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ABSTRACT

Electrochemical biosensors often employ enzymes as detection elements. These sensors
are highly selective towards target analytes, however the scope of their application is limited by
the poor stability of the enzyme. In this study, multi-valent inorganic cerium oxide nanoparticles
were used as detection elements for the analysis of hydrogen peroxide. The electrochemical
response of the cerium oxide towards hydrogen peroxide analyte is defined through cyclic
voltammetry and chronoamperometry. This response was found to be dependent on nanoparticle
Ce3+:Ce4+ redox state ratio and this property is exploited to fabricate a biosensor. As produced,
the biosensor demonstrated sensitivity at picomolar analyte concentrations. Further, the
sensitivity of the electrode is stable across a range of temperatures and pH’s which inhibit the
function of standard enzyme-based sensors. Additionally, the produced sensor retained function

in sheep serum demonstrating the high selectivity and robustness of the sensor.
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CHAPTER ONE: INTRODUCTION

The field of sensor technology is ever-improving with sensors developed for applications
requiring high sensitivity, high selectivity, and fast response times. Herein, bio-sensing devices
represent a significant portion of devices for bio-sensing have seen an especially pronounced
growth. Within the biomedical field and numerous other industries, hydrogen peroxide is an
analyte of significant importance.

Within industrial settings, hydrogen peroxide (H20.) is a critically important analyte.
These industries vary widely spanning from manufacturing to food production to pharmaceuticals
and medicine. High precision measurements are especially important for quantifying H20> in
processes for endpoint products used directly by consumers; for example, in food sterilization,
pharmaceuticals production, and medical devices.

H,0> detection has been accomplished primarily through titration [(Reichertetal. 1939)] "y\/_\/js
spectroscopy [(Nogueiraetal. 2005)] - f]orescence [(Gomes etal. 2009)] ' chemiluminescence [(Hanaoka etal. 2001)]
and electrochemical methods. The majority of these techniques rely on optical detection. These
techniques will, by their nature, be more costly through acquisition/upkeep of instruments. In
contrast, electrochemical methods require only limited instrumentation while providing high
precision data over short time periods. Additionally, detection can be performed through analyte
oxidation or reduction: allowing for application of a greater range of chemical systems. Further,
electrochemical methods can be performed to monitor changes in current (amperometric), voltage

(voltammetric), or impedance (electrochemical impedance). When greater levels of precision are
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required, these methods can be coupled with optical techniques (i.e. photoelectrochemical methods
and electrochemical luminescence): producing detection methods with significantly greater
precision than either set of techniques individually. Previously, application of electrochemical
methods for the detection of H>O> have been limited by the over-potential necessary for
oxidation/reduction and by the slow kinetics of electron transfer [(Chenetal- 20121 1 recent works,
chemically modified electrodes have been employed to successfully remove these limitations.
Specifically, these modifications have entailed functionalizing the electrode surface with
polymers, bio-molecules, redox-active small molecules, enzymes, and nanomaterials [(Chen etal. 2012),
(Zhao et al. 2011),(Chen et al. 2012)] | Jse of these species allows the electrode to be sensitized to particular
analytes: making redox more efficient. In this way, electrodes can be fabricated for use as sensor
devices. Small molecules and nanomaterials are thoroughly represented in the literature of
electrochemical sensors. However, enzymes are utilized the most over other functional materials,
as sensing elements for electrochemical biosensors.

Enzymes are bio-molecules which catalyze chemical reactions necessary for life in an
organism. These molecules have been developed and modified through gene transfer and selection
through generations of organisms to have high catalytic efficiency. This perpetual refinement has
made enzymes highly selective and sensitive towards certain chemical substrates with turnover
rates fast enough to support life processes. These qualities have been translated to biosensors by
utilizing enzymes as sensing elements for chemical species of physiological importance. However,
use of these molecules is not without drawbacks. By their nature, enzymes are designed to be
extremely sensitive to particular physical and chemical conditions. This is to ensure that

metabolism remains localized to particular body regions (e.g. metabolism necessary for one tissue



may have a completely adverse effect in another; further, some metabolic products function as
signaling molecules for activation of highly tissue-specific responses). Small variance from native
conditions in pH, ionic strength, temperature, or light exposure can produce substantial, in some
cases irreversible, loss of activity. For H2O2 detection specifically, the enzyme horseradish
peroxidase (HRP) is used most frequently [(Xu etal. 2004), (Delvaux et al. 2004), (Long et al. 2008)] Thyjs enzyme
is not only common to biosensors, but has seen extensive use throughout biomedical sciences.
However, as with any protein, HRP is highly susceptible to storage/operation conditions. The
protein loses activity with pH changes from 8 to 4 (- >60%) and from 40 to 20°C (- 30%) when
immobilized on an inert substrate [(Temogin and Yigitoglu 2008)] These changes in activity were attributed
to partial loss in the tertiary structure which expose the enzyme’s active site to solution molecules.
Exposure of the active site decreases the favorability of the catalyzed chemical reaction resulting
in decreased enzyme activity. For HRP, complete, irreversible loss of activity occurs at 42°C
[(Chattopadhyay and Mazumdar 2000)]  Dye to the inherent shortcomings of enzyme-based detection,
researchers are moving more into the use of enzyme-free sensors (using sensing elements of the
types detailed above). In most cases, detection is achieved through incorporation of inorganic
nanoparticles or coatings [(Wang 2006). (Qu etal. 2007),(You etal. 2011)]

