1,1), if another configuration happens the response
will be “no”[Figure 13]. when the OR gate is formulated, the configuration (0,0) will
give a "no” whereas all the others will give a "yes” [Figure 14]. The enzyme-based
logic gates are considered components of future biomolecular computing systems

and their biosensing applications will be used in multiple fields.
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Figure 13. Schematic functioning of an AND gate. (B) Equivalent electronic circuit. (C) Results table.
Reproduced from ref. ® © 2016, Springer-Verlag
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Figure 14. Schematic functioning of an OR gate. (B) Equivalent electronic circuit. (C) Results table.
Reproduced from ref ® © 2016, Springer-Verlag

Significant progress in the design of enzyme logic systems has been achieved such
as the formulation of various enzyme-based logic gates and highly sophisticated
multi-input/multi-output logic systems. They are composed of many biocatalytic
steps performing concatenated logic operations and elementary computing. The
final main goal is to operate with biosensors to logically process multiple signals
through Boolean logic gates composed of several biomolecular reactions,

producing a final and clear output signal such as YES/NO responses’®-78,

As an example, a biocatalytic cascade can mimic an AND gate and be activated by
two enzymes which are present in different concentrations in the blood of Caucasian

and African American groups. The difference between the response to 0,0 and 1,1
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combinations (absence or presence of a particular enzyme), can distinguish the
sample origin with high confidence. [Figure 15] shows the different absorbance
changes originating from the natural distribution of the biomarker concentrations.
A similar approach was applied for analysing blood samples to distinguish the

difference between male and female samples’’.
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Figure 15. Example of sensor used in the forensic field. when it shows the red light, it means the sample
belongs to a Caucasian group, when it is blue the sample belongs to an African American group.
Reproduced from ref. 7 © 2016, Springer-Verlag

1.3.2. Ultrasensitivity

Ultrasensitivity is a phenomenon occurring when a biosensor is highly sensitive to
a small variation of a stimulus so that its status changes e.g. in colour, pH,
fluorescence and consequently undergoes a large amplitude response’-'". The
stimulus-response plot corresponding to this kind of behaviour is generally a
sigmoid and the steeper the profile, the more the biosensor is ultrasensitive. When
a system responds to a stimulus in a sigmoidal way, it is referred to as a switch
[Figure 16] e.g. below a certain concentration of substrate (kinase) the biosensor is

“off” and at a certain point the minimum increase of this concentration turns it “on”.

The terms ‘sensitive’ and 'sensitivity’ usually refer to how much input is needed to

achieve a particular level of output. A measure of this type of sensitivity is the EC50,
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which is the amount of input required to achieve a half-maximal output'®. The lower
the EC50, the higher the sensitivity. Alternatively, sensitivity can be calculated
globally, through the EC90:EC10 ratio. For a Michaelian response in enzyme kinetics,
the ratio is always 81 and therefore an ultrasensitive response is any response with
an EC90:EC10 ratio smaller than 81. Often, the sigmoidal curve is well-approximated
by the Hill equation, so the other way to quantify sensitivity is from the effective Hill

exponent, n:

Output = fnput” 7
utptt K™ + Input™® @

where K is a fitted constant related to the process. The sensitivity is determined from
the Hill exponent for a Hill curve that has the same EC90:EC10 ratio as the response
curve in question. The Hill exponent is related to the EC90:EC10 ratio by the

equation:

B Log[81]
"= Log[EC90: EC10]

(8)

There are problems with this definition if the response is not well-approximated by

the Hill equation.™
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Figure 16. Example of sigmoidal/switch behaviour. Reproduced from ref. ° © 2014 Elsevier

Multiple mechanisms in enzyme-catalysed reactions lead to ultrasensitivity:

including positive feedback or cooperativity (discussed in the next section). The
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importance of ultrasensitivity lies in how it enables more complicated responses. A
highly ultrasensitive response can approach a step function, or in systems with
positive feedback loops, a switch can be bistable with hysteresis so that the
response depends on the history of the process. Ultrasensitivity and bistable
switches are important in biological systems and used in the engineering of

synthetic biology circuits for smart devices'".

1.3.3. Feedback

Feedback is a process present in different organisms which is capable of regulating
the vital functions of a cell or the concentration levels of a certain substance8-8",
Nowadays, with increasing interest in complex reactions happening in biological
organisms, scientists can recreate feedback loops in synthetic systems so that it is
possible to build an autonomous self-regulating system in time: "Feedback-
controlled molecular systems... will be able to sense, adapt, communicate, learn,

evolve and replicate”®. There are several different types of feedback loop?&:

e Negative feedback-> when a substance increases in the system, negative
feedback reduces its production rate, making the signal level returning to its
original value. The concept is demonstrated in [Figure 17A] where the negative

"u_n

regulator “b" is increased when “a” increases.

e Delayed negative feedback = To prevent the formation of an intermediate

steady-state, the negative feedback must be delayed in time [Figure 17B].

e Positive feedback—> when increasing a substance results in faster production of
the substance. Usually, it happens with autocatalytic reactions, where the

product catalyses the process [Figure 17C].
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Figure 17. Different mechanisms of feedback loops. (A) requlation of “a” production by “b’, symbolized
by an arrow with a flat head and the corresponding reaction profile. (B) Representation and reaction
rate profile of delayed negative feedback, where the delay induced is represented by an arrow with an
empty head. (C) Autocatalytic positive feedback for the formation of “a’, symbolized by an arrow with
a filled head and the corresponding reaction profile. Reproduced from ref. 8 © The Royal Society of
Chemistry 2017

Temporal control in living organisms is based on combinations of positive and
negative feedback loops and delay mechanisms. [Figure 18] shows that these
feedback loops produce complex responses such as signal amplification, bistable
switches, memory, and rhythms. These networks are capable of adapting their
control mechanisms according to variations in external parameters. Limitations of
this technology are that most systems involve inorganic feedback-controlled loops,
and rely on toxic reactants such as concentrated acids, halogen derivatives and
transition metals. This makes it difficult to develop applications. Hence, attention
has turned to the design of sustainable feedback-controlled reactions for user-
friendly, environmentally benign and biocompatible devices. The feedback loops
have potential applications in product selectivity, drug-delivery devices and active

materials’482:8384,
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Figure 18. Examples of different feedback functions. (A) the negative feedback can stabilize, limit and
create an adaptive response. (B) The positive feedback can amplify a signal, create a bistable switch, and
alter the kinetics. (C) the combination can create pulses or oscillations. Reproduced from ref. & © 2008,
The American Association for the Advancement of Science

In one paper, Semenov et al. combined ultrasensitivity, feedback loops, logic gates
and reaction-diffusion processes to build a biosensor®>. They used controlled
diffusion of enzymes from micropatterned agarose gels into hydrogels with

modified fluorogenic substrates to quantitatively study reaction-diffusion
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processes. Thanks to this system, a yes/no response is achieved through the
introduction of a positive feedback loop and the autocatalytic activation of
enzymatic activity. The combination of ultrasensitivity with a positive feedback loop
(amplification) and a filtering layer containing a diffusible inhibitor makes it possible
to digitally decode the spatial density of input signals. Previous computational work
has shown that biochemical reaction-diffusion networks can be constructed to

function as analog-to-digital converters.

These properties arise from the connectivity of the enzymatic reactions and the
coupling between reactions and the diffusion of components. In their study, the
authors have shown a network that can filter out certain aspects of a pattern and
translate this information into a fluorescent signal. The next step in this area is to
exploit future generations of “smart materials” to incorporate more complex
versions of enzymatic reaction-diffusion pathways. Such materials might be able to

sense, learn, adapt, and make autonomous decisions®>.

In another work, the authors realised a hydrogel system with distinct pre-
programmable lag times and lifetimes in closed systems, combining two enzymes
with an antagonistic pH- effect in a feedback-controlled biocatalytic reaction
network (BRN) and coupling it to pH-responsive, advanced and autonomous
hydrogel materials. The BRN enables temporal control of the “"ON” and "OFF”
switching times of the temporary gel state by modulation of programmable,

nonlinear pH changes® [Figure 19].
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Figure 19. lllustration of temporal control of pH using antagonistic enzyme reactions. Reproduced
from ref. % © 2017 American Chemical Society

The last example concerns the development of a positive feedback loop reaction in
an enzyme-catalysed reaction through the influence of the product on the rate. For
instance, the urea-urease system is reported to show feedback through the pH. The
urease is a pH-dependent enzyme, in particular, its activity increases with pH
increasing up to a pH = 7 where there is the maximum and then decreases again.
At the beginning of the reaction, if the pH is acid, the enzyme activity is very low,
then with the ammonia production from the reaction, the pH increases and
consequently the enzyme activity’482. So, building a reaction in which the product
can influence the enzyme activity can result in ultrasensitivity, bistable switches and

oscillators as shown in [Figure 20]:
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Figure 20. (a) Positive feedback loop amplification and pH vs urea in the urea-urease reaction with
different enzyme concentrations showing (b) ultrasensitivity (c) oscillations (min/max shown) (d) bistable
switch. Reproduced from ref. ' © 2070 American Chemical Society

1.3.4. Other Amplification mechanisms

Different methodologies for amplification have been demonstrated that depend on
producing a chemical or physical output through some external/internal influence
on the system. For example, the addition of noise can be used to increase the output
signal strength. The noise can be added externally®” or within® the system. In the
first case, the addition of external noise, Stochastic Resonance noise (SR noise), can
improve a weak signal [Figure 21]. SR noise is a non-linear phenomenon and in

order to exhibit it, a system should have:

e "A nonlinearity in terms of threshold,
e A subthreshold signal with a small amplitude,

e A source of the additive noise.”

Signal
Weak Non-
. @ . — Detection
signal (s) linearity 3
| Hypothesis
SR
noise (n)

Figure 21. Addition of external noise scheme to amplify a signal. Reproduced from ref. %7 © 2018,
Springer Science
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The second method to add noise is using a set of auxiliary chemical reactions, such

as protein synthesis and degradation mechanisms®s,

Applying signals that can be modelled as an input of noise, it is possible to create
an impact on the types of response that these systems can have. Stochastic noise-
induced dynamics in regulatory networks can provide additional information such
as topology, structure and kinetics. The noise input can create novel behaviour in
the system, including the appearance of bistability. These features increase the
amplification properties of the mechanism and allow it to function like a signal
transducer (be able to filter noise or signals better than the corresponding
deterministic system). Such "filtering” regulation might be used for control in and
of biological systems. Furthermore, because the external driving noise is itself the
output of yet another stochastic chemical or physical process, the form of its
distribution is then determined by the nature of that mechanism. It has been shown
analytically the difference of a system with and without the application of noise, by
solving a Langevin stochastic differential equation model of a system governed by
Michaelis-Menten MM kinetics. The equations come from the scheme in [Figure
22]88,
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Figure 22. Enzymatic mechanism scheme referred to the equations written below (9-10). It can be easily
noticed that the addition of noise generated a further term in the equation which affects the
concentrations of the species present in the system. Reproduced from ref. 8 © 2005, The National
Academy of Sciences
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where x, is the total amount of x and x*, Xss is X at steady state, E+ and E- catalyse
the forward and reverse reactions and K+ and K- are constants. It can easily be
noticed that differently from the deterministic equation (9), in the stochastic
equation (10) the effect of noise is immediately visible adding a corrective diffusive
term to the classical result. Since in equation (10), the noise term is explicit at the
stationary state, it does not affect only the behaviour of the system but also the
quantities of the concentrations. In fact, in the stochastic case, the x;; concentration
is always bigger than the deterministic one responsible for signal amplification. The

results are shown in [Figure 23] where p is the noise power®s;

Figure 23. Product at the steady-state vs Enzyme using equations [1], [3] and the deterministic curve,
in the function of p . Reproduced from ref. 88 © 2005, The National Academy of Sciences

In a different mechanism, D. L. Bates® suggested that amplification can be achieved
by coupling catalytically another enzyme to the primary one involved in the sensing.
There are different methodologies to obtain the coupling; here we discuss the two
most relevant. In [Figure 24 (f)] the primary enzyme (E) converts the primary
substrate (S,) to an active product (P) which can be cycled (between Pa and Pb) by
the two enzymes. The product of the primary enzyme is an activator of the amplifier
cycle which reacts to the concentration of the labelled enzyme. In [Figure 24 (g)]

the amplification is achieved by an enzyme cascade®. In this case, the primary
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enzyme catalyses the first reaction producing the primary product which catalyses

the second enzyme reaction which consequently catalyses the third enzyme etc.
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Figure 24. Enzyme amplification obtained with a secondary enzyme coupled in: a substrate cycle (1),
and an enzyme cascade (g). Reproduced from ref. 8 © 1987 Elsevier

Physical signal amplification has been obtained in a nanostructured signal-
responsive thin hydrogel membrane coupled with an enzyme-based system’8. This
system can produce an output consisting of the structural change of the membrane
then resulting in the amplification of the biochemical signal. This method forms the
basis of chemical information processing systems (CIPSs) which will be responsible
for collecting multiple external signals and processing the information, and these
transformations will be responsible for the chemical/physical changes in the

material’s properties’®.

Alternatively, to traditional methods to obtain the signal amplification in biosensors,
a new trend is to take advantage of the amplification present in the chain-growth
process in radical polymerizations, making it adaptable to different conditions and
detection methods. The authors obtain DNA detection from polymerization by
Atom Transfer Radical Polymerization (ATRP) (normally obtained by electron
transfer, fluorogenic, biocatalytic..)®, Reversible addition-fragmentation chain
transfer (RAFT) polymerization, Redox-initiated free radical polymerization, Photo-

initiated free radical polymerization [Figure 25].

60|Page



. Hybridization -
2 Ligation B R

ﬁ‘ 3. ATRP @
e
without target @@
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A plot of amplification time versus limit of detection is shown in [Figure 26] for the

different polymerization detection methods and can be used to compare the

approaches®.
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Figure 26. "Reported limit of detection (M) and amplification time (s) of polymerization-based bio-
detection methods in the literature. Coloured dots represent different types of polymerization
methods." Reproduced from ref. °° © The Royal Society of Chemistry 2020

1.3.5. Mass transport and enzyme biosensors
In the last few years, a lot of effort has been made to improve the performance of

biosensors by considering mass transport. In one work, the authors show how it is
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possible to improve the response of the system by improving the mass transport of
the system. In particular, they use nanopillar electrodes varying their height and
geometry. They show that sensing is enhanced when the reaction rate is low and
when the mass transport is favoured so that the more the active surface area there
is, the more the sensing increases. However, when the reaction rate is high only the

top part of the nanopillar is used and the sensing capability decreases®’.

Stein et al. investigated how to control an optical biosensor for the detection of
glucose by adding externally to the particle a mass transport limiting nanofilm
[Figure 27]. In fact, they are able to show how the sensitivity changes by adjusting
the substrate transport properties with the thickness of the nanofilm and the
conditions of assembly such as ionic strength. Moreover, they explored how the
addition of salt can influence glucose diffusion, proving that the control of mass

transport phenomena is essential in biosensor modelling and improvement®?.

RITC-doped PAH/PSS nanofilms

Figure 27. Optical biosensor equipped with a mass transport control nanofilm. Reproduced from ref.
92 © 2008 American Chemical Society

Enhancing mass transport can reduce response times or improve sensitivity. The
latest studies have shown how employing nano or micropumps — enzyme catalytic
particles using chemical fuel - can improve the mass transport limitations in highly
sensitive systems. In particular, they are capable of transporting the analyte,

containing fluid, to the sensor and since the micropump doesn’t need an external
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source of power, they can reach the sensors placed in a remote place in a dormant
status, until it is triggered by the arrival of the analyte. Moreover, since the enzymes
have a high degree of specificity they can be coupled with micropumps to create a
chip which will enhance the signal amplification and incorporate logical
operations®. As discussed in ref. 93: “Synthetic nano- and microscale machines
move autonomously in solution or drive fluid flows by converting sources of energy
into mechanical work. Their sizes are comparable to analytes (sub-nano- to
microscale), and they respond to signals from each other and their surroundings,

leading to emergent collective behaviour”®.

Some different materials and shapes can characterise a micro-motor or pump, they
can be cylindrical rather than spherical, and they can be made of an organometallic
or polymeric motor’. Independently from each one of these characteristics, the
principle of work doesn’t change. This process can be actuated through an output
signal generated by the biosensor itself, or when the chemical output signals are
used for activation of “smart” chemical stimuli-responsive materials (bio-fuel cells,
hydrogel membranes and pH-responsive nanoparticles), capable of producing an

output readout changing their chemical or physical properties.

The motors can be used to move a certain type of analyte whenever it is detected
in a magnetic field or by chemotaxis. They can also be programmed to move
towards the analyte once it is formed®* [Figure 28]. Micropumps, instead, have been
used not only to detect the formation of the analyte but also to inject substances
inside or outside the considered system??. For instance, in one work the author uses
micropumps to detect glucose in the system which is consequently capable of
releasing autonomously insulin and there are suggestions that multienzyme

cascades may be used in the future for regulation of the response®3.
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Figure 28. Schematic representation of micromotors producing a chemical signal. Reproduced from
ref. °3 © 2015 by Annual Reviews.

Mass transport was also used for the creation of a self-regulated “breathing
microgel”®. It takes advantage of two phenomena, the first one is the continuous
supply of the substrate as fuel to keep it in a state of non-equilibrium. The second
one is the use of urease as the enzyme, which has a rate dependent on the pH and
makes it possible to achieve the switch-like behaviour of the system by a change in
the size of the microgel [Figure 29]. In particular, when the microgel is first exposed
to a solution of urea and acid, it swells. However, when the urease starts to catalyse
the urea in ammonia and the pH continuously increases, the microgel contracts. The
fluorescence switches “on” when the pH of the particle is high and switches "“off”

when it returns to low pH adding new acid to repeat the cycle [Figure 30].
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Figure 29. Microgel size changing with pH decreasing. Reproduced from ref. %> © 2017 The Authors.
Published by Wiley-VCH
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Figure 30. "Breathing " pH sensitive microgel which is able to shrink and swell cyclically according to
pH changes. Reproduced from ref. % © 2017 The Authors. Published by Wiley-VCH

Similar work was conducted by Che et al. who, rather than using a microgel, adopted
as a material for their experiment a polymersome encapsulating urease and
horseradish peroxidase (HRP). It is sensitive to pH. In this case, when the pH
decreases, its permeability increases allowing the substrate for HRP in and, once the
product is formed, the product diffuses out, so the polymersome is acting like a
nano-reactor®®. Then the pH decreases and the reactor shrinks and the cycle can

begin again. The scheme can be observed in [Figure 31].
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Chemical Society.

1.3.6. State of the art and new directions in urease-based biosensors
As seen in the previous sections, there is a wide variety of urease biosensors and
devices currently employed by researchers. Enzymes are known for their durability,
robustness, and versatility in terms of their applications. The achievements with
urease have mainly been obtained taking advantage of the fact that the urea-urease
reaction increases the pH via ammonia formation. The examples in the previous

section demonstrated the recent progress in this area.

One of the aims of our work was to build a urease particle biosensor capable of
detecting small amount of substances producing a response within minutes and
generating an optical output signal visible by the naked eye. The work was based
on the key studies conducted by Taylor, Pojman and collaborators regarding the
kinetic characterisation and control of the urea-urease reaction’* %. The fact that
the system is capable of positive feedback was used for the formation of pH
controlled polymerised hydrogels, where a gel was obtained via base catalysed
polymerisation. % Here we focussed on generating a urease gel-particle that

displayed a threshold response, so that it could be used to determine whether a

66|Page



substance is present or not. Additionally, optical biosensors have been selected here
for their simplicity and cost-effectiveness. Although some optical biosensors may
not be suitable for quantitative responses, they have been employed in this study

to provide a qualitative and easily interpretable output for the threshold biosensor.

However, the cost of enzymes often poses a challenge. To address this limitation, a
shift has been made towards utilizing more natural and unprocessed sources of
enzymes, such as seeds. In terms of aiming for sustainable and cheap urease
biosensors and materials, Pojman and Mai proposed the option of watermelon
seeds as source of enzyme. Specifically, in his thesis Mai analysed the activity,
stability and durability of watermelon seeds powder containing urease and
proceeded to build a protocol for the powder preparation that has been used in this

work19,

The recent studies which combine urease enzyme with others such as peroxidase
and esterase® usually require enzymes from multiple sources. After identifying the
presence of multiple enzymes in watermelon seeds'®, the characterization and
combination of select enzymes was undertaken here to determine whether simple
chemical reaction networks can be established. We aimed to demonstrate the
potential benefits of enzyme combinations from the same plant seed source to

reduce cost and enhance enzyme compatibility for applications.

In the pioneering work of Ogawa et al>”%" pH-responsive gels were assessed for
their chemo-mechanical response using urea-urease and glucose oxidase-glucose
reactions to induce gel shrinkage and swelling, respectively. The outcomes of this
investigation enabled the development of a protocol for fabricating filament gels

that respond to pH changes from enzyme reaction networks.
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1.4 Aims and objectives
In this project, we will investigate methods for improving the properties of
biosensors using a combination of simulations and experiments. We will develop a
system in which an enzyme-particle biosensor is capable of detecting a small
amount of a substance producing an optical or mechanical output signal.
Specifically, we will examine signal detection and amplification using experiments
and kinetic simulations of enzyme catalytic reaction networks (CRNs) confined in

micro- or nano- compartments.

The aims of the project are to improve the properties of enzyme-particle biosensors
including response time, stability and sharpness, therefore the ultrasensitivity of the
signal response curves typical of enzyme-catalysed chemical reaction networks with
pH autocatalysis. We also aim to produce more complex and amplified responses
using multiple enzymes in pH-sensitive polymers for applications such as periodic

drug delivery.
In order to do so, several steps are needed:

1. to use pH feedback in urease enzyme to create threshold sensors for urea and
reduce the response time in urease-particle biosensors: the field of biosensors has
seen significant advancements in recent years, particularly in the development of
pH-sensitive enzyme-based sensors. One approach that has gained considerable
attention is the use of a urease enzyme as a threshold sensor for urea with pH
feedback. In chapter 3, experiments are combined with simulations to determine
the optimum conditions in terms of particle size and response time of these sensors.
By modelling the response of this enzyme to changes in pH, we aim to create highly
sensitive enzyme-particle biosensors that can detect small changes in their

environment in the shortest time.

2. to improve the stability of enzymes for biosensors involving pH changes: one
significant challenge in the development of pH-sensitive biosensors is the stability

of the enzymes involved. In fact, in order to enhance its features in practical
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applications, such as reusability, recovery and robustness, enzymes are required to
be encapsulated on a solid support. One possibility is to use urease present in
watermelon seeds (WMS). The recent advancements in enzyme utilisation directly
from these natural sources which are protected by the protein microbodies shells,
allow for the creation of more robust biosensors that can withstand a wider range
of environmental conditions. In chapter 4, we compare the use of commercial urease
powder and urease in watermelon seed powder in various hydrogels. The goal here,
is to find an enzyme-hydrogel combination which will allow to maximise the enzyme
threshold sensing characteristics and enhance features such as reusability and

robustness.

3. to program more complex pH changes with enzyme reaction networks and use
of WMS: to further enhance the capabilities of these sensors, our purpose consists
in using enzyme reaction networks by incorporating multiple enzymes. Our
objective is to combine diverse enzyme types like urease, catalase, glucose oxidase,
and beta-glucosidase to program pH shifts. However, acquiring enzymes from
different sources can prove costly and result in incompatible or unstable enzymes.
In chapter 5, we characterise other enzymes present in WMS and show that by using

some of these enzymes, we can achieve improved pH responses for applications.

4. to couple pH changes in enzyme cascade reactions with pH-sensitive polymers
to control chemomechanical changes in time: another promising approach involves
immobilising multiple enzymes in pH-sensitive polymers for applications such as
self-oscillating gels. This innovative technique allows for the development of highly
sensitive and selective sensors that can detect a wide range of analytes.
Furthermore, the most intriguing aim here would be building a smart delivery device
capable of detecting several substances, and generating a mechanical response by
releasing the appropriate drug or chemical. Towards this aim, in chapter 6, we
combine WMS and other enzymes in a pH-sensitive polymer and investigate the

chemomechanical response of the polymer to analytes including urea and glucose.
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We determine the reusability of these polymers and show enhanced response as a

result of oxygen bubble formation with hydrogen peroxide and catalase.

