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Lay Abstract

Biosensors show great promise for use in pofatare diagnostics and health monitoring

systems. Such deceives combine biorecongition with signal transduction for analyzing
biologically relevant target®hotoelectrochemicdPEC)mode of signbereading particularly

those based on Tganomaterials, hav&own great promise in delivering pewmitcare

biosensors thdtave excellent diagnostic performance. In this thesisgoal was taevelope

new techniquefor creatng low-cost,easyto-use and ultrasensitiyghotoelectrochemical
biosensorsTo achieve this goal, our work here can brodmHgplit into three objectivesirstly,

we focused owleveloping new raterial synthesis methotisimprowve traditional TiQ

nanomaterials so &y can be more useful in PEC biosensdlsese methodsvolved combiring

TiO2 with organic molecules known as catecholates and metal nanoparticles. This work created
material systems that are able to generate high signals and more easily interface with
biomoleculedor improving PEC biosensor sensitivity. For the second objective, ety

newly developed enhanced Li@anomaterials as the foundation for designing various bioassays
for the detection of a wide range of different biological targets such as DNA, RNA, proteins and
bacteria. This served to demonstrate the robustness o$ig&&l reading aatool for various

markers of diseases. Despite PEC biosensors being a powerful tool in healthcare, they have seen
very little commercial breakthrougtvhich can primarily be attributed to needing bulky

benchtop instruments and light soes for signal reading. For the last objective,worked on
designing a handheld smartphemmeratedsignatreaderfor PEC biosensing with its own built

in light source.
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Abstract

Recently, there has been a shift in the global healtipeassligm, which is prioritizing a more
patientcentric approach causing an increase in the demand for rapid andfpcane (PoC)
biomolecular detection. Electrochemical (EC) signal transduction has been used to great effect to
meet some of this demang bonstructing biosensors with high sensitivity and low Hafit

detection (LOD). However, signal generation in EC biosensors redujnet bias potentials to

activate electrochemical redox reactions. This means EC systems are inherenritiyvathlt

high background noise that limits the performance of biosensors. Biosensors with
photoelectrochemical (PEC) signal transduction have recently shown great promise in being able
to deliver biomolecular detection on par with, if not better than, EC biosen&ftshiBsensing

directly improves upon EC signal transduction by combining EC signal readout with optical
excitation as the bias input, and generally being able to achieve similar performance with simpler
bioassay designs. In this scheme, the input and batpe signal transduction are decoupled

from each other, significantly reducing background signal in biosensors to enhance their
sensitivity. Despite being highly effective, PEC biosensors have yet to find commercial
breakthrough as they have so faryosthown quantitative analysis on a limited set of biomarkers
and have not shown to be Pa&pable. In this thesis, we developed new strategies to improve
PEC signal transduction so that it could be applied to build robust ultrasensitive PoC biosensors
with high dynamic range, simple operation, and low LOD for detecting a wide variety of

different disease biomarkers.
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The most popular photoactive matesiased in the fabrication of PEC biosensors areTiO
nanomaterials on account of their availability, cheahstability, high catalytic efficiency,

tunable morphology, and ideal band energy levels for driving useful EC reactions. However,
unmodified TiQ suffers from several drawbacks that limit its photocurrent generation efficiency,
such as poor visible raagabsorbance due its wide bandgap and fast charge carrier
recombination. Alongside the additional difficulty of biofunctionalization, PEC biosensors
fabricated from TiQ nhanomaterials are limited in their bioanalytic performance. In order to
make improvemats on PEC biosensors, we modified the surface of m@omaterials by

chelating them with catecholate molecules. The surface modification with catecholates formed
charge transfer complexes on Bj@hich resulted in enhanced photoexcitation due to eeldanc
electron injection attributable to intermolecular orbital excitations in the catecholate molecules.
The catecholate ligands also added improved colloidal stability and additional functional groups
that aided with biofunctionalization. This resulted ialtiiunctional TiQ; nanoparticles with
improved photocurrent signal generation and enhanced visible range pbogdtiabsWe took

this one step further by taking advantage of the high binding affinity of catecholateszon TiO
surfaces to create novel syetlis methods that created high surface area nanostructures.
Photoelectrodes fabricated from these new.Ti@nhostructures had nanoporous morphology and
were able to capture biomolecules more efficiently. Using our novelia@omaterials, we
fabricated signabff biosensors that were able to detect DNA biomarkers artddiotein

(cancer and inflammatory biomarker) in urine with an LOD of 1.38 pM and 3.6 pig mL

respectively.

We further explored hybrid semiconductor struetuby combining Ti@nanomaterials with

other materials such semiconductors with different bandgaps or plasmonic metal nanoparticles

Vi
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(NP). Using the aforementioned catechekisted synthesis techniques, we were able to produce
different morphologies of iD2> nanomaterials with distinct phases: anatase mahorod
assemblies and rutile TEP. The two different Tinanomaterials have different bandgaps
and can be used to form semiconductor heterostructures. By combining rutildA$Qvith
DNAzymes, aype of synthetic functional nucleic acid, we created a photoactive molecular
switch that worked by making and breaking heterostructures between the two TiO
nanomaterials. We used DNAzymes specifiEt@oli bacteria to develop a highly sensitive
signatlon bacterial detection platform that was able to détecbliin lake water samples with

an LOD of 18 CFU mt!. Using catecholatassisted photoreduction synthesis, we developed an
efficient and novel method for decorating 2P with silver (Ag) NP. The resultant
nanomaterial featured T¥ENP surfaces modified with Hematoxylin (HTX) dyes and covered
with subnanometer sized silver NP. The band structure os/HOX/Ag NP hybrid material
involved high energy electron generatibnough decay of surface plasmons in the Ag NP and
then enhancing the photoelectron injection process between HTX apdlhi® significantly
enhances the photoexcitation and photoabsorbtion, resulting in the material with the highest
photocurrent genetian as presented in this thesis. By taking advantage ofrttetdl bonds, we
used the TIQHTX/Ag NP material system in the fabrication of a highly sensitive sigfial

microRNA (prostate cancer biomarker) sensor with an LOD of 172 fM in urine.

Special &ention was paid to the design of PEC bioassays in this work so that they are
miniaturized and easy to use, and thus suitable for PoC applications. Because PEC signal
transduction generates ultrahigh signals compared to other transduction methodass it allo
bioassay designs to remain simple without sacrificing performance. This allowed us to create

bioassays with very few operational steps, that excel in reliahiityeas®f-use To further

Vil
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improve PoC capability, we explored multiplexing with the bisse made from Ti&dHTX/Ag

NP. Herewe were able to demonstrate multiplexing with PEC signal transduction for the first
time. Another major barrier to PEC biosensors becoming widespread is the requirement of large
benchtop instrumentation such as potetsitssand light sources. To address this challenge, we
designed a portable smartpheanterfacing potentiostat with a buith LED light source to

support PEC biosensing. This device, named the PECsense was as versatile as any commercial
potentiostats, hamg features such as adjustable recording periods, variable illumination periods,
automatic data processing and being abkecord both anodic and cathodic photocurrents. The
PECsense was demonstrated to be used successfully as a signal reader in sARE@ QNN

assay.

Ultimately, we designed several ultrasensitive PEC biosensors used for the detection of four
different diagnostic biomarkers. Combined with the exploration of miniaturized design,
multiplexing and portable signatading, our designed PEC biosensors weadenPoCcapable.

The work in this thesis presented innovations in areas of nanotechnology, material synthesis,
solid-state physics, biotechnology and embedded systems for the advancement of biomolecular

detection and PoC diagnostics.

viii
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List of Figures

Figure 1-1. A) Projected Market share for PoC diagnostic biosensors by the year 2030. The
market size expected to surpass US$ 49.6 billion and have an expanding growth at a
CAGR of 7.7 %. Data collected from various reports of market research.2 B)
Technical challenges associated with the design of PoC Biosensing.

Figure 1-2. Scheme of the basic integrated units that conform a biosensor. Reproduced
with permission* Copyright 2012, IntechOpen.

Figure 1-3. A) Setup of the standard threeelectrode PEC cell. B) Generation of anodic and
cathodic photocurrent through electronhole pair charge separation after
photoexcitation. C) Example of the formation of space charge region in the
semiconductor/electrolye interface shows using an4type semiconductor and D/D+
redox couple.

Figure 1-4. Band edge positions with respect to vacuum level and NHE for various
photoactive semiconductors used for constructing photoelectrodes for PEC
biosensors A) oxides, phosphates and carbides. B) quantum dots. Reproduced with
permission® Copyright 2015, Royal Society of Chemistry.

Figure 2-1. Schematic illustration of type | and type Il photoelectron injection mechanism.
Catechol molecules can make a type Il ligantb-metal CT complex by absorption
on themetal oxides like TiGx. Upon illumination a photoexcited electron can
transfer directly from the HOMO catechol to CB of metal oxide.

Figure 2-2. A) Chemical structures of commonly used catechdaype ligands and B) bonding
mechanisms of a catechol group to metal oxide surface: a) bidentate chelating
bonding, b) bidentate bridging bonding (inner sphere), and c) bidentate bridging
bonding (outer splere).

Figure 2-3. Catecholttype ligands acting as molecular linkers. A) TiQ NP and polymeric
chitosan linked together using DHBA and used for PEC biosensing application.
Reproduced with permission® Copyright 2019, American Chemical Society. B)
ZnO NRs and porphyrins are linked together using dopamine for the fabrication of
solar energy converters. Reproduced with permissiohCopyright 2018, John
Wiley and Sons. C) TiQ NP and polyl-lysine are linked with DHBA to form
adhesive films that can be deposited via electrophoretic deposition. Reproduced
with permission 8Copyright 2019, Elsevier. D) TiQ NP being linked to single
stranded DNA probes using CA to form the bais of a signaloff PEC DNA
biosensor. Reproduced with permissiod.Copyright 2020, John Wiley and Sons.

Figure 2-4. A) Three-electrode PEC cell setup showing WE/photoelectrode, CE, RE, and
the photoexcitation source. B) General configuration of a DSS€howing the WE
cathode (porous dyesensitized photoactive semiconductor layer deposited onto a
transparent anode), an electrolyte layer, and a CE cathode. C) General
configuration of the two-electrode photocatalytic cell showing the WE and CE
submergad in an aqueous solution of pollutants or pure water

Figure 2-5. Applications of metal oxide and catechol ligand heterostructures in PEC
applications. A) The possible photogenerated CT mechanism at Vd@u/PDA
interface from a PECimmunosensor. Reproduced with permissiod? Copyright

Xiv
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2020, Elsevier. B) The possible photogenerated CT mechanistnPDAI ZnO
nanorods PEC immunosensor in ascorbic acid (AA) electrolyte. Reproduced with
permission!! Copyright 2017, Elsevier. C) A mssiblemechanism of H evolution
from aqueoustriethylamine solutions in the presence of Pt cocatalyst for modified
TiO2 with 3,4-dihydroxybenzonitrile catalyst under visiblelight irradiation.
Reproduced with permissiont? Copyright 2015, Elsevier. D) Schematic of the
mechanism of increased electrdrole pair generation and synthesis afadical
product on ZnO/PDA-coatedpolyurithane nanofiber photocatalyst. Reproduced
with permission.!® Copyright 2018, Elsevier. E) A dagram of the operationof a
DSSC made from ZnO nanoparticles modified with catechol and of the injection
mechanisms. Reproduced with permissioff: Copyright 2018,Royal Society of
Chemistry. F) Schematic illustration of PDAsensitized solar cells propsing the
photogenerated CT mechanism. Reproduced withpermissioli.Copyright 2012,
John Wiley and Sons

Figure 3-1. DNA detection scheme; the probe DNA (blue) immobilized on the catechol
modified TiOz in the presence of ascorbic acid (AA) generates a photocurrent which
decreases following the target DNA (green) hybridization due to steric hinderance.

Figure 3-2. (A) Chemical structures of catecholype molecules and (B) bonding
mechanisms of a cateabl group to TiO2 surface: (a) bidentate chelating, (b)
bidentate bridging (inner sphere) and (c) bidentate bridging (outer sphere) bonding
of catechol group.

Figure 3-3. UV/vis absorbance spectroscopy of catechatodified TiO2.

Figure 3-4. SEM image of photoelectrodes fabricated from (A) bare TiQ and (B) CA-
modified TiOz2; (C) FTIR spectroscopy of bare TiQ, CA and CA-modified TiO>
powders.

