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Abstract

An Anastomotic leak (AL) can be defined as the leakage of gastrointestinal fluids into the
abdominal cavity at the site of an anastomosis. It is a post-operative complication that affects
thousands of patients annually presenting a mortality rate that ranges between 10-15%. Lactate,
the conjugate base of lactic acid (LA) is a by-product formed from anaerobic respiration and
therefore possesses the potential to be used in the detection of ischemia and ALs if monitored post-
surgery. NERv technology Inc., has developed a device aimed at detecting complications post-
surgery, with the aim to potentially detect ALs more accurately. The device attaches inline onto
surgical drains that are attached post-surgery to drain excess fluid from the abdominal cavity. This
device contains micron sized sensors that offer continuous monitoring of the effluent luminal fluid.
However, to better detect ischemia in patients and increase likelihood of AL detection, a non-
enzymatic catalytic LA sensor is researched and developed with the objective of continuously
monitoring LA in isotonic pH conditions. Current LA sensing relies on enzymatic detection, using
enzymes such as lactate oxidase (LOD) and lactate dehydrogenase (LDH), which are specific but
suffer in terms of stability due to enzyme degradation and denaturation. Current LA detection
using non-enzymatic catalytic metals and/or metal oxides can only detect LA through oxidation in
either highly acidic or basic media, and although metal and/or metal oxide sensors are theoretically
superior to enzymatic sensors, they often fall behind in terms of selectivity. In this work, it is
demonstrated that LA detection in isotonic pH can be achieved by using a combination of Pt metal
and Ni oxide as a catalyst and co-catalyst in the form of self-assembled nanocomposite chains
achieved through the aid of citrate capped gold nanoparticles (AuNP). The nanocomposite
comprised of a Au NP core, with a metallic Pt shell and domains of oxidized Ni surrounding the

core. The nanocomposite was able to detect positive and negative changes in LA concentrations



in real-time in a PBS buffer with decent selectivity and linearity. The nature of the nanocomposite
chains can also potentially allow it to be fabricated into a small sensor size, making it theoretically

possible to integrate into NERv’s device with further optimization.
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Chapter 1: Background and Introduction

Anastomotic Leaks and Methods of Detection

Serious surgical complications can significantly contribute to the stress levels of hospital
staff.! Even after an operation, surgeons worry about their patients’ health as there is usually an
associated risk of developing a post-operative complication. The incidence rate of developing a
complication post-surgery can be as high as 15% in patients undergoing surgery.>3 In many cases,
if these complications are not identified and treated in a timely manner, patient mortality rate
significantly increases.* One of the most common and dreaded post-operative complications in
general surgery is an anastomotic leak (AL).*°> An AL can be defined as the leakage of abdominal
or gastrointestinal fluids at the site of an anastomosis.® An anastomosis is a surgical connection
between organs, typically tubular organs such as intestines, where the surgeon connects or
reconnects parts of the organs after surgery. When gastrointestinal fluid leaks through the
anastomosis performed during surgery into the peritoneum or abdominal cavity surrounding the
organ, this is referred to as an AL. Affecting thousands of patients annually, with a mortality
ranging between 10% to 15%, ALs are also feared as they have the potential to trigger a cascade
of other life-threatening complications such as peritonitis and sepsis.” The incidence timeline for
ALs can be as soon as several hours post-surgery or up to several days or longer, thus requiring

frequent monitoring and checkups from hospital staff.?

Presently, the gold standard for the detection of ALs and other post-operative
complications rely on frequent nurse checkups as well as blood tests and imaging methods such as
CT scans and MRIs during hospitalization, which are infrequent in their monitoring and don’t

always produce effective results and diagnosis in a timely manner. Furthermore, they can also add



unnecessary costs during the hospital stay to an already costly bill, especially if no complications
transpire.® It is agreed that one of the key methods to decreasing or preventing mortality caused by

ALs is the early intervention and treatment of this complication.

Recent advances in sensing technologies have allowed the development of miniaturized,
portable, stable, and less costly sensors with potential uses in many applications including the
medical field with minimal biofouling. Research has found that monitoring certain key analytes in
the body can help predict the prevalence of ALs. An example is the monitoring of peritoneal pH,
certain cytokines as well as lactate to help identify ALs earlier than the current gold standard,
potentially allowing for quicker intervention and potentially reducing hospital costs by eliminating
unnecessary tests and surgical interventions from late AL detection. NERv technology Inc., is a
biomedical device start-up working on technology to detect ALs quicker than the gold standard.
This is achieved through the development of a miniature sensing platform technology designed to

monitor the effluent fluid in patients’ peritoneal drains in real-time. The aim is to detect ALS as

FLUID LEAKING FROM
ANASTOMOSIS SITE

Figure 1-1: NERv'’s device attached inline to surgical drains to monitor fluid drained from
the peritoneal cavity in real-time.



soon as they occur by monitoring chemical and physiological changes in real time such as changes

in pH, ionic conductivity, and temperature.

As observed in Figure 1-1, the medical device attaches inline to a surgical drain that the
surgeon places near the anastomotic site. The surgical drain is usually placed by surgeons at the
end of a surgical procedure to drain out excess fluids that are formed during recovery. In the event
of an AL, fluid leaks into the peritoneal cavity surrounding the organ tissue but is then drained
through the attached drain and ends up passing by NERvV’s sensor platform where the effluent is
monitored continuously in real-time for changes in pH, conductivity and temperature. An AL can
trigger a change in the peritoneal fluid’s pH and ionic conductivity levels as the gastrointestinal
pH and ionic concentration differs from that of the peritoneal fluid in the abdominal cavity as both

fluids mix when the gastrointestinal fluids leak into the peritoneum.®

Detecting Anastomotic Leaks Using Lactic Acid

Unfortunately, in many instances, monitoring a single analyte or chemical change can be
insufficient on its own. Monitoring and observing trends in multiple key analytes can significantly
increase the positive predictive value and decrease false positive readings of ALs. Thus, the
addition of a new sensor to NERv’s sensing platform can potentially increase its efficacy in AL

detection. The proposed additional analyte to be detected is lactate, or lactic acid (LA).

Lactate, a hydroxy monocarboxylic acid anion, is the conjugate base of LA (Figure 1-2).
In biology, it is primarily known as a by-product of anaerobic respiration; this is when cells
consume glucose in order to produce energy, but not enough oxygen is available to undergo the
traditional aerobic respiration mechanism and the reaction cannot be driven to completion.®

Traditionally, cells undergo metabolism to produce energy in the form of Adenosine Tri Phosphate
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Figure 1-2: The chemical structure of lactic acid.

(ATP) by breaking down glucose. In this process, pyruvate is produced as a by-product in addition
to NADH and H* from NAD+ that acts as the oxidizing agent in a process called glycolysis.' It is
the presence of oxygen that drives aerobic respiration as it allows the produced pyruvate to pass
through the Tricarboxylic acid (TCA) cycle in order to produce more ATP energy and also
producing carbon dioxide as a by-product. As this is only achieved in the presence of a sufficient
oxygen supply in cells, when not enough oxygen is present, the metabolic pathway diverges at this
step in a process called anaerobic respiration. As the pyruvate by-product cannot go through the
TCA cycle, it alternatively undergoes fermentation so that it can restore the NAD+ consumed
during glycolysis. This process, referred to as fermentation, is what produces LA, and since the
accumulation of LA in the body is harmful, the liver ends up further metabolizing it to get rid of
it.