Overall, the field of biosensors is rapidly evolving, and the development of pH-
autocatalytic enzyme-based sensors is just one example of the exciting
advancements being made in this area. Our results aim to improve understanding

of such biosensors for future applications.
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2. Materials and Methods

2.1.  Materials
Polyethylene glycol diacrylate (PEGDA, MW = 700 ) polyvinyl alcohol (PVA, MW

61000 ﬁ), hexane, mineral oil (light oil, M5904), urea, hydrochloric acid and urease

powder type III (Jack beans) 25920 U/g were purchased from Sigma-Aldrich. The tri-
thiol ethoxylated trimethyl propane tri (3-mercaptopropionate) (THIOCURE®
ETTMP 1300) was acquired from Bruno Bock Chemicals., pyranine (Cat no.
L11252.14) was purchased from Alfa Aesar. PVA was used from a stock solution
prepared by mixing 5g in 50 ml of distilled deionised water. Solutions were prepared

using deionized DIW Millipore water (18.2 MQ-cm). All other chemicals were used

as received.
A
ETTMP PEGDA Thiol acrylate Hydrogel
20
B 0% 00
p
oo SH
A Of
o
050 5
> o<P
0 o o
g%OMOMSH v 3O A '@3‘
o0 Ta 0 o
o s
Hsf 7 G%
2
X0 g sH
oom
Py
0 &0
0

=

©

Figure 32. Thiol-acrylate polymer formation via ETTMP and PEGDA polymers. A) schematic
representation and B) molecules structure.
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Urea, 30 % hydrogen peroxide, glucose oxidase type X (GOX) 100000 U/g and
urease powder type III (Jack beans) 25920 U/g were purchased from Sigma-Aldrich,
cellobiose was purchased from Alfa Aesar, and all of them were used as received.
Catalase, urease, and B-glucosidase (BGL) were used from watermelon seeds (WM)
2000 U/g. The watermelon-type ‘sugar baby’ seeds were purchased by Premium
Seeds Direct and processed. Solutions were prepared using deionised DIW Millipore
water (18.2 MQ-cm). All experiments were performed at room temperature of 20 °C.
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The 1-vinylimidazole (Vim), ammonium persulfate (APS),
N,N,N’,N'-tetramethylethylenediamine (TEMED) and N,N'-Methylenebisacrylamide
(Bis), were purchased from Sigma-Aldrich. N-Isopropylacrylamide (NIPA) and
sodium chloride (NaCl) were acquired from Thermofisher Scientific. The indicator
bromothymol blue (also known as bromothymol sulfone phthalein and BTB)

(pKa=7.1) from Alfa Aesar.

2.2.  Methods for production and monitoring of urease particle biosensor
2.2.1. Particle formation in hexane

PEGDA and THIOCURE® in a % molar ratio generate a polymer-based gel using the

pH increase given by the urea-urease clock reaction.

For the formation of thiol-acrylate particles containing the enzyme urease [Figure
32], the emulsion polymerisation protocol was taken from a previous paper by
Bubanja et al®’. The particles were obtained using the properties of the thiol-acrylate
polymer to gel when the pH increases above 7. A solution containing 2 ml of PVA
solution, 0.03 g of the enzyme urease, 1.15 ml of THIOCURE, 0.9 ml of PEGDA, 0.75

ml pyranine ([pyr] = 0.25mM) and 2.2 ml of 0.2 M urea was prepared with chemicals
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added in that order. Theoretically, assuming all the enzyme used is encapsulated in

the particles, with no losses to the hexane or mineral oil, the enzyme activity is —= *

0.03g
7ml

25920% = 110% (particle). However, as will be noticed in the simulation section,

we assumed that part of the enzyme is lost in hexane and therefore a reduced

amount is trapped in the forming gel, therefore, a value of 80 % has been chosen

to better match the experimental results.

Following consistent mixing with a magnetic stirrer bar to make the solution
homogeneous, the solution was then injected with a 1 ml syringe into 50 ml of
hexane and stirred at 600 rpm on a magnetic stirrer hotplate (IKA) to create
suspended particles. In order to generate a range of particle sizes, the solution was
administered through a dual-injection approach. Initially, a portion of the solution
was introduced in a single bolus, followed by the gradual injection of the remaining
solution in the form of small droplets. This methodology allowed for the production
of a diverse assortment of particle sizes, thereby enhancing the versatility and
applicability of the solution. Once the urea-urease reaction has occurred, the thiol-
acrylate particles polymerise and become fluorescent as pyranine is a pH-
dependent indicator that fluoresces above pH 7. The demonstrated catalytic activity
of the enzyme during the reaction-polymerization process is indicative of its
enzymatic efficacy. The observed polymerization reaction is a clear indication of
enzymatic activity, highlighting the enzyme's ability to accelerate the rate of the
reaction and induce the formation of polymer chains. The particles were separated
from the hexane by filtration, and stored in an acidic solution (HCl) at pH = 4 at 8°C
to set them at low pH to be ready for the tests. They were also covered in foil to
avoid exposure of pyranine to the light. The particles are immersed in an acidic
solution to neutralize them to a low pH level, allowing the pyranine to revert back
to a clear state. This procedure primes the particles for utilization in the urea urease
reaction, which requires a shift from a low to high pH, prompting the indicator to

fluoresce when the pH reaches 7.
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2.2.2. Particle formation in mineral oil

The protocol was the same as described in the previous section to get a
homogeneous solution. Then the solution was injected with a 1 ml syringe into 50
ml of mineral oil and stirred at between 300 and 600 rpm on a magnetic plate to
create suspended particles throughout the emulsion. Once the reaction has
occurred, the thiol-acrylate particles polymerise, and the pyranine fluoresces. The
particles were separated from the mineral oil (by filtration), and stored in an acidic
solution (HCI) at pH = 4 at 8°C covered in foil to avoid pyranine exposure to the
light. Also in this case, the particles are stored in acidic solution to set them at a low

pH and prepare them to be used in the experiments.

2.2.3. Urea-urease clock reaction

Experiments were performed several times using new particles to ensure
reproducibility (the reusability of particles is explored further in the next chapter).
In a typical experiment, 20 ml of urea solution at 0.3 mM and pH~4 (HCI) was
pipetted into a small Petri dish (diameter = 5 cm) together with 0.5-1 ml of particles.
Particles were sufficiently spaces far from each other (more than the particle radius)
such that the diffusion of ammonia into the solution did not affect the reaction time
on nearby particles. The epifluorescent microscope (LS560 Microscope, green
fluorescence, and bright-field, green filter: excitation 457-493 nm; emission 508-552
nm, Etaluma) was used to follow the reaction through the pyranine fluorescence
intensity. The settings for small and large particles were, respectively, gain = 7.750,
illumination = 35.3 % and exposure = 30.5; gain = 3.875, illumination = 5.9% and
exposure = 20.6, using 4x magnification. Pictures in the bright field and time-lapse
images in the fluorescent field were acquired every 10 seconds with total times from

30 to 60 minutes and analysed via the software ImageJ.

2.2.3.1.  Experimental Image Analysis
Pyranine is a fluorescent indicator commonly used to determine the pH of solutions.

It shows visible fluorescence when the pH reaches the neutral value equal to 7703104,
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Therefore, it was assumed that the urea urease reaction occurred once pH > 7 was
achieved. The image analysis was performed using the software Imagel to
determine the average intensity in time in each particle and the sizes of the particles.
The images were calibrated in Image) using the microscope image scale bar from
the bright-field images. The relative intensity was determined as the intensity
divided by the maximum intensity reached by a particle in the fluorescence images.
The reaction time is defined here as the time needed to reach the maximum relative
intensity. For the average reaction time, the data were collected from multiple

particles of similar size.

2.3.  Methods for immobilisation of protein microbodies and urease
powder in hydrogel particles

2.3.1 Enzyme-loaded particles
To compare the two types of enzyme sources, different combinations of hydrogels
and enzymes were tested. The advantages and disadvantages of these materials are

listed in [Table 5].

Table 5. Scheme of hydrogels and enzyme sources used in the experiments

Hydrogel Advantages/ Enzyme  Advantages/disadvantages
disadvantages source

Thiol- Efficiently traps enzyme Urease High activity/ g

acrylate Reduced diffusion of powder Expensive
acid (Sigma) Small size (500 kDa)
(UP)
Agarose Natural polymer Low activity/ g
(low EEOQ) Low migration of Ground Cheap
species watermelon = Large-size particles (5 um)

Potential loss of enzyme | seeds (WM) | Contains multiple enzymes
including urease

Agarose Natural polymer
(high EEO) Fast migration of
species

Potential loss of enzyme
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Specifically, thiol-acrylate particles have been shown to trap enzymes and indicators
efficiently even for several weeks. However, the diffusion of acids through the
particles is limited. The low and high EEO agarose differ from each other due to the
species migration speed. EEO stands for electroendosmosis and represents the
driving force of the liquid throughout the hydrogel. Both low and high EEO agarose
are natural polymers; however, they revealed potential loss of enzymes and
indicators from the particle. Regarding enzymes, the Sigma urease powder shows
high activity at a high cost, while watermelon seed urease has been shown to be

cost-effective and contains multiple enzymes, but relatively low activity ',

Table 6. WM average activity and comparison between different varieties'®

Variety Rate (mg NHs/ g WMSP/5 min) | Specific activity ug* WMSP
Crimson sweet 177+ 20 2080 + 233

Jubilee Improved 177 + 17 2080 + 204

Tendersweet orange 161+ 2.6 1890+ 31

Black Diamond Yellow Belly 179+ 6.7 2097 + 78

[Table 6] illustrates urease activity in different types of watermelon seeds. For all of

them, the activity was comparable at approximately 2000 g. The peculiarity of

watermelon seeds and the enzymes they contain reside in their physical structure.
In fact, from the SEM images [Figure 34] small spherical entities called protein
microbodies can be observed. These bodies are formed by a lipid layer that protects

the enzyme from the outer environment.
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Figure 34. WM powder SEM picture showing protein microbodjes

Watermelon seed powder preparation’%%19: 50g of seeds were weighed and
ground in the IKA miller (model A10 basic) 15g per time for 45 seconds, twice. The
process utilized for grinding the seeds into powder was executed with care not to
overheat the sample. The intermittent mixing of the powder during the grinding
intervals was used to guarantee homogeneity. The subsequent immersion of the
powder in acetone in a ratio of 5:1 v/w (acetone: powder) and allowing it to settle
for a duration of 20-30 minutes was employed for segregating the various particle
sizes based on their respective weights. Of noteworthy mention is the identification
of the shell as the inactive constituent, necessitating its separation from the
remaining powder. Then, the upper layer of the mixture was filtered with a #1
Whatman filter (11um, medium flow) using a vacuum pump to facilitate the
filtration. The process was repeated three times. Lastly, the filtered powder was left

to dry overnight.

Thiol-acrylate particles with Urease Powder (UP)°’ [Figure 35]: A solution was
prepared by mixing 0.02 g urease (1 12%) and 0.001g bromothymol blue with 2000
ul PVA; subsequently, 1150 pl THIOCURE® and 900 ul PEGDA were added to the
solution. The mixture was a yellow colour as a result of the acidity caused by the
THIOCURE® reacting with the indicator. After obtaining a homogeneous mixture

with stirring, 2200 pl urea (0.05M) was injected. In the same beaker used to mix all
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reactants, 20 ml of hexane was added. The beaker was placed on a cold stirrer-plate
with a magnetic stirrer at 600 rpm for a couple of minutes to let the reactants blend.
The beaker was removed from the magnetic stirrer and 15-30 minutes were allowed
for the reaction to occur, the indicator change colour, and the gel polymerise. The
next step was to separate the hexane from the gel which was placed on a Petri dish.
In order to achieve uniform sized particles, sections were cut out with a 3 mm
diameter cylindrical mould, obtaining circular particles. The particles were kept in an
HCl solution (1 x 104 M) at 4°C, in order to reset them at a low pH. The BTB switched
to yellow and the particles were ready to be used in the UU reaction. The final

particle diameter, after overnight soaking in an acidic solution, was 6 mm.

urease
CO(NH,), + H,0 — 2NH; + CO,

~ ~

time,pH > 7

-
L

THIOCURE® ETTMP 1300 Hydrogel
PEGDA 700

Figure 35. Polymerisation through the autocatalytic increase in pH of the urea-urease reaction

Thiol-acrylate particles with watermelon seeds urease (WM): A solution was
prepared by mixing 0.35 g of watermelon seed urease powder* with the chemicals
listed above in the same order. This time, the beaker was placed on a cold stirrer-
hotplate with a magnetic stirrer at the minimum rpm for a couple of seconds to let
all reactants mix. In this case, a fast stirring will generate bubble formation, which
will cause the creation of a bilayer during the polymerization. The beaker was
removed from the magnetic stirrer and approximately 30 minutes were allowed for

the reaction. The continuing part of the protocol follows the one described above.
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*the ratio between the urease activity of standard urease powder and watermelon
seeds is:

UP 34920u WM 2000u uP _ 34920 17.5
= — = —_ - —_— = .
g g WM 2000

Agarose particles with Urease Powder: A heat-resistant beaker was heated at 30
°C and 10 ml of DI water was added and stirred at 400 rpm for 15-20 minutes. When
the temperature was reached, 1.5% agarose was added to the solution. Separately,
a stock solution was prepared of enzyme and indicator so that the final

concentrations were 2E-3 % and 1E-3 % respectively. (In this case, 0.024 g of the

enzyme has been dissolved in 2 ml of DI water together with 0.002 g indicator.)
After the solution had become transparent (the agarose was dissolved), the beaker
was moved to a cold plate with the same stirring speed and let cool down gradually.
Once it reached room temperature, the enzyme-indicator solution was added and
mixed for a couple of seconds and the mixture was poured into a bigger beaker so
that the polymer layer was not excessively thick. After 10-15 minutes, the polymer
was ready to be placed in a Petri dish to be cut with a 6 mm mould (this time the
mould used has a larger diameter since agarose particles don't swell in acidic

solution). The particles obtained were kept in HCl solution of 1 x104 M at 4°C.

Agarose particles with watermelon seed urease: The agarose solution and the
gel production were obtained similarly as described above using a stock solution of
WMS and indicator. The continuing part of the protocol follows the one described

above.

2.3.2 Experimental setup
The enzyme (urease) and indicator (BTB) were physically encapsulated in hydrogel
particles to perform two types of tests. The first was executed in an unstirred open

reactor divided into compartments at room temperature. Here, 10 ml of increasing
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urea concentration solutions at an initial pH = 4.5 were placed in each compartment
together with a particle and BTB indicator [Figure 36]. Urea concentrations ranged
from 5 x 10° M to 5 x 103 M. The reaction was followed and recorded through a
Thorlab camera (Navitar objective F 1.4/8mm) that captured 360 frames every 10
seconds for a total of one hour of time-lapse. The goal was to evaluate and compare

the particles-biosensor threshold and detection limit.

Side view Top view
camera y=13cm g
L e |® - S
b3
zZ=0.3 cm .tén
118
| . IO $| L] [-] @ L E
light pad X=5cm

Figure 36. Reactivity limit tests experimental setup'®

The second test was conducted in a mixed open reactor at room temperature. In
this case, 2 g of particles were placed in 60 ml of 5 x 103 M urea solution at an initial
pH of 4 (the pH solution was adjusted using 1 x 104 M HCI solution). The beaker
was placed on a magnetic plate, and the magnetic stirrer was set to 500 rpm. The
reaction was followed by an increase in pH with a Mettler Toledo pH meter (InLab®
Semi-Micro) [Figure 37]. The purpose of this test was to estimate the reusability
and reproducibility of the particle biosensor. In particular, particles were left to react
in urea and then re-set using an HCl solution. The particles were tested

consecutively up to ten times and once per week over a month.
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meter

Urea
solution

Figure 37. pH measurement for reusability and reproducibility setup

Data analysis for Test 1 was performed using the image analysis software ImageJ.
The software generates an intensity value associated with a certain shade of colour.
Therefore, a pH scale of 2 to 7 was prepared using an aqueous solution of BTB and
the pH was adjusted using sodium hydroxide (NaOH) and hydrochloric acid (HCI).
Subsequently, the intensity in Image J associated with that particular shade was
recorded and associated with the colour (for further information, see Appendix 3).
Once the colour/intensity scale was created, the pH of each compartment was
determined. In Test 2, all runs were grouped into two plots (one consecutive and

one weekly).

2.4 Methods for characterisation of activity of enzyme networks in
watermelon seeds powder

2.4.1 Production of catalase- and urease-containing powder
50 g of watermelon seeds were divided into small groups and ground twice (IKA dry

mill model A10 basic) for 45 seconds each time. In the intervals between grinding,
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the powder was mixed with a small spatula to ensure a better homogeneity of the
milling. When all the seeds were ground to powder, it was then placed in acetone
in a 1:5 v/w ratio. The mixture was vigorously stirred with a spoon and left to settle
for 20 minutes so that different particle sizes could settle according to their weight,
forming distinct layers where the bottom layer is occupied by the heaviest part, the
shell. Since the shell is identified as the inactive part, it needs to be separated from
the rest of the powder. Therefore, the upper part of the mixture composed of
acetone and active watermelon powder was separated through a Millipore filter
(11.5 um) and a vacuum pump. The bottom part of the settled powder was left in
the decanter. The process was repeated three times to better recover as much active
powder as possible. Once all the acetone had evaporated, the powder was stored

in a closed container at 4°C, ready to be used.

2.4.2 Bubble counter
The bubble counter (Data Harvest Drop and Bubble Counter with EasySense
software) was used to compare the different production rates of oxygen gas from
catalase in watermelon seeds. A mass of 0.1,0.01 and 0.001 g of catalase-containing
watermelon seeds were added to 10 ml of increasing hydrogen peroxide
concentrations from 0.5 to 3% in a glass test tube. The test tube was then closed
with a cup perforated and equipped with a 1 mm capillary connected to a syringe
filled with water. Finally, the syringe was placed in front of a bubble counter which
detects bubbles through an infrared laser, the scheme can be seen in [Figure 38].
When the catalase started reacting with H,0, forming oxygen, bubbles will flow
through the capillary and consequently the syringe, where they are detected by the
bubble counter. The tool is connected via UBS cable to the computer where a

software tracks the number of bubbles calculated.
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Figure 38. Representation of the bubble counter measurement set-up

2.4.3 Oxygen and pH meter
The oxygen meter test was performed to measure the oxygen content in the H,0,-
catalase, glucose-GOX-WM and cellobiose-GOX-B galactosidase solutions using a
Hanna HI-2400 Dissolved Oxygen Meter HI76407 DO probe and Hanna Windows
Software. The pH was measured with a DrDAQ pH logger and probe with the

PicoLog software.

For the first system, we compared experiments with seeds already dispersed in
solution or seeds added dry. 0.001 g of watermelon seeds containing catalase were
combined with water (10 ml) and then added to 20 ml hydrogen peroxide solution
1% or dry to 30 ml of 1% hydrogen peroxide solution, beforehand deprived of
oxygen by nitrogen bubbling for 5 minutes. The solution was then stirred at the

minimum speed to avoid interfering with the oxygen probe.

For the glucose-GOX-WM reaction, 0.001 g of GOX in 10 ml of water and different
amounts of WM in 10 ml of water were added to 10 ml of 30 mM glucose solution
and mixed with a magnetic stirrer at around 600 rpm. The test was performed in the

presence and absence of hydrogen peroxide (0.5 and 0.016%).
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Lastly, for the cellobiose-B galactosidase-GOX measurement, 5 ml of GOX and WM
or urease powder — having final concentrations of 200 for GOX and 112 u/ml for the
urease from both sources, were added to 15 ml of cellobiose 0.15 M. The solution
was mixed with a magnetic stirrer at around 600 rpm, in both the presence and

absence of 0.5% H,0,.

The oxygen and pH metre probes were added first to the hydrogen peroxide
solution. The measurement was recorded through the appropriate software on the

computer. The test scheme can be seen in [Figure 39].

pH meter

Figure 39. Oxygen measurement configuration scheme

2.44 Foam front propagation
The foam produced by the catalase reaction and the watermelon seeds was also
monitored to compare the reactivity of the catalase under different conditions.
Watermelon seeds containing catalase (0.001 - 0.3 g) were added to 10 ml of
hydrogen peroxide (0.5, 1 and 3%) in a test tube placed on a magnetic plate and
mixed with a magnetic stirrer at 900 rpm [Figure 40]. The stirred mixture of
hydrogen peroxide and catalase solution produced a foam because of the oxygen
formed and, most probably, the natural phospholipids contained in the seeds. The
foam front propagation was recorded every 10 seconds in time-lapse by a Thorlab
camera (Navitar objective F 1.4/8mm) that captured a total of 360 frames, later

analysed.
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Figure 40. Foam front propagation configuration

2441  Analysis
The foam front propagation data was captured in a video and then characterised
via Matlab® (the full process is included in Appendix 4). The front was measured by
setting the initial solution’s height, using the change in intensity on the image at
the air and water interface at time zero- before the foam formation, and at the final
time expressed as the time when the maximum foam front expansion occurs. The
code would then automatically measure the foam growth in time, from the change
in intensity at the foam-air interface in each image, giving the final plot of position

in time.

2.5 Methods for production and monitoring of enzyme-loaded
chemomechanical gels

2.5.1 pH-responsive filaments production
We followed the work of Ogawa et al. for the synthesis of thin cylindrical
polyelectrolyte gels with some minor modifications®*'°" [Figure 33]. Twelve glass
capillaries (wall thickness: >1mm; diameter: 1.0 mm) were placed in a Schlenk tube
closed with a silicon septum and cooled to 10 ° C using an oil bath.
5.5 ml of DIO water were added to the test tube and mixed with 0.03 g UP and
0.015 g GOX or 0.5 g of WM plus 0.015 g GOX, according to the enzyme source that

is used.
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The ratio between the urease activity of standard urease powder and watermelon

seeds is:

UP 34920
WM~ 2000

u u
UP = 25920— WM =2000— -
g g

The glass test tube was deposited in the oil bath to refrigerate it at 10 ° C. Once the
desired temperature has been reached, the remaining compounds were added in
the following order: 1.13 g of NIPA, 0.66 ml of BIS, 0.63 ml of VIM, and 1.2 ml TEMED,

mixing thoroughly until dissolution.

The APS solution was deoxygenated by bubbling nitrogen gas for 10 minutes. Then,
the polymerisation reaction was initiated by injecting 0.9 ml APS solution. After
thoroughly mixing for ~10 seconds, the pre-gel solution was immediately
transferred to the Schlenk tube purging with nitrogen gas, then the septum was
closed on the Schlenk. It is necessary to keep it immobile at ~10 °C for 1h. Lastly,
the cooling was stopped and it was slowly warmed to room temperature. The
capillaries were removed from the jellified mass with metal tweezers and put in a
Petri dish half filled with tap water. Subsequently, they were placed in a large Petri
dish with warm tap water and the gel filaments were pulled out from the glass
capillary one by one with a smaller capillary tube. Lastly, the gel filaments were
stored in a dilute NaCl solution (1 M) at 4 °C. The TEMED, Bis, and Vim solutions can
be kept in a refrigerator for a few days. The APS solution should be prepared on the
same day. An aqueous suspension of native urease, extracted from watermelon

seeds, or a solution of the commercial enzyme, should be prepared freshly.

2.5.2 Experimental setup
The gel in the form of a filament is equipped with enzymes and an indicator
(Bromothymol blue, BTB, pKa = 7.2) and placed in a 50 ml urea solution. For the
reaction time test, the gels which were initially colourless, were placed in 5 mM urea

solution (the pH was adjusted using 1E-4 M HCI solution) containing BTB, in an
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unstirred open reactor, a 60 mm Petri dish, at room temperature and let to react for
one hour. When the pH started increasing, both the filament and solution turned
blue because of the indicator [Figure 41]. The whole process of detection and

consequent output signalling works according to a reaction-diffusion mechanism.

d= 60 mm Top view

o .
—_—
Urea 1

Figure 41. Schematic representation of the urea urease test 1 setup:
gel filaments with enzymes in a solution of urea and acid.

Regarding the reusability test, the filament was placed alternately in 5 mM urea and
30 mM glucose solutions in order to reset the filament to low pH [Figure 42]. In this
case, the filament was originally colourless and it turned blue after reacting with
urea. The same filament was then placed in a glucose solution, which generated
gluconic acid and the pH decreased. At this point, the filament reacted chemically,
indicated by turning its colour yellow, and mechanically by swelling due to the acidic

solution.
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Figure 42. Schematic setup for Reusability test 2: gel filaments were placed alternately in urea/acid
solution and glucose solution.