Figure 3-5. Photocurrent densities for photoelectrode films of TiQ modified with different
catecholtype molecuks: (A) chronoamperometric curves and (B) photocurrent
response summary.

Figure 3-6. IPCE for bare TiO 2, CA-modified TiO2, DHBA-modified TiO2 and DHB-
modified TiO2 photoelectrodes. The inset illustrates photocurrent generation via the
oxidation of ascorbic acid when TiQ is photoexcited.

Figure 3-7. (A) Schematic of (a) unmodified TiQ, (b) CA-modified TiO2, (c) probe DNA
and (d) target DNA, and (B D) fabrication of films on ITO-PET substrate: (B)
deposition of CA-modified TiO2, (C) modification with probe DNA and (D)
hybridization with target DNA.

Figure 3-8. (A) Photocurrent density of CA-modified TiO2: bare, after probe modification,
after target hybridization (only NC), after target hybridization (both
complementary and NC), after target hybridization in undiluted plasma(no
complementary target) and after target hybridization in plasma(complementary
target present). (B) Calibration curve plotting photocurrent density as a function of
complementary target DNA concentration. The inset shows the slope of the linear
trendline fitted to the curve showing the dynamic range of the biosensor,
represented ly the equationJ = 1.38 *log C+ 10 J = photocurrent density [WA cnT
2], C = concentration of target sSDNA [nM]) withR? = .99. The red dashed line
delineates the average signal and the standard deviation of the blank measurement.
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Figure 4-1. (A) Chemial structures of catecholate molecules used for modifying T)(B)
bonding mechanisms of a catechol group to Tigsurface: (a) bidentate chelating, (b)
bidentate bridging (inner sphere), and (c) bidentate bridging (outer sphere) bonding
of catechol group. R group represents 1 CHI
DHBA.

Figure 4-2. (A) TEM images of synthesized Ti@nanostructures. (B) SEM images of
synthesizedTiO 2 nanostructures deposited onto ITOGPET substrate. (C) XRD data
of acid-hydrothermally synthesized TiO: nanostructures (a) bare TiQ, (b) DHBA-
TiO2 (IS), and (c) CATIO2 (IS).

Figure 4-3. FTIR spectroscopy data for (a) bare TiQ, (b) CA-TiO2 (PS), (9 DHBA-TIO2
(PS), (d) CATIO2(IS), and (e) DHBATIO2 (IS). (i) and (ii) are CA and DHBA,
respectively.

Figure 4-4. Optical and photoelectrochemical characterization of Ti@nanostructures. (A)
UV/vis absorbance spectroscopy of Ti@nanostructures. (B) Chronoamperometric
curves of TiOz nanostructures with and without optical illumination. (C) Summary
of photocurrent densities for various TiO: nanostructures. The barsrepresent the
mean value obtained from at least three separatectrodes, with the error bars
representing the standard deviation.The photocurrent measurements were
performed at 0 V potential vsAg/AgCl using 0.1 M ascorbic acid in 0.1 M PBS as
the electrolyte. The photoelectrodes were irradiated with white light &ad the average
photocurrent density was measured by taking the running average tfie last 10 s of
the irradiation period.

Figure 4-5. Characterization of the PEC immunoassay (A) Fabrication of the signaiff
immunoassay: (a) deposition of DHBATIO2 (IPS) on thesubstrate (b) modification
with capture antibody and (c) complexation with target protein. (B) Photocurrent
density of DHBA-TIO2 (IPS) photoelectrodes at bare, probe immobilization, and
target capture stages of immunosensor operation in buffer. (C) PEC curves
demonstrating thesignal response at various target concentrations in buffer. (D)
Photocurrent signal decrease at various It6 concentrations obtained from the PEC
immunosensor inbuffer. The inset shows a calibration curve with the data points
fitted to a line by equationS= 10.76 xlogC + 9.43 and withR>=0.99. (E) PEC
curves demonstrating the signal response at various target concentrations in 20%
human blood plasma. (F) Rotocurrent signal decrease at various |16
concentrations ontained from the PEC immunosensor in 20% human blood plasma.
The inset shows a calibration curvevith the data points fitted to a line by equation
S=12.02 xlogC + 10.25 and withR? = 0.98.

Figure 4-6. Evaluation of the stability of the PEC biosensor. (A) Photocurrent density
measurements for 20 continuous cycles of the bare DHBRO 2 (IPS)
photoelectrodes. (B) Photocurrent density measurements following the storage of
capture antibody modified DHBA-TIO2 (IPS) photoelectrodes for 7 days

Figure 5-1. Characterization of hydrothermally synthesized TiG materials. Transmission
electron micrographs of (A) TiOz-assemblies and (B) Ti@nanoparticles at different
magnifications (i i 1 ) . (C) Chemical structure of (i)
mechanism to TiQ surfaces: (ii) bidentate chelating, (iii) bidentate bridging (inner
sphere), and (iv) bidentate bridging (outer sphere). (D) XRD data of (i) Ti&
assemblies and (ii) TiG-nanoparticles.

XVi
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Figure 5-2. Construction and characterization of the TiQ: heterostucture. (A) Illustration
of the cross section of the photoelectrode with Ti&nanoparticles deposited on
TiO2-assemblies. The inset demonstrates the tafew SEM of the photoelectrode
surface created from TiG:-assemblies. (B) Photocurrent density measurements and
(C) peak photocurrent density summaries generated from the structure illustrated
in (A) at different mass ratios of TiG-nanoparticles in the top layer to the TiQ-
assemblies in the bottom three layers. (D) IPCE measurements for photoelectrodes
fabricated from three layers of TiOz-assemblies, four layers of TiQassemblies, one
layer of TiO2-nanopatrticles, and one layer of TiQ-nanopatrticles on three layers of
TiO2-assemblies. (E) Proposed band diagram of rutile/anatase/caffeic acid
heterostructure showing photoelectron injection in the liganeto-metal oxide charge
transfer complex and dual sensitzation between rutile and anatase TiQ

Figure 5-3. lllustration and characterization of the PEC DNAzyme assay. (A) Building
blocks of the photoactive DNAzyme strand. (B) Illustration of the TiG-assembly
photoelectrode. (C) Operation of the PEC DNAzyme assay: In the presence of the
target, TiO2-nanoparticle tagged DNA barcode is released at the cleavage
photoelectrode and hybridized at the detection photoelectrode. (D) signal changes
on the cleavage andletection photoelectrodes as a result of bacterial target
interaction. Kinetics study demonstrating the detection and cleavage of Ti©
nanoparticle barcodes at the (E) cleavage photoelectrode and the (F) detection
electrode. The insets demonstrate theaw PEC curves from 0 to 240 minutes.
Average photocurrent density was calculated from buffer solutions spiked witk.
coli (10° CFU mL"Y) measured on three different tweelectrode PEC chips.

Figure 5-4. Quantifying the limit -of-detection of the PEC DNAzyme assay. (A) PEC curves
at varying E. coli concentrations for (i) cleavage photoelectrode in buffer, (ii)
detection photoelectrode in buffer, (iii) cleavage photoelectrode in lake water, and
(iv) detedion photoelectrode in lake water. (B) The fold change of the PEC
DNAzyme assay at varying concentrations dg. Coli for (i) cleavage photoelectrode
in buffer, (i) detection photoelectrode in buffer, (iii) cleavage photoelectrode in lake
water, and (iv) detection photoelectrode in lake water. Fold change is calculated as
the ratio of posttarget photocurrent to pre-target photocurrent, Jv/Jet. The insets
show calibration curves plotted as detection electrode fold change as a function of
target concentration, which are fitted to curves (ii) §7/Jp1)p =
(707[Ccim]®2¥(8.18x10)%25+ [Ccim] %29 + 8.98;R2= 0.99 for buffer and (iv) @t/Je7)D
= (186[Ccim]®?¥(5.01x106)°28+ [Ccim]®-?8) + 10.8;R2= 0.98 for lake water.

Figure 5-5. Specificity of the PEC DNAzyme assay. (A) Post (solid) and pre (dotted) target
PEC curves of different bacteria for (i) cleavage photoelectrode in buffer, (ii)
detection photoelectrode in buffer, (iii) cleavage photoelectrode in lake water, and
(iv) detection photoelectrode in lake water. (B) Quantification of crosseactivity of
the PEC DNAzyme assay with different bacteria for (i) cleavage photoelectrode in
buffer, (ii) detection photoelectrode in buffer, (iii) cleavage photoelectrode in lake
water, and (iv) detection photoelectrode in lake water. Fold change is a ratio of pest
target photocurrent to pre-target photocurrent, Jt/Jet. The bacteria concentraton
is Ccim = 10 CFU mL ! for all the tested organisms.
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Figure 6-1. Morphology characterization of the TIO/HTX/Ag NP material system. (A)
HAADF -STEM images, and (B) brightfield TEM images. (C) Size distribution of
decorated Ag NP for (i) TiIO/HTX-5/Ag-5, (ii) TIO2/HTX -5/Ag-5, and (jii)

TiO2/HTX -15/Ag-15. (D) XRD data for (i) TiO2/HTX -5/Ag-5, (i) TiO2/HTX -10/Ag-
10 and (iii) TIO2/HTX -15/Ag-15 (peaks correspond to the JCPDS files 21276, 64
0863, and 040783 for rutile, anatase and silve:3C, respectively).

Figure 6-2. (A) Chemical structure of (i) HTX and (ii) its proposed binding mechanism to
TiO2 NP and Ag NP through bidentate chelabn. (B) EDS data confirming the
presence of Ag NP in TIQ/HTX-10/Ag-10 NP material system: (i) TEM images
showing the location of EDS spectra, (ii) EDS spectra of silver aggregates, and (iii)
EDS spectra of TiG NP decorated with subnanometer sized AYP. (C) EELS
microscopy mapping out the elemental distribution of an Agdecorated TiO2 NP
from the TiO2/HTX-10/Ag-10 NP material system: (i) TEM image of the of the
region that was mapped (area bounded by the green box in the bottom image, which
is magnified 10x in top image), and (ii) EELS data showing the distribution of
titanium, oxygen, silver and carbon.

Figure 6-3. Optical and photoelectrochemical characterization of photoelectrodes
fabricated from various TiO2/HTX/Ag NP suspensions. (A) Solid UWis
spectroscopy data. (B) Photoelectrochemical current density measurements: (i)
chronoamperometric curves of the photocurrent densities shown both with and
without optical excitation, and (ii) summary of photocurrents density measurements
showing the mean value obtained from three measurements, with the error bars
representing standard deviation. The photocurrent density measurements were
performed at O V potential vs. Ag/AgCI reference electrode using 0.1 M-ascorbic
acid and 0.1 M phosphate buffered saline (PBS) as the electrolyte solution. The
photoelectrodes were excited with a mounted UV LED (405 nm), and the average
photocurrent density of each sample was calculated by taking the running average
of the last 10 s of the light excitation period.

Figure 6-4. (A) Proposed band structure of TIQ/HTX-10/Ag-10 NP and TiG/HTX -
15/Ag15 NP. (B) Quantum confinement effect resulting in the formation of large
bandgaps as Ag NP size decreases. (C) IPCE of photoaledes fabricated from
various TiO2/HTX/Ag NP suspensions. (D) EIS of photoelectrodes fabricated from
various TiO2/HTX/Ag NP suspensions during UV (405 nm) photoexcitation, and (E)
Equivalent Randles cell circuit parameters fitted to the Nyquist plotsfom the EIS
data.

Figure 6-5. (A) lllustration of the working principle of the PEC miRNA assay: (i) legend of
photoelectrode materials, (ii) side profile of the TIQG/HTX -15/Ag-15 photoelectrode
used for the assay, and (iii) operational stages of the assay showing the sigyfal
detection scheme with probe deposition and target capture. (B)
Chronoamperometric curves from photocurrent density measurements
corresponding to the specificity/multipexing data above. (C) Demonstration of the
specificity and multiplexing of the PEC microRNA assay through photocurrent
density measurements at the bare, probe deposition and target capture stages.

Figure 6-6. Quantifying the limit-of-detection for the FEC microRNA assay. PEC signal
response curves at microRNA target concentration ranging from 100 fN 100 nM
in 20% urine: (A) chronoamperometric curves, and (B) mean fold change
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obtained from three measurements, where fold change is calculated as théioa
between T1 electrode probestage photocurrent (¥11) and T1 electrode targetstage
photocurrent (J1,11). Inset shows the calibration curves plotted as fold change as a
function of concentration in fM, which is fitted to curve, @r,t/Jp11) =-0.07l0g(C) +
1.05 R2=0.99

Figure 7-1. Overview of PECsense. (A) A block diagram representation of PECsense
consisting of the Arduino Nano 33 BLE development board, digitalo-analog
converter (DAC), reconstruction filter, core-potentiostat circuit composed of a
voltage follower (VF), control amplifier (CAmp), and transimpedance amplifier
(T1A), and analog-to-digital converter (ADC) with a built -in low-pass filter (LPF).
(B) Experimental setup including a photograph of the LED matrix circuit. (C) The
smartphone application process flow.

