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ABSTRACT

Currently, all over the world, a lot of money is being pumped into the healthcare
domain to facilitate development of rapid, point-of-care disease diagnostic platforms,
which are relatively cheap with enhanced ease-of-use capabilities that can be deployed in
low-resource settings which have higher prevalence of disease infected cases. Volatile
organic compounds (VOCSs) represent one class of biomarkers that has been less explored
but possesses immense potential from a disease diagnostic standpoint. Tuberculosis (TB)
has been a cause of significant health concern affecting a large population of people in
Africa and Asia and recently, researchers have identified four specific TB VOCs from the
breath of infected patients, through GC-MS analysis techniques. Rapid, accurate
diagnosis is critical for timely initiation of treatment and, ultimately, control of the
disease. Lack of access to appropriate diagnostic tools is caused, in part, by shortcomings
as currently available diagnostics are often ill-adapted to resource-limited settings or
specific patient needs, or may be priced out of reach.

Although many countries still rely on basic tools such as smear microscopy, new
diagnostics are changing the TB diagnostics landscape. Some groups have previously
attempted to develop breath-based TB detection techniques utilizing evanescent wave
technology and colorimetry-based pattern detection techniques, but no sensors exist for
detection of the four methyl ester-based VOCs. In the research presented in this

dissertation, we have attempted to develop a low-cost, metal functionalized titania



nanotubular array-based sensor platform for electrochemical detection of the four major
TB volatile organic biomarkers (VOBs). TiO, or titania nanotubes is an easy-to-
synthesize, robust, wide bandgap (~3.2 eV) semiconductor material with excellent
vectorial charge transport properties. In addition, the nanotubular morphology presents a
large surface-area-to-volume ratio with sufficient metal bound active sites which
facilitates efficient binding with the VOBs of interest. Titania nanotubes with an
optimized morphology and stoichiometry and functionalized with cobalt through the
incipient wetting impregnation, and an in-situ lattice functionalization method for
electrochemical detection of the four TB VOBs and their subsequent integration into a
sensor hardware, has been investigated. The potential light assisted, plasmonic-based
sensing capabilities of gold nanoparticle functionalized TiO; nanotubes have been
illustrated as well. In the end, a similar but slightly tweaked sensing platform has been
tested for the detection of nonpulmonary colorectal cancer as well, extending the
detection capabilities of the fabricated sensor substrate and leaving room for further
research for screening of other life-threatening diseases. Improved access to better TB
screening and diagnostics may present potential opportunities that may include efforts to
accelerate market entry and/or scale-up of the innovative sensing platform that addresses

unmet needs.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

Every year, the world spends billions of dollars on low-cost, innovative disease
diagnostics to upgrade the existing healthcare infrastructure in an effort to make it more
efficient. OFf this, over US$ 1 billion is spent on diagnostics for tuberculosis (TB)". This
number is staggering given the fact that the amount might be greater than the GDP of
several countries combined and also indicates the serious threat the disease possess. One
third of this money is spent outside the established market economies, where 73% of TB
diagnostic testing takes place.! In the developing world, where the vast majority of TB
patients live, higher-performance but more complex and expensive tests, such as culture
and nucleic acid testing, have not been widely implemented, and sputum microscopy and
chest radiography remain the mainstay of diagnosis. Although relatively inexpensive on a
per-test basis, these traditional methods result in considerable delay, repeat testing, and
misdiagnosis, with significant attendant costs. Therefore, there is an enormous demand
for new and better diagnostics that are more suitably adapted to the needs of developing
countries.

Available reports illustrate that a very large global market exists for tuberculosis
(TB) diagnostics and provides industry with a sound basis for decision-making in relation

to developing better diagnostics that are suitable both for industrialized and developing



countries at various levels of the health system.? In the search for new tools to fight the
global burden of disease, the world’s attention has until now been focused on the need for
new and better medicines. However, without effective diagnostics, health workers are
unable to identify the true cause of disease for most of their patients, and are therefore
forced to try out various treatments in the hope of finding the right one. Such
mistreatment not only inflicts a huge health and financial cost on the patient, but also
results in an unnecessary waste of scarce public resources. Simpler, more effective
diagnostics that are designed for use in disease-endemic settings will be a key resource in
the fight against the scourge of TB. Although the problems surrounding the existing tests
are known, this work aims to explains the need for improved diagnostic tools with

maximum impact.

1.1 Tuberculosis Overview

TB is an infectious disease caused by various strains of mycobacteria. It typically
infects the lungs and is spread through the air when an infected patient sneezes, coughs,
or spits. When this occurs, the TB bacilli are propelled into the air in droplets that can
remain suspended for long periods of time. An individual simply needs to inhale a small
amount of bacilli to become infected.

Every year, there are ~8.8 — 9 million new active TB cases and nearly 2 million
TB deaths worldwide — 5,000 every day — mostly in the poorest communities of the
developing world."? One third of the world’s population has latent TB which may later
develop into an active form of the disease. TB has also become the leading cause of death
among people with HIV. Multidrug-resistance is also a growing problem. A key

challenge for the public health community is to be able to effectively diagnose or screen



patients so that valuable resources and medicines are not wasted on misdiagnosis and
repeat treatments.

Despite huge advances in technology, most countries around the world are still
using the same microscopy examination of sputum that was used over 100 years ago.
With only 40-60% test sensitivity under field conditions,®* this falls as low as 20% when
patients are co-infected with HIV. Preventive therapy effectively reduces progression to
active disease, but today, there is no way to predict who is at greatest risk and who could
gain the most from treatment.

The lack of accurate diagnosis leads to an unacceptable burden of human
suffering and to a waste of precious resources in poor countries. Without the right
diagnostic tools, it is difficult to control the TB epidemic. Developing new and rapid
diagnostic tools is one of the critical elements required to execute a global plan to stop
TB outbreaks. This presents immense potential for future markets to adopt a range of
diagnostics in major testing areas, developed and tested for use in resource-poor settings.

World leaders, public health officials, and international donors have taken action
against TB and financial resources for control and research have increased dramatically
in recent years. Public-private partnerships like the Foundation for Innovative New
Diagnostics (FIND) have emerged to bring together key players in these sectors to move
research and development forward for the needs of patients." In countries, years of
running DOTS (directly observed therapy short-course) control programs have built a
strong basis to further develop TB detection and treatment.! There is clearly a need, and
organizations are looking for quality-assured tests that will help them manage the TB

epidemic. Encouraged by the potential opportunities, we look forward to explore and



develop a new diagnostic tool that can result in an electrochemical sensor capable of

screening TB patients based on their breath biomarkers.>®

1.2 Current TB Diagnostic Scenario

While considering the TB diagnostic scenario, both latent and active TB should
be taken into account. For latent TB diagnostics, generally in low-incidence settings,
WHO guidelines advocate exclusion of active tuberculosis and then recommend
chemoprophylaxis on the basis of results of immunodiagnostic tests such as tuberculin
skin test [TST], interferon gamma release assay [IGRA], or TST followed by IGRA.”°

As for active TB diagnostics, conventional methods for TB detection are
traditionally performed in laboratories or hospitals. For example, the most common
method for diagnosis of TB is the acid fast staining'* of a sputum sample which is then
followed by a sputum smear microscopy test.** However, a disadvantage with the sputum
smear test is its poor sensitivity, which is estimated to be at 70%. Additionally, the
sensitivity of sputum smear spectroscopy in field settings has been shown to be much
lower (35%), especially in populations that have high rates of TB and HIV co-
infection.’**® Culturing of mycobacterium from sputum samples is a more sensitive
technique. Sputum samples are collected and cultured in either solid media or liquid
media looking for the presence of the mycobacterium.***> However, this methodology
takes time to conduct (3-4 weeks for solid cultures, and 10-14 days for liquid cultures),
which makes it difficult to employ in low-resource settings that are typically far from
testing facilities. Recently, other technologies have been developed, including

fluorescence microscopy*® for smear tests (10% more sensitive than light microscopy),



LED fluorescent microscopy'’ for inexpensive imaging equipment that can be used in the
field without the need for a darkroom, and rapid culturing techniques to reduce
incubation time.™® Despite all the improvements that have been made in TB diagnosis, no
simple, inexpensive POC test for screening is currently available.® The techniques
mentioned above either focus on variations of microscopy or culture technique. In either
case, these methods require lab facilities and highly trained personnel that typically are
not available in many rural or low-resource areas.

Access to diagnosis is particularly challenging in people with multidrug-resistant
(MDR) TB and in children with TB.? In addition, some of the progress in the detection of
drug-resistant TB has been attributed to the use of rapid molecular diagnostics such as
line probe assays (LPAs)® and Gene Xpert® MTB/RIF.** Although TB diagnosis in
many countries is still reliant on older tools, new diagnostics are changing the landscape.
Stimulated, in part, by the success and rollout of Xpert® MTB/RIF, there is now
considerable interest in new technologies.”** The landscape looks promising with a
robust pipeline of new tools, particularly molecular diagnostics or nucleic acid
amplification test (NAAT) technologies, and well over 50 companies actively engaged in
product development. The Determine urine lipoarabinomannan (LAM) point-of-care
lateral flow assay is a low-cost useful rule-in test in people with HIV, especially in those
who are sputum scarce or smear negative.?**> However, new diagnostics are yet to reach
scale, and there needs to be greater convergence between diagnostics development and
development of shorter TB drug regimens. Another concern is the relative absence of
non-sputum-based diagnostics in the pipeline for children.? While many manufacturers

remain interested in developing biomarker-based assays for point-of-care (POC) testing



or triaging (screening) patients for TB infection, they face significant challenges with
identifying optimal biomarkers and specimen types and establishing cut-off values. The
detection of volatile organic compounds is an area of increasing interest.

Recent research has shown that various strains of the mycobacteria produce
distinct gaseous volatile biomarkers that can be used as a methodology for detecting and
identifying the mycobacterium.”®%® Specifically, Syhre and Chambers found that
Mycobacterium tuberculosis and Mycobacterium bovis cultures give off four specific
volatile organic biomarkers (VOBs): methyl phenylacetate, methyl p-anisate, methyl
nicotinate, and o-phenylanisole.?®?° These compounds were detectable before the visual
appearance of colonies, which could have implications in detection of latent TB infection.
Syhre et al. were able to detect statistically significant differences of methyl nicotinate in
the breath of smear positive TB patients when compared to healthy (smear negative)
subjects (Figure 1.1).* Analyses in these studies were done using gas

chromatography/mass spectroscopy (GC-MS) analysis tools.

M. Anisate
Concentrations of VOC’s in Exhaled Breath o OCH
3
Acetaldehyde 18 ppb M. Nicotinate
Acetone 965 ppb
Butanone 16 ppb Tuberculosis bacteri g
uberculosis bacteria
1"BUtene ) 63 ppb Mycobacterium tuberculosis = OCH
Dimethyl Sulfide 12 ppb I °  OcH
Ethanol 770 ppb b SN .
Ethyl Acetate 17 ppb I\
Ethylene 23 ppb \
Furan 14 ppb OCH;
Hexanal 11 ppb
Isoprene 210 ppb O O
Isopropanol 150 ppb 0
m;t;anol (1330 ng OCH; o-Phenylanisole
pPp
Pentane 10 ppb
1-Pentene 21 ppb
N-propanol 130 ppb

M. Phenylacetate

Figure 1.1. A comparison of the commonly found VOCs in exhaled breath of a health
human (left) against the four specific VOCs found in the breath of TB patients (right).



While they are effective in identifying and quantifying complex gas samples, they
are expensive, bulky, and not appropriate for point-of-care (POC) diagnostics. Therefore,
it is evident that there are several challenges associated with the development of a rapid,
low-cost, POC TB diagnostic device.

These challenges associated with the diagnosis of TB are significant as TB is the
second leading cause of death due to a single infectious organism and is responsible for
1.3 million deaths annually (over 3,500 every day), according to the WHO. Overall, an
estimated 2 billion people are currently infected worldwide with 8.6 million new active
infections occurring each year.*® Each of these individuals can transmit the disease to 10
to 15 people per year and face a mortality rate of 50% if untreated.** The economic
burden of TB is staggering as the World Bank estimates that high-burden countries can
lose up to 7% of GDP due to productivity losses from TB patients and their caretakers.*
It is so critical that the World Bank committed $100 million to testing for and treating TB
in India in 2014 alone.*?

Of the 8.6 million new active TB cases that occur annually, the WHO estimates
that roughly 3 million of these patients are ‘missed’ and do not receive the diagnosis or
care they need. One of the primary reasons for this gap is delays in accessing TB-related
care or long lead times for diagnostic tests. As a result, developing new large-scale
screening tests (also known as triage or ‘rule-out’ tests) are particularly needed due to the
fact that up to 80% of people tested for TB do not have active disease, stretching the
limited and valuable resources that are devoted for diagnostic testing. As a result, FIND,
a world leader in guiding and coordinating research and development for diseases such as

TB, ranked the development of new screening tests as one of the top 3 priorities in the



fight against TB.*

1.2.1 VOCs-Based TB Diagnostic Approach

Rapid, point-of-care (POC) disease diagnostics present several challenges,
including cost, detection time, equipment portability, and performance. Detection of
volatile organic compounds (VOCSs)-based disease biomarkers from the breath provides a
potential solution to the aforementioned problems.** The clinical use of VOCs

3536 and non-

identification for improved and accurate diagnoses of pulmonary
pulmonary®”™ diseases possesses a significant potential for rapid screening of such
diseases. Tuberculosis (TB) is a major pulmonary disease of concern, which can
potentially be diagnosed via breath analysis. In a recent report, world health organization
(WHO) states that almost 9.6 million people worldwide are infected with TB each year,
while ~3 million people do not get the basic care they need and ~1.5 million people die of
the disease, causing TB to be the leading cause of death worldwide alongside HIV.*
Dheda et al.'?> had presented that VOCs detection-based approach falls under the
“moderate complexity assays” group for TB diagnostics. In addition to the capability of
giant African pouch rats (apopo) for sniffing TB, the technologies enlisted for the VOC-
based approach include TB Breathalyzer (Rapid Biosensor Systems), Breathlink
(Menssana), Aeonose (The eNose Company), Breath analysis instrument (Metabolomx),
and Prototype Breathalyzer (Next Dimensions Tech). The TB Breathalyzer utilizes the
evanescent wave technology leading to reduction in fluorescent signal when the TB

antigen displaces fluorescently coated analogues and bonds to the antibody in the

device.*? Breathlink identifies markers of oxidative stress and disease using proprietary



algorithms where alveolar breath VOC samples are separated by gas chromatography and
detected with flame ionization (GC-FID) or surface acoustic wave detection (GC-SAW)
with high sensitivity.?” The Aeonose utilizes the basic concept of an electronic nose, or
machine olfaction, where a measurement generates complex multidimensional data for
each measurement combined with a pattern recognition technique that interprets the
complex data and relates them to a target value or class.”® Metabolomx uses a
colorimetric sensor array and breath analysis instrument. The colorimetric sensor helps to
capture the chemical signature pattern of the complex mixture of VOCs present in breath,
thereby helping in identifying tuberculosis, colon cancer, and lung cancer detection.* As
stated previously, Syhre et al.®** have successfully detected the prominent volatile
organic biomarkers (VOBs) in the breath of smear positive tuberculosis patients using
solid phase microextraction fibers with GC-MS analysis. It is evident that although the
aforementioned technologies fall under the VOC-based detection category, none of them
quintessentially detects the specific VOCs found in the exhaled breath of TB patients.

To overcome the challenges and present an affordable healthcare diagnostic
platform, we have successfully demonstrated, through the research presented in this
dissertation, our attempt to develop an inexpensive metal functionalized titania (TiOy)
nanotubular array-based semiconductor sensor for electrochemical detection of the
predominate TB volatile organic biomarkers (VOBs) (Table 1.1).* Its important to note
that these VOBs are very specific to the concerned disease and are found in tuberculosis
only. This eliminates the specificity concern as the designed sensor will be highly
selective and specific towards the VOBs of interest. Table 1.1 compares the gold-

standard (smear) and the PCR-based technique against our proposed sensing technique.
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Table 1.1. A comparison of the currently available common TB diagnostic techniques
facing several drawbacks, which can be overcome using TNA based sensor.

TNA Based
X-Ray Smear PCR Culture
Sensor
Sensitivity 77% 20% - 70% <88% 80% Pending Trial
Specificity - > 95% <98% >95% Pending Trial
Specimen None Sputum Sputum Sputum Breath
Time Required 1 hour >2 hours 90 minutes 2-8 weeks < 10 minutes
Training Required Yes Yes Yes Yes No
Patient Visits 1 1-2 1-2 2+ POC
Cost (per test) $5 84 $10+ $15 $3-5
Infrastruct
" raf ructure Yes Yes Yes Yes No
Required
oo . Expensive Considered
Other Radiation Low sensitivity .
iderati hild HIV instrument the ‘gold
considerations exposure - children,
P (517,000) standard’

1.3 Role of TiO, Nanotubes in Sensing Applications

Electrochemical gas sensors can be classified as amperometric, potentiometric,
and conductometric based on their mode of operation.*® Fine et al.*’ has discussed sensor
response mechanisms in metal oxide semiconductor sensors, applying band theory to
explain the n-type and p-type sensor response to oxidizing and reducing gases based on
changes in resistance. In addition, one-dimensional (1D) nanostructured metal oxides
have been studied extensively for their applications in sensors (chemical and biological)
and catalysis.*®**® 1D nanostructured metal oxides present a high surface-area-to-volume

ratio*®>

and are advantageous in sensing applications due to enhanced chemical and
thermal stability, in addition to low power consumption. Kolmakov and Moskovits*

emphasized the role of metal oxide nanowires in the sensitivity and selectivity of
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chemical and biological sensors. They also stated that based on the application, a
nanowire morphology can be utilized as a resistor whose conductivity will be affected by
the charge transfer caused by the adsorbate on the sensor substrate, or as a transistor
where the properties can be controlled by the application of a constant bias, thereby
affecting the sensor’s charge carrier density.

Synthesis of 1D self-organizing titania nanotube arrays (TNAs) via
electrochemical anodization is a robust method to obtain highly ordered 1D
nanostructures with good control of the morphology over large length scales.”**? These
materials have demonstrated their use in numerous technical applications from catalysis
to biomedics.”*® One distinct advantage of using this morphology for gas sensing is the

4
1.

high surface-area-to-volume ratio. VVarghese et al.”” reported the use of titania nanotubes

for hydrogen sensing at elevated temperatures. Chen et al.> devised a room temperature

hydrogen sensor based on TNA using platinum electrodes. Sennik et al.>®

synthesized a
highly ordered titania nanotubes array for application as a hydrogen sensor, both at room
temperature and elevated temperature. Further, Wen and Tian-mo demonstrated
improved hydrogen® and formaldehyde®® sensing of nanosize TiO2 doped with silver,
through experimentation and DFT simulation. In addition to hydrogen sensing, low-
temperature oxygen sensors have been fabricated using amorphous TiO2 nanotube
arrays.> Perillo and Rodriguez® demonstrated gas sensing properties of titania nanotubes
through electrochemical response to ethanol and ammonia at room temperatures. Ethanol
sensing properties of TNAs have also been demonstrated by Kwon and coworkers®* to be

superior to most 1D nanostructured oxides reported in the literature. They described the

ethanol gas sensing mechanism of the titania nanotube sensor based on the surface
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depletion model. A SnO2-TiO2 composite oxide sensor doped with silver has been used
for sensing VOC gases such as ethanol, methanol, acetone, and formaldehyde.®? Previous
investigations by our group have demonstrated the successful detection of triacetone
triperoxide (TATP)® and trichloroethylene® vapors using functionalized TNA. We have
recently utilized DFT simulation to understand the principle interaction of TATP vapor
with metal sensitized TNA and demonstrated the results experimentally.®®> Hence, it is
evident that TNA is a versatile substrate, which has been used extensively for various
sensing applications. Consequentially, functionalized 1D TNA has been used in this

study for electrochemical detection of the TB biomarkers.

1.4 Research Objectives
There are two major aspects of a smart sensor system: sensor element
development; and element integration into sensor hardware, and subsequent testing of the
resultant sensor system in application environment. Therefore, the two-fold objective of
this research was to develop a novel, low-cost, solid state metal functionalized titania
nanotube array (TNA)-based sensor, with:
e high sensitivity and specificity with significantly reduced detection time (when
compared to current available technologies).
e which can be integrated into a hand-held device that will be portable and non-
invasive and perfect for POC use.
In the process of development of the sensor element, the morphology and the
functionalization methods will evolve through the stages to yield a sensor with optimized

geometry and maximum signal response. In addition to the development of the proposed
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sensor element, a crude lab-based prototype of the sensing platform housing the element
will be prepared for the study. This study conducted will determine if the newly
developed sensing methodology for screening TB at the POC based on volatile
biomarkers is feasible through the use of a solid-state sensor using functionalized 1D
TiO, nanotube arrays that bind and oxidize the volatile biomarkers. When the volatile
biomarkers bind to the functionalized nanotubes, a large change in current is measured
using a simple potentiostat. The readout for the end-user will be a simple yes/no answer
for additional confirmatory testing based on the change in current. If the clinical
sensitivity is sufficient, this technology could provide a means for identifying many of
the ‘missed’” TB patients and allow testing resources and efforts to be focused on those at
the highest risk of having the disease.

Additionally, to verify the validity of the sensing methodology and platform,
Sensor response upon exposure to volatile organic biomarkers from other diseases such as

colorectal cancer (a non-pulmonary disease) will be investigated as well.

1.5 Dissertation Organization
The research presented in this dissertation aims to explore the feasibility of the
fabricated 1D TNA-based sensors in healthcare diagnostics. Tuberculosis is arguably one
of the major life-threatening diseases prevalent in the world, and hence the focus on this
disease to find a rapid screening solution.
Chapter 1 provides an overview of the severity of the tuberculosis disease and the
current diagnostic scenario involving molecular- and culture-based detection techniques,

enzymatic, antigen-antibody, cellular response, and microscopy and imaging detection



14

techniques. In addition, some of the prevalent breath biomarker-based detection
techniques were discussed, as they pertain to the present research interests. A brief
review of the various sensing applications of titania nanotubes was also presented.
Chapters 2-7 cover the first research objective, i.e., development of the sensor element.

Chapter 2 aims to optimize the geometry and stoichiometry of the 1D titania
nanotubular array in order to maximize the sensor response to the TB biomarkers. The
variation in the anodization voltage (change in nanotube diameter) and time (change in
nanotube length) did not have a significant impact on the sensor response and has not
been reported. The water content of the anodization electrolyte was varied, resulting in
stoichiometrically different nanotubes with various concentrations of oxygen vacancy.
Further, the anodization was carried out at different temperatures, resulting in change in
nanotube wall thickness, which impacts the width of the depletion region and subsequent
charge transfer. As a result, the sensor response is significantly affected by the electrolyte
water content and temperature of the anodization bath used during fabrication of the
sensor element.

Chapter 3 and 4 utilize the optimized titania nanotube sensor element, which is
functionalized with cobalt by an incipient wetting impregnation method (Co-TNA), to
examine the sensor response to the four predominate tuberculosis biomarkers. A
predicted reaction mechanism for the electrochemical interaction of methyl nicotinate
with Co-TNA will be illustrated based on experimental and characterization evidences.
This mechanism can be extended to explain the interaction of the other three biomarkers
with Co-TNA as well. Further, the experimental and theoretical limit of detection of the

sensor will be determined. The specificity of the Co-TNA sensor will also be investigated
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by exposing the sensor to other organic vapors commonly found in human breath. Lastly,
the chapter will be wrapped up by examining the electrochemical reaction kinetics of Co-
TNA with the four TB biomarkers by invoking the Butler Volmer equation.

Chapter 5 explores the development of an alternate synthesis method which
allows for in situ functionalization of titania nanotubes with oxygen containing metal
species (i.e., Co(OH),) during anodization. Amperometric detection of volatile organic
biomarkers with various concentrations using next-generation titania nanotubes
functionalized with Co(OH), (iCo-TNA) were compared with Co(OH), functionalized
titania nanotubes via the wet incipient method (Co-TNA), discussed in the previous
chapter. Improved sensor response and sensitivity was observed with next-generation
titania nanotubes, which can be attributed to homogeneous distribution of reactive sites
directly in contact with the parent titania. A mechanism for sensor response and in situ
functionalization will be presented.

In Chapter 6, the focus shifts from cobalt to gold functionalized titania nanotubes.
Light assisted sensing of the biomarkers using Au-TNA will be demonstrated in this
chapter. Gold nanoparticles, functionalized on TNA using an electroless deposition
technique, couples plasmonic behavior of Au with slow photon behavior of TNA under
visible light illumination, to yield significantly enhanced sensor response over Co-TNA
and iCo-TNA. Two different schemes illustrating the sensing mechanism have been
presented.

Chapter 7 extends the electrochemical detection capabilities of the TNA-based
sensing platform to investigate the sensing of breath biomarkers from other diseases as

well. Nickel functionalized TNA was utilized to detect the four major VOCs obtained
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from the breath of colorectal cancer patients, which have recognition capabilities greater
than 90%.

Chapter 8 mainly covers the second research objective stated in the previous
section. This chapter presents the sensor element integration into the hardware and
subsequent testing of the resultant sensor systems in the application environment. The
sensor response was recorded upon exposure to actual breath from TB patients, and
compared with response to vapor of VOB mimics. The presence of the biomarkers was
further confirmed by GC-MS analysis using solid phase microextraction fiber.

In the final chapter of the dissertation, the results from all the above chapters have
been summarized and conclusions stated regarding the techno-economic feasibility of the
proposed TNA sensor for use in the actual POC environment. In addition, some future
studies possible in this direction to develop a smart sensor system with enhanced

sensitivity have been presented as well.
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CHAPTER 2

OPTIMIZATION OF TiO, NANOTUBE MORPHOLOGY
FOR MAXIMUM SENSOR RESPONSE TO

VOLATILE ORGANIC BIOMARKERS

2.1. Introduction

One-dimensional, highly ordered TiO, nanotube arrays are large bandgap
semiconductors with high surface-to-volume ratio facilitating efficient charge transfer
with negligible recombination. Owing to the unique electrical, optical, and thermal
properties of titania nanotubes, it has found use in several applications ranging from solar
water splitting for hydrogen generation, supercapacitors, sensors, and solar cells, to
microfluidic photocatalytic degradation of organic and biological water contaminants.*

It is important to note that anodized titania nanotubular arrays have been widely
used in a variety of sensing applications, especially gas- or vapor-based sensing. In the
past, researchers have demonstrated the use of titania nanotubes for hydrogen sensing,
both at room and elevated temperature,>> while amorphous TiO, nanotube arrays have
been used as low-temperature oxygen sensors.’ Gas sensing properties of titania
nanotubes through electrochemical response to ammonia at room temperatures have been
shown by Perillo and Rodriguez.” Detection of volatile organic compounds (VOCs)

represents a significant portion of the gas sensing capabilities of titania nanotube arrays.
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Titania nanotube arrays have exhibited superior ethanol”® and formaldehyde® sensing
properties to most one-dimensional nanostructured oxides. A SnO, — TiO, composite
oxide sensor doped with silver has been used for sensing volatile organic compound gas
such as ethanol, methanol, acetone, and formaldehyde.™ It is evident that titania nanotube

1112 offer a

arrays (TNA) synthesized by electrochemical anodization of titanium foils
robust substrate to functionalize with metals and/or metal hydroxides, which have a high
binding affinity for the VOCs of interest. Functionalized titania nanotube arrays have
been used for sensor detection of a plethora of VOC analytes such as the explosive
triacetone triperoxide®® and environmental pollutants such as trichloroethylene.*
Recently, we explained the mechanism for amperometric detection of methyl nicotinate
vapors using TNA functionalized with cobalt hydroxide.™

However, it is imperative to optimize the TNA morphology in order to maximize
the sensor response to the VOC vapors. TiO, nanotubes developed with variable diameter
and thickness for ethanol sensing at room temperature exhibited relatively poor
sensitivity and sluggish response and recovery. * On the other hand, ethanol and methanol
sensing investigated with TiO, nanotubes with varying nanotube morphology achieved
by variation of applied potential, temperature, and the type of electrolytes exhibited
relatively poor response magnitude.’® These instances of poor sensitivity, meager
response magnitude, and sluggish response could have been avoided by prior
optimization of the titania nanotube structure.

A lot of research has been carried out in an endeavor to tweak the nanotube
morphology to suit the application requirements. Broadly, the evolution of the self-

ordered titania nanotubular array can be categorized under different generations
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determined predominantly by their synthesis methods. The conventional first-generation
TNA synthesized in acidified fluoride solution with mechanical stirring yielded
nanotubes of 30-80nm diameter and 400-500 nm length in 45 minutes."” A similar
acidified fluoride solution aided by ultrasonication gave rise to second-generation
nanotubes characterized by well-ordered, compact, and robust morphology and with
dimensions similar to the first-generation tubes achieved within 20 minutes.”® It is
important to note that acidic solution resulted in stunted nanotube growth due to higher
etching rates. The third-generation nanotubes employed sonoelectrochemical anodization
techniques using neutral organo-fluoride solutions, resulting in smooth, tunable nanotube
dimensions varying from 20-200 nm diameter and 0.5-50 um length over 30-90 minutes
duration.® The fourth-generation nanotubes comprise TiO,-metal composites (TiO, —
MOx / M(OH)x) synthesized by the one-step in-situ anodic functionalization method in
metal-organo-fluoride electrolyte with achievable dimensions ranging from 20-150 nm
diameter and 0.5-15 pm length over 30-90 minutes duration.?>* Further, highly ordered,
double walled,? hierarchical,?® Y-branched,* and light assisted anodic®® TiO, nanotubes
have been successfully synthesized using simple electrochemical anodization techniques.
In a recent study, nanoarchitectured arrays of straight, conical, dumbbell, and tilted
shaped TiO, nanotubes revealed interesting, tunable surface plasmon resonance behavior
when coated with Ag and Au nanoparticles.?® Electrochemical tuning of titania nanotube
morphology in inhibitor type electrolytes was examined through potentiostatic
anodization carried out in three different electrolytes, over a broad voltage range from 2
to 200V in 0.1-48 wt% HF concentrations and different electrolytic compositions for

anodization times ranging from 5s to 70 h.?” The study suggested wide tunability in
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lateral dimensions and aspect ratio of TiO, nanotubes by systematically varying the
anodization voltage and electrolyte composition. Similar conclusions were echoed in
other studies as well.®*?° It is evident that although researchers have successfully
modified the titania nanotube morphology, not much literature is available documenting
the geometrical optimization for sensing applications. Only previously, Hazra et al.*® had
attempted to judiciously control the titania nanotube structure to enhance its alcohol
sensing properties. They had suggested that the pivotal parameters responsible for
controlling the nanotube structure include (i) concentrations of oxygen vacancy (Vo) of
the nanotubes, (ii) nanotube radius, (iii) tube wall thickness, (iv) wall separation, and (v)
tube length.