For the glucose reaction [Figure 43], the filament previously placed in urea to set it
at high pH, was then used firstly with 30 mM glucose solution alone and then
combined with 0.5% hydrogen peroxide to analyse and compare the reaction rate
and area growth ratio. Hence, in this test, instead of using the optical indicator to

determine the reaction characteristic, the filament area was taken into account.
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d= 60 mm Top view

\ time

Glucose

Figure 43. Glucose GOX test 3 representation setup: gel filaments were placed in glucose solution or
glucose with hydrogen peroxide

Finally, to perform the oxygen production test [Figure 44], the filaments were
placed in three different hydrogen peroxide concentrations (0.5, 1, 3%) to study the
effect of the concentration on their expansion. Also, in this case, the chosen

parameter to study the reaction effects was identified in the area of the filaments.

d= 60 mm Top view

A
A,

time

Hydrogen
peroxide

Figure 44. Hydrogen peroxide - catalase reaction test schematic representation
to assess the filament as oxygen-responsive

The reactions were followed and recorded through a Thorlab camera (Navitar
objective F 1.4/8mm) that captured a total of 360 frames every 10 seconds for a
total of one hour of time-lapse [Figure 45]. The goal was to evaluate and compare
the filaments' chemo-mechanical activity and robustness with simple enzyme

reactions and chemical reaction networks.
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Figure 45. Experimental setup of all tests

2.5.3 Analysis
Analysis was performed according to the technique explained in the previous
section [Immobilisation of protein microbodies in hydrogel particles for possible
applications in threshold sensing]. In particular, the video analysis for Tests 1 and 2,
was accomplished using the image analysis software ImageJ. The software creates
an intensity value related to a certain shade of colour. Hence, a pH scale of 2 to 7
was arranged using an aqueous solution of BTB and the pH was adjusted using

sodium hydroxide (NaOH) and hydrochloric acid (HCI).

The intensity in Image) associated with that particular shade was recorded and
related with the colour observed. Once the colour/intensity scale was created, the
pH of each test was determined. Therefore, when the pH-responsive filaments react
by changing the colour from yellow (acidic environment) to blue (basic
environment) or vice versa, the intensity was determined and associated with a pH.
The absorbance was calculated from the intensity I using log(1/10), where IO is initial

intensity.

Due to the swelling and shrinking nature of these gels, in addition to the pH study,
an analysis of the apparent area occupied by the gel was performed. The work was
carried out using the same image analysis software to determine the size of the

filaments by a customised process. Specifically, the test involved time-lapse images
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of the filaments in proximity to graph paper to calibrate the length scale. The
software Image) was utilized to analyse the recorded data. The images were
transformed into an 8-bit format, and the threshold option was employed to
facilitate object recognition. Once the objects were detected, the circumference was
traced, and the software provided the area of the detected object. The data were

collected to obtain plots of the area versus time.
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3. Particle biosensors: the influence of particle size on
response times in enzyme reactions with feedback
3.1 Overview
Biosensors with immobilised enzymes are part of our daily lives. New technologies
have been developed to make them smaller, more sensitive, durable and
biocompatible. In this regard, it is important to study the parameters that influence
the response of the sensors such as the support material, where the enzyme is
trapped, the encapsulation technique, and the enzyme activity. When dealing with
an autocatalytic reaction, the positive feedback mechanism can also be used to tune
the sensor properties. In this paper, we investigate the optimisation of parameters
in enzyme particle biosensors in order to decrease the response time. We use the
autocatalytic urea-urease reaction and entrap the enzyme in thiol-acrylate polymer
particles for the detection of urea. Particular attention has been paid to the particle
size and both lab experiments and computational simulations were used with the
aim of better understanding the behaviour. We have shown that there is an
optimum radius that can be achieved to minimise the response time of the
biosensor and that the diffusion of both the substrate urea and product ammonia

from the particle plays an important role in the response time and signal stability.

3.2  Introduction
The immobilisation of biocatalysts in hydrogels is of great interest to better
understand natural systems and also for industrial applications. In particular,
biomolecules trapped in polymers can be used to replicate complex processes such
as biofilm formation or as sensors and catalysts in bio-reactors'”’. One of the most
widely used biocatalysts due to its well-known kinetics and mechanism is the
enzyme urease. Urease catalyses the hydrolysis of urea into ammonia and carbon
dioxide and is of great importance for metabolic processes and cellular phenomena,

as well as in urea biosensors™.
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Many biocatalytic processes involve the presence of feedback?®7497. Feedback takes
place when a product generated later in the reaction has an influence on the rate
of its own production. In the case of urease, feedback occurs because the reaction
produces ammonia and there is an optimal rate at pH = 7. If the reaction starts at a

low pH, then the ammonia raises the pH and the rate increases’.

Under defined conditions, autocatalytic reactions such as urease-catalysed
hydrolysis of urea that show positive feedback mechanisms in their kinetics can
exhibit clock behaviours'®, The characteristic of clock reactions is the increase in
the concentration of one species after an initial delay time, and once this new
regime is reached, the reaction reaches equilibrium in a closed system. For reactions
such as the urea-urease reaction, it is also possible to observe ultrasensitivity’>11 .
This is a phenomenon in which a small change in the input stimulus corresponds to
a large variation in the output signal under conditions far from equilibrium. Unlike
the clock reaction that is observed in time, ultrasensitivity is obtained by changing
one parameter and generating a threshold variation in a second parameter, similar
to an ‘on-off’ switch?®19, Furthermore, ultrasensitivity is interesting since it is linked
to more complex behaviour such as bistability, oscillations”'" and applications in

detection and sensing 083109,

From this, it is clear that a better understanding of how to regulate and trigger these
mechanisms is needed in enzyme biosensors. The number of parameters, narrow
range of conditions for certain behaviours, and lack of reproducibility can make it
difficult to find optimal behaviour in experiments. Therefore, in this work, we use a
combination of simulations and laboratory experiments to evaluate the best
conditions in which to operate. Our system involves a spherical hydrogel particle in
which the enzyme and indicator are physically encapsulated. Subsequently, the
particles were placed in urea solution. The particles were fabricated through an
emulsion technique using pH-dependent thiol-acrylate polymerisation®”%8, Urease

has been encapsulated in many different types of hydrogel®, however here we
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decided to use the thiol-acrylate polymer because of its easy fabrication, improved
stability to trap the enzyme and its biocompatibility and harmlessness®’. At the
same time, a kinetic model of the urease-particle was developed and used to better

identify the conditions leading to ultrasensitivity and fast response time.

Specifically, this work aimed to decrease the reaction time in order to get a faster
output signal. Parameters affecting the sensor response time include e.g., enzyme
concentration, mass transport coefficients, and especially particle size. Generally, for
standard particle biosensors, the smaller the size, the faster the response®. We
found out that in contrast to standard sensors, a decrease in the urease particle size,
or radius, results in a decrease and then an increase in response time. Previous
studies with autocatalytic reactions on catalytic particles have shown that there is a
correlation between the size of the particle and the period of oscillation or
oscillation frequency. The studies also show that there is a minimum radius below
which the reaction is not observed''-12. Here, we show that in autocatalytic
biosensors, it is possible to tune the system to identify an optimum radius for
minimum reaction time, to balance the diffusion in of substrate urea and the

diffusion out of the product, in this case, ammonia.

Lastly, similar to previous studies, we have shown there is a radius below which no
reaction is observed. In this work, we are going to refer to it as a cut-off point. This
arises when the diffusion of ammonia out of the particle is faster than the rate of
the autocatalytic reaction. We also include preliminary investigations in particles
with mineral oil-gel shells designed to reduce the transport of species between the

solution and particle.

3.3 Methods

The experimental methods are covered in chapter 2, section 2.2.

The simulations allow us to determine general trends and behaviours by changing
the reaction parameters. The model represents a particle at low pH in which the

enzyme (E) and indicator (I) are encapsulated. Subsequently, it was placed in urea
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solution (S). Once urea diffuses inside the particle, it reacts with the enzyme and will
produce ammonia (P). When enough ammonia is formed, the pH of the particle will
change from 4 to 7 and above and the indicator will fluoresce (C), demonstrating
that the reaction has occurred [Figure 46]. In this work, the model was developed
considering the concentrations in the particle and the surrounding solution. We
assumed that the particles are sufficiently small, such that the pH changes uniformly
both on a particle and in the outer solution. For simplicity, an ordinary differential
equation ODE model was used. Hence, this model is not expected to quantitatively
reproduce the experiments. (For more information on the model approach, see

Appendix 1).

Substrate solution

S = substrate
P = product
E =enzyme
I = indicator
C =colored |

Figure 46. System Model representation

The reactions describing the system are taken from the previous work conducted
by Hu et al.”*

CO(NH,), + H,0 ——5 2NH; + CO, (3)

NH} & NH; + H* pKa= 9.25 (11)

CO, + H,0 & H* + HCO; pKa=65 (12)

HCO; & CO%™ + H* pKa=10.25 (13)

H,0 & H* + OH~ (14)

Equations 11-14 are used to determine pH. These equilibria result in 8 rate

equations coupled with mass transport of species. The enzyme rate, v, follows the
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Michaelis-Menten outline considering pH dependence, substrate and product

inhibition:
UmaxU
v= U [NH}] K [H*] )
(s o 14 ) B 0 i+ D
‘Umax = kE[E]T (16)

Vmax 1S the maximum rate, [E]; is the total amount of enzyme and U is urea. Ky, is
the Micaelis-Menten constant, Ks and K, are the equilibrium constants respectively
for uncompetitive substrate and product inhibition. The relation between the rate
equation (7) and the concentration of acid is given by:

Kesz [H+]
(1 + (] + Keﬂ) (17)

This is due to the rate dependence on the enzyme-substrate complex active

protonated form (K,,,) and inactive protonated form (K,).

Two different models were used to simulate particles fabricated with hexane and

the ones obtained by mineral oil.

The rate equations for all species in the particle are as follows:

ACONHL — gt (10 £2) rcowity)al, ~ [cowvmy.D) (18)
d[lz:%] = 2R + ky, [NH] ] — k,[NH;][H*] + (m * %) [NHso — NH5] (19)
NI w1t - e v + (52) vz, - i1 20)
d[g fz] = R + kg [H*][HCO3] — k3, [CO] + (?) [€020 = CO2] (21)
% = ksr[CO,] — ks [HCOZ][H*] — kyr [HCOZ] + ky[COZT][HY]

ks _ _
+ (71) [HCO3, — HCO3] (22)
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d[co37]

Ksi\ 1oor _ -
2 = ke [HC031 — ke [COFNH + (<) [C03; - €03l (23)

d[H*]
dt

= ks, — ks[H*][OH™] + kyy [HCO3] — ky[COZI[HT] + k3, [CO,] —

ks [HCOTNH] + kop [NHF] = lea [NHS][HY] + (0 =2) ([H*], = [HY])  (24)

d[OH"]
dt

Ko\
= sy = ks[H*1[0H ]+ (p «=2) [0H — 0H") (25)

The rate equations for all the species in the surrounding solutions, with subscript o,

are:
d[CO(NH,),] r
S o= —lx kg2 N rx o= ([COWNHR), l, = [CO(NH,),]) - (26)
d[NH;], r
Tzer*NH40—k2*NH3O*Ho—m*ksl*N*r*V(NH&,—NHg) (27)
o
d[NH]], r
—a - —ky * NHy, + ky * NH3, * Ho — kg * N * 1 * o (NH,, — NH,) (28)
o
d[CO0,], r
=—k—3r *C0yy, +k3*H,* HCO3, — ksl * N x 17 x — x (CO,
dt Vo
—C0,) (29)
d[HCO3],
T=k3r*C020—k3*HC03O*HO—k4r*HCO3O+k4*CO3O*HO—ksl*N
r
x1*—x (HCO3, — HCO3) (30)
Vo
d[co3~ r
% = kar * HCO3; — ky » CO35 % Hy — kg x N x7 x 7 x (COZ; = C037) (31)
d[H"],
dt = kz-r- * NH4O — kz * NH30 * HO + k4-‘l" * HCO3O - k4 * C030 * HO + kST - k5
r
*HO*0H0+k3r*COZO—k3*HCO30*H0—0*ksl*N*r*%
x (H, — H) (32)
d[OH™], r
Tzk5r—k5*HO*OHO—p*ksl*N*r*%*(OHO—OH) (33)
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Where R is the enzyme rate and kg is the mass transport coefficient of the
substances contributing to the reaction. The transport coefficients are related to the

radius of the particle r by the correlation:
I = ksl [1] 34
= I3 (34)

The mass transfer coefficient has units % 113114 and its value depends on the

diffusion coefficient of the species. Therefore, an increase in the diffusion coefficient
or kg, or a decrease in the radius of the particle, results in faster transport, and the

rate of transport of substrate to a particle is given by:

d[S]
ek k([Slo —[S]) (35)

Where [S]o is the concentration of substrate in the solution.

The mass transport coefficient from solid particles to liquid kg, is in the range 107* —

10‘1%; for unstirred solutions, we took 1073 from Pangarakar et al."’. The

parameters |, m, o and p are included to account for the relative rate of diffusion of
urea (I) compared to ammonia (m), protons H*(n) and OH~ (p) in different materials.
The thiol-acrylate polymer exhibits a hydrophobic polymer surface, as illustrated in
[Figure 48], which suggests that the diffusion of neutral species is expected to occur
at a higher rate compared to charged species. In lipid bilayer membranes, the
relative permeability of species follows the order ammonia > urea > H*, and this
sequence of transport rates was utilized for the particles synthesized in hexane®.
In the case of shell-core particles, the oil layer acts like a barrier for charged species
like H*and OH~, whereas non-charged urea and ammonia diffuse faster through
the hydrophobic oil layer. It also helps to trap the ammonia and ammonium formed
by the reaction making the pH increase faster and be more stable in time. The
transport rate of all species was reduced compared to the particles produced in
hexane, and the transport rate of ammonia and urea was assumed to be faster than

H* and OH". The values used were chosen to best match the experimental results.
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For the solution, the change in chemical concentration in time depends on the rate

of transfer (%) and also the dilution in volume from particle V, to solution Vo:

4mr3

ksi(——) ([S]o = [S]) = kaNT? ([STo — [S]) (36)

rVo Vo

d[Slo
dt

=52 (Slo = [SD =

The dilution factor is expressed as VK and assuming that the particles are spherical,
0

their volume can be written as V = gnr? Setting the constant N = gn ~ 4, we arrive

at the final formulation of the equation (26) already seen in the previously shown

rate equations:

USlo _ jsru N wrnrt 37
— * * X —_—
a0 A (37

The dilution factor is important to assert that not only the number of particles is not
influencing the external solution pH when the reaction occurs, but also that the

particles are sufficiently diluted that they do not even influence each other.

The initial values of the parameters used to simulate the process using hexane are

as follows:

units
ml’

[l=2,m=20,0=1p=1E=80
cm
r=1%x10"2%to0.1cm ksl=3x 10‘4T, v, =20ml
The initial values of the parameters used to simulate the process using mineral oil
are equal to the ones used for hexane, except:
l=1m=10%kyg =ky=9%X10"5s"1,pxkyg= koy =45%x1075s71

The enzyme concentration was taken lower than the theoretical value to take into

account the possible loss of enzyme in the solution.
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The rate constants and enzyme constants are’:

ke 43 x 10" M Ts1 kor 24 571

ks 79 x 10* M1 s et 0.037 s

ks 5x 1019MT s kar 285"

ks 1x 10" M1 71 ks 1x10e3Ms™
ke 8 x 1077 unit" mI M s’ K 0.003 M

Kp 0.002 Kes1 5x10°®

Kes2 2 x 107

The initial conditions in the particle and solution, unless otherwise stated, are

imposed as:
So 3x10°* M S oM
P, oM P oM
H, 1x107*M H 1Xx107*M
OH, 1x10710M OH 1x 10710 M

The equations were solved using the XPPaut software package with the CVODE
integration method’4-13. The model files are given in Appendix 2 and include all of

the rate constants and parameters.

3.4  Results and Discussion
In the following sections, we compare the results obtained via experimental

methods and simulations, respectively.

3.4.1 Experimental results
With the emulsion polymerisation in hexane, the urease-particles were obtained

with a range of sizes from ~ 100 um — 2 mm [Figure 47]:
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Figure 47. Distribution of particles sizes obtained through the emulsion polymerisation with hexane
expressed via density vs radius and count of particles vs radius

A distribution of particles containing urease and pyranine was placed in 0.3 mM
urea solution and the urea-urease reaction was observed using both bright-field
and green fluorescence microscopy as shown in [Figure 48]. In particular, in [Figure
48 a)] there are three particles having radii between 0.25-0.30 mm. The first picture
shows a bright-field image used to determine the size of the particles; the scale bar
is set at 0.5 mm. The following three fluorescent images show the same particles at
times of 2, 4 and 6 minutes since the beginning of the reaction. In [Figure 48 b)] a
set of larger particles with a radius from 0.35 to 1.4 mm is shown, with the first
picture taken in a bright-field. The subsequent fluorescent images show the

particles reacting in time at 3,8 and 13 minutes since the start of the reaction.

It can be observed that for this range of sizes from 0.25 to 1. 4 mm, the particles
with a smaller radius have a faster output response compared to those with a larger
one. This is due to the urea diffusion within the particle and faster increase of urea
in the smaller particle which reacts with enzyme to form ammonia, generating an
increase in pH and the consequent pyranine fluorescing. It may be noticed that the
very small particles in Figure 2(a) never react. This is attributable to the fast loss of
ammonia from the particle, compared to the rate of reaction. Therefore, ammonia

does not have time to accumulate inside the particle and the pH never increases.
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Figure 48. Thiol-acrylate a) small and b) large urease-particles in which urease powder and pyranine are
encapsulated and placed in 0.3 mM urea solution at pH 4. The first image shows the particles in a bright
field. The following pictures show the output response in time in terms of increasing fluorescence as a

consequence of pH increase due to the urea hydrolysis reaction, scale bar 0.5 mm.

On sufficiently large particles, autocatalytic reactions may result in a front or a wave
instead of the particle reacting uniformly®8117.1% In [Figure 49] the spatial variation
in intensity along the particle diameter is displayed for different size particles. Under
the conditions used here, the particles appear structured internally, possibly as a
result of some phase separation of the thiol-acrylate polymer. In the first two plots,
the particle with radius r = 0.22 mm and r = 0.80 mm, the intensity increases
uniformly across the particle as the reaction proceeds, meaning that there is no
reaction-diffusion front. Regarding the third particle, where r = 1.4 mm, there is
some evidence of a reaction-diffusion front starting to propagate. In this case, the
reaction starts at the edges of the particles and consequently, it diffuses towards
the centre. The uniform growth of the intensity in a small particle is an important
assumption in the choice of ODEs in the computational model; it can be seen that

this is likely valid up to a particle radius < 1.4 mm.
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Figure 49. Intensity profile along the diameter of the urease-particles in 0.3 mM urea solution at pH 4.
The sizes of the particles considered were r = 0.22, 0.80, 1.4 mm. For the first two, the intensity changes
uniformly, whereas for the bigger particle, the effect of the reaction-diffusion waves starts showing and
the reaction propagates from the edges towards the centre of the particle.

A comparison of the different particle biosensor reaction times is shown in [Figure

50]. The reaction time is defined as the time required to reach the maximum relative

intensity. Here the fluorescence intensity is plotted in time for five different particles.

Particles below r= 0.1 mm didn’t show any fluorescence and therefore the intensity

value is constant and equal to 10, which is similar to the background intensity.

Particles with a radius < 0.30 mm start to react and exhibit an output response, but

then the intensity gradually decreases. When the radius reaches values around 0.3

- 0.40 mm, the fastest response time is achieved without dampening. For particles

larger than this, the maximum intensity value is slightly improved, however the

reaction time is slower.
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Figure 50. Intensity vs time for increasing urease-particle size in 0.3 mM urea solution at pH 4,
and reaction time vs relative intensity for each particle size. Scale bar 0.5 mm

The data for all particles is summarised in [Figure 51]. Here, the average reaction
time is plotted as a function of the particle size. It can be noticed that the optimum
radius in terms of fastest reaction time is found to be ~ 0.3 mm. Above and below
this value, the particles require longer to react and display the output response. In
particular, for radii below 0.1 mm, no reaction has been observed, and therefore,
this value has been identified as a cut-off point as the minimum particle radius
capable of detecting urea and giving an output response signal. The large error at
larger particle sizes > 1 mm is likely a result of the formation of reaction-diffusion

fronts formed sometimes in these particles.
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Figure 51. Average reaction time vs. particle radius for urease-particles showing the standard deviation
for the average reaction time and radii respectively. Particles were placed in 0.3 mM urea solution at pH
4. Particles with a radius below the cut-off point do not display an increase in fluorescence.

Lastly, in order to further study the effect of the mass transport between the particle
and solution on the intensity and consequently the reaction time, particles produced
using an emulsion with mineral oil were studied and compared with ones prepared
in hexane. The thiol acrylate polymerises in the mineral oil forming an oil-gel layer
around the hydrogel core. This extra layer is expected to reduce the transport of
species between the particle and solution; particularly the charged species such as

protons.

In [Figure 52] there are two sets of particles having an internal water core
containing pyranine and an outer oil layer, the ‘shell’, both in bright field and green
fluorescence. To see the effect of the shell on the particle under different conditions,
two sizes were chosen: 0.3 and 0.42 mm. The emulsion particles were placed in urea
solution and the urea-urease reaction was observed. In this case, the fluorescence
was observed only in the internal core due to pyranine’s hydrophilic properties. It
appears that, for both sizes, the oil layer delays the intensity increase compared to
the particle having the absence of a shell because of the reduced transport rate of
urea. However, for smaller particles, once the urea diffuses in the core and ammonia

is formed, the intensity appears to be more stable with a shell compared to no shell.
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This may be because the shell encapsulates and traps better the reaction product

ammonia/ammonium inside the core, delaying their diffusion to the outer solution.
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Figure 52. Relative intensity comparison between urease-particles made in hexane (no shell) and in
mineral oil (shell) for particle radii of 0.35 and 0.4 mm

In summary, the general clock profile typical of autocatalytic systems is observed
here?”108118 The clock time depends on the particle size as a result of the diffusion
of urea and ammonia between the particle and solution. Below a radius equal to 0.1
mm, particles have shown no reaction due to the fast diffusion of species from the
particle surface to the solution. When the size is around r ~ 0.15 mm, urea will
diffuse quite rapidly; however, ammonia will leave the particle as rapidly, causing a
delay in time for the pH to increase and consequently pyranine to show. In contrast,
when the particle size is larger, urea will take longer to diffuse in and react with the
enzyme. Thus, in a similar way, ammonia will accumulate inside the particle, and it
will take longer for it to leave. We found that there is an optimum radius (r~ 0.35-
0.45 mm) for which particles have a fast response time. Usually, when working with
sensors and general reactions, the smaller the radius, the faster the reaction®.
However, when autocatalytic reactions are used, this is not necessarily the case. We
have shown that in order to get the best performance when working with
autocatalytic reactions in particles, the radius is a key parameter to take into

account. Therefore, in terms of sensors, in addition to the classical parameters on
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which one usually operates, such as catalyst activity, supporting material, and
encapsulation technique, here we demonstrate there is an optimum particle size for

processes involving autocatalysis.

3.4.2 Simulations
Computational models help us to understand and optimise a system in order to
save time and resources. Therefore, since the system presented in this paper is
regulated by many parameters, a kinetic model was produced to predict and
interpret its behaviour. The purpose here is to give a qualitative rather than
quantitative description to compare with experiments. The model is based on earlier
work13.100106 and the files can be found in the Appendix. It is important to specify
that the ODE computational model is valid only for particles up to r~ 1 mm, this is
due to the reaction-diffusion front that starts in the particles when the radius has

bigger values.

The simulation results are shown for particles obtained through hexane and

particles produced via mineral oil in two different sub-sections.

3.4.2.1 Particles in hexane
In [Figure 53] the profiles of pH, urea, and ammonia in the particle produced via
hexane are plotted vs time. The pH profile can be correlated with the relative
intensity previously seen in the experimental results section. As previously seen,
there is an optimum radius for the fastest reaction time which is around 0.35 mm.
For very small radii (0.1 mm), the pH doesn’t increase due to the ammonia's fast
effective diffusion, or high transport rate constant & the particle surface area is large
compared to the volume hence k = % = %is large. Then, as the radius increases, the
pH increases after a delay associated with the time required for urea to build up in
the particle and react with the enzyme, but also the time taken for ammonia to
increase in the particle. For each pH profile, there is a maximum pH and after

reaching the maximum value, the pH starts decreasing. This is due to the loss of
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ammonia from the particles to the solution. Specifically, in small particles the
ammonia produced will leave faster and therefore, the decrease in pH is more
evident. In contrast, as the particle size increases, ammonia will take longer to
diffuse out. The simulations show that for hexane particles after reaching a

maximum pH the value decreases due to the diffusion out of ammonia.

The urea profile shows that for very small radii (r ~ 0.1 mm) the concentration of
urea in the surrounding solution equals the one inside the particle as a result of the
fast transport of urea in. Then, the process gets slower and the delay time is
proportional to the particle size; for bigger radii urea needs a longer time to build
up in the particle. It can be observed that for intermediate radii there is a plateau
before a consequent decrease. For big particles, urea reaches a maximum and
immediately decreases. This can be attributed to the competition between diffusion
and reaction time. Intermediate particles are dominated by a reaction-limiting
mechanism, whereas big particles are dominated by a diffusion-limiting mechanism.
For simplicity, it can be said that in medium particles urea diffuses in quickly and
then time is needed for the reaction to start. In big particles, diffusion takes long
enough for the urea to be immediately converted into ammonia before reaching a

plateau.