Figure 7-2. llluminated chronoamperometry experiments using PECsense. (A) Anodic
photocurrent generated by CATIO 2 photoelectrodes when bias voltages of 0.75 V
and 1.0 V were applied relative to an Ag/AgCl reference electrode. The inset
illustrates photocurrent generation via oxidation of water. (B) Cathodic
photocurrent generated by CATIO2 photoelectrodes at bias voltages 60.75 V and
-1.0 V relative to anAg/AgCl reference electrode. The inset illustrates photocurrent
generation via reduction of oxygen species.

Figure 7-3. Variable illumination experiments conducted using PECsense and a
commercial PEC workstation with an applied bias of OV relative to an Ag/AgClI
reference electrode. (A) PEC cycling test conducted using PECsense. (B) PEC
cycling test conducted using the Zahner CIMPSQE/IPCE PEC workstation. (C)
Long term exposure test onducted using PECsensénset shows the LED matrix
circuit intensity measurement by recording the voltage drop across a photocell. (D)
Long term exposure test using the Zahner CIMPSQE/IPCE PEC workstation.

Inset illustrates photocurrent generationvia the oxidation of ascorbic acid following
TiO 2 photoexcitation.

Figure 7-4. DNA biosensor operation and data collection using PECsense. (A) Unmodified
TiO2, CA-modified TiO2, probe DNA and target DNA. (B) DNA detection scheme.
Following hybridization with target DNA, photocurrent decreases due to steric
hinderance in the presence of ascorbic acid. (C) Photocurrent densities at
unmodified, after-probe and after-target stages of signatOFF DNA biosensor
operation when a OV bias was applied to the PEC cell relative to an Ag/AgCI
reference electrode. The aftetarget samples include: only norcomplementary
target in buffer (NC), non-complementary target & complementary target in buffer
(Target+NC), only human blood plasma (Plasma), complementary target in
human blood plasma (Target+Plasma), noitomplementary target in human blood
plasma (Plasma+NC), andoth non-complementary target & complementary target
in human blood plasma. (D) Summary of photocurrent signal decrease at each stage
of the signalOFF DNA biosensor operation.

Figure 4-S1.Spectrum of the photoexcitation sourcé®

Figure 5-S1. Nyquist plot of photoelectrode complex impedances fabricated from three
layers of TiOz-assemblies and one layer of Ti@nanoparticle on top of three layers

XiX
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of TiO2-assemblies: (i) dark condition, (ii) illuminated condition, (iii) equivalent
circuit, and (iv) impedance values.

Figure 5-S2. Optimization of the DNAzyme and ssDNA probe concentrations. (A) Detection
photoelectrode with ssSDNA capture probe using (A) 10 nM of Ti@nanopatrticle
labelled complementary ssDNA and 100 nM of unlabeled necomplimentary
DNAand (B) 100 nM of TiOz-nanoparticle labelled norcomplementary. (C)
Cleavage photoelectrode with photoactive DNAzyme deposition using (A)%10FU
mL ! of E. Coli CIM (positive control), and (D) 10° CFU mL™ of E. Cloacag(negative
control). The initial bar shows photocurrent density of bare TiGQ-assembly
photoelectrodes without any surface probe modification (grey). The middle set of
bar plots (green) show photocurrent density bthe TiO2-assembly photoelectrodes at
the pre-target stage with various probe concentrations on the surface. The last set of
bar plots (yellow) shows the photocurrent density after target interaction.

Figure 5-S3. Nyquist plot of TiO2-asembly photoelectrode complex impedances at various
stages of PEC DNAzyme assay operation: (i) cleavage electrode, (ii) detection
electrode, (iii) equivalent circuit, and (iv) impedance values. All EIS measurements
were done in illuminated condition.

Figure 5-S4. Calibration curves plotted as cleavage electrode fold change as a function of
target concentration, which are fitted to a sigmoidal curves by equation (iJ¢/Jr1)c
= 0.951 (0.66[Ccim]%3%(3.56x10)°-%6+ [Ccim]®-29); R2 = 0.99 for buffer and (ii)

(J1/Jp7)c = 0.891 (0.71[Ccim]?2¥(2.71x106)°34+ [Ccim]®3%; R2 = 0.99 for lake water.

Figure 5-S5.Evaluation of the longterm stability of the PEC DNAzyme assay through
photocurrent density measurements during areight-week period: (i) detection
electrode modified with ssDNA capture probes, and (ii) cleavage electrode modified
with photoactive DNAzymes.

Figure 6-S1. Pictures of TiQ nanoparticle suspensions: (i) unmodified TiQ NP, (ii)
TiO2/HTX NP, and (iii) Ti O2/HTX/Ag NP.

Figure 6-S2. Low magnification bright-field TEM micrographs TiO 2/HTX/Ag NP samples:
(i) TIO 2/HTX -5/Ag-5, (i) TiIO2/HTX -10/Ag-10 and (iii) TiO2/HTX -15/Ag-15.

Figure 6-S3. HAADF STEM micrographs TiO2/Ag NP samples which were synthesized
through the photoreduction process without the surface modification of Ti@NPs
with HTX.

Fige6s4. Optimization of the pHIXoBBr maher dahs!

through varying the amount of HTX. The <con
the percentage mass r aNPF,o wheetrvee e rh eHTc)o nacredh t
Ti MNP is all susplensions is 0.66 g L

Figure 6-S5. (A) Spectrum of the UV LED photoexcitation source and (B) Spectrum of the
white LED photoexcitation source.

Figu&te. 6Photocurrent density measurements of |
Ti OHTX/ Ag NP suspensions in UV (405 nm) an

Figure 7-S1.Spectrum of the QT-Brightek PLCC6 white LED.
Figure 7-S2.Relative Luminous Intensity of the QT-Brightek PLCC6 white LED as a
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function of Ambient Temperature.

Figure 7-S3. llluminated chronoamperometry experiments using PECsense (A) with a
faraday cage and (B) without a Faraday cage.

Figure 7-S4. llluminated chronoamperometry experiments with adjustable LED matrix
through variable PWM duty cycling using bare CA-TiO 2 photoelectrodes

Figure 7-S5. llluminated chronoamperometry experiments with different DNA target
hybridization on the photoelectrode measured using (A) PECsense and (B) the
Zahner CIMPS-QE/IPCE PEC workstation.
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Chapter 1

Introduction

Preface:

This first chapter serves as the introduction to the key ideatsyations,and objectives of this
thesis. Here we will provide technical background on poirtare biosensing and discuss the
projected market growth of this technology, in addition to the challdages) its development

and deployment in the field of healthcafee will review existing techniques for biosensing in

the different signal transduction methods commonly utilized. Then we will shift our focus to the
main subjecbf this thesig photoelectrochemical biosensing. Wil discuss the basiasd
photoelectrochemistry andstify its use as a signal transduction method in poirdare

biosensing by highlighting its advantages over more traditional methioadly, this chapter

will discuss the objectives of this thesis andline how the thesis is organized.
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1.1  Background

1.11 Point-of-care Biosensing Overview, Technical Challenges and Future Needs

The World Health Organization (WHO) estimates that-oommunicable diseases such a
cardiovasculadiseases, respiratory illnesses, cancer, and diabetes kill around 41 million people
each yeat/*®The prevalence of necommunicable diseases as a result of chronic health
conditions is expected to increase globally due to fastorhasaging populabns, rapid
unplanned urbanization, and globalization of unhealthy lifestyf€<? Globally, this has a
significant economic impact on both governments and households in increased burden on
healthcare resources and increases cost of treatfrfédtlt is interesting to note that while
chronic diseases remain the leading cause of mortality inihigtme countries, nen
communicable diseases (including respiratory infections, viatereillnesses, mosquitbourse
infections, and human immunodeficiency viauired immunodeficiency syndrome
(HIV/AIDS)) account for higher mortality in lovincome countrie$®?°In the last few decades,
detection otommunicable diseases resultingm viral or bacterial pathogerisas become a key
public safety priority for the prevention of outbreaks that represent a higioridisruption of
healthcare systems and disastrous secanomic impact$>2*Environmental pathogenic
contamination leadmto waterborne and foodborne diseases have become an important public
health problem, resulting in significant global radésnorbidity and mortality> 2’ This problem

is expected to be further exacerbated by climate chianoigeed trends such asneasing
temperatures, more frequent rainfall, rising sea level leading to increased dispersal and
proliferation of pathogens in the environmé#t’Rapid urbanization and destruction of natural
habitats are increasing the risk of zoonatamsmission of infectious diseagésn the last

decade, we have seen the emergefseveral deadly zoonotic diseases such as swine flu,
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Ebola, Zika, Middle East respiratory syndrome (MERS), coronavirus disease 20¥80(€19)

and Monkeypox®3133 Furthermore, the overuse of antibiotics is contributing to the emergence
of multidrug resistanpathogenswhich severely increases the difficulty of treatnférif:*The
WHO closely monitors and a publishes a list of epidepoitential diseases reging priority

research attention for this reasBni®-36

The global rise in neeommunicable and communicable diseases is best combatted through
preventative healthcafé3® Driven bythis mandatethere has beemgrowing interestowards
advancements in the field of biosensarglin the development of pokdf-care (PoC) readout
instruments’*%4Bjosensors are chemical sensing devices capable of detecting specific types of
biochemical parameters such as protein interaction, enagtivity, bioanalyte concentration,

DNA damage, or cell/tissue detection. The Abi
elements in the biosensors that recognize specific bioanalytes, whemBas e nsor 06 aspect
to a transducer which is respdis for converting the recognition event into a measurable
signal***?The advancements in the field of biosensing hold great promisevalutionizing

healthcare through early diagnosisseaserevention and patiesel-management’*%43n

order to deliver on this promise, we have to transition away from our standard for disease
diagnostics, which involviaboratorybased testing where samples are sent to a centralized

location for analysis and shift towards P@Sting®® The practice of PoC testing involves

performing diagnostic or prognostic tests near a patient with the promise of rapid results. PoC
capable devices aim to provide rapid diagnostic information outside of a typical laboratory

setting and proveo be substantially more affordable and faster than gold standard
techniques®4*Currently, there is a great deal of research taking place on PoC biosensors in the

area of medical diagnostié$**#“The major advantages of PoC biosensors over conventional
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diagnostic methods include: fast samfaeesult times, increased capadity preventative
healthcare, being able to rapidly control outbreaks, reduced cost of testing, and being able to

provide remote and losmcome communities with high quality health management

capabilities3®:40:43.44

Due to rapid advances in the fieldRdCbiosensing and thglobalshift towards ptientcentric
medicalcare®’ proper guidelines for PoC biosensing must be established. The WHO has
established one such guideline known as ASSURED, which standiffdodable,Sensitive,
Specific, Usekfriendly, Rapid and robusEquipmentfree, andDeliverable to endisers’®>*®The
challenge inherent in developing biosensors that theetriteria is that it is difficulto achieve
laboratoryquality test results, while also delivering a devidgth a simple miniaturized design
(i.e. in terms of chemical reactions needed for biorecognition and data processirgghdhat

operationally complethus requiringninimal training?*+48
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Figure 1-1. A) Projected Market share for PoC diagnostic biosensors by the yearT2@30.

market size expected to surpass US$ 49.6 billion and have an expanding growth at a CAGR of
7.7 %.Data collected from various reports of market reseffdB) Technical cha#nges

associated with the design of PoC Biosensing.
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In spite of a growing market size and clinical inte(€ggure 1-1A), there is a very small
selection of PoC biosensors availabtethe market. These includelectrochemicabased

systems such as blood glucose monitors, and blood gas an4fmeaigime PCR systems for
pathogerbased gene detectofsand colorimetrybased systems for pregnancy tests, cancer
tests, and COVIEL9 testSY >3 The desigreriteria of PoC biosensors that require them to be low
cost, portable, stable, highly sensitive, and highly specific are difficult to implement and are
major obstacles that slow their transition from research labs into the hands of g&atgmes 1-
1B).>* Keeping costs low is a challenging endeasiacebiosensors require a variety of different
materials, reagents and mechanical parts that need to be integrated into a singké klievige.
biosensors are designed as sifgge devices which addstteeir cost* The bioreagents
commonly used in biosensors are unstable if there are large temperature fluctuations and often
need refrigerationThese elements vary depending on the type of biosensahemndost of
manufacturing further drives upeltost. The fabrication process for the biosensorshaaid
components alsneedgo be suitable for batch processing. Paper or ptastsed devices are

commonly used in lieu of PoC biosensors due to their suitability for batch proc&sSing.