In this chapter, we present the optimization of the two most critical attributes of
TiO, nanotubes viz. oxygen vacancy concentrations (\Vo), and nanotube wall thickness
for maximum sensor response to electrochemical detection of tuberculosis volatile
organic biomarkers using cobalt functionalized TNA. Although variation of other
mentioned parameters were examined as well, their effect on sensor response was

considered not significant enough to be reported.

2.2 Experimental
Titania nanotubes were synthesized by electrochemical anodization of titanium
foils (0.1016 mm thick, ESPI metals, G1 grade).” Titanium foils were cut into 1.5 x 1.5
cm coupons and were hand-polished with emery paper. Subsequently, the coupons were
degreased by sonicating in an acetone-isopropanol (50% v/v each) mixture for 30

minutes. After rinsing with DI water, the coupons were anodized in a fluorinated (0.5
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wt% NH4F) ethylene glycol solution in a teflon beaker under constant stirring at 60 rpm
using a two-electrode configuration. The Ti coupon served as the anode and Pt foil as the
counter electrode (Agilent E3647A DC power source) with electrode separation
maintained at 3cm throughout the process.

It is known that variation of anodization voltage and time leads to change in
nanotube diameter and length, respectively.”® Hence, anodization was carried out for 1
hour at 30, 40, and 60V in a solution containing 3% water to observe the effect of
diameter on VOB sensing. As expected, there was no significant effect on the sensor
response. Subsequently, TNA was synthesized at 30V for different lengths of time (1, 2,
4 hours) to vary the nanotube length. Due to lack of any observable change in sensor
response, morphological and sensor response results from variation in nanotube diameter
and length have not been reported here. For further considerations, nanotubes were
synthesized at 30V for 1 hour.

Previous reports have indicated that the concentration of the oxygen vacancies in
the titania nanotubes has been determined by altering the electrolyte composition.®
Hence, the electrolyte composition of the anodization bath was varied between 0.5, 3, and
10 wt% water to investigate the effect of the oxygen vacancy content on the sensor
response. The resultant titania nanotubes (TNAovosw, TNAovaw, TNAoviow, repectively)
were characterized by Mott-Schottky measurements at 1000 Hz alternating frequency in
0.1M aqueous NaOH electrolyte solution to determine the concentration of the charge
carriers. Results indicated that maximum sensor response was achievable when
anodization was carried out in a solution containing 3% water. Thus, the effect of the

variable nanotube wall thickness on sensor response was examined by synthesizing
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nanotubes at 10 (TNAioc), 25 (TNAzc), and 50°C (TNAsec) using the optimized
electrolyte composition of 96.5 wt% EG + 3 wt% water + 0.5 wt% NH4F at 30V for 1
hour. To restrict the growth of the nanotubes to the side facing the counter electrode, the
back side of coupons was masked with a kapton tape. Post anodization, the coupons were
rinsed with deionized water, and stored overnight under vacuum at 110 °C. Subsequently,
the anodized coupons were annealed in a tube furnace at 500 °C (ramp up at 2.8 “C/min
from 25 °C) for 2 hours in oxygen atmosphere to render crystallinity to the titania lattice.

Cobalt functionalization of titania nanotubes array (TNA) was achieved by
incipient wetting impregnation (IWI) method wherein annealed TNA coupons were
immersed in 0.1 M CoCl; (Alfa Aesar) solution in ethanol and sonicated for 30 minutes
in an ultrasonic bath and dried overnight under vacuum at 110 °C. The resultant cobalt
functionalized TiO, nanotube array (Co-TNA) sensors were used for electrochemical
detection of the tuberculosis VOBs.

Morphological examination (surface and cross section) of the TNA and Co-TNA
was performed using a field emission scanning electron microscope (Hitachi S-4800
SEM) with a tungsten filament-based field emission gun at 3 kV accelerating voltage and
15 pA emission current. Energy dispersive x-ray spectroscopic (EDS) analysis was
performed using an Oxford (X-Max) EDAX detector attached to the SEM. EDS analysis
was carried out at 20 kV accelerating voltage and high probe current. The AZtecEnergy
acquisition and EDS analysis software synchronized with the X-Max detector was used
mapping and spectral analysis.

The electrochemical detection of the four biomarker vapors viz. methyl nicotinate,

methyl p-anisate, methyl phenylacetate, and o-phneylanisole was carried out in a custom
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built sensing chamber as described in our previous work.”> A two-electrode potentiostat
system (Gamry Reference 600) was used such that the working electrode had electrical
connections on the Co-TNA surface while the counter electrode was connected to the
unanodized titanium metal side. Nitrogen gas (UHP grade) at 200 sccm (standard cubic
centimeters per minute) was used as the carrier gas and bubbled through a 10 mM
biomarker solution in ethanol. The resultant vapor was delivered to the sensing chamber.
A low bias (based on cyclic voltammetry studies, not shown) was applied and a
potentiostatic (I-t) run was carried out to test the sensor response. Preliminary cyclic
voltammetry tests determined the bias voltage for each biomarker. Prior to introducing
the analyte or the target biomarker vapor, the sensor was allowed to stabilize under
nitrogen flow for ~100 seconds. Upon achieving maximum current when exposed to the
biomarkers, the analyte vapor was discontinued and nitrogen was reintroduced into the
sensing chamber, until the current decreased gradually and became steady. Sensing
experiments were carried out at ambient room temperature. Control tests were run with

ethanol.

2.3. Results and Discussion

2.3.1 Effect of Varying Water Content during Anodization

2.3.1.1 Effect on nanotube morphology. The FESEM images as shown in Figure

2.1 reveal the surface morphology of the grown anodic layers of three TiO, samples with
variable oxygen vacancies (TNAovos®%, TNAovsw, TNAoviow). In the presence of very
low water content (0.5 wt% water), a fiberlike nonuniform TiO, surface was formed

where the wall connections between the individual nanotubes were not distinguishable.
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Figure 2.1. SEM micrographs (a-c) illustrating the variation in TiO, nanotube
morphology when the water content in the anodization bath was varied (a) 0.5 wt%, (b) 3
wit%, (c) 10 wt%.. and (d) the variation in dimensions such as inner tube diameter, wall
thickness, and tube separation as a function of water content in anodization bath.

There is visible evidence of a sporadic oxide layer on the surface of TNAovo.s0 that must
have grown during the initial stages of synthesis.** This indirectly affects the subsequent
nanotube formation. Such sporadic patches were removed significantly in the case of
TNAovsy% (3 wt% water), indicating the formation of both wall-connected and wall-
separated TiO2 nanotubes (Figure 2.1b). In the case of TNAovio% (Figure 2.1c), wall-
separated and ordered TiO2 nanotube array formation is evident where no perceptible
coverage of oxide layer is observed. Self-ordered, vertically oriented nanotubes were
found to be more prominent in TNAovs%, and TNAovioss COompared to those in
TNAovos%., Where the nanotubes tend to droop. It is also observed that the tube length

decreased (from 2.2 to 0.8 pum) slightly from TNAovos% t0 TNAoviow as the water
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content in the anodization bath was increased from 0.5 to 10 wt%.

In order to understand the effect of the varying water content (oxygen vacancy)
during the electrolytic anodization on the nanotube morphology and its subsequent effect
on the sensor response, we first need to throw some light on the titania nanotube
formation mechanism. The titania nanotube formation involves a three-stage mechanism
comprising initial oxide barrier layer formation, pore nucleation formation, and steady
state nanotube growth. The oxide growth depends on the reaction between Ti metal and
water under the influence of an applied potential, whereas oxide dissolution depends on
the reaction between the oxide layer and fluoride ions giving rise to soluble titanium

fluoride [TiF¢*]. Thus, it should be noted that the anodic current density during

anodization is comprised of two components: the first is current due to the oxidation of
titanium at the metal/oxide interface, and the second is current due to the dissolution
process at the oxide/electrolyte interface.®* Although the formation mechanism outlined

above for nanotube synthesis is generally accepted, it does not readily explain the driving
force for the formation of a tubular morphology over a porous oxide layer or fiber-like
structures for that matter. Smith > had stated that during the initial stages of anodizing
titanium, a moderately soluble barrier layer is formed on the surface, giving rise to a
porous oxide film. Oxidation-induced strain compensated by a relatively large flow of
cations from the metal, and stress generation due to varying stoichiometry of the oxide
layer counteracts the stress developed along the metal/oxide interface, resulting in
instability of the perturbed oxide layer.*3* Therefore, the initial pore formation
mechanism is attributed to instability of the perturbed barrier oxide layer and not due to

pitting of the oxide layer from halide species. Upon achieving a critical barrier layer
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thickness, the instability of the surface allows the applied electric field to drive the
anionic species to the wells of the perturbed surface, where the applied field strength is
the highest.*> A further reduction in the surface energy resulted in an increase in surface
instability which is aided by fluoride and hydrogen ions. During the hydrolysis reaction,
H* ions accumulate to maintain electroneutrality, while F~ ions migrate to the H" sites.
When a critical concentration is reached in localized regions, dissolution of TiO, occurs,

resulting in formation of TiFs>. Now, in an aqueous electrolyte, pore nucleation can be

attributed to both field-assisted ejection of Ti** as well as chemical dissolution of
titania.*® The dissolution reaction of Ti cations creates negatively charged cation
vacancies in the oxide, which migrate to the metal/oxide interface as a result of the
potential gradient across the oxide.®” The presence of metal-cation vacancies near the
metal/oxide interface facilitates the ejection of Ti** to the available vacancy. The grain
structure at the electrode/electrolyte interface assumes significance in the context or pore
nucleation and subsequent tube formation. A relatively smooth surface enables uniform
pore nucleation by even distribution of eclectic field as well as field-induced and
chemical etching of the oxide. When the surface is rough or when the water content is
varied, the etch rates of various crystal planes will vary across the surface and the grains
are comparable in size to the amplitude and spacing of the pores, and the pore formation
becomes irregular.

Therefore, when the water content in the electrolyte was varied during
anodization, defect or oxygen vacancies (Vo) developed, resulting in stoichiometry-
controlled TiO, nanotubes. Reduced TiO, nanotubes were formed with nonconforming

stoichiometric composition due to the restricted supply of water (or the restricted supply
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of oxygen) in electrolyte.® Such nanotubes with substoichiometric composition can be
represented as TiOzn 1 (0 =1, 2, 3--+), as shown in equation 2.1, which leads to the

formation of suboxides states of titanium, resulting in higher concentrations of Vo and
substandard nanotubular structure formation.***

Ti*" +x0* — TiOx (sub - oxide) + 2xe” ..(2.)
This can be attributed to the fact that limited water content restricts formation of [TiF¢*],
and thus restricts formation of titania. The fluorine ions have a tendency to directly react

with Ti*" and form undissolved [TiF¢*] due to presence of limited amount of water in the

electrolyte. Under this prevailing solution chemistry, it is impossible to form ordered
titania nanotubes. Due to differential etch rates and lack of hydroxyl ions, the surface
gives the appearance of wall-connected nanotubes with nanofiber or nanograss-like
protrusions.*

The separation of the pore walls in titana is probably due to the dehydration of
titanium hydroxide and radial cation vacancies. It has been shown experimentally that the
outer oxide layer exposed to the electrolyte has excess hydroxyl ions compared to the
inner oxide layer not exposed to the electrolyte. *** Three ions, namely F, 0%, and OH,
migrate from the electrolyte to the oxide/metal interface. The mobility of these ions is
dictated by their respective size and charge strength, as OH" are larger than F and O and
contain less charge than O% ions. As a result, the OH" ions migrate slower than the F and
0% and most likely result in the formation of predominantly [Ti(OH),]“™* species on the
surface (n = 2-5).** Considering a mechanism proposed by Raja et al.,** where cation
vacancy transport in the radial direction leads to cell boundary separation, cation

vacancies can migrate along the electric field due to their negative charge. Along the



32

peaks of the surface, the field strength is not as high. If the cation vacancies are
transported radially, vacancies would populate within the area of two neighboring pores.
Since the charges are the same, they would repel to maintain an equilibrium distance. To
maintain electroneutrality, oxygen vacancies could be generated. If the dissolution of the
oxide is much higher than the generation oxygen vacancies at the metal/barrier layer
interface, the repelling forces of the cation vacancies could cause separation of
neighboring pores. Once the cell boundaries separate, they would become exposed to the
electrolyte while forming a thin titanium hydroxide outer layer. Dehydration of titanium
hydroxide to titanium dioxide results in a cell volume decrease. Neighboring nanotubes
are separated by the volume shrinkage of two neighboring cell walls.

When using electrolytes with very low water content, this limits the amount of
OH™ and O ions, thereby resulting in the slow and negligible formation of titanium
hydroxide, causing slow dehydration at the cell boundary. This results in the volume
shrinkage to be continually compensated by the volume expansion of TiO,/Ti(OH)x
formation. Thus, nanotubes formed in electrolytes containing higher water content are
better wall separated.

The predominant effect of the variation in stoichiometry (or Vo) in TiO;
nanotubes achieved by varying the water contents in the electrolyte during anodization
impacts the separation between two adjacent nanotubes. As side effects, it influences the
other structural parameters, like tube length, inner tube diameter, and nanotube wall
thickness (Figure 2.1). With lowering of the water content, the barrier layer thickness
becomes thinner. This results in better ionic conduction, and fast movement of

metal/oxide (Ti/TiO2) interface toward metal substrate (Ti), enhancing the TiO2
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nanotube lengths.*** In a study by Yin et al.,* they found the nanotube diameter to
increase with increasing water content in ethylene glycol (1-50 vol.%) while keeping all
other synthesis variable constant. The larger diameters achieved with higher water
content electrolytes is a result of higher OH concentration. This accelerates the formation
of titanium hydroxide at the cell walls, and enhances the rates of volume shrinkage
during condensation.

2.3.1.2 Effect on sensor response. A perceivable sense of the variable oxygen

vacancy concentration in the nanotubes resulting from the different water content in the
anodization bath, in terms of a physical quantity, can be directly obtained from
determination of the charge carrier density. It is an established fact that TiO2 nanotubes
are an n-type semiconductor and possess electrons as majority charge carriers. Mott—
Schottky analysis (1/C? vs potential) was used to determine the carrier density (Np) of all

the stoichiometrically varied (or variable Vo) TiO2 nanotubes (TNAovos%w — TNAov109%).

The slopes of the linear parts of the curves in the Mott—Schottky plot were found to be

positive, implying that the samples were n-type semiconductors, as shown in Figure 2.2.

Capacitance measurements were conducted according to the following equation 2.2:

1 2 l kT
CZ  Npe g¢,

V= Veg) = — - (2.2)

where C is the space charge capacitance in the semiconductor, Np is the carrier density, e
is the electronic charge, €g is the permittivity of the vacuum, g, is the relative permittivity
of the semiconductor, V is the applied potential, Vg is the flat band potential, k is the
Boltzmann constant, and T is the temperature. Electrical property (or donor density level)
of TiO, nanotubes was obtained by electrochemical measurement of the space charge

layer capacitance following the relationship (equation 2.3)*
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Figure 2.2. Mott-Schottky plots of TiO, nanotubes anodized in different electrolytic baths
containing 0.5 wt%, 3 wt%, and 10 wt% water, with their corresponding charge carrier
densities (Np).
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N, — ( 2 ) 4 ()

e &, dv
where g = 8.85 x 10 F/lem™, e = 1.6 x 10 C, and ¢, of the anatase TiO; (g, = 48). As
revealed from the Mott-Schottky plot in Figure 2.2, all of the three TiO2 nanotubes
(TNAovosw — TNAoviow) Showed n-type conductivity with carrier density of
No(TNAovoss) = 4.68 x 10° cm™ Np(TNAovaw) = 139 x 10 cm® and

No(TNAov10%) = 8.14 x 10" cm 2,
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Figure 2.3 represents the sensor response as the function of water content in the
electrolytic bath during anodization (TNAovos% — TNAovio%) With exposure to vapors of

10 mM volatile organic biomarkers (methyl nicotinate, methyl p-anisate, methyl
Phenylacetate, and o-phenylanisole). Maximum response was recorded for the TNA-
based sensors anodized at room temperature in a bath containing 3wt% water. It is
evident that TNovse, exhibits the best sensing performance in the set, with the highest
response magnitude for each biomarker. Researchers have stated in the past that the
differences in the magnitude of the sensor response from different biomarkers can be

attributed to anomaly in molecular size/molecular weight of the biomarkers in gaseous

phase *"*° and variation in oxidation potential of biomarkers in gaseous phase.*®
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Figure 2.3. Sensor response to the four TB VOBs using cobalt functionalized TiO,
nanotube array based sensor synthesized in an anodization bath containing different wt%
water.
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The sensor study exhibited distinctive improvements where appreciably high
response magnitude was achieved by judiciously controlling the nanotube parameters
through varying the water content in the electrolyte during the anodization process. The
trade-off between augmented surface-to-volume ratio and reduced charge carrier density
upon increasing the anodization water content is noteworthy. In the case of TNowvo.so%,
though the amount of Vo is the highest, extremely poor surface-to-volume ratio resulted
into the low response magnitude compared to that of TNAov3% and TNAov1%. The four
major factors which control the response magnitude of the semiconducting metal oxide-
based gas/vapor sensor are (i) binding interaction between the target gas/vapor species
and the semiconducting surface,® (ii) effective surface area of the nanotubes providing
the available gas interaction sites,™ (iii) dissociative adsorption of oxygen and biomarker

molecules,®*>

and (iv) required activation energy for the electronic transport (which is
related to the barrier potential (qVh) between two grains).>* Among these parameters, (i),
(iii), and (iv) directly depend on the concentrations of Vo in the semiconducting oxide. At
the same time, availability of the gas interaction sites can also be enhanced by increasing
the surface-to-volume ratio of the sensing layer. Vo-related defect sites/states are the
most favorable ones for the adsorption of target species (biomarkers in the present
case).>* This is because the binding interaction between O, molecules and biomarker
molecules is much stronger in such defect sites compared to the defect-free ones. We
have demonstrated that O, molecules can be dissociated and chemisorbed to the oxygen
vacant site (Vo) of the oxide surface with negligible activation energy.™ As the reducing

biomarker vapor comes in contact with the sensing layer, two simultaneous processes

take place: adsorption at the active sites and catalytic oxidation enhanced by the activity
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of TiO,.>**" In other words, it is adsorbed to the functionalized oxide surface by the
dissociative adsorption process and subsequently dehydrogenated by the adsorbed
oxygen species. The catalytic activity causes the O—CHjz; bond to rupture, and the

biomarkers can easily be oxidized, thereby releasing free electrons. The released free
electrons fills the depleted TiO, conduction band and neutralizes the oxygen vacancies,
leading to a reduction in the sensor resistance and causing current to rise sharply.

At any particular instant during the sensing operation, the surface coverage of the
active sites available for binding to the biomarkers remains almost constant. As the
biomarkers are introduced, the response magnitude of a sensor is governed by the
availability of the free oxygen vacant sites (Vo). As the biomarkers attach to the sites and
get oxidized, they nullify the oxygen vacancies, leading to an increase in electron
concentration, resulting in higher electrical conductivity (o). In the process, the activation
barrier which had contributed to the large initial resistivity reduces. As the active sites are
used up, the current plateaus out and eventually tend to decrease. A greater concentration
of oxygen vacancies implies a lower activation barrier. Thus, it is evident that the
required activation energy can be modulated by controlling the concentration of Vo,
which in turn is achieved through controlling the amount of water in the electrolyte.*
Despite the activation energy of electron transport being minimum for TNAovo.sw%
(TNAovosw < TNAovaw < TNAovio% ), the overall response magnitude of TNovosew, IS
not very promising owing to its relatively poor surface-to-volume ratio.

In the present case, very low (i.e., TNAovosy%) Water content in the electrolyte
resulted in relatively poor surface-to-volume ratio. The TNAovo.5% Sample showed almost

no wall separations, and the TNAovi0y% Offered maximum wall separations between
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neighboring nanotubes. Eventually, TNAovo.s% suffer from poor surface-to-volume ratio
of the oxide surface but possess high concentration of oxygen vacancies resulting in poor
biomarker sensing performance in terms of response magnitude. On the contrary,
TNAov10% Offers excellent surface-to-volume ratio but does not exhibit the best sensing
performance due to the lower concentrations of Vo. The TNAovsy Sample, owing to the
optimum availability of Vo and promising surface-to-volume ratio, offers the best sensing
performance at room temperature. Therefore, the processing of the TiO, nanotubes
warrants the best combination of Vo and surface-to-volume ratio of the nanotube

structures to offer promising biomarker sensing performance.

2.3.2 Effect of Temperature during Anodization

2.3.2.1 Effect on nanotube morphology. In the second part of the study, TiO;
nanotube array was synthesized with variable tube wall thicknesses (TNAioc, TNA2sc,
and TNAsoc). In order to investigate the sole effect of the thickness on nanotube
morphology and subsequently on the sensor response, other anodization parameters
during the synthesis process were kept fixed, as mentioned in Section 2.2.1. The FESEM
micrographs of TiO, nanotubes fabricated by anodization at 30V (containing 3wt%
water) at 10°C, 25°C, and 50°C are illustrated in Figure 2.4(a-c). An interesting
observation indicates that the pore diameter (or outer diameter) of ~60nm is essentially
the same for all the nanotubes fabricated at the different temperatures, but the wall
thickness changes significantly. Figures 2.4d represents the monotonic decremental
nature of tube wall thicknesses with the variations of anodization temperatures (10 to 50

°C), respectively. With decreasing anodization temperature, the wall thickness increases
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Figure 2.4 SEM micrographs (a-c) illustrating the variation in TiO, nanotube wall
thickness when the temperature of the anodization solution was varied (a) 10°C, (b) 25°C,
(c) 50°C., and (d) plot showing the variation in nanotube wall thickness as a function of

anodization temperature.

from ~8nm at 50°C to ~14nm at 25°C and ~20nm at 10°C. Consequently, the voids in
both the interpore areas and the tubes become more connected as the temperature is
lowered. Therefore, anodizing at very low temperatures can prove to be detrimental
towards the sensing performance due to a reduction in surface-to-volume ratio. Grimes®
had also reported increase in the nanotube length with decrease in anodization
temperature. This is particularly not a concern in our case as we had previously stated
that variation in tube length does not affect the sensor response.

It is important to note that chemical dissolution and electrochemical etching are
critical factors in the growth of the nanotube arrays via anodic oxidation of titanium.
Varying the electrolyte bath temperature changes the rate of both etching processes.
Further, variation in dissolution rate in the horizontal direction of TiO, layer,

perpendicular to the tube growth, principally affects TiO, nanotube wall thickness. The
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dissolution rate depends on the concentration of F— ions in the electrolyte®, which
competes with other ions in the solution bath such as OH™ and H* having different ionic
radius and charge. As a result, movement of the F- ions is hindered which leads to the
dependence of the dissolution rate on two key factors: (i) drift velocity of the F—ions in
the electrolyte®**® and (ii) rate of diffusion of F— ions through the nanotube wall.***°
Hazra et al.*® had explained through the Stokes—Einstein relationship, D = kT/6mno,
(where D is the diffusion coefficient, k is the Boltzmann’s constant, T is the ambient
temperature, 1 is the viscosity of the electrolyte, and o is the diameter of the sphere-like
particle), rate of diffusion of F— ions increases with increase in the anodization
temperature (T), leading to the higher rate of dissolution. In addition, the viscosity effects
become less significant as at higher temperatures, lowering of the viscosity (1) of the
electrolyte occurs, enabling enhanced velocity transport of the F— ions in the electrolyte.
This is particularly pertinent to our context as the fluorinated ethylene glycol anodization
solution we use is fairly viscous at room temperature. Thus, anodizing Ti at a higher
temperature causes increased rate of oxide dissolution by F— ions, leading to reduced
nanotube wall thickness, and vice-versa, lower anodizing temperatures causes reduced

transport velocity of F~ ions, and thicker nanotubes subsequently.

2.3.2.2 Effect on sensor response. Considering the design and fabrication of the

TNA vapor-based sensors, it is worthwhile to consider the basis for the remarkable
sensitivity demonstrated by the TiO, nanotube array sensors, a material architecture that
is essentially considered to be all surface and no bulk.! The high vapor phase biomarker

sensitivity can be attributed to direct chemisorption of biomarker molecules on the



41

functionalized nanotubes and their subsequent catalytic oxidation being the dominant
mechanism leading to the tremendous resistance reduction in the nanotubes.

The biomarker (methyl nicotinate) sensing performance was studied for
functionalized TiO, nanotubes with variable tube wall thickness (TNAoc, TNAgsc, and
TNAsoc) with optimum stoichiometry (3 wt% water) synthesized at 30V for 1 hour. The
response magnitude as a function of nanotube thickness (Figure 2.5) shows the maximum
response from sensors fabricated at room temperature (25 °C) with significant variations
of response characteristics for different sample. However, the response magnitude reveals
an increasing tendency from TNAjoc t0 TNAsc, and then decreases from TNAzsc to
TNAsc at room temperature exposure to 10mM biomarker concentration.

Though the above mechanism described in the previous section largely
demonstrates the efficiency of biomarker-sensing performance for the functionalized
TiO, nanotube-based sensors, it cannot effectively explain the effect of the wall thickness
(t) variations on the biomarker-sensing performance. To illustrate the effect of all the
structural parameters (i.e., t, Np), the role of channels which form in the nanotube wall
has been explained.**®® As explained by Hazra et al.°, this model considers an individual
TiO, nanotube as a single resistance (R) with length L and cross-sectional area A. The
tube is assumed to have an average free electron density Np and mobility u,. The tube
resistance can be represented as:*

1

R =
qND,un

L

The adsorption of oxygen in air takes place on either side of the nanotube walls, creating

an electron depletion region.



42

2.06-07
0.0E+00
-2.06-07
-4.06-07
-6.0E-07
-8.0E-07
-1.0E-06
-1.2-06
-1.4E-06 14pA | 60RO 6 pA
-1.6E-06 -7.06-06

Current (A)

Time (seconds)

Depletion
Region

=

— Channel

t-2L, r t

Figure 2.5. Effect of nanotube wall thickness on sensor response to methyl nicotinate
vapor (a-c) various nanotube wall thickness compared to Lw. (d) Schematic showing the

cross-sectional view of a single TiO, nanotube illustrating the depletion region and
channel formation in the nanotube walls.
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Therefore, in ambient air, the inner and outer surface of the nanotube is depleted,
partially due to adsorption of the oxygen species (O°, O%, etc.)® on the nanotube
surface.’® The conducting channels between the surfaces (inner and outer) have the
dimension of (t — 2Lw), where Ly is the thickness of depleted region as shown in Figure
2.5d.°1%2 The width of the space charge layer Ly can be given by:

Lw = Lp [2eV/KT]*? ...(2.5)
where, Lp = [e0ekT/29°Np]*? is the Debye length, eV is the barrier height, kT is the
thermal energy, and Np the ionized donor density. In metal oxides, the space charge layer
extends to a few tens of nanometers depending on the thickness of the film.®

It is important to understand that the nanotubular layer is not a flat capacitor. The
voltage drop takes place inside the nanotube walls and the space charge region spreads
circularly over a few nanometers. With respect to variation in wall thickness and
subsequent electron transport properties, band bending is an important phenomenon. In
the semiconducting tubular structure, a space charge region with width Lw extends
circular in the side walls of the tubes where the band bending extends in half of the tube
walls. If the half wall thickness is significantly greater than the width of the space charge
layer (i.e., /2 > Lw), the band bending may extend to a few tens of nm throughout the
half thickness of the wall in a wide potential range such that there remains a neutral
region (or channel) for the charge transport in the middle of the wall.®* The potential drop
difference between the sides of the wall would directly result in separation of charge
carriers and prevention of recombination, which is favorable.®® In this case, there must be
a minimal band bending of 50 mV in order to prevent charge recombination.®® This can

be achieved by having an efficient depletion region to accommodate the band bending.
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However, if the half wall thickness is shorter than the width of the space charge
layer (i.e., t/2 < Lw), flat-band condition exists in the tube wall (Fig. 9b) and band
bending can only occur at the bottom of the tubes as the depletion zone goes through the
wall and the nanotube remains inactive.*® This is because thinner wall thickness would
result in a lower band bending with the band potential being very close to the flat band

potential.®

Another important point is that the diffusion length of charge carriers in
titania is around 10 nm.® However, the thin wall thickness would prevent the formation
of a large depletion region, and consequently, there would not be enough potential drop
across the wall, leading to less separation of the charge carriers. When the wall thickness
is less than the diffusion length in titania, which occurs in the case of thin tube walls,
there is no electric diffusion layer needed to separate electrons and holes, as the holes
simply diffuse through the tube walls to the semiconductor/biomarker vapor interface.®®

If the nanotube wall half-thickness /2 is significantly greater than the width of the
space charge region Ly, as shown in Fig. 2.5a, oxygen removal by biomarker vapor and
subsequent biomarker chemisorption will have little effect on device resistance; hence,
high sensitivity cannot be expected. In contrast, when t/2 is comparable to or less than the
space charge region, the shift in the electrical resistance on exposure to biomarker vapor
can be very high, while a flat-band condition will exist when the wall thickness is less
than the width of the space charge region, as described previously. The nanotube array
samples showing the highest sensitivity had a wall thickness of ~14 nm, corresponding to
the geometry of Fig. 2.5b. Previously, calculations based on equation 2.5 have

determined that the depletion width layer is anywhere between 4 — 7 nm.*® Significant

charge separation occurs at a distance of 1-1.5 nm which happens to be the Debye length
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for anatase TiO, nanotubes.’® Hence, there is lucid evidence to show that the half
thickness of the nanotube synthesized at room temperature is comparable to the width of
the space charge region, thereby contributing to enhanced sensor responsivity.