Cerium oxide (ceria) has seen extensive use in myriad applications as a functional material
spanning from medical devices to chemical catalysis to semiconductor processing and nearly every
other corner of science and technology. Specifically, ceria has seen use in oxygen sensors, in
capacitive devices, as a polish material in semiconductor fabrication, in sold oxide fuel cells, and
in self-cleaning ovens. The utility of ceria comes from its ability to interconvert between Ce3* and

Ce* redox states in presence of particular oxygen-containing-species and to release/store oxygen



by the formation/loss of oxygen vacancies in the crystal lattice. Cerium oxide (Ceria) has also
demonstrated significant, biomimetic reactivity towards reactive oxygen and nitrogen species.
[(Asati etal. 2009),(Dowding et al. 2013),(Korsvik et al. 2007), (Pirmohamed et al. 2010), (Dowding et al. 2012)] Specifically, hydrogen
peroxide, superoxide anion, hydroxyl anion, peroxy nitrite have been assessed. Reflecting this, use
of ceria as a therapeutic agent in diseases such as cancers, neurodegenerative diseases, and
ophthalmological diseases have shown great promise for potential clinical application [(McGinnis etal.
2010),(Walkey et al. 2015),(Self et al. 2016),(Dowding et al. 2014),(Sack et al. 2014),(Jana et al. 2014),(Cai et al. 2014),(Alili et al. 2011),(Wason
etal. 2013),(Dasetal. 2013]] Cerja’s enzymatic activity is specific to the ratio of Ce®* to Ce** in the material
and is due to redox between these states. Further, this modification of this ratio will make the
material more or less sensitive towards individual analytes. Additionally, as the dimensions of the
ceria lattice are decreased to the nano-scale, the prevalence of Ce®* increases along with the
number of oxygen vacancies due to an increase in bond strain [(Deshpande etal. 20059 " Thjs material
property is especially important for surface catalyzed chemical reactions, wherein the increased
energy from bond strain and the presence of oxygen vacancies makes reaction more favorable.
Chemical species containing oxygen groups react with ceria surface oxygen vacancies, producing
a redox change and removing the vacancy. Therefore, ceria nanomaterials show unique activity
and reactivity [(Gupta et al. 2016), (Tarnuzzer et al. 2005),(Korsvik et al. 2007),(Heckert et al. 2008)]. Several studies have
been produced which use ceria nanoparticles (CNPSs) as sensing elements for hydrogen peroxide
[(Ansari et al. 2008; Saha et al. 2009), (Seal et al. 2012)] ' |n most cases these devices incorporate an enzyme for
detecting an analtye of interest while a layer of ceria is used to detect a hydrogen peroxide
metabolic product from the enzyme interaction; specifically, cholesterol oxidase, and glucose

oxidase have been tested. These studies are limited to vary narrow operation conditions due to



these enzymes, as detailed above. Further, these studies do not demonstrate high sensitivities.

In the present study, different preparations of CNPs are used to determine whether the ratio
of Ce®:Ce** has a direct relationship with the electrochemical response. Then, the determined
relationship is used to develop a biosensor platform optimized for electrochemical response to

hydrogen peroxide.



CHAPTER TWO: METHODOLOGY

2.1 Materials

Nano-pure diamond distilled water; 30% NH4OH, 30% Hydrogen Peroxide, Cerium
nitrate hexa-hydrate (trace metals basis, 99.999%), 1% nafion, poly(acrylonitrile), sodium
phosphate dihydrate, sodium diphosphate monohydrate, sodium acetate, hydrogen chloride, and
sheep’s blood serum from Sigma Aldrich; Cerium Oxide nanoparticles 20% colloidal suspension
in water from Alfa-Aesar; powder cerium oxide microparticles from REaction a John Mathis

company

2.2 Methods

2.2.1 Particle Synthesis & Characterization

For this study, three different, previously studied/characterized CNP synthesis methods

were employed to produce particles with different Ce**:Ce*" ratios.

CNP1: Dissolved cerium nitrate hexahydrate in 20mL of dH20. Subsequently, a
stoichiometric amount of 30% H2>0, was added.

CNP2: Alfa-Aesar CNPs were diluted from purchased stock bottle using dH.O ( >
18MOhms), as required for given measurements. No further procedure was performed on these
particles (solely dilution).