The useifree, equipmenfree, anddeliverable to endisers criteria of the ASSURED guideline
require that PoC biosensaredesigned in a way such that all the stages in their operation from
sample collection to data processing need to be seamlesgisatete and automated. Ideally
minimal training and intervention is required on the part of theuseds. Therefore, PoC
biosensors need to have an accessible process workflow that simplifies tasks like sample
collection sample processinand diagnostic\aluation.>**’ For example, sample purification
stages like plasma separation usually require the use of centrifuges and pipettes, equipment

normally unavailable outside of laboratortés®Microfluidics andlateral flowbased designs
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aim toaddress some of these challentje§However best scenarios would involve designs that
can achieve high performance with simple assaysfe#tierstages. Other challenges in this
category also include safe disposal of biohazardous samMi¥&sirthermore, it is desirable for
biosensors to be portable, which allow these devices to be properly usable -of jpaird

settings, especially in remote areas where medical testing is hard to access. Here, research is
focused on portable signedaders whictaddress the data acquisition and processing aspects of

biosensor§Y 63

In order to be clinically useful, PoC biosensors must achieve high sensitivity. Different diseases
havedifferent biomarker concentration thresholds for detection and diagnastetearly

detection and preventative healthcare is highly reliant on PoC biosensors hiawinigat -of-
detection (LOD)Y1¢4%5Generally, when LOD for existing technology is improved, it opens up
opportunities for new insight into disease prevention and progré$satditionally, special
attention must be directed towartie minimum sample volunsrequired to achieve good
sensitivity in biosensors, as it directly impacts their portability, e#sese and cost. But too low

of a volume is also likely to introduce large errors in the quantification of biom&!érs.
Designing biosensors requires careful balancing of seitgitsample volume and

reproducibility®® Automated sample processing techniques such as using absorption pads and
microfluidics can be used to solve tigsue buintroduce a higher probability of sample

contaminatiorf®©°

Achieving high specifity is a major concern for biosensors. It is crucial that deployed
biosensors only generate signal in response to the specific target bionfzeleseredesigned
to look for. This can be particularly difficult as practical applications of these devipgsere

them to analyze complex biological matriseghasurine, saliva or bloodSelectivity of a
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biosensor is defined as the degree to which a bioara@lytéerest can be detected without
interference from other biomolecules present in the clinical sample being an&lgrespecific
adsorption due to bifouling of proteins issmajor challenge in all biological sampl€s’t
Various surface modificatn techniques are employed to reduce the effect ofspenific

absorptiorto maintain higrspecificity andavoid false positive or false negative outcorffes.

It is also important that the bioreceptors and reagents used in biosensors are thermally and
chemically stable with a long shdife. Many bioreceptors (e.g. antibodies, DNA or enzymes)
and many reagents (e.g:ascorbic acid) are unstable in room temperature or in solution form.
This can lead to inaccurate testing amelproducibility at the useend, therefore care must be
taken when selecting the chemical and biomolecular components for a biGaGsagntly, to
circumvent these issues, commercial devices ship these components in sealed foil pouches,
destcated bamber or temperatwantrolled containers. These measures also further add to the
cost of biosensor¥:**Moreover, since biosensors deal with very small concentrations of
biomolecules and reagents, reaction kinetics play a major role in signaltgen&r&and

therefore conditions must also be controlled during the operation of biosensors.

112 Biorecognition and Signal Transduction in Biosensing

Biosensors can generally be separated into two distinct componerigrgmognition element

and the transducetement Figure 1-2). The biorecognition element are biomolecules which
interact with a specific target analyte by immobilizing it, going through conformational changes
or catalyzing a chemical reactiéh?2®%%“Examples of biorecognition elements include nucleic
acids, antibodies, enzymes, or cells. It is important to choose biorecognition elements with a high

degree of specificity so that they only interact with the target analyte of interes, thereby



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

minimizing false positive reult§-*2®The transducer element is responsible for converting the
biorecognition event into a measurable signal. The signals produced by the transducer element
can be either thresheltased or proportional to the target analytee output signal from the
transducer usually requires some additional processing (e.g. filtering, amplification -@mralog
digital conversion) for quantitative analysis*>%°The choice of biorecognition elements is

largely dependent on the analyte to be detected. The choice of transducer element is not subject
to such constraints, and by exploring different options, designers of biosensors have great
flexibility to optimize various requirements of biosensors such as cost, reliability, sensitivity,
dynamic range detection threshold, and kofitletection’® It is crucial to recognize the

advantages and disadvantages of different biosensor transduction techniques, wkelepahgp

in mind that these techniques are undergoing constant optimization and innovations to overcome
their limits. Commonly used transduction methods are colorimetric, optical, thermal,

piezoelectric, magnetic, electrochemical and photoelectrochemte@l) @chniques.

Electroactive
Interaction species

with a
biological Optical signal
sensitive
element

Electrochemical

_ Electronic
Optical Electrical processing
signal and display

Piezoelectrical

Mass change

Figure 1-2. Scheme of the basic integrated units that conform a biosétsmroduced with

permissiorf. Copyright 2012)ntechOpen.

Colorimetric biosensors rely on color changes to indicate target detection. Most designs aim for
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these color changes to be detectable to by the naked eye, eliminating the need for costly
instrumentatiori” "®Most designs that make use of colorimetramsduction tend to be paper

based lateral flow assays, which excel as threshased indicator type tests’’-’8The

biorecognition elements are generally crlisked within porous polymer or paper membranes.
These types of devices make excellent Be@ces as they are legost, simple to operate and
require minimal instrumentation. However, colorimetric biosensors have poor sensitivity and are
unsuitable for quantitative analysis making them unsuitable for disease monitoring and accurate

prognosis.”®

Optical signal transduction can be viewed as a more active form of colorimetry, where photons
are emitted from dyes or other photoactive materials in response to target biomolecule
interaction®®*Usually in the optical transduction scheme réamgnition elements are modified

or labelled with various photoactive materials that endow them with special optical
characteristics such as fluorescence, phosphorescence, chemiluminescence, and change in
absorbance or reflectant®8? Target analytenteraction brings about chemical or

conformational changes that activate these new optical properties, which can detected. Unlike
colorimetry, optical transduction requires the use of complex instrumentation to p&Hdrm.
While optical transduction isignificantly more sensitive than colorimetry, it also hard to achieve
testing that is both inexpensive and miniaturized. Additionally, degradation of modified
biorecognition elements due to photobleaching is a major obstacle to achieving stable and

reliable device$08?

Thermal transduction relies on measuring changes in temperature to detect the presence of target
bioanalyte$384A typical thermal biosensing device uses enzymes as its biorecognition element,

which can catalyze either an exothermican endothermic biochemical reaction to produce the
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temperature chand@8 Thermal biosensors can operate fiovasively and are very well suited
for continuous monitoring. However, these devices demonstrate poor specificity, due to non
specific exérnal heating/cooling effects. Interfering reactions can cause enthalpy changes in the

system and affect the temperature measurerfigffts.

Magnetic signal transduction involves the use of magnetic NPs, which are usually conjugated
with the biorecognitio elements to create magnetic probes. Typically, in these setups, the
magnetic probes possess a high binding affinity towards the target biomolecules so as to
immobilize them onto the magnetic NP. The magnetic NPs can be manipulated with the help of
exterral magnetic fields and microfluidics to set up the detection scHéfi&ince most

biological samples are not magnetic, this type of biosensor suffers only limited effects from
background noise, making it superior to most optical bioserf86fé Ithough magnetic

biosensors can be easy to operate, they require additional instruments for magnetic field

manipulation which limit their portability and make them expensive for a PoC d&ite.

Piezoelectric signal transduction makes use of piezivelecystals which change their electrical
oscillation frequency based on mass loady.The typical setup involves quartz crystal
microbalances coated with a gold electrode, which is used to due to its proven reliability and
availability 88 This transduction mechanism does not depend on any additional reagents or
labels as it is primarily a mass chasggsed biosensd’ 8 Piezoelectric biosensors are
generally inexpensive, simpéand able to provide fast responses. However, the piezoelectric
crystals used can be very unstable to external conditions such as temperature changes or

humidity, making them unsuited losigrm stability 3”59

Electrochemical transduction converts bargnition into a measurable electrical signal by
having the target analyte participate in or eaffect the rate of an electrochemical redox reaction.

10
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Various electrochemical techniques such as amperometry, potentiometry or electrochemical
impedance spectraspy can be used for quantitative analysis for target bioandRgg.The

most commonly used electrochemiPalC biosensas the glucometer, which utilizes screen
printed electrodes modified with enzyme biorecognition elements as a test stripaokaia
sized potentiostat as the signal readémother commercially available PoC biosensor that
utilizes electrochemical transduction is the iISTAT blood analyzer, which was designed to
analyze various biomarkers in blood. Electrochemical transaulciie many advantages such as
low-cost, high sensitivity, high specificity, easy miniaturization and being able to work with
small sample volume¥.This transduction mechanism usually requires bias voltage, which
produces a high background signal angsthmiting the performance of electrochemical

biosensorg?90.%4

PEC signal transduction is very similar to electrochemical signal transduction, relying on
electrochemical redox reactions to convert biorecognition into electrical signals. However, the
key difference between the two methods is that the source of bias for PEC is external light
illumination rather than applied volta§&®® °” This effectively decouples the input signal and
output signal of the PEC system, resulting in significantly fdveekground sign&f**PEC

signal transduction has all the benefits of electrochemistry while minimizing its greatest
disadvantage. Furthermore, PEC transduction can typically generate significantly higher signals
than electrochemical transductionukg in biosensors that can be much more operationally
simple while achieving the same level of performance as their electrochemical
counterpart§+9498Although no PEC biosensor has been commercialized yet, this transduction

method holds great prose to meet the demands of the new PoC diagnostics paradigm.

11
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1.1.3 Basics of Photoelectrochemistry

Photoelectrochemical (PEC) cells are a subtype of solar cells based on semicegidatitayte
interfaces. The basic thredectrode PEC cetlonsists of a working electrode (WE), a reference
electrode (RE), and a counter electrode (Eure 1-3A).>%%A common choice of reference
electrode for PEC biosensing applications is Ag/AgCl which has an electrochemical potential of
0.197 Vvs.normal hydrogen electrode (NHE)!®The voltage in the PEC cell is measured with
respect to the RE, and the curreanthe PEC cell is measured with respect to the TIg.final
element of the PEC cell is the photoexcitation source, which is often an external light source.
Depending o the application, the light source can consist of a wide range of frequencies (e.g.

Xenon arc lamps for simulating solar spectra) or single frequencies (e.g. 18%&ts).

12
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Figure 1-3. A) Setup of the standard threkectrode PEC celB) Generation of anodic and
cathodic photocurrent through electroole pair charge separation after photoexcitat@)n.
Example of thdormation of space charge region in the semiconductor/electrolyte interface
shows using an-type semiconductor and D/Dedox couple.