The significance of using LA as a potential early marker of ALs is due to it being a primary
marker of ischemia. Ischemia is a medical condition that occurs when there is an inadequate blood
supply reaching organ tissues, and following abdominal surgery, there is an increased risk of
developing ischemia.'! After organ tissues are stitched by the surgeon at the anastomosis, there is
a possibility that the blood supply to the surrounding tissue becomes obstructed leading to the
decrease in oxygen supply and hence the need to undergo anaerobic respiration by those organ
tissues leading to the production of LA. The produced LA starts accumulating at the anastomotic
site as well as diffusing out into the abdominal or peritoneal cavity and mixing in with the

4



peritoneal fluid which is what allows its potential detection. Consequently, the accumulation of
LA at the ischemic site causes the intracellular pH levels to decrease. These acidic conditions
render ATP-ase dependent ion transport mechanisms obsolete, which in turn leads to a build up of
calcium inside the cells causing them to rupture and die by necrosis.!? It is the death of the ischemic
organ tissue at the anastomotic site which causes the luminal fluid passing through the organ to
leak into the abdominal cavity, hence the onset of an AL event. The weakened abdominal wall due
to ischemia increases the risk of ALs, making ischemia detection a potential method for early AL

detection, and the primary method of detecting ischemia is through LA measurements.

In addition to the causation effect, research has also shown a correlation between the
diagnosis of ALs in patients and elevated levels of LA in the peritoneum as well as in blood, or
serum post-surgery.*? The risk of surgical reintervention due to AL was found to significantly
correlate to a peritoneal LA level greater than 9.1mmol/L more so when the peritoneal-serum ratio
was greater than 4.5. Additionally, LA in the peritoneum was found to respond faster to changes
than in serum, making it a suitable marker for AL detection. Moreover, not only is LA useful in
AL detection, but it can also be used as an indicator for other types of bowel ischemia and even
sepsis in some cases. Physicians have been using blood LA as a marker for general health, as its
buildup can lead to many unwanted conditions such as metabolic acidosis, and an abnormal LA
concentration has been associated with several unwanted conditions in general.*® Athletes have
also been using it as a marker for athletic performance by measuring LA in sweat, as it acts as an
indicator for oxygen availability to cells and helps evaluate their endurance and performance.'#%°
Furthermore, hyperlactemia, defined as being a slight and persistent elevation of lactate ranges
from around 2-4mM, and persistent lactate levels greater than 4mM in serum can be potentially

diagnosed as lactic acidosis.'® Although these standards are from serum lactate levels, the values



translate very closely to peritoneal lactate levels.'? This in turn makes LA a valuable marker and
target for detection in the medical field, and introduces the need for next generation sensing
technologies with enough stability, portability, sensitivity and specificity to be beneficial to future

medical technologies and applications.

This thesis takes a step in the creation of such technology. Ultimately the aim is to create
a senor that is capable of continuous accurate monitoring of LA in biological conditions in real

time in order for it to be of use in the early detection of ALs.

Sensor Requirements

Such a sensor has varying requirements to make it effective for its application. For once, it
needs to be specific to the analyte of interest, meaning the sensor should only respond to changes
triggered by a change in LA concentration, and not any other analyte. The sensor needs to be
sensitive enough in its detection in order to differentiate between changes in LA concentration and
has to be accurate enough to reproduce a similar output each time the same concentration is
measured. Such a sensor would also need to be stable for the duration of time needed for it to
perform its function and have at least a somewhat linear correlation between sensor output and LA
concentration to more accurately map changes in sensor output to the measured LA and to make
the calibration process simpler. Furthermore, in order to fit into NERv’s sensing platform, the

sensor would need to be small in size, occupying a maximum area of 20mm x 10mm x 500um.

The normal range of lactate is between 0.5-1.5mM, and elevated levels have been found to
exceed 7mM during ischemic events.*®” And since peritoneal LA greater than 9.1mM is greatly
correlated to ALs, the sensor should be able to detect LA in the range of at least 1ImM up to 9mM

with a minimum sensitivity of 0.5mM. The sensor would also need to be operational at isotonic



conditions and pH levels such as that of the peritoneal fluid’s which ranges between 7.6-7.8.%°
However, one of the biggest challenges in creating sensors for biomedical applications is shelf-
life, stability during operation as well as susceptibility to biofouling. An important requirement for
this sensor is stability, and this has been hard to achieve using enzymatic LA sensors, which are

the most common sensor type as well as the only commercially available solution.

Enzymatic vs Non-Enzymatic Lactic Acid Detection

Enzymatic LA sensing approaches are predominant in both literature as well as commercial
availability. They primarily use lactate oxidase (LOD) or lactate dehydrogenase (LDH) as enzymes
to catalyze the conversion of LA to pyruvate. LOD catalyzes lactate oxidation in the presence of
dissolved oxygen to form pyruvate as well as hydrogen peroxide. In LOD based sensors, the
electrochemically active hydrogen peroxide is reduced at the electrode to produce a current that is

proportional to the concentration of lactate in solution.?02

LOD (1-1)
Lactate + O, — Pyruvate + H,0,
H202 - 02 + 2H+ + 26_ (1'2)

The need for oxygen in solution for the LOD catalysis can affect the sensor’s detection
limits. Thus, many other enzymatic LA sensors utilize LDH enzymes. LDH is highly catalytic and
also converts LA to pyruvate but using a different pathway. Using NAD+ as a coenzyme, LDH
converts lactate and NAD+ to pyruvate, NADH and protons. NADH is then further oxidised due
to the applied potential of the electrodes back to NAD+ producing a detectable oxidation current

that is proportional to the lactate concentration in solution.?



, LDH + (1-3)
Lactate + NAD™ — Pyruvate + NADH + H
NADH — NAD*+ H" + 2e~ (1-4)

Both of these enzymatic approaches produce sensors that are very specific to LA, which is
one of the main reasons for their use. The enzymes can be functionalized onto electrodes which
can be done using a variety of different methods ranging from simple adsorption to the use of
linkers to create covalent bonds between the electrode surface and the enzyme.?? Overall, this
method of lactate detection is the most common to date due to its highly specific nature, as well as

its ability to detect LA in biological conditions, however, it still possesses many limitations.?

The main issue with enzymatic approaches is the limited stability and operating conditions
the sensor can withstand during storage and operation. Although enzyme-based sensors have come
a long way in terms of stability through the use of stabilizing agents and manufacturing
improvements over time, they still suffer fragility challenges due to denaturation and natural
degradation of the enzymes over time.?%?2 Since a primary requirement of the LA sensor is long
term stability, this means that using enzymatic approaches is suboptimal for this application. In
order to combat this issue, non-enzymatic LA sensing methodologies have been examined. Such
approaches rely on catalytic metals and metal oxide materials to oxidise LA allowing for their
potential use as sensors. Some research has shown that LA sensing can be achieved using catalysts
such as platinum, nickel oxide and nickel hydroxide.?>?4?° The use of metals and metal oxides can
potentially allow for the development of more stable sensors compared to their enzymatic
counterparts, allowing them to be used for longer periods of time making them more suitable for

NERvV’s application.
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Figure 1-3: General reaction mechanism for non-enzymatic lactate catalysis. From Ref 23.

The products produced from LA catalysis using Pt in literature is similar to that of NiO and
Ni(OH).. LA contains a hydroxyl group similar to that of alcohols which is targeted by these metals
and metal oxides. The catalytic metal or metal oxide oxidises the secondary hydroxyl group of LA
to form pyruvate, protons and free electrons which are transferred to the electrode and detected as
a change in oxidation current signal (Figure 1-3).2%%> There will probably be variation in the
reaction mechanism between these inorganic catalysts and LA, which has still not been studied,
but the end result remains similar. Such sensors have reported sensitivities and ranges within
NERv’s desired sensor specification, and hypothetically, should outperform the enzymatic
counterparts in terms of stability and longevity as metals do not denature like proteins, although

these sensors have yet to undergo extensive testing for their stability performance in literature.