Therefore, considering the conducting channel formation possibility, equation 2.4

can be expressed as

1 L

Regiry = X ..(2.6
@n = gNpu, ~— m(t+2r) x (t —2L,) (2.6)
! X L (2.7)

(air) = N .

AWokn e+ 20 x (£ — 2L, zke—][/)

N L (28)

@™ gNppn £oekT 2eV T

n(t+2r)x(t—2\/2q2(ND_na) kT)

where n, is the captured electron due to surface adsorption of oxygen species. In ambient
reducing vapor (like biomarkers), a fraction of the captured electrons is released (ng) to
the nanotube surface, thereby increasing the channel width (t — 2L\) and lowering the

sensor resistance, as shown in equation 2.9

1 L
X
qNpuy,

Riomarkery = ..(2.9)

_ €0ekT 2eV
w(t+2r) X (t 2\/2612(ND . kT)

Equation 2.8 represents the baseline resistance of the sensor. With decrease in tube wall
thickness (t), the increase in baseline resistance of the sensor (R(air)) is not significant as
terms associated with the thickness play a major role and mostly stay constant. The rapid

decrement of the sensor resistance (R(air)) with increase in Vo content (or increase in
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carrier density, Np) can be correlated with equation 2.9. The response magnitude of the

1D cobalt functionalized titania nanotube-based sensor can therefore be expressed as:

Riair) — Rpi Ry;
Sensor Response = (air) blomarker _ q _ _biomarker ..(2.10)
R(air) Rair
t—2 €0ekT 2eV
2q*(Np —ng)N kT

Sensor Response = 1 — .. (2.11)

t—2 €0eKT 2eV
2q*(Np —ng +ny) N kT

Moreover, the expression of response magnitude in equation 2.11 confirms our earlier
observation that there is limited effect of the nanotube length and diameter variations on
the sensing performance of the sensor. As evidenced from equation 2.11, the two main
factors contributing to the variation in sensor response are nanotube wall thickness (t) and
the charge carried density (Np), which is influenced by the water content of the
anodization bath. The response magnitude appears to increase with decrease in the tube

wall thickness which conforms to experimental results presented in Figure 2.5.

2.4. Summary
The present work has attempted to optimize the titania nanotube stoichiometry
and morphology in order to maximize the sensor response to the volatile organic
biomarkers. Results pertaining to variations in nanotube diameter and length have not
been presented here due to the lesser impact of these parameters on sensing response
resulting in negligible relevance. The interwall connecting points also appear to play a
significant role in enabling the ultra-high biomarker sensitivity. The chemisorbed oxygen

and its removal by biomarker molecules, as well as chemisorption and oxidation of the
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biomarkers at the active sites, regulates the passage of current from nanotube to

nanotube. In summary, our studies on the interaction of titania nanotube arrays with

biomarkers reveal an unprecedented vapor dependent shift in electrical resistance. The

synergetic effect of optimized stoichiometry and geometry, highly active nano-scale

surface states and functionalized sites that activate oxygen and biomarker for

chemisorption and oxidation, tremendous surface area, and inter-tubular connecting

points is believed responsible for the remarkable sensing behavior.
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CHAPTER 3

FUNCTIONALIZED ANODIC TITANIA NANOTUBE ARRAY SENSOR
FOR ELECTROCHEMICAL DETECTION OF FOUR
PREDOMINATE TB VOLATILE BIOMARKERS -

PART I: SENSING MECHANISM

3.1 Introduction

Analysis of volatile organic compounds (VOCs) from exhaled breath presents a
potential noninvasive, point-of-care (POC) medical diagnostic technique. In recent years,
sensor detection of VOC biomarkers has gained significant interest for the early diagnosis
of several pulmonary and other diseases. Review articles by van de Kant et al. * and Zhou
et al. % highlight the clinical use of VOCs identification for improved and accurate
diagnoses of pulmonary diseases such as asthma, COPD (chronic obstructive pulmonary
disease), lung cancer, and cystic fibrosis, for example. Further, researchers have
successfully identified and detected VOC biomarkers from exhaled breath for the
diagnosis of chronic kidney diseases,’ gastrointestinal and liver diseases,* breast cancer,’
and cardiac biomarkers.® Among other pulmonary diseases of concern, tuberculosis is a
major one, which can potentially be diagnosed via breath analysis. Syhre et al. ’ have
successfully detected the four prominent biomarkers in the breath of smear positive

tuberculosis patients using solid phase microextraction (SPME) fibers.
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The majority of studies, which have focused on correlating VOC detection with
diseases, have utilized GC-MS or bioassay as the method of biomarker detection. From a
POC point of view, the current methods used are not mobile and require time-consuming
analysis and trained technicians. Therefore, in an effort to reduce the complexity and
detection time, electrochemical detection of volatile organic biomarkers is one approach
which has high potential for integration in a hand-held device with rapid detection.

Previously, electrochemical gas sensors have been classified as amperometric,
potentiometric, and conductometric based on their mode of operation,® although
amperometric is more closely related to our methodology. Applying band theory, the n-
type and p-type semiconductor sensor response to oxidizing and reducing gases have
been explained based on changes in resistance.® Owing to high surface-area-to-volume
ratio coupled with enhanced chemical and thermal stability which is advantageous in
sensing applications, one-dimensional (1-D) nanostructured metal oxides have been
widely investigated for potential applications in sensors.'®*? Nanowires have been
examined previously for their role in chemical and biological sensors.* 1-D nanotubes,
especially titania nanotube arrays (TNA), exhibit good morphological tunability over

13,14

large length scales and have found applications ranging from catalysis to

16-19

biomedical.*** In the sensing domain, TNA has found use as hydrogen sensor'®*® while

some modifications in terms of functionalization have rendered it useful for detection of

2024 gxygen,?! ethanol,**** ammonia,?? methanol,** and acetone.?* Previous

formaldehyde,
investigations by our group have demonstrated the successful detection of triacetone
triperoxide (TATP)® and trichloroethylene® vapors using functionalized TNA, in

addition to understanding the principle interaction of TATP vapor with metal sensitized
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TNA utilizing DFT simulation.?” Hence, there is ample evidence to support that TNA is a
versatile substrate, which has been used extensively for various sensing applications.

In this study, cobalt functionalized TNA were used for the electrochemical
detection of methyl nicotinate vapor. Functionalization of the TNA with cobalt was
achieved through the incipient wetting impregnation method. The importance of cobalt
functionalization has been illustrated from sensor responses and correlated with cobalt
loading and oxidation state. Titanium dioxide films synthesized through high-temperature
oxidation and functionalized with cobalt were also compared with cobalt functionalized
TNA. The ordered TNA was demonstrated to be an effective substrate for cobalt
deposition and subsequent biomarker detection over thin titanium dioxide films. Two
mechanisms have been proposed to describe the binding of the nicotinate biomarker to
cobalt functionalized TNA. The sensing response mechanism has been described in terms
of chemical sensitization and band theory. The demonstrated approach for the detection
of methyl nicotinate may be extended to other biomarkers by tailoring the TNA surface

with compounds that have favorable binding affinities to the analyte.

3.2 Experimental

3.2.1 Synthesis of Titania Nanotubes

Titania nanotubes were synthesized by electrochemical anodization of titanium
foils (0.1016 mm thick, ESPI metals, G1 grade).*® Titanium foils were cut into 1.5 cm x
1.5 cm coupons and polished with emory paper. The coupons were degreased by
ultrasonication in an acetone-isopropanol (50% v/v each) mixture for 30 minutes. After

rinsing them thoroughly with DI water, the titanium coupons were subjected to
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electrochemical anodization at 30 V (Agilent E3647A DC power source) for 1 hour in a
teflon beaker under constant stirring at 60 rpm using a Pt foil as a counter electrode. The
gap between the cathode and the anode was maintained at 3 cm. Prior to anodization, one
face of the coupon was covered with a Kapton tape to enable growth of nanotubes on one
surface only. The anodization solution was a fluorinated ethylene glycol solution (0.5
wt.% NH4F + 2 wt.% H,0). After anodization, the coupons were rinsed and sonicated in
DI water for 20 seconds to remove debris and the glycol solution from the surface. These
anodized coupons were then transferred to an oven and dried overnight at 110 °C under
vacuum. Further, the anodized coupons were annealed in a tube furnace at 500 °C (ramp

rate of ~3 °C/min) for 2 hours in oxygen atmosphere.

3.2.2 Synthesis of Titania Films

Titania films were synthesized by high-temperature oxidation of titanium foil.
The titanium foil was cut into 1.5 cm x 1.5 cm coupons and degreased by sonicating in an
acetone-isopropanol (50% v/v each) mixture for 30 minutes followed by DI water
rinsing. The clean coupons were subjected to oxidation in a tube furnace at 550°C (ramp
rate of ~3 °C/min) for 3 hours in oxygen atmosphere to yield high-temperature oxide

(HTO).

3.2.3 Cobalt Functionalization

Preliminary screening of candidate metals, which have a high affinity to bind with
methyl nicotinate, was carried out using density functional theory, similar to our previous

work.?” A high binding affinity of methyl nicotinate with Co was observed over several
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3+ and 2+ metal ions. Cobalt functionalization of TNA and HTO was carried out by
immersing the annealed coupons in 0.1 M CoCl, (Alfa Aesar) solution in ethanol and
ultrasonicating for 30 minutes. The cobalt functionalized Co-TNA and Co-HTO were

then dried overnight under vacuum at 110°C.

3.2.4 Characterization

3.2.4.1 SEM. The morphology of Co-TNA and Co-HTO was characterized using
a field emission scanning electron microscope (Hitachi S-4800 SEM) with a tungsten
filament at 3 kV accelerating voltage and 15 pA emission current. Energy dispersive x-
ray spectroscopy (EDS) mapping was achieved using an Oxford EDX detector attached
to the SEM. The EDX studies were performed at 20 kV accelerating voltage and high
probe current over a 25 pm x 25 um sample area.

3.2.4.2 XPS. Surface composition and the oxidation states of Co and Ti were
analyzed using x-ray photoelectron spectroscopy (Kratos Axis Ultra DLD model).
The vacuum in the analyzing chamber was maintained at 3 x 10 *° Torr. The X-ray
excitation source was monochromatic Al K, radiation (hv = 1486.6 ¢V) at 180 W. The
survey and high-resolution spectra were acquired at pass energies of 160 and 40 eV,
respectively. Spectra were analyzed and all peaks were fitted with CasaXPS software.
Charging effects were corrected using the C 1s line at 284.6 eV as an internal reference.
Shirley-type background was subtracted from the spectra. Argon ion milling was carried
out under gentle conditions to remove the top few nanometers of the sample surface
where Ar” ions were rastered at 0.4 kV for a total exposure of 3 minutes.

3.2.4.3 Amperometric detection of methyl nicotinate. The detection of methyl
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nicotinate vapor was carried out in a custom sensing chamber built out of a 50 ml
centrifuge tube with alligator clip connections. One side of each alligator clip was
covered with an insulating tape such that one connection was made to the titania surface
and the other to the unanodized titanium metal side. A two-electrode potentiostat system
was used (Gamry Reference 600). Nitrogen at 200 sccm (standard cubic centimeters per
minute) was used as the carrier gas and bubbled through a 10 mM methyl nicotinate
solution in ethanol. The resultant vapor was delivered to the sensing chamber and
estimated to be ~2 mM analyzed by GC-MS. A schematic diagram of the overall
experimental set-up is shown in Figure 3.1. A low bias of -0.5 V (based on cyclic
voltammetry studies, not shown) was applied and a potentiostatic (I-t) run was carried out
to test the sensor response. The senor was allowed to stabilize under nitrogen flow for
several 100s of seconds before any analyte was introduced to the system. After a
maximum current is achieved when exposed to the analyte, the analyte is removed and

the sensor is exposed to back to nitrogen flow where a decrease in current is observed.

Nitrogen flow meter 200 scem

)@7 |:| CoTNA
sensor

Gas sensing thamber with
electrode gonnections

r

Potentiostat

MethylNicotina GAMRY Ref 600 { }
vapor
Methyl Nicotinate

biomarker in EtOH computer

Nitrogen cylinder

Figure 3.1. A schematic diagram of the overall experimental set-up used for the detection
of methyl nicotinate biomarker vapor with cobalt functionalized titania nanotube arrays.
Control experiments were run using ethanol only and all the tests were carried out at
room temperature.
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3.3 Results and Discussions

3.3.1 Surface Morphology and Composition

Scanning electron micrographs as shown in Figure 3.2a-b illustrate the well-
ordered nanotubular morphology of TNA as compared to HTO (Figure 3.2c). The highly
self-ordered, vertically oriented nanotubes provide for vectorial transport of charges,
thereby causing fewer recombination possibilities. The top view reveals ordered arrays of
individual tubes having diameters of approximately 53 - 60 nm and an estimated wall
thickness of 11 - 14 nm while the length of the nanotubes was estimated to be 1.4 pm
(from SEM). The thickness of the TiO; film produced by thermal oxidation is estimated
to be around 80 — 100 nm. The annealed TNAs are predominantly crystalline anatase
phase titania, as discussed in previous reports.?* Also, oxygen annealed TNA exhibits
increased resistivity, which can help increase sensitivity in detection of gases. Oxygen
scavenges electron from the TiO, conduction band, widening its depletion region and
contributing to higher resistivity. Scanning electron micrographs, as depicted in Figure
3.2d, reveal precipitates on top of the nanotubes after cobalt functionalization. The
presence of cobalt was further confirmed by EDS analysis, as illustrated in Figure 3.3a-d.
Analysis through EDS reveals almost no cobalt detected on Co-HTO. lllustrations using
scanning electron micrographs and EDS layered images and mapping, as shown in Figure
3.3, further confirm the distribution of cobalt on the surface and walls of the nanotubes in
Co-TNA. In comparison, EDS mapping revealed the presence of Co in negligible amount
on Co-HTO and was below the detection limit of the EDS system. The results obtained
from SEM and EDS characterization confirm that titania nanotubes presents a large

surface area for favorable cobalt adsorption in contrast to TiO; films.
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Figure 3.2. : Scanning electron micrographs of plain titania nanostructures showing the
top view of the annealed titania nanotubular array (TNA) (a), and side wall view of
annealed TNA (b). Scanning electron micrograph of high-temperature titania oxide
(HTO) is illustrated in (c) while cobalt functionalized Co-TNA shown in (d) reveals the
formation of cobalt hydroxide precipitates on the mouth of the titania nanotubes.

58§ vecvon Electron Image 3

EDS Layered Image 4

Election

Figure 3.3. Scanning electron micrographs and EDS layered images showing the
presence of Co on the mouth and the walls of the nanotubes in Co-TNA. (a) EDS layered
image, showing cobalt on the mouth of titania nanotubes. (b) Elemental mapping
illustrating uniform cobalt distribution on the mouth of te nanotubes. (c) Electron
micrograph of the sidewalls of the nanotubes, (d) corresponding EDS layered image
showing cobalt distribution on the nanotubes.
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The x-ray photoelectron spectroscopy (XPS) core level spectra of Ti and Co from
the Co-TNA are depicted in Figure 3.4 and Figure 3.5, respectively. The Ti 2p level x-ray
photoelectron spectra of Co-TNA depict the distinct 2ps/, and 2ps/, peaks at 464.2 eV and
458.5 eV respectively, with a separation of 5.7 eV between the 2py, and 2ps, peaks
arising from the spin-orbit interaction. These observations are consistent with the peak
position and separation for predominantly Ti*" oxidation state. From the Co 2p level x-
ray photoelectron spectra, the 2p;, peak is distinctly visible at 797 eV while the 2psp

peak is presented as a multiplet of peaks.

25000
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Figure 3.4. Ti 2p level x-ray photoelectron spectra of Co-TNT showing the distinct 2py,

and 2ps, peaks at 464.2 eV and 458.5 eV, respectively, thereby confirming the presence
of TiO, and the Ti** oxidation state of titanium.
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Figure 3.5 Co 2p level x-ray photoelectron spectra of Co-TNT. (a) Unsputtered surface
before sensor exposure, (b) argon sputtered surface before sensors exposure, (c) argon
sputtered surface after sensor exposure to methyl nicotinate vapor.

The complex nature of the 2ps, peak is due to the spin coupling of the 3d and 2p
electrons of cobalt. Peak deconvolution for cobalt compounds were carried out and

. % The native Co-TNA surface reveals

compared to the reported values by Biesinger et a
that Co(OH), (781.5 eV) is the predominant phase present on the nanotubular sensor
surface, thereby confirming the Co?* oxidation state of cobalt. Sputtering the surface with

Argon ions for 3 minutes, which removed approximately 30 — 50 nm of the top surface

layer, was carried out. An XPS spectra of the ion milled sample shows a prominent
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metallic cobalt peak at 778.8 eV in addition to the cobalt hydroxide peaks (67%
Co(OH),, 33% Co metal). Quantitative analysis based on the x-ray photoelectron spectra
reveals approximately 8-12 wt.% or 3-5 at.% cobalt on the sensor surface. Analysis of the
sensor surface after exposure to methyl nicotinate vapor and ion milling, shows a similar
spectra as before exposure with ion milling; however, an increase in cobalt metal content
is noted (61% Co(OH),, 39% Co metal). lon milling-induced reduction of Co** to
metallic Co cannot be entirely ruled out; however, its contribution is rather weak due to
the gentle sputtering conditions. The reduction is minimized by the use of low ion beam
energy for a short duration of time. The increased cobalt metal amount after exposure of

the sensor to methyl nicotnate can be explained by the sensing mechanism (vide infra).

3.3.2 Sensor Response to Methyl Nicotinate VVapor

Preliminary studies using cyclic voltammetry methods have indicated cobalt (1)
as being a frontrunner for binding methyl nicotinate. The optimum bias voltage was
determined to be around -0.5 V for methyl nicotinate using the above-described method.
Experimentally, this voltage has consistently delivered the maximum signal during
detection. Hence, the amperometric detection of methyl nicotinate using Co-TNA and
Co-HTO was carried out at -0.5 V and the result is illustrated in Figure 3.6. The results
clearly show that Co-TNA exhibits a change in current, much higher than Co-HTO
during detection of methyl nicotinate vapor. The shaded portions of Figure 3.6 show
when the sensors surface was exposed to methyl nicotinate vapor. With Co-HTO (Figure
3.6b), the maximum current was approximately -325 nA. In contrast, Co-TNA yielded ~6

uA of current during methyl nicotinate vapor detection.
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Figure 3.6. Amperometric sensor response to methyl nicotinate vapor (in ethanol) and
control tests. (a) Electrochemical detection of methyl nicotinate vapor by Co-TNA as
compared to ethanol vapor (control test) showing that the signal is due to the binding of
the nicotinate to the metal functionalized titania nanotubes. (b) Electrochemical response
to methyl nicotinate vapor by high-temperature titania oxide (Co-HTO) illustrating that
the signal is lower than Co-TNA. (inset) Electrochemical response to methyl nicotinate
vapor by nonfunctionalized titania nanotube array (TNA) is much lower than Co-TNA,
thereby confirming the importance of cobalt functionalization for nicotinate detection.
The shaded regions of the plots show when the sensors were exposed to methyl nicotinate
vapor.

The sensitivity of the sensor and high affinity of the methyl nicotinate vapor
toward Co-TNA is evident from the instantaneous change in current with the introduction
of the nicotinate vapor. Control tests for TNA-Co sensor response to ethanol vapor
revealed little change in current comparatively, thereby indicating that the current change
is predominantly due to the binding of the methyl nicotinate vapor to the cobalt
functionalized titania nanotubes. In addition, annealed TNA without cobalt
functionalization (Figure 3.6b inset) does not exhibit any significant sensor response
(~525 pA), thereby emphasizing the importance of cobalt in methyl nicotinate detection.
Initial tests found the detection limit to be ~0.002 mM methyl nicotinate vapor (0.01 mM
methyl nicotinate solution). A detailed sensitivity and selectivity (other biomarkers and

background VOCs) study is currently underway.
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3.3.3 Sensor Response Mechanism

The idea of exchanging metal ions like cobalt to the titania nanotubular surface is
due to the presence of a large number of hydroxyl (Ti(OH),) groups at the surface which
has been confirmed by XPS and FTIR analysis.”>*! Chen et al. *! had proposed that the
cell walls of anodic titania nanotubes is composed of a mixture of TiO, and titanium
hydroxide based on the following reactions:

Ti +20% > TiO, + 4¢ ...(3.1)

Ti + XOH > Ti(OH)y + xe” ...(3.2)
It has been demonstrated that almost 40% of the surface is covered by hydroxyl groups,®
which are Bronsted acids and are known to be exchangeable sites. Even though both
annealed and as-anodized TiO, nanotubes can be used to exchange the metal ions, the
latter is preferred for this purpose due to the presence of high-density hydroxyl groups on
the TiO, surface. The exchange process of the surface hydroxyl proton with candidate
metal (Co) ions can be written as:
2Ti-OH + Co*" > (Ti-0),Co + 2H" ...(3.3)
and a representation of the above reaction is illustrated in Figure 3.7.

Cosandey et al. ® had mentioned that gas sensing is based on the changes in the
surface or near-surface oxide conductivity. They also stated that such conductivity
changes are caused by the formation of a space charge region induced by either gas
adsorption or by the formation of oxygen vacancies on the surface. It has been reported
that the adsorption of organic molecules on metal cations leads to the oxidation of the
organic species.

Figure 3.7 illustrates the binding of methyl nicotinate to Co-TNA.
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Figure 3.7: A pictorial representation showing the dimensions of the titania nanotubes
and the attachment of cobalt to the Bronsted acid sites on the titania nanotube walls.
Further, the methyl nicotinate biomarker is attached to the cobalt sites.

For example, Pinnavaia et al. > observed that Fe(IIl), Cu(ll), and VO** cations
resulted in the oxidation of anisole when adsorbed on the surface. It is also well known
that the ability of complex formation and stability of the complex with metal ions is
associated with the metal ion’s ability to act as an oxidizing agent. Therefore, metal
cations can be effectively used for complex formation with volatile biomarkers.

Although studies on the stability of methyl nicotinate on titania or cobalt
functionalized titania are not readily available in the literature, the adsorption of methyl
nicotinate on the sensor surface is considered stable. Methyl nicotinate is very stable in
both aqueous and ethanolic solutions at room temperature.*** Hydrogenation of
carboxylic acids over metal oxides generally requires elevated temperatures (>300 °C).

For example, hydrogenation of methyl nicotinate over Cr/ZrO is carried out at 350 °C.*®
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Both in solution and on the surface of metal oxides, complexation by the anion of weak
acids involves the competition of H" and the metal center for the anion.’ In the former
case, protons are transferred to the solvent, while in the latter case, they are transferred to
surface OH groups, which are important in defining the stability of the surface
complexes.®’ Since the sensor surface contains many OH groups (vide supra), which are
essential in stabilizing surface complexes, stable complexation of methyl nicotinate with
the sensor surface may be realized.

The ordered arrays of TiO, nanotubes are an excellent support for the metal ions
to bind with biomarkers because of their high surface area. When the metal ions
participate in the oxidation of the biomarkers, electron transfer occurs from the biomarker
to the metal ions, which is then collected through the TiO, nanotubes. The nanotube
structure has enabled improved charge transport properties and can conduct the electrons
with minimal losses.®*°

The reaction of methyl nicotinate with Co-TNA can be envisaged as follows. At
the cobalt functionalized titania nanotubular surface, methyl nicotinate is oxidized. This
leads to the formation of cobalt di-nicotinate on the TNA surface along with the release

of two methyl radicals and two electrons (equation 3.4). These electrons flow through the

outer circuit to render an observable change in current.

, ‘ [Ti-Ol;

|
=\  OCHs = 0 —Co"—0 ,=
| N 0 0 N
Methyl nicotinate Cobalt (Il bis [nicotinate]

...(3.4)
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Cosandey et al. ** had corroborated to the above view and stated that for chemical
sensors, the increased selectivity due to addition of metallic clusters can be explained by
two mechanisms, chemical sensitization and electronic sensitization. In chemical
sensitization, the metal particles act as centers for surface-gas adsorption, which is then
followed by spillover onto the oxide surface to react with the negatively charged
chemisorbed oxygen. On the other hand, electronic sensitization results in a direct
electronic interaction between the oxide surface and metal particles via metal oxidation
and reduction processes. In this case, cobalt might form an oxide in the presence of
surface adsorbed oxygen ions, resulting in a change in charge carrier concentration of the
material.” The oxidized metal particles are then reduced in the presence of reducing
gases, such as methyl nicotinate vapor, leading to a change in carrier concentration of the
semiconductor oxide substrate. As a result, methyl nicotinate will be oxidized to nicotinic
acid, while Co(ll) itself is reduced to metallic Co. The XPS studies have confirmed the
presence of cobalt hydroxide on the surface of Co-TNA (Figure 3.5). The Co(OH); reacts
with the surface adsorbed oxygen ionic species and is oxidized to CoO,". This can be

explained by the following reactions:

Co(OH), + 2H" + 26" > Co + 2H,0 ...(3.5)

Co(OH), + 20 > Co0, + 20H + ¢ ...(3.6)

Co0, +4H" + e > Co* + 2H,0 ..(387)
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During the reaction with methyl nicotinate, the Co(lll) is reduced to Co(ll). The overall
reaction illustrating the oxidation of methyl nicotinate to nicotinic acid and the reduction

of Co(I1l) to Co(ll) is illustrated in the following equation:

+ CO, + 4H,O + 6C00

= 0
[(?;/>_<o—CH3

— O
+ 6C00; * 6H ———> [Wo—H

...(3.8)

Similar results were demonstrated by Fine et al.® Upon interaction with a reducing

gas, an increase in conductivity of the material occurs. This explanation fits our scenario
wherein titania nanotubes is a well-known n-type semiconductor*® and methyl nicotinate
vapor is a reducing gas. Water molecules form hydroxyl (OH—) ions on the surface,
directly introducing electrons that increase the conductivity of an n-type sensor. Further,
the role of surface adsorbed oxygen atoms should be discussed in the context of the
sensing mechanism. It is well known that titania readily adsorbs atmospheric oxygen®®.
The pre-adsorbed oxygen is strongly electro-negative and gains electrons from the titania
surface as the TiO, conduction band minimum is higher than the chemical potential of
oxygen.? This leads to the formation of oxygen ionic species, as described by Kwon et

al., >® Zeng et al., ** and Wen and Tian-mo * and summarized by the following reactions:

O2(gas) = Oy(ads) ...(3.9)
O,(ads) + e > 0% (ads) ...(3.10)
0% (ads) + e > 20 (ads) ...(3.11)

O(ads) + e- > O%(ads) ...(3.12)
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Thus, surface adsorbed oxygen can act as traps for titania conduction band electrons,
leading to a depletion layer or oxygen vacancies near the surface. Cobalt
functionalization leading to the formation of cobalt hydroxide precipitates, or simply
metallic cobalt (as revealed from XPS studies), causes band bending, which in turn leads
to an increase in the energy barrier causing an increase in resistance of the titania
substrate.** With the introduction of the reducing gas, such as methyl nicotinate vapor,
chemical reactions take place between the methyl nicotinate molecules and the pre-
adsorbed oxygen ionic species at the cobalt functionalized titania composite surface. As a
result, cobalt dinicotinate forms in addition to CO, and H,O and the electrons are
released back to the TiO, nanotubes. The charge carrier concentration in the walls of the
titania nanotubes increases and thickness of the surface depletion layer decreases as
electrons are transferred to the conduction band.?® Consequently, the conductivity
increases, which is indicated by the sharp increase in electrical current in the titania
nanotubes. The large surface area contributed by the inner and outer walls of the
nanotubes presents a high surface-area-to-volume ratio in comparison to titanium dioxide
films®® contributing to a greater response.

The relationship between the energy levels in a semiconductor (i.e., valance and
conduction band positions) and the energy levels of the redox potentials (oxidizing or
reducing) is of critical importance for favorable charge transfer. Band theory can be
applied to explain the sensing and charge transfer mechanism. In a recent study,* the
oxidation potential of methyl nicotinate in phosphate buffer (pH~7) was measured to be -
0.45 V (vs. Ag/AgCl). Figure 3.8 depicts the relationship between the redox potentials

(nicotinate/nicotinic acid, Co**/Co, and Co*"/C0®") and the energy bands of titania. The



69

V vs. SHE
-3.5 T o . T—-1.0
1l Nicotinate/Nicotinic acid |
=
-4.0 + C02+ICO 4 -0.5
+ L +
4.5 + 1 0.0
»n -5.0 + 4
3; i T 0.5
=T Tio, +1.0
O 4
o 0T | cotice” 115
'6.5 -“- A 2.0
-7.0 —“- 1925
-1.5 + 1
1 T 3.0
-8.0 | = T
- 3.5

Figure 3.8: Relative valence and conduction band energy levels for TiO, as well as
nicotinate/nicotinic, Co**/Co, and Co**/Co*" redox potentials.

redox potential for nicotinate/nicotinic acid and Co?*/Co are ~0.84 and ~0.46 eV above
the conduction band of titania, respectively, whereas the Co®*'/Co®* redox couple is
essentially halfway between the valance and conduction band energies of titania. It is
likely that the observed electrical signal is due to the reduction of Co*" to Co metal
(equation 3.5) as donation of electrons from the nicotinate/nicotinic acid redox couple to
the Co**/Co redox couple and subsequent donation to the conduction band of titania is
energetically favorable. For the Co%*/Co*" redox couple to donate electrons to the

conduction band of titania, a large energy potential barrier must be overcome.
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Due to the higher energy barrier, the Co**/Co*" redox couple is anticipated to proceed
slower. This is probably why an increase in Co metal on the surface after exposure of the
sensor to reducing methyl nicotinate vapor is observed in the XPS studies (Figure 3.5). It
is worth noting, however, that synthesizing TNA in an organic electrolyte (i.e., ethylene
glycol) can result in doped carbon. The existence of impurities, crystal defects, and
broken bonds at the surface gives rise to surface energy states.**** These surface states
are below the conduction band of titania,*> and would be more energetically favorable for
the Co**/Co?* redox couple to transfer electrons to these surface states than to the
conduction band of titania. As a result, it may be possible the current signal is a

contribution of both processes.