The WE ardabricatedfrom photoactive semiconductor mater{§) which generate electren
hole pairs when then absorb photons with energiggh{gher than its bandgap enerdis)

After photo absorptiorSwill transition to an excited stat&,. In order to return to a more stable
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energy state, electrosimle pair recombination usually follows. However, the
semiconductor/electrolyte interface proves a pathway for separation of the charge carriers before
the recombination procesBi@ure 1-3B). The electrolyte species consists of either electron

donor specied)) or acceptor specied). The electron donor neutralizes the hole at the VB, and

is oxidized fromD to D, resulting in the generation of an anodic photocurrent. Alternatively, an
electron acceptor neutralizes the electron from the CB, and is reduced fooin, resulting in a
cathodic photocurrent. Through this process, PEC cells convert light energy into chemical energy

and the light source here acts as an electron geif{pg®

Y QoY
YooY B
Y 00°Y ©

The reaction betwee® andA or S andD" is usually spontaneous, and therefore to utilize the
converted chemical energy from PEC cells, these electrolyte species rsaphbated first. The
semiconductor/electrolyte interface provides a mechanism for this separation through its intrinsic
electic field (Figure 1-3C). °>191Semiconductors usually have a narrow bandgaptheir CBs

are nearly vacant while the VB is mostly full. The immersion of a bulk piece of semiconductor
results in the formation of a solid/liquid junction. In equilibrium and without any external
excitation, the electrochemical potentigé)(of thesemiconductor and the electrolyte must attain
equilibrium1°21t should be noted that the of a semiconductor is equal to its Fermi leve).(E

The Fermi level is typically expressed with respect to vacuum energy level in contrast to
electrochemical potentials which are expressed with respect to NHE. Tiehe NHE is equal

to -4.5+0.1 e\A02

14
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Let us consider a junction betweenratype semiconductor and an electrolyte solution
containing donor species, a common scenario for PEC bioséA$¥§Charge transfer occurs

at this interface due to thfference inelectrochemical potential between the semiconductor and
the electriyte. In a scenario like this, thewill be lower than the semiconductor Fermi level,
and electrons wilflow from the semiconductor to the electrolyte until Fermi level equilibrium is
achieved. This results in upward band bending at this intevdmeh) creates a charge depletion
layer. The depletion layer has a buriitelectric field that points from the semicomtr to the
electrolyte!®?This electric fieldcanact as a charge separator when eleetrale pairs are formed
after absorption of photonghe direction of the electric friend forces electrons to flow away

from the electrolyte while the holes move tods the electrolytt?

1.14 Materials used in PEC Biosensors

In PEC biosensors, a wide variety of different photoactive materials serve as the buildiisg block
for thar transducer elemestThe photoactive materials can serve as the ias®electrode

material or as signaling labels/report&&!Biorecognition elements of PEC biosensors are
usually immobilized onto the photoelectrode or conjugated with these signaling labels/reporters.
Photoactive materials used in PEC biosensing lmeisarefully chosen based on their electronic
and optical propertiesuch asncident photorto-currentconversion efficiency (IPCE), optical
absorption spectra, charge carrier mobility, band edge levels, and resporfdé4ithe

electronic and optical properties of the chosen material must make it suitable for generating
charge carriers with sufficient eneripvels(indicated by the band structure of the material) to
drive desired electrochemical redox reactit§:°:1%4n order todesignPEC biosensors with

high sensitivity, high dynamic range and low LOD, i@toactive material used to fabricate the

biosensor must be able to generate high photocurrent and photovoltage signal. This is

15
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accomplished by maximizing tHECE and hawmg a wide optional absorption band for the
photoactive materiat*°%°’"Having a higrsurfaceareato-volume ratio is critical to achieving
high performance in biosensors, and therefore materials used in biosemsading PEC
biosensorstend to be nanoscale materig$®Fine tuning the size and shape of nanoscale
photoactive materials also important for enhancing the PEC performance of the biosensor as
structuretenabilityon the nanoscale changes the bstndictureof materialsResistance
nanoscal¢o photodegradatiois also important as it allows PEC biosensors to be stable and
effective for a longer period of timé€% 198 _astly, it is critical that photoactive materials be
easily biofunctionalizablen order to interface with the biorecognition elements preisen
biosensorsUsually this requires being able to react and bind to various terminal functional
groups found in biomolecules such as thiol, carboxyl, amine, hydroxyl and aldehyde§foups.
11 There are treemajorclasses of photoactiveaterialsthat are used in PEC biosensors:
inorganic semiconductors, organic semiconductors and hybrid semicondiib&ss.are

discussed below.

Inorganic semiconductoese maddrom oxides or chalcogenides of sokthate structures of

group lll, 1V, and Velemerts, and exclude carbonaceous materigigiire 1-4). Generally, in
transducers made from this type of materials, absorption of photons with energies higher than the
bandgap energy leads to excitation of electron from the VB to th&&B-dere photoexitation

leads to electrohole pair generation, which facilitatelectrochemical redox reactions to

generate a photocurrent in the context of PEC biosensors (see section 1.3). Mobile charge
carriers in the semiconductor traverse the bulk of the electrode while the minority charge carriers
take part in the redox reaatie at the semiconductor/electrolyte interface. Therefetga

semiconductors produce anodic photocurrent atygp@ semiconductors produce cathodic

16
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photocurrent®®’ Inorganic semiconductors generally exhibit higher stability under mechanical,
electical and chemical stress compared to other matétfat§8 There exists a variety abst
effectivesynthesis methods for precision fabricatiomahoscalénorganicsemiconductors such

as hydrothermal syntheseglvothermal synthesishemical vapodepositionJithography, and
sokgel process, to name a fél:!*4Inorganic semiconductors usually require lower bias
voltages due to their higher charge mobility and chaegeerseparation efficiencgndexhibit

faster response tirmie the generabn of charge carriers upon excitatitd*While being very
popular for use in PEC biosensing, inorganic semiconductors have two major drawbacks. Their
excellent physical and chemical stability make it very difficult to implement biofunctionalization
which it difficult to properly integrate biorecognition elements. Additionally, their high
photoexcitation signal is heavily impacted by rspecific absorption of biomolecules. To
counteract thesdisadvantagegsesearchers focus on integratingrganicsemiconductorgto

hybrid semiconductor structures, whéne presence of other materials can provide easier

biofunctionalizatiorandimproved antifouling propertie$4 7098
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Figure 1-4. Band edge positions with respect to vacuum level and NHE for various photoactive
semiconductors used for constructing photoelectrodes for PEC biosensors A) oxides, phosphates
and carbides. B) quantum doReproduced witlpermissior?. Copyright2015, Royal Society of
Chemistry.

Organic semiconductoese made up materials whose building blocks compriseshwmded
molecules made from carbon and hydroffef® Theeinclude materials such as dyes, carbon
nanomaterials (e.g. graphene quantum dots, carbon nagptodeeriorhodopsingorphyrins
and semiconducting polymers (e.g. poly(thiophene), phthalocyatieaylenevinylene
polymer dots):*8 118 The biggest dvantages offered by organic semiconductors are their
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mechanical pliability and their amenabilitylow-temperature solutichased processing, which
allow for inexpensive fabrication of thin films on small, irregularly shaped or flexible
substrate§*11%11° This opens up interesting avenues for designs of PEC biosensors by taking
advantag®f special geometries, surface microstructuring or microfluidics to create portable,
low-costminiaturizedbiosensors that do not sacrifice performahdé®12'The organic chemical
structure of these materials mean that they camequipped with useful functional grogjghat
make biofunctionalization eady*'1122Despite these advantages, organic semicondutawes
low quantum efficiencymaking photoexcitation signal generation lower than that of inorganic
semiconductors. Unlike ionic or covalent bonds saenorganic semiconductors, weslan der
Waals interations are more prevalent in organic semiconductors making them less
conductivet'®123124ror these reasonpsrganic semiconductors are usually coupled with other

photoactive materials in order to fabricate effective photoelectfogi&s:124

Hybrid semiconductorstructures are formed in three different ways: (i) coupling two inorganic
semiconductors with different bandgdps!?8(ii) complexing an inorganic semiconductor with

an organic semiconductdy>*?2or (jii) combining plasmonic met&Ps with organic/inorganic
semiconductor§?”*?8Coupling two or more different inorganic semiconductors csaate

sensitization through the formation of a nmugitate band structurevhere the effective bandgap

of the composite material is lowdttan each of the components individually. As a result, the
absorption spectra and the IPCE of the hybrid structure is improved, whrefasesheir
photoexcitation signal generatiof?®13°Complexing inorganic semiconductors with organic
semicondudairs such as ges and photoactive polymers a strategy that combine the best traits

of both these material classes. The organic semiconductor improves charge transfer and reduces

electron work function tenhancegenerated photocurrent. This strategy is particularly useful
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for improving the optal absorption spectra and IPCE of wide bandgap inorganic
semiconductor€1??The presence of inorganic molecules also endows the inorganic
semiconductor material witlhe useof functional groups for biofunctionalizati¢f!?2Coupling
inorganicor organic semiconductors with plasmonic metal NPs such as gold, silver or platinum

is an increasingly favoured strategy in PEC biosen$ih¢feThis type of hybrid structure results

in a Schottky barrier which captures excited electrons generated by the localized surface plasmon
resonance (LSPR) effect in the metal IS$imnilar to the previous two strategies, this also results

in improved signal gnerationwhich is important for enhancing tiperformance of biosensors

127,128

1.2 Motivations

The increasing demand for caxffective and reliable biosensors has led to the development of
nanomateriakbased PEC biosensor¥.*TiO, nanomaterials have been identified as a
promising material for use in such biosensors due to their uniquenbgidsting properties

useful for driving electrochemical redox reactions involved in biomolecular detéttith32
However, the efficiency of Ti©nanomaterials for photoelectrochemical biosensors is still
limited. This research aims to develop a new generation of PEC biosensors based on TiO
nanomaterials coupled with various other materials improve its base phatgaoperties. This
research is motivated by the need for reliable;émst, and highly sensitive biosensors that can
detect specific biological molecules in réimhe. Therefore, this research will focus on the
characterization of hybrid semiconducttustures made from Ti£hanomaterials, the
optimization of photoenhancement strategies, and the evaluation of the performance of
photoelectrode signal transducers made from modified M&@omaterials for PEC biosensing.
This research will provide valuablnsights into photoenhancement engineering, hanostructure
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engineering, photoelectrode fabrication, bioassay design, which will be beneficial for the

development of more cosffective and reliable PEC biosensors. The outcome of this research

will provide a valuable contribution to the fields of biosensor development, nanotechnology and

solid state engineering, to enable the development of more sensitive, efficient, agffiectise

biosensors for various applications.

13 Research Objectives

The main gal of this research it® develop lowcost easyto-use andiltrasensitive PEC
biosensorshat is PoC capahl&@his was done by utilizing various photocurrent signal
enhancement strategies on Tr@nomaterial whiclwvereused tdfabricate the photoelectrode
signal transducer and designing portable sigeatlers. In order to achieve this objective, the

following specific goals were defined:
l. Exploring ideal TiQ-based photoactive nanomaterids sensitive PEC biosensing

To build a PEC biosensor with high sensitivity, high dynamic raaglow LOD,its transducer
element (i.e. photoactive working electrode) must have high photocurrent signal
generatiorf*9:133134n addition to this, the transducer must also be higldfubctionalizable in
order to implement various bioassdy%'*>TiO, nanomaterials have been extensively studied
for its use as a metal oxide photoelectrode material in PEC biosengimg to its high
photocatalytic efficiency, tunable morphology addalconduction band (CB) & valance band
(VB) levels for photoelectrochemistiy? Despite this unmodified Tighas poor visible light
absorption, high photogenerated charge carrier recombination rate that limit its photocurrent
generation efficienc§1%’in addition to being hard to functionaliZ®€**80ur goal in this work

was to build upon existing remeh into TiQ nanomateriabased photoelectrodes to make more
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effective PEC biosensor§o accomplistthis, we synthesized various novel morphologies of
TiO2 nanomaterials and combined them with other materials such as catecholate ligands,
functional nucleic acids, other metal oxide semiconductors with differing bandgaps and
plasmonic nanoparticles to make composite;Ti@aterial systems. These novel matesistems
provided signal enhancement to ti@hd also ezatedmany avenues for easier

biofunctionalization.

Il. Designing and implementing bioassays with PEC signal transduction for a wide

variety of bioanalytes

In order prove the robustneassd suitabilityof photoelectrochemistry as a signal transduction
mechanism for biosensing, it had to be applied in a wide variety of different bioassays to detect
different types of bioanalyteBiomarkers are specific bioanalytes that are monitored as
substitutions fopredicting a clinically relevant outcome that difficult to obsefiugere exists a

wide variety of biomarkerthat are used by physicians do diagnose screening, diagnosis
characterization, prognostic indicati@md for observing drug reactioh¥.1**We designed

various bioassays using our composite slidaterial systems for detecting various biomarkers

such as nucleic acids, proteins and bacteria cells.

[l Adding PoCcapabilty to PEC biosensolsy designing bioassays that have fast
sampleto-result time, while being operationally simple and also by designing

portable signalreaders

While the interest in the research of PEC biosensorsaitine high 3%4%44these devices have
seen little to no commercial breakthrodghis canparticularly beattributedto the facthat

PEC biosensors require the use of bulky benchtop potensiasthbptical fixtures to provide
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photoexcitationwhich runs counter to PoC biosensfid?In order to challenge this status quo,
we worked on designinglendheldsmartphoneperated potentiostat for PEC biosensing with
its own builtin LED photoexcitation sourcé&dditionally, keeping PoC applications in mind, we
designed our bioassays to be operationally simple ssigfedevices that deliver rapid sample
to-result time. Latly, we also explored multiplexing with PEC biosensors in order to further

deliver on Po&apable PEC biosensors.