The forementioned catalytic metal and metal oxide sensors however still require a lot of
optimization and still possess several limitations. For once, it is theorized, but is not yet confirmed
that these metal and metal oxide/hydroxide sensors would increase the stability of the proposed
sensor as none of the reported sensors have been examined for extended lifetime by continuous
testing. Furthermore, a catalyst such as Pt for example, can only oxidise LA in extremely acidic
pH conditions, and NiO and Ni(OH). are only capable of oxidising LA in extremely basic
conditions. This is a common metal and metal oxide catalyst limitation also found in catalytic fuel

cells. As a requirement of the sensor is to operate in isotonic pH conditions close to neutral,



tackling this challenge will be addressed in this thesis. Catalyst poisoning is also a potential
problem when it comes to inorganic metal catalysts, but such an issue can sometimes be overcome
through the use of a suitable co-catalyst.?® Moreover, the tertiary structure of enzymes allows them
to be very specific to their target analyte. As this isn’t the case for non-enzymatic sensors, the
aspect of specificity can sometimes pose as a potential challenge to be overcome. Although in
literature, Pt and NiO/Ni(OH)2 have shown some specificity to LA, they haven’t been thoroughly

tested on similarly structured molecules and alcohols.

The primary objective of this thesis is to find a suitable metal and/or metal oxide catalyst
and co-catalyst that is capable of continuous detection of LA in isotonic pH conditions with good
specificity, and that has been demonstrated in the work of this thesis through a combination of Pt
and NiO/Ni(OH). as a catalyst/co-catalyst system fabricated using self-assembled gold

nanoparticle chains.

Using AuNP Self-Assembled Nanocomposite Chains

Most literature utilizing a metal or metal oxide as a catalyst have either used them in their
bulk metallic structure or in a powder form. As a requirement of this sensor is to be as small as
possible, the catalyst used is in nanoparticle (NP) form. This is achieved through a technique
developed by the Maheshwari group, using citrate capped gold NPs that can self-assemble in the
presence of metal cations to form micron-long chain structures, with the metal forming a shell
around the gold NPs.?” The example shown in Figure 1-4 is that of Au NP mediated self-assembly
of platinum. The images show high resolution transmission electron microscopy (TEM) of Pt**
cations that have been self assembled using Au NPs and reduced to transform to Pt metal. Figure
1-4a is the image before Pt** reduction and Figure 1-4b is the image of Pt metal after reduction.

Pt** can be reduced with reducing agents such as sodium borohydride (NaBHa4), ascorbic acid or
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Figure 1-4: TEM images of (a) assembled Pt** on Au NP chains, (b) reduced Pt and Au
nanocomposites, (c) high resolution TEM and (d) EELS elemental mapping of the reduced
chain structures. From Ref 27.

other appropriate reducing agents to form metallic Pt. When reducing Pt, it can be observed that
the gap between the Au NP chains is decreased leading to the formation of a continuous structure.
The spacing between the NPs is decreased and are joined by the reduced metallic Pt structures to
form a continuous chain network. The spacing between the NPs is assumed to be previously
occupied by the Au NP citrate capping as well as the Pt** in solution. Figure 1-4c shows the shape
of the spherical structure with a diameter close to 12nm, and Figure 1-4d is an electron energy loss
spectroscopy (EELS) elemental mapping image of the reduced chain structure. It is observed that
Pt metal formed around the Au NP chains forming a shell-like structure. Explanation of this
phenomenon is that the Pt** cations are first concentrated around the negatively charged citrate
capped Au NPs. Following the addition of the reducing agent, preferential nucleation of Pt occurs

at the concentrated areas around the Au NP cores to form the shell-like chain structures by
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Figure 1-5: Demonstration of Au NP chain self-assembly. From Ref 27.

incorporating onto the electrical double layer (EDL) formed on the surface of the Au NPs.?” A
demonstration of this process is outlined in Figure 1-5. The salt of a metal cation such as Pt** in
the form of PtCls as an example is added to the citrate capped Au NP solution. Electrostatic forces
between the positively charged Pt cation and negatively charged citrate anion leads to the
formation of the self-assembled chain structure. The agglomeration of the Au NPs causes a visual
change in color from red to blue, and the metal cation can then be reduced to its metallic state

using a reducing agent.?"?8

An advantage of using NP self-assembly is that it requires much fewer catalytic material
to oxidise LA as opposed to the bulk catalyst. It can also be used to fabricate small sensors
depending on the size of the electrode to be used. The shell-like spherical structure gives the
material a high surface area for contact with the solution making it a highly effective process for
this application and the reason why lesser material can be used. Platinum is an expensive metal,

and the less each sensor uses, the greater the cost decrease per sensor.?

However, an even greater advantage of this method is the ability to combine multiple metal
cations to form a hybrid combination of two or more metals or metal oxides. This is demonstrated
in Figure 1-6, outlining an example of how Pt and Ru cations can be combined together during the
chain self-assembly process as well as how two different methods of chain formation can affect

the placement and distribution of the metal domains.?’ In Figure 1-6a, it is shown that the mixing
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Figure 1-6: NP composite self-assembly process using (a) pre-assembled chains to create a product with
segregated domains and (b) using a mixed ion solution to create a product with a homogenous
distribution of compounds. From Ref 27.

two pre-assembled chains with one containing Pt and the other Ru cations, can produce chains that
have distributed domains of Pt and Ru metals after reduction. In Figure 1-6b however, when the
metal ions have been premixed prior to the assembly process, the formed chains after reduction
would produce a homogenous distribution of both metals on the formed chain structure. Another
advantage of this technique is that the amount and ratios of metals per pre-assembled chain can be
controlled by adjusting the relative amounts and concentrations of cations during the pre-assembly
process. The chain assembly formation time is also an important factor that can be used to control
the relative domain sizes of the pre-mixed chains, as individual chain size also depends on the

assembly time for the Au NPs to form the micron-long chain structures.

Figure 1-7 also shows this process. In Figure 1-7a, pre-assembled chains of Pt** and Ru®*

with an elemental composition of 9:1 Pt:Ru have been mixed and reduced. The TEM image shows
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Figure 1-7: TEM image of (a) mixed pre-assembled chains of reduced Pt and Ru on Au NP
chains where regions of Pt is circled in blue and Ru in red, (b) EELS elemental mapping of the
chain structure, (c) TEM of the chains formed from the mixed ions showing homogenous
distribution, and (d) EELS elemental mapping of the chain structures. From Ref 27.

a chain-like structure with high porosity in addition to the distinct distribution of elements by
domain, where regions of Pt domain is circled in blue, and Ru in red. The domains can be identified
in the images through their distinct morphologies. This is further confirmed by EELS mapping in
Figure 1-7b, where more Pt is mostly present at the bottom of the image, whereas Ru is
concentrated at the top. In contrast, when the metal cations are mixed beforehand, then added to
the Au NPs to self-assemble into chains, then reduced, no distinct domains are visually identified
as they appear to be randomly distributed. This is attributed to the homogenous distribution formed
between the metals that can be observed in the TEM image in Figure 1-7c. EELS on this sample

(Figure 1-7c) also further confirms this as the spatial distribution appears to be similar for both Pt
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Figure 1-8: Graphs show a (a) CV curve of lactate solutions of different concentrations in 0.5M
H>SO. oxidised on a Pt electrode and (b) the plotted anodic currents vs lactate concentrations at
an oxidation potential of 1.35V. From Ref 23.
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and Ru. This method is what allows the formation of the Au Pt and Au NiO/Ni(OH)2 chains as a

catalyst/co-catalyst system for the oxidation of LA in isotonic pH as will be discussed in this thesis.