CNP3: Forced hydrolysis synthesized CNPs through NHsOH-mediated precipitation.
Then, the solution was centrifuged at 8000rpm to collect the as-formed particles. These particles
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were re-dispersed into colloidal suspension by adding to dH-O and titrating the solution to a pH
of ~4 using nitric acid.

All CNPs were characterized using x-ray photoelectron spectroscopy (XPS) (Physical
Electronics (PHI5S400 ESCA) spectrometer with a monochromatic Al Ka X-ray source at 300W
with a base pressure of 5x10(-8) Torr) to determine the relative amounts of 3* and 4 ceria redox
states. UV-Vis spectroscopy was conducted at ImM concentrations. TEM (Phillips FEI Tecnai
F30 at 3000keV) imaging was performed to visualize the particles. These images allowed

interpretation of particle size, shape, dispersity, and crystallinity.

2.2.2 Biosensor Fabrication

Si wafers (with natural oxide layer intact) were cut to ~ 1x1cm squares; then, the wafers
were cleaned through ultra-sonication in acetone—>ethanol-> then water. Lastly, the cut silicon
was dried under nitrogen.

The glassy carbon thin film electrodes were produced through poly(acrylonitrile) (PAN)
polymer decomposition. 150kDa PAN was first dissolved in dimethylformamide (8wt%) at 40° C
with this temperature then being held for 30 minutes. The dissolved polymer was then spin-coated
on Si wafer as part of a two step process. Initially, 50uL of the solution was dropcast at 2000rpm
for 1 min. Following this, the spin-coating speed was raised to 3000rpm for half a minute to
produce an even thickness for the polymer coating. The as detailed wafers were subsequently
held at 250° C for an 1hr. Carbonization was then performed in a furnace in an inert atmosphere
(Ar; flow rate: 150mL/min). Samples were heated to 900° C at a constant rate of 5C° /min and
held in these conditions for an hour. The samples were cooled to room temperature at a rate of

5C° /min.
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Figure 1 SEM image of Porous, Glassy Carbon electrode surface. The observed pore structure
occurs to the degradation of PAN acryl groups. The formed species are volatile and are released
from the material during processing. The size of the observed pores has a bi-modal distribution

with average pore sizes around ~500 and 850nm; ostensibly, facilitating the retention of CNPs

on the electrode for the fabricated sensor device platform.

Glassy carbon electrode substrates were next brought to ~300 C and 200uL of a CNP
formulation/suspension was drop-cast from a 0.2mM stock solution of CNP3. The substrates were
then held at this temperature (300°C), for 3 hours, in air. Following this time period, the electrodes
were slowly (to avoid cracking of the deposited CNP layer on the electrode surface) allowed to
cool within the furnace.

Device electrical contacts were made using a silver paste and a polished copper wire and
was done before addition of CNPs (so that contacts were formed on the conductive glassy carbon

surface). After heating, the paste becomes dry and brittle. This layer was subsequently dissolved



using acetone and a fresh layer of silver paste was added to the CNP-free electrode surface (over
the original paste position. Following this, the electrodes were rinsed with de-ionized water and
allowed to dry under vacuum. When not in use, the electrodes were stored at room temperature in
translucent, plastic boxes.

For experiments entailing measurements in blood serum, the electrodes were
further coated with a thin layer of nafion polymer (10uL of 0.01% in water) and allowed to dry

overnight under vacuum to prevent protein adsorption to the CNP layer during testing in serum.

2.2.3 Electrochemical Testing

Electrical potentials for all measurements were referenced against Ag/AgCl reference
electrodes (3M KCl storage and fill solutions). Prior to running any experiments, platinum-mesh
counter electrodes were cleaned by an electrochemical process in a 0.5M H>SOj4 solution through
cyclic voltammetry (CV). The chosen potential range was from 1.6 to -0.5V and was conducted
for 50 cycles at 1V/s. Electrodes were determined to be clean once subsequent voltammagrams
showed little variation in current intensity and peak structure/distribution. Round-disk gold
working electrodes (CH instruments) were cleaned by the same protocol, however, they were first
polished using an aluminum slurry (0.5micron particles). Additionally for gold, the potential range
was swept between 1.2 and -0.4V. Any time an electrode was polished via slurry, electrochemical
cleaning was subsequently performed; this is due to the possibility of surface contamination by the
oil based slurry which has been shown in other studies to dramatically alter CV measures. The
intensity of the gold reduction peak (~0.8 V in CV) was used to represent the electro-active surface
area of the working electrode: allowing for normalization of current values across measurements