14 Thesis Overview

The remainder of this thesis is organized as follows:

Chapter Zprovides the literature review for catecholate surface functionalization of metal oxide
and its photocurrent signal enhancement mechanism, which is foundational basis for all our

composite TiQ material systems.

Chapter 3discusses the PEC characterizatid various catecholate ligand modification of TiO
nanoparticlegNP) and presents the design for a simple sigitlPEC biosensor based

caffeic acid modified TIQNP for detecting DNA irblood plasmaamplesThe catecholate
TiO2is thefoundational materiadystemthat all subsequent material systems and bioassays

presented in thesis are basedabff

Chapter 4explores the synthesis of cdenentional TiQ nanostructure morphologies usiag

novel acidhydrothermal synthesis method, wleatecholate ligands were addedrirsitu

during the synthesis process to tune nanostructure morphology. This method formed TiO
nanorod clusters, which were used to fabricate nanoporous photoelectrodes with high surface
area which resulted in high probmmolecule immobilization efficiency. The catecholate ligand

modification on the Ti@nanostructures resulted in significant photocurrent enhancement
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allowed biofunctionalization through Schiffase reactions, making it highly suitable for PEC
biosensingA signaloff PEC biosensor for the detection oféLprotein (an imflammatory

cytokine)in human blood plasmaas developed using this material system.

Chapter 5details thedevelopment of a photoelectrochemical bacterial assay that uses RNA
cleaving DNAzymes to modulate photocurrbgtbreaking and then rebuilding of TiO
nanomateriabased heterostructures as a signaling mechaifisimassay uses the previous 710
rutile nanorod cluster developed in the previous chapter and combines it with newly created
ultrasmall (26 nm) TiQx NP to achieve semiconductor heterostructure thsigisificantlymore
photoactive than the base materials by themselves. The anatasé¢Pw@relinked to the

DNAzyme to create photoactive barcodBise DNAzymes react to specific bactergpecies

causing release of photoactive barcodes from one photoelectrode (where signal decreased) and
subsequent capture on a second photoelectrode (sijead increased) he assayvas able to

detectE. Colicontamination ohativewater samples with a high degree of specificity and a low

limit-of-detection

Chapter6 describes the development of eyssisted synthesis of Ag NP decorated>TND.

The synthesis technique invoty@hotoreduction of Ag NP on the surface of haematoxylin
(HTX, a dye containing catecholate functional groups) modified ByCtaking advantagef
dyesensitized photocurrent enhancement. Ti@&/HTX/Ag NP shows significantly enhanced
photocurrent due to localized surface plasmon resonance effect and allowed for easy
biofunctionalization through thiehetal binding. This material system was usefuild a

multiplexedsignaloff PEC biosensor for detecting microRNA in human blood plasma.

Chapter 7describes the design and validatiortted PECsense, portable smartphoraperated
potentiostatvith built-in LED matrix as photoexcitation for PEC biosensing. The
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microelectronic embedded systems design is discussed along with the device specifications. The
performance of the device is characterized thoumke analysis tests, performing PEC
chroroampermetery at different bias voltages and stability tests involving rapid photoexcitation
cycling and longterm exposure tests. Lastly, the PECsense wastosietdnonstrate PoC

biosensing by repeating the sigidl DNA bioassay described in chapter 2.

Chapter 8discusses the conclusions of this research and contributions made in the field of PEC
biosensing. This section providesammaryof the key findings on this theses and potential

future work.
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Chapter 2

Background on surfacefunctionalization of metal oxides with

catecholate ligands

Preface:

In chapter 1, we discussed the challenges associated with PEC biosensing. In particular, we
highlighted the need to develop photoactive material systems both highly biofunctionalizhble an
have high baseline photocurrent generation. This chapter contains a literature survey on the use
of catecholates ligands for surface modification metal oxide semiconductors for photoabsorbtion
amplification and colloidal stability enhancement stratedibs. mechanisms for the surface
adsorption of catecholates and how this leads to photoabsobtion enhancement are discussed in
detail. Finally, we review recent advances and emerging trends for the use catenbdifitsl

metal oxides in various applicat®of photocatalysis, PEC biosensing and solar cell technology.

Authors: Sadman Sakib, Fatemeh Bahkshandeh, Sudip Saha, Leyla Soleymani and Igor

Zhitomirsky (Equal contribution with Fatemeh Bahkshandeh)

Publication: Published in Solar RRL in September 2021
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2.1 Abstract

Metal oxide nanostructures are increasingly important materials for various emerging
photocatalytic, photovoltaic and photoelectrochemical (PEC) applications. They are commonly
used as photoelectte materials due to their unique functional properties such as wide bandgap,
reactive electronic transitions, and high stability. To increase the effectiveness of semiconductor
metal oxides photoelectrodes, researchers seek to use various photoabsogiimaton and
colloidal stability enhancement strategies. An effective method for achieving this is the surface
functionalization of metal oxide semiconductors with catetyyo¢ ligands. Catechaype

ligands are a family of organic molecules that alds@ry strongly onto metal oxides by forming
complexes with metal atoms through adjacent pherOlit groups. Once adsorbed, cateehol

type ligands facilitate improved particle dispersion by inhibiting agglomeration and enhance
photoexcitation in metal ose semiconductors by improving visible light absorption. Herein, the
surface complexation of catecktgpe ligand onto metal oxide semiconductor surfaces and their
photoabsorption enhancement mechanisms is described. In addition, recent advances and trends
in this area are described by presenting recent advancements made in applications of catechol

modified metal oxide systems in photocatalysis, PEC biosensing, and solar cells.

2.2 Introduction

In recent years, researchers have dedicated significantiaffiothe study of transition metal

oxide semiconductors and their applications. The electrostatic interaction between the metal and
oxygen ions within the metal oxide crystal gives rise to strong chemical, electrochemical, and
photoelectrochemical (PEChability in electrolytes, which is critically important for achieving

good performance in various applications such as PEC biosensors, photovoltaic devices, and

water splitting?*1414314The band structure of transition metal oxides is composed of overlapping
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2p orbitals from oxygen anions forming the low energy and highly populated valence band (VB),
whereas overlapping d orbitals of the metal cations form the high energy and sparskltedop
conduction band (CBY™ 4’ This results in unique attributes such as wide bandg&ps,

reactive electronic transitiort$3*>°high electron mobility, and low work functidf**>2These
properties make metal oxide semiconductors falvier materials for a wide range of applications
such as heterogeneous catalysis, photocatalytic water splitting, photovoltaics, optoelectronics,

and PEC biosensing?

The rapid development of nanotechnology and the resultant advancements in théssyhthes
functionally tunable nanomaterials have greatly motivated researchers to incorporate metal
oxides into emerging photocatalytic, photovoltaic, and PEC sensing d&Aé¢&Despite

showing high chemical stability, the use of transition metal exisiéimited by their wide

bandgap that reduces their light absorption in the visible range. Therefore, it is important to
enhance the range of the photoabsorption spectrum in these materials. Among different types of
transition metal oxides, T&zand ZnOhave been extensively studied as photoelectrode materials
due to their corrosion resistance, relative abundance, physical/chemical stability, and nontoxicity
compared with other transition metal oxide semiconductdfé:**'Moreover, WQ, SnQ,

Al,0s, FeOs, and BiOIQ are seeing considerable interest in PEC applicatfbii§1>° To

increase the effectiveness of semiconductor metal oxides photoelectrodes, researchers seek to use
various photoabsorption amplification strategies including the auypli metal oxides with
plasmonic nanostructuré®€ bimetallic NPs:®° graphené®! and quantum dots (QD&Y as well

as dye sensitizatidrf to create heterojunctions.

Despite the impressive advancements in the development of photoabsargiidication

strategies, there is a need for simple and versatile method for achieving photoabsorption

28



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

amplification that can also improve particle dispersion. While the techniques described earlier
can be very effective, their implementation often inveleemplex multistep procedurts 1%
Moreover, these techniques do not help to prevent particle agglomeration which creates
photoelectrodes with poor film morphology that limit their usefulA&s¥816Functionalization
transition metal oxides ith small organic ligands have also proven to be highly effective, while
being significantly easier to implemeht® 1’9 One of the simplest and most effective
photoabsorption strategies is the surface functionalization of metal oxide semiconduttors wi
catecholtype ligands. Molecules from the catechol organic ligand family adsorb exceptionally
well onto metal oxides due to their strong capability to complex with metal atoms by plienolic
OH groups, and present opportunities for esieppreparation of metal oxide particles with
enhanced photoabsorpti®h’%1"'The strong adsorption of the catecholate molecules on metal
oxide particles facilitates particle dispersfotCatecholtype ligands create a charge transfer
(CT) complex thhelps enhance light absorption into the visible rediéh’3In addition,
catecholtype ligands are also commonly used as stable anchoring groups for binding
coabsorbing organic dyes on metal oxide surfaces and as a sensitizerdensiyieed sola

cells (DSSCs}’# These metal oxide/ligand/dye systems have larger absorption coefficients due
t o the i ni’r*antorl adid3kihabyycargchelype ligands can also be exploited as
a bifunctional linker for various metal oxid@sed PE biosensors, wherein they are used to
anchor peptides or nucleic acid§’’The use of metal oxide/catechol ligand systems have
allowed researchers to significantly improve the performance of various PEC and photocatalytic
devices. In the field of RE biosensing, adding cateckgpe ligands significantly improves

limits of detection of device®®1®With photovoltaics, DSSCs are often augmented via the

addition of catechetype ligands, which are commonly used as a molecular linker to anchor
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morecomplex dyes to metal oxides to improve photocurrent delsity18The improved
absorption of visible light of metal oxide/catechol ligand is leveraged into designing

photocatalysts with very high efficienéy?! 3181

The goal of this review i® explore the surface complexation mechanism of catégpel
ligand onto transition metal oxide semiconductor surfaces and their photoabsorption
enhancement mechanism. In addition, this review describes recent advancements made in
applications of catedkmodified metal oxide systems in applications of photocatalysis, PEC

biosensing, and solar cells.

2.3  Enhancement of Photoabsorption by Catechol

PEC signal generation involves generation of electiole pairs at thelectrode/electrolyte

interface upon optical excitatidf*®2The electrodes are usually prepared using semiconductor
materials of certain bandgap energies, which determines the energy of the excited electrons and
holes. Optically generated electitnole pairs are able to drive redox reactions that depends on

the energy of these charge carriers, which in turn dependB @md CB position of the

electrode material. In the electrolyte, the reduced species are known as electron donor, whereas
the oxidizedspecies are known as electron acceptor. If the relevant ion concentrations and the
standard redox potential of the redox species cause an overlap of unoccupied redox states with

occupied semiconductor states or vice versa, CT occur in the sitem.

Generally, ntype semiconductors produce anodic photocurrent, wherge semiconductors
yield cathodic photocurrefit:°® However, the direction of the photocurrent can also be
modulated by applied electrode potential as it controls the position Bétha level of
semiconductor relative to the electrochemical potential of the electtéiydader illumination

during opercircuit conditions, the photovoltage between the two electrodes is the same as the

30



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

difference between the Fermi level in the semiconductor and the redox potential of the
electrolyte. In closedircuit conditions, although tihe is not any photovoltage between the
electrodes during illumination, there is a net charge #6Whe minor photogenerated charge
carriers in the semiconductor are pushed to the surface and then injected into the electrolyte for
driving a redox reaain. For example, in4ype semiconductors, an anodic reaction is driven by
the injected minority holes, whereas fetype semiconductors, the injected minority electrons

can make a cathodic reaction. The major photogenerated charge carriers move to the
semiconductor bulk at the working electrode (WE) and then leave the bulk by an ohmic contact,
pass through an external circuit to the counter electrode (CE) for driving a redox reaction

opposite to that happening at the semiconduétor.