Current Non-enzymatic Catalysts for Lactic Acid Detection

On its own, Pt metal is capable of electro-oxidising LA in extremely acidic conditions.?®
Sedenho et al. examined this by testing bulk Pt using cyclic voltammetry (CV) in different LA
concentrations while observing changes in anodic current. This experiment was performed in 0.5M
H2SO4, and the CV for bulk Pt is outlined in Figure 1-8. The CV curve in Figure 1-8a is that of
bulk Pt oxidising LA with each cycle representing a different LA concentration. It was observed
that around 1.35V vs a saturated calomel electrode (SCE), anodic current increased with added
LA. Peak anodic currents at 1.35V is plotted against LA concentration and is outlined in Figure 1-
8b. This graph outlined the dependency of the changing anodic current to LA concentration as
current increased in the presence of more LA. The relationship also appeared to be linear in the
range of 2-50mM. Similar work conducted by Kim et al. using NiO and Ni(OH). powders. CVs
for NiO and Ni(OH)2 are observed in Figures 1-9a and 1-9b respectively. The solvent used in this
experiment comprised of 0.2M KCI and 0.2M NaOH making it highly basic, but a change in
oxidation current was observed in both cases at around 0.5V vs Ag/AgCl when LA concentration
was increased. Figures 1-9c and 1-9d show the oxidation currents vs LA concentration for NiO
and Ni(OH)., where a linear correlation is observed between 0-7.76mM, and from 7.76 to
32.76mM of LA in both cases with the higher sensitivity being at the lower concentration range.
They also observed that NiO oxidised LA quicker due to the presence of more Ni®* which catalyses
the conversion of LA to pyruvic acid in this reaction. Furthermore, their sensitivity studies had

also shown that dopamine, ascorbic acid as well as uric acid were not detected by
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chronoamperometry (CA) further corroborating the potential specificity of these non-enzymatic

materials.

However, as previously stated, the objective is to oxidise LA in isotonic pH conditions in
order to create a sensor that is usable in biological applications. Pt is capable of LA oxidation in
highly acidic media, while NiO and Ni(OH)2 require alkaline conditions to operate. This thesis
will examine how combining Pt with NiO and Ni(OH). using the aforementioned Au NP chain
self-assembly method to form a catalyst/co-catalyst system that can enhance LA sensing in isotonic
pH conditions. And how through the combination of synergistic effects of both elements, and the
effect of adjusting these self-assembled NP chain’s elemental ratios and morphologies can impact

LA sensitivity.
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Chapter 2: Nanocomposite Characterization

Synthesizing Ni & Pt nanocomposite chains using AuNP self-assembly

As discussed in Figure 1-6, there are two primary methods used to form the self-assembled
chains. The process used throughout this thesis is the method of mixing pre-assembled chains
(Figure 1-6a) as this method provided better LA sensing data (discussed in chapter 3) and was
easier to reproduce whilst being more stable. To prepare the Pt** gold nanoparticle (AuNP) chains,
140ul of 4.5mg/mL platinum chloride (PtCls) solution was added to every mL of citrate capped
10-12nm Au NP solution. The mixture is left on the shaker for around one week until the solution
turns dark blue. To prepare the Ni?* chains, 65ul of nickel chloride (NiClz) was added to every mL
of citrate capped 10-12nm Au NP solution but is only left on the shaker overnight as the Ni and
AUNPs self-assemble to form chains much quicker than Pt & Au turning the solution into a dark
blue color overnight. Observing the NP color change is indicative of agglomeration and chain
formation through self-assembly. This is due to the unique properties of AuNP’s surface-plasmon
resonance (SPR), which has a strong absorption band in the visible light spectrum allowing visual
changes to be observed. As the colorimetric behaviour of AuNPs relates to their SPR, changes in
their size caused by agglomeration would in turn change the plasmon-resonance frequency,
changing the observed color, which can also be observed in greater detail using ultraviolet visual

spectroscopy (UV-vis).?

The formed Pt cation AuNP chains possess a Pt* concentration of approximately 1.87x10"
3M, and the produced Ni cation AuNP chains possess a Ni?* concentration of approximately
2.01x10°3M. The concentrations are similar enough so that the atomic ratios between the two

cations can be controlled by their respective solution volumes. The primary AuNP Ni:Pt atomic
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ratio studied is a 1:2 Ni:Pt chain structure created by adding two parts Au Pt** chains to one part

Au Ni?*, and the cation self-assembled chains are left on the shaker overnight to mix.

Since the objective is to create an alloy nanocomposite structure containing metallic Pt as
well as an oxide of Ni, the pre-assembled cation chains would need to be oxidised and reduced to
form Ni(OH)2/NiO and metallic Pt respectively. NaOH is added to the pre-assembled chain
structure to increase pH and promote Ni oxidation followed by the addition of small amounts of
hydrogen peroxide (H20.). The increase in pH caused by adding NaOH introduces hydroxyl ions
which react with Ni%* in solution to form Ni(OH)2, and H2O; acts as another oxidising agent for
Ni. After incubating the sample overnight to allow sufficient reaction time, NaBH4 is added to
reduce the Pt cations to their metallic state. Fizzing is usually observed at this step, and the solution

turns from dark blue to black.

Microscopic Characterization of the Au Nanocomposite Chains

A Field Emission Scanning Electron Microscopy (FESEM or SEM) image of the self-
assembled nanocomposite chain structure of the 1:2 Ni:Pt sample is observed in Figure 2-1. The
chains can be seen to form a continuous structure of interconnected chains. This creates a porous
structure, which should potentially allow for a high surface area for catalysis as more active sites
are exposed.?® This tertiary structure is comporable to that of the Pt and Ru on AuNP chains
previously discussed. Furthermore, it was also observed that changing the ratio of Ni to Pt had
little influence on the shape of the nanocomposite structure as a 1:10 Ni:Pt AuNP chain strucutre
showed the same results (Figure S-1). The differences however between the 1:2 and 1:10 Ni:Pt

AUNP composite samples was in their elemental distibution, primarily Ni.
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Figure 2- SEM image of P pembled nacomposﬂehains
comprised of 1:2 Ni: Pt.

High Resolution TEM (HRTEM) was used to observe the 1:2 Ni:Pt AuNP chain sample
(Figure 2-2a). This method allows the observation of a material’s lattice structure, enabling us to
distinguish distinct atomic regions.® Using X-Ray Diffraction (XRD), it was observed that no
peaks were present for Ni AuNPs contrary to observed Pt peaks (Figure S-2), it can be said Ni
formed amorphous regions.®*2 As seen in the 1:2 Ni:Pt AuNP composite chain structure, the
AUNP core structure is observed to be roughly 10 - 12nm in diameter, and Pt metal can be observed
coating most of the AuNP chain by observing the resolved lattice fringes. The fringes can be seen
in Figure 2-2a covering most of the AuNP surface. The areas circled in red are unresolved fringes
corresponding to amorphous domains of Ni/NiO/Ni(OH).. As this sample was prepared using pre-
assembled chains, the metals are expected to be distributed in domains, which is primarily the case
for Ni. This observation is further confirmed by EELS elemental mapping (Figure 2-2b). The

yellow AuNPs are observed as the core structure of the chains, and Pt (green) can be seen forming
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Figure 2-2: HRTEM image of (a) 1:2 Ni:Pt AuNP pre-assembled nanocomposite chains, Ni
domains circled in red, and (b) EELS elemental mapping of the chains structure.

a shell around this core structure, with smaller domains of Ni (red) evenly spread throughout the

surface of the AuNPs.

Figure 2-3 displays the EELS of 1:10 Ni:Pt AuNP pre-assembled nanocomposite chains.
This sample was prepared similarly to the 1:2 Ni:Pt AuUNP chains, but with a lower volume of Ni
cation AuNP chains during pre-assembly, increasing the atomic ratio of Pt to Ni. While this sample
provided visually similar results under SEM and TEM, EELS of Ni (red) shows that there is far

smaller and lessser domains of Ni on this sample.