(since the gold surface may be electrochemically de-activated by surface contamination or
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experience topological changes from etching/roughening). Measured current was then converted
to current density using the electrochemically active surface area for comparison across multiple
measurements. Figure 2 is a cyclic voltammagram representative of a clean gold electrode in

sulfuric acid used for electrode cleaning.
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Figure 2 Clean gold cyclic voltammagram in H2SOs. The peak at ~0.8V was used to quantify the
electro-active gold surface area. This peak is particular to the reduction of surface gold atoms
and, therefore, integrating this peak will give a normalizable value for the electro-chemically

active (oxidizable) gold at the surface.
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These initial CV measurements with CNPs suspended in solution involve the collision of
the nanoparticles with the electrode surface. Generally, these collision-mediated measurements are
performed using microelectrodes to record individual particle collisions (allowing for the
characterization of nanoparticle composition, shape, and/or size). In the present study,
characterization of particle electrochemical activity of similar size, shape, and zeta potential
particles was desired. Therefore, large magnitude particle flux at the electrode-solution interface
is ideal; was accomplished using a macro- working electrode for all measurements. As a result of
this, in chronoamperometric measurements, a staircase/stepped current response was observed.
This response is compared with the spiked current graphs characteristic of low concentration
nanoparticles at the surface of a micro- working electrode (the stepped response being related to
the comparatively high particle flux at the working electrode surface due to the high particle
concentration) [(Allen J. Bard 2001),(Rees et al. 2012)]. CV was conducted with ImM CNPs (for
each of the three different CNP formulations) dispersed in 10mL of dH20 and a potential range
from 0.8V to -0.3V with a scan rate of 20mV/s. H O, was added at 0.01, 0.1, 1, 2.5, and SmM
concentrations and measurements were repeated five times at each concentration. Electrodes were
cleaned as detailed above prior to and between any measurement. CV was performed on control
solutions without CNPs to determine the influence of any other solution components on
electrochemical measures. Chronoamperometry (CA) was performed using a potential bias of -
0.23V, based on the redox activity seen in cyclic voltammagrams, with 1mM solutions of CNP
formulations 1 and 3. Prior to any given measurement, the electrochemical response was allowed
to equilibrate over a period of 30 seconds. Then, current changes were recorded over 10 minutes

with addition of analytes by pipette in 100uL volume increments. Following this, CNP- or ceria
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microparticle (CMP)-based sensors were tested under identical experimental conditions, without
interfering species, to assess the implications of nanoscale material properties as they relate to the
observed electrochemical response. The fabricated biosensor was evaluated through
chronoamperometry performed at the same voltage as used for CNPs in solution. H>O, addition
was done in 100uL increments after a 30 second equilibration period in either 100mM NaNO3 or

sheep’s blood serum.
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CHAPTER THREE: RESULTS AND DISCUSSION

In the presented study, three different CNP formulations were produced through different
synthesis methods. The synthesis procedure for each of these methods were used from previous
studies wherein, particle characterization showed differing ratios of Ce®" and Ce**. X-ray
photoelectron spectroscopy (XPS) was performed for each of these to confirm differences in
Ce®":Ce** ratio (Table 1). This ratio was found to decrease across the formulations from
CNP1->3. Before comparing the electrochemical activity of the varied Ce*:Ce** formulations, it
was necessary to characterize certain physicochemical properties for each; namely: particle size,

morphology, and zeta potential, (collected in Table 1).

Table 1 Ceria Nanoparticle properties

Morphology Size (nm) Zeta Ce3":Ce*

Potential (mV)  (XPS)

CNP1 Spherical 3-5 4.571 1.06
CNP2 Spherical 3-5 3.245 0.39
CNP3 Spherical 3-5 1.336 0.24

Particle size and morphology (TEM imaging) were similar for all formulations. TEM
micrographs (Figure 1.) show spherical, ~5nm ceria nanoparticles. Based on these results, we
determine that the formulations show particles of comparable size morphology, and zeta potential.

From here, the ability of each formulation to chemically degrade hydrogen peroxide was

13




determined via catalase assay.

CNP1

pe,

Figure 3 CNP (Left to Right, CNP1,2,3) size Characterization (TEM images) with insets
illustrating crystallinity (all scale bars are 20 nm). All formulations show aggregation due to the
high reactivity of NP surfaces. Images show well-formed, individual crystallites. Further, these

images highlight the crystallinity of these particles through the clear presence of lattice fringes

Catalase assays were conducted across the tested CNP formulations (Figure 2a.) and it

was determined that lower Ce®":Ce** ratios produced a relative increased catalase activity (i.e.
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activity increased from CNP1 - 3) due to the redox conversion of Ce** = Ce**, in support of
findings from previous studies [2a].

Given that particles from each formulation varied only in Ce**:Ce** ratio and that catalase
activity was found to vary with this ratio, we next performed electrochemical studies to evaluate

whether current response showed a similar relationship.

L
(= OV + H,0,
. 0
[;I ® ¢ )”
., % OV +H,0

Figure 4 Diagrammatic representation of CNP collision at gold macro-electrode. Collision
allows for reduction of adsorbed peroxy species at the working electrode surface and for the re-

formation of the ceria surface oxygen vacancies.
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3.1 CNPS Electrochemical Characterization
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Figure 5 (a) Catalase Assay. Activity was greatest for CNP1 followed in descending order of
activity by CNP2 and 3. (b) CV for all CNP preparations (1 mM H20, and CNPs), cathodic peak
current (inset). The inverse relationship between Ce3+:Ce4+ ratio and catalase activity holds
for CV. Additionally, an anodic peak present for all formulations shows a positive relationship

between Ce3*:Ce** ratio and current.