Lastly, the ammonia profile is qualitatively similar to the pH profile. The time
required for ammonia to be produced and the consequent decrease depends on
the particle size. For small particles, the reaction either does not occur or the rate
has a very small value because the ammonia transport out of the particle is fast so
the pH does not increase and for urease, the fastest rate occurs at pH = 7. For bigger
particles, the ammonia reaches higher values as a result of a slower transport out of
the particle. Again, it can be observed that there is an optimum radius around r=0.35

mm for the fastest response time.
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Figure 53. Simulated pH, urea and ammonia concentrations in the particle fabricated via hexane vs time
for different particle radii (0.07 — 0.85 mm). The initial concentrations are: [Ujo = 0.3 mM, pHo = 4 in
the surrounding solution and pH = 4, £ = 80 u/ml in the particle.

In [Figure 54] the plots show pH, urea and ammonia profiles inside the particle
fabricated with hexane vs time fixing the radius at 7 = 0.35 mm and changing the
urea concentration. Regarding the pH, it can be observed that the more the initial
concentration of urea is increased, the more the pH growth is fast and the final
reached value is high. Urea also diffuses inside the particle faster, and the ultimate
value reached is proportional to the initial urea concentration. Lastly, since ammonia
is strictly dependent on urea, it is easy to predict that the higher the initial
concentration of urea, the faster ammonia will be formed. In the same way, the more

urea is in the particle, the more ammonia will be produced.
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Figure 54. Simulated pH, urea, and ammonia profiles vs time in the urease-particle fabricated with
hexane with radius r = 035 mm with varying urea concentration (1e-5 — 5e-3 M). The initial
concentrations are: pHo=4 in the surrounding solution and pH = 4, E = 80 u/ml/ in the particle.
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A summary of the behaviours previously explained is presented in [Figure 55]. It
shows a plot of particle pH vs urea from the data in [Figure 54], which illustrates
the ultrasensitivity seen in previous work with urease particles®>. There is a sharp

increase in pH for a small increase in urea.

The reaction time is plotted by increasing the particle radius and is taken as the time
to reach the maximum pH. In agreement with the experimental results, it can be
seen that below the radius ~ 0.2 mm, no reaction is observed due to fast effective
diffusion, or transport, of ammonia out of the particle. For bigger particles, the
reaction time is slower because in this case the urea transport time inside the
particle and its consequent production of ammonia are longer. However, there is an
optimum particle radius for which the urea diffusion in is fast enough and the
ammonia diffusion out is slow enough to allow the pH to increase with the fastest
response time. The second plot on the left shows the radius versus the urea
concentration representing the ultrasensitivity plot. In earlier works with urease
particles, activity was observed in smaller particles of 100 um but in this case the
concentration of urea was much higher (75 mM) and the critical radius in

autocatalytic reactions depends on the concentrations'7:119,
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Figure 55. pH vs urea plot showing the ultrasensitivity obtained with the hexane particles system (left).
Reaction time vs radius for simulations of particles made via hexane with initial concentrations:
[Ulo = 0.3 mM, pHo = 4 in the surrounding solution and pH = 4, £ = 80 u/ml in the particle (right).
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3422 Particles in mineral oll
Following, in [Figure 56] it can be observed the behaviour of particles produced
with mineral oil. The plots represent pH, urea and ammonia vs time, respectively.
Similarly, as previously seen for the hexane particles, an optimum radius can be
identified with r= 0.35 mm. Below and above this radius value, the particles show a
slower reaction time. This is a main difference compared to the hexane particles
already reflected in the experiments. Specifically, it is that the mineral oil particles
are slower than the hexane ones in terms of reaction time. However, once they react
pH value is more stable in time. This is due to the oil layer surrounding the particle
refrains ammonia from diffusing out and the species like protons and OH~ to diffuse

inside the particle.

Equally, in the urea profile, the surrounding solution concentration of urea in a very
small radius (r ~ 0.07 mm) is equal to the concentration of urea in the particle due
to the rapid transport of urea. Then the process is slower, and the delay time is
proportional to the size of the particles; for larger urea radii, it takes longer to
accumulate. In the intermediate radii, there can be seen a plateau before a
corresponding decrease. In the case of large particles, urea reaches its maximum
and decreases immediately. Again, this is due to the competition between diffusion
time and reaction time. The intermediate particle is dominated by the reaction
limitation mechanism, and the large particle by the diffusion limitation mechanism.
So, in medium-sized particles urea can be quickly distributed throughout the
particle and then the reaction starts to consume urea. In larger particles, the
diffusion takes long enough to convert more urea to ammonia before reaching a

plateau.

Once more, the amount of ammonia produced dictates the pH behaviour and it is
correlated with the particle radius. An optimum radius = 0.35 mm gives the fastest

response time.
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Figure 56. Simulated pH, urea and ammonia profiles in the particle fabricated via mineral oil vs time for
different particle radii (0.07 — 0.85 mm). The initial concentrations are: [UJo = 0.3 mM, pHo = 4 in the
surrounding solution and pH = 4, £ = 80 u/ml in the particle.

The graph in [Figure 57] shows the pH, urea, and ammonia profiles inside the
particles manufactured with hexane, while the radius is determined at r= 0.35mm,
thereby changing the concentration of urea. As far as pH is concerned, it can be
observed that the higher the initial concentration of urea, the faster the growth of
pH and the higher the final value. Urea is also faster to spread within the particles,
and the final value reached is proportional to the initial urea concentration. Finally,
since the concentration of ammonia is strictly dependent on initial urea, it is easy to
predict that the higher the initial urea concentration, the faster ammonia will form.
Similarly, the more urea there is in the particle, the more ammonia is produced. The
main difference again is that, although mineral oil particles are slower showing the
reaction time, once the reaction has happened the values of pH, urea and ammonia

are more stable over time.
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Figure 57. Simulated pH, urea, and ammonia profiles vs time in the urease-particle fabricated with
hexane with radius r = 0.35 mm with varying urea concentration (1£-5 — 5E-3 M). The initial
concentrations are: pHo = 4 in the surrounding solution and pH = 4, E = 80 u/ml.
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Lastly, in [Figure 58] it is shown a plot of the ultrasensitivity trend on the left and
the reaction time versus the radius on the right. The ultrasensitivity plot is not
different from the hexane particle one. Correspondingly, the reaction time plot is
qualitatively similar to the previous one, however as it was observed before, mineral
oil particles require a longer time in order to react, therefore the reaction time here

assumes a higher value.
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Figure 58. pH vs urea plot showing the ultrasensitivity obtained with the mineral oil particles system
(left). Reaction time vs radlius for simulations of particles made via mineral oil with initial concentrations:
[Ulo = 0.3mM, pHo = 4 in the surrounding solution and pH = 4, £ = 80 u/m/ in the particle (right).

Thus the experimental results and simulation match qualitatively and have
similarities on a quantitative level. For future applications, the model can be used to
tune the system and set parameters to obtain optimal behaviour. It would also be
possible for instance, to change the kg, with the aim of simulating other support
materials or polymers to encapsulate the enzyme urease. It is expected that the
general trends presented here for reaction time vs radius will not depend on the

type of polymer used; however, this requires further investigation.
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3.5 Conclusions
In this chapter, we have presented experiment and model results for optimising
particle biosensor response in an enzyme reaction with feedback. In particular, in
contrast to other reactions, when dealing with autocatalytic reactions apart from the
standard parameters commonly used such as enzyme concentration, support
material, entrapment technique etc... an important role is played by the particle size
or radius, and the transport of both the substrate in and product out of the particle
must be taken into account. The main goals here were to optimise both reaction
time and the signal amplitude. These two features will determine the best biosensor
output response for different applications. The approach involved a computational
model in order to help understand the system and tune parameters in the future.
The experiments and simulations have been compared qualitatively and found to

be in good agreement.

The enzyme and indicator (pyranine) were encapsulated in a thiol-acrylate polymer
particle via physical entrapment. A range of different particle sizes, or radii, was
obtained through emulsion polymerisation using hexane. For both of them, it was
shown that very small particles were unable to react as a result of the fast diffusion
of ammonia out of the particles. On the other hand, large particles take a longer
time to react due to the limiting effect of urea transport in the particle. However, in
this case, the signal amplitude seemed more stable due to the long time for the
product ammonia to diffuse out. For a particle of r = 0.35 mm, it was found that it
was an optimum in terms of reaction time and signal amplitude. The particles in this
range react faster than at lower or higher r showing that size plays a crucial role in

the biosensor output response.

Lastly, to further investigate the transport effects, urease-particles made using thiol-
acrylate emulsion polymerisation in mineral oil. In this case, the particles formed an
internal core of hydrogel in which enzyme and indicator are trapped and an external

oil-gel, or shell. The shell and non-shell particles (made with hexane) were compared
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and it was found that although shell particles take longer to respond, the signal is
more stable in time. The phenomenon is attributed to the oil layer which delays the
diffusion of urea inside the core and in the same way traps the ammonia in it once
is formed. Further investigations are required to confirm these results. The emulsion
technique used here to obtain enzyme-particles was easy to perform; however, it is
not suitable for producing precise particle sizes for reproducible particle biosensor

properties.
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4. Immobilisation of protein microbodies in hydrogel
particles for improving stability of enzyme-particle
biosensors

4.1. Overview

Effective techniques for enzyme immobilisation have been an important topic for

the few past years. This is because one of the advantages is that it makes the reuse

and recovery of enzymes easier, especially if the enzyme is expensive. Moreover,
immobilising an enzyme enhances its stability in terms of pH and temperature, and

ultimately, it gives the possibility of trapping and utilising multiple enzymes at a

time. In terms of applications, it is well known that immobilised enzymes have

changed the game in industrial production due to their reusability, easy separation
and low mass transfer limitations, not to mention continuous process operation and
heterogeneous use. Biosensors, industrial monitoring and transformation, and
water inspection are just some of the possible applications of immobilised enzymes.

However, the combination of enzyme and supportive material is not always

straightforward and they might lack in accuracy, reusability and stability specifically

because of the enzyme denaturation over time or storage conditions. In this work,
we suggest a sustainable, process-free and robust enzyme source as an alternative
to standard commercial enzymes for enzyme-particle biosensors. The enzymes

contained in watermelon seeds are protected from the external environment by a

lipid layer in ‘protein microbodies’. Therefore, the enzyme has proven to be

reusable, reproducible and able to be stored at room temperature for over a month
in different hydrogel particles. The designed system was capable of reactivity that

detects urea down to 0.4 mM in one hour.

4.2. Introduction
The immobilisation of enzymes has been a breakthrough in modern science. It has

allowed for the improvement of enzymes’ properties such as stability to pH and

117|Page



temperature, robustness, heterogeneous use and low mass transfer limitations'°.
Also in industrial applications, the possibility of reusing and easily recovering or
separating the enzyme, especially if expensive, has had a great impact mainly in
continuous process operations and multi-reaction systems'”'2". The importance
and usage variety of immobilised biocatalysts has reached numerous fields: the food
industry (B-galactosidase, Lipase), chemical industry (Lipase), pharmaceutical
industry (Penicillin, Transaminase), medical devices (glucose, urea and lactose

biosensors)'’.

However, the biggest challenge faced is the immobilization of enzymes on solid
supports®: it has to be a cost-effective method, reliable, reproducible and that will
not affect the characteristics of the enzyme. Among the techniques to immobilise
enzymes, we consider two major processes: chemical binding and physical
encapsulation. Covalent binding is one of the most common techniques, but it is
well  known to decrease enzyme activity’?. On the other hand,
adsorption/encapsulation leaves unchanged the enzyme nature causing sometimes
its diffusion throughout the support’®. Although several different solid supports
have been testes e.g. silica®'?3, alginate’?4, sol-gels'®, chitosan'?® and more'?’, the
challenge is that using urease, it will leak through the gel matrix. Therefore, what we
suggest in this paper is to compare urease powder from Sigma (UP) with a more
unprocessed, sustainable and inexpensive enzyme source: watermelon seeds (WM)
107105128 ' An important feature of enzymes contained in watermelon seeds is that
they are contained in a lipid layer. The arrangement is called a protein
microbody'%%72° and it is typical of enzymes contained in natural sources, e.g., seeds,
plants and generally fruits™% 37, These structures allow enzymes to be protected

from the external environment and preserve their activity for longer.

In this paper, we have chosen to work with the urea-urease system since it is well-
known and easy to reproduce. Urea is an organic compound highly soluble in water

and non-toxic. It is the main nitrogen-containing substance in the urine of
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mammals. The body uses it in many processes, especially nitrogen elimination. As a
source of nitrogen, urea is widely used in fertilizers and is an essential raw material
for the chemical industry'32. Due to its wide use and application'?, detection of urea
is a current key task of researchers and scientists. Some applications focus on the
pharmaceutical/biomedical approach, e.g., human sweat8, saliva’®® and blood™4.
Some regard a more environmental and waste water treatment evaluation in

rivers'®, effluent’36137 and seawater'38. Others focus on food freshness or quality’3°.

The immobilized enzyme presented in this work is contained in a particle and is
characterised by qualitative reactivity through the urea-urease ‘on-off' threshold
reaction®’. The particles were made by polymerization with the pH autocatalytic
urease reaction with thiol-acrylate® and agarose gels'?®. The two enzyme sources
have been encapsulated in hydrogels and tested for activity, storage conditions and
reusability. Watermelon seed urease has proven to be a robust, sustainable, and
inexpensive alternative to standard processed enzymes. The WM biosensor is
capable of reacting with urea down to 0.4 mM in one hour and can be stored for up

to 1 month at room temperature, maintaining its reusability.

4.3. Methods

The methods are covered in chapter 2, section 2.3

44. Results and Discussion
To investigate the characteristics of urease powder and watermelon seed urease in
terms of reactivity and stability, two types of tests were performed. For convenience,
the results and discussion section was divided accordingly. The first part is dedicated
to the activity and reaction time achieved by the particles: thiol-acrylate, low and

high EEO agarose particles with UP [Figure 59a)] with WM [Figure 59b)]. In the
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second part, the enzyme encapsulation reusability and reproducibility features are

examined [Figure 60 and Figure 61].

4.4.1. pH profile and reaction time
The results of thiol-acrylate are in agreement with the findings of other studies, in
which the enzyme is stable, well encapsulated, and able to perform the clock
reaction®”1%7_ Thiol-acrylate particles generate an “on-off” signal that produces an
optical output response with both enzyme sources, showing that with this type of
hydrogel, UP and WM are stable, robust and able to produce a signal. The signal is
represented in [Figure 59 a) and b)] by the absorbance recorded over time.
Subsequently, it has been converted to pH according to the different concentrations
of urea used to match the colour acquired by the indicator (Appendix 3). An
additional parameter used to evaluate the particles’ activity and stability was the
reaction time. It was defined as the time required to reach a pH of 7, at which the
BTB changes colour from yellow to blue. The response time increases when the urea

concentration is decreased.
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Figure 59. Absorbance vs time, pH vs. urea and response time vs urea of:
a) thiol-acrylate particles with UP: b) thiol-acrylate particles with WM

Subsequently, both enzyme sources (UP and WM), were encapsulated in Low and
High EEO agarose. In this case, the results show that the UP with the two types of
agarose was unsuccessful; the combination of physical encapsulation of urease and
the agarose matrix generates a leakage of enzyme from the particles. In fact, in
[Figure 59a)], it can be observed that the set of particles was unable to react in the

presence of increasing urea concentration for up to 1 hour.

However, when WM was used with agarose, the particle appeared to be robust and
stable because of the larger size of the protein microbodies. From [Figure 59b)] it
is evident that the particles were able to react to urea at a concentration of 0.4 mM,
giving a change in pH and therefore an optical output. As previously seen for the
thiol-acrylate particles, the reaction time depends on the urea concentration, and in
particular, it decreases when the concentration is increased. In these tests, the time

limit set was one hour.
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Figure 60. Summary of reaction times with by WM vs. UP particles for different urea concentrations

In summary, while UP has been shown to form a stable encapsulation only when it
is trapped in thiol-acrylate particles, WM has proven to be adaptable to all
hydrogels tested. In fact, for all of them, the detection limit was found to be 0.4 mM

and the reaction time happened within one hour [Figure 60].

4.4.2. Reusability and reproducibility tests
Once the particles were tuned from the reactivity perspective, it was necessary to
prove their stability in time. From an application-oriented perspective, two features
were examined: reusability and reproducibility of the particles. The test was
performed on two different timescales using the particles first consecutively [Figure
61] (10 times in succession) and then weekly over a month [Figure 63]. The reaction

time is defined as time to pH 7.

In the consecutive test, a set of particles was left to react with urea, recording the
pH over time; then, the same set was placed in an HCl solution until the indicator

was restored to its original yellow colour. This procedure was repeated ten times.
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Figure 61. Reproducibility tests performed consecutively of: a) thiol-acrylate - UP, b) Low FFO agarose
- UP, ¢) low EEO agarose - UP and d) low EEO agarose — WM

As shown in [Figure 61 c)], WM urease combined with both thiol-acrylate and low

EEO agarose was able to reproduce the reaction signal and therefore be reusable,

for all repetitions. However, when UP was tested, only the combination with thiol-

acrylate lasted until the last run. In fact, when the enzyme from Sigma was combined

with agarose, no response was observed after the third time. The reason for this

could be the leakage of enzyme from the particle or its denaturation/deactivation.
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Figure 62. Summary of reaction times performed with WM vs. UP particles

for consecutive reusability test
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[Figure 62] shows a summary of the reaction times recorded using the particles ten
times for watermelon seed urease and urease powder trapped in thiol-acrylate and
agarose gels. Clearly, WM were more reusable and faster, whereas UP in agarose

lost its activity after the fourth time.

For the weekly reusability tests, the particles were kept at room temperature and

used with urea once one week for a month.

a) Thiol-acrylate - WM b) Low EEO-agarose - WM C) Weekly Reproducibility Tests

94 3600 - = Thiol-acrylate - UP
¢ Thiol-acrylate - WM
84 8- ! 82001 4 Low EEO-agarose - UP
0 2800 v Low EEO-agarose - WM
o
74 7 — 2400 I :
T T £ 2000 %
& 6 § 1600 Y i
—week 1 G 1200+
54 —week2 51 3 1
e week 3 £ 8004 5
—week 4 v
41 ——week5 47 4001 &
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 = 2 : p .

time [sec] time [sec] week

Figure 63. Reproducibility tests performed weekly over one month of a) thiol-acrylate - UP b) thiol-
acrylate - WM, c¢) low EEO agarose - WM and d) low EEO agarose — WM

In this case, [Figure 63 c)] illustrates that the UP was unable to reproduce the signal
and could not be reused whatsoever. On the contrary, WM, used with both thiol-
acrylate and agarose, proved to make a robust combination capable of

reproducibility even when stored at room temperature for five weeks.

One of the possible applications of immobilised biocatalysts, as previously
mentioned, is using them as biosensors. [Table 7] highlights differences in terms of
sensor type, response time and stability of different kinds of urea biosensors. As can
be noticed, the enzyme/hydrogel combination proposed here in this paper has a
longer response time that is longer than that of other systems. However, it shows

comparable detection limit values and longer enzyme stability over time.
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Table 7. The relative stability of different urea biosensors (adapted) "°

roas Response .
Immobll.lzatlon Sensor type Detected time Det.ecflon Stability | Refs
technique analyte . limit
[min]
urease entrapped o :
in the polyion amperometric NHF 0.03 50 uM 80§>a|n ! 29
complex * y
urease o :
entrapment in | amperometric NHF 0.03 500 uM 80d/; I: ! 29
the nanostructure * y
urease entrapped | Carbon-based | Carbamic i 60% in 7
in PVA-HMDI electrode acid 1-2 >0 uM days 29
urease (UP) .

. . 0% in7
entrapped in Optical, NHj} Our
thiol-acrylate colorimetric | through pH <60 400 1M (rod;r{\ST) study

particles
urease (UP) .
. . 0% in7
entrapped in low Optical, NHj} Our
EEO agarose colorimetric | through pH <60 400 1M (rod;r{\ST) study
particles
urease (WM) o :
entrapped in Optical, NH} <60 400 uM 88\2;'?55 Our
thiol-acrylate colorimetric | through pH # (room T) study
particles
urease (WM) Optical NH* 80% in 5 our
entrapped in low coIorimet,ric thrf)ugh pH <60 400 uM weeks <tud
EEO particles (room T) y

Therefore, as a possible application of the urease from watermelon seeds, we

propose a urea biosensor. The sensor will be capable of qualitative analysis working

through a threshold value giving an optical output signal response.

4.5.

Threshold sensing with WMS- thiol-acrylate particles

It is well-known that enzymes show selectivity to certain compounds™'#1, and they

can be used as biosensors to detect even trace amounts of analyte due to their

signal amplification capabilities’. Biosensors are gradually taking standard sensors'’

place

in order to

reduce pollution,

be more cost-effective and bio-

compatible*>8143144 Moreover, according to the type of enzyme chosen, they can
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be used in a multiplicity of fields (biomedical, pharmaceutical and food industry,
wastewater management, forensic, etc...)*444687578 Tn particular, optical biosensors
are often chosen because they are easy to use, inexpensive, and have a fast response

time5,68,145'

Enzyme biosensors have proven to be a robust, reliable, non-toxic, bio-compatible
and degradable tool. They are capable of functioning continuously and catalysing
at a very high level of specificity>. Enzyme biosensors are known for their sensitivity,
selectivity, and real-time monitoring. In addition, when coupled with indicators, they
become optical biosensors capable of generating a colourimetric output signal.
Optical biosensors are simple, affordable, and fast in detection®: most of them do
not need additional devices to read the response, and most materials are

inexpensive and easy to dispose of.

Below threshold ~ Above threshold

%%é

i
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>
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-

Figure 64. Representation of the urea-urease clock reaction. When enough pollutant is detected, it
generates a switch in the colour of the particles that corresponds to an optical output signal.

A threshold sensor displays a signal above a threshold amount of a compound. The
urea threshold biosensor could be a possible application for the WM-thiol-acrylate
particles studied in this paper. The principle of the urea-urease clock is that as soon
as sufficient ammonia is formed in the particle, the pH changes from 4.5 to above
7, changing the colour of the particle from yellow to blue. Therefore, the particles

can be used as a biosensor in which the qualitative presence of the analyte is
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determined through an optical output signal whenever it overcomes the threshold

value [Figure 64].
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Figure 65. Threshold detection limit (pH vs urea) and response time plots vs. urea of thiol-acrylate
particles with WM

The results of urease-thiol-acrylate particle experiments are in agreement with the
findings of other studies, in which the clock reaction was observed in the urea-
urease system?"107  Thiol-acrylate particles generate an “on-off” signal that
produces an optical output response with both enzyme sources. The response time
is defined as the time required to reach a pH of 7, at which the BTB changes from
yellow to blue. Response times increase with decreasing urea concentrations. The
detection limit was established at 0.4 mM and the output signal was obtained in

one hour in both cases [Figure 65].

4.6. Conclusions
In this work, we provided an overview of enzyme immobilisation methods,
highlighting the importance of such combinations and defining the technical
difficulties encountered. We demonstrated a possible alternative to commercial
urease powder for maintaining enzyme stability. In fact, watermelon seed urease

was shown to be sustainable, cost-effective and robust because the enzyme is
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trapped in protein microbodies, which protects and maintains activity of the enzyme

even at room temperature.

The two enzyme sources, urease powder and WMS powder, were encapsulated and
tested in three different hydrogel particles of thiolacrylate, low EEO, and high EEO
agarose. In order to characterise the particles, two tests were performed: one to
evaluate the threshold detection limits and response time and the other to evaluate
the reusability and reproducibility properties. In the first, particles of a specific
hydrogel/enzyme source combination were placed in increasing urea concentration
solutions from 5E-5 to 5E-3 M. The reaction development and reaction time were
recorded through a camera and, consequently, analysed with image analysis
software. In the second test, 2 g of particles were placed in 60 ml of 5E-3 M urea
and let react. Next, they were placed in 1E-4 M HCl solution to be re-set. The steps
were repeated ten times for the consecutive evaluation and then once a week for a

month.

WMS urease was found to be suitable for an optical biosensor when immobilised in
both thiol-acrylate and agarose particles. In both cases, the detection limit was 0.4
mM and the response time occurred within one hour. Moreover, WMS particles have
been shown to produce an output signal and therefore be reusable consecutively
(ten times) and over a month, even stored at room temperature. When UP urease
was coupled with thiol-acrylate gel particles, the biosensors were robust in terms of
the urea detection limit and response time, respectively, also 0.4 mM and 1 hour.
However, when UP was paired with agarose, no output signal was observed. The
enzyme was possibly able to diffuse out of the particle, making the biosensor
inactive. Moreover, in the reusability tests, the only effective result was UP in thiol-
acrylate in the consecutive repetitions. For all other experiments, no signal was

achieved.