3.4 Summary

Cobalt functionalized titania nanotube arrays successfully demonstrate application
in the electrochemical detection of methyl nicotinate biomarker vapor. Amperometric
detection studies of methyl nicotinate wvapor confirm the necessity of cobalt
functionalization and 1D nanotubular morphology. With regard to the sensor response
mechanism, two mechanisms have been proposed for the binding of nicotinate
biomarker. One mechanism assumes that when the cobalt metal ions participate in the
oxidation of the methyl nicotinate biomarker, electron transfer occurs from the biomarker
to the metal ions, leading to the formation of cobalt dinicotinate. The other mechanism
proposes that cobalt hydroxide is oxidized to cobalt oxide due to reaction with surface
adsorbed oxygen ion species. Thus, cobalt is present as an oxide radical Co(lll) causing

the oxidation of the methyl nicotinate to nicotinic acid while the cobalt itself is reduced to
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Co(Il) and subsequently to metallic cobalt. In summary, both mechanisms agree that
during the sensing and detection process, methyl nicotinate is a reducing gas, which
undergoes oxidation while the cobalt is an oxidative agent, which undergoes reduction.
Further, an explanation based on band theory confirms that a reducing gas, such as
methyl nicotinate vapor upon interaction with a n-type semiconductor, leads to a decrease
in resistance, as indicated by the amperometric studies. The results demonstrated in this
study present a robust sensing platform to detect VOC biomarkers and can potentially be

tailored and applied to other VOCs of interest.
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CHAPTER 4

PART II: LIMIT OF DETECTION, SPECIFICITY, AND KINETICS

4.1 Introduction

Exhaled human breath contains thousands of volatile organic compounds (VOCs).
The analysis of exhaled volatile compounds is a promising, noninvasive method for
studying metabolic, oxidative stress-related, and inflammatory processes.! Such
endogenous VOCs can be related to the physiological and pathological processes of the
whole human body.”> In some cases, exhaled breath from disease stricken patients
contains additional VOCs, which are distinguishably absent in healthy subjects. Disease-
specific VOCs, termed as volatile biomarkers, can be identified from exhaled breath for
most pulmonary diseases,>* although VOC biomarkers for other diseases such as chronic
kidney,® liver,® and cardiac diseases,” and breast cancer® have been identified as well. A
universal sensing platform with replaceable tailor made sensors will serve well.

A specific disease of interest is Tuberculosis (TB), which remains one of the
world’s deadliest communicable diseases.” Tuberculosis is an infectious disease caused
by various strains of mycobacterium. Prior studies have shown that various strains of the
mycobacteria produce distinct gaseous volatile biomarkers that can be used as a

10-13

methodology for detecting and identifying the mycobacterium tuberculosis such
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as methyl phenylacetate, methyl p-anisate, methyl nicotinate, and o-phenylanisole.'
These compounds were found in Mycobacterium tuberculosis and Mycobacterium bovis
cultures. Researchers were also able to detect TB before the visual appearance of
colonies, which could have implications in detection of latent TB infection. Syhre et al.
in a follow-up publication were able to detect statistically significant differences of
methyl nicotinate in the breath of smear positive TB patients when compared to healthy
(smear negative) subjects.® Analyses in these studies were done using gas
chromatography/mass spectroscopy analysis tools. While they are effective in identifying
and quantifying complex gas samples, they are expensive, bulky, and not appropriate for
point-of-care (POC) diagnostics. Acid fast staining'® is the most common TB diagnostic
method, which is followed by sputum smear microscopy.*>*® However, this method is
often unreliable due to its poor sensitivity. Another method of diagnosis is done via
culturing sputum. This method has a much higher sensitivity, but requires a longer
assessment time (~ 4-8 weeks). The GeneXpert (currently the ‘state of the art’ for rapid
TB detection) employs nucleic acid amplification techniques for successful detection of

17.18 in a short

mycobacterium tuberculosis with relatively high sensitivity and specificity
amount of time (~ 90 min.). Although this method has earned wide acclaims, the
detection method is undesirable in a POC setting as it involves an expensive,
sophisticated, and nonportable instrument. Subsequently, the development of a robust,
inexpensive, and POC sensing device is of necessity.

One proposed methodology for POC settings is through the electrochemical

detection of specific VOCs biomarkers for TB, i.e., methyl phenylacetate, methyl p-

anisate, methyl nicotinate, and o-phenylanisole that are expired from the breath.
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Nanostructured metal oxides and hydroxides, namely transitional metals, have been
widely investigated for VOC sensing application due to their low cost, robust synthesis,
and wide applications. A recent article had emphasized the role of nanotechnology in
emerging medical diagnostic trends.'® The proposed sensing methodology is antibody
and label free, utilizing a solid-state sensor based on functionalized 1D TiO, nanotube
arrays. Titania nanotube arrays (TNA) synthesized by electrochemical anodization of

2021 offer a robust substrate to functionalize with metals and/or metal

titanium foils
hydroxides, which have a high binding affinity for the VOCs of interest. Functionalized
titania nanotube arrays have been used for sensor detection of an array of analytes such as
hydrogen,?* the explosive triacetone triperoxide,”® and environmental pollutants such as
trichloroethylene.® We have demonstrated the amperometric detection of methyl
nicotinate vapors using TNA functionalized with cobalt hydroxide® as well as applying
computational methods to understanding the binding nature between metals and
VOBs. %% Qur initial study using one biomarker (i.e., methyl nicotinate) demonstrated
the proof of concept sensing methodology and proposed sensing mechanism. In this
study, the application of cobalt functionalized TNA for electrochemically detecting all

four major TB biomarkers is realized and the sensor response magnitude (change in

conductivity) and response time is described by Butler-Volmer Kkinetics.

4.2 Experimental
Synthesis of titania nanotubes have been illustrated in Section 3.2.1 of Chapter 3.
Cobalt functionalization of TNA by incipient wetting impregnation (IWI) method has

been detailed in Section 3.2.3 of Chapter 3. A schematic of the set-up for TNA synthesis
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and Co functionalization by the IWI method is illustrated in Figure 4.1. Random

sampling and XPS analysis on several samples was used to optimize the functionalization

process such that a consistent 7-8 wt.% Co is achieved.
Morphological examination (surface and cross section) of the TNA and Co-TNA

was performed using a field emission scanning electron microscope (Hitachi S-4800
SEM) with a tungsten filament-based field emission gun at 3 kV accelerating voltage and

15 pA emission current. Energy dispersive x-ray spectroscopic (EDS) analysis was
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Figure 4.1A schematic of (a) the electrochemical anodization set-up for synthesis of
titania nanotube array (TNA) and (b) the incipient wetting impregnation (IWI) cobalt

functionalization method.
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performed using an Oxford (X-Max) EDAX detector attached to the SEM. EDS analysis
was carried out at 20 kV accelerating voltage and high probe current. The AZtecEnergy
acquisition and EDS analysis software synchronized with the X-Max detector was used
mapping and spectral analysis.

The electrochemical detection of the four biomarker vapors viz. methyl nicotinate,
methyl p-anisate, methyl phenylacetate, and o-phneylanisole were carried out in a
custom-built sensing chamber as described in our previous work.”> A two-electrode
potentiostat system (Gamry Reference 600) was used such that the working electrode had
electrical connections on the Co-TNA surface while the counter electrode was connected
to the unanodized titanium metal side. Nitrogen gas (UHP grade) at 200 sccm (standard
cubic centimeters per minute) was used as the carrier gas and bubbled through a 10 mM
biomarker solution in ethanol. The resultant vapor was delivered to the sensing chamber.
A low bias (based on cyclic voltammetry studies, not shown) was applied and a
potentiostatic (I-t) run was carried out to test the sensor response. Preliminary cyclic
voltammetry tests determined the bias voltage for each biomarker. Prior to introducing
the analyte or the target biomarker vapor, the sensor was allowed to stabilize under
nitrogen flow for several 100s of seconds. Upon achieving maximum current when
exposed to the biomarkers, the analyte vapor was discontinued and nitrogen was
reintroduced into the sensing chamber, until the current decreased gradually and became
steady. To test the reproducibility of the sensors, each VOB was investigated with 3
randomly selected sensors. The relative standard deviation in sensor response was found
to be within +3%. The sensitivity of the Co-TNA sensor was also examined wherein

vapor from biomarker solution of lower concentrations namely 1 mM, 0.1 mM, 0.01 mM,
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0.001 mM, and 0.001 mM was passed through the sensing chamber. Sensing experiments
were carried out at ambient room temperature. Control tests were run with ethanol.
Further, the selectivity of the Co-TNA sensor was demonstrated by passing vapors of
methanol, acetone, and benzene.

The 1-V characteristics of the Co-TNA sensor were recorded upon exposure to
nitrogen and subsequently the volatile organic biomarkers (10 mM), by running a
potentiodynamic scan between -2 V and 2 V at a scan rate of 50 mV/s step size using a

Gamry Ref. 600 potentiostat.

4.3 Results and Discussion

4.3.1 Co-TNA Sensor Characterization

Ordered arrays of self-aligned vertically oriented titania nanotubes are illustrated
in the SEM micrographs shown in Figure 4.2. Figure 4.2a shows the top view of the
ordered array of titania nanotubes with the sidewall view shown in the inset. Each
nanotube has an outer diameter of ~60 nm with a consistent 12 nm wall thickness, while
the length of the nanotubes ~1.5 um. These dimensions are consistent with that reported
in our previous work.? Figure 4.2b shows the cobalt hydroxide precipitates on the mouth
of titania nanotubes. EDS analysis of Co-doped TNA samples has confirmed the presence
of cobalt on the mouth and the walls of the nanotubes (Figure 4.2b inset) whereas XPS

revealed that cobalt exists as cobalt hydroxide in the Co®* oxidation state.?

4.3.2 Sensor Response to Biomarker Vapors

The optimum bias voltage for amperometeric detection was determined to be -0.5

V for methyl nicotinate, -0.8 V for methyl p-anisate, and -1.0 V for methyl phenylacetate
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Figure 4.2. SEM micrographs showing (a) the top view of bare TiO, nanotubes with the
side wall view shown in the inset. (b) SEM micrographs showing the top view of the
cobalt functionalized TiO, nanotubes, illustrating the cobalt hydroxide precipitates on the
mouth of the nanotubes, with the EDS micrograph (inset) revealing the presence of cobalt
on the side walls.

and o-phenylanisole, respectively, using preliminary cyclic voltammetry (performed in
solution). Co-TNA vyielded ~6 pA, ~80 pA, ~30 pA, and ~5 pA of current during vapor
phase detection of methyl nicotinate, methyl p-anisate, methyl phenylacetate, and o-
phenylanisole, respectively, at their optimized bias conditions.

A typical current-based sensor response from the four biomarkers is illustrated in

Figure 4.3. Another noteworthy observation was that in the absence of the biomarker
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Figure 4.3. Amperometric sensor response to all four TB biomarkers vapor (10 mM in
ethanol). Electrochemical detection of methyl nicotinate (-0.5 V) vapor (a), methyl p-
anisate (-0.8 V) (b), methyl phenylacetate (-1.0 V) (c), and o-phenylanisole (-1.0 V) (d) at
ambient room temperature showing that the signal is due to the binding of the biomarkers
to the metal functionalized titania nanotubes. The dotted regions of the plots show the
time to reach the maximum current when the sensors were exposed to the biomarker
vapor, followed by time to reach baseline current when the vapors were discontinued.

vapors, the current from the sensor upon exposure to the nitrogen gas was of the order of
~pA, which indicates that the sensor is highly resistive in nature. Upon introduction of
the biomarker vapors, the maximum achievable current at steady state was usually of the
order of ~pA. The signal responses from ethanol vapors were few hundreds of pA

(control test). This indicates that the electrical response from the vapors of the individual
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biomarkers dissolved in ethanol is at least four orders of magnitude higher than that of
the base solvent and that the current change is predominantly due to the binding of the
biomarker’s vapor to the cobalt functionalized titania nanotubes. Additionally, control
tests with nonfunctionalized TNA had yielded negligible change in current upon
exposure to the biomarker vapor.®® The sensor response was calculated based on the

following equation:

SR= lrrax,V?C N, basdeine (41)
ZNz,basda'ne

where, imaxvoc IS the maximum current achieved when exposed to a VOC biomarker and
in2, baseline 1S the average baseline current achieved when exposed to only nitrogen. To
establish the efficacy of Co-TNA as a sensor material, vapor from the individual
biomarker solution (in ethanol) of 10 mM concentration was delivered to the sensor to
achieve significant electrical response. Based on gas chromatography — mass
spectroscopy (GC-MS) characterization of the biomarker vapors, it was found that the
actual concentration of the vapor from a 10 mM solution is approximately 2 mM in the
sensor chamber. Preliminary tests indicate this concentration to be within range of
clinically relevant VOB concentration from exhaled TB patient breath. The sensitivity of
the sensor and high affinity of the individual biomarker vapor toward Co-TNA is evident
from the instantaneous change in current with the introduction of the vapor. Further, the
sensitivity of Co-TNA was examined to determine the limit of detection by exposing the
sensor to vapors of the biomarker of lower concentrations. The average sensor response
from the range of lower concentrations was still two to three orders of magnitude (~ tens
to hundreds nA range) higher than the base current, as illustrated in Figure 4.4. It is

evident from the results that the limit of detection of Co-TNA sensor is 0.018 ppm and



83

1.00E+08
—s—Methyl Nicotinate
—_— i
9.00E+07 Methyl p-anisate
—=—Methyl Phenylacetate
-8-0-Phenylanisole
Y 1.00E+06
=
]
a
wv
© 1.00E+05
E =
o
wv
@
& 1.00E+04
1.00E+03
1.00E+02
0.001 0.01 0.1 1 10 100 1000 10000

Concentration (ppm)

Figure 4.4. Plot showing the effect of concentration of biomarkers on variation of the
sensor response (equation 4.1) upon exposure of the Co-TNA sensor. It is evident that the
sensor response can be distinguished into two linear regions: 0.01-10 ppm and 10-1000

ppm.

thus, the sensor can be considered extremely sensitive towards all the four biomarkers.
The theoretical lowest detection limit of VOB vapors using a Co-TNA sensor can

be estimated as follows: 2

2
mnoise: ?i; (42)

V2= -») ..(43)

where rmspeise IS the root mean square deviation of sensor noise in the relative

conductance (or the measured current) of the baseline, y; is the measured data points in

the baseline (i.e., stable baseline with nitrogen gas, before introducing the VOB vapor)
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and N is the number of data points in the baseline. The values of y were calculated based
on the sensor response from each point relative to the mean baseline current. The

detection limit (DL) has been calculated using the relation:*®

DI =3 Bnone .(4.4)
slope

As observed in Figure 4.4, the sensor response from biomarkers of varying
concentrations comprises two linear regions: 0.01-10 ppm and 10-1000 ppm. The slope
was obtained from the linear fit (10-1000 ppm range) of the sensor response of Co-TNA
to methyl p-anisate vapor versus concentration plot with a correlation coefficient of
0.984. Since methyl p-anisate exhibited maximum sensor response, calculations were
based on the particular vapor and extended to other VOBs as well. The theoretical
detection limit of the methyl p-anisate sensing in the vapor phase was estimated to be
~0.62 ppb for the Co-TNA sensor platform.

Results indicate that the experimental limit of detection is approximately 30 times
higher than the value predicted from theoretical calculations. The capability of detection
of low biomarker concentration with high sensitivity can be considered to be well within
the sensing variability for such Co-TNA sensors.

Further, to mimic vapors from human breath, the Co-TNA was exposed to vapors
of some common model compounds found in exhaled breath such as methanol, acetone,
and benzene. Vapor from solutions of fixed concentration (1000 ppm) of these organics
in water was exposed to the Co-TNA sensor. It is important to note here that the
concentration of these organics were much higher than that found in breath (which is
usually hundreds of ppb). Results indicate that the sensor response for such VOCs is

lower than that recorded for the lowest concentration of any biomarker solution. This is
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indicative of the fact that the Co-TNA sensor is highly selective towards the TB
biomarkers (Figure 4.5).

Understanding the underlying gas sensing principle is critical towards
development of better functionalization methods for enhanced sensor response. Pinnavaia
et al. ®° had stated that metallic cations such as Fe®*" and Cu®" facilitated oxidation of
anisole, a derivative of one of the biomarkers in our case. The metal ion’s oxidizing
capability determines the stability of the VOC complex with the metal ions. All four
biomarkers are relatively stable in both aqueous and ethanolic solutions.

In addition, the Co-TNA sensor substrate contains hydroxyl groups, which

contribute to formation of stable complexes with the organic biomarkers. Cobalt metal
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Figure 4.5. Bar graphs showing the comparison of the sensor response upon (equation
4.1) exposure of the Co-TNA sensor to the TB biomarkers (10 mM or ~1400 ppm) and
other organic solutions (~1000 ppm), illustrate high sensor selectivity



86

ions attached to the TNA sensor substrate provide active binding sites for the biomarkers.
During oxidation of the biomarkers at the sensor surface, electron transfer occurs from
the biomarker to the cobalt ions, which is then collected through the TiO, nanotubes. At
the cobalt functionalized titania nanotubular surface, the biomarkers are oxidized, which
leads to the formation of cobalt complexed species on the Co-TNA surface and two
electrons. These electrons flow through the outer circuit to render an observable change
in current. The reaction of the four biomarkers with Co-TNA can be envisaged as

follows:

’ : [Ti-OJ,
— OCH3 — O'_cl:o"_ B —
Colim0), + 2 )| —— () )+ 2CHy + 26
N 0, N o) 0 N
Methyl nicotinate Cobalt (Il) bis [nicotinate]
...(45)
| 0 (Ti-0J; o
0. ,= s
Co(l-(T-0), + 2| ¥ )-ocrs —> O*o —co"—o)*\CL + 2CH,* + 2e
[P | HiCO OCH;
Methyl p-anisate Cobalt (I1) bis [4-methoxybenzoate]
...(4.6)
o [Ti-Ol (o}
| =
OCH 0 —Co"—0
Co(ll)-(Ti-0), + 2 b + 2CH,* + 2e
Methyl phenylacetate Cobailt (I1) bis [phenylacetate]

(A7)
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1

OCH;

O = O
—_— o = oat =z O + 2CH;* + 2e

o-Phenylanisole Cobailt (Il) bis [2-phenyl phenoxy]

Co(ll)-(Ti-0), + 2

...(4.8)

Weinberg and Weinberg * had stated that polycyclic aromatic hydrocarbons
proceed by initial charge transfer of the aromatic group where the oxidation follows a
mechanism involving loss of two electrons and formation of a cationic species. They had
speculated that the reactions may involve discharge of methoxy or methyl radicals which
might ultimately form methanol. Further, although they stated that the cationic species
discharged could be the methoxide radical, very scant evidence was available to
substantiate the claim. They had also shown a reaction scheme where they illustrated that
chemically generated methoxy radicals react with aromatic hydrocarbon to provide
methanol and benzylic dimers and essentially no methoxylated product was formed.
Overall, this supports our proposed reaction mechanism for the interaction of the organic
biomarkers (which are essentially aromatic methyl esters) with the cobalt functionalized
titania nanotubes. We believe that upon oxidation at the sensor surface, the biomarkers
forms benzylic dimers with cobalt along with the release of two electrons and a methyl
radical.

The reducing vapors of the biomarker cause partial reduction to metallic cobalt,
leading to a change in electron concentration on the Co-TNA substrate. Studies have also
stated that that interaction of reducing vapors with n-type TNA substrates results in an
increase in conductivity.®* A better explanation for this case is, surface adsorbed oxygen
species scavenge electrons from the conduction band of titana, leading to the formation of

oxygen vacancies, or a depletion layer (Lp), which is expressed by:*
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1
2ee, |2 k,T
LD{ 0} {E—EFB—%} ...(4.9)

ny,e
where ¢ is the dielectric constant, taken as 42 for TiO, (33), g is the permittivity of
vaccum, no is the total carrier concentration, which is ~ 6.5 x 10° cm™ eV, Egg is flat
band potential, taken as -0.5 V for long nanotubes, ** e is the carrier charge, kg is the
Boltzmann constant, and T is the absolute temperature. Under these conditions, the
depletion width layer is anywhere between 4 — 7 nm. **3* Studies have concluded that the
maximum sensitivity is achieved whenever the width of the depletion layer is
approximately half of the nanotube wall thickness.*? This is due to the fact that the shift
in the electrical resistance upon exposure to a reducing gas can be large when the width
of the space charge region is comparable to half of the wall thickness. Significant charge
separation occurs at a distance of 1-1.5 nm which happens to be the Debye length for
anatase TiO, nanotubes.>* A shorter Debye length determines if the electronic properties
are strongly influenced by surface processes. In this conduction regime, Cossandey et
al.* proposed that the sensitivity (S) expressed as the change in conductivity (AG) is

related to the change in the carrier concentration (An) and can be given by:
S = AG/Go = (An/ng)Lp = AU/l ...(4.10)

where, Gq is the baseline conductivity and Iy is the baseline current. This expression is
very similar to the one we have used (vide supra) to calculate the sensor response, except
we have used change in current (Al), which is analogous to the change in conductivity.
Also, the titania nanotubes synthesized in our case have a wall thickness of ~12 nm; half

the wall thickness is within the range of the width of the depletion layer mentioned
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above, which explains the significant change in conductivity upon exposure to reducing
VOB vapors.

The charge depletion layer encompasses the entire nanotube, resulting in a flat-
band condition.®® The depleted space charge region attempts to establish kinetic
equilibrium between the free electrons and the oxygen vacancies in such a way that the
Fermi level shifts from the conduction band edge of titania, causing band bending. As the
biomarker vapors are introduced, chemical reactions take place between the biomarkers
and the pre-adsorbed oxygen species at the Co-TNA surface. These events result in the
formation of cobalt complexes as illustrated in equations 4.5-4.8 and the electrons are
released back to the conduction band of TiO, nanotubes leading to an increase in charge
concentration in tube walls and reduction of the surface depletion layer. Based on band
theory, the energy levels of the redox potential of the biomarkers are above the
conduction band of titania, as wells as the Co?*/Co redox couple.”> When the sensor is
exposed to the biomarker vapors, electrons are transferred from the biomarker’s redox
couple to the Co**/Co redox couple, which subsequently donates electrons to the TiO,
conduction band, thereby reducing the depletion layer and causing an increase in
conductivity, which is reflected by an increase in current. Kolmakov and Moskovits *
had corroborated to this and based on their observation, we can state that adsorption of a
reducing gas leads to reformation of the adsorption sites and redonation of electrons to
the titania matrix. Under flat-band conditions, the electron concentration increases,
resulting in an increase in the conductivity.®*® Oxidation of VOB vapor by surface
adsorbed oxygen is given in equation 4.11.

VOB 4+ 02 > yoB™dized | 9a ...(4.11)
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Transfer of electrons to the Co>*/Co?* redox couple cannot be entirely ruled out.
Although the redox potential for this couple is below the conduction band of TiO,, it can
exchange electrons with surface energy states associated with defects and impurities in
the titania matrix arising out of incompletely coordinated Ti surface. A reaction
mechanism illustrating the interaction of methyl nicotinate biomarker with cobalt
functionalized TNA has been enumerated in our previous work ?* and it is envisaged that

the other biomarkers follow similar reaction pathways.

4.3.3 Sensor Response Based on Butler Volmer Kinetics

The sensing phenomena have been explained in terms of electrochemical
reactions. It follows, then, that electrochemical techniques can be used for further
analyses of these phenomena. Careful study and interpretation of the measurements of
current-potential relations under controlled conditions can yield important information
about reaction rates of the biomarkers at the Co-TNA surface, the propensity for binding
to the active sites on the sensor, and other relevant information. Potentiodynamic anodic
polarization reveals characterization of the sensor substrate based on the I-V relationship.
Such characterization enables better characterization of the anode. This is done because
interaction of the biomarkers at the sensor material is predominantly an oxidative
reaction. As a result, the electrochemical response can be modeled using Butler Volmer
kinetics expressing the Tafel behavior. Solid-state mixed potential gas sensors made of
lanthanum manganite/Y SZ/terbium yttrium zirconium oxide for CO detection has been
mathematically modeled invoking Butler Volmer kinetics.*® Similarly, a potentiometric

hydrogen sensor of Pt coated yttria and zirconia with CuO/ZnO/Al,O5 catalyst was
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modeled by Tan and Tan.®” Oxygen ionic species are present on the surface of the TiO,
nanotubes >*°. The ionosorbed oxygen contributes to the space charge region and plays
an important role in the sensing dynamics.*

0, + 46 > 20% ...(4.12)
The oxidative reaction of the VOBs vapors occurs as illustrated in equation 4.11. Hence,
assuming Butler VVolmer Kinetics at high overpotentials, the Tafel type behavior can be

expressed as follows:

~4a,F(E-Ep)

i, =i, =ip ex o7 ...(4.13)
2, F(E —E°
I, =lypp= 1}303 = l.I(/)'OBeXp{ & (RT VOB)} ...(4.14)

where, E is the electrode potential, F is the Faraday constant, R is the molar gas constant,
T is the temperature, E is the equilibrium electrode potential, i° is the exchange current
density, and « is the transfer coefficient. The exchange current density (i% is directly
proportional to the rate constant k° and is frequently used as an important kinetic
parameter. At equilibrium, an equal amount of cathodic and anodic current flows and the
net current is zero. Although the net current is zero, faradaic activity is still in progress at
the electrode surface. Since the exchange current density are related to the kinetic

parameter k°, it can be assumed that they follow the kinetic relationship given by:

ip, =B, ...(4.15)
igOB =—B,Crop ...(4.16)

where C represents the concentration of oxygen and VOB vapors and B, B,, m, and n are

constants. The above assumption is valid if the exchange current density is proportional
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to the active site fractional occupancy 0, i.e., i° ¢ . With ionosorbed surface oxygen,
some of the vacancies are partially filled. Assuming the surface oxygen coverage is 6’,
the concentration of unadsorbed chemisorption vacant sites for VOB adsorption is N,
such that 0 = 6’ + N,. Therefore, the reactions can be rewritten as:

0, + 4 + 6 > 20% ..(4.17)

VOBY™ + 0¥ + Ny > VOBOXidized + 2¢ ...(4.18)

In this sensing system, two electrochemical reactions (equations 4.17, 4.18) co-exist as
described above. The mixed potential (Emix) is the potential at which the rate of anodic
oxidation of VOB,4por (defined by current i,) is equal to the rate of cathodic reduction of
oxygen (defined by current i;). The terms “rate” and “current” are used interchangeably
since they are directly proportional. The net current can be expressed as the difference
between the oxidation and reduction currents, and thus, the current measured with an

external device will be zero at the mixed potential Epiy.

byea 5= 1L, —1, =0 at Enix ...(4.19)
imeaS:iVOB_iOz . (420)
. ) 2a,F(E-E}, . —4a,F(E - E,
b =—B,Crp ex{ (RT )} -B,C,, ex IgT ) ...(4.21)
Lix = lyop =1o,81 Emix ...(4.22)

The mixed electrode potential (Emix) under equilibrium conditions can be obtained by
solving equations (4.13) and (4.14) and is given by:

RT RT

B = Eotm (40:1 +2a2)F InCo, —n (40‘1 +2a2)F

InC,y ...(4.23)
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o RT 1n£+2ozlEg2 +o,EY,
" @at2a)F B, Qota)F

The expression for Eniy is similar to the one derived by Kolmakov and Moskovits® while

...(4.29)

describing solid state mixed potential gas sensing. For low concentration of the VOBs,
i.e., Cvos << Cpp, the VOB oxidative reaction occurs at high overpotential while the
oxygen reduction reaction occurs at low overpotentials. As a result, the VOB oxidation
reaction is mass transport limited. Therefore, the anodic current density can be given by:

Cron 7 ..(4.25)
5

i;OB = 2ADVOB

where, A is the electrode area, Dyog is the diffusion coefficient of the VOB vapor, and 6
is the diffusion boundary layer thickness. Therefore, the current measured in equation

(4.21) is modified and can be expressed as follows:

C ~4a,F(E-E)
imeaszzAH) VOB roF _Blcglz 1(37—' 02)

p ...(4.26)

The corresponding mixed electrode potential (E*mix) coupling the oxygen reduction
kinetics and the mass transport limited VOB, por OXidation Kinetics gives:

AD, VOB CVOB

E . =E) —RT
: 2B&C;,

mix

..(4.27)

Although the possibility of such a case exists, for most of our experiments, the
concentration of the VOB vapors were estimated to be higher than the oxygen
concentration at the sensor substrate and thus, mass transport limited reaction kinetics is
not likely. The conditions prevalent at low VOB concentrations suggest that a highly
heterogeneous catalytic oxidation rate on the nonelectrochemically active sites will

further lower the concentration of VOBs that reach the electroactive sites, thereby
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causing a diminished sensor response. However, it was observed that at high VOB
concentration, after prolonged exposure to the biomarker vapors, the current started to
decrease slightly. Similar behavior was observed during on/off cycles as well, when the
sensor response was maximum during the first cycle and reduced substantially over
subsequent cycles. This observation is likely due to a reduction in active sites.