There are two fyes of electron injection mechanisms from a surtatsrbed molecule to the
semiconductor metal oxid&igure 2-1). The first mechanism (type I) occurs when a
photoexcited electron from an excited state of a swdaserbed ligand molecule is transferred

to the metal oxide CB. The second mechanism (type l) is a direct transition of photoexcited
electrons from the highest occupied molecular orbital (HOMO) of the ligand to the
semiconductor CB® As type Il is a direct transition, none of the intramalacligand excited
states are involved in photoelectron injection proé&s$°In principle, the type Il mechanism is
considered to be more efficient in electron injection due to the direct electron transfer from the
ligand HOMO to the semiconduct@B.}”> However, it has some disadvantages including
recombination (back electron transition) processes from the lowest states, and the low oscillator
strength related to direct transition. In a direct transition, the final and initial electronic levels

involved in the electron transfer have dissimilar spatial localization. Considering these
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drawbacks, in practice, type Il mechanism with respect to the type | has limited

efficiency1>180.186

-

m
—-———

Figure 2-1. Schematic illustration of type | and typephotoelectron injection mechanism.
Catechol molecules can make a type |l ligémanhetal CT complex by absorption on the metal
oxides like TiQ. Upon illumination a photoexcited electron can transfer directly from the
HOMO catechol to CB of metal oxide.

TiO2i catechol ligand complexes are one of the most well studied photoabsorption enhancement
systems in the literatufé>#%18¢Ti0, shows excellent absorption of light in the UV region and
poor absorption in the visible retgpeligandsdue t o
form a CT complex with Ti@to expand the absorption range into the visible retfioiCatechol

ligands are attractive as surface modifiers of ;l@cause they greatly improve optical

absorptionof TIGQabove 300 nm (4.14 eV), which is the
excitation of TiQ.17418Catechoitype ligands strongly bind to tetrahedfit* ions on the

surface of TiQ and a bulKike octahedral structure is forméef.It has been shown that TiO
catecholtype ligand systems facilitate type 1l electron trardféf®®yesulting in fast electron

i njection (<10 excitecdselectranis gansé from the HQMO oftthe catetypé

ligands to the TiI@QCB occurs:® However, type | electron transfer is also possible in this system
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through which an electron is excited from the catechol ground state te d-orbital and
subsequently to TIOCB.18 The type Il CT mechanism in TiDcatechol ligand complexes has
been reported as the reason to have photosensitizegys@m with broaden light absorption
over the visible rang¥?3 Also, catechelype ligards have been introduced as a photosensitizer
and a catalyst, simultaneously. Indeed, the broadened photoabsorption into visible range and
lower required overpotential for electrochemical oxygen evolution reaction compared with TiO

was the result of compting TiO, with catecholate moleculé®

2.4  Surface Adsorption Mechanism

Organic molecules from the catechol family, such as dopamine, caffeic acid (CA), and gallic
acid are well known to readily adsorb onto the surfaces of metal dfitlé8The common

structural feature shared by all catechol ligands is the presence of an aromatic ring with two
phenolici OH groups, bonded to adjacent carbon atoms of the aromatic ring. Gallates have three
phenolici OH groups and can be adsorbed on the susfagehe catecholate type bonding
mechanism. In addition, such molecules may have a short hydrocarbon chain with various other
functional groups such &€OO0H,i COH, and NH2. Figure 2-2A shows the chemical

structures of several common catecholate moleé¢iflé®’Surface adsorption was shown to be
achieved by simply suspending metal oxide particles in agueous solutions of catecholate or
gallate molecule$?’Al t er nati vely, the molecules can be
metal oxide nanostaiures, where in addition to surface adsorption, they can tune the
morphology by acting as capping agetfts®8The morphology regulation is attributed to the
preferential binding affinity of catechtype ligands to certain crystal facets of metatesi

which experience reduced growth during the synthesis process. Crystal facets with low ligand

adsorption and higher surface energies experience more anisotropic §fo\WWtNanostructures
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produced through this i nicallyihavesmsllerrdimensiansthad s or pt
those without any added modifier molecules during synthesis, due to reduced
agglomeratiort/**°1The adsorption event can be verified by observing increased light

absorption and a redshifting in the UXs spectrum othe modified metal oxide
particles?9156.192.193Catecholates, such as dopamine, have also been reported to form
polymerst>!®*Catechol ligands can bind onto metal oxide surfaces through two adjacent

phenolici OH groups to form bonds based ondrithte chelating, bidentate inner sphere

bridging or bidentate outer sphere bridghigyt8’195.1%
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Figure 2-2. A) Chemical structures of commonly used catedypé ligands and B) bonding
mechanisms of a catechol group to metal osigidace: a) bidentate chelating bonding, b)
bidentate bridging bonding (inner sphere), and c) bidentate bridging bonding (outer sphere).
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To understand the binding behavior of catedlipk ligands on metal oxides, the surface

chemistry of metal oxidsurfaces must be examined. The approach to studying the surface
structure of metal oxide generally involves the assumption that the surfaces are generated from
cleavages along the planes of the bulk crystal structure. The bulk atomic arrangement is
maintaned at the surface plah¥:1%The newly formed surface planes contain metal atoms and
bonded oxygen atoms with a lowered coordination index. To minimize surface Gibbs energy,
dissociation of water molecules near the surface plane oxygen atoms diitpra hydroxylated
metal oxide surfac®?2°The catechetype ligand form a bidentatgpe bonding configuration

via their phenoliéd OH groups with the metal oxide surface hydroxyl grotips°The

bidentatetype bonding occurs during the surfaaisorption process, when two adjacent phenolic

T OH groups of the catechol ligands are deprotonated and coordinate with the metal cation
through dehydration. The bidentate bonding mechanisms can have several variations, which are
bidentate chelating, bid&te inner sphere bridging, or bidentate outer sphere bridging of a
catechol group to the metal ioridure 2-2B).156:193.197.201.20E atecholtype ligands are shown

to form ordered densely packed monolayers on metal oxide surface, which give rigitidoad
electronic states above the VB level of metal oxide bantf§ap>2°“This results in the

formation of CT complexes on the metal oxide surface that when photoexcited enable electron

injection: direct electron transfer from the complex intolitix metal oxide>31°7

Nanomaterials often agglomerate due to attractive van der Waals forces forming aggregates of
heavier particles that precipitate from suspensions. Deposition of particles in this state results in
poor film morphology composed t#rge agglomerates, which can reduce the overall

photoactive surface area and reduce their performance as photoeleéf&deS2Adsorbed

catecholates act as dispersants and reduce agglomeration of metal oxide nanostructures. Films
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created from theeposition of catechahodified metal oxide nanostructures display improved
morphology and distribution compared with nanostructures with no catechol surface
modification, due to the higher stability of their suspen8idpon surface adsorption of catel
molecules, metal oxide nanostructures develop a ligand shell around them, that provides a barrier
that prevents further nanostructure growth or agglomeration via attractive van der Waals
forces!’%2%This suspension stabilizing effect is partielylastrong for catechetype ligands that
contain long hydrocarbon chaiff8:2°"2%8Alternatively, through an alternative electrostatic
repulsion mechanism, molecules with anionic or cationic functional groups impart a surface
charge that reduces aggleration?®® Catecholate molecules with hydrocarbon chains
terminating withi COOH ori NH: functional groups are able to dissociate or absorb protons to
form a charged surface, providing electric charge and reducing agglomeration through
electrostatic repulsioh?!° Catechol ligands can also act as versatile molecular linkers between
metal xide surfaces and many different types of maté¥faf§ binding to carbon

nanostructure®’* other metal oxides nanostructutésdyes’ polymers® nucleic acid$,and
peptideg’t! Catechol ligands with hydrocarbon chains contaiiii@@H end groups bind to

NH:z groups of other material through Schiff base reactions forming an imine bond. This binding
mechanism has been used to integrate Ti@hoparticles in a polymeric framework as an
effective strategy for forming photoelectrodes folEB2FDNA biosensor. In this system, O

was functionalized witlii COH group containing 3;dihydroxybenzaldehyde (DHB) for

binding with chitosan, a polymer wiitNH, groups on its monomeric unitigure 2-3A).°

Such Schiff base reactions have based to bind Ti@nanopatrticles to poHlysine, another
polymer withi NH2 groups on its monomeric units, using DARs a linker. The modified TiO

nanoparticles were electrodeposited for creating biocompatibleRinre 2-3C).2 Schiff base
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reactionsare thermodynamically favorable at room temperature and occur readily in agueous
media without additional catalyst§ Similarly, ligands withi COOH groups at the end of their
hydrocarbon tail can also bindtdlH> groups of other materials via carbaxde binding to

form an amide bond. This is demonstrated by Sakib étvatherei COOH group of CA binds
NHz-terminal singlestranded DNA to TIQNP photoelectrodes, which forms the basis of a
signaloff PEC DNA biosensorHigure 2-3D). Carboxamide binding is not as

thermodynamically favorable as Schiff base reactions and needs the use of additional
catalysts»1’61""Molecular linking through &niff base reactions can also be achieved if the
catechol molecule contains &NH> group, whereas the other material contai@G®HAN COOH,

as the Schiff base reaction and carboxamide binding happens regardless of the location of the
functional group:®?*Bur ger et al . demons tiNkAcatdininghi s u s
catecholate molecules to establish linking between ZnO nanorod<&@H-containing

porphyrins, which are macrocyclic organic molecules commonly used as photoactive sensitizers

(Figure 2-3D)."212:213
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Figure 2-3. Catecholtype ligands acting as molecular linkers. A) TiIP and polymeric

chitosan linked together using DABand used for PEC biosensing application. Reproduced with
permissiorf. Copyright 2019, American Chemical Society. B) ZnO NRs and porphyrins are
linked together using dopamine for the fabrication of solar energy converters. Reproduced with
permissior. Copyright 2018, John Wiley and Sons. C) TNIP and polyl-lysine are linked

with DHBA to form adhesive films that can be deposited via electrophoretic deposition.
Reproduced with permissid@opyright 2019, Elsevier. D) TENP being linked to single

stranded DNA probes using CA to form the basis of a sigii®dEC DNA biosensor.

Reproduced with permissidrCopyright 2020, John Wiley and Sons.
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2.5 Characterization of Metal Oxide/Catechol Systems

Various characterizatiotechniques such as Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGS), ultravidleisible absorption (UVvis) spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, photoemission spectroscopy, and density functional
theory (DFT) calculations have been used to analyze and model the binding between metal
oxides and catechdype ligand. FTIR spectroscopy has been used to detect bidentate or
monodentate binding between cateetyple ligands and metal oxid&$>8191:214213n the FTIR
spectra of catechahodified metal oxides, the development 6iCCstretch and a decreasd in
OH band intensity of the bonded catechol ligand is typically observed, which indicates
deprotonation of the phenoli®©H groups, threby providing support for the formation of
bidentatetype bonding®¥197-216TGA is another technique used to investigate the surface
adsorption of catechol ligands onto metal oxides, particularly looking at the changes in the
stability of metal oxidecatechol ligand complexes over a wide range of temperdfifrg8217.218
Surface adsorption is also verified usingiWis as catechol surface functionalization generally
shows redshifting and an increase in the absorbance peak. This results iretnprov
photoabsorption in the visible range and increased photocurrent def{sit{f:193.204.214.218ther
spectroscopic techniques used for the characterization of metal oxide/catechol systems include
NMR spectroscopy for determining whether catedipe ligands link other moleculé®

Raman spectroscopy for quantifying the amount of catechol ligand bonded to metal oxide
nanostructure surfac¢é’-?%®and photoemission spectroscopy for experimentally obtaining the
occupied and unoccupied stateshef adsorbed catechol ligandTGA studies allow for the
calculation of the maximum grafting density of ligands, adsorption coefficient, and nefgaéve

binding energies of the surface functionalization of metal oxide nanostructures. These parameters

40



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

provide a toolbox for predicting adsorption/desorptioradsorption and ligand exchange
behavior, which can be used to identify the optimal metal oxide and ligand concentration when
preparing substrates for various applicatitfig!”?!®DFT calculdions can be used to
guantitatively assess the binding affinity of catechol ligands and model their absorption on
various metal oxide surfaces, and to evaluate changes of their optical absorption spectra and
vibrational propertie$'2%°22IDFT studiesshow that the surface modification of metal oxides
with catechottype ligands lowers the bandgap of metal oxides. Inili&techol systems,

surface modification by catechol reduces the bandgap offTiOo m 3 . 220OFbstudies4 e V.
show that this cahe attributed to the fact that a donor level is constructed in the metal oxide
midband. The various catecholate molecules that were used for surface modification can be
divided into the following groups: molecules containing electron donating functicnghg

such ag CHy, 1 OCHg, ori NH2 groups (e.g., 4nethoxycatechol, dopamine;tdrt-

butylcatechol) and molecules containing electwatindrawing groups (EWGSs) sug¢iCOOH, T

COH, ori NO2 groups (e.g., 3:4lihidroxybenzaldehyde, 3dihidroxybenzoic acid, ah4-
nitrocatechol):22%3 Typically, molecules containing EWGSs carry out better in improving

photoabsorption in the visible range and increasing the photocurrent re3gtnse.