The robustness of watermelon seeds with different hydrogels could be exploited in

several systems. One of them could be the observation of propagating reaction-
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diffusion fronts'é. Additionally, an optical and chemomechanical biosensor could
be used in the field of soft robotics™’. With the diverse spectrum of enzymes
contained in WM, another option would be to combine different enzymes to have
a single biosensor capable of detecting multiple analytes>®148149 Considering the
reusability shown by WM, a biosensor built with this enzyme source would be a
device applicable in a variety of fields such as pharmaceutical, biomedical but also

waste water treatment.
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5.

5.1.

Towards building chemical reaction networks for
programming pH changes using watermelon seeds
Overview
Enzymes are a fundamental element needed to balance and equilibrate the difficult
but delicate mechanisms regulating biological organisms. These systems are quite
complicated due to the copious reactions taking place at the same time that are
required for energy generation and chemical synthesis. Such a capacity has always
fascinated scientists, who have tried to replicate it by artificially reproducing cascade
reactions and chemical reaction networks. In fact, combining multiple enzymes has
found various applications in many different fields e.g. industrial, biomedical and
analytical to detect species, improve reaction rates and overcome product
inhibition.
Networks of enzymes that change pH can be used for sensing in Boolean logic gates
and chemo-mechanical processes such as pulsatile drug delivery. However,
obtaining enzymes from different sources can require expensive extraction methods
and also lead to incompatible or unstable enzymes that degrade over time. In this
work, we aim to characterise and combine different varieties of enzymes that can
be used for programming pH changes. The biocatalysts investigated here are
urease, catalase, glucose oxidase, and beta-glucosidase. Glucose oxidase was used
as received, whereas the others were all present in watermelon seeds. In particular,
watermelon seeds have proved to be a fascinating source of many different
enzymes, easy to obtain, and inexpensive, with improved stability of enzymes. The
characterisation was performed via oxygen formation or consumption, pH changes
and foam formation which was attributed to the phospholipids contained in the

seeds.

We showed that the effects obtained by combining the enzymes and building
reaction networks or cascade reactions could improve the reaction rate and give

large amplitude pH changes, which would have been challenging otherwise.
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However, in order to better understand such complicated systems and tune them
to give autonomous and self-regulated pH signals, further investigations are

required.

5.2.  Introduction
Living organisms function through a delicate yet perfect mechanism that keeps all
necessary reactions balanced. In order to do so, nature has equipped itself with
natural catalysts which decrease the energetic barrier allowing substrates to be
transformed into products’. The complex mechanisms behind biological
organisms rely upon a multitude of different and balanced reactions that assure the
persecution of the species. In this regard, biocatalysts are known for their very high
specificity and selectivity which regulates each and every reaction at a different rate
and conditions. The biggest characteristic of enzymes is that they are capable of
working even when separated from the original organism, besides their non-

toxicity, biocompatibility and biodegradablity'4,

Due to the large amounts of acids and bases contained in their structure, one of the
most influencing parameters in enzyme activity is pH''3. In fact, a characteristic of
their active behaviour is a bell-shaped curve in which they show the maximum
activity at a given pH. Another interesting peculiarity is that enzymes are able to be
combined in order to produce a chemical reaction network which will follow defined
rules to give a specific output in space and time®. Examples of chemical reaction
networks are cascade reactions®'0"1 in which every generated product forms the
next substrate; positive and negative feedback loops’®31>2 wherein the product
enhances or inhibits a parameter linked to the reaction, or also Boolean logic gates
in which according to the programmed response of the system, certain conditions
need to be verified to achieve a response’®’’. Moreover, these complex mechanisms
could bring to the possibility of building and programming pH changes from a

network of enzymes.
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Enzymes such as urease, catalase and glucose oxidase are really well studied
nowadays, especially to build complex mechanisms as cascade reactions which are
gaining increasing interest in order to replicate organisms’' intricate stimuli-
responsive behaviors. However, processed enzymes acquired from animals and
plants are quite expensive due to the refining and stabilization practices they are
exposed to. Hence, the possibility of having a cost-effective, multi-enzyme source
such as the watermelon seeds provides a practical way to obtain a combination of
biocatalysts. We aim to demonstrate that the watermelon seed powder can be used
in place of commercial enzyme sources and most importantly, the enzymes naturally
immobilized together may provide a more robust and stable platform for enzyme

cascade reactions.

It is not surprising that enzymes have been studied, characterised, and utilised in
many applications. Whether they are used as detectors3046, biosensors*'>1>3 or
nano/micro-reactors®'>4, nano-micro-motors’>, they can be applied in a variety of
fields'*"” such as food™> and pharmaceutical industry’®, biomedical analysis,
wastewater treatments’’ and environmental monitoring?®. Enzyme reactions that
result in changes in pH are particularly useful, as they can be coupled to particle
motion, material synthesis or chemo-mechanical responses, and self-oscillating gels
such as pH oscillating chemo-mechanical devices which have been proposed to be

used in drug delivery>8-159,

In this regard, it is clear that biocatalysts combined in chemical reaction networks
involving pH changes may be exploited in future applications. Therefore, there is a
need to further investigate the possibility of building increasingly complex systems
in order to improve their robustness®8160, However, the number of parameters,
different reaction rates and conditions make it a challenge to properly program the
system and obtain an independent and self-regulated response, such as an

oscillatory response to natural substrates like glucose and urea.
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In this work, diverse enzymes found in watermelon seeds are combined along with
others to build a chemical reaction network for programmable pH changes. The
enzymes mainly used in this work are urease, catalase and glucose oxidase. Urease
is a well-known enzyme that catalyses the hydrolysis of urea into ammonia and
carbon dioxide, resulting in a pH rise. It is autocatalytic in the production of base.
Urease's natural purpose is to regulate urea levels in the human body, but it can be
found in other organisms like plants, bacteria, and fungi'®. However, it has found
many modern applications such as the removal of urea from aqueous solutions,
analytical applications'®, micro motors'™" and pumps??, and biosensors’14°,
Catalase breaks down hydrogen peroxide into oxygen and water. It is present in
almost all living organisms and its main purpose is to regulate H,0, metabolism'62,
The main applications today see catalase used as micro pumps??> and motors'®3, in
bioremediation, food, medical fields'®> and as a biomarker'®. It is widely coupled
with glucose oxidase in sensing applications. Lastly, glucose oxidase is naturally
found in fungi, insects'®, citrus fruits, and bacteria'®. It catalyses the transformation
of glucose in the presence of oxygen into gluconic acid and hydrogen peroxide and
results in a pH drop. It is autocatalytic in acid. Industrial applications of glucose
oxidase are food preservation®, biosensors'®> and textile industry®2. We also used

B-glucosidase and cellobiose to construct more complex networks and pH changes.

Urease, catalase and B-glucosidase were found together in ground watermelon
seeds, whereas glucose oxidase was purchased and used as received. First, the
enzyme activities were characterized singularly using parameters such as pH,
oxygen, foam front propagation, and bubble formation. Then, they were combined
together to achieve a more complex system of cascade reactions and to show the
benefits of coordinating them to achieve a faster reaction and product formation.
We proved that the arrangement of different biocatalysts not only impacts the
reaction time and therefore the product generation but also that it is possible to
build a cascade reaction in order to achieve a desired pH change that will be difficult

to obtain via a simpler reaction.
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However, to obtain a self-regulated mechanism for programming more complex pH
changes such as oscillations, due to the large amounts of factors affecting the

network, further studies are required.

5.3. Methods

The methods are covered in chapter 2, section 2.4.

5.4. Results and Discussion
In this section, we present the characterisation of catalase, glucose oxidase and B-
galactosidase in three different sub-sections, while the characterisation of urease in
watermelon seeds was taken from previous works'??. Analysis is needed in order to
understand the enzyme activity and, most importantly, the reaction time particularly
using WM, which has not been previously examined. The reaction time here can be
defined as the time needed by the system to generate a specific amount of product
or pH change, according to the type of test performed. This information is crucial
for the final purpose of combining multiple enzymes and building a chemical

reaction network which can be used to program pH in time.

54.1. Catalase
Catalase is essential to neutralize harmful hydrogen peroxides in nature’®®167 and
various industries such as dairy, textiles and pharmaceuticals. At the same time, it
also has some unusual features. It is a common enzyme found in almost all living
organismes, it is also one of the first proteins to be isolated. However, this ancient
enzyme has been captivating scientists, particularly with unusual phenomena such
as the interconnection of subunits and remarkable thermal stability. It is also known

for being destroyed by its own substrate'162,
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The enzyme’s most known function is the decomposition of hydrogen peroxide into
oxygen and water according to the reaction. Below it is shown the rate equation of

the reaction:

catalase 1 Vmax[H202]
H,0; —— H,0 +502 (5) Rate = KM+[H202]

The rate is usually considered as Michaelis-Menten with Michaelis constant Ky, and
Vmax = maximum rate; the parameters depend on the source of the catalase’®®. The
standard unit is defined as the amount of catalase necessary to decompose 1.0 uM
of H20> per minute at pH 7.0 at 25 °C. The optimal pH range for the enzyme catalytic
operation is assumed to be between pH 6 and 8'%°. Catalase activity can be
measured through the consumption of H,0, or generation of 0,'7°. Conventional
catalase tests involve colourimetric methods and components that may interfere
with the watermelon seeds, therefore the first test we performed was via a bubble
counter to determine the amount of oxygen in excess liberated via the gas phase.
Then, in order to quantify the amount of oxygen produced in water, a test via an
oxygen meter was performed. WM seeds have reportedly shown in a series of
studies foaming capacity and foaming stability which is quite an important feature
when used in the food industry’"172 An alternative test was proposed which
involved adding surfactant and measuring foam produced'’3. In this test, catalase
hydrogen peroxide and surfactant Triton X 100 were combined to study the enzyme
activity. An interesting phenomenon during the experiments was noticed in which
catalase from watermelon seeds placed in a higher hydrogen peroxide
concentration was forming foam without added surfactant. The foam front speed
was also taken as a parameter to quantify the reaction rate and compare under

different conditions.

Some studies have proven that bubbling a solution containing protein/enzymes
results in the formation of foam. This is because proteins and enzymes are surface-
active compounds that are able to adsorb the gas/liquid interface’”*. Furthermore,

Sakai, Okada and Yamaguchi'”®> have suggested that the foaming formation could
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be due to the hydrogen peroxide expanding the ternary structure of protein and
consequently exposure of some amino acid chains. In our case, this effect is possibly

combined with the oxygen in the gas form generated by the catalase reaction.

54.1.1. Bubble counter
Watermelon seed powder (WM) containing catalase was added to different
hydrogen peroxide concentration solutions and placed in a test tube. The number
of bubbles was calculated using an infrared bubble counter, as can be seen in
[Figure 66]. It is intuitive to assume that the higher the quantity of catalase added,
the faster oxygen is produced (this can be appreciated in the first derivative plot).
However, it was not predicted that there could be an optimum combination of
catalase and hydrogen peroxide concentration which would give the largest amount
of oxygen produced. In fact, it can be seen that for very low WM (0.001 g) no
bubbles are produced, for very high concentrations (0.1 g) the formation is very fast,
however, it remains constant after reaching a plateau, whereas the intermediate
concentration (0.01 g) produces oxygen at a slower rate, but the amount produced
overcomes the previous one. This could be because larger amounts of catalase
produce oxygen so fast that a sufficiently large bubble for detection does not have

time to form before leaving the solution.
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Figure 66. Bubble counts vs time (plot on left) and its first derivative (plot on right) in order to show the
reaction rate, for 0.1, 0.07 and 0.007 g of watermelon seeds containing catalase

A better understanding of the maximum amount of bubbles that can be achieved
via an optimal combination of catalase and hydrogen peroxide concentration, can
be observed in [Figure 67]. Here the plot shows bubble count versus WM powder
for different hydrogen peroxide concentrations. For H,0, = 0.5% the optimum is
between 0.01-0.05 g of WM seeds, for H,0, = 1%, the optimum is found at 0.05 g
of watermelon seeds, and for H,0, = 3% the value is precisely at 0.1 g. It is
interesting to note that as the hydrogen peroxide concentration increases, the
optimum value is shifted toward higher values of the WM powder concentration.
Moreover, another peculiarity is that for lower H,0, concentrations, there is a sharp
change, or switch, in the bubble counter value as the WM powder is increased, then
for higher H,0,, the effect becomes less sharp and the bubble count value increases

smoothly, before decreasing.
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Figure 67. Bubble count vs WM powder concentrations (amount in 30 ml) for different hydrogen
peroxide concentrations. Standard deviations were calculated from 3 runs.

What has been said previously regarding the optimum value reached in terms of

bubble count can be analysed also in terms of bubble rate, as can be seen in [Figure

68]. Through the first plot, it is shown that for H,0, = 0.5 — 1%, an increase in WM

powder concentration corresponds to a faster bubble rate, whereas for H,0, = 3%

when an abundant amount of WM powder is added, the bubble rate decreases,

showing that the system is characterised by optimum conditions. The same

conclusion is found by looking at the second plot where at 1% hydrogen peroxide

concentration, a maximum can be appreciated. Lastly, the third plot shows a gradual

increase meaning that although the process is quite sensitive to hydrogen peroxide/

WM powder variations, it is not sensitive enough to be used as a threshold sensor

to detect and classify H,0, concentrations.
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Figure 68. a) Bubble rate vs. WM powder, b) bubble rate vs. hydrogen peroxide for different WM seed's
amounts, c) bubble rate vs. hydrogen peroxide for WM=0.05 g. Standard deviations were calculated
from 3 runs.

54.1.2. Oxygen meter
In this test, catalase in the watermelon seeds was added to the hydrogen peroxide
either in solution or as a dry powder. In both cases, through nitrogen bubbling,
oxygen was removed from a solution containing 1% hydrogen peroxide and then
placed on a stirring plate to mix the solution at the minimum speed. The oxygen
and pH probes were set up in order to follow the reaction development. In [Figure

69] the oxygen and pH trends are shown versus time for dry and dispersed catalase.
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Figure 69. Trends of dissolved oxygen and pH vs time in the hydrogen peroxide-catalase reaction,
tracked by oxygen and pH probes. WM was used both powder or dissolved in solution and then added
to 1% hydrogen peroxide.
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What can be perceived is that in both circumstances the amount of oxygen formed
by the reaction is quite consistent with oxygen level reaching 200%. Although the
free enzyme powder appears to react faster than the one in solution, it exhibits a
maximum in oxygen production before decreasing its generation. On the other
hand, the dispersed enzyme looks slower but it is more durable and active with time,
keeping the oxygen level more stable. Regarding the pH in the two experiments, for
the timescale considered the decrease in pH is not greatly significant, meaning that
the reaction indirectly affects it. The oxygen produced may displace CO, which then
diffuses back into solution. The noisy signal given by the free enzyme is possibly
expected by the agglomerates created from the powder coming in contact with the

probe.

54.1.3. Foam front propagation
In this test, H,0, solution was combined with increasing watermelon seeds amounts
to measure the quantity of foam formed by the reaction. The mixture was placed in
a test tube on a stirred plate to ensure homogenous mixing. The phenomenon was
recorded through a camera and then analysed. In [Figure 70] the propagation of
the foam front is shown in mm versus time, when mixing 1% H,0, with three

different WM amounts.
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Figure 70. Foam front propagation versus time (inset shows the image of the front) and its first derivative
for the hydrogen peroxide-catalase reaction

As could be anticipated, for a fixed concentration of hydrogen peroxide, increasing
the amount of WM the foam front grows accordingly and the largest front obtained
reaches 120 mm in height. Clearly, this is a combination of two phenomena. First,
the larger production rate of oxygen and then the greater presence of
phospholipids in solutions are the major sources for the foam formation. The
second plot highlights the result, showing the growing foam front propagation rate

according to the enzyme amount.

The concept may be better appreciated in [Figure 71], where the front rate versus

WM quantity and the concentration of hydrogen peroxide are shown, respectively.
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Figure 71. Foam front propagation rate versus watermelon seeds powder (WM) and hydrogen peroxide
concentration

From the first plot is it clear that there is a trend of increasing foam production rate
with WM powder added to the solution. The maximum speed is obtained with 0.3
g of watermelon seed powder used. However, from the second plot, it can be seen
that there is an optimum concentration of hydrogen peroxide that needs to be used
(equal to 1% H,0,) in order to get the highest rate. In fact, above this concentration,
the rate decreases. This could be because the amount of foam formed in such cases

is too dense and therefore reduces the speed.

Summarising, from the plots it can be observed that the best combination in terms
of foam produced and foam front propagation speed is given by mixing 1% H,0,
with 0.3 g of watermelon seeds powder. Comparing the two tests, bubble
production [Figure 68 b] and foam front [Figure 71 right], it can be seen that
bubble production is a better measure of the concentration of hydrogen peroxide

in a sample.

5.4.2. Glucose oxidase
Glucose oxidase (GOX) has been suggested as one of the most ideal enzymes as a

result of its specificity, stability and high turnover number'®>. The GOX-catalysed
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reaction removes oxygen and produces hydrogen peroxide, which is a function used
in food preservation. GOX is also used in bakery, dry egg powder, wine, and gluconic
acid production. Its electrochemical activity makes it an important component of
glucose sensors and potential fuel cell applications3?-'%4, The reaction can be

expressed as:

GOX,
CeHr206 + 05 25 CoHy20, + Hy0, (2)
Where the maximum activity is obtained at pH ~ 7.5"%. The pKa of the product
gluconic acid is 3.86. In this work, the reaction is studied mainly through two
different measurements —oxygen and pH. The oxygen is used mostly to show the
reaction rate and highlight the effect of using a single enzyme compared to the
building of a reaction network with the enzymes in the watermelon seed. The pH is
used to follow the formation of gluconic acid and again to show that combining

multiple enzymes could enhance product formation.

Glucose is widely coupled with catalase since the reaction needs oxygen to be
sustained'416> Here, it will be shown that since all the oxygen in the solution is
consumed in seconds, the reaction is inhibited by one of the two reactants' fast
consumption. The watermelon seed powder is a natural extract which already
contains catalase in order to regulate the amount of hydrogen peroxide in the plant,
so it can be added to the system to react with the hydrogen peroxide formed, to
produce more 0,. In this way, it will be possible to fuel the glucose reaction and
push it towards the gluconic acid formation. However, to further shift the reaction
towards the products, an initial addition of H,0, was needed. In summary, the

equations forming the network are:

GOX
Hzo
CeH1206 + 0, — C¢Hy,0, + H,0,  (2)

catalase 1
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GOX, catalase

1
C6H1206 + 502 + Hzoz L C6H1207 + H202 + Hzo (54‘)

We show that the two reactions can enhance each other to form a higher quantity

of product faster, using the catalase present in the watermelon seed.

54.2.1. Oxygen meter
The test was performed both with dry enzyme and in solution. The first test was
performed by adding 0.001 g of GOX and 0.001 g of WM powder already dispersed
in 10 ml of water, to 20 ml of 30 mM glucose solution and mixed with a magnetic
stirrer at 600 rpm. As can be observed from [Figure 72] it is evident that the reaction
is taking place at a high rate due to the amount of oxygen consumed in a very short
time. In fact, the oxygen level goes from 95% to around 0% in 100 seconds. As proof
of gluconic acid formation, a pH meter was set up. However, in the second plot it is
shown how in more than 1000 seconds, the pH does not decrease significantly. This
could be due to the fast consumption of oxygen that does not allow the reaction
produce sufficient gluconic acid for the pH to decrease. Therefore, tests were made
where the watermelon seed powder concentration was increased. This improved
the reaction rate, as can be seen in the third plot, where the slopes get more
pronounced as the WM powder concentration grows. However, even in this case
the change in pH is not sufficiently remarked or fast going from 5.5 to ~ 4. The
sudden peaks present in the pH plot can be connected to the WM powder
agglomerates breaking and dispersing into the system, perturbing the probe and

unsettling the meter reading.
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Figure 72. Dissolved oxygen percentage and pH vs time for the glucose-GOX-WM reaction, comparing
the addition of WM in solution and dry WM to glucose-GOX solution. Glucose= 30 mM, GOX= 0.007 g
and WM= 0.007, 0.008, 0.02 g in 30 ml solution.

Therefore, the test was repeated adding a consistent quantity of WM powder to try
and provide the system with more oxygen. In this case, catalase in the form of WM
powder was added separately with respect to glucose and GOX, as can be seen in
[Figure 73]. Here the arrow marked with the number 1 corresponds to the glucose

and GOX initiation, whereas point 2 is the catalase addition to the system.
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Figure 73. Dissolved oxygen percentage and pH vs time for the glucose-GOX-WM reaction. Glucose=
30 mM, GOX= 0.001 g, WM= 0.7 g in 30 ml solution. Number 2 corresponds to the addition of WM.
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Although the system is attempting to produce oxygen, as can be seen below arrow
number two it goes down straight away. The same behaviour is present in the second
plot, where after an apparent sudden decrease, the pH settles and keeps decreasing
at a slower rate. The reason why adding more WM powder seems not to work is that
the hydrogen peroxide formed by the first reaction is not adequate to react with

catalase in order to produce sufficient oxygen.

glucose 30mM, 0.001g GOX, 0.1g WM, H202 0.5%
glucose 3mM, 0.001g GOX, 0.1g WM, H202 0.016%
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Figure 74. Dissolved oxygen percentage and pH vs time for the glucose-GOX-WM reaction.
Glucose= 30 mM ,GOX= 0.001 g WM= 0.1 g, H,0, = 0.5 and 0.016% in 30 m/ solution. The number 2
corresponds to the addition of H-Ox.

Hence, the last test was performed adding glucose, GOX and WM powder and
consequently hydrogen peroxide to shift the reaction towards gluconic acid. In the
first plot in [Figure 74], the arrow indicating number 1 corresponds to the
measurement of the glucose-GOX-WM reaction where an immediate consumption
of oxygen is witnessed. Where arrow number 2 is pointing, hydrogen peroxide was
added and in fact, a sudden growth in oxygen is observed. Clearly the more H,0, is
added, the more oxygen is produced also reflecting the faster increasing rate.

Following the peak, the glucose-GOX reaction continues, consuming the newly
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available oxygen content. In the second plot displayed it can really be appreciated
the different slope angles corresponding to the H,0, addition to the system,
indicating that more acid is being produced, compared to the first part where just
glucose, GOX and WM were present. In this last case, the decrease in pH is clear and
faster with respect to the previous cases, dropping from 7.5 to ~ 3.5 in 1000

seconds.

The cooperative effect of the different enzymes and the more complex system have
made it possible for the reaction to generate a higher amount of product. This is
due to the reactant having better access to oxygen, which is fundamental for this
reaction to occur. This is the first evidence that building reaction networks with WM
allows for improvement and speeds up reactions that would have difficulties to

proceed otherwise.

5.4.3. B-glucosidase
Biomass conversion is an innovative and equally fascinating recent topic in which
generally raw materials such as cellulose or cellobiose are used as reactants to
obtain liquid biofuels such as bioethanol??. In this regard, B-glucosidase is the most
used enzyme to convert lignocellulosic biomass into glucosyl derivatives'6-177-
78and for agriculture’? applications. In particular, cellobiose is converted into two

molecules of glucose according to the reaction:

B—glucosidase

(C6H7(OH)40)20 + H,0 ——— > 2C¢Hy2,06  (6)
which has the maximum activity at pH= 5-6.5"78,

The main challenge is the inhibition of the majority of B-glucosidases to the main
product, glucose, which makes the enzymatic path rate-limiting for the effective
degradation of cellulose'¢-'8, For our reaction network involving pH changes,
cellulose or cellobiose may provide an alternative substrate, producing gluconic
acid. Hence, in this section, it is proposed a chemical reaction network to facilitate

the conversion of cellobiose and also avoid enzyme inhibition. In particular, the
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cellobiose-BGL reaction will be coupled with GOX in order to convert the glucose
produced into gluconic acid. Furthermore, it is well known that it is difficult to
convert these kinds of sugars into simpler molecules, especially due to the lack of
oxygen needed to break glucose into gluconic acid. Therefore, having a multi-
enzyme source such as WM seeds powder which not only contains BGL but also the
enzyme catalase, will aid the reaction by providing additional oxygen to the system,
all contained in one single source. The network can be schematised via the three

equations and the scheme as follows:

B—glucosidase

(CeH;(0OH)40),0 + H,0 ——————— 2 C4H;,04 (6)

CeH1206 + 0, — C¢H;,0, + H,0,  (2)

catalase 1
Hzoz _— EOZ + H20 (5)

A chemical reaction network consisting of this combination of different and multiple
enzymes in watermelon seed powder could be used for other applications in the

future.

54.3.1.  Oxygen meter
Here the purpose was to verify the depletion of cellobiose by detecting the glucose-
GOX consumption of oxygen, with glucose supplied only from cellobiose. In this

test, the cellobiose-WM-GOX reaction was followed via oxygen and pH meters.