At high overpotential regions, the Butler-Volmer equation (equation 4.14)

simplifies to the Tafel equation and can be given by (when E >> Eqx for anodic

reaction):
RT .0 RT ,
E— Enix = (—m logLVOB) + 2asF logi, ...(4.28)
or, E—E, =a+blog(i) ...(4.29)

where, a and b are the Tafel constants. Kinetic measurements of the VOB oxidation
reaction in Co-TNA sensors exhibit Butler Volmer kinetics with a linear Tafel slope
region, as shown in Figure 4.6. The equilibrium mixed electrode potential (Emix), the
cathodic (o) and anodic (ap) transfer coefficients, the anodic and cathodic exchange
current density (ig), and the Tafel constants a and b, for each VOB and baseline nitrogen
are enumerated in Table 4.1. At the mixed potential (Emix), the rate of oxygen reduction is
equal to the rate of biomarker oxidation, and this point corresponds to the magnitude of
the sensor response expressed in terms of current density. Thus, the anodic Tafel constant
b determines this magnitude and is expressed in V/decade, where a decade of current is
one order of magnitude. Results based on Enix and b values indicate that the methyl p-
anisate biomarker shows maximum reactivity with the Co-TNA sensor. This corroborates
well with the strength of the signal from the Co-TNA sensor upon exposure to the VOB

vapors where it was demonstrated that the maximum sensor response was obtained from
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Figure 4.6. Tafel plots of Co-TNA sensor exposed to baseline nitrogen and the VOBs at a
concentration of 10 mM in ethanol solution at room temperature (50 mV/s). Calculated
Tafel constants are available in Table 3.1.

Table 4.1. Summary of the equilibrium mixed electrode potential (Enix), the cathodic (ay)
and anodic (ay) transfer coefficients, the cathodic and anodic exchange current density
(ip) and the Tafel constants a and b for each VOB and nitrogen carrier gas.

N Methyl Methyl p- Methyl o0-
2 Nicotinate Anisate Phenylacetate Phenylanisole
_ -0.529 -0.025 -0.422 -0.288 -0.316
EI’T]IX (V)
o 0.131 0.053 0.053 0.062 0.064
(cathodic)
a (anodic) 0.904 0.711 0.685 0.879 0.805
H 2
lo (MCM) | 6 90E-14  6.00E-07  8.46E-09 5.60E-07 2.48E-07
(cathodic)
H 2
o (MCM) | 7 4sE12  8.39E-06  3.57E-06 4.36E-06 6.05E-06
(anodic)
a(Vv) -11.128 -5.076 -5.447 -5.361 -5.218
b (V/decade) 1.623 4.880 5.329 2.039 3.299
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the methyl p-anisate vapor. For electrochemical reactions described by Butler-VVolmer
kinetics, the exchange current density io is directly proportional to the rate constant ko.
Ideally, a higher exchange current density indicates faster kinetics. The oxygen reduction
reaction is a four-electron process and is expected to have a lower value of rate constant
than the biomarker oxidation reaction. A comparison of the anodic and cathodic
exchange current densities indeed indicates that the oxygen reduction kinetics (of the
order of ~10”" — 10 A/em?) is much slower than the VOB oxidation kinetics (of the order
of ~10° A/cm?). Further, from the anodic iy values, it is evident that the methyl nicotinate
vapor has the fastest reaction kinetics. This corroborates well with experimental results
too which show that the sensor response time for methyl nicotinate is the shortest (Figure
4.3). Methyl nicotinate biomarker has the fastest reaction kinetics and, concurrently, has
the lowest sensor response time. As the concentration of methyl nicotinate biomarker in
the breath of TB patients is higher as compared to other biomarkers, rapid detection of
the same is advantageous. Additionally, it is important to note that the anodic exchange
current density of nitrogen carrier gas is of the order of ~10™? A/cm? and is indicative of
the fact that nitrogen being an inert gas does not take part in the reaction and the sensor
response can solely be attributed to the interaction of the biomarker vapors with the

sensor substrate.

4.4 Summary
In this chapter, we have successfully demonstrated the application of titania
nanotubular array (TNA) functionalized with cobalt through an incipient wetting

impregnation method as a viable sensing platform for electrochemical detection of
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prominent tuberculosis biomarker vapors. Sensing of the biomarker vapors was carried
out in amperometric mode and the sensor response was calculated from the change in
current upon exposure to the VOB vapors. In addition to its selectivity towards the
biomarkers over other organics, the sensor exhibits adequate sensitivity in detecting low
concentration of the VOB vapors. The width of the depletion layer is comparable to half
of the nanotube wall thickness, thereby contributing to its enhanced sensitivity. Further,
the sensor response was examined through Butler VVolmer reaction kinetics. Experimental
investigation of the Tafel plots of the Co-TNA sensor upon exposure to the VOB vapors
revealed that the methyl p-anisate biomarker exhibits maximum reactivity towards the
sensor and is well in agreement with the electrochemical signal response based on change
in conductivity (current). The Co-TNA sensor presents a robust and inexpensive sensing

platform for rapid detection of TB biomarkers.
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CHAPTER 5

IN-SITU ANODIC FUNCTIONALIZATION OF TITANIA
NANOTUBE ARRAYS FOR ELECTROCHEMICAL

DETECTION OF TB BIOMARKER VAPORS

5.1 Introduction

Sensor detection of specific volatile organic biomarkers (VOBs) in breath directly
associated with a disease presents itself as a rapid, noninvasive, point-of-care (POC)
medical diagnostic technique. Endogenous VOBs can be related to the physiological and
pathological processes of the whole human body.™? Recent review articles®* highlight the
clinical use of identifying volatile organic compounds (VOCSs) in patients’ breath for
improved and accurate diagnoses of pulmonary diseases such as asthma, chronic
obstructive pulmonary disease, lung cancer, and cystic fibrosis, for example.

As has been revealed earlier, Tuberculosis (TB) is an infectious disease caused by
various strains of mycobacterium, and is arguably one of the most devastating infectious
diseases in the world today.® Some studies have indicated that various strains of
mycobacteria produce distinct VOBs that can be used as a methodology for detecting and
identifying the mycobacterium”® and this is further augmented by the ability to detect
statistically significant differences of methyl nicotinate in the breath of smear positive TB

patients when compared to healthy, smear negative subjects.® While these methods are
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effective and established as the “gold standard” in identifying and quantifying complex
gas samples, the method is, however, expensive, not POC friendly, and requires trained
personnel in a controlled laboratory setting. More interesting methods to detect TB VOBs
have been investigated such as through the use of trained honeybees to detect low levels

of TB VOBs' or trained African giant pouched rats **?

to sniff out patients with active
TB. Such methods demonstrate the efficacy of using VOBs associated with TB in
exhaled breath as a robust method to screen TB patients.

One-dimensional nanostructured titanium dioxide materials, in particular titania
nanotubes synthesized via anodization, have been studied extensively for their
application in catalysis, biomedical, and gas sensing.'*!* For sensing applications,
andodized titania nanotube arrays (TNA) have mainly been applied for oxygen and

hydrogen detection as well as VOCs such as alcohols,®%

explosive triacetone
triperoxide (TATP),2! and trichloroethylene vapors®”. Recently, we have demonstrated
the application of using cobalt functionalized TNA (via incipient wetness impregnation
method) for the electrochemical detection of methyl nicotinate?® and p-anistate,?* as well
as computational methods to understand the binding nature between metals and VOBs of
interest.®?® Our initial studies indicate TNA to be a versatile substrate, which can be
used extensively for various sensing applications. Sensing of the four biomarkers using
TNA functionalized with cobalt by the incipient wetting impregnation (IWI) method has
been demonstrated in Chapter 4.

A synthesis methodology for next-generation titania nanotubes has been

developed, which is a method to functionalize/dope titania nanotubes in situ during the

anodization process.”’ During anodization, the anionic dopant species in solution are
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driven to the titanium/titania anode where they are oxidized and coupled with the as-
formed titanium oxide layer. This approach has been also been used to dope several other
oxygen containing metal anions with titania nanotubes by other groups as well.”®
Although the previous methods resulted in nanotube-type morphology, the order was not
high and limited in oxide thickness. This is a result of an aqueous anodization bath with
low pH.* In this investigation, we demonstrate that in situ functionalization of cobalt
metal anions is achievable using an organic-based anodization electrolyte. The higher
dielectric constant of ethylene glycol over water enables a more ordered and high-aspect
ratio nanotube morphology. The application of next-generation, or in situ functionalized,
titania nanotubes as a sensor has yet to be fully explored. In this study, detection of four

prominent TB VOBs is demonstrated and shows enhanced signal response and time

compared to incipient wetness functionalization method.

5.2 Experimental

5.2.1 Synthesis of Titania Nanotubes Array (TNA)

The procedure for the synthesis of titania nanotubes has been explained in details
in Section 3.2.1 of Chapter 3. Cobalt functionalization of TNA by incipient wetting
impregnation (IWI) method has been detailed in Section 3.2.3 of Chapter 3 and is

hereafter referred to as Co-TNA.

5.2.2 Synthesis of In Situ Functionalized TNA (iCo-TNA)

The same synthesis procedure is adopted for in situ functionalization (referred to
as iCo-TNA) with the exception of the electrolyte composition. For this, the electrolyte

composition consisted of ethylene glycol, 0.5 wt.% CoF;, + 0.5 wt.% HF + 2.5 wt.% H,0.
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The same post anodization and annealing procedure was followed for these samples as
well. For comparison, TNA was also functionalized with cobalt via incipient wetness

method (Co-TNA\) similar to our previous report.”

5.2.3 Characterization

The morphology was characterized using a field emission scanning electron
microscope (Hitachi S-4800 SEM) with a tungsten filament at 3 kV accelerating voltage
and 15 pA emission current. A JEOL 2800 high-resolution transmission electron
microscope with dual EDS detector was used for lattice imaging and in situ identification
of the elemental composition. A Schottky-type electron gun at 200 kV accelerating
voltage was used for high-resolution imaging. Preliminary beam and aperture alignments
and selected area diffraction (SAD) were carried out using the Hamamatsu camera. High-
resolution images including the lattice spacing were obtained through the Gatan ultra
scan camera at 1.5 — 2 million x’s magnification. Elemental spectra were obtained in the
STEM mode using the dual EDS (Energy dispersive X-ray Spectroscopy) detector. UV-
vis diffuse reflectance was performed on a UV-3600 Shimadzu UV-Vis-NIR
spectrophotometer.

X-ray diffraction (XRD) was carried out using a Rigaku Miniflex XRD (CuKa =
1.54059 A) from 20 = 20 to 60 degrees with a step size of 0.015 degrees and dwell time
of 0.5 degrees/min. Surface composition and the oxidation states of Co and Ti were
analyzed using x-ray photoelectron spectroscopy (Kratos Axis Ultra DLD model).
The vacuum in the analyzing chamber was maintained at 3 x 10*° Torr. The X-ray

excitation source was monochromatic Al K, radiation (hv = 1486.6 e¢V) at 180 W. The
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survey and high-resolution spectra were acquired at pass energies of 160 and 40 eV,
respectively. Spectra were analyzed and all peaks were fitted with CasaXPS software.
Charging effects were corrected using the C 1s line at 284.6 eV as an internal reference.
Shirley-type background was subtracted from the spectra.

Amperometric detection of all biomarker vapor was carried out in a custom
sensing chamber. One side of each alligator clip was covered with a masking tape to
prevent short-circuiting between the contacts. The iCo-TNA coupons with one side
having in situ Co functionalized titania nanotubes and the other side as the titanium metal
were used in the two electrode sensor system and were connected to the working
electrode and the counter electrode of a potentiostat (Gamry Reference 600). Nitrogen at
200 sccm (standard cubic centimeters per minute) was used as the carrier gas and was
bubbled through a 10 mM VOB (methyl Phenylacetate — 1500 ppm, methyl p-anisate —
1660 ppm, methyl nicotinate — 1370 ppm, and o-phenylanisole — 1840 ppm) solution in
ethanol. A schematic diagram of the overall experimental set-up is shown in our previous
work (23). Using this experimental set-up, the concentration of VOB vapor was estimated
in the sensor chamber using a solid-phase microextraction fiber and GC-MS analysis, and
estimated to be 275 ~ 360 ppm (~2 mM of VOB). The sensitivity of the sensor was
carried out by subsequent dilution of an ethanolic 10 mM (1370 ppm) solution of methyl
nicotinate. A low bias (based on cyclic voltammetry studies, not shown) was applied and
a potentiostatic (I-t) run was carried out to test the sensor response. Control experiments
were run using ethanol only and all the tests were carried out at room temperature. For
each of the four biomarkers, three iCo-TNA sensors were examined and each sensor was

exposed to the VOB vapor three times. The reported sensor response towards each VOB
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is the most statistically significant representation. The sensor response from the iCo-TNA
sensors at each concentration level of the VOBs had a standard deviation of 0.10 ~ 0.15.
Sensor response and sensitivity comparisons were made with a Co-TNA sensor to

demonstrate the superior performance of iCo-TNA.

5.3 Results and Discussion
Field emission scanning electron micrographs were collected to examine
morphology of TNA and iCo-TNA (Figure 5.1). Plain TNA samples were found to have
an inner diameter, nanotube length/oxide thickness, and wall thickness of 67.3+8.0 nm,

1.8740.1 um, and 6.5+£0.9 nm, respectively.

Figure 5.1. Field emission scanning electron micrograph images of (a, b) TNA and (c, d)
iCo-TNA.
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Nanotube dimensions for iCo-TNA were observed to have an inner diameter,
nanotube length/oxide thickness, and wall thickness of 41.7+4.5 nm, 1.25+£0.08 um,
8.13+1.4 nm, respectively. We observe that the addition of cobalt to the electrolyte
results in narrower diameter and shorter length nanotubes with increased wall thickness.
It is interesting to note that, despite differences in the nanotube dimensions, the aspect
ratio of the nanotubes is the same for both (length/(inner diameter + wall thickness) =
25). It is also worth noting that during anodization of iCo-TNA, the steady-state current
density was higher than that of plain TNA. Although the anodic current is comprised of
two parts, dissolution at the oxide/electrolyte interface and oxidation of titanium at the
oxide/metal interface,?® the increased current is probably attributed to the oxidation of
cobalt species.

The HRTEM image in Figure 5.2 illustrates a portion of a single crystalline titania
nanotube. Close examination of the HRTEM image reveals that the lattice fringes have an
interplanar spacing of 0.35 nm, which corresponds to the {101} facets of anatase phase
titania.>® Further, the FFT (Fast Fourier Transform) of the image captured gives an idea
of the spacing of the atomic planes in the reciprocal space and conforms well to reported
values.®*! The selected area diffraction pattern (SADP) showed a concentric ring
pattern, which suggests that the TiO, nanotubes are polycrystalline in nature (vide infra,
XRD). The innermost ring of the SADP signifies diffraction from the anatase {101}
plane of atoms.

The HRTEM image in Figure 5.3a illustrates a portion of a single crystalline iCo-
TNA. As expected, the lattice fringe spacing of 0.35 nm further confirms the presence of

dominant anatase phase titania.
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Figure 5.2: High-resolution TEM image of (A) TiO, nanotube annealed in oxygen. The
insets show (a) selected area diffraction pattern, (b) the lattice spacing, and (c) FFT of the
image. The interplanar spacing of ~0.35 nm corresponds to {101} TiO, anatase phase.
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Figure 5.3: High-resolution TEM image of (A) in situ cobalt-doped TiO, nanotube. The
insets show (a) FFT of the image, and (b, c) the lattice spacing. The interplanar spacing
of ~0.24 nm corresponds to the {011} facet of cobalt hydroxide phase while a d-spacing
of ~0.35 nm corresponds to {101} TiO, anatase phase. (B) Energy dispersive x-ray
spectroscopy examination of a single iCo-TNA shows the presence of cobalt.
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A closer investigation of walls of the titania nanotube reveal elliptical or oblong
shaped particles incorporated into the titania matrix, having an interplanar spacing of 0.24
nm (circled in Figure 5.3A). These dopants are assumed to be cobalt hydroxide, which

was confirmed by XPS characterization (vide infra). In a study by Liu et al.,*

they report
through HRTEM imaging a d-spacing of 0.24 nm for nanocrystalline p-Co(OH),. The
FFT of the image, which is a mirror representation of the SADP, confirms the
polycrystalline nature of the cobalt-doped titania nanotubes. It appears the doped cobalt
hydroxide was formed with harmonious linkages of the anatase and the cobalt hydroxide
facets with excellent alignment and little mismatch among the individual nanocrystals.
Energy dispersive x-ray spectroscopy examination of a single iCo-TNA reveals the
presence of cobalt (Figure 5.3b); however, the relative intensity of the cobalt peak in
comparison to the Ti and O peak was very low, and this can be attributed to the fact that
the weight% or atomic% of cobalt on a single nanotube is low. The present results
indicate that a uniform distribution of doped Co can be achieved within the titania matrix
using this simple process.

X-ray diffraction (XRD) was carried out on annealed samples to determine the
crystalline phases of the formed oxide layers. The diffraction patters (Figure 5.4) were
analyzed using Rigaku PDXL2 analysis software and indexed with standard JCPDS
cards. Both samples show predominate diffraction patterns for anatase (indexed by m,
JCPDS #01-070-7348) and rutile (indexed by a , JCPDS #01-076-0318) phase titania, as
well as the underlying titanium substrate (indexed by e, JCPDS #00-044-1294). Some
subtle differences in diffraction patterns are a marked increase in the Ti {002} diffraction

peak (20 = 38.53 °) and an increase in the anatase {004} diffraction peak (20 = 38.02 °)
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Figure 5.4. X-ray diffraction patterns of (a) TNA and (b) iCo-TNA. (c) The peak indices
for anatase (m) and rutile (a) phase titania, as well as the underlying titanium substrate

(*)-
for iCo-TNA compared to TNA. As previously mentioned, XPS analysis reveals the
dopants to predominantly be Co(OH)s.

Cobalt hydroxide exists in two polymorphs, o and . The a-Co(OH), polymorph
is isostructural with hydrotalcite-like compounds that consist of positively charged
Co(OH), layers and charge balancing anions (e.g., NO3’, CO3’, CI', etc.) in the interlayer
gallery, while the B-form is a stoichiometric phase with brucite-like structure and consists
of a hexagonal packing of hydroxyl ions with Co(ll) occupying alternate rows of

octahedral sites.*® As a result, the a-hydroxides have a larger interlayer spacing (7.5 — 8
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A) compared to ~4.6 A for the p form.* The diffraction peaks associated with B-Co(OH);
are not readily distinguishable from the titania and titanium diffraction peaks as several
of them overlap. The increase in the Ti {002} and anatase {004} diffractions may be due
to p-Co(OH),, which has diffraction peaks at 20 = 37.92 ° and 260 = 38.66 ° corresponding
to {101} and {002} planes of B-Co(OH), with d-spacing values of 0.232~0.237 nm.* It
is worth noting that B-Co(OH), and Ti are both hexagonal lattice systems. The lattice
constants were refined and used to calculate the unit cell volume for each phase, as
shown in Table 5.1. A decrease in unit cell volume for both anatase and rutile phase are
observed for iCo-TNA compared to TNA. This is attributed to Co(OH), present in the
titania lattice, which has a smaller unit cell volume (41.067 A%) and thereby leads to the
decrease in lattice cell volume.

The x-ray photoelectron spectroscopy (XPS) core level spectra of Co from the
Co-TNA and iCo-TNA are shown in Figure 5.5. From the Co 2p level x-ray
photoelectron spectra, the 2p1, peak is distinctly visible at 797 eV while the 2ps/, peak is
presented as a multiplet of peaks. The complex nature of the 2ps/, peak is due to the spin

coupling of the 3d and 2p electrons of cobalt. Peak deconvolution for cobalt compounds

Table 5.1. Lattice parameters and unit cell volumes of TNA and iCo-TNA determined
from XRD analysis.

TNA iCo-TNA
anatase rutile anatase rutile
a=b (A) 3.768 4591 3.779 4590
c (A) 9.470 2.972 9.403 2.957

Volume (A% 1345 62.64 134.3 62.30
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Figure 5.5. A comparison of the Co 2p level x-ray photoelectron spectra of (a) Co-TNA
and (b) iCo-TNA.

was carried out and compared to the reported values by Biesinger et al. *® The native Co-
TNA and iCo-TNA surface reveals that Co(OH), (781.5 eV) is the predominant phase
present on the nanotubular sensor surface, thereby confirming the Co®* oxidation state of
cobalt. Quantitative analysis based on the x-ray photoelectron spectra reveals
approximately 7-9 wt.% or 2.82 - 3.34 at.% cobalt on the iCo-TNA sensor surface. It is
evident from the intensity of the peaks at 781.5 eV that the quantity of cobalt in Co-TNA
is slightly greater than in iCo-TNA.

The UV-vis diffuse-reflectance absorbance spectra for plain TNA and iCo-TNA
are shown in Figure 5.6. From the XRD and HRTEM analysis, it is clear the predominate
titania phase is anatase, which has an indirect optical band gap of ~3.2 eV. The band gap
of the plain TNA sample was estimated by a Tauc plot (Figure 5.6, inset), and found to
have an indirect band gap of 3.27 eV. For iCo-TNA, there is a red shift in the band gap

compared to TNA by ~0.15 eV. This shift in band gap implies that cobalt species are
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Figure 5.6. Diffuse reflectance absorbance spectra for (a) TNA and (b) iCo-TNA. Inset
figure: Tauc plot for indirect band gap transition, showing a red shift in band gap for
iCo-TNA compared to bare TNA.

incorporated within the titania matrix, altering the optical properties of the parent titania.
If the cobalt species were only on the surface of the titania, the absorbance band edge of
TNA would go unaffected and other band gap transitions would be distinguishable. The
results of the UV-vis absorbance support the HRTEM analysis that the cobalt species are
doped within the parent titania lattice.

Figure 5.7a shows the dynamic electric responses of iCo-TNA to on/off cycles of
methyl nicotinate vapor at concentration of ~1370 ppm (10 mM). The iCo-TNA sensor
yielded ~100 pA of current during vapor phase detection of methyl nicotinate. The
current increases rapidly at the beginning of each pulse when the nicotinate vapor is
introduced and decreases rapidly upon removal of the biomarker vapor. The electrical

behavior of the iCo-TNA sensor was consistent, reaching the maximum current and
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Figure 5.7: Amperometric sensor responses for (a) iCo-TNA and (b) Co-TNA when
exposed to 275 ppm of methyl nicotinate vapor. The sensors were held at -0.5 V. The
shaded regions of the plots show when the sensors were exposed to vapor.

recovering its original current without much hysteresis after repeated exposures to the
biomarker vapor for three cycles. Results indicate that the sensor can be used for three
consecutive times before its sensitivity diminishes. In contrast, under the same
conditions, the dynamic electric responses from the Co-TNA (Figure 5.7b) sensor
functionalized with cobalt using the incipient wetness impregnation method show a
maximum current of ~5.5 pA. After the first cycle, the sensor response decays
significantly upon subsequent pulsing with methyl nicotinate vapor.

The sensor responses from the other three TB biomarkers using iCo-TNA are

illustrated in Figure 5.8. The iCo-TNA sensor yielded ~200 pA, ~60 pA, and ~11 pA of
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Figure 5.8: Amperometric sensor responses for iCo-TNA when exposed to 275 ~ 360
ppm of volatile organic biomarker vapors. The sensors were held at -0.8, -1.0, and -1.0 V
for methyl p-anisate, methyl phenylacetate, and o-phenylanisole, respectively. The
shaded regions of the plots show when the sensors were exposed to vapor.

current during exposure to methyl p-anisate, methyl phenylacetate, and o-phenylanisole
vapors, respectively. The iCo-TNA was operated at optimized bias conditions of -0.5, -
0.8, -1.0, and -1.0 V for methyl nicotinate, methyl p-anisate, methyl phenylacetate, and o-
phenylanisole, respectively. The sensitivity of the sensor and high affinity of the
individual biomarker vapor toward iCo-TNA is evident from the instantaneous change in
current with the introduction of the vapor and rapid decrease in current when the vapors
are cut off. The sensitivity of the iCo-TNA and Co-TNA sensors were investigated using

methyl nicotinate (Figure 5.9). The sensor response was calculated by:
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Figure 5.9. Plot showing the effect of concentration of methyl nicotinate vapor on
variation of the sensor response for Co-TNA and iCo-TNA sensor.

SR = (imax — Igase)/iBase Where imax is the maximum current and igase IS the average
background current, while the concentration on the x-axis is the estimated concentration
in the sensor chamber. The selectivity of the iCo-TNA sensor was also examined by
exposure to vapors of some common model compounds found in exhaled breath such as
methanol, acetone, and benzene of fixed concentration (1000 ppm). It is important to note
here that the concentration of these organics were much higher than that found in breath
(which is usually hundreds of ppb). Results indicate that the sensor response for such
VOCs is lower than that recorded for the lowest concentration of any biomarker solution.
This is indicative of the fact that the iCo-TNA sensor is highly selective towards the TB

biomarkers.



116

5.3.1 Sensor Response Mechanism

The sensing mechanism for Co-TNA in the presence of methyl nicotinate has
been discussed in our previous work® and it is envisaged to follow a similar mechanism
for iCo-TNA. In summary, the reducing vapors of the biomarker can cause partial
reduction of the cobalt hydroxide to metallic cobalt, leading to a change in electron
concentration. The chemisorbed oxygen on the sensor substrate dissociates to O”and O*
species by taking electrons from the TiO, lattice, leading to formation of oxygen
vacancies and resulting in a decrease in the near surface conductivity. Upon exposing the
sensor to the biomarker vapors, electrons are transferred from the biomarker to the
Co?*ICo redox couple, followed by conduction to the titania conduction band in a
cascading fashion. Thus, the oxygen vacancies are filled with electrons causing an
increase in conductivity, which is reflected by an increase in current.

Upon removal of the biomarker vapor, the sensor substrate goes back to its
original state with oxygen vacancies reappearing on the TiO, nanotube surface. The
diffusion of vapor molecules into the pores of the films increases the average
permittivity, because the empty space is filled with vapor molecules. An increase of the
permittivity should cause an increase of the conductivity because the activation energy
and height of the potential well barriers are expected to decrease.

It is worth noting the morphological differences between iCo-TNA and Co-TNA
in regards to the cobalt hydroxide deposits, as the loading of cobalt species between the
two systems is approximately the same. For the Co-TNA sample, the cobalt precipitates
are agglomerates of 100~450 nm, whereas the iCo-TNA sensor has cobalt precipitates

around 22 nm in size. In a study by Choi et al., *' they investigated the electron collection
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mechanism of TNA with varying layers of homogeneously distributed titania NPs on the
TNA surface for dye-sensitized solar cell application. They found that photoinduced
electrons generated within the few-nanometer sized titania NPs directly attached to the
nanotube wall exhibited direct transport to the nanotube wall (also marked by an increase
in cell power conversion efficiency). Increasing the titania nanoparticle layer resulted in
random transport of photoinduced electrons with lower power conversion efficiency. A
similar mechanism may be applied to our systems in terms of charge conduction and
sensor response (Figure 5.10 - Scheme 1). Upon the donation of electrons from the VOB
at the reaction sites, for the Co-TNA system, the electron diffusion path is randomized
due to the many grain and particle/particle boundaries. In the iCo-TNA sensor system,
the reaction sites are in direct contact with the parent titania and direct conduction

between the two is envisaged.

> ®: >

TiO, Nanotube Next Generation TiO, Nanotube

Slow sensor response Rapid sensor response

Figure 5.10 (Scheme 1): Comparative depiction of charge migration. Co-TNA electrons
have a randomized path, while in iCo-TNA, the electrons have more direct conduction
resulting in larger and faster sensor response.
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Direct conduction from the reaction site to the parent titania will likely result in a
larger sensor response/sensitivity (evident from Figure 5.9) and kinetics (response time).
From Figure 5.7, the sensor response times were estimated to be ~26 s for iCo-TNA and

~36 s for Co-TNA, indicating faster reaction kinetics for iCo-TNA over Co-TNA.

5.3.2 iCo-TNA Formation Mechanism

It is envisaged that the generalized mechanism for nanotube formation still takes
place™: (i) initial oxide barrier layer formation; (ii) pitting/nanopore formation; and (iii)
steady-state nanotube growth. A recent work by Herbert et al. established a quantitative
relationship of oxide dissolution and nanoporous film formation on Al and Ti.*® The
mechanism of cobalt functionalization is based on: (i) formation of anionic cobalt
complexes in solution; (2) transport of these anionic species to the oxide/electrolyte
interface by the applied electric field; (3) precipitation of cobalt hydroxide at the
oxide/electrolyte interface. In aqueous solution and in the absence of complexing agents,
soluble Co(ll) salts form a stable hexaaqua cobalt(ll) ion, [Co(H,0)s]*. In adding
hydrofluoric acid, a ligand exchange occurs where six water molecules are replaced with
four fluoride ions, forming an anionic cobalt fluoride species:

[Co(H,0)s]> + 4F = [CoF4]* + 6H,0 ...(5.1)

The [CoF4]* species are driven to the oxide/electrolyte interface by the applied bias.
Once these species reach the interface, it is likely they precipitate at the oxide/electrolyte
interface and are incorporated within the titania matrix.

[COF4]* + 20H > Co(OH), + 4F ...(5.2)
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It has been shown experimentally that the outer titania oxide layer exposed to the
electrolyte has excess hydroxyl ions compared to the inner oxide layer not exposed to the
electrolyte.***® The formation of titanium hydroxide can be summarized by the following

reactions and subsequent dehydration of Ti(OH)y to TiOp:**

Ti > Ti*" +4e ...(5.3)
H,0 > H' + OH ...(5.4)
OH > H'+ 0% ...(5.5)
Ti*" + xOH - Ti(OH), ...(5.6)
Ti*" +20% > TiO, ...(5.7)
Ti(OH)y > TiO; + (x-2)H,0 ...(5.8)

Reactions 3-7 represent the possible field-assisted oxidation processes, as the
applied electric field controls the rate of ion migration within the metal/oxide interface. In
reaction 8, titanium hydroxide is dehydrated to titanium dioxide. This results in a cell
volume decrease and is one proposed mechanism for tube separation (41). To date,
despite recently improved models describing the formation of porous anodic films,
current models do not account for point defects or incorporation of electrolyte species.*?