Initially, to characterize the electrochemical behavior of each CNP formulation, CV was

performed with 1 mM CNPs and 1 mM H;O: for all formulations (Figure 5b.). CV scans were
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completely consistent by the third cycle (used for analysis), with subsequent cycles being largely
similar (data not shown). Since the current does not change considerably with successive cycles,
we determine that the observed current response does not arise from any side reactions in the
solutions i.e. not from an ECE-type mechanism wherein an electrochemical change elicits a
chemical reaction mediating a current signall*®l. The overall shape of the obtained CV curves
were fairly similar across formulations, suggesting similar electrochemical reactions for all
formulations [(Allen 3. Bard 20001 The peaks common to all formulations occur at ~0 V (hereafter,
peak 1), -0.23 V (peak 2) and 0.4-0.7 V (peak 3). These are attributed to the CNP-mediated
reduction of H20 (peaks 1 and 2) and the oxidation of the Au electrode (peak 3) [ (Gerlacheetal
1997),(Sardesai et al. 2013)] respectively.

CNPs with lower Ce®*"Ce*" ratio have a more defined peak 1; this has been attributed to
the initial reduction of H,O, [(Gertache etal 19971 | contrast, the higher ratio CNP1 solution shows a
more diffuse, wide peak at a similar potential; this behavior is consistent with complex catalysis
mechanisms presented in literature [(Sardesatetal- 20131 Spacifically, the peak character suggests that
reduction initially occurs, however, the catalysis is kinetically restricted for high Ce3*:Ce**
formulations. Degradation of H20,, for these formulations occurs very slowly, on the order of
days for millimolar concentrations in absence of applied electrical potential [Neal et al. 2015)]
Additionally, it has been speculated that this diffuse peak represents a multi-step reduction
mechanism wherein radical oxygen species (such as superoxide) and/or oxygen are evolved and
transiently adsorb at the electrode surface [?Y1. Peak 2 represents the complete reduction of H2O.
This peak is seen to be sharp and intense for lower Ce3*:Ce** ratio CNP formulations indicative

of a fast, diffusion-mediated reduction while higher ratio formulations show a more diffuse peak
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which seems to overlap with peak 1 (as detailed above). In similar work [13(Sardesai etal. 2013)] “thjg
cathodic peak was attributed to the CNP-mediated reduction of surface-complexed 02%/0;
species. The high current increase seen for low ratio formulations was attributed to peroxy-
complexed CNPs functioning as nanoelectrodes by colliding with the working electrode and
facilitating indirect electron transfers from the working electrode to adsorbed oxygen species [(Rees
et al. 2012; Sardesai et al. 2013),(Kahk et al. 2012)] ' particle contact with the conductive electrode resulting in

degradation of the surface species occurs primarily through the following relationship,

C84+ZH2029 Ce3+ + Hzo + 02 [(Sardesai et al. 2013)] (1)

The high current arises from the high surface coverage of the nanoparticles by the peroxy
species: allowing reduction of a large quantity of molecules near-simultaneously. In support of
this, in a study utilizing CNP collision with microelectrodes, individual CNP impacts were
observable with dramatic increases in the current observed for peroxide adsorbed particles
relative to CNPs without H202 exposurel(Sardesai etal. 2013)]

In agreement with catalase data, we observed that lower Ce3*:Ce** ratio formulations
produced a nearly two-fold greater cathodic peak current density as compared to higher ratio
formulations (determined by normalizing peak currents with respect to electrode electroactive
surface area, described in the Experimental section) . Figure 5b details the relative peak current
densities for each of the formulations. Lower Ce®*":Ce*" ratio better facilitate H.O, reduction
based on their oxygen release property. Oxygen release from the CNP lattice is believed to be

more favorable for CNPs with higher Ce** than is for higher Ce®* particles [Savie etal 20051 Thjg
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may allow for a more favorable reduction reaction by releasing reaction products at a higher rate:
explaining the greater cathodic current density for CNP3 over CNP1 as well as the overall shape

of the respective CV curves.
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Figure 6 Current Dependence on Scan Rate for CNP-Hydrogen Peroxide reaction at Reduction
peak. Linear fitting of the peak reduction current vs. the inverse of scan rate produces an R?

value of 0.99. This is evidence that the CNP-H20: reaction is diffusion limited at -0.23V.

Performing CVs at multiple scan rates and plotting the square root of each scan rate vs.
the corresponding peak current (Figure 6), we determined that the CNP-mediated peroxide
reduction reaction is diffusion-limited [(Allen J- Bard 2001)]  Bacayse the reduction response is
produced by nanoparticle flux at the electrode surface, the amperometric signal is dependent on

the diffusivity of the nanoparticles, rather than of the peroxide species. This factor is important
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in considering the potential response of sensor devices with an adsorbed CNP layer.
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Figure 7 Concentration dependence and peaks character for CNP 1 and 2 formulations. Peaks 1
and 2 show a concentration dependent current response towards hydrogen peroxide.
Additionally, the peak at ~0.8V becomes broader- moving towards lower potential values;

suggesting a more complex redox mechanism at the electrode.