Initially, 5 ml solution containing WM and GOX (112 and 200 % respectively), were

added to 15 ml of cellobiose 0.15 M mixing the compound on a stirring plate at 600
rpm as shown in [Figure 75]. It can be observed that the black curve decreases from
100 to O quite rapidly meaning that glucose was formed and it consumed all the
available oxygen. Therefore, in the second trial, following the addition of cellobiose
with WM and GOX (arrow 1), some hydrogen peroxide was added to the solution
(arrow 2). The compound would trigger the catalase to produce more oxygen to

sustain glucose oxidation. In test 2, the insertion of the largest amounts of hydrogen

148 |Page



peroxide into the solution increases the oxygen level and therefore, the cascade

reactions can proceed.

Using the pH meter, it was possible to detect the formation of gluconic acid and
therefore, assume that cellobiose was successfully converted into glucose. In the pH
plot, it should be highlighted the difference using H,0, compared to the standard
conditions. In fact, test 1 starting from 7.5, reaches pH 5.5 quite slowly and in
approximately 10 hours. Contrarily, although the measurement is not as long, it is
evident that in test 2 (red curve) as a result of the addition of hydrogen peroxide

there is an increase in the slope meaning that the production rate of gluconic acid

is faster.
test1= cellobiose 0.15M GOX 200u/ml WM 112u/ml
test?2= cellobiose 0 15M GOX 200 w/ml, WM112 u/ml, 0. 5%H202
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Figure 75. Dissolved oxygen percentage and pH versus time for the cellobiose-WM-GOX reaction
(added where arrow 1 is pointing). Hydrogen peroxide was added where arrow 2 is showing. 0,15 M
cellobiose 15 ml, 5 ml of WM and GOX having concentrations 112 and 200 u/ml, respectively.

[Figure 76] shows a quite difficult situation to achieve in which the system self-
regulates to produce a temporal change in oxygen, without separate addition of
substrates. Here the reaction network using cellobiose, glucose and hydrogen
peroxide with the three enzymes BGL, GOX and catalase has been tuned in very

specific conditions so that it can consume and form oxygen independently. In
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particular, after cellobiose is converted into glucose and all the oxygen is consumed,
the hydrogen peroxide formed reacts with catalase producing a fresh amount of
oxygen that is following consumed again creating this pulse-like behaviour where

oxygen levels go up and down according to the reaction having the fastest rate at

that specific time.
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Figure 76. Dissolved oxygen level vs time representing cellobiose- WM and GOX reaction network
functioning autonomously

5.4.4. Catalase, glucose oxidase and urease coupling
The goal of this section is to tune and build a chemical reaction network that will
show an output response through pH, in particular, to design a cascade reaction
able to control the amount of acidic and basic compounds in time to produce a
particular pH change in response to substrates. In this regard, at the beginning two
reactions were chosen - glucose/GOX which produces gluconic acid and
urea/urease which produces ammonia forcing the pH to rise again. Since both GOX

and urease are autocatalytic in pH, it could be possible to obtain complex changes

such as oscillations for chemo-mechanical devices.

Concerning the urease, tests were performed both with the urease used as

purchased and the one from watermelon seeds. The results showed that urease
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from WM is more suitable for this system due to the presence of catalase in the
seeds that could contribute to the network by reacting with hydrogen peroxide

producing oxygen that will subsequently sustain the glucose/GOX reaction.

Therefore, the system contained the three reactions that can be described as
follows:

CeH1206 + 0, — CeH;,0, + H0,  (2)

catalase 1
}{2()2 _— EE()Z 'F }{2() (5)

urease
CO(NH,), + H,0 —— 2NH; + CO, (3)

First, the substrates were added sequentially to understand the contribution of each
reaction component. 10 ml of GOX and WM or urease powder solution (final

concentration 200 for GOX and 112 %for urease from both sources), were added

to 10 ml of glucose 30 mM. The initial pH of each solution was set at 7 by the
addition of NaOH. The reaction network was challenged by using 0.5% and 1% H,0,
to understand which concentration would be the optimum to speed up the system.
Lastly, 10 ml of urea 0.5 mM was added to raise the pH. The system was observed

via pH meter while being stirred in an open reactor by a magnetic bar at 600 rpm.

151|Page



84 a —UP_GOX_glucose 7.51 b —— \WM_GOX_glucose_H202 1%
= \WM_GOX_glucose e \WM_GOX_glucose_H202 0.5%
g = \WM_GOX_glucose_H202 0.5% 7.0
\ 65 .
61 6.0-
3
o
5] 5.5
5.0 1
4
4.5
3 T T T T T T T T 1 470 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 0 1000 2000 3000 4000 5000 6000
time [sec] time [sec]

Figure 77. a) pH vs time using the reaction network composed of glucose/GOX, hydrogen
peroxide/catalase and b) pH vs time using the reaction network composed of glucose/GOX and two
different hydrogen peroxide concentrations (0.5 and 1%) with catalase. WM = watermelon seed powder
glucose=30 mM, urea=0.5 mM, GOX=200 u/ml, urease=112u/ml; pHO = 7.

The first plot of [Figure 77 a)], it is shown the pH response to the system formed
by purchased urease (UP), WM and WM plus H,0,, combined with glucose. In this
case, a solution formed by GOX- UP or GOX-WM combination was added to a
glucose solution. It is evident how the first reaction is quite slow, probably because
the production of gluconic acid is inhibited by the lack of oxygen flux into the
solution. The rate increases a small amount when UP is substituted by WM due to
the presence of catalase. However, in the end, it was possible to greatly speed up

the reaction rate by adding 0.5% hydrogen peroxide to the system.

The [Figure 77 b)] shows the different reaction rates obtained using two different
H,0, concentrations. It can be seen that increasing the amount of hydrogen
peroxide used does not correspond to a rate increase. This might be caused by two
factors, first, the excessive oxygen production rate forming the gas phase making it
inaccessible for the reaction, and the formation of foam which disturbs the main
reaction. Therefore, for this test, it was chosen to use 0.5% hydrogen peroxide to

build the network.
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Figure 78 pH vs time using the reaction network composed of glucose/GOX, hydrogen
peroxide/catalase added at point 1, and urea/urease added at point 2. UP = urease powder, WM =
watermelon seed powder glucose=30 mM, urea=0.5 mM, GOX=200 u/ml, urease=112u/mi; pHo = 7.

Lastly, in [Figure 78], the combination of the three reactions are shown together.
Arrow number one shows the point where the glucose reaction was initiated by
adding the enzymes solution to the glucose one, whereas arrow number 2 indicates
the point in time when urea was added to the system. The black curve represents
the system formed by UP and GOX which in fact is the slowest taking more than 3
hours for the gluconic acid to be formed and consequently the pH to decrease. The
red curve symbolises the reaction made by WM (urease and catalase) and GOX, here
the gluconic acid formation rate gets faster and the pH decrease is more significant
requiring around 2 hours. An interesting thing to notice in this case is that after the
addition of urea and the pH increase, the curve starts decreasing again. This is
because at pH ~ 5.5 both urease and GOX begin to be more active and therefore
they compete with each other. The blue curve shows the combination of WM, GOX
and H,0, and as shown it has the fastest response in terms of pH decrease because
of the combination of the three enzymes together requiring just hundreds of
seconds for the pH to fall completely. In this case, the balance among the different
enzymes and reactions is tuned so that the pH value at the end almost matches the

initial pH.
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Clearly, the pH is quite difficult to control due to the number of parameters and
variables that affect the system. However, we showed that it is possible to build a
chemical reaction network in which the combination of different biocatalysts in
watermelon seed can be used together and they are also able to enhance each
other’s activity. Nevertheless, in order to build and tune a system able to self-

regulate in terms of pH output responses, further studies are needed.

5.4.5. Additional enzymes contained in watermelon seeds
In addition to the results shown in this section, it is important to highlight that three
out of the five enzymes used come from the same source identified in the
watermelon seeds. This detail is important firstly because certain groups of enzymes
can be quite expensive to acquire and finding them in an inexpensive source can
reduce costs and also enhance the possibility of making them economically viable
for industrial applications. Secondly, the concept of a natural source containing
multiple enzymes can drastically reduce the effort in terms of compatibility studies
and simplicity in building cascade reactions and reaction networks'®. In particular,
watermelon seeds were analysed using mass spectrometry (see acknowledgement
section): LC-MS/MS was performed on watermelon proteins in ground seed
powder, with guanidine hydrochloride to denature the enzymes. A database that
has the watermelon genome: http://cucurbitgenomics.org/ was used to identify
proteins._They were ranked by an estimate of relative abundance (iBAQ), high to low
and urease and catalase were identified. The sample was complex, many enzymes,
including metabolic enzymes, structural proteins, seed proteins and oil-related
proteins were found. In [Table 8], a number of biocatalysts are shown which might

have interesting applications.
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Table 8. Table of other enzymes found in watermelon seeds via mass spectrometry

identification | abundance

Protein iBAQ - Majority MW

Applications protein IDs | [kDa]

catalyses lactose

B-galactosidase 138210 decomposition to glucose | CICG02G000040.1 | 84.932

and galactose

can digest oligosaccharides

a-galactosidase 41388 like raffinose CICG07G005010.1 | 107.76
catalyses the oxidative
Sarcosine de-methylation of
. 37212 . ; . CICG02G010790.1 | 54.749
oxidase sarcosine to yield glycine and
H202
Aspartic 638460 cut proteins into smaller | -03G004590.1 | 55.335
proteinase chains

B-galactosidase’s natural function is lactose decomposition. It is of great importance
in the food industry to produce dairy-manufactured goods accessible to lactose-
intolerant people'®. Similarly, a-galactosidase has enormous importance in the
food industry for soya processing, biomedicine to aid the digestive progression of
certain oligosaccharides, and biomass processing'®184 The application of sarcosine
oxidase is more directed toward the biomedical and analytical fields. The enzyme is
able to detect creatinine which is used to determine renal function and is a
significant component in muscle, brain, and blood'®> and sarcosine which is an
important indicator of prostate cancer’®. Lastly, aspartic proteinase is known to
perform many diverse functions such as protein processing and degradation, or viral
polyprotein processing’’, therefore it is mostly used in laboratory analysis and

biomedical applications.

Watermelon seeds have potential in many different fields with innovative and
interesting applications. However, to possibly use the enzymes and build more

complicated cascade mechanisms further investigations are needed.
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5.5.  Conclusions
In this work, the characterisation of three enzymes in order to build a chemical
reaction network using watermelon seed powder was undertaken. Coupling
catalysts in chemical reaction networks provide a mechanism to improve reaction
rates and in certain cases useful tools to overcome product inhibition and reactions
that would be difficult to perform otherwise. Complex output responses in pH have
been used in sensing, information processing with Boolean logic and oscillating
chemo-mechanical devices. We combined enzymes that can alter pH: glucose
oxidase (GOX) and urease (UP) were used as purchased, whereas urease (WM),
catalase and B-glucosidase (BGL) were obtained from watermelon seeds. The
biocatalysts were characterised via oxygen formation, pH change and foam front
propagation to explain what was happening during the process. First, the enzyme
reactions were analysed individually and then they were combined to show the

coupling effect on the system.

The first enzyme investigated was catalase used to decompose hydrogen peroxide
into water and oxygen. Its activity was analysed via a bubble counter and oxygen
meter to understand the best conditions in order to produce the largest amount of
oxygen possible. Tests have shown that simply increasing the amount of hydrogen
peroxide or the catalase concentration does not imply an improvement in oxygen
production. In fact, the system is characterised by an optimum condition that
initially was found to correspond to 0.3 g WM and 1% H,0,. However, it was noticed
that the system was producing something besides oxygen bubbles. More
specifically it was producing a foam propagating according to the amount of WM
present in the system. The side product is possibly due to the phospholipids
contained in the seeds and it was observed to interfere with the main reaction.
Therefore, to control the foam formation and still achieve a large amount of oxygen

production, the optimal conditions were identified as 0.1 g WM and 1% H,0,.
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Then, glucose oxidase was investigated. It was used to catalyse glucose oxidation
into gluconic acid and hydrogen peroxide from glucose. The process was analysed
using the oxygen and pH meter so as to show that oxygen was being consumed
and the acid was formed. Results show that due to the oxygen limiting influx to the
solution, all the oxygen present at the beginning is consumed at a fast rate whereas
the gluconic acid is not produced in appreciable quantities for the pH to decrease
sufficiently. Therefore, catalase in watermelon seed and GOX were coupled in the
system so that the two reactions could work together to enhance reaction rate and
increase product formation. Nonetheless, the fastest reaction rate for gluconic acid
production was obtained by adding to the initial system some hydrogen peroxide

to further stimulate oxygen production from the catalase reaction.

B-glucosidase was the next enzyme to be studied. It is responsible for cellobiose
hydrolysis into glucose. In this case, the enzyme activity was investigated using the
product formed by the second step of the cascade reaction. In fact, following the
glucose formation, GOX was used to oxidize it into gluconic acid and hydrogen
peroxide. Therefore, GBL activity was presumed based on oxygen consumption and
acid formation following glucose formation. The test was performed initially using
only GOX and WM (containing catalase and BGL), however, the oxygen generation/
consumption was not balanced and therefore, glucose was not produced in
sufficient quantities in order for the pH to decrease appreciably. Hence, some
hydrogen peroxide was added to the system. It was noted that the addition boosted

the reaction rate and product formation.

Then, in order to generate controlled pH changes, urease in watermelon seed was
added to the GOX-catalase. Urease and GOX are both autocatalytic in pH and could
be used to make pH oscillations. It was demonstrated that a pH drop and rise could

be achieved with a network of GOX-catalase-urease with sequential additions.

In addition, we point out that WM seeds are a natural source of multiple different

enzymes already coexisting and cooperating according to complex biological
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mechanisms. Some examples shown concern different types of glucosidase and
galactosidase, sarcosine oxidase and aspartic proteinase. In this regard, they have
the potential to become an inexpensive and accessible enzyme source for industrial,

analytical and sensor applications in a variety of fields.

Although some of the mechanisms for programming pH changes shown in this work
are quite challenging to achieve, it was shown that a combination of enzymes with
the aim of building cascade reactions and chemical reaction networks using
watermelon seeds is possible. Furthermore, having a combination of several
different effects has improved product formation and in some cases, it made it
possible to accelerate a reaction that would need a long time otherwise.
Nevertheless, it is clear that to have a better understanding of the processes and

tune them accordingly, further investigations are required.
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6. Employing multiple enzymes in chemo-mechanical
devices: towards smart biosensing and drug delivery
systems

6.1. Overview

Nature has an outstanding ability to create complex mechanisms of response to
external stimuli and adapt biomaterials to the environment. There are several
examples of plants and animals changing colour or having the aptitude to grow and
shrink their tissues to defend themselves from predators. One of the most
fascinating abilities is the capacity to create chemo-mechanical response
mechanisms. Scientists have been trying to reproduce such systems via the use of
responsive hydrogels that can transform themselves by shrinking and swelling
following an alteration in external conditions such as temperature, pH, pressure, and
chemical species. Some of the hydrogels’ most used applications include drug

delivery, sensors and tissue regeneration.

In this work, we present a pH-responsive gel, prepared with N-isopropylacrylamide
with N-vinylimidazole, capable of displaying complex chemo-mechanical responses.
The gel was equipped with enzymes (urease, glucose oxidase, and catalase) and a
colourimetric indicator (bromothymol blue), cut in the shape of a thin cylinder and
we investigated the use of watermelon seed powder, as a source of multiple, stable
enzymes. We showed that the filament is able to simultaneously produce a chemical
and mechanical response when exposed to substrates urea and glucose, changing
in size and colour. The gel was also studied for its swelling properties exhibited by
the formation of oxygen bubbles from the reaction of catalase with hydrogen
peroxide. Furthermore, it was investigated how coupling catalase and glucose
oxidase to build a chemical reaction network, enhanced the response time and the
swelling response level. The ultimate goal would be to use such a device as a sensor
capable of regulating the release of a substance (such as a drug) in time, with a

pulse or oscillatory responses, using a combination of chemicals found in the body.

159 |Page



However, we recognise that to achieve such a complex application, further

researches are needed.

6.2. Introduction
Materials existing in nature present some fascinating characteristics such as
adaptability, biocompatibility, biodegradability, and strength’®18°  Moreover,
animals continuously and dynamically interact with the external environment in
order to adjust and defend themselves from predators, and light'%91, and control
temperature and pH''. Sometimes, biological systems are also able to combine
chemical and mechanical responses’>1%3 to external triggers, making it possible to
change skin colour and grow muscles as needed'®. In this regard, modern science
has been trying to understand and replicate both materials’™>'% and response

mechanisms'® via a combination of polymers, especially hydrogels'8197,

When this type of materials is applied in the medicine and pharmaceutical field they
are called biomaterials, capable of adapting and, in some circumstances, replacing
tissues and structures in the human body'®. The most common materials used
nowadays are polymers, hydrogels and combinations of them'®1%19  Hydrogels
are formed via polymer cross-linking in an aqueous environment and according to
the combination of polymer used and the adopted technique, different and
enhanced features can be achieved®®. From mechanical strength, extreme elasticity,
and elongation, dynamic temporal control to stimuli-responsive feedback,
engineered hydrogels give wide-ranging and varied possibilities of applications.
Just to mention a few, there is drug delivery, biomedical, industrial’41:200201 " soft

robotics?%? and regenerative medicine?®',

One of the most interesting types of hydrogels currently being investigated are the
stimuli-responsive ones. They can react to light, pH, temperature, and also chemical
species’#1192193.203 In particular, according to the type of stimulus, the response can
be divided into three categories: physical (temperature), chemical (pH)*>’, and

biological (enzyme)'>¢. All of them act according to a feedback mechanism in which
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an external parameter alters the initial condition, corresponding to a temperature,
pH or enzyme modification. The mechanism involves a response from the hydrogel
which is usually mechanical such as shrinking and swelling™"1°62%_In regard of the
mechanism, polymer chemistry provides an increasing range of possible reactions,
but at the same time the induced response is fundamentally a reaction-diffusion
process with a built in feedback regulating the chemical molecules changes and

mechanical properties'?.

Due to these properties, they are usually used as drug-delivery devices®°'. An
example is the glucose-responsive polymer. In particular, when insulin is present in
the hydrogel tissue, after a temperature or a pH change, the hydrogel reacts by
swelling and releasing the drug’®. The process can be temporally controlled in the
lab by altering glucose concentrations or left to react on demand in practical
applications. In addition, there have been a few examples of self-oscillating gels,
that swell and shrink periodically’"?%. These have been proposed for periodic drug
release. However, an equally interesting application for smart hydrogels is as
sensors?93205 Both temperature and pH are parameters that express variations in
the human body. Temperature is a common natural reaction triggered by the body
trying to eradicate an infection or virus, while pH can be used as an indicator of

cancer cells that have a pH< 6.5 compared to healthy cells that have a pH ~ 7.4™1,

In this work, our purpose is to build a pH-responsive gel capable of detecting
substances and generating a combined chemo-mechanical response. In previous
work, urease and glucose oxidase were trapped in a polymer that displayed either
shrinking or swelling in response to additions of urea and glucose?%. Here, we
attempted to generate more complex responses by combining multiple enzymes.
The present study builds upon the previous research conducted by Ogawa et al.
63101 in the field of enzyme immobilization within responsive gels. Specifically, this
study sought to expand upon the initial work by focusing on the immobilization of

glucose oxidase and urease enzymes, with the aim of utilizing the pH switch
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mechanism to create a responsive gel capable of expanding and contracting in
response to changes in the surrounding environment's pH levels. The resultant gel
demonstrates promising potential for various applications in the field of materials

science and beyond.

Particularly, enzymes urease, catalase, and glucose oxidase were encapsulated
together with the colourimetric indicator bromothymol blue in the smart-hydrogel
matrix. We tested the use of watermelon seed, as a long-lived source of urease and
catalase. The gel was cut into a thin cylindrical shape and placed first in urea and
then in glucose. Urea diffused inside the gel reacting with urease and generating
ammonia which is responsible for the pH increase. The filament then switches colour
to blue and shrinks. Following the process, the same filament is placed in glucose
which diffuses inside it, reacting with glucose oxidase and producing gluconic acid.
The newly produced product will be responsible for the filament swelling and the
indicator switching to a yellow colour. The filament was also used with hydrogen
peroxide alone and we observed that the formation of oxygen resulted in a swelling
response. A further investigation combined the glucose reaction with additional
hydrogen peroxide to speed up gluconic acid production by building a chemical
reaction network within the filament. The combination of these two mechanisms
generates a chemo-mechanical response which enhances the filament output
response being, in fact, able to react to both stimuli, pH and oxygen, by changing

colour and enlarging its area.

We here present these types of hydrogels showing an enhanced output response
by combining chemical and mechanical responses. They are reusable up to eight
times and can be used for cyclical reactions. Furthermore, thanks to their properties
and the wide range of enzymes contained in watermelon seeds, there are numerous
possible applications, such as oxygen detection or chemical reaction network
developments. However, a further step would be encapsulating a drug in it, in order

to assemble a drug delivery device able to be spatially and temporally controlled
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which will react by releasing the medication following the detection of pH changes
or compound concentrations variations. Due to the numerous parameters and
challenging chemistry behind this system, further investigations are needed in order

to achieve such a system.

6.3. Methods

The methods are covered in chapter 2, section 2.4.

6.4. Results and Discussion
The pH-responsive filaments were built to generate both a chemical and a
mechanical response, as a result of the encapsulation of enzymes. In particular,
standard urease powder (UP) or urease from watermelon seeds (WM) conjugated
with glucose oxidase (GOX) were used. Therefore, the filaments are characterised
according to their reactivity and stability with the urea-urease reaction and then
according to their area growth when in the presence of an acidic environment
generated by the glucose-glucose oxidase reaction. The gels swell at low pH due to
the formation of charged NH* groups and shrinks at high pH due to neutralisation
of the - NH* groups on the poly-(N-vinylimidazole)®3. Furthermore, due to the
presence of catalase in the WM seeds, the filaments were also combined with
hydrogen peroxide to boost the reaction rate and generate a simple chemical
reaction network. Lastly, they were also left to react with hydrogen peroxide alone

in order to get a mechanical response from the production of oxygen.

Although different systems have been manipulated in this work, the basic common
denominator of all of them is the reaction-diffusion mechanism. In fact, the system
built here appears to be quite difficult to control due to the reaction or diffusion-

limiting effect within the filaments.
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6.4.1. pH profile, reaction time and reusability
In this section, we compare the two different sources of urease in the gels. Urease
in the form of standard urease (UP) and urease from watermelon seeds (WM) was
encapsulated in the gel filaments together with the indicator (BTB) to catalyse urea

hydrolysis in relation to the reaction:

urease

The results of the urease reaction in the filaments are consistent with those of other
studies and show that the enzyme is stable, well encapsulated, and capable of
performing the clock reaction®”1%, The responsive filaments generate an “on-off"
signal that produces an optical output response (yellow to blue) from the two
enzyme sources, indicating that UP and WM are stable, robust, and capable of

producing a signal in response to urea (5 mM).

The signal is quantified by the absorption recorded over time in [Figure 79 a) and
b)]. Subsequently, it was converted to pH to match the colour obtained by the
indicator as explained in the analysis section. Another parameter that is used to
evaluate the activity and stability of the particles is the reaction time. It is defined as
the time it takes the system to reach pH 7, due to BTB changing colour from yellow

to blue.
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Figure 79. Urea urease reaction is shown through the absorbance vs. time plot (on the left) and pH vs.
time (on the right) for a) UP and b) WM, encapsulated in gel filaments and placed in 5 mM urea at pH
4. The filaments are ~ T cm in length.

In the plots shown above it can be seen that for both enzyme sources, the sigmoidal
curve typical of autocatalytic systems is achieved along with the pH switch from
acidic to basic. In particular, the absorbance plots show a slight difference in terms
of reaction time, where UP reaches pH 7 at around 1000 seconds, whereas WM

realises the switch at around 800 seconds.

Although the two enzymes can be assumed reactive in the responsive filaments,
WM filaments have shown a faster reaction time compared to the urease powder
ones. This could be explained by taking into account the encapsulation. In fact,

compared to standard urease powder, WM seeds' active enzyme is encapsulated in
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Absorbance

protein microbodies consisting of a phospholipids bilayer shell which protects the
enzyme from the outer environment?%’. Furthermore, the microbodies are bigger in
size compared to the purchased enzymes, making it more difficult for them to

diffuse or leak out of the gel.

Once the filaments were found to be reactive, they were investigated to determine
if they were stable and robust. From an application-orientated point of view, two
properties were examined: the reusability and reproducibility of the particles. The
test was repeated in sequence over 8 successive times. The reaction time is defined
as previously stated and taken into account here again. In continuous tests, the
particles reacted with urea and images were recorded over time, then the same
particles were placed in glucose solutions until the indicator re-emerged as yellow.