So far, observations indicate towards an interconnected chain-like nanocomposite structure
comprising of AuNPs as the core, with a Pt shell covering most of that core accompanied by
regions of Ni domains, and that by increasing the amount of Ni cation AuNP chains during the

pre-assembly process, we can form chains with more Ni domains after the oxidation and reduction
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Figure 2-3: EELS elemental mapping of 1:10 Ni:Pt AuNP pre-assembled nanocomposite chains.

steps. However, the objective is to form a catalyst/co-catalyst comprising of metallic Pt and a Ni
oxide/hydroxide. And while microscopic techniques allowed the observation of the atomic
distribution of these two elements, X-Ray Photoelectron Spectroscopy (XPS) is needed to asses

the relative oxidation states of Ni as a Ni oxide is desired.

X-Ray Photoelectron Spectroscopy (XPS) of the AUNP Composite Chains

Ni®* is a desired electrocatalyst for LA oxidation. The Ni and Pt AUNP composite chains
were reduced to form metallic Pt, but were also oxidised using NaOH and H20> to form either
NiO, Ni(OH)2, nickel oxyhydroxide (NiOOH), or a combination of these metal oxides. While Ni®*
exists as NiOOH, making it the most desireable oxide due to its superior catalytic ability for water

oxidation during Oxygen Evolution Reactions (OER) as well as its demonstrated ability to oxidise
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Figure 2-4: High-resolution XPS of the Ni2p spectra for 1:10 & 1:2 Ni:Pt AuNP pre-assembled
nanocomposite chains.

LA into pyruvic acid and free electrons in alkaline conditions, it is also one of the least stable

forms of Ni oxides.2?

XPS of the Ni spectrum was conducted on the 1:2 and 1:10 Ni:Pt AuNP pre-assembled
chains that have been oxisied using NaOH and H:O, followed by reduction using NaBHa4. The
backgrounds were subtracted, the peaks fitted, and signal denoised using CasaXPS, and the results
can be seen in Figure 2-4. The 1:2 Ni:Pt contained higher amounts of Ni, which was apparent in
EELS, and is also observed in figure 2-4 (inset) showcasing that the relative intensity of the 1:2
sample was higher than the 1:10. Both the Ni2ps;2 and Ni2p1. peaks were observed at 857.3eV

and 875.1eV respectively in both the 1:2 and 1:10 Ni:Pt samples. These characteristic peaks
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indicate the presence of a Ni?* oxide in both samples, and although it is possible to fit multiple
peaks to help determine the distribution between NiO and Ni(OH)2, the spectrum resolution was
not high enough to accurately fit those peaks as there are several methods of peak fitting and
analysis is usually subjective.3* The presence of Ni®* is also not easy to quantify as it doesn’t show
a distinct peak. However, NiOOH has a major Ni** Ni2ps/. peak at 861.0eV, which overlaps with
the Ni?* Ni2ps. satellite peak.>® The relative presence of Ni** between the different nanocomposite
samples can hence be estimated by comparing the relative intensities of both the Ni?* Ni2paz to its
satellite peak as the presence of Ni®* would contribute to that satellite peak if present. This method
will not necessarily prove the presence or existence of Ni®* in any of the tested samples, but is
instead used here to estimate the relative changes in compositions of the different Ni states to help
estimate which sample would have the greatest amount of Ni®* relative to Ni?*. In the 1:2 Ni:Pt
sample, the intensity ratio of the Ni2ps2 Ni**:Ni?* was found to be 0.522, while for 1:10 Ni:Pt that
was at 0.468. The relative intensities are similar and can be considered within margin of error
given the signal noise and optimal peak fitting, but the Ni®* composition in the 1:2 sample appears

to be higher indicating the sample might contain relatively more NiOOH.

Where these samples greatly differ however was in the formation of metallic Ni. The Ni°
Ni2ps2 was observed on both samples at 852.6eV, but with a much greater intensity in the 1:2
Ni:Pt sample. Metallic Ni’s Ni2p12 peak was also observed at 870eV in the 1:2 sample, but was
not significant enough to be detected in the 1:10 sample, meaning that more metallic Ni was
formed in the 1:2 sample. This may have been facilitated by the NaBH4 reduction step intented to
produce metallic Pt, however Au Ni nanocomposite chains that have been reduced without the
presence of Pt did not show any metallic Ni peaks (Figure 2-5), implying their instability, which

can also be visually observed as reduced Au Ni samples changed colors from black to purple
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Figure 2-5: High-resolution XPS of the Ni2p spectra for Au Ni reduced, Au Ni with NaOH only
and Au Ni with NaOH and H20- pre-assembled nanocomposite chains.

indicating the breakage of the nanocomposite chains as this color is correlated to a smaller
nanoparticle size.3® This may suggest that the presence of Pt metal aids in the stability of metallic

Ni during the reduction step forming an alloy in the process.

To further test the effectiveness of Ni oxidation, three Ni AUNP nanocomposite chain
samples were prepared. The first sample was the Ni cation chains reduced using NaBHa, the second
was oxidised using NaOH only, and the third was oxidised using both NaOH as well as H>O». The
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Ni2p XPS spectra is observed in Figure 2-5. As previously mentioned, the metallic Ni peak was
not observed on the reduced Ni sample owing to its instability. However, both Ni2p3/2, Ni2p1. as
well as their satellite peaks were observed on all three samples indicating the presence of a Ni
oxide. To determine the relative NiOOH composition, the Ni2ps2 Ni**:Ni?* peak intensity ratio
was used and the calculated values were 0.494, 0.472 and 0.456 for reduced Au Ni, Au Ni with

NaOH and Au Ni with NaOH and H20. respectively. This may suggest that Ni oxidation using
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Figure 2-6: High-resolution XPS of the Pt4f spectra for 1:10 & 1:2 Ni:Pt AuNP pre-assembled
nanocomposite chains.
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NaOH and H,0O2 may not be the most suitable method to produce relatively more Ni®* states if
present, however combining Ni with Pt did show an increase in the relative Ni** composition as is

demonstrated in the 1:2 Ni:Pt sample.

As for the formation of metallic Pt by NaBH4 reduction, both the 1:2 and 1:10 Ni:Pt Au
nanocomposite chains were mostly comprised of metallic Pt, with some Pt?* either in the form of
platinum oxide (PtO) or platinum hydroxide (Pt(OH)2). XPS spectra for Pt4f can be seen in Figure
2-6. The Pt4f7, peak for metallic Pt was the dominant peak with a binding energy of 71.3eV in
both samples. The fitted peaks also indicated that there was some Pt that was not fully reduced
(72.2eV), possibly existing as PtO or Pt(OH),, but no Pt** states remained in the sample which
would theoretically have a Pt4f, peak at around 74.4eV which is not observed.” As the valence
band spectrum splitting for Pt4f from Pt4f7, to Pt4fs), is 3.3eV, the second peak observed at 74.7eV

and 75.5 corresponed to the Pt® and Pt?* Pt4fs;, peaks respectively. This confirms that most Pt on
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Figure 2-7: High-resolution XPS of the Au4f spectra for 1:2 Ni:Pt AuNP pre-assembled
nanocomposite chains.
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the nanocomposite chains has been successfully reduced to their metallic states, forming a shell

around the AuNPs as confirmed by HRTEM and EELS.

As for the AuNP core, Au remained unaffected by the oxidation or reduction reactions as
all tested samples showed a similar Au4f XPS spectrum. A sample spectrum is shown for the 1:2
Ni:Pt AuNP nanocomposite chains in Figure 2-7. Metallic gold peaks were observed at 84.1eV
and 87.7eV for Au4fs, and Audfs, respectively, aligning with literature on metallic AuNPs.*® The

very small Au'* peaks observed are normal and are usually found in citrate reduced AuNPs.