It is evident from the electron microscopy analysis (Figures 5.1-5.3) that the wall
thickness of the nanotubes is greater for iCo-TNA compared to TNA alone. The increase
in wall thickness is attributed to the formation of cobalt hydroxide. Generally, thicker
walled TNA are achieved with higher water content electrolytes and are a result of higher

OH’ concentration. This accelerates the formation of titanium hydroxide at the cell walls,
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and enhances the rates of volume shrinkage during condensation. This has also been
further supported experimentally by the addition of ammonium hydroxide to the
anodization electrolyte.* However, the reason for narrower diameter and shorter oxide
length for iCo-TNA compared to TNA is not well understood yet. As mentioned
previously, the increase in current density during anodization may be due to the
formation of cobalt hydroxide and does not contribute to titania oxide growth, hence the

narrower diameter and shorter oxide length compared to TNA.

5.4 Summary

The use of cobalt functionalized next-generation anodized titania nanotube arrays
for the electrochemical detection of volatile organic compound vapors associated with the
disease tuberculosis is presented. A mechanism for the in situ functionalization of cobalt
hydroxide is also discussed. Under amperometeric operation and low bias (-0.5 to -1.0
V), the sensor was capable of detecting methyl phenylacetate, methyl p-anisate, methyl
nicotinate, and o-phenylanisole vapors with a concentration of 275 ~ 360 ppm. The
sensor responses to background and other volatile organics commonly found in exhaled
breath were several orders of magnitude lower compared to biomarker responses. When
compared to titania nanotubes functionalized with cobalt hydroxide by an incipient
wetness method, the in situ functionalization method demonstrates greater sensor
response, Kinetics, and sensitivity attributed to improved charge transport. This approach
for detection of volatile organic biomarkers creates a simple, robust, inexpensive, and
noninvasive diagnostic platform that can potentially be tailored to detect any disease or

physical state of health that exhibits volatile organic biomarkers in exhaled breath with
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detectable concentrations.
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CHAPTER 6

GOLD SENSITIZED TiO, NANOTUBES-BASED PLASMONIC
SENSORS FOR AMPEROMETRIC DETECTION

OF VOLATILE BIOMARKERS

6.1 Introduction

For any gas-based sensor, rapid sensing coupled with enhanced response
sensitivity is desirable. Typically 2D metal oxides such as WO3;, M0oO,, ZnO, and TiO;
have been used for fabrication of chemical sensors owing to their ability to chemisorb
organic compounds.® In addition, these metal oxide semiconductors possess large band
gap and relatively lower dielectric constants, resulting in enhanced quantum
characteristics and subsequent better chemical sensing properties. 1D metal oxide
nanostructures such as TiO, nanotubes act as preferential electron pathways resulting in
higher charge collection efficiency, compared to disordered TiO, nanoparticles that often
suffer higher electron recombination problems. Owing to the unique electrical, optical,
and thermal properties of titania nanotubes, it has found use in several applications
ranging from solar water splitting for hydrogen generation, supercapacitors, sensors, solar
cells, to microfluidic photocatalytic degradation of organic and biological water
contaminants.> Nanoscopic metallic particles coupled with 1D nanostructures

demonstrate exciting catalytic, light scattering, and surface plasmon resonance (SPR)
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behavior. Plasmonic nanoparticles such as Ag, Au, etc. in conjunction with titania
nanotubes enable the possibility of SPR enhancement and their better usage efficiency
over a broader wavelength spectrum.® In TNA-based ordered photonic crystal with
periodic dielectric structure, slow photons (photons propagating with a reduced group
velocity) are observed at a frequency close to the photonic stop band edge.® Hence, the
coupling of the slow photon region with the SPR region for efficient light harvesting in
the UV-visible region can be utilized for enhanced chemical vapor sensing.

With obvious advantages of noble metal nanoparticles such as chemical inertness
towards photo-oxidation leading to high stability and SPR properties under visible light
illumination, gold nanostructures, either by themselves or immobilized on a sensor
substrate, have been reportedly used for sensing applications. Amine terminated gold
nanodendrites sensitized with carboxyl terminated quantum dots (AuND-QDs) assembly
has been successfully employed for sensing of highly explosive and environmentally
detrimental trinitrotoluene (TNT).* Arrays of nanoscopic gold tubes within the perfectly
cylindrical pores of polycarbonate track-etched membranes (PTM) have been obtained by
electroless deposition in a sulfite-based solution containing formaldehyde as the reducing
agent.’> The gold-plated nanoporous PTM functionalized with glucose oxidase enzyme
was shown to be useful as a highly sensitive glucose biosensor. In other publications,
gold nanotube array electrode demonstrated significant electrooxidative properties in
enzyme free amperometric detection of glucose.®’ Similarly, arrays of nanoscopic gold
tubes synthesized by electroless plating on PTM have been used for amperometric
detection of hydrogen peroxide.® Guo et al. had also synthesized gold nanowire

assembling architectures for electrochemical sensing of H,0,.” One-dimensional Au/a-
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Fe,O3 nanostructures have been examined as a potential sensor for acetone detection.®
Kaur and Pal***? demonstrated photocatalytic oxidation of salicylic acid using titania
decorated with Au nanoparticles of various sizes and shapes. Hutchings had emphasized
on the catalytic properties of gold and mentioned that Au can be a key component of
homogeneous and heterogeneous catalysts.™® He also went on to describe the role of Au
in catalytic oxidation of CO, alcohols, and glyecrols. Further, evidence of active
oxidative species on Au-TiO2 catalysts has been demonstrated."* Au-TiO2 nanotubes
composite electrodes have shown efficient immobilization and electrocatalysis of protein
macromolecules.”™ Gold nanoparticle modified screen printed carbon electrodes have
been used as a highly sensitive sensor for electrochemical detection of methyl
salicylate.® Hollow Au-Pt and Au-Pd core-shell nanoparticles have demonstrated
prominent electrocatalytic properties for ethanol oxidation.'” Various gold nanostructures
or gold supported metal oxide nanomaterials demonstrate interesting properties such as
unusual magnetism, optical plasmon peak shift, and enhanced catalytic effect, which can
be utilized for electrochemical sensing. Au-ZnO plasmonic nanostructures have exhibited
localized SPR, leading to strong field enhancement and resulting in increased room
temperature NO sensing and UV photodetection.'® Similar SPR enhanced alcohol sensor
has been fabricated using Ag-WO3 core shell nanostructures.

It is evident that there is limited available literature describing the study of
plasmonic behavior of Au-TiO; nanotubes in detection of disease biomarkers. Synergistic
modifications of electronic and photocatalytic properties of TiO, nanotubes can be
achieved by implantation of Au atoms.® This work explores the VOB sensing

applications of visible light driven gold sensitized titania nanotubes. The titania
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nanotubes present a robust, self-aligned, and highly ordered substrate conducive for
vectorial charge transfer,?® onto which plasmonic gold nanoclusters are electrolessly
deposited for sensing of TB VOBs. The enhancement of photo-induced VOB sensing at

room temperature and possible mechanisms have been presented.

6.2 Experimental

Titania nanotubes arrays (TNA) were synthesized by electrochemical anodization
of Ti coupons (1.5cm x 1.5cm) in a well-stirred fluorinated ethylene glycol solution (0.5
wt% NH4F + 3 wit% H,0) at 30V for 1 hour with platinum counter electrode. The
anodized coupons were annealed in a tube furnace at 500 °C (ramp up at 2.8 °C/min from
25 °C) for 2 hours in oxygen atmosphere.

Gold functionalization was achieved through room temperature electroless
deposition in a gold thiosulfate — ascorbic acid bath. Electroless plating permits
deposition of metals from solutions onto surfaces without the need to apply an external
electrical potential. Although [Au(CN),]" has a relatively large stability constant of ~10°,
its use is undesirable due to known toxicity, possible degradation of photo-resistive
material caused by high alkalinity, and lowered plating rate resulting from accumulation
of cyanide ions.?*?? In applications requiring gold deposition on a substrate with a circuit
pattern delineated with a conventional positive photoresist, cyanide ions are known to
attack the interface between the photoresist and the substrate, lifting the photoresist and
causing extraneous gold deposition under the photoresist. The high alkalinity of the
cyanide-based baths is also incompatible with the positive photoresist. For these reasons,

noncyanide baths are currently in demand. Gold salts other than cyanide complexes used
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for formulating electroless gold baths include chloroaurate(l1l), Au(l)-sulfite complex,
Au(l)-thiosulfate complex, and Au(l)-thiomalate. Researchers have developed
environmentally friendly electroless plating solution of chloroauric acid (HAuCl,) and
hydrogen peroxide (H,O;) for depositing gold film onto (3-aminopropyl)-
trimethoxysilane (APTMS) coated glass surface, where APTMS acts as an adhesive
reagent to attached the gold nanoparticles.”® The Au(l)-thiosulfate complex,
[Au(S,03)2]* has a stability of ~10% and ranks just next to the gold cyanide complex
whereas the stability constant of the sulfite complex, [Au(SO3),]* is 10°.2% It is thus
natural that the use of thiosulfate complex has been proposed for formulating electrolytic
gold plating baths. Previously, researchers have made an extensive cyclic voltammetric
study of the cathodic reduction of [Au(S,03):]* and the anodic oxidation of various
reducing agents.”* They showed that among a number of reducing agents investigated,
ascorbic acid is the only compound that is electro-catalytically oxidized at a reasonable
rate within the potential range of the reduction of [Au(S;0s),]> at a pH between 6.4 and
9.2 and at room temperature. The electroless gold plating bath comprised 0.03 M
Nas[Au(S203).], 0.05 M L-ascorbic acid, and 0.4 M citric acid with the pH adjusted to
6.4 using 1 N NaOH solution. Functionalization was achieved through the incipient
wetness impregnation method where the TNA substrates were immersed in the bath for
1.5 hours and subsequently dried in a vacuum oven at 110°C.

Morphological examination of Au-TNA was performed using a Hitachi S-4800
field emission SEM (at 3 kV and 15 pA) equipped with an Oxford (X-Max) EDAX
detector. The oxidation states of Au and Ti were determined through XPS (Kratos Axis

Ultra DLD model) using a monochromatic Al Ko excitation source under 10™° Torr
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vacuum. CasaXPS software was used for peak fitting while charging effects were
corrected using the C1s line at 284.6 eV as an internal reference. X-ray diffraction (XRD)
was carried out using a Rigaku Miniflex XRD (CuKa = 1.54059 A) from 26 = 20 to 80°
with a step size of 0.015 degrees and dwell time of 1 degree min™. The diffraction
patterns were analyzed using Rigaku PDXL2 analysis software and indexed with
standard JCPDS cards. An UV-Vis-NIR spectrophotometer (Shimadzu UV-3600, Kyoto,
Japan) was used to measure the absorbance spectra of TNA and Au-TNA using an
external 3-detector system with 32 nm slit width.

The electrochemical detection of the four TB biomarker (10 mM) vapors viz.
methyl nicotinate, methyl p-anisate, methyl phenylacetate, and o-phneylanisole were
carried out in a custom-built sensing chamber with electrical contacts to the sensor
element made using two probes connected with the chamber. Mass flow controllers
(MFCs) were used to control the flow rates of carrier (N, @ 200sccm) and test gases. A
potentiostatic (I-t) run was carried out to test the sensor response using a two-electrode
potentiostat system (Gamry Reference 600). SPR assisted plasmonic sensing response
was measured using a broad band LED (light emitting diode) light source and was

compared to measurements obtained in the dark.

6.3 Results and Discussion

6.3.1 Characterization

SEM micrographs illustrated in Figure 6.1 reveal ordered arrays of self-aligned
vertically oriented titania nanotubes. Each nanotube has an outer diameter of ~60 nm

with a consistent 12 nm wall thickness, while the length of the nanotubes ~1.5 um. The
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Figure 6.1. SEM-EDS micrographs showing the gold nanoparticles and the larger gold
nanoclusters on the mouth and side walls of the nanotubes.

size of Au nanoparticles ranged from 20-50 nm, whereas the Au nanoclusters were 200—
450 nm in size. After the Au deposition treatment, the diameter of the tubes remains
about the same. However, on the Au-TiO, surface, the tubes are covered with Au
nanoparticles of different size, aggregating at the pipe orifices. EDS analysis of Au-TNA
(Figure 6.2) samples has confirmed the presence of gold on the nanotubes. XPS core

level spectra revealed that gold exists in its native state as depicted from the distinct 4fs,
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Figure 6.2. XPS core level spectra gold reveals the Au4f5/2 and Au4f7/2 peaks at 87.6
and 83.9 eV, respectively, thereby further confirming the presence of gold in its native
oxidation state on the TNA.

and 4f;/, peaks at 87.6 and 83.9 eV, respectively, with a separation of 3.7 eV. The Au 4f
doublet is caused by spin-orbit coupling arising out of two possible spin states of
electrons in p, d, and f orbitals.

Figure 6.3 gives the XRD pattern of the Au-TNA prepared by the deposition-
precipitation treatment. It is observed that both the anatase and rutile phases of TiO, are
preserved in Au-TNA as the annealing treatment was carried out in oxygen atmosphere.?*
In the diffraction pattern, the prominent peaks labelled A at 25.4°, 48°, 62.7°, and 70.9°
indicate the presence of anatase crystal phase in Au-TNA and conforms to the anatase
peak position in intrinsic TNA, according to previous structural characterizations.?®
Under these preparation conditions, although the TiO, nanotubes majorly adopt an
anatase crystal structure, some rutile structure is also observed as expected. The labels T

and Au represent the reflections from the titanium substrate and different Au
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Figure 6.3. XRD pattern of Au-TNA showing the prominent anatase (A) and Au crystal
phases along with some rutile (R) phases and Ti peaks from the underlying substrate.

crystallographic planes. It is clearly seen from Figure 6.3 that characteristic gold peaks
come into existence in the diffraction pattern observed at 38.2° (111), 44.2° (200), 64.7°
(220), and 77.8° (311), respectively. The main Au (111) characteristic peak at 38.2°,
which overlaps with the titanium peak at roughly the same position, suggests that small
gold nanoparticles of the order ~15 — 30 nm, calculated on the basis of the Scherer
formula, are coated onto the anodized TiO2 nanotubes.?* Other Au peaks pertaining to

200, 220, and 311 planes further confirm the presence of Au nanoparticles of various

sizes.

6.3.2 Optical Properties

Diffuse reflectance data from UV-Vis spectroscopy were utilized for band gap
energy measurements of Au-TNA and TNA (Figure 6.4). For TNA, a considerable

increase in absorbance begins at 390 nm and a shoulder centered at 334 nm appears,
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Figure 6.4. Optical properties as revealed from (a) Diffuse reflectance absorbance spectra
for TNA and Au-TNA. Inset: absorbance spectra of Au nanoparticles showing the surface
plasmon resonance band at 526 nm. (b) Tauc plot for indirect bandgap transition,
showing a redshift in bandgap for Au-TNA compared to bare TNA.

corresponding to the band edge absorption. The wavelength, at which the increase in
absorbance starts in the annealed samples, indicates the formation of band tail due to
incorporation of impurity states. For Au-TNA, the increase in absorbance begins at 690
nm and a peak appearing at 476 nm can be attributed to the coupling of the slow photon
effect and LSPR absorption. Au nanoparticles show a strong absorbance peak at ~536nm

which is the characteristic LSPR band. In the Tauc plot, the intersection between the
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linear fit and the photon energy axis gives the value of the band gap. Figure 6.4 illustrates
that TNA has a band gap of ~3.28eV which limits its application to deep UV regions
(Eq=3.28eV =~ A=380nm), whereas Au-TNA has much lower band gap of 2.3eV which
makes it suitable for use in the visible region (E;=2.3eV = A=540nm).

The optical absorbance (see Figure 6.4) of the Au nanoparticles coated TiO2
nanotubes increased sharply at a wavelength ~470 nm and this corresponds to the strong
intrinsic light absorption of rutile and anatase phase TiO; (Eg ~ 3 — 3.2 eV). Systematic
examination of the absorbance plots indicates an interaction between surface plasmon of
Au nanocrystals and TiO, excitons that originates from the exciton-dipole modification,
mainly due to surface plasmon local electromagnetic modes.*?® Dipole—dipole interaction
is not very significant for smaller size Au crystal but can be prominent for larger size Au
nanoclusters, as evidenced in SEM images. The broad absorption region between 400—
600 nm can be categorized as the ‘slow photon region’.?” In such a substrate, slow
photons are observed at a frequency close to the photonic stop band edge. This is due to
the fact that at the red edge of the photonic stop band, slow propagation of the light
photons takes place with a reduced group velocity owing to the high refractive index of
titania. It has been demonstrated that photon density is higher in such a region, when
measured in high refractive index medium compared to in air.’ It is important to note
that TiO, has higher refractive index ~2.42; hence, the slow photon region and the SPR
region (SPR absorption band of freely dispersed gold nanoparticles was found to be ~526
nm, and corroborates well with reported literature values) will be merged (overlapped)
due to strong interaction between SPR effect of Au particles and localized photons. This

can be attributed to the fact that photon density in the slow photon region is larger in the
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high refractive index part (TiO, nanotubes) compared to air voids. Such a ‘slow photon’
effect is advantageous to improve photoelectrochemical (PEC) performance and quantum
efficiency, if plasmonic PEC activity is coupled with slow photon effect in SPR region.
The light propagation through TiO; nanorods and nanotubes have been previously
investigated using FDTD simulations.?® Due to high contrast between the refractive index
and permittivity of TiO, and its surrounding medium, such nanotubular architecture can
be categorized as a ‘potential photonic material’. Such a combination also facilitates the
utilization of surface resonances due to interaction of light with the nanotubular
morphology. In the work presented here, the titania nanotube wall thickness was
consistent between 10-14 nm and thus can be classified as thin walls. Such thin walls act
as a subwavelength type Rayleigh scattering medium wherein the wavelength of light is
much larger than the wall thickness.” Thick walled nanotubes (>20 nm) with a distinct
hollow annulus can accommodate guided modes of plane polarized electromagnetic
radiation through the walls. On the contrary, for sub-10 nm thin walled titania nanotubes,
accommodation of these guided modes are difficult and thus exhibit weaker resonance.
Our nanotubes being in the thickness range 10-14 nm exhibit moderate resonance
behavior. The resonance behavior can be enhanced by doping plasmonic materials on
TiO, such as gold nanoparticles, as has been observed. It is also interesting to note
though that when thin walled TNA is exposed to plane wave light illumination, the
resultant optical field comprises waveguides from the array which are characterized by a
combination of slow and fast phase velocity modes, arising from the high permittivity
nanotube wall medium and low permittivity air medium present inside the hollow

nanotubes, respectively.?® Although the fast waveguide modes are predominant and
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strong, the slow waveguide mode contributes to the slow photon effect, as illustrated
through our results. For FDTD simulations, tetrahedral shaped grids of size ~A/10 were
used. For these simulations, a perfectly matched layer boundary condition was applied, in
order to avoid reflections that can interfere with actual surface field guided by the
nanotube. A waveguide port at a distance of ~200 nm from the top was utilized that acts
as a plane wave source. The FDTD simulation of the specular absorbance as a function of
wavelength for straight titania nanotubes is shown in Figure 6.5 for incident light

polarized along the y-direction.

X
I
(b) (c) %

- —
2x108 -2x108 Vim

Figure 6.5. FDTD simulated electric field profile in the xy plane of the straight TiO,
nanotubes at three different wavelengths of incident light (a) A = 400 nm (b) A = 545 nm
and, (c) A = 800 nm. The light on the nanotubes is incidence from the top. The inner and
outer diameter of the nanotubes is 80 nm and 90 nm, respectively.
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Although the titania nanotubes were grown on Ti substrate, it is presumed that the
predominant light adsorption is due to the titania nanotubular array only and thus, the
simulated absorbance of the nanotube, ignoring the Ti substrate, is presented. The electric
field distribution around the nanotubes provides information about the light absorption by
the semiconductor material and is determined by the y-component or the dominant
component of the electric field. This y-component is oriented parallel to the polarization
vector of the incident wave. The FDTD simulations reveal that as expected, the
absorbance in the titania nanotube layer is maximum at A = 400 nm. For wavelengths
longer than the electronic bandgap of TiO,, the absorbance decreases and is very low or

negligible at A = 800 nm. .

6.3.3 SPR Assisted Amperometric Sensing of VOBs

Upon introduction of the biomarker vapors, amperometric detection of the four
biomarkers in dark using Au-TNA vyielded current in the nA range whereas the maximum
achievable current at steady state was usually of the order of ~guA in the presence of
visible light illumination (Figure 6.6). Methyl p-anisate exhibits the maximum sensor
response (450 pA) whilst o-phenylanisole the minimum (33 pA). The trend remains the
same under dark conditions too, although the sensor response was almost 5 orders of
magnitude lower than under visible light irradiation. The broad photoresponse of Au-
TNA under the visible light is well in agreement with the absorption spectrum of Au-
TNA sample, which exhibits a coupling of the slow photon region and SPR. Also, TNA
did not exhibit significant current response to the VOBs upon visible illumination. This is

expected as the band gap of TNA is much higher than the incident energy.
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Figure 6.6. SPR assisted plasmonic sensing response (a,c,e,g) measured under visible
light illumination and compared to measurements obtained in dark (b,d,f,h) for the four
TB biomarkers.
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Previously, highly sensitive surface plasmon resonance detection of white spot
syndrome virus has been demonstrated using electroless-plated gold films.?® Kobayashi
and Ishii had fabricated sensors of electrolessly deposited gold nanoparticles on glass
plates for measuring the dielectric constant of solutions.®® Additionally, another group
applied the Au-doped TiO, nanotube array sensor to detect SFg decomposed gaseous
components.?* They had mentioned that the charge transfer is important during the
processes occurring at the gases/oxide interfaces. According to them, oxygen ions at the
TiO, boundaries between the grains cause a higher potential barrier, which will block the
charge carriers’ transfer, leading to a relatively large resistance.* This is true in our case
too as we observe a base current of the order of pA when nitrogen or air is passed through
the sensing chamber. When a reducing gas or an electron donating gas like the biomarker
vapors comes into contact with the TiO, nanotube sensor, the chemical reaction of the
gases and the adsorbed oxygen on the sensor’s surface occurs, resulting in a sharp
decrease of the adsorbed oxygen. Thereby, the potential barrier of the grain boundary on
the surface is reduced, which then contributes to more charge carrier transfers and a
decrease in the resistance of the TiO, nanotube sensor to obtain the sensing response.
This is in addition to electronic perturbations on gold upon interaction with titania

nanotubes?3*

and gold facilitating the increase in oxygen vacancies at the oxide

surface®, both factors contributing to enhanced chemical activity of Au-TNA. Although

the mechanism presents a strong and viable argument, it does not explain the SPR effect.
Further, since the TNA substrate contains a mixture of small Au nanoparticles are

large nanoclusters, the electronic band structure will play a dominant role over quantum

effects in explaining the enhanced sensor response. However, it is a widely known fact
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that surface plasmon resonance behavior is prominent only when there exists van der
Walls type attractive forces between gold nanoparticles and the TiO, nanotubes.
Formation of covalent bonds between gold nanoparticles and nanotubes will eliminate the
delocalized electrons which are crucial participants in augmenting SPR behavior. In this
regard, researchers have demonstrated that ubiquitous van der Waals forces are
significant in controlling the interactions between nanoparticles and nanotubes.®® They
stated that adsorption of gold nanoparticles (AuNPs) on nanotubes (NT) obeys a simple
quadratic dependence on the nanotube surface area, regardless of the source of AuNPs
and nanotubes. Changes in the geometric parameters of the components have pronounced
effects on the affinity of nanoparticles for nanotubes, with larger, more polarizable
nanostructures exhibiting stronger attractive interactions, the impact of which changes in
the following order NT diameter > AuNP diameter > NT length. This successfully
explains that in our case too, presumably the gold nanoparticles are strongly bonded by
van der Walls forces to the TiO, nanotubes, which possess diameter larger than
individual Au nanoparticles but less than the larger Au nanoclusters. Both weak and
strong van der Walls forces will augment SPR characteristics.

The proposed mechanistic principle of LSPR induced VOB vapor sensing can be
illustrated using two schemes, as indicated in Figure 6.7.

This mechanism in Scheme 1 (Figure 6.7a) is described purely by classical
physics based on band theory. TiO, is a n-type semiconductor which implies that the
oxygen vacancies act as electron donors to provide electrons to its conduction band.
Oxygen vacancies introduce shallow electron trap states below the conduction band

minimum, which plays a major role in charge transport.*’
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Figure 6.7 The two reaction schemes (a,b) illustrating the SPR assisted biomarker sensing
using Au-TNA based sensors.

Further, the work function of TiO, nanotubes is 4.902eV in dark and ranges from
4.877 — 4.906 under illumination of varying wavelength (200 — 700 nm).® The work
function of TNA in the LSPR active region of Au (i.e., ~530nm) is ~4.9eV, which is less
than the work function of gold at 5.1eV. As a result, the Au-TNA interface presents a
Schottky junction enabling electron transfer from TNA to Au, resulting in an interfacial

dipole layer.! The induced interfacial potential further lowers work function of Au,
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causing band bending and decrease in barrier height. This leads to a negative charge on
Au nanoparticles while a depletion region forms in the positively charged TNA surface.
In addition, the small Au nanoparticles possess high electron affinity scavenging more
electrons from TiO,. Further, the large surface-to-volume ratio of TNA enables oxygen
molecules to be easily absorbed on the surface, creating a broadened depletion layer with
a positive space charge region (due to oxygen vacancies + electron capture by Au) with
increased resistivity. When the sensor is exposed to reducing atmosphere of the VOB
vapors, the electrons from the VOB molecules fill the depleted region resulting in
increased conductivity and leading to a large change in current. However, this mechanism
is true under dark and illuminated conditions alike. Enhanced sensor response under
visible light illumination can be attributed to the LSPR effect caused by Au nanoparticles
which behave as nano-antennas under electromagnetic excitation. Au nanoparticles
receive excitation energy from electromagnetic radiation and transfer it via the Au-TNA
Schottky junction to the TiO, surface, leading to collective oscillation of electron density,
known as LSPs.* As a result of these collective oscillations, narrow concentrated regions
of enhanced electromagnetic field strength are formed, which extend from the Au
nanoparticles to the TNA surface across the Schottky junction, and contribute to
improved sensor responses.

The mechanism in Scheme 2 (Figure 6.7b): is described based on the coupling of
the band theory and quantum physics. As in the previous case, the TiO, nanotubes array
is characterized by the conduction and valence band with a band gap of 3.2eV and
surface adsorbed or ionosorbed oxygen species leads to the formation of depletion region

(oxygen vacancies). Au nanoparticles act as TiO, sensitizers and are characterized by
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electron occupancy orbitals such as highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). Kogo et al.** had shown that the lower
edge of the TiO, conduction band lies at +0.1V (vs. SHE) whereas the LUMO of the Au
nanoparticles, which is more electronegative than the HOMO by 1.7eV + 0.4eV, lies
around -0.1V (vs. SHE) and also stated that the potential of the occupied levels involved
in charge separation under visible light shifts negatively as the cluster size increases.
Thus, upon visible light irradiation, collective oscillations of the electrons in gold atoms
due to the SPR effect excites the electrons in the occupied orbital HOMO to an
unoccupied orbital LUMO leading to charge separation which is subsequently injected
into the TiO, conduction band. The photo-generated positive hole in the HOMO receives
an electron from a donor species such as the VOBs resulting in oxidation of the VOBs
and preventing electron-hole recombination. Thus, presence of Au nanoparticles
facilitates replenishment of the TNA oxygen vacancies under visible light illumination,
while simultaneously oxidizing the VOBs.*® As more electrons are injected into the TiO,
conduction band, the resistivity decreases and the current increases. Photo-generated
electrons contribute to enhanced sensor response under illumination. Small Au
nanoparticles enable efficient oxidation of donors and thus provide large photocurrents.
On the contrary, large Au nanoclusters are suitable for efficient oxidation of donors with
negative redox potentials such as the VOBs. As revealed from the SEM-EDS
micrographs, the Au-TNA surface has a mixture of small Au nanoparticles and large Au
nanoclusters, enabling efficient oxidation of the VOBs. Thus, a balanced mixture of small
Au NPs and large Au NCs facilitates oxidation of the VOB vapors resulting in large

currents.
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6.4 Summary

TiO, nanotubular array (TNA) is a stable and versatile material with high surface
area-to-volume ratio that has been widely used for photocatalysis and sensing
applications, whereas gold is a known plasmonic material. Plasmonic enhancement of the
photoresponsivity is possible in semiconductor—metal nanocomposites in isolated,
embedded, or encapsulated form. In this study, we have reported the enhanced visible
light photoresponse of LSPR induced VOB vapor sensing at room temperature using Au-
embedded-TNA sensors. Two mechanistic schemes — one based on classical physics
(band theory) and the other based on the coupling of classical and quantum physics
(molecular orbitals) — suggest that augmented sensor response to the four biomarkers

based on enhanced photoresponsivity of the sensor is possible.
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CHAPTER 7

INVESTIGATION OF ELECTROCHEMICAL SENSING
OF BREATH BIOMARKERS FROM OTHER

DISEASES: COLORECTAL CANCER

7.1 Introduction

Recent advances in the field of molecular biology have not only led to an
increased understanding of the role played by volatile organic compounds (VOCSs) in the
metabolic conditions of various diseases but also their potential utilization as unique
diagnostic markers for enhanced patient care.® The detection of unique VOCs is not an
unique idea within itself, but its application as a method of diagnosis is. A noteworthy
potential of VOCs lies in the vast array of samples from where they can be extracted.
VOCs pertaining to certain diseases can be extracted from urine, serum, and even breath
of patients, with each sample type showing certain unique identifying biomarkers for the
same disease. Although urine- and serum-based VOCs have been studied in some details,
breath-based VOCs have not been looked into much, until recently. Analyses of the data
presented in the previous chapters demonstrate the feasibility of utilizing cobalt
functionalized titania nanotubes for electrochemical detection of tuberculosis biomarkers
derived from breath.>® Research into other diseases have revealed the importance and

increased accuracy of breath-based VOCs as diagnostic biomarkers, whether it be
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gastrointestinal or liver conditions®, kidney®, breast and lung cancer®, and so on. Analysis
of breath specimens for biomarkers of Plasmodium falciparum infection has revealed the
VOCs associated with malaria.” In an elaborate study, Peng et al.® have identified VOCs
from lung, breast, prostrate, and colorectal cancer using gas chromatography - mass
spectrometry (GCMS). Further, they investigated the ability of a cross-reactive
nanosensor array based on organically functionalized gold nanoparticles (GNP) to
discriminate between breath VOCs of healthy controls and of patients suffering from
lung, breast, colorectal, and prostate cancers. Their arrays of broadly cross-reactive GNP
sensors were ideally suited to trace the cancer odor prints directly, without identifying the
constituent VOCs. But in reality, the different cancer types mentioned have distinct odor
prints comprising succinctly distinct VOCS. Hence, it is evident that the GNP-based
sensor suffers from selectivity and specificity issues. From a point-of-care diagnostic
standpoint, specificity, selectivity, and sensitivity are critical attributes of the sensing
platform. Developing a VOC-based sensing platform for rapid detection of any cancer
type disease can significantly impact screening of patients at an early stage, which can
otherwise prove to be life threatening. The prognosis of a cancer patient improves
considerably if the disease is discovered at an early stage.®® Given that colorectal cancer
(CRC) is the second leading cause of cancer-related death in Europe and the third in the
USA, the quest continues for novel noninvasive screening systems with the potential for
high patient compliance and low cost that have an equivalent sensitivity/specificity to

colonoscopy, for early detection of colorectal cancer and precursor adenomatous

10-12

polyps.