Additionally, we saw the reverse trend (relative to the trend observed for cathodic current)
for anodic current density with higher ratio formulations at peak 3 producing greater current
density, similar to literature SOD activity trends[(Pirmohamed etal. 2010]] ‘Thjs peak was attributed to
gold oxidation and has been shown to be sensitive to hydrogen peroxide concentrations [(Gertacheet
al- 19971 ' However, no consistent trend with H202 concentration was observed for this signal and
therefore the signal could not be used for analytical measure. Peak 3 is well-defined and correlates
positively with the current density for peroxide reduction at constant peroxide concentration

suggesting that hydroxyl species formation is part of the CNP-peroxide reduction mechanism.
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Figure 8 (a) Picomolar detection by Biosensor. Addition of H202 to a final concentration of
1pM produces a 350nA signal, compared with the nanomolar limit of detection of most enzymes.
(b) Nano v. Micro particle characterization. CNPs show significantly greater sensitivity towards
H202 analyte as compared to ceria microparticles-based sensor; this greater signal is attributed

to nano-size effects and specifically to the change in nanomaterial surface chemistry/physics.

Corroborating this, when another CNP preparation involving a chloride salt pre-cursor
does not show this peak at all as a result of strong, preferential Cl- adsorption at the working
electrode surface [M. Gerlache, Z. Senturk, G. Quarin and J.-M. Kauffmann, Electroanalysis 1997, 9, 1088—1092.]. Interestingly,
for CNP3, an anodic current begins at 0.4V in the forward scan, however, the peak is considerably
more diffuse than is common for the hydroxyl oxidation. Comparing the scan in Figure 5b. with
scans of lower concentration hydrogen peroxide (Figure 7), we see that the diffuse peak arises
from the convergence of peaks at 0.4 and ~0.8V (this anodic current can thus be decoupled from
any background current). This further suggests that lower Ce**:Ce** ratio formulations undergo

multiple redox reactions involving several oxygen species (based on the substantial peak width
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and the presence of multiple peaks at lower peroxide concentrations). The width of this peak in
Figure 5b. also suggests a capacitive nature for the species involved (charge development at the
working electrode surface from adsorbed oxygen species), further inculpating adsorbed oxygen
species. Further, it was concluded in the previously referred study that hydrogen peroxide is more

easily oxidized at oxidized gold surfaces.
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Figure 9 CNP3 CA with addition of Competitive species and H202. Competitive species addition

causes no significant change in current. H.O> addition causes immediate response with each

addition.

It was speculated that hydroxyl species at the electrode surface form hydrogen bonds with
peroxides allowing for oxidation at lower potentials M- Gerlache, 19971 i explanation of the
convergence of the multiple peaks at low peroxide concentrations to one common peak partway

between the constituent peaks. From the present study, we cannot determine conclusively whether
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the observed oxidation reaction can be can be ascribed to CNP SOD activity.
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Figure 10 1mM Glucose in dH20 cyclic voltammogram. Glucose control was run to determine

redox interaction with gold. Glucose produces a current response however, the response is not
concentration dependent. Therefore, presence of glucose can be disregarded as a background
current signal and changes to glucose concentration will not interfere with the sensors current

response to hydrogen peroxide analyte.

Due to the strong relationship between Ce3*:Ce** ratio and cathodic current, we determined
to study the CNP-mediated H2O- reduction current response. CA is more suited for quantitative
measurements, such as these, over CV [(Allen . Bard 2001)] ‘Therefore, the formulations with the least
(CNP1) and greatest (CNP3) Ce3*:Ce** ratio were selected for further investigations to confirm
the trends in current values observed in CV and to test the efficacy of the particles as an
amperometric assay.CA was performed with several interfering species (shown elsewhere to

poison H>O, redox reactions) and with successive additions of 200 uM H20. to CNP1 and 3
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formulations in dH20O (S4). None of glucose, uric acid, nor sodium nitrite produced any significant
current change (Figure 9.) suggesting strong selectivity towards the target analyte. Further,
addition of interfering species and H20- did not produce any measurable response in absence of
CNPs (data not shown).
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Figure 11 Cyclic voltammagram of Sodium Nitrite in water at 10uM and 1mM. The
voltammagram shows little change in current response with concentration of analyte at our

determined sensor operating potential, -0.23V.