Overall, combinng SEM, HRTEM, EELS and XPS data, we can infer that the prepared
Ni:Pt AuNP pre-assembled nanocomposite chain samples that have been treated with NaOH,
H20., and NaBHj4 respectively form a porous inter-linked chain structure comprised of a Au core
with a metallic Pt shell, and smaller domains of oxidised Ni distributed around the Pt shell. This
thesis will demonstrate that this metal and metal oxide combination enhances LA detection in

isotonic pH as will be discussed in Chapter 3.
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Chapter 3: Nanocomposites Lactate Sensing

Validating LA Oxidation Capability Using Pt & Ni AUNP Nanocomposite Chains

Literature has demonstrated that Pt metal as well as Ni oxide/hydroxide can oxidise LA
under acidic and basic conditions respectively. In order to validate the AuUNP nanocomposite
chain’s catalytic ability for LA oxidation relative to bulk electrodes, separately prepared NaBH4
reduced Pt AuNP chains as well as NaOH and H2O: treated Ni AuNP chains were used to
corroborate the LA oxidation capability. To confirm the catalytic ability of Pt metal, the reduced

Pt AuNP chains were drop cast on a glassy carbon electrode (GCE), and CV cycled vs a Ag/AgCI
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Figure 3-1: CV curve of Pt AUNP self-assembled chains in different LA concentrations in
0.5M H2SOs4 (a). The plotted anodic currents vs lactate concentrations at an oxidation
potential of 1.4V (b), and CV cycle close-up (c).
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reference electrode in a 0.5M H>SO4 solution containing different LA concentrations, and the

results are shown in Figure 3-1.

The CV was run from 0.3-1.6V for three cycles each in 1, 5, 10 and 25mM LA , and cycle
2 was plotted (Figure 3-1a). An oxidation peak can be spotted around 1.2-1.5V and a close-up of
this is seen as an inset in Figure 3-1c. The currents were plotted at 1.4V vs their respective LA
concentrations (Figure 3-1b) and a linear response was observed. These results were comparable
to that of literature seen (Figure 1-8) showing that the Pt in AuNP chains have the potential to

functionalize as catalysts as well as their bulk material counterparts.
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Figure 3-2: CV curve of Ni AuNP self-assembled chains in different LA concentrations in 0.2M
NaOH and 0.2M KCI (a). The plotted anodic currents vs lactate concentrations at an oxidation
potential of 0.46V (b), and CV cycle close-up (c).
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The same experiment was done using Ni AuNP chains treated with NaOH and H20: in
0.2M KCl and 0.2M NaOH to provide basic conditions, and results are seen in Figure 3-2. Similar
to literature, LA oxidation occurred at around 0.46V. When looking at the CV cycle shape
(Figure3-2a), it was closest to that of NiO (Figure 1-9a). The current values were plotted vs their
respective LA concentrations at 0.46V and the data is presented in Figure 3-2b. Two linear regions
can be observed, from 0-4mM, and from 4-16mM. Although sensitivity was lower than that of
bulk Ni electrodes, trends remained very similar. This is an indication that Ni AuNP chains are
capable of oxidising LA in basic conditions, and that overall, the metal and metal oxide
nanocomposite chains have the ability to function as catalysts similar to their bulk material

counterparts.

Testing Pt & Ni AUNP Nanocomposite Chains in Isotonic pH Conditions

To assess the LA oxidation capability of the nanocomposite chains in neutral or isotonic
pH conditions, phosphate buffered saline (PBS) was used as a solvent. PBS is a buffer that
possesses a pH of around 7.4 and is used to simulate many biological applications.®® 2X PBS was
used in order to increase buffering capacity to prevent large changes in pH from the addition of
LA. NaBHjs treated Pt AUNP chains as well as NaOH and H2O> treated Ni AuNP chains were drop
cast on a GCE and coated with a layer of Nafion. They were conditioned for 200 cycles in 2X PBS
using a Pt counter electrode and a SCE reference. A continuous current of 1.44V was ran using
chronoamperometry (CA). LA was added at different time intervals increasing its concentration,
and the data for Ni AuNPs is plotted in figure 3-3. Looking at the graph, it was hard to distinguish
an oxidation event caused by a change in current when increasing LA concentration. The dotted
lines show when LA was added to the system, and a real-time response was not properly observed.

This was also the case when observing CA for Pt AuNPs. This indicates that the potential for Pt
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Figure 3-3: Real-time LA detection using CA at an oxidation potential of 1.44V vs SCE for Ni
AuUNP nanocomposite chains in a 2X PBS solution. Each vertical line shows LA addition.

or Ni AuNPs for real-time LA detection is not ideal, at least when operating individually. However,

this changes when looking at combined Ni and Pt nanocomposite chains.

Ni Pt Pre-assembled Nanocomposite Chain LA Sensitivity

As XPS data showed, combining Ni and Pt chains forms a porous inter-linked chain
structure comprised of a Au core with a metallic Pt shell, and smaller domains of oxidised and
metallic Ni distributed around the Pt shell. The hypothesis is that by combining a catalyst and co-
catalyst, the catalytic alloy can bring about synergestic effects and improve LA detection. To test
this theory, the oxidised and reduced 1:2 and 1:10 Ni Pt Au pre-assembled nanocomposite chains
were tested for LA sensitivity in 2X PBS. Samples were drop cast on a GCE and coated with a
layer of Nafion. They were conditioned for 200 cycles in 2X PBS using a Pt counter electrode and
a SCE reference. LA was added and three CV cycles were run in each concentration, and the anodic

currents for the second CV cycle were used to assess sensitivity and linearity. Figure 3-4 shows
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Figure 3-4: The plotted anodic currents vs lactate concentrations at an oxidation potential of
1.5V vs SCE for 1:2 Ni:Pt (a) and 1:10 Ni:Pt (b) oxidised and reduced pre-assembled AuNP
nanocomposite chains in a 2X PBS solution. Insets are their respective second CV cycles in all
plotted lactate concentrations.
the anodic currents at 1.5V vs LA concentration. Currents at 1.5V were used as they had the best
sensitivity and linearity in both samples. It was observed that both samples showed a linear
increase in current with increasing LA concentration, with the 1:2 Ni:Pt (Figure 3-4a) chains
having a higher sensitivity than the 1:10 Ni:Pt (Figure 3-4b) sample being 5.07 and
2.77uA/mMcm? respectively. CV data was also similar (Figure 3-4 insets) with the greatest change
in current being observed at 1.5V for both samples, which was hard to observe without plotting
the data. There is a small oxidative peak observed for both samples around 1V (Figure 3-4 inset)
which could likely be caused by Pt oxidation since it was not found in samples that did not contain
Pt.4%4! The sample containing more Ni composition and possibly less Pt was more sensitive to LA.
The Pt containing samples were also less sensitive in neutral conditions because acidic conditions
needed to drive the oxidation reaction for Pt are not there, as one explanation could be that while

LA retains its proton in highly acidic conditions, it more easily deprotonates in PBS as it has a pKa

of 3.85 at 25°C, which is much lower than the pH of PBS buffer of 7.4, which may have an impact
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on the reaction dynamics as will be later discussed.*?> As for Ni, it is likely that to oxidise LA, a

higher potential was probably required to convert Ni%/Ni?* to Ni** in non basic conditions.