This process was repeated eight times.
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Figure 80. Reusability and reproducibility tests for urease from watermelon seeds (WM) and standard
urease powder (UP) are shown in the absorbance versus time plot. on the right, reaction time vs.
repetitions for WM and UP. Standard deviations were calculated from 8 measurements.

[Figure 80] shows the plots for reusability and reproducibility for WM and UP, where
the pink area represents the standard deviation derived from the different
repetitions. UP shows a more distributed standard deviation, showing it is less stable
than WM. However, both enzyme sources were able to perform the urea urease
reaction 8 times consecutively, showing the clock reaction. Once again, the physical

encapsulation of the enzymes could be the reason for the greater stability and
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reproducibility of WM seeds because of the microbodies constituting it, proving
that the enzymes encapsulated in this type of gel are more durable and robust. As
previously anticipated, the reaction time for the two different catalysts is slightly
different. In fact, UP is capable of performing the switch at 1100 seconds, whereas
WM reaches pH 7 more rapidly and precisely at 700 seconds. The values are

calculated based on the repetition mean.

In summary, although both enzyme sources have shown to be able to perform the
‘on-off’ switch typical of autocatalytic reactions and to be reusable and reproducible
up to 8 times, WM has been shown to generate an optical output earlier in time
(around 700 seconds) and to be more stable and robust thanks to its physical
conformation. This proves that enzymes taken directly from natural sources can
represent an inexpensive, robust and reliable way to obtain pH changes other than

purified enzymes.

6.4.2. Glucose
The pH-responsive filaments have the characteristic of shrinking at high pH and
swelling at low pH. For filaments containing both urease and glucose oxidase
enzymes, the area growth was used to determine the amount of acidic environment
generated by gluconic acid production due to the glucose-glucose oxidase reaction
as shown below.
GOX
CeH1206 + 0, 25 CeHi,0, + H,0, (2)

The GOX-equipped filaments previously reacted with urea to set them at a high pH,
were placed in glucose and left to react. In the glucose test, it can be observed the
chemo-mechanical response. The filament, in fact, increased in terms of area but

also switched colour to yellow as gluconic acid was formed [Figure 81].
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20 mm \ 20 mm

Figure 81. Filament containing GOX previously let react with urea 5 mM to set it at high pH, then
placed in glucose solution 30mM, at time t=0 and t=5000 sec

During the reaction, the area was measured using the image analysis software

Image J and plotted as can be observed in [Figure 82].

The UP filament plot presents an initial more accentuated segment where the
growth is quite pronounced as can also be seen in the respective right plot where
we have the maximum slope at 400 seconds. On the other hand, the growth of the
WM area is quite constant and homogeneous. However, UP achieves a larger area
reaching 160 mm? at 5000 seconds, starting from 75 mm?, whereas WM starts from

80 mm? and reaches almost 200 mm? at the same point in time.
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Figure 82. Area growth vs. time for UP and WM (on the left) GOX-filaments placed in glucose solution
and their first derivative plot in time to show the growth rate

This means that, although UP filament has an initial faster growth when reacting
with glucose, then it slows down and stops growing further. Instead, WM has a more
constant growth and continues to increase with time. This behaviour could be
attributed to the catalase present in the WM seeds powder, which reacts with the
hydrogen peroxide produced by glucose and GOX, generating oxygen that
consequently supports the first reaction. The longer the reaction, the greater the
amount of gluconic acid formed and the decrease in pH, the larger the swelling of

the filament.
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6.4.3. Hydrogen peroxide
This test was performed in order to detect hydrogen peroxide and oxygen formation
by using the filaments' area growth in time. In particular, a filament containing
catalase in the form of WM seeds was placed in a 50 ml solution containing H,0, at
0.5, 1 and 3% by volume to study whether its growth would be associated with the
concentration. In particular, the filament expansion is given by the production of
oxygen in the form of bubbles. Specifically, hydrogen peroxide diffused through the
filaments and reacts with the catalase encapsulated in the WM seeds in the gel, as
soon as oxygen is formed and bubbles are generated, they will physically stretch
the filament, expanding it°%82%9, The process can be better appreciated by observing
[Figure 83] where it is shown a filament at time zero and then later in time, filled

with bubbles.

20 mm 20 mm

Figure 83. pH-responsive WM filament in hydrogen peroxide solution before and after bubble
formation and consequent expansion

The concept expressed above can be well examined in [Figure 84] where filaments
are placed into different concentrations of hydrogen peroxide solutions. On the left,
the plot is presented showing the area growth in time for filaments placed in 0.5, 1
and 3% hydrogen peroxide. As could be expected, larger the amount of H,0, is,
more the filament will be expanded by the formed oxygen. In fact, the filament used

with 3% hydrogen peroxide has reached 150 mm? starting from 50 mm?, whereas
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0.5 and 1% similarly start from 50 mm?and grow up to 130 mm?2. On the right plot,
it is shown the first derivatives of the previously described curves in order to
highlight the growth rate. In terms of speed, filaments placed in 1 and 3% H,0,
reach the maximum at around 12 seconds, meaning that the gel grows at the fastest
rate in the first seconds of the reaction. On the other hand, the solution at 0.5%
shows that the filament requires a longer time in order to grow. The phenomenon
can easily be addressed to the limited amount of oxygen formed within the gel

which causes a slower development of its own area.
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Figure 84. Area vs. time plot for different hydrogen peroxide concentrations in volume percentages
and its derivative plot to show the area growth rate

The results shown in this section have been summarised in the bar plot presented
in [Figure 85]. In fact, the plot displays the area growth ratio obtained from the
maximum and minimum area expressed by the filaments. Similarly to what has
already been observed, filaments placed in 0.5 and 1% show a comparable
expansion ratio equal to 2.77 and 2.8 respectively. However, for gels used in solution
with 3% hydrogen peroxide, the ratio grows to almost 3, showing that more oxygen

was formed.
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Figure 85. Bar plot showing the growth ratio between max/min area for filaments placed in hydrogen
peroxide at 0.5, 7 and 3% concentration

Recapitulating, the effect of hydrogen peroxide concentrations can be divided into
two cases. According to the area growth, the larger the concentration, the bigger
the filament's area expansion would be. Differently, according to the growth rate, 1
and 3% hydrogen peroxide solutions have been shown to be comparable and faster
than the 0.5% one. This could signify that 1% might be taken as a detection cut-off
point for a hydrogen peroxide biosensor. However, it is clear that in order to better

tune the system further studies are required.

6.4.4. Glucose and hydrogen peroxide
As previously mentioned, the glucose-GOX reaction requires oxygen in order to
produce gluconic acid. Therefore, a test using filaments containing GOX and
catalase in the form of WM seeds was performed in a glucose solution with the
addition of an initial concentration of hydrogen peroxide. In this way, a simple
chemical reaction network was formed using two different enzymes encapsulated

in the same gel according to the scheme presented below.
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GOX
CeHyp0g + 0, 25 CoHy,0, + Hy0, (2)

Plus

catalase 1

H202 E— EOZ + HZO (5)

In doing this, the oxygen formed by reaction (5) helps reaction (2) to push towards
the products and generate a further acidic external solution. The effect of the

combined action can be seen in [Figure 86].

7

20 mm 20 mm

Figure 86. WM filament used with glucose 30mM and hydrogen peroxide 0.5% before and after the
reaction occurred. The gel growth is given by the combined effect of gluconic acid and bubbles.

The filament containing WM seeds with catalase and GOX was placed in a solution
containing 30 mM glucose and 0.5% H,0, . In [Figure 87] it can be observed that
the area grows in time going from 88 mm? to 277 mm?. Differently from before, the

initial growth is quite rapid and has the fastest growth in the first 50 seconds of the

reaction.
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Figure 87. Area growth vs. time plot coupled with its first derivative curve to show the area growth
rate for the WM seeds-glucose (30 mM) plus hydrogen peroxide (0.5%,) reaction

A better comparison concerning the behaviour of filaments in glucose solutions
with and without the addition of hydrogen peroxide can be appreciated in [Figure
88 a]. Here the area growth in time is plotted for UP and WM pH-responsive gels.
As previously mentioned, UP filaments show an initial faster growth which then
slows down, possibly due to the consumption of available oxygen in solution. On
the other hand, WM filaments tend to persistently grow in the area as a result of
the enzyme catalase present in the seeds, which sustains the reaction for longer,
resulting in a final bigger gels’ area growth. Finally, when an initial concentration of
hydrogen peroxide (0.5%) is added to the glucose solution and a WM filament is
used, the result in terms of area expansion is quite enhanced. The effect is possible
mainly due to the double, combined action of two mechanisms. Firstly, oxygen
production is faster and more consistent, increasing the area growth rate by
sustaining the glucose-GOX reaction by producing a higher gluconic acid amount.
Then the combination of bubble formation by the catalase-hydrogen peroxide
reaction added to the acidic environment caused by the gluconic acid enhances the
area growth ratio. This results in a faster and larger filament which produces a

chemo-mechanical response to the different stimuli it is subjected to.
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Additionally, in [Figure 88 b] it is illustrated the area growth ratio for the glucose
investigation for the UP, WM and WM-H,0, tests. It can be observed how using
WM seeds in the filaments slightly increases the area ratio compared to UP going
from 2.5 to 2.54. However, the real improvement is produced when WM filaments
are used with glucose combined with hydrogen peroxide, where the ratio arrives at

2.7.
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Figure 88. a) Area growth vs time for filaments made with UP, WM, and WM plus hydrogen peroxide
(0.5%) in glucose solution. b) Bar plot showing the area growth ratio considering the end of the reaction
over the initial stage for UP, WM, and WM plus hydrogen peroxide (0.5%), in glucose solution (30 mM,).

This test has proved that adding hydrogen peroxide to the system has indeed
increased the reaction into forming more gluconic acid which has consequently
produced a faster and bigger growth in the filament area compared to the previous
two studies. This means that building a chemical reaction network in combination
with “smart” gels can bring to the formation of faster and clearer optical chemo-

mechanical output responses.
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6.5. Conclusions
The utilization of pH-responsive materials in drug delivery has been extensively
researched, with notable success in the use of gels that swell or shrink with pH,
particularly those containing urease/glucose oxidase. However, recent
advancements in this field have introduced novel approaches to further enhance
the efficacy of such materials. Notably, the incorporation of watermelon powder as
a means of achieving long-lasting enzyme activity at room temperature has been
investigated, with encouraging results demonstrating the feasibility of reusability
for a cyclical process. Moreover, the application of multiple enzymes and substrates,
including catalase, has been explored as a means of achieving more complex and
enhanced responses. This innovative approach holds significant promise for the
development of novel drug delivery systems with improved efficacy and

functionality.

However, developing such a complex system carries some challenges and in order
to deeply understand these enzyme-filament phenomena and channel this
knowledge into a possible application, it is not sufficient to only look at the
contribution of chemistry and mechanics individually. In fact, a deep focus on the
interaction between them is needed. In any system, chemical and mechanical
changes rarely occur on the same time scale, and develop through feedback loops,
which  provide the foundations for constructing complex adaptive
responses'?%193205 An adaptation of any property into smart gels or systems in
general, can be a difficult task in coordinating precise molecular and structural
adjustments, but the interaction between chemistry and mechanics does the work
for us - they shape each other. This could be the first step in order to build smart

materials capable of complex responses such as oscillations.

The NIPA gel containing imidazole and urease powder was proposed by Kokufuta
and co-workers®’. Their experiments were performed at pH 4 and 35 °C in a flow of

outer solutions. Shrinking of the gel was observed as a result of the formation of
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the pH gradient. They also investigated a glucose responsive gel with glucose
oxidase using NIPAAm-acrylic acid and this gel shrank as the pH decreased?™. It was
demonstrated that a co-immobilised GOX system with gluconolactonase resulted
in faster gel shrinkage than GOX alone; however, the process was still quite slow?'".
Only one other co-immobilised system was investigated — urease and glucose
oxidase in NIPA-AAc and imidazole. This gel shrank then swelled again upon

addition of urea, a single cycle, but the reaction was very slow0".

In this work, we have investigated the potential of combining chemical and
mechanical responses by utilizing various enzymes that are enclosed in pH-
responsive gels. The results have shown that the combination of enzymes has a
positive impact on the final output response. This is a crucial step towards creating
chemical reaction networks in self-regulating responsive gels, which can be used in
various industries like drug delivery devices and sensors. Firstly, a comparison
between standard urease powder and urease from watermelon seeds was
conducted. The test was performed by placing a filament containing the enzyme
sources and an indicator in a urea solution at 5 mM. although both of the enzymes
have reproduced a sigmoidal shape of pH in time typical of autocatalytic systems,
WM filaments have shown a faster response in time, possibly due to the structural
nature of microbodies. Subsequently, the filaments were analysed to characterise
their resistance and robustness. In this case, the filaments were equipped with two
enzyme sources, urease and GOX and placed alternatively in 5mM urea solution and
subsequently reset at low pH using 30 mM glucose solution. The gel was able to
encapsulate both enzymes effectively and robustly since they were able to perform
reproducibility and reusability tests up to eight times consequently. This means the
system so built could be used several times before being deactivated. However,
even in this case, WM have proven to have a smaller standard deviation and faster

response time, meaning they are more stable and robust compared to UP filaments.
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In the second study, the focus was put on the glucose reaction, adding filaments
containing a mixture of UP-GOX and WM-GOX. The activity of the enzymes was
calculated taking into account the swelling properties of the gel when placed in an
acidic environment. In fact, glucose reacting with GOX would produce gluconic acid
which will decrease the pH solution. Although with both enzyme sources, the
filament would increase its area, it was noticed that the ones containing WM urease
were growing considerably more. The behaviour was attributed to the enzyme
catalase contained in WM which was reacting with the hydrogen peroxide formed
by the glucose-GOX reaction, consequently producing more oxygen, that would
help sustain the main reaction. This was the first simple example of chemical
reaction network mechanisms in which two enzymes would cooperate together to

enhance the final output response.

Along these lines, the third analysis was conducted. In fact, the filament containing
WM and GOX was placed in a solution containing glucose and an initial
concentration of hydrogen peroxide. The results showed that by increasing the
availability of H,0, in solution, the filament's area growth was quite faster, especially
in the first 50 seconds. Again, the reaction rate boost was caused by the secondary
reaction involving catalase which helped the primarily glucose reaction by
producing oxygen and therefore, pushing towards the formation of gluconic acid,

generating a more acidic environment.

The boosting effect was also proved via the area growth ratios, representing the
final area over the initial area. The ratio will suggest that filaments containing WM-
GOX in the presence of an initial concentration of hydrogen peroxide had a bigger
ratio compared to the WM and UP filaments placed in glucose only. This effect could
be attributed to the double effect of oxygen bubbles forming in the gels, which
stretched the filaments, and the more acidic environment created by the increased
production of gluconic acid facilitated by the enzyme catalase. The latter

contributed to the sustainment of the glucose-GOX reaction by providing oxygen.
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Lastly, the combination of WM filaments and hydrogen peroxide alone was tried. In
this case, the chemo-mechanical response was given by the hydrogen peroxide-
catalase reaction producing oxygen in bubbles form which were stretching the gel
from within. In particular, three different concentrations of H,0, were used in order
to set a detection cut-off point to use the filament as an oxygen biosensor. In
particular, the concentrations used were 0.5, 1 and 3% hydrogen peroxide and the
results have shown that the more hydrogen peroxide is contained in the solution,
the more oxygen is formed faster, and the more the area growth rate is sped up. In
fact, the filaments placed in 3% H,0,, increased their area more rapidly than the
other two concentrations. Also, in this case, a bar plot showing the area ratios was
built. It shows that for lower concentrations as 0.5 and 1%, the ratio is around 2.7,
whereas when using 3% it almost reached 3, meaning the filament was growing
triple compared to its initial area. To this extent, 1% hydrogen peroxide can be taken
as a cut-off point after which the filaments cannot really differentiate among

concentrations.

Concluding, we proved that building a system using chemo-mechanical responses
in order to achieve a clearer output signal was possible. The gel was able to
encapsulate successfully different types of enzymes remaining active even after
using it eight times consecutively. The filaments were used with different substrates
obtaining a robust output response with each one of them. Furthermore, simple
chemical reaction networks using two types of enzymes were performed and the
results show that the reaction rate was improved. However, the formation of
bubbles will affect the system's growth to some extent. Such a system could be
applied as a sensor which will shrink and swell according to the external pH, being
able to regulate according to the external stimuli, as demonstrated by the glucose
responsive gel?’®. Finally, the gels were used to visualise the oxygen produced by
the reaction. In this case, the filaments have proved to perform a clear and robust
output signal but in order to tune it and make it more precise and usable, further

investigations are required.
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7. Conclusion of the thesis and future work
In this doctoral thesis, it has been demonstrated how enzyme-particle biosensors
are versatile, easy to use with innovative properties. The purpose of our project is
to try to fill the gap present in the literature by quantifying and better understanding
the basic processes in enzyme-particle biosensors with pH autocatalysis in order to
optimize and improve signal amplification and ultrasensitivity. One of the main
goals was to set up an enzyme biosensor capable of detecting small changes in the
amount of substances (ultrasensitivity), showing a clear and robust output signal
which can also be appreciated by the naked eye (amplification) within seconds
(response time). The characteristics should include small size, multiple uses and the
possibility to connect it to a smart material (through e.g. the Boolean logic gates)
to obtain a complex and autonomous system capable of sensing, reacting and

transferring the signal in novel devices.

Firstly, an overview of enzyme biosensors was presented in Chapter 1. Initially, a
historical excursion was presented to understand how the importance of the
enzyme has developed over time. A great advancement occurred when enzymes
were combined with different types of materials to produce biosensors. These
biosensors differ from classical sensors as a result of the particular properties of
enzymes as catalysts and also the wide applications of biocatalysts in different fields.
Depending on the final application, the type of biosensor (nano/micro-particles,
membrane, filaments...) is chosen to achieve different functionalities and also
diverse properties depending on which type of output (optical, magnetic,
electrical...) is desired or needed. In fact, enzyme-based biosensors usually involve
a combination of mass transport phenomena and reactions, including substrate
diffusion to the immobilised enzyme, enzyme-catalysed reaction, and the
conversion of the product into an output signal. While experimental research on

enzyme biosensors is extensive, modelling studies have been relatively scarce.
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In Chapter 3, we have presented the outcomes of our experiments and model
simulations aimed at optimizing the response of particle biosensors in an enzyme
reaction with feedback. Specifically, we have shown that, unlike in other reactions,
the particle size and transport of substrates and products play a crucial role in
autocatalytic reactions. Our main objectives were to optimize the reaction time and
the signal amplitude, which are key determinants of the biosensor output response
for various applications. To achieve this, we employed a computational model to
understand the system and tune parameters in the future. Our qualitative
comparison of experiments and simulations showed good agreement. In our study,
we encapsulated the enzyme and indicator (pyranine) in a thiol-acrylate polymer
particle through physical entrapment and obtained a range of particle sizes via
emulsion polymerization using hexane. We found that very small particles were
unable to react due to the fast diffusion of ammonia out of the particles, while large
particles took longer to react due to the limiting effect of urea transport in the
particle. However, we observed that the signal amplitude was more stable in larger
particles due to the longer time for the product ammonia to diffuse out. We
discovered that a particle of r = 0.35 mm was optimal in terms of reaction time and
signal amplitude. This finding underscores the critical role of particle size in the
biosensor output response. Finally, we investigated the transport effects by
comparing urease-particles made through thiol-acrylate emulsion polymerization
in mineral oil with shell and non-shell particles made with hexane. We found that
shell particles took longer to respond, but their signal was more stable over time.
This phenomenon could be attributed to the oil layer, which delayed the diffusion
of urea inside the core and trapped the ammonia once it was formed. Future studies
are required to confirm these results. We note that while the emulsion technique
we used to obtain enzyme-particles was easy to perform, it was not suitable for

producing precise particle sizes for reproducible particle biosensor properties.

In Chapter 4, we provided an overview of the state of the art regarding enzyme

immobilisation, highlighting the importance of such combination and defining the
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technical difficulties encountered. The aim was to demonstrate a possible
alternative to standard urease powder for enzyme-effective immobilisation
regardless of the solid support. We found that watermelon seed urease has been
shown to be sustainable, cost-effective and robust especially because the enzyme
is trapped in protein microbodies, which protects them and makes them active also
at room temperature. We tested the two enzyme sources encapsulated in three
different hydrogel particles such as thiolacrylate, low EEO, and high EEO agarose.
We performed two tests to characterize the particles from different perspectives. In
the first test, we evaluated the threshold detection limits and response time, while
in the second test, we evaluated the reusability and reproducibility properties. We
found that WM urease was suitable for the formation of an optical biosensor in an
equal way with thiol-acrylate and agarose particles. In both cases, the detection limit
was set at 0.4 mM and the response time occurred within one hour. Moreover, WM
particles have been shown to produce an output signal and therefore be reusable
consecutively (ten times) and over a month, even at room temperature. When UP
urease was coupled with thiol-acrylate gel particles, they showed a robust match in
terms of the urea detection limit and response time, respectively, set at 0.4 mM and

1 hour.

However, when UP was paired with agarose, no output signal was observed. The
enzyme was able to diffuse out of the particle, making the biosensor inactive.
Moreover, in the reusability test regards, the only effective result was UP matched
with thiol-acrylate in the consecutive repetitions. For all other experiments, no signal
was achieved. The adaptability and robustness of watermelon seeds with different
hydrogels could be exploited in several systems. One of them could be the mass
transport phenomena in terms of propagating reaction-diffusion fronts.
Additionally, an optical and chemomechanical biosensor could be used in the field
of soft robotics. With the diverse spectrum of enzymes contained in WM, another
option would be to combine different enzymes to have a single biosensor capable

of detecting multiple analytes. Considering the reusability shown by WM, a
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biosensor built with this enzyme source would be a device applicable in a variety of

fields such as pharmaceutical, biomedical but also waste water treatment detection.

In Chapter 5, we looked at the characterization of three enzymes to build a chemical
reaction network using watermelon seed powder. The use of coupling catalysts in
chemical reaction networks has been proven to be an innovative yet challenging
mechanism used to improve reaction rates and overcome product inhibition. We
combined enzymes that can alter pH and characterized the biocatalysts through
oxygen formation, pH change, and foam front propagation. We analysed each
enzyme individually and then combined them to show the coupling effect on the
system. The first enzyme investigated was catalase, which decomposes hydrogen
peroxide into water and oxygen. We found that increasing the amount of hydrogen
peroxide or the catalase concentration does not improve oxygen production.
Instead, the system has an optimum condition that initially corresponded to 0.3 g

WM and 1% concentration.

Nevertheless, it was found that the system was producing a foam propagating
according to the amount of WM present in the system, which interfered with the
main reaction. We identified optimal conditions as 0.1 g WM and 1% concentration
to control the foam formation and achieve a large amount of oxygen production.
Glucose oxidase was used to catalyze glucose oxidation into gluconic acid and
hydrogen peroxide from glucose. We found that due to the oxygen limiting influx
into the solution, all the oxygen present at the beginning is consumed at a fast rate
whereas the gluconic acid is not produced in appreciable quantities for the pH to
decrease sufficiently. Therefore, we coupled catalase in watermelon seed and GOX
in the system so that the two reactions could work together to enhance each other's
reaction rate and increase product formation. B-glucosidase was the next enzyme
to be observed, responsible for cellobiose hydrolysis into glucose. The enzyme

activity was investigated using the product formed by the second step of the
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cascade reaction. We found that adding hydrogen peroxide to the system boosted

the reaction rate speed and product formation.

Finally, urease in watermelon seed was added to the GOX-catalase to generate
controlled pH changes. Urease and GOX are both autocatalytic in pH and could be
used to make pH oscillations. It was demonstrated that a pH drop and rise could be
achieved with a network of GOX-catalase-urease with sequential additions.
Watermelon seeds are a natural source of multiple different enzymes already
coexisting and cooperating according to complex biological mechanisms. They have
potential to become an inexpensive and easy enzyme source for industrial,
analytical, and sensor applications in a variety of fields. Further investigations are
required to have a better understanding of the processes and tune them

accordingly.

Lastly, in Chapter 6, the study investigated the potential of combining chemical and
mechanical responses by utilizing various enzymes that are encapsulated in pH-
responsive gels. The results demonstrated that the combination of enzymes has a
positive impact on the final output response. This represents a crucial step towards
creating chemical reaction networks in self-regulating responsive gels, which can be

used in various applications such as drug delivery devices and sensors.