Upon addition of H20. to CNP solutions, an immediate current response was observed
(Figure 13.). Comparing CA data for CNP1 to CNP3 formulations shows significantly greater (>
125%) current values for CNP3, similar to the differences observed in CV measures (Figure 7).
Addition of 200uM (final concentrations) of uric acid, glucose, and sodium nitrite in succession
shows no significant response for either solution. Addition of 10uL of 200mM H>02 shows
instantaneous amperometric response. (aii and bii) Regressions for both formulations show high

correlation. Slopes of these lines represent sensitivity of detection with CNP3 having greater
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sensitivity. Additionally, with similar concentrations and addition protocols for hydrogen
peroxide, varying the concentration of CNPs in solution predictably changed the current output
at peak 1 (Data not shown). Redox active species do not produce measurable current at the
working electrode in absence of CNPs, interfering species do not interact with hydrogen peroxide
to produce CNP-sensitive by-products, and interfering species do not produce a redox reaction

with CNPs which could have produced the observed current.
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Figure 12 Uric Acid Cyclic Voltammetry interfering species. Voltammetry at 1 and 0.01mM
concentrations shows little change in current at the hydrogen peroxide reduction potential. From
this, it seems that the sensor will operate independent of uric acid concentration and that

presence of uric acid will only contribute to background current.

Based on these results we believe that CNP formulations with lower Ce3*:Ce** are better suited

for amperometric detection of hydrogen peroxide. Further, due to the success of the CNP3
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formulation in producing a considerable current, we fabricated a sensor based on immobilizing
CNPs on a glassy carbon electrode. The sensor was able to produce signals at the picomolar (parts
per trillion) concentration level (Figure 8a.). This level of detection is highly competitive with
enzyme-based sensors which typically function in the nanomolar region [(Saha et al. 2009)] jp
comparison with CV data, the increased current response likely arises from the proximity of CNPs
to the electrode surface. Particle-mediated H2O2 reduction is limited by H202 diffusion to the
particle-coated electrode surface, rather than by the CNP diffusion limitation for the solution-
based CNP method. Therefore, the electrode experiences a greater flux at its surface immediately
following peroxide addition, increasing the achieved signal. To optimize our sensor design and
in considering the generally observed trend of increasing ionic diffusion for nanomaterials over
micron-scale materials, we sought to characterize the influence of nano-scale chemical properties
Of the Ceria film [(Rivest and Jain 2013), (Rupp 2012)]_

To accomplish this, measurements from the sensor described above were compared with those of
an analogous sensor based on a CMP film (Figure 8b.). As shown, the CNP-based sensor boasts
a significantly greater sensitivity. Ostensibly, the nano- character of the particles allows for more
efficient/effective surface catalysis resulting in a greater electrochemical signal. This character
has been well-studied in ceria and is often ascribed to the bond strain produced in ceria when
reduced to nano-dimensions[(Deshpande et al. 2005b)]. Therefore, the CNP-based sensor
platform was further analyzed for detection ability.

CA was performed to determine H>O> detection range for the CNP-based device. It was found
that the sensor produced reliable signals across seven orders of magnitude (from 0.1pM to 0.1uM)

(Figure 15.). The lower bound of this range was determined using the convention for limit of
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quantitation (LOQ); specifically,

LOQ = (Root Mean Square of Blank current) + 106rMms, Blank
The obtained range includes concentrations relevant to physiological conditions. Beyond
this, the LOQ of this detection range is several orders of magnitude lower than that of enzyme-

based devices (nanomolar limits). From here, the sensor platform was tested for robustness in

different chemical environments.
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Figure 13 CA (i) of CNPs1 (a) & 3 (b) in solution with regression for each (ii). (ai & bi).
Measurements for both formulations show good linear fit between current and H20- .

Comparison between these two responses corroborates results in CV measurements and allows
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for optimization of the CNP sensing element in biosensor application.

Figure 16a,b. shows that the sensor experiences no loss in activity across the measured
pH (4-8) and temperature ranges (20-40°C). Further, as a ceramic material, CNPs exhibit high
thermal stability without structure changes well beyond temperatures practical for
biosensingtMurray etal- 19991 “1n order to utilize the sensor platform as a true biosensor: it must be
stable against solution leaching and biofouling. The as-synthesized glassy carbon electrodes have
a moderately porous structure (Figure 1). We believe that this structure played an important role
in maintaining CNP-adsorption on the electrode surface as previous attempts with gold working
electrodes used for solution-based CNP electrochemical characterization saw significant CNP
layer leeching into test solutions (data not shown). However, the CNP comprised film is still
vulnerable to degradation and in bio-solutions the surface can be blocked by adsorbed proteins
(bio-fouled) [(Barkametal. 2013), (Sarafetal. 2015)] Therefore, we next applied a thin layer of nafion to the

sensor and tested in blood serum [(Youetal- 2011)]

Figure 14 Diagrammatic representation of deposited CNP film on glassy carbon substrate.
Particles are located directly on the electrode surface allowing for immediate peroxy species

28



reduction and for high electron flux due to the fixed position of the CNPs at the electrode

surface.