The limit of detection for LA was also calculated for the 1:2 Ni:Pt sample. This is the
lowest amount of LA that can be detected with a certain degree of certainty, or high statistical
significance.®® Sensors are usually less reliable when measuring concentrations closer to 0, and
although they can detect the presence of a certain analyte lower than the limit of detection, there
is a degree of uncertainty. The detection limit is hence the lowest concentration of analyte that can
be significantly distinguished from OmM, although this still does not necessarily mean that it could
be quantified at that limit.** There are several methods of statistically calculating the limit of
detection, in this case, the calibration graph, or LA response (from Fig 3-4a) was used to calculate

the limit of detection using the following equation:

Limit of Detection = 3.30 /S 31

Where o is the standard deviation of the response’s intercept at 0 for the fitted sensitivity
curve, and S is the slope of that fitted sensitivity curve line.*® The limit of detection of lactate using
the 1:2 Ni:Pt was calculated to be 3.52mM. This means that it can be said with high statistical
significance that LA is being detected at concentrations higher than 3.52mM rather than detecting
fluctuations or changes in background noise for instance that can provide a false positive.*
Although the sensor has demonstrated ability to detect LA at lower concentrations, it cannot be
said that LA was detected with high statistical significance until the limit of detection is reached.
The limit of detection can be further improved with sensor optimization; however, this is still
acceptable as ischemic events that cause ALSs also cause LA levels to exceed 9mM, which is much

higher than the current limit of detection.
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Where the combined chains however sets itself apart from individually prepared Pt or Ni
oxides is in continuous LA monitoring. The 1:2 Ni:Pt AuNP pre-assembled chains were superior
in terms of real-time detection using CA. Using 2X PBS as a buffer, the 1:2 Ni:Pt sample was
conditioned for 200 cycles from -0.2-1.5V, then CA was ran at 1.44V vs a SCE which was found
to be the optimal potential for continuous LA sensing. The solution was stirred at 200rmp, and LA
was added in small increments and current changes were monitored. The overall CA data is
presented in Figure 3-5. The concentrations labelled on the figure represent the total amount of LA
in the system. After current was left to stabilize, LA was added and a current increase was
observed. The following addition of LA was made after the increased current became more stable,

until a total of 18mM was introduced to the system. The overall graph shows an upwards trend
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Figure 3-5: Real-time LA detection using CA at an oxidation potential of 1.44V vs SCE for 1:2 Ni:Pt
oxidised and reduced pre-assembled AUNP nanocomposite chains in a 2X PBS solution.
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Figure 3-6: A close-up look at the real-time LA detection using CA at an oxidation potential of
1.44V vs SCE for 1:2 Ni:Pt oxidised and reduced pre-assembled AuUNP nanocomposite chains in
a 2X PBS solution. Each graph represents an event when LA was added to the system.

with larger changes in current when LA was added. There are also some periods of relative stability

indicating the system has reached equilibrium before adding additional LA.

To present a more detailed analysis, a breakdown of the individual LA additions is
presented in Figure 3-6. Here, changes can be observed in more detail. When going from 0 to 2mM
LA, the current increased by about 2.5uA/cm?, which is equivalent to 1.25uA/mMcm?2. While
sensitivity is lower than that observed using CV, it is because the best linearity for CV runs was at
1.5V as opposed to 1.44V which gave the best results using CA. Sensitivity remained rather steady

at about TuA/mMcm? between additions, with the exception of the last LA addition.

Overall, results imply that LA can be detected using the Ni:Pt nanocomposite chains and
that by combining both elements, there was a much greater ability to continuously monitor LA in

isotonic pH conditions, which may be due to synergestic effects. However, there still remains a lot
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of room for improvements in terms of sensitivity and sensor response time, which will be touched

upon in chapter 4.

Testing LA Specificity and Hysteresis

A major advantage of enzymatic LA sensors is its specificity. Although catalytic non-
enzymatic sensors may not be as specific, there are certain methods used to increase specificity
towards a certain analyte, such as using certain potentials for detection, and adding additional
coatings that can prevent interferances from other analytes. The first step was to test whether other
analytes can interfere with our LA detection by testing sensitivity to other analytes. In order to test
this, sensitivity to the similarly structured acetic acid, which is also a weak acid that contains a
corboxyl group, in addition to glucose, a common biological analyte as well as a common research

target for non-enzymatic catalysis, were used.
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Figure 3-7: The plotted relative sensitivities of lactate, glucose and acetic acid at an oxidation
potential of 1.5V vs SCE for 1:10 Ni:Pt oxidised and reduced pre-assembled AuNP
nanocomposite chains in a 2X PBS buffer.
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Selectivity data is presented in Figure 3-7. Similar to the method used to detect LA, using
the 1:10 Ni:Pt oxidised and reduced pre-assembled AuNP nanocomposite chains, the sample was
drop cast on three separate GCEs and coated with Nafion. They were then conditioned for 150
cycles from -0.2-1.5V vs SCE and each analyte was added to their respective electrode and three
CV cycles ran from -0.2-1.5V vs SCE while using the results for the second cycle. The bar graph
represents the relative sensitivities calculated between analytes when measuring sensitivity using
anodic currents at 1.5V. Not only did LA response have the highest sensitivity, but it also had the
only positive correlation. The lower sensitivities towards other analytes relative to that of LA,
imply decent selectivity towards LA, although not perfect. This also implies that the increases in

currents are likely due to the increases in LA concentration.

Hysteresis testing further proves this, while also investigating another important sensor
parameter. Hysteresis can have several definitions depending on the certain application and sensor
type it is being referenced t0.%® In this case, it is how close the sensor’s output is at a certain
concentration regardless of whether the change was in a positive or negative direction to get to that
concentration. To test this, LA was added in increments to the stirred 2X PBS solution, and three
CV cycles were run from -0.2-1.5V vs SCE. The solution was then diluted to the desired LA
concentration using 2X PBS buffer while keeping the total volume identical, and measurements
taken. Results for this is presented in Figure 3-8. The data points plotted represent anodic current
at 1.5V vs SCE. It can be seen that for the 1:2 Ni:Pt AuNP pre-assembled nanocomposite chains,

current increased with increasing LA concentration, and decreased with decreasing concentration.
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Figure 3-8: The plotted hysteresis for lactate at an oxidation potential of 1.5V vs SCE for 1:2
Ni:Pt oxidised and reduced pre-assembled AUNP nanocomposite chains in a 2X PBS solvent.
The graph showed that the current is dependent on the changes in LA concentration. Hysteresis
can be quantified by observing the linearity of the sensitivity curves when plotting LA
concentration vs current (Figure 3-8 inset). Although it is observed that current significantly
dropped with LA concentration in the 1:2 Ni:Pt sample, it is likely because the sample did not have
enough time to settle to take a proper measurement. CA was run at 1.44V vs SCE on 1:2 Ni:Pt,
this time starting with 18mM LA and diluting the 2XPBS buffer while stirring (Figure 3-9). It was
observed that as the solution was diluted to decrease LA, current decreased, and the decrease in
current corresponded with the amount of dilution incurred on the buffer to remove LA. What is
also observed is that current also slowly increases over time after each dilution. When left for a
long period, it eventually reaches equilibrium at a current similar to the one measured when
increasing LA, but this also means that the sample had a long settling time. In this case hysteresis

may have been overestimated, and a better testing methodology is probably needed to produce
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Figure 3-9: Real-time LA detection with decreasing LA concentration using CA at an oxidation
potential of 1.44V vs SCE for 1:2 Ni:Pt oxidised and reduced pre-assembled AUNP
nanocomposite chains in a 2X PBS solution.

more accurate data. Overall, the data however still indicates that changes in current are correlated

to LA concentration.

LA Detection Conclusion

Combined Ni:Pt pre-assembled chains showed good linearity with increasing LA
concentration in neutral pH, indicating the potential for a combination to be used as future non-
catalytic LA sensors. While oxidised Ni AuNPs and Pt AuNPs at neutral pH did not show good
real-time LA detection, best continuous LA detection results were obtained by combining both
elements. Through the combination of Ni and Pt AuNPs, most notably in a 1:2 Ni:Pt ratio by pre-
assembling N?* and Pt** AuNP chains, then oxidising using NaOH and H,0>, and reducing with
NABHj4, the produced nanocomposite had a good response for continuous LA monitoring and
achieved good linearity while managing decent sensitivity and hysteresis. This sample most

notably allowed for the continuous real-time detection of changes in LA concentration in neutral
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pH, taking one step closer towards the primary objective of making a stable non-enzymatic sensor

to detect ischemia and ALs.