Arasaradnam et al. ** highlighted the importance of VOCs in the urine of patients
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with colorectal cancer and the potential they hold for future noninvasive techniques in
this area. However, pertinent to our research interests, recently, Altomare et al. ** have
identified fifteen VOCs as potential biomarkers exisiting within the breath of colorectal
cancer patients using GC-MS techniques. Among all the VOCs identified within this
study, five VOCs viz. cyclohexane, methylcyclohexane, 1,3-dimethylbenzene, 1,2-
pentadiene, and decanal demonstrated a recognition capability greater than 90%.

The capabilities of electrochemically-based vapor sensors in this type of setting
are highly contingent on the effect of functionalization of an inert but stable substrate
base. Metal oxides that are used in gas sensing purposes allow for the surface absorption
and desorption of certain gases facilitated by electron transfers on the film surfaces. To
increase gas sensitivities and detection, it has been reported by several groups that the
adjustment of TiO, with certain metallic depositions can alter the band gap of it, allowing
for greater conductivity patterns. To that effect, it has been reported by Bhattacharyya et
al. % that TiO2 in a crystalline anatase phase confers greater mechanical strength and
stable base for such catalytic processes. It was further reported that the utility of TiO,
based gas sensors lays in their applicability in high and low temperature settings due to
the versatility in the morphology of the surface of the TNA.'® With a high surface area-
to-volume ratio,>* corrosion resistance,'® and tenacious mechanical characteristic, it is
possible to increase the susceptibility of these sensors by functionalization. However,
prior to examining the biomarkers using TiO, nanotubes, it is imperative to determine the
functionalization element which can facilitate catalytic oxidation of the biomarkers.
Cyclohexane showed one of the highest selectivity index values and ability to distinguish

healthy and cancer patients. The catalytic oxidation of cyclohexane and similar
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hydrocarbons has been of great interest for its application in the industrial sectors. Adipic
acid, a product of such oxidative processes, is a vital component in the synthesis of
Nylon-6 and Nylon-66. *" Several techniques to achieve this have been developed as a
result. For instance, Alshammari et al.'” have reported their success in direct catalytic
conversion from cyclohexane to adipic acid with nano-gold catalysts, while Sarkar et al.*®
have reported conversions at room temperature using deposited copper nanoparticles on
Cr,03 substrate base. Hybridized substrate bases of WO3/V,0s with a generic oxidant
H,0, have also been used in this catalysis.*® Photocatalytic conversion of cyclohexane to
adipic acid has also been reported as a more green method of synthesis with the
utilization of TiO, functionalized with iron, nickel, and gold.”® Gaur et al.** had
demonstrated catalytic oxidation of 1,3-dimethylbenzene using activated carbon fiber
impregnated with nickel. In addition, Yolcular and Olgun % had shown that Ni/Al,Os
catalysts exhibit activity in dehydrogenation of methylcyclohexane for hydrogen
production. Using this study as well as the reviewed publication by Hosseini et al.,'®
nickel was determined to be a highly active oxidant species capable of the catalytic
conversion of biomarkers of interest. This evidence is further supported by the studies of

Li et al.?®

that have explored the potential of nickel-deposited TiO, in a variety of
hydrogen sensing purposes. In their study, Ni-TiO, catalyst demonstrated very good
sensing capabilities of varying concentration hydrogen environments in a wide
temperature (25°C-200°C) range. Based on this premise, Ni-deposited TiO, was used to
detect the presence of cyclohexane, methylcyclohexane, 1,3-dimethylbenzene, and

decanal vapors in ambient conditions. It is envisaged that a similar TNA based platform

tailor made for VOBs specific to certain diseases can prove to be versatile.
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7.2 Experimental

The procedure for the synthesis of titania nanotubes have been explained in
details in Section 3.2.1 of Chapter 3.

Annealed TiO, nanotubes were electroplated with a 0.5M NiCl; solution at room
temperature. The cathodic deposition of Ni ions was carried out at 22.5mA, a current
density of 10mA/cm? for 1 min. A Pt foil was used as the anodic counter electrode; the
two electrodes were held approximately 2.5cm apart. The Ni-deposited TiO, nanotubes
were then rinsed with DI water and left to dry overnight in a VWR oven at 110°C in
vacuum.

The morphological characteristics of the TNA and Ni-deposited TNA were
analyzed with a Hitachi S-4800 SEM consisting of a tungsten film of accelerating voltage
of 5.0kV and an emission current setting of 15pA. In addition to the SEM, an attached
Oxford EDX detector provided energy dispersive x-ray spectroscopic (EDS) analysis of
the corresponding SEM images. These were done at 20 kV accelerating voltage on a
25x25 pm area.

XPS studies using Kratos Axis Ultra DLD model were used for the determination
of the surface composition and characteristics of Ni and Ti. The vacuum inside the
analysis chamber was held at a constant 3 x 10°® Torr. A monochromatic AlK, radiation
at 180W and hv = 1486.6eV was used as the x-ray excitation source. The spectra were
obtained at passing energies of 160 and 40eV and were analyzed with the aid of CasaXPS
software. The C 1s line at 284.6eV was used as the standard reference for all the peaks.

X-ray diffraction (XRD) was carried out using a Rigaku Miniflex XRD (CuKa =

1.54059 A) from 2Theta = 20 to 80 degree with a step size of 0.015 degrees and dwell
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time of 1 degree min -1. The diffraction patterns were analyzed using Rigaku PDXL2
analysis software and indexed with standard JCPDS cards.

The catalytic oxidation of the four CRC biomarkers for its detection was carried
out in a customized sensing chamber such that one connection (working electrode) was
made to the Ni-deposited TNA side while the other was made to the unanodized face of
the coupon. A GAMRY Reference 600 two-electrode based potentiostat was used during
these experiments. For biomarker vapor to be introduced into the sensing chamber,
nitrogen gas at 200sccm (standard cubic centrimetres per minute) was bubbled through
the solution of the biomarker mimics. Varying concentrations of biomarkers (all
dissolved in ethanol) were used in these experiments (0.1, 1, 10 mM). From preliminary
cyclic voltammetry studies, the bias voltage that allowed for maximal interaction between
nickel and the individual VOBs were determined. At the respective voltages, sensor
response tests were carried out. During the tests, for the first 100 seconds, only nitrogen
gas (no biomarker) was flown to allow for a maximum current value to be established,
followed by exposure to biomarker vapors. When maximum current with the analyte was
observed, the biomarker was disconnected and the sensor was exposed to only nitrogen
gas again where a drop in the current was visible. All of the experiments were conducted

at room temperature.

7.3 Results and Discussion

7.3.1 TNA Surface Characterization

Scanning electron micrographs show that the TNA (Figure 7.1) is organized into

regularly sized and ordered nanotubes. A top side view indicates the tubes having a



153

Figure 7.1. SEM micrographs of highly organized, vertically oriented TiO, nanotubular
array (a) side wall view, (b) top view, and (c) an island chunk of TNA lying on the mouth
of the nanotubes.

diameter of approximately 55-60nm and a wall thickness of approximately 14nm. From
side views of the nanotube array, it is estimated that the length of the nanotubes ranges
from 1.2 - 1.5um. As discussed earlier, the TNA film showed a presence of primarily
anatase phase titania® which in combination with annealing in an oxygen environment
showed greater resistivity, a vital quality for such electrochemical detection. Scanning
electron micrographs of Ni-deposited TNA (Figure 7.2) showed depositions of nickel as

globules on the TNA surface.



154

Fige 7.2 SEM mage of () electrodeposited Ni on TNA, (b) EDS micrograph
confirming the presence of Ni globules on TNA, (c) Ni globules present on the side wall
of the nanotubes, (d) EDS spectrum further confirming the presence of Ni.

The globules range anywhere from 0.4 - 0.6 um in diameter and can be seen to be
relatively homogenously distributed. Lateral cross-sections reveal that smaller, individual
particulates of nickel fit within the openings of the tubes. It is assumed that electroplating
of nickel favors congregation of the particulates into globules rather than individual
particles on the surface. This confirmation is well suited for sensory purposes due to the
higher surface area that is now available for interaction with biomarkers. EDS mapping
of the SEM images (Figure 7.2b) reveals that the globules consist of titanium, nickel, and
oxygen with their approximate weight distributions as 47.0%, 26.8%, and 26.2%,

respectively.
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XPS studies of the electroplated Ni on TNA have revealed the existence of Ni as Ni(OH),
globules on the surface (Figure 7.3). A general survey of the sample shows numerous
peaks with prominent ones for nickel and oxygen. Oxygen’s 1s peak is observable at
532eV. In the case of nickel, there are two prominent peaks of interest: 2p;/, at 872eV and
2par2 at 855eV. Not only are these values well established in the literature but Wu et al. %
have also concluded that these energy values correspond to Ni(OH),. There is a gap of
17eV between the peaks of interest which indicates that the Ni 2p peak has significant
split spin-orbit components. A small, almost imperceptible gap exists between the 2p and
2ps2 peaks, but due to spin coupling and overlay of similar energy orbitals on the nickel
atom, they appear to be as one peak. Near the lower end of the spectrum, 3s and 3p peaks
(0 - 100eV) are also visible, but due to their low energy values and minor peak sizes,

these are assumed to be not participating during the progression of the reaction.

Survey Ni2p

3 7% Fipin G ks i i3pl2 02
7 DKLL |Ni2p Is i Ni 2p372
] i 3 24

Ni2p32

\/n} °
1
1 20
] 10,\ pd 18] f ;
1 il |
¥
6 o ‘N/‘hl\/g,v\qm o
i ¥,
i M

_,,,/}u,A_JL i
10 1

o ©

CPS
(o]

“a;\

e

£
i
\_.
/
————

\,

w\mﬂww\,,\,.ﬁ\lwnxwlﬂk

T T ——T — =

1200 900 600 300 0 890 880 870 860 850 840 830)
Binding Energy (V) Binding Energy (2V)

Figure 7.3 XPS spectra of Ni-TNA (left) General survey of the sample shows numerous
peaks with prominent ones for nickel and oxygen. Oxygen’s 1s peak is observable at
532eV. (right) XPS spectra of Ni shows two prominent peaks of interest: 2p;/, at 872eV
and 2pz; at 855eV.
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7.3.2 Detection of CRC Biomarkers with Ni-TNA Sensor

The ability of nickel to act as a strong binding agent to the biomarkers was
determined from cyclic voltammetry studies. From the same studies, the optimal voltage
for the reaction between nickel and the individual biomarkers was found (cyclohexane:
1V, 1,3-dimethylbenzene: 1.4V, methylcyclohexane: 1.55V, and decanal: 1.45V,
respectively). These bias voltages have been observed to produce the maximum current
signal. From Figure 7.4, it can be observed that as compared to nitrogen, when the sensor
is exposed to the individual biomarkers, there is sharp and rather rapid increase in
current. For a 10mM concentration of cyclohexane, the peak current output was recorded

as 1.45 mA (Figure 7.4).
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Figure 7.4 Sensor response of Ni-TNA to (a) vapors of cyclohexane (inset) sensor
response to ethanol. (b) linear relationship between sensor response and concentration.
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As the concentration was decreased by factors of 10, a corresponding decrease in
the maximum current recorded was noted; vapors from 1mM solution gave a response of
~700 pA while a current of 392uA was obtained from 0.1 mM solution. Since ethanol
was the solvent in which this biomarker was dissolved, the reaction binding affinity of
nickel to ethanol was also measured as the sensor control response. Compared to
cyclohexane, the maximum current observed for ethanol was <3 A, a significantly lower
value. This is indicative of the fact that the large current peaks observed during the
experiments were due to exposure of the sensor to cyclohexane exclusively and a
successive drop in current was observed when the flow of cyclohexane was discontinued.

The maximum current response from 10 mM methylcyclohexane was ~21 pA
while a maximum current of ~451A was obtained from vapors of 10 mM solution of 1,3-
dimethylbenzene. Decanal vapors from 10 mM solution in ethanol delivered a maximum
current of ~1mA. The current response from these vapors decreased monotonically as the
concentration was reduced from 10 mM to 1 mM and subsequently 0.1 mM (Figure 7.5).
Further investigation is required to determine the vapor phase concentration of the

biomarkers reaching the sensor substrate.

7.3.3 Reaction Mechanism

From SEM and EDS analysis of Ni-plated TNA, it was found that the TNA
surface was littered with globular Ni(OH), complexes. Since the solution in which
electroplating had been conducted was aqueous NiCl,, a possible equation for the
reaction which explains the formation of nickel hydroxide is follows:

NiCl, + 2H,0 > Ni(OH), + 2HCI (1.0
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Figure 7.5 Sensor response of Ni-TNA to vapors of (a,a’) methylcyclohexane, (b,b’) 1,3-
dimethylbenzene, and (c) decanal.

This is further supported by XRD studies of the sensor (Figure 7.6) where it can

be observed that that anatase TiO,, Ti, and Ni have separated peaks. Overlapping of Ni

and Ti peaks can be observed at 20 53° and 77°, however, because of their distinct

existence, and Ni does not get integrated within the lattice of the TiO, nanotube array.

This is of great importance in regards to the reaction between Ni(OH), and the

biomarkers. Also, it is evident from the diffraction pattern that majority of Ni(OH), is

present in the B phase while only one peak exists for a- Ni(OH)s,.
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Figure 7.6. XRD pattern of Ni-TNA with 26 ranging from 20° to 90°.

It has been well reported and corroborated >?>? that gas sensing capabilities of
sensors are based on oxide conductivity adjustments that occur on the surface or near the
surface of sensors as a consequence of gas adsorption or the formation of complexes. In
the case of organic species like cyclohexane, it is the formation of complexes that is the
primary mechanism for detection. We have previously reported success in the formation
of a complex between Co®* ions and biomarker methyl nicotinate in a similar procedure.?
In both cases, the presence of metal ions is not only crucial for the stability and formation
of complexes but also the ability to act as oxidizing agents in these reaction mechanism.

From previous discussions of various methods of cyclohexane oxidation, there are
two reaction mechanisms by which the conversion of cyclohexane to adipic acid is
facilitated. *° In both of the reactions, whether it be the direct conversion to adipic acid,

or the formation of the intermediate product cyclohexanol and cyclohexanone, *° the
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creation of the cyclohexyl radical is of great importance. To that effect, Ide et al. ?° have
reported in their photocatalytic experiments that the synthesis of this intermediate radical
on TiO, is carried out by the direct interaction of cyclohexane with either the valence
band hole of TiO, or a combination of the valence band hole and its reduction of an OH"
group. It is well known that TiO, is an n-type semiconductor and being as such, the
interaction of valence band holes and cyclohexane will be minimal. This is supported
from our cyclic voltammetry studies (not shown) where it was found that
functionalization of TiO, was required for the detection of cyclohexane since TiO, within
itself was an inadequate oxidizing agent in electrochemical settings. However, the
formation of Ni(OH), complexes on the surface of the TNA, more specifically the OH"
groups, was crucial in this reaction. The presence of OH" groups on the surface increase
the general conductivity of n-type sensors. This fact is supported by our previous studies
that have reported not only the utility of OH" as great Bronsted-Lowry acids but also their
defining role in the stability of these organometallic complexes. Because of the presence
of OH on the TNA surface, the formation of a stable complex with cyclohexane vapor is
possible.

The reaction between the Ni(OH), complexes and cyclohexane can be envisaged
in equation 7.2. Due to the nickel functionalization of the TNA, cyclohexane gets
oxidized and creates a nickel cyclohexyl complex with two cyclohexane molecules

attached to one nickel atom (Figure 7.7).

~OH -0
+ NI\OH - NI\O + 4H* + 4

e
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Figure 7.7. Schematic diagram showing the formation of the nickel cyclohexyl complex
on the TNA.

The high current response, indicative of a strong interaction between nickel and
cyclohexane, is well corroborated by the reaction mechanism shown above. Not only
does the efficiency of binding follow a 1:2 ratio of nickel to cyclohexane, but the unique
characteristics of TiO, nanotubes in electron transfer and atmospheric oxygen adsorption
make it a suitable and highly favourable reaction. In the case of the former, as reported by
Bhattacharya et al.,  the structure of these nanotubes provides not only stability and
increased surface area of the interaction between the metal ions and cyclohexane but the
tubular structure also enables greater electron transfer between the biomarker and the
metal ions during the oxidative interaction with minimal losses. As to the adsorption of
atmospheric oxygen, this characteristic of TiO, is vital in the steps following the

synthesis of this radical complex that allow for the formation of the intermediates
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mentioned above. % This is supported by the studies of Ide et al. *° that have reported
the importance of the superoxide anion that plays a role in the formation of
cyclohexanone and cyclohexanol. TiO, generates this superoxide anion by donating its
electrons to the ambient atmospheric oxygen that is present during the progress of this
reaction. The following equations reported by Bhattacharya et al. 2 show how this may be

possible:
0, (gas) > 0, (ads) > 07 (ads) >20" (ads) > 0% (ads) .(7.3)

Oxygen vacancy (Vo)-related defect sites/states are the most favorable ones for the
adsorption of target species®®*’. This is because the binding interaction between oxygen
molecules and organic molecules is much stronger in such defect sites compared to the
defect-free ones. O, molecules can be dissociated and chemisorbed to the oxygen vacant
site (Vo) of the oxide surface with negligible activation energy.?®?® It is speculated that
once the nickel-cyclohexyl complexes have been created, the superoxide anion is
responsible for the direct conversion of the cyclohexyl radical to cyclohexanone and
cyclohexanol. This is corroborated by the sensor response graphs (Figure 7.4a) that show
a remarkably slow decrease in current after the discontinuation of cyclohexane vapour
flow. This is indicative of the possibility that less and less cyclohexyl radical is available
for reduction back to cyclohexane. The current signal that has been reported during this
experiment may be a result of this reaction mechanism.

Similar reaction mechanisms have been envisaged for the interaction of Ni with
other biomarkers as well (equation 7.4-7.6). The reaction with 1,3-dimethylbenzene and

methylcyclohexane shows that the organic molecules doubly and triply complexes with
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nickel hydroxide, respectively. As a result, effectively more active sites are occupied by a
single organic molecule and fewer active sites are thus available for other unreacted
molecules. The maximum current response to 10 mM of the respective vapors is also in
the same order: 45 pA for 1,3 dimethylbenzene, and 21 pA for methylcyclohexane. As
the reducing gas/vapor comes to contact the sensing layer, it is adsorbed to the oxide
surface by the dissociative adsorption process and dehydrogenated by the adsorbed
oxygen species. Decanal is a straight chain molecule and attaches to a single molecule.
Therefore, in addition to not providing any steric hindrance, more active sites are
available for unreacted species to form nickel complexes. This results in a higher current
response (~1 mA) to 10 mM vapors of decanal in comparison to the previous two
recently discussed. Further, catalytic activity of TiO, enhances the dissociation possibility
of the aldehydes (decanal) at the oxide surface. By the effect of TiO, catalyst, aldehyde

gets converted to a secondary alcohol. In alcohols, O—H bond scission becomes faster,

and alcohols can easily be dissociated and dehydrogenated into different alkoxy
fragments.®> These species are adsorbed to the TiO, nanotube surface occupying two
active defect sites according to the following reaction (equation 7.4).%*° Because of the
capture of free electron to the oxide surface, sensor resistance decreases effectively.

RCHO(vapor) — ROH(vapor) + O (ads) — [RO] (ads) + OH(ads) ...(7.4)

where R represents the alkoxy group. Subsequently, the adsorbed alkoxy fragments
recombine with the adsorbed hydroxyl ions and form the molecular alcohols, releasing a

free defect site following the reversible process as®:

[RO] (ads) + OH (ads) — ROH(vapor) + O(ads) ...(7.5)
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Two adsorbed hydroxyl groups then react with each other and release water and a free

electron (offering a free defect site) following the reaction:
OH(ads) + OH(ads) — H,0O + O(ads) + €’ ...(7.6)

The adsorbed alcohol (ROH) molecules can also be directly oxidized or dehydrogenated
by the surface-adsorbed oxygen releasing free electrons (offering free defect sites) to the
oxide surface that effectively reduces the sensor resistance of the n-type TiO, nanotube
array as.’

During room temperature sensing, adsorption of the alkoxy group on the nanotube
surface strongly depends on the availability of the oxygen vacant sites and the surface
coverage of the alkoxy groups.?®?® At any particular biomarker concentration, when
surface coverage of the alkoxy groups is almost constant, response magnitude of a sensor
is principally dominated by the availability of the free oxygen vacant sites (Vo).

Thus, we observe that the magnitudes of the amperage sensor response of Ni-

TNA to the four CRC biomarkers are pertinent to the reaction mechanism proposed for

each.
0
CH, Q
_OH e} Ni—~OH
+ 2 NiZ 2 > + 2H,0 4+ 4H* + 4e
OH Ni-OH
CHj o]
o .(7.7)
CHj, Ni’OH
CH3 ]
+ 3|t N ° + e + 6
: ) +
“OH OH ©
O.,,.-OH
Ni (78)
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6.4 Summary

Nickel functionalized TNAs have proven themselves to be strong contenders in
the detection of cyclohexane vapour. Cyclic voltammetry studies as well as galvanostatic
experiments demonstrate the necessity of not only precise morphology of the TNA array
but also the presence of nickel as Ni(OH), for the detection of these vapours. To account
for the sensor response recorded, a reaction mechanism has been proposed. The
mechanism assumes the role of Ni(OH), as a catalytic oxidizing agent capable of
oxidizing cyclohexane with a combine force of the valence band holes of TiO, and the
reduction of the radical OH" groups. This leads to the formation of a complex between
nickel and the cyclohexyl radicals that is then possible further oxidized by the superoxide
anion generated by TiO, by reducing atmospheric O, gas with the conduction valence
band. This study establishes cyclohexane as a reducing gas capable of amperometic
detection with aid of nickel as an oxidizing agent and provides a platform for future
exploration in the field of VOCs and the implications of cyclohexane detection in
biomedical diagnostics. Further studies are currently in progress for the detection of other

VOCs implicated in colorectal cancer.
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CHAPTER 8

ELEMENT INTEGRATION INTO SENSOR HARDWARE
AND TESTING OF THE RESULTANT SYSTEMS

IN APPLICATION ENVIRONMENT

The development of sensor systems for healthcare diagnostics or any other
applications for that matter is a multistep process consisting of sensor element
development, element integration into sensor hardware, and testing of the resulting sensor
systems in application environments. Of the three steps mentioned, development of the
sensor element constitutes the most critical aspect as it governs the sensitivity and
specificity of the sensor towards the target of interest, which are disease-specific breath-
based VOCs in our case. Having already developed the sensing material and established
the sensing mechanism, limit of detection, and specificity of the sensor towards the
VOBs of interest for tuberculosis in particular, and colorectal cancer in Chapter 2 through
Chapter 6, this chapter is mainly geared towards development of a crude prototype to
facilitate the integration of the sensing element into the hardware and subsequent field
testing of the prototype in POC type application settings. Thus, production of sensor
platform technology which can be flexibly tailored to meet broad application needs and
integrated into hand-held devices is required.

These sensor elements must be packaged and integrated with hardware and
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software, in order to be implemented for POC applications. Considerations related to
application requirements and environments must be considered during the design phase
of the sensor systems. Fundamental hardware design considerations include minimizing
size, weight, power consumption, and minimum wired communication interfaces.
Operational considerations such as the sensor operating temperature, capability to
withstand changes in the sensor environment, and durability of the sensor system have
strong roles to play in the viability of a sensor system to meet the requirements of a given
application. Further, extensive testing of the resulting sensor systems in relevant
environments for extended duration to determine the sensor life is a necessary step prior
to long-term implementation. These tests are not simply of the sensor element or
supporting hardware, but of the complete end-to-end system. Thus, our sensor system
development has been driven by the need to broaden the operational capabilities of the
various sensor platforms; to integrate sensors with hardware appropriate for
implementation in low-income, resource-poor POC applications; and to test the complete
sensor systems in relevant environments over the expected life of the sensors.

This chapter will investigate the extended testing for possible implementation of
the functionalized titania (TiO;) nanotubular array-based VOB sensor integrated into the
customized sensing platform for healthcare triaging and diagnostic applications. The
relevance of these sensing platforms to the broader program of advancing sensor systems
for POC applications will be highlighted. However, prior to using the sensor systems for
electrochemical detection of the breath-based biomarkers, standard GC-MS analysis will
be performed on the breath samples to verify the presence of the biomarkers, which in-

turn will act as a reference for comparison purposes. This will help us in establishing the
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full proof accuracy of the sensor in detecting disease VOBs and rule out possible, erratic
false-positive signals, if any. This will particularly enable the sensor to cement its place
in the competitive market upon commercialization. It is concluded that the development
and application of such low-cost, efficient sensor technology is both a multidisciplinary
and multistage project involving different technological capabilities and requirements for

each stage of the process.

8.1 Gas Chromatography — Mass Spectroscopy Analysis
8.1.1 Method

Prior to the use of Co-TNA sensor for the electrochemical detection of the TB
biomarkers indicating its presence or absence in sick or healthy subjects, respectively,
solid phase microextraction (SPME) fibers were used to analyze the breath samples.

Solid phase microextraction is a fast, solventless alternative to conventional
sample extraction techniques. In SPME, analytes establish equilibria among the sample
matrix (VOB solution), the headspace above the sample (VOB vapor), and a polymer-
coated fused fiber, which then are desorbed from the fiber to a chromatography column.
Since analytes are concentrated on the fiber, and are rapidly delivered to the column,
minimum detection limits are improved and resolution is maintained. SPME is
compatible with analyte detection by gas chromatography, and provides linear results for
wide concentrations of analytes.

First, accurate identification of the retention times and the corresponding peak
positions for each of the VOB vapors was achieved using gas chromatography coupled

with a mass spectroscopy (GC-MS) (Shimadzu 2010S). It was envisaged that obtaining
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the chromatograms at different concentrations would help in establishing a calibration
method. To remove volatile contaminants, the fiber was preconditioned for an hour in the
hot injector of the GC-MS at 250 °C and a chromatogram was recorded as the baseline.
Further, 2 ml of known concentrations (1, 10, 100 mM) of individual VOB solutions in
ethanol was tested using the fiber. The fiber was introduced through a septum into 50 ml
gorpak bottles containing the standard solutions and conditioned for an hour at 35 °C (to
mimic body temperature). The conditioned fibers were immediately tested through the
GC-MS with the temperature of the injector and the transfer line maintained at 250°C
(split less injection 10:1). The column was maintained at 60 °C for 2 minutes followed by
ramping to 250 °C over 12.5 minutes. A RTX-5MS column was used having a length of
30 m. The thickness and diameter were 0.25 pm and 0.25 mm, respectively. The carrier
gas, Helium flowed steadily through the column at a constant rate of 1.04 ml/min under
60.6 kPa inlet pressure with a total flow rate of 11.9 ml/min. The linear velocity was 37.2
cm/sec while the purge flow was around 0.5 ml/min. For the mass spectroscopy, the ion
source temperature was maintained at 200°C while the interface temperature was 280°C.
The retention time for each biomarker was recorded. The procedure was repeated at
different concentrations of each biomarker keeping the method (which contains the
analysis parameters) constant. In addition, the SPME fiber was inserted into the sensor
setup as well to determine the concentration of the VOBs in the vapor phase reaching the
sensor substrate. Hence, in the same experimental set-up (as described in the previous
chapters) sans the electrode connections, the fiber was introduced in the sensing chamber
and held for 5 minutes followed by testing using GC-MS. After having determined the

retention time for each of the four TB biomarkers and having established the calibration
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curve to reveal the concentration of the VOBs at the sensor, the presence of the
biomarkers in breath of actual TB infected subjects was verified as well. The breath of
the TB patients were collected in tedler bags from various countries in the world viz.
Uganda, Greece, Vietnam, India, etc. to establish the demographic variability and brought
to University of Utah. Breath from a young male and old female infected with TB was
also collected to investigate the age and gender factor. The SPME fiber was pierced
through the septum in the mouthpiece of the tedler breath bag and conditioned at 35°C in
a MTI oven for 1 hour before being analyzed using the GC-MS with the method
established for calibration. Similar measurements were also performed for breath

collected from healthy, suspected TB, and drug resistant (DR) subjects.