Addition of the nafion film was done to prevent adsorption of protein. However, it is likely that
formation of the film would decrease the overall sensitivity of the sensor. Therefore, the nafion-
coated sensor was first tested in salt solution rather than in serum to compare with the uncoated
sensor. Chronoamperometry showed that the nafion coating had only a moderate influence on
current response of the sensor: producing a loss in sensitivity of less than 8% as compared with

the non-coated sensor.

2.4
¥
Y/

2.0} 7
2 '/.v
= /-’v
:1-6' .,V

/.4
/V
1.2+ 3

14 12 10 -8 -6
Log(H202)

Figure 15 Sensor detection range for H202. The detection range is across eight orders of

magnitude from 0.1pM to 0.1uM.

CA measurement in blood serum with nafion-coated electrodes showed clear current
response upon addition of analyte (Figure 16¢.). In contrast, measurements using electrodes
without a nafion coating experienced total loss of signal. Since the signal is regained upon

addition of the nafion coating, it can be said that the loss in signal is due to solution components
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interacting directly with the CNP layer, rather than solely a chemical interaction between the
hydrogen peroxide analyte and some solution component. Therefore, loss in signal is likely
related to protein adsorption at the electrode surface: preventing the direct interaction of hydrogen
peroxide analyte with the electrode surface. Further, incubation of the nafion-coated sensor in
serum overnight caused no additional loss in sensitivity indicating resistance to bio-fouling and

suggesting that the sensor could potentially be used for in vivo or in vitro conditions.
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Figure 16 The sensor shows no loss in activity from (a) pH 4.0 to 8.0 or from (b) 20 to 40 C , as
compared with HRP which loses significant activity across these ranges. Further, experiences a
melting point at 42 € resulting in loss of tertiary structure. (c) CA with nafion-coated CNP-

based sensor in blood serum. Serial additions of 1JuM H202 produces clear current signal
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suggesting absence of bio-fouling.

These results are promising for the potential application of the sensor platform with
implantable devices. The sensor could potentially operate as a stand-alone implanted device or
could be integrated with other implanted devices to provide specific, real-time information to

control some actuating device.
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CHAPTER FOUR: CONCLUSION

From this study, a deeper understanding of ceria nanoparticle (CNP) electrochemistry as
a function of Ce*®:Ce** ratio has been developed. We have shown that the trend observed in
CNPs’ Ce*":Ce* ratio for catalase-mimetic degradation of H20., as extensively studied
elsewhere through optical/dye-based assays, extends to electrochemical activity. It is determined
that a lower ratio of Ce®":Ce* redox states elicits a greater current response towards H,O; than
do particle formulations with a greater relative concentration of Ce®". This understanding is
critical to the application of CNPs in catalysis-devices and assays. In this study, this physical-
chemical property has been implemented to develop a high sensitivity, high selectivity enzyme-
free CNP-based biosensor.

The fabricated biosensor platform with CNPs showed a picomolar range limit of detection
while remaining insensitive to interfering species know to undergo electrochemical redox at lower
overpotentials (evidencing high selectivity). Additionally, interfering redox species of biological
importance were also chosen to better characterize the biosensors potential for functioning in bio-
fluids and in vitro/in vivo conditions. Further, the advantage of nano-size effects was seen as
greater sensitivity when comparing to an analogous microparticle-based sensor. In this way,
choosing to incorporate nanoparticles over a microparticle formulation is another form of
optimization for the studied sensor platform.

We have also shown that the sensor platform retains sensitivity across pH and temperature
ranges wherein analogous enzymes lose significant activity. In addition, the ceria-based

biosensor demonstrated excellent detection of H20. in blood serum implying potential as a
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translational technology to an implanted medical device.

Building from this work, in the future, it will be beneficial to investigate the influence of
varying oxygen concentrations on the performance of the sensor. Throughout the body, the cell
systems comprising tissues experience different physiological environments including oxygen
partial pressure. This physiological condition is especially true, for example in cancer tissues and
during ischemic attacks. Being that hydrogen peroxide detecting biosensors will likely be
implanted into organs highly susceptible to ischemic conditions (e.g. brain, lungs, heart), the
influence of these conditions on sensor signals will be of vital importance. These different
magnitudes of oxygen saturation could influence the surface reactivity of the CNPs by lowering
the reaction products. Thus, in lower concentrations of environmental oxygen, it may be that the
equilibrium concentrations of surface reaction products will be shifted and induce/inhibit the
degradation of analytes. This information will be of critical importance when monitoring hypoxic
(physiologically low partial pressures of oxygen) conditions. Additionally, in future studies it will
be highly beneficial to make a self-contained device package for the produced biosensor platform.
By integrating the three electrode electrochemical set up, a power source, and a transmitter, the
produced biosensor platform can potentially be of significant use for clinical practices. Further,
due to the robustness of the platform (demonstrated in the study as relative pH, temperature, and
bio-fouling insensitivity), a self-contained device could open new opportunities for field use. The

device could be utilized effectively and reliably across various environmental conditions.
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