Firstly, a comparison between standard urease powder and urease from watermelon
seeds was conducted. Although both of the enzymes have reproduced a sigmoidal
shape of pH in time typical of autocatalytic systems, WM filaments have shown a
faster response in time, possibly due to their structural nature of microbodies.
Subsequently, the filaments were analyzed to characterize their resistance and
robustness. The gel was able to encapsulate both enzymes effectively and robustly
since they were able to perform reproducibility and reusability tests up to eight
times consequently. However, WM have proven to have a smaller standard
deviation and faster response time, meaning they are more stable and robust

compared to UP filaments. In the second study, the focus was put on the glucose
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reaction, adding filaments containing a mixture of UP-GOX and WM-GOX. Although
with both enzyme sources, the filament would increase its area, it was noticed that
the ones containing WM urease were growing considerably more. The behaviour
was attributed to the enzyme catalase contained in WM, which was reacting with
the hydrogen peroxide formed by the glucose-GOX reaction, consequently
producing more oxygen, that would help sustain the main reaction. This was the
first simple example of chemical reaction network mechanisms in which two
enzymes would cooperate together to enhance the final output response. Along
these lines, the third analysis was conducted. In fact, the filament containing WM
and GOX was placed in a solution containing glucose and an initial concentration
of hydrogen peroxide. The results showed that by increasing the availability of H,0,
in solution, the filament's area growth was quite faster, especially in the first 50
seconds. Again, the reaction rate boost was caused by the secondary reaction
involving catalase, which helped the primary glucose reaction by producing oxygen
and therefore, pushing towards the formation of gluconic acid, generating a more

acidic environment.

Additionally, the boosting effect was further confirmed through the area growth
ratios, which represent the final area over the initial area, by further investigating
the enhancing impact of WM-GOX on the growth ratios of filament area in the
presence of an initial concentration of hydrogen. The findings revealed that
filaments incorporating WM-GOX-H,0, displayed a significantly higher area growth
ratio compared to the WM and UP filaments placed in glucose only. The observed
effect could be explained by the dual mechanism of oxygen bubbles formation in
the gels, which caused the stretching of the filaments, and the more acidic
environment created by the enzyme catalase, which facilitated the increased
production of gluconic acid. This resulted in the sustenance of the glucose-GOX
reaction by providing oxygen. Hence, it can be inferred that filaments containing
WM-GOX in the presence of an initial concentration of hydrogen peroxide had a

larger ratio compared to filaments placed in glucose only.
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Finally, the combination of WM filaments and hydrogen peroxide alone was tried.
In this case, the chemo-mechanical response was given by the hydrogen peroxide-
catalase reaction producing oxygen in bubbles form, which expands the gel from
within. In particular, three different concentrations of H,0, were used in order to
set a detection cut-off point to use the filament as an oxygen biosensor. The results
have shown that the more hydrogen peroxide is contained in the solution, the more
oxygen is formed faster, and the more the area growth rate is sped up. To this
extent, 1% hydrogen peroxide can be taken as a cut-off point after which the

filaments cannot really differentiate among concentrations.

The results showed that the combination of enzymes has a positive impact on the
final output response and represents a crucial step towards creating chemical
reaction networks in self-regulating responsive gels, which can be used in various
industries. The filaments were able to encapsulate successfully different types of
enzymes and remained active even after using it eight times consecutively. Such a
system could be applied as a drug delivery device that will shrink and swell
according to the external pH, being able to regulate according to the external
stimuli. Finally, the gels were used to visualize the oxygen produced by the reaction.
In this case, the filaments have proved to perform a clear and robust output signal
but in order to tune it and make it more precise and usable, further investigations

are required.

The future work of this doctoral thesis exhibits potential for expansion on various
levels, all of which contribute to the development of a robust, reusable, and cost-
effective biosensor. Such a biosensor would possess the ability to detect analytes
with utmost sensitivity and fast response time. Firstly, the investigation of WM seeds
and their potential in enzyme applications is paramount. The presence of certain
cooperative enzymes in this work has been observed, but the mass spectrometry
analysis revealed many other enzymes that could be beneficial for current research

and applications. Additionally, the microbodies protecting the biocatalysts in WM
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seeds have the potential for enzyme applications in the synthesis of chemicals, as
they are sustainable, robust, biocompatible, and easily stored even in solution at

room temperature.

Secondly, the focus should be on multiple enzyme encapsulations on various solid
supports for reproducible observation of the output signal. This thesis has focused
on inexpensive and bio-compatible hydrogels such as thiol-acrylate and agarose,
but the robust nature of WM seeds allows for the testing of different supports to
examine durability, encapsulation, reusability, and reproducibility. Moreover,
trapping several different enzymes that cooperate and self-regulate will create a

system capable of detecting several analytes and reacting accordingly.

Finally, the ultimate step is to combine the multiple-detector biosensor with
responsive materials, resulting in a system capable of detecting multiple substances
and responding to them through a chemo-mechanical mechanism. This system can
then be used to encapsulate drugs and create the ultimate drug delivery device that
is capable of multi-analyte detection and personalised to the patient's needs and
disease. This work holds potential in the field of biosensors and drug delivery
systems, and further research can undoubtedly contribute to the advancement of

these areas.
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8. Appendices

8.1.  Appendix 1. Modelling of enzyme-based sensors
Enzyme-based biosensors are known to involve a complex interplay of mass
transport phenomena and reaction mechanisms, including substrate diffusion to the
immobilised enzyme, enzyme-catalysed reaction, and transformation of the product
into an output signal. Despite the critical role of modelling in understanding and
optimizing biosensor performance, there has been limited theoretical investigation
in comparison to experimental studies. As such, further exploration of the
underlying mechanisms governing the response of enzyme-based biosensors is

essential to unlock their full potential in a range of applications.

8.1.1. Models, reactions and kinetics
The kinetics of enzyme-catalysed reactions have been widely studied. By indicating
the enzyme, substrate and product with E, S, and P respectively, the general

mechanism of reaction such as S < P in the presence of a specific enzyme is:
S+EoSEEPoE+P(Al)

e Enzyme-substrate interaction

e Enzyme substrate complex

e Transformation of the substrate in the product complex with the enzyme

e The liberation of the enzyme from the product

Different reaction models have been formulated but the most common is the
classical Michaelis-Menten model, which offers the basis for most current research
on the mechanism of enzyme action. It is based on the hypothesis that the first step
of the reaction is a pseudo equilibrium. Thus, with simple mass balance equations

the final reaction rate, V, can be calculated as:
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V=—o——" (A2
Ky+s1 P
where k is the turnover number and K, = % is the Michaelis constant. Several

enzymes have a pH dependence which can influence the reaction rates. There are

two main groups of acid-base catalysis by enzymes:

e Specific catalysis = the reaction rates fluctuate under the influence of changes
in H*or H;0*concentration but are independent of the concentrations of the
other acids or bases present in the solution.

e General acid or general base catalysis > when reaction rates are very sensitive

to all acids or bases present in the solution

The dependence of rate on pH results in a bell-shaped curve where the maximum
rate occurs at an optimum pH. This behaviour arises as a result of the binding of

acid to the enzyme and can be modelled as:

rmax S

(Ky +5) (1 + [gi] + UZ,?)

rate = (A3)

Where 1,4 = k[E],K; and K, represent the binding coefficient of acid to the

enzyme.

8.1.2. Reaction-diffusion processes

Reaction-diffusion is a process in which the molecules included in the reaction are
transported through space by the mechanism of diffusion. Diffusive transport is
described by a flux that is proportional to the local concentration gradient.
Consequently, the diffusive flux J is defined as the number of molecules passing
through a unit section area per unit time and in one dimension is given by:

. ac

Jjlx, t) = —Da (A4)
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where D is the diffusion coefficient. When a reaction occurs, molecules are created
or consumed according to specific reaction kinetics [Figure A 1]. Thus, the reaction-
diffusion equation of the general form is like the one of the classic diffusion

equation, plus a term for the reaction:

0C;
a_tl (x,t) = D;V2C; + Ri([¢;].t) (A5)
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Figure A 1. Diffusion scheme: (A) without reaction and (B) with the reaction'"”

For enzymes encapsulated in a particle such as a nanoparticle or a vesicle a
simplified model scheme can be developed to investigate the influence of mass
transport on the chemical reaction. For example, in [Figure A 2], it is possible to
observe the simplified two-variable scheme where the exchange of matter is
incorporated as flow terms of urea-urease reaction taking place in a membrane or

particle, considering:
e R = enzyme catalysed rate
e H,Sand E = respectively the acid, substrate and enzyme concentration

o kyand kg = transport coef ficient
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Figure A 2. Enzyme-particle scheme'3

The last two, in particular, are very important since they govern the substrate and
acid molecules exchange between the compartment and the reservoir. The passage
from the reaction-diffusion model which uses the diffusion coefficient to the
transport coefficient can be explained thanks to the film theory. Adjacent to the
interface between the membrane (or particle) and the bulk solution, there is a thin,
but still not calculable, film whose thickness is §. The species concentration is

uniform everywhere in the bulk solution apart in the film [Figure A 3].

Figure A 3. Film theory representation

Due to the different concentrations between the outside and the inside of the

membrane, the matter flux starts, and it is described as:

J=-D—  (A6)
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Simplifying the equation through the finite-difference it becomes:

M cm AC Co—C [cm? M
[ ] =—D—=-D — (A7)
s Ay 6 s cm
where:
D[em* 1] " cm 48
5| s om|” tls (48)

The ratio between the diffusion coefficient and the film thickness is equal to the
transport coefficient. The ordinary differential equations (ODEs) representing this

simplified scheme in [Errore. L'origine riferimento non é stata trovata.] are’'3:

d[S
% = ks([S]o - [5]) —R (A 9)
d[H*] o Ke K Ky \
—— = (kH<[H lo ~ g~ [H1+ [H+]> 2R) (1 +—[H+]2) (410)
Where
kg [E][S]
R = (A11)
K [H*]
K+ 15D (1+ 5 + 1, )

Where kg and ky are the transport coefficients ~% [s71] and kg, is the mass transfer

coefficient for solids to liquids.

The value of the transport coefficients can have consequences on the behaviour of

the enzyme-catalysed reaction'3-114,
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8.2.  Appendix 2. XPP-ODE code for urea-urease reaction chapter 3

8.2.1. Hexane particle sensor

fparticle

U'=-kE*E*U/ ( (1L+KE2/H+H/KE1) * (KME+U* (1+U/KS) ) * (1+NH4/Kp) ) +
(1*ksl/r) * (Uo-U)

NH3'=2*kE*E*U/ ( (1+KE2/H+H/KE1) * (KME+U* (1+U/KS) ) * (1+NH4/Kp) ) +k2
r*NH4-k2*NH3*H+ (m*ksl/r) * (NH30-NH3)

NH4 '=-k2r*NH4+k2*NH3*H+ (ksl/r) * (NH40-NH4)

CO2'=kE*E*U/ ( (1+KE2/H+H/KE1l) * (KME+U* (1+U/KS) ) * (1+NH4 /Kp) ) -
k3r*CO2+k3*H*HCO3+ (ksl/r)* (CO20-CO2)

HCO3'=k3r*C02-k3*HCO3*H-k4r*HCO3+k4*CO3*H+ (ksl/r) * (HCO30-HCO3)
CO3'=k4r*HCO3-k4*CO3*H+ (ksl/r) * (CO30-CO3)

H'=k2r*NH4-k2*NH3*H+k4r*HCO3-k4*CO3*H+k5r-k5*H*OH+k3r*C0O2-
k3*HCO3*H+o*ksl/r* (Ho-H)

OH'=k5r-k5*H*OH+p*ksl/r* (OHo-OH)

#surrounding solution Vo = volume of solution; N = constant

(number of particles* (4pi/3))
Uo'=-1*ksl*N*r*r/Vo* (Uo-U)
NH30'=k2r*NH40-k2*NH30*Ho-m*ks1*N*r*r/Vo* (NH30-NH3)
NH40'=-k2r*NH40+k2*NH30*Ho-ksl*N*r*r/Vo* (NH40-NH4)
CO20'=-k3r*C0O20+k3*Ho*HCO30-ksl*N*r*r/Vo* (CO20-C0O2)

HCO30'=k3r*C020-k3*HCO30*Ho-k4r*HCO30+k4*CO30*Ho-
ksl*N*r*r/Vo* (HCO30-HCO3)

CO030'=k4r*HCO30-k4*CO30*Ho-ksl*N*r*r/Vo* (CO30-C0O3)
Ho'=k2r*NH40-k2*NH30*Ho+k4r*HCO30-k4*CO30*Ho+k5r-

k5*Ho*OHo+k3r*C020-k3*HCO30*Ho-0o*ks1*N*r*r/Vo* (Ho-H)
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OHo'=k5r-k5*Ho*OHo-p*ksl*N*r*r/Vo* (OHo-OH)

aux pH=-log (H)/log(10)

aux pHo = -log(Ho)/log(10)

fparameters

par 1=2, m=20, o=1, p=1

par k2=4.3el0, k2r=24, k3=7.9e4, k3r=0.037

par k4=5el10, k4r=2.8, kb=lell, kbr=le-3

par kE=8e-7,E=80, KME=0.003,KS=3,KP=0.002,KEl1=5e-6,KE2=2e-9

par ksl=3e-4, N=4, Vo=20, r=?

#initial conditions
init U=0.00, NH3=0,NH4=0,C02=0,HC03=0,C03=0,H=1e-4,0H=1e-9

init Uo=3e-4,NH30=0,NH40=0, CO20=0, HCO30=0, C030=0, Ho=1e-
4,0Ho=1e-9

#numerical stuff

@ total=5000, dt=10, tol=le-14, atol=le-14, meth=cvode
@ xplot=t, yplot=pH, xhi=4000, ylo=1, yhi=14

done

# $01 $0.007

# $02 $0.02

# $03 $0.035

# $04 $0.075

# $05 $0.085
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8.2.2. Mineral oil particle sensor

fparticle

U'=-kE*E*U/ ( (1L+KE2/H+H/KE1) * (KME+U* (1+U/KS) ) * (1+NH4/Kp) ) +
(ksl/r) * (Uo-0)

NH3'=2*kE*E*U/ ( (1+KE2/H+H/KE1) * (KME+U* (1+U/KS) ) * (1+NH4/Kp) ) +k2
r*NH4-k2*NH3*H+ (ksl/r) * (NH30-NH3)

NH4 '=-k2r*NH4+k2*NH3*H+ (ksl/r) * (NH40-NH4)

CO2'=kE*E*U/ ( (1+KE2/H+H/KE1l) * (KME+U* (1+U/KS) ) * (1+NH4 /Kp) ) -
k3r*CO2+k3*H*HCO3+ (ksl/r)* (CO20-CO2)

HCO3'=k3r*C0O2-k3*HCO3*H-k4r*HCO3+k4*CO3*H+ (ksl/r) * (HCO30-HCO3)
CO3'=k4r*HCO3-k4*CO3*H+ (ksl/r) * (CO30-CO3)

H'=k2r*NH4-k2*NH3*H+k4r*HCO3-k4*CO3*H+k5r-k5*H*OH+k3r*C0O2-
k3*HCO3*H+kH/r* (Ho-H)

OH'=k5r-k5*H*OH+kOH/r* (OHO-OH)

#surrounding solution Vo = volume of solution; N = constant

(number of particles* (4pi/3))
Uo'=-ksl*N*r*r/Vo* (Uo-U)
NH30'=k2r*NH40-k2*NH30*Ho-ks1*N*r*r/Vo* (NH30-NH3)
NH40'=-k2r*NH40+k2*NH30*Ho-ksl*N*r*r/Vo* (NH40-NH4)
CO020'=-k3r*CO020+k3*Ho*HCO30-ksl*N*r*r/Vo* (CO20-C02)

HCO30'=k3r*C020-k3*HCO30*Ho-k4r*HCO30+k4*CO30*Ho-
ksl*N*r*r/Vo* (HCO30-HCO3)

CO30'=k4r*HCO30-k4*CO30*Ho-ksl*N*r*r/Vo* (CO30-C0O3)

Ho'=k2r*NH40-k2*NH30*Ho+k4r*HCO30-k4*CO30*Ho+kbr-
k5*Ho*OHo+k3r*C020-k3*HCO30*Ho-kH*N*r*r/Vo* (Ho-H)

OHo'=kb5r-k5*Ho*OHo-kOH*N*r*r/Vo* (OHo-0OH)
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aux pH=-log (H)/log(10)

aux pHo = -log(Ho)/log(10)

fparameters

par k2=4.3el0, k2r=24, k3=7.9e4, k3r=0.037

par k4=5el10, k4r=2.8, kb5=lell, kb5r=le-3

par kE=3.7e-7,E=80, KME=0.003,KS=3,KP=0.002,KEl=5e-6,KE2=2e-9

par ksl1l=0.0003, kH=9e-5, kOH=4.5e-5, N=4, Vo=20, r=?

#initial conditions
init U=0.00, NH3=0,NH4=0,C02=0,HC03=0,C03=0,H=1le-4,0H=1e-10

init Uo=3e-4,NH30=0,NH40=0,C020=0, HCO30=0,C030=0, Ho=1le-
4,0Ho=1e-10

#numerical stuff

@ total=12000, dt=10,tol=le-14, atol=le-14, meth=cvode
@ xplot=t,yplot=pH,xhi=4000,ylo=1,yhi=14

done

# $01 $0.007

# $02 $0.02

# $03 $0.035

# $04 $0.075

# $05 $0.085
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8.3. Appendix 3. Image Analysis in Chapter 4
Since the biosensor proposed in this paper is built in order to give an optical output
signal, there is the need to associate the colours to the corresponding pH. In order
to do so, a pH scale from 2 to 9 was created [Figure A 4]. The scale was made using
aqueous solution of bromothymol blue adjusting the aimed pH with NaOH 0.01M
and HCI 0.1M. Once the scale was built, an image was taken with the Thorlab camera

and analysed via the image analysis software ImageJ.

pH
2
3
4 7
5 6

Figure A 4. pH scale representation

To give the most accurate shade possible, the image was manipulated in order to
remove darks from the background and emphasise the different shades obtained.
Following, through the option 'Plot Z-axis profile’ intensity was associated with a

colour shade [Figure A 5].

197 |Page



pH scale - intensity calibration

intensity

pH

Figure A 5. Intensity vs pH

Thus, every time an image was analysed, once the intensity reached by the particle

at that concentration was known, it could be switched to a pH value [Table A 1].

Table A 1. Intensity/ pH scale association

Intensity pH Intensity pH
246 2 246 6
244 3 219 7
245 4 160 8
243 5 133 9
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8.4. Appendix 4. Analysis and Simulations Chapter 5

8.4.1. Image Analysis
The foam front propagation images were taken every 10 seconds over 600 seconds.
The images were acquired using a dark background to highlight the foam front
development and graph paper adjacent to the test tube in order to use it as a

reference.

The data were analysed via Matlab® which would display the first and last pictures
from the selected folder. On the first data set picture, the initial point at time=0 sec
and length=0 mm was set as can be seen in [Figure A 6 a]. Then, on the last data
set picture at time=600 sec, the maximum foam front length was pointed by arrow
number 2 as can be observed in [Figure A 6 b]. The software will then proceed to
calculate the foam front length over time and create a data sheet which was then

plotted.

Figure A 6. Representation of the initial front point (arrow 1) and final front point (arrow 2) positions
to determine the foam front propagation length
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8.4.2. Code for analysis of foam fronts

close all

clear all

dir = 'C:\Users\';

rfn='2023.02.00"'"; % file name before number

rfn2='2023.02.0"

====== rfn="'Y:\CHM\Physical \AFT\MMW\ureapetri60\ureapetri60 ';

% root of file names

%bg=28; % background file

£i=28; % first file

11i=99; % last file

mf=1; % median filter radius
smf=10; % smoothing factor for 1D cut
d=3; % range of diff

sp _res=3; % pixel/mm

dt=10; % time elapsed between consecutive frames (in
seconds)

s_time=5; %time point to calculate slope

nc=1; % number of cuts: 4,9,16 etc

ir=1; % radius of the omitted area around origin

t=fi*dt:dt:1i*dt;

fc=sqgrt (nc) ;

af=360/2/pi;

al=0;
ar=linspace (0, (360-360/nc),nc)/af;
$filename=[dir, rfn,num2str(bg),'.tif'];
Sbg=imread (filename) ;
$bg2=medfilt2(bg(:,:,2), [mf mf]);
filenamel=[dir, rfn,num2str (fi), '.tif'];

i=imread (filenamel) ;
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1 fi=i(:,:,2);
if 11 < 100
filename2=[dir, rfn,num2str (li), '.tif'];
else
filename2=[dir,rfn2,num2str (1i),"'.tif'];
end
i=imread (filename?2) ;
i 1i=i(:,:,2);
i si=uint8((double (i fi)+double (i 1i))/2);
imshow (i _si, 'Border', 'tight');
text (1,10, [filenamel,' + ',filename2], 'BackgroundColor',[1 1
1]):
[x1,yl] = ginput(2);
length of cut=pdist([x1l yl]);
xp=x1(2);
yp=yl(2);
xps=x1(1);
yps=yl(1l);
xpt=round (x1l (1) +cos (ar)* (length of cut+10));
ypt=round(yl (1) +sin(ar)* (length of cut+10));
cl=length (improfile (i, [xps (1) xp (1)1, [yps(l) yp(1)1)): %
length in pixels for length correction of oblique cuts
for p=l:nc
line ([xps(p) =p(p)], [yps (p)
vp (p) ], 'LineWidth', 2, 'Color', [0 0 0]);
hold on
quiver (xps (p), yps (p), (xp (p) —xps (p) ), (yp (P) -
yps (p)),0.55, '"MaxHeadSize',1/cl1*100, 'LineWidth',2, '"Color', [0 O
01)

text (xpt (p), ypt (p) ,num2str (p), 'HorizontalAlignment', 'Center’', '
Color',[1 1 11)
end

hold off
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for n=fi:1li

if n < 100

st = [tr,num2str(n)];
else

st = numZ2str(n);

end
filename=[rfn2, num2str(st),'.tif'];
i=imread(filename) ;
i f=medfilt2(i(:,:,2), [mf mf]);
i f=imadjust (i f);
Simshow (i £, [1 1]);
%ima (n-fi+l, :, :)=double (i f)-double (bg2);

ima (n-fi+1l,:, :)=double(i f);

end

figure

for ang=l:nc
subplot (fc, £c, ang)

for n=fi:1l1i

c=improfile (squeeze (ima (n-fi+l, :, :)), [Xps (ang)
xp (ang) ], [yps (ang) yp(ang) ], 'nearest');
csm=c;
csm=smooth (c, smf) ;
ds=round(d/2) ;
for x=1:1length(c)-d
dcsm (x+ds) =csm(x+d) —csm(x) ;
end
dcsm=abs (dcsm) ;
splot(c, '-k')
thold on
splot(csm, '-r')
thold on
%plot (dcsm, '-ob')
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thold on
max dcsm=max (dcsm) ;
dcsm(dcsm < max dcsm) = 0;

fp=find(dcsm) ;
frpo(n-fi+l)=mean (fp) ;
dcsm frpo (n-fi+l)=mean (dcsm(£fp))

plot (frpo(n-fi+l),dcsm frpo(n-fi+l),'og')

end

lc=length(c);

real frpo=frpo/sp res*cl/lc;

maxheight=max (real frpo)-min(real frpo);

fpifpf (ang, :)=[real frpo(l) real frpo(length(real frpo))];

plot (t,real frpo, 'ok'")

xlabel ('Time (sec)')

ylabel ('Space (mm) ')

[fit lin par, stat] =
polyfit(t(l:s time),real frpo(l:s time),1);

lin = fit 1lin par(l).*t+fit 1lin par(2);

slope (ang)=fit 1lin par (1) *60;

hold on

set (gcf, 'Color', 'white')

plot(t, 1lin,'-r','LineWidth',2);

xtick=get (gca, 'XTick');

ytick=get (gca, 'YTick');

xtl=length (xtick);

ytl=length (ytick);

text str=['\bf', num2str(ang),'\rm slope =
"ynum2str (fit lin par (1) *60)];

text str2=['\bf',num2str(ang),'\rm maxheight =
', num2str (maxheight) ];

text ((xtick(l)+xtick(2)) /2, (ytick (ytl)+ytick(ytl-
1))/2,text str,'HorizontalAlignment', 'Left');
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text ((xtick (1) +xtick(2))/2, (ytick(ytl)+ytick (ytl-
1))/2,text str2,'HorizontalAlignment', 'Right"');
axis([xtick(l) xtick(xtl) ytick(l) ytick(ytl)]);

% ===== MS Excel output (comment out if not needed)

data matrix(1,1:3)={"'time', 'front position', 'fitted front
position';};

for dat=1:1i-fi+l

data matrix(dat+1l,1:3)={t(dat),real frpo(dat),lin(dat);};

end

filename xls=[rfn, 'rad ',num2str(ang),’'.xls'];

xlswrite(filename xls, data matrix);

clear max dcsm dcsm frpo dcsm frpo fp ¢ csm real frpo
xtick ytick data matrix

hold off

end
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