8.1.2 Results and Discussion

8.1.2.1 Individual VOB analysis. Vapor phase analysis of the VOBs was

conducted using an SPME fiber. To determine the concentration of the vapor reaching the
sensor surface, a calibration curve was generated exposing the fiber to various
concentrations of the individual biomarkers in ethanol and the vapor phase analyzed by
GC-MS (Figure 8.1). The chromatograms, normalized against the baseline, reveal a
systematic increase in peak height with increase in concentration of the biomarkers. The
retention time for the respective biomarkers using the method described in the
experimental section was found out to be as follows: methy nicotinate ~6.68 minutes;
methyl p-anisate ~8.48 minutes; methyl phenylacetate ~6.96/7.16 minutes; and o-
phenylanisole ~9.69 minutes. These values are in close agreement to the retention time

observed by Syhre et al. using a similar protocol. Variation in concentration clearly
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Figure 8.1. The individual biomarkers illustrating the distinct retention time at which they
are eluted. (a) methyl nicotinate ~6.68 minutes; (b) methyl p-anisate ~8.48 minutes; (c)
methyl phenylacetate ~6.96/7.16 minutes; and (d) o-phenylanisole ~9.69 minutes. The
chromatograms, normalized against the baseline, reveal a systematic increase in peak
height with increase in concentration of the biomarkers.

indicates a monotonically increasing trend in the peak intensity for the biomarkers at their
distinctly, respective retention times. However, in real-life situations, it is practical to
assume that all the biomarkers present in breath will be in a mixed state. Therefore, 2 ml
of an ethanolic solution with all the four biomarkers (10 mM concentration) mixed
together was collected in the 50 ml bottle and equilibrated with the SPME fiber for about
an hour. Subsequently, the fiber was analyzed using GC-MS. Results indicated in Figure
8.2 indicate the presence of all the four biomarkers at the respective retention times
mentioned earlier. Further, it is interesting to note that the intensity of the VOB peaks
from the vapor of the 10mM mixed biomarker solution is equivalent to the intensity of
the 10 mM peak obtained from individual biomarkers. This lucidly illustrates that all the
four biomarkers are expressed well in the chromatogram when mixed together as they are

when examined individually.
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Figure 8.2. Chromatogram obtained from GC-MS analysis of the vapor using an SPME
fiber from an ethanolic solution containing 10 mM of all four TB biomarkers mixed

together

Interestingly, analysis of the mixed vapor reveals that methyl phenylacetate has a
small shoulder-waning peak at 7.16 minutes in addition to the characteristic peak at 6.96
minutes. To determine the concentration of methyl nicotinate in the vapor phase, first a
set-up was built in which the methyl nicotinate vapor was passed through the cold trap
immersed in liquid nitrogen and the condensate was analyzed by the fiber using the
procedure described earlier in this section for obtaining the chromatograms from the
standard solutions. The condensate collected over an extended time was analyzed using
the GC-MS. The normalized chromatograms (Figure 8.3) reveal that the concentration of
the condensate is close to 10mM, which was incidentally the concentration of the parent
solution. In this light, it would be too ambitious to assume that the concentration of the
vapor reaching the Co-TNA sensor is also 10mM.

It is important to note that although the concentration of the biomarker in solution

is ~10 mM, the concentration of the vapor at the sensor is anticipated to be much lower.
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Figure 8.3. Chromatogram of the nicotinate vapor analyzed from the condensate (green)
using the cold trap in comparison to that analyzed by the fiber directly (pink). Results
indicate that the latter method gives a more probable estimation (2mM) of the
concentration of the VOB reaching the sensor substrate.

In a separate experiment, concentration of the VOB vapor reaching the sensor
substrate was determined by directly introducing the fiber into the sensing chamber for
the duration of exposure of Co-TNA sensor to methyl nicotinate vapor. The
chromatogram as recorded from the fiber revealed that the concentration of methyl
nicotinate in the vapor phase is much less than 10 mM as expected. A reasonable
estimation of the vapor phase concentration based on the calibration obtained previously
would be ~2 mM. This gives a clear picture that the concentration of VOBs in the vapor
phase actually reaching the sensor is much less than that in the solution. Although the
experiment performed with methyl nicotinate is illustrated in Figure 8.3, the other
biomarkers showed a similar trend and have not been shown here. Hence, it would not be
unreasonable to presume that the Co-TNA sensor is highly sensitive towards small

quantities of the biomarkers in the vapor phase.
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A crucial observation from the aforementioned results demonstrates that the
concentration of the condensate of the vapor collected in the cold trap is almost equal to
the concentration of the parent solution, which presents an agreeable argument. On the
contrary, the concentration of the nicotinate vapor in the sensing chamber is much lower
due to the chemical interactions taking place at the titania nanotube surface. This also
indicates that the biomarker is chemisorbed on the titania nanotube surface to some
extent, resulting in a lowered measurable concentration of the vapor.

7.1.2.2 Breath analysis. Successful identification determining the

presence/absence of the biomarkers can enable rapid screening of suspected cases and is
important from an early diagnostic standpoint. After having established the method for
accurate identification of the VOB vapors using GC-MS, the research is extended
towards clinical study involving actual infected TB patients. Hence, breath samples from
patients were collected in tedler breath bags and analyzed by GC-MS at the University of
Utah. Prior to using the sensors for electrochemical detection of the breath biomarkers, it
is imperative that we verify the presence of these biomarkers in the breath samples. But
working with breath biomarkers from actual human subjects is different from VOB vapor
mimics and presents with several challenges. People’s food habits vary based on
demographics and cause difficulties in analysis of breath specimens. Age and gender can
also contribute to differences in concentration of VOBs in breath. Further, instances of
drug-resistant TB can complicate things a bit. Hence, the following comparisons were
made to incorporate the effect of different variabilities: TB patient vs. healthy subject
(Figure 8.4); young male vs. old female (Figure 8.5); and TB vs. drug-resistant TB

patients (Figure 8.6).
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Figure 8.4. GC-MS chromatogram of breath from TB patient and healthy subject. The
VOB peaks are succinctly expressed in the TB patient.
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Figure 8.6. GC-MS chromatogram of breath from TB infected young male and drug
resistant TB patient. The spectra show small quantities of biomarkers leftover in the
breath of drug resistant patient after medication.

Figure 8.4 illustrates that the four specific TB biomarkers are not present in the
breath of the healthy subject. This provides confidence in our presumption that the sensor
can be expected to be specific towards TB. When it comes to age and gender, the
chromatogram spectra for the breath from young male and old female (Figure 8.5) appear
to be exactly overlaid on top of each other. The biomarkers from both the patients are
quantitatively identifiable and are expected to be detected by the sensor. The breath
derived chromatogram comparison between a young male infected with TB and a patient
having a drug resistant variant type of the mycobacterium is demonstrated in Figure 8.6.
Multi-drug-resistant tuberculosis (MDR-TB) is defined as a form of TB infection caused
by bacteria that are resistant to treatment with at least two of the most powerful first-line

anti-TB drugs, isoniazid (INH) and rifampicin (RMP). Although the level of the
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biomarkers has fallen due to action of the drugs, the biomarkers are still present in
identifiable quantities, which gives us hope that MDR-TB patients can be triaged by the
proposed functionalized titania nanotube array-based sensing platform. The food habits
of people around the world might contribute to variability in the breath VOCs as well.
GC-MS-based breath profile analysis for a wide range of population of TB patients

covering demographics, age, gender, and MDR type is illustrated in Figure 8.7.
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Figure 8.7. Breath profile analysis for a wide range of population of TB patients with the
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It is thus evident from Figure 8.4 through 8.6 and further reinforced in Figure 7.7 that
although the four specific VOBs are present in confirmed TB cases throughout the world,
their levels vary in the breath form case to case and place to place. The exact reason for
the varying VOB levels, though unknown, can be attributed to the severity of the disease
or particular food habits. A summary of varying VOB levels measured from confirmed
TB cases with patients from different parts of the world is presented in Figure 8.8.
Results indicate the VOB levels are particularly higher in patients from South America
and Uganda, while are much lower in cases from Europe and Asia. This is not very
surprising as researchers have theorized that humans first acquired it in Africa about
5,000 years ago.' It spread to other humans along trade routes and to domesticated
animals in Africa, such as goats and cows, giving rise to its bovine variants. Sea animals
breeding on African coasts are believed to have acquired and carried the disease across

the Atlantic to South America.
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Figure 8.8. Preliminary Results: Levels of TB VOBs measured from confirmed TB cases
with patients from different parts of the world.
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8.2 Sensor Integration into Hardware

The end-of-phase goal for this project was to develop a novel, low-cost, solid-
state functionalized titania nanotube array (TNA)-based sensor which can be integrated
into a hand-held device providing portable and noninvasive sensing method with reduced
detection time (minutes) and high sensitivity, which is suitable for point-of-care (POC)
diagnosis. A schematic cartoon as illustrated in Figure 8.9 envisages that the goal can be
realized by integrating the indigenously developed functionalized titania nanotube array
(TNA)-based sensor with a portable breathalyzer attachment connected to a display
medium such as a smartphone/tablet/or laptop. Although, development of the sensor
element is very critical from the standpoint of establishing the sensitivity and selectivity
of the sensor, element integration into the hardware plays an important role in
determining the overall feasibility and operability of the device. While the sensor element
has undergone several evolution steps as demonstrated in Chapter 2 through 6, this
chapter focusses our effort on the sensor integration into a customizable hardware. The
first-generation optimized Co-TNA sensors achieved by the incipient wetting

impregnation method will be used for the first round of clinical study.

Figure 8.9. Schematic cartoon of the proposed device enabling integration of the sensor
element with the hardware.
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The individual components comprising the sensing platform are illustrated in
Figure 8.10. Various tedlar type breath bags for breath sample collection were supplied
by SKC. A Corning 28mm diameter syringe filter (0.2 um pore) was connected to the bag
using Tygon tubing in order to filter out any mycobacterium which might be present in
the breath and can potentially soil the sensor upon contact. A SKC GrabAir bag sampler
pump with variable flow rate was used to withdraw the breath from the bags and deliver
it to the sensing chamber. The design of the customized sensing chamber was conceived
in our lab and fabricated using a Makerbot 3D printer. The sensing chamber having
dimensions of 3 cm x 3 cm x 2.5 cm has a protruding nozzle like inlet and a tiny outlet.
The 4.5 cm long sensor strips were 3D printed as well and was 1 cm (for inserting into
sensor port) in width at the base and 1.8 cm towards the top to hold the senor, 1.5 cm x
1.5 cm in dimension. The sensor port having electrical connections was supplied by

PalmSens Inc, who also provided the EmStatMUX8 hand-held potentiostat (Figure 8.11).

Potentiostat

___ Sensing chamber with
Sensor on strip

E <€--- Sensor Port
Tedler Breath  » =/
o

4 Sensor on

Bag <\ f‘:f-:: "A::‘ﬂ/ 3 w m m mm m <-- Strips

Figure 8.10. The individual components comprising the sensing platform
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Figure 8.11. Enlarged view of the sensing chamber housing the sensor on the strips,
which is inserted into the sensor port and connected to the potentiostat. (inset) EmStat
MUX8 potentiostat.

For making the electrode connections on the strips on which the sensor is placed, a
Silhouette CAMEOQ electronic cutter was used to cut out a stencil, which was then placed
on the sensor strips. Epoxy mixed silver paint was used to fill the vacant areas of the
stencil followed by drying at 80°C on a hot plate for 20 minutes to allow the paint to dry.
The working electrode was extended to connect the functionalized titania nanotube side
while the reference and the counter electrode was extended to connect the reverse Ti side
of the sensor.

The individual components of the sensor were assembled to develop a crude
prototype of our proposed sensing platform / device for field testing. An illustration of
the complete process flow from patient’s breath collection to analysis by the sensing

device and subsequent mapping or data tracking is shown in Figure 8.12.
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Sensor

Figure 8.12. Flow chart of the proposed solution for tackling the TB epidemic. This
includes collection of patient’s breath, analyses by the sensing device, and data tracking.

The TB patient, after being screened positive for the bacterium, has to undergo
prescribed medication regimen for almost 6 months and needs to be periodically
monitored. The World Health Organization (WHQO) mandates that active TB patients
have to be tracked continuously for well-being of the patient as well as to prevent
spreading the disease. Thus, from a value proposition standpoint, it is proposed the
sensor, marketed under the aegis of Nanosynth Materials and Sensors, will be integrated
with a data mapping and aggregation platform that combines the screening results with
other epidemiological data to allow the tracking of the TB identification efforts. Because
the test is fast, we expect to be able to gather real-time information that may be useful in
understanding the factors that contribute to the transmission of TB. Some of the more

common factors that researchers suspect to affect TB and are currently trying to gather
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information about are air pollution and tobacco use. The required data have to be
“mined” from databases which is a long and time-consuming process. Real-time data
gathering eliminates this problem and allows this potentially relevant information to be
immediately accumulated. This data platform will also aid community health care
workers in the field by linking data that are not effectively integrated into screening
programs such as targeting family members or coworkers who may be infected and
clearing them upon a negative screening result. This will allow healthcare workers in the
field to know where potentially infected persons live and when a household has been

cleared. Work is currently underway to develop and examine the data tracking platform.

7.3 Assessment of Sensing Platform’s Response to Breath

Having already established the presence of VOBs in the breath of TB patients
using GC-MS in Section 7.1 and having put together a potential sensing platform/device
in Section 7.2, this section will investigate the deployment of the device in the field
through a pilot study. The purpose of this pilot study is to evaluate the sensitivity,
specificity, and convenience of use of a POC breath-based TB screening test as compared
to the current standards of care, including sputum microscopy, sputum culture, chest X-
ray, and GeneXpert MTB/RIF. The results of the POC TB Breath Test will not be used in
the medical decision-making process. The primary objective is to determine an initial
estimate of the sensitivity and specificity of a nanotube-based point-of-care test for the
screening and diagnosis of active pulmonary tuberculosis. The secondary objective is to
collect performance data to guide the design of subsequent studies and to facilitate the

necessary marketing approvals from the government and other regulatory agencies. The
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collected data will enable us to test and further develop the user interface and mapping
platform that will be used in conjunction with the testing sensor based on end-user
feedback.

Based on feedback from clinicians and published reports from groups such as the
FIND and the WHO, the POC TB Breath Test should meet the following clinical
requirements to serve as a screening or triage test: sensitivity: >90%; specificity: >70%;
time to result: <15 minutes; sample type: noninvasive, nonsputum; target user:
community health worker.

The potential risks to the patients from participation in this pilot study are
minimal as the test is a noninvasive test (uses only the patient’s breath) and the results
will not be used in the patient’s medical care. The POC TB Breath Test is a noninvasive
breath test with minimal risk to the patient during breath sample collection. Regarding
diagnostic testing, each patient received current standard of care TB testing, including
sputum microscopy, chest X-ray, and sputum culture (currently considered the ‘gold
standard’ for TB diagnosis). Patients also received testing by GeneXpert, a WHO-
recommended cartridge-based nucleic amplification assay for the simultaneous detection
of TB and rifampicin resistance. Benefits of this study include the validation of a low-
cost and highly portable TB diagnostic test that can potentially be used to screen large
amounts of patients and refer them for further care (improving the patient’s outcomes and
lowering transmission of TB) while improving the use of TB resource utilization by
focusing resource-intensive testing on the patients at the highest risk.

Although the POC TB breath test is able to detect all of the target biomarkers in a

lab setting and in the small number of patients tested to date, a larger sample of patients
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must be tested in order to gain a reasonable estimate of the sensitivity and specificity of
the test and to guide future clinical testing. This is the most important part of the chapter
as the results obtained from this pilot study will help determining the techno-economic
feasibility of the sensing platform. Testing of a larger sample population of patients
having active pulmonary TB is currently underway and has not been reported here to
avoid conflict of interest issues. Results obtained from a few preliminary testing have
been reported here.

Comparisons were made for sensor response obtained from exposure to air, a
mixed 10 mM solution of VOB mimics, a healthy subject, a healthy subject’s breath
spiked with VOB, and a TB patient (Figure 8.13). Preliminary trial-and-error-based
testing had showed that at the lowest flow rate setting of the pump, the breath bag can be
completely emptied in 13 minutes. A multistep amperometric method was defined such
that the sensor was conditioned in air at -0.5 V for 100s, after which the pump was turned
on to deliver the vapor to the sensing chamber. A -0.5 V bias voltage was maintained for
the next 100 s for detection of methyl nicotinate, after which the bias voltage was held at
-0.8 V for 150 s. for detection of methyl p-anisate, and finally at -1.0 V for 430 s for
detection of methyl phenylacetate and o-phenylanisole. Results indicate that when the
sensor is exposed to air, the current decreases. This is consistent with our previous
explanation that air scavenges electron from the conduction band of titania nanotubes,
resulting in an increase in its resistance. The sudden spike in current is due to the periodic
modulation of the bias voltage as programmed in the method. When exposed to VOB
mimics mixed in ethanol, the current increases (uA) as expected, which is confirmed by

the slope of the curve. This observation is consistent with our previous explanations that
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Figure 8.13. Multistep amperometric plots obtained using the TiO, nanotube array-based
Nanosynth POC device upon exposure to (a) air; (b) 10 mM VOB mimics mixed in
ethanol; (c) healthy subject; (d) VOB spiked healthy subject’s breath; and (e) TB patient.

showed that the VOBs upon getting catalytically oxidized at the sensor surface donate

electrons to neutralize the oxygen vacancies at the titania nanotube conduction band,

rendering the nanotubes less resistive and resulting in an increase in current. When the

sensor is exposed to the breath from a healthy subject, the current at the designated

voltages remains steady (nA) and does not exhibit a slope. This demonstrates that the

senor does not react to VOCs commonly found in healthy human being and is somewhat
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selective towards the four TB VOBs. Finally, when the sensor was exposed to the breath
of a TB patient, the amperometric current profile bore significant resemblance to that of
VOB spiked healthy subject’s breath profile as well as to the mixed VOB mimic vapor
profile. This further proves that the sensor substrate is highly sensitive and selective
towards the four TB biomarkers. Thus, based on the successful preliminary testing, the
proposed Nanosynth POC TB diagnostic device demonstrated promising potential for

upcoming scheduled field testing in a larger population through the pilot study.

8.4 Commercialization Opportunities

Currently, up to 80% of people tested for TB do not have active disease, thereby
stretching limited and valuable resources that are used for diagnostic testing. By
combining our low-cost and easy-to-use portable sensor with an analytics and tracking
platform, the effectiveness of large-scale TB screening efforts can be significantly
improved as we can rapidly and efficiently clear patients and narrow the population
requiring expensive confirmatory testing. This will enable optimal deployment of
diagnostic testing resources to the patients and areas most at risk for the disease,
ultimately improving access to care and lowering the transmission rate and disease
morbidity even in resource limited settings.

As has been mentioned before, currently, the global TB diagnostic testing is a
billion dollar market out of which 65.63% or $676.7M is devoted for TB
detection/monitoring alone. Latent TB diagnosis accounts for 34.17% or $352.5M
whereas drug susceptibility gets a tiny share of 0.2% or $4.3M (Figure 8.14). In the major

segment, i.e., detection and monitoring, the majority of money is currently being pumped
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Figure 8.14. Pie chart showing the global TB diagnostic market.

into sputum culture-based testing since it is recognized as the “gold standard” by the
industry. However, the sputum culture technique has its own limitation as the outcome
can be affected by changes in culture medium and environment. In addition, it is a very
time-consuming process. Smear microscopy and x-ray have lower sensitivity, and thus,
cannot be very reliable. The nucleic acid amplification-based Gene Xpert has very high
sensitivity and specificity with relatively small detection times. However, being a lab-
based technique, it is definitely not suitable for POC setting and suffers from high costs.
Therefore, the Nanosynth POC TB diagnostic platform has a potential of occupying a
major chunk of the TB detection/monitoring market if its viability in terms of its
sensitivity and specificity can be proved over time covering a larger sample population. It
is envisaged that if the proposed diagnostic platform can prove its mettle and worth, it
can revolutionize the TB diagnostic industry through easy-to-use, rapid, POC diagnostic

technology with the estimated price being $2-5 per test, whereas the global average is
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$15 per test.

8.5 Summary

The chromatograms obtained from the GC-MS analysis of the SPME fibers
equilibrated with the VOB vapor from the mimics determined the retention times of the
individual biomarkers. This helped in determining the biomarker peaks in the breath of
actual TB patients. As revealed from the analysis, the four biomarkers were present in all
the TB patients (young, old, male, female, MDR, different countries), albeit in varying
quantities.

To examine the VOB vapors and the patient’s breath, the first-generation Co-
TNA sensor was packaged into a custom made device developed by 3D printing-based
rapid prototyping. The sensor showed baseline signal when exposed to air and breath
from healthy subject, whereas the spike in signal was observable when exposed to the
VOB mimics, healthy subject’s breath spiked with VOBs, and ultimately breath from a
TB patient. It is anticipated that the sensor will evolve through the developmental stages

aided by results from field testing.



CHAPTER 9

CONCLUSIONS

Research and innovation in disease diagnostic technologies can significantly
improve the healthcare system and subsequently determine a proper treatment regimen
for the infected patients. Tuberculosis (TB) is an extremely life-threatening disease,
which, if not detected early, can claim numerous lives. Current diagnostic techniques,
although they possess high sensitivity and specificity, are not suited for low-resource
point-of-care (POC) settings as they suffer from high costs and portability issues. The
need to triage patients at the POC is immense to arrest the spread of the disease. Through
our research, we have demonstrated the capability of detecting TB biomarkers from the
breath using a TiO, nanotube-based sensing platform, as opposed to the more
conventional sputum or blood-based diagnostic techniques. Titania nanotubes were
synthesized by electrochemical anodization and functionalized using various methods to
maximize the sensor response. The salient features of the research have been summarized
below.

A systematic approach establishing the favorable combination of stoichiometry
and geometry of the cobalt functionalized titania nanotubes for optimizing the biomarker
sensing performance has been presented in Chapter 2. Experimental and theoretical

evidences suggest that diameter and length of the nanotubes does
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not have any significant impact on the sensor response. The water content of the
anodization bath influences the concentration of the oxygen vacancies (Vo) in the
nanotubes and the tube wall separation which directly affects the surface-to-volume ratio
(SVR). The stoichiometry of the nanotubes (Vo) was optimized by varying the water
content (0.5 wt%, 3 wt%, and 10 wt%) in the fluorinated ethylene glycol-based
electrolyte. The most promising sensor performance in terms of the response magnitude
was obtained when anodization was performed in a bath containing 3 wt% water at 30V
for 1 hour. This presented an optimal balance of the charge carrier density (analogous to
Vo) and surface-to-volume ratio. The extremes had either higher Vo and lower SVR or
lower Vo and higher SVR, respectively. The second half of the chapter illustrates the
significance of nanotube wall thickness (geometry) on sensor response. The wall
thickness of the nanotubes (t) was optimized by varying the temperature (10, 25, and
50°C) in the fluorinated ethylene glycol-based electrolyte containing 3 wt% water.
Results indicated that the anodic sensor synthesized at room temperature having an
inherent wall thickness of ~14 nm exhibited the maximum sensor response. This is
because the dimension of the half wall thickness (t/2) was equivalent and comparable to
the width of the depletion region (Lw). As for anodic coupons synthesized at the extreme
condition, they had t/2<Lw or t/2>Lw, respectively, and suffered from charge transport
properties. Thus, titania nanotubes fabricated using the optimized recipe (96.5% EG +
3% water + 0.5% NH4F at 30V for 1hr @ 25°C) yielded maximum sensor response.

In Chapter 3, the electrochemical sensing of the four predominate biomarkers has
been discussed in detail. The first part of the chapter describes the semiconductor —

biomarker interaction mechanism through electrochemical detection of methyl nicotinate
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biomarker vapor. Functionalization of the TNA with cobalt (Co-TNA) was found to be
necessary for methyl nicotinate detection. Titanium dioxide films synthesized through
high-temperature oxidation and functionalized with cobalt were also compared with
cobalt functionalized TNA. The ordered TNA was demonstrated to be an effective
substrate for cobalt deposition and subsequent biomarker detection over thin titanium
dioxide films. Surface analysis of the cobalt functionalized TNA by XPS studies
observed that cobalt deposits exist as cobalt hydroxide on the surface. Exposure of the
sensor surface to methyl nicotinate vapor results in the reduction of cobalt hydroxide to
cobalt metal on the surface. Two mechanisms have been proposed to describe the binding
of the nicotinate biomarker to cobalt functionalized TNA consistent with the XPS studies
and band theory. Band theory confirms that a reducing gas, such as methyl nicotinate
vapor upon interaction with a n-type semiconductor, leads to a decrease in resistance, as
indicated by the amperometric studies.

The second part of the chapter extends the investigation to explain the detection
of the other biomarkers as well, with more emphasis on determination of the limit of
detection, specificity, and reaction kinetics. Highly ordered titania nanotubular arrays
(TNA), functionalized with cobalt using the incipient wetting impregnation method, were
utilized as a robust sensing platform for electrochemical detection (amperometric mode)
of four prominent tuberculosis volatile biomarkers. The limit of detection of the sensor
was determined to be ~0.018 ppm VOBs, with the sensor exhibiting higher selectivity
towards the VOBs over other organics commonly found in breath. The sensor response
theory modeled using Butler-Volmer kinetics at high overpotentials (Tafel behavior)

corroborates well with experimentally derived signal responses. Of the four VOBs
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examined, methyl p-anisate exhibits the maximum current response (81 pA), while
methyl nicotinate demonstrates the fastest reaction Kkinetics, or response time (35
seconds). The development of doped 1D nanostructured metal oxide semiconductor-
based sensors demonstrates enhanced sensor response with rapid detection times
appropriate for POC disease diagnosis.

A new method describing the fabrication of a highly sensitive sensor through a
one-step anodization-co-functionalization technique is presented. The synthesis method
developed allows for in situ functionalization of titania nanotubes (iCo-TNA) with
oxygen containing metal species (i.e., Co(OH),) during anodization. Amperometric
detection of volatile organic biomarkers with concentrations of 275 ~ 360 ppm using next
generation titania nanotubes functionalized with Co(OH), were compared with Co(OH),
functionalized titania nanotubes via the wet incipient method. Improved sensor response
and sensitivity was observed with next-generation titania nanotubes, which can be
attributed to homogeneous distribution of reactive sites directly in contact with the parent
titania. A mechanism for sensor response and in situ functionalization has also been
presented.

In an unprecedented change in the sensing methodology, light assisted sensing of
the TB biomarkers using gold functionalized TiO, nanotubes (Au-TNA) has been
demonstrated. Gold functionalization was achieved through a novel electroless deposition
technique using gold thiosulfate in an ascorbic acid bath. The sensor utilizes the
synergistic effect of the slow photon region of the nanotubes (due to the high refractive
index of titania) and the localized surface plasmon resonance (LSPR) behavior of the

gold nanoparticles to enhance charge transport properties under visible light illumination.
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Results indicate that the signal response under irradiation is orders of magnitude greater
than in dark. Mechanistic schemes based on band theory and molecular orbitals further
illustrate the sensing phenomenon. This opens up avenues for further research in this
area.

Based on the result of these studies, the performance of the sensors from each
study, i.e., Co-TNA, iCo-TNA, and Au-TNA, was compared with one another. The
response magnitude was obtained using a simple equation to calculate the ratio of the
difference between the maximum current (VOB) and base current (air) to the base current
and plotted against the four predominate biomarkers, as shown in Figure 9.1. The highest
sensor response value was achieved using gold functionalized titania nanotubes equipped

with an optimized stoichiometry and geometry.
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Figure 9.1. A comparison of the Co-TNA, iCo-TNA, and Au-TNA sensor performance
towards detection of the four TB biomarkers reveals that Au-TNA yields the maximum
Sensor response.
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Having successfully demonstrated the capabilities of cobalt and gold
functionalized TiO, nanotubes for electrochemical detection of TB biomarkers, the
validity of the sensing platform was further verified for detection of other diseases as
well. Four prominent biomarkers of colorectal cancer were examined using nickel
functionalized titania nanotubes (Ni-TNA). Ni was electroplated on TiO, and
subsequently used for sensing operations. XPS characterization illustrated Ni(OH), on
the surface and a similar mechanism proceeds, as described previously for TB
biomarkers.

Successful and holistic development of such smart sensor systems for disease
diagnostics is a three-step process involving development of the sensor element, element
integration into the sensor hardware, and subsequent field testing. Having already gone
through the critical stage of sensor development, development of the concept prototype
follows. 3D printing-based rapid prototyping was utilized to develop the first set of crude
devices housing the sensors, followed by stage-wise refining to obtain a more presentable
variant. The as-fabricated devices using first-generation Co-TNA sensors were tested in
air, vapors of biomarker mimics, breath from healthy subject, biomarker spiked breath of
healthy subject, and finally TB patients. The sensor was successfully able to detect the
biomarkers and exhibited exemplary performance. The breath samples were further
examined using GC-MS to verify the presence of the biomarkers, which was earlier
calibrated using synthetic VOB mimics.

Encouraged by the performance of our sensing platform in its ability to detect TB,
we envisage that after having gone through several modifications in its design and having

acquired the necessary approvals over the next couple of years, this can be adopted as a
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low-cost, hand-held POC sensing device for rapid triaging / screening of TB patients in
resource limited settings. Easier said than done, this sensing platform will have to prove
itself in various demographic regions, and in varied patient groups (such as children with
TB, latent TB, drug resistant TB, HIV+TB, etc.) demonstrating acceptable sensitivity and
specificity as per WHO standards. We propose and predict that this sensing technology

will compete other technologies in the pipeline for WHO approval (Figure 9.2).
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Figure 9.2. Chart showing some of the existing and upcoming TB diagnostic technologies
and where the Nanosynth TB Breathalyzer fits in.