Proposed Reaction Mechanism

Theoretically, to detect LA using Ni oxides in basic conditions, Ni®?* is first oxidised to
Ni%* if none is already present on the catalyst surface in the form of NOOH. This is more easily
achieved in basic conditions since readily available OH™ groups can adsorb onto Ni(OH). at
potentials higher than 0.3V in basic conditions converting it to NiOOH.*” This is demonstrated by

the following eq:

Ni(OH), + OH- — NiOOH + H,0+ e~ (3-2)

Since this oxidation reaction can theoretically take place with more ease in basic
conditions, it could be the case that a higher potential is required in more neutral conditions to
drive this reaction to take place on the Ni oxide catalyst surface. Ni®* is also desirable as it is a
well-established electrocatalyst capable of oxidising many organic compounds. Once Ni®* species
have been established on the catalyst surface, LA oxidation to pyruvic acid takes place reducing

the NiOOH in the process following this reaction:

OH 0

njc’j\“/OH + 2NIOOH —= HSC/LH(DH + 2Ni(OH), (3-3)
0

O

This could theoretically mean that samples with more Ni%* could oxidise LA quicker and
at possibly lower potentials if reaction 3-2 is the limiting step, therefore it could be better to aim

to fabricate future iterations of Ni AuNP nanocomposites with a higher Ni®* composition.
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How Pt metal oxidises LA however is a more complicated matter. The carboxylic group
on LA deprotonates in neutral conditions, but retains its proton during acidic conditions where Pt
metal best oxidises LA. This could mean the OH of the carboxylic group may be desired in order
to attract the molecule to the Pt surface. This allows the molecule to potentially adsorb to the

catalyst surface for oxidation to take place.

A theory suggested for this oxidation reaction involved the formation of hydroxy! radicals

at the surface of the Pt metal.*® This is proposed through the following reaction:

H,0 — H* + e” +-OH (3-4)

The produced radicals are driven by the high potential formed at the electrode, which could
be related to the oxidation of Pt on the electrode surface. The radical then oxidises LA in a two-

step process as follows:

OH OH
OH L
HaC | + HO —» H3C/°YO” + H,0 + €
) o]

I

(I)-1 OH 0
_C._ _OH . OH
HiC \[( + HO  — Hac/ih( - HJC)H]/OH + HO + &
o} (0] 0

This reaction theoretically occurs on the surface of the Pt catalyst during acidic conditions.

(3-5)

However, as LA deprotonates at neutral pH, this could be a reason why sensitivity for LA
significantly decreases in PBS when using Pt as a catalyst on its own. It is possible that by
combining Ni and Pt to form the mixed nanocomposite chains, synergistic effects may be achieved
that can potentially enhance LA sensitivity. Theoretically, by combining metallic Pt and oxidised

Ni, the following mechanism is proposed:
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In addition to oxidising the secondary alcohol on LA as shown in reaction 3-3, Ni** may

also oxidise the deprotonated carboxyl group of LA:

OH

= OH 3
HJC + N.iﬂ-r N /lj.rofm (3-6)
H5C
o
O

Highly reactive Ni** has demonstrated the ability to bind to carboxylic groups, which in
turn brings the molecule to the surface which can potentially make it easier to adsorb to the Pt
metal allowing for reaction 3-5 to proceed.*® More research however needs to be conducted in

order to confirm such theory.
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Chapter 4: Conclusions and Future Work

Using AuNP Nanocomposite Chains For LA Detection Summary and Conclusions

The primary objective of using non-enzymatic materials such as metals and/or metal oxides
to detect LA in isotonic pH conditions was achieved. It was found that by combining metallic Pt
and oxidised Ni, real-time LA detection can be achieved in isotonic pH levels with good linearity.
This was however done in a controlled environment using PBS buffer, and results may differ in
real-life biological applications. More tests and data need to be collected and optimized to take the
technology readiness level (TRL) to the next stage in order to incorporate such a sensor into
NERv’s platform. An adequate understanding of the hysteresis behaviour is also needed to enhance
sensor accuracy. Bad hysteresis can affect real-life performance drastically, however there are
models that have shown the ability help mitigate this once hysteresis behaviour is well-
understood.®° It should also be mentioned that the use of 2X PBS buffer, although used to decrease
pH changes, contains an abundance of chloride ions which may interfere with sensor performance
as other samples have shown a higher sensitivity using 1X PBS. Sensor specificity was also an
area that was touched upon briefly. Although it initially presented good promise, in a real
biological setting, there is bound to be a greater number of molecules that can potentially interfere
with the system. In summary, this is still a step forward towards the primary objective, however

future work is still required to take this sensor to market.

Future Work and Optimization

Enhancing sensor sensitivity is a key parameter as it directly correlates to better
performance detecting LA and would also improve the limit of detection. To achieve this, several

aspects need to be studied. As shown, the combination of materials may bring about synergistic
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effects, and future work testing the addition of another co-catalyst may improve sensor
performance. During the duration of this thesis, a tri-metallic nanocomposite comprising of Ni, Pt
and V was tested for LA detection, but no noticeable enhancements were observed. However, that
does not mean such is the case using other metals and metal oxides of other common catalysts
such as Co, Fe, Cu and Ru, as combining materials can enhance both sensitivity and specificity in
certain applicaitons.>* Other combinations of materials in varying ratios should therefore be tested

for LA sensitivity.

As previously mentioned, more work also needs to be done to determine the extent of our
material’s specificity and whether other molecules can interfere with the system. It is important to
research and understand specificity to push the TRL of the LA sensor. Understanding specificity
would determine whether a selective coating is required, or if a change in sensing material and/or
measurement potential/method is the solution.> The proposed reaction mechanism is theoretical,
and a further understanding of this mechanism would also enable us to understand how to further
optimize both sensitivity and specificity, hence more work should be pursued in that regard.
Understanding how the system works would enable us to better understand what happens when
LA concentration decreases and how this affects settling time. Although models exist that can be
used to overcome slow sensor recovery as observed in some of our data, a better understanding of
the reaction dynamics can allow us to modify how certain tests are conducted or parameters
measured.®® Understanding the electrochemical reactions could also potentially help lead to
solutions that could lower the measuring potential of the sensor, so that it uses less energy and

creates lesser side reactions.

As the sensor is intended to be used for continuous monitoring, another parameter that

should be investigated is temporal drift, which is how the sensor’s response shifts over time. It is
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important to distinguish whether temporal drift is present and to quantify it to determine if it is
significant enough to warrant intervention. Such interventions can include electrode and
electrochemical improvements, or modelling methods such as machine learning to mitigate the

problem.>*

The final steps needed to push the TRL of a product to market readiness are usually the
hardest. More design work needs to be conducted to integrate a functioning sensor into NERv’s
platform. This includes sensor fabrication including suitable reference and working electrodes, as
well as integrated circuits that can utilise the sensor. Work also needs to be conducted to determine
suitable sensor shelf-life as well as stability in biological conditions and whether a biofouling

coating is required to prevent interference from biological material.>®

Although the first step has been taken, it is good practice to study and identify potential
roadblocks ahead to find methods of overcoming them beforehand. This thesis demonstrated a
potential nanocomposite as a non-enzymatic alternative to LA detection, but it should also be
understood that there is still more work to come, and this is achieved through small achievements

in research.
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Figure S-1: SEM image of AUNP pre-assembled nanocomposite chains comprised of 1:10 Ni: Pt.
SEM shows similar structure to 1:2 Ni:Pt nanocomposite.
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Figure S-2: XRD pattern of AuNPs, reduced Ni AuNPs, reduced Pt AUNPs, and reduced 1:3
Ni:Pt AUNP nanocomposite chains. Pt peaks are labelled as well as Au (111). Ni did not show
peaks implying it is amorphous.
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