2.6  Applications

The most common transition metadide/catechotype ligand systems are often implemented

through the surface modification of Ti@anostructures. Tighas attracted widespread attention

in PEC biosensing, photocatalytic and photovoltaic applications due to its photocorrosion
resistancerelative abundance, physical/chemical stability, and nontoxicity compared with other
transition metal oxide semiconductors. However, the wide bandgap o T8O. 2 e V) makes

impractical for many applications as it has poor optical absorption in vigibkerdnge.
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Therefore, there is significant interest in %iGatechol ligand systems, which enhance
photoabsorption properties of Ti@nd improve its photocatalytic and PEC performance in

visible light1141311327n0 is another wide bandgas3(. 3 7 metaNo¥ide that is commonly

used in photocatalysis and PEC applications which has comparable bandgap energy levels to that
of TiOy, high electron mobility, charge carrier lifetime, and physical/chemical stalifit§13!

Similar to TiQ, ZnOis also limited by its wide bandgap and can have its photoabsorption
enhanced by surface modification through catetyyoé ligands>**'Catechol surface

functionalization has also been explored for metal oxide semiconductors sucts A33NG,

1% Al,05,'% and BiOIQ.1%

A summary of various catecholodified metal oxide systems and their applications are shown
in Table 2-1. In these systems, the nanoparticles of metal oxides are primarily utilized due to
their highsurfaceareato-volume ratio, which is an attribute that is greatly useful for
photocatalytic and biosensing applicatiotfs?2Various nanoscale morphologies such as
nanoparticles, nanorods, nanowires, and nanoplatelets, as well as mesoporousooousnop
substrates are used as photoactive building blocks of metalcadelehol systemg#153.223

Some of these systems are showmable 2-1. In most cases, these systems utilize catetyipel
ligands as bifunctional linkers between metal oxidesadhdr photoabsorption enhancement
materials such as dyés’°QDs!’®and noble metal nanoparticl®s?*Large organic dyes and
catecholtype ligands synergistically strengthen type Il electron injection processes wherein a
photoexcited electrois transmitted from the HOMO level to the LUMO level of the dye
catechol complex, which is near the CB edge of the metal &%itetal nanoparticles or QDs
are coupled to metal oxides through catediipé ligands to enable photoabsorption

enhancemerthrough surface plasmon resonance (LSER) dual sensitizatiof22°
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respectively. Ceadsorbant materials such as polymers are also commonly used within metal
oxide/catechol systems for providing additional functionality such as improved coating
adhesiort®enabling electrophoretic depositidoy introducing additional functional groups that
could be used for attaching other structures such as probe molecules for bidsdosarger,

there are reports where the catedypke ligand is not@ing as linker, but rather it is a material
complexed onto the metal oxide surface alongside it. In these systems, the third coadsorbate
material is present for enhancing colloidal stability, typically a bile acid salt such as deoxycholic
acid5226or a molecule with long hydrocarbon tails such as oleic @é#f/ The function of

these coabsorbatesto act as dispersants to provide additional colloidal stability enhancement,

whereas the catechbjpe ligands continue to provide photoabsorption enhancefifent.

Table 2-1: Summary of catechehodified metal oxide systems and their applications

_ _ Surface o Peak
Metal Oxide Ligand ) Application Ref.
Function Performance
3,4-Dihydroxy-L- Linker,
ZnO NP ) N N/A N/A 220
phenylalanine * Stabilizer
Nanoporous 3,4-Dihydroxy .
. Linker Solar cell J=2.5 180
TiO2 benzaldehyde *
mA cn?
) Chemical sensing
WO; NP Dopamine N/A ) N/A 228
(Dopamine)
TiO2,NP Catechol Stabilizer N/A N/A
196
TiO2NP Gallic acid Stabilizer N/A N/A
TiO2NP Catechol * Linker Solar cell N/A 175
_ ) Linker, J=22
TiO,NP Dopamine * N Solar cell
Stabilizer HA cm? ’10
_ 3,4-Dihydroxybenzoic Linker, J=24
TiO,NP ) - Solar cell
acid * Stabilizer WA crm?
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Dopamine *

3,4-dihydroxybenzoic
acid *
Catechol
3,4-Dihydroxybenzoic
acid
4-Nitrocatechol
3,4
Dihydroxybenzamide
Catechol
3,4-Dihydroxy
benzaldehyde *
3,4-Dihydroxy-L-
phenylalanine
3,4,6 Triihydroxy-L-

phenylalanine

Mesoporous 6-Nitro-3,4-Dihydroxy-

TiO2 film
Al,OzNP
Al,OzNP
Al,OzNP
Al,03sNP
TiO2 NP

TiO2 NP
TiO2,NP

TiO2NP

TiO2NP

TiO2NP

ZnO NP

L-phenylalanine
Catechol
Caffeic acid
Dopamine
Gallic acid
Catechol

Catechol
Dopamine
3,4
Dihydroxyphenylacetic

acid
Dopamine

3,4
Dihydroxyphenylacetic

acid
3,4-Dihydroxybenzoic

acid *

Linker,
. Solar cell
Stabilizer
Linker,
N N/A
Stabilizer
Stabilizer N/A
Stabilizer N/A
Stabilizer N/A
Stabilizer N/A
N/A N/A
Linker, Biomimetic
Stabilizer Coating
Bio-
Linker ) o
functionalization
_ Bio-
Linker ) o
functionalization
_ Bio-
Linker ) o
functionalization
Stabilizer N/A
Stabilizer N/A
Stabilizer N/A
Stabilizer N/A
N/A Solar cell
N/A Solar cell
N/A N/A
N/A N/A
Linker, Bio-
Stabilizer functionalization
Linker, Bio-
Stabilizer functionalization
Linker,
Solar cell
Stabilizer
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J=0.1
HA cm?

N/A
N/A
N/A
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Catechol

3-methoxycatechol

3.4

dihydroxybenzonitrile

2,3-Dihydroxybenzoic

acid

Tiron

4-tert-Butylcatechol

Dopamine
Catechol
Pyrogallol

Gallic acid

Phenol

Catechol

Catechol

Tiron

Catechol

Polydopamine

Polydopamine

Dopamine *

Dopamine
3,4-Dihydroxy-L -
phenylalanine
Catechol

Catechol

N/A

N/A

N/A

N/A

N/A

N/A

Stabilizer
Stabilizer
Stabilizer

Stabilizer

Stabilizer

Stabilizer

Stabilizer

Stabilizer
Stabilizer
Linker,
Stabilizer
Linker,
Stabilizer
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Stabilizer

Stabilizer
Stabilizer

Stabilizer
N/A
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Water splitting

Water splitting
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Water splitting
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Photocatalytic dye
degradation
Antimicrobial

Coating
N/A
N/A
N/A

N/A

Solar cell

Hr=3
UM/ 5 h
Hr=1
UM/ 5 h
Hr=30
UM/ 5 h
Hr=18
UM/ 5 h
Hr=30
UM/ 5 h
Hr =1
MM/ 5 h
N/A
N/A
N/A
N/A

J=1.2
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h=60%5 m

Hr =10925
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N/A
N/A

h=65%/ 3 h
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Photocatalytic h
N/A oxidation of amines -
o 77-85%/ 1 h
to imines
Stabilizer Photoluminescense N/A
Stabilizer Photoluminescense N/A
Stabilizer Photoluminescense N/A
Stabilizer Photoluminescense N/A
N/A Solar cell N/A
N/A Photocatalysis ~ J=85 A cn?
N/A Photocatalysis J=0.1
mA cn?
N/A Solarcell N/A
N/A Chemical sensing IPCE=3%
J=5.5
Stabilizer Solar cell
UA cn?
_ Photocyanation of
Linker i h=96%/3 h
amines
. Photocyanation of
Linker ] h=96%/3 h
amines
L HR =130
N/A Water splitting
uM gt
n Hr =160
N/A Water splitting
uM gt
o Hr= 175
N/A Watersplitting
UM gt
L HR=275
N/A Water splitting
UM gt
N/A N/A N/A
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N/A N/A N/A
Linker, Bio-
. T, N/A
Stabilizer functionalization
Linker, Bio-
N/A
Stabilizer functionalization
Antimicrobial
N/A . J=4 pA cm?
Coating
Photocatalytic
N/A pollutant J=0.2
degradation UA cn?
Photocatalytic
N/A pollutant J=50 nA cn?
degradation
Linker DNA biosensing  J=22 pA cm
N/A DNA biosensing  J=16 pA cn?
N/A DNA biosensing  J=9 pA cnv
N/A DNA biosensing  J=12 pA cn?
N/A DNA biosensing  J=7 pHA cm?
N/A DNA biosensing  J=13 pA cn?
N/A DNA biosensing  J=4 pA cn?
N/A Solar cell N/A
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Dopamine

Dopamine
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) Linker, Biocompatible
FesO4 NP Dopamine * o N/A 241
Stabilizer Hydrogel
Wastewater
Fe:0s NP Catechol N/A N/A
Treatment
159
] Wastewater
TiO2NP Catechol N/A N/A
Treatment

. - Photocatalytic dye
TiO2NP Catechol Stabilizer _ h=1.7% 248
degradation

* catechol ligand is c@bsorbed alongside an additional material

NP = nanoparticle, NW = nanowire, NR = nanorod
J photocurrent density, ¢4 H2 production rate, & Photothermal temperature, IPGEcident photon to

converted electrons, CCRell count reduction factoh-photocatalysis efficiency

2.6.1 Photoelectrochemistry and Photocatalysis

PEC and photocatalytic systems have attracted a great amaaigrtffic interest for different
types of sensing applications aswlving environmental contamination issd&s>>°In addition

these systems can also be used for splitting water inéméiQ, which can pave the way for
efficient masgeneration of renewable fuet§:?>°Utilizing these systems into water splitting is
agreen and environmentally friendly method to generate bgtinogent?®-?>'Nanostructured
metal oxides like TiQandZnO are most frequently used as photoactiatenialsin these
systemg>3251However, due to their large band gap, they can sinbwv photocatalytic activity
under UV light which is just 5% dhe sun light spectrum. Therefore, surface modifying of metal
oxides with dyes is a welistablished saitegy for tailoring th@ptical and physicochemical

properties of semiconductorsdonvert them to visible light active materiaf§173237:248.252

Generally,aPEC cell is composed of an electrochemical wéh working, counter, and

reference electrodes (REs) submerged in an electrolyte and excited by a photoniFsguiree
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2-4A). In these cells, the WE acts as a photoelectrodeltivais redox reactiorfe>3 The
photoelectrodes are typicaligbricated from organic or inorganic semiconductors immobilized
on conductive substrates. When the photoelectrode akhguobsns with energy greater than its
bandgap energy, charge separation occurs where elegtigrage to the CB and holes dedt
behind in the VB. Redox reactions occur on the photoelectrode at the electrode/electrolyte

interface'®* generating a photocurrent or a photopotential.

In contrast, a photocatalytic cell is composed of two electiMiEsand CE) submerged in an

aqueous solution of pollutants jpure water fowater splitting applicationg=(gure 2-4C).

Similar to PEC cells, when a photocatalytic cell is illuminate@dibgxcitation source, it absorbs

photons with energy greater thias bandgap energy, charge separation occurs, and photoexcited
electronhole pairs are generated. In a photocatalytic degradatomess, the photogenerated

holes will ionize watertoforrny d r o x y | radicals (AOH) and the p
oxygen ionosorption where dissolved oxygen)(€pecies areeduced to form anionic

superoxide radicals (Q.The superoxide may be further protonated to form hydroperoxyl
radicalsHO:A) , and subsequent |y D which fartper disgahteso gen p e
into high reactive hydroxyl radica(s A Qe radicals cause oxidation or reduction of pollutants

which result in their neutralization and complete degradation.
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In watekrsplitting gplications, the CB energy level of the photoactive semiconductor must be
more negative than the reductipaotential of water to producecHand the VB energy level must
bemore positive than the oxidation potential of water to produc@&Qhe cathodeelectrons
reduce hydrogen cations {Ho formH.. At the anode, holes oxidize hydroxide anions {Qé
produce @.144249250.25\nother novel application of photoactisemiconductors are as
photocatalyticallyactive antimicrobial coatings. Charges generated by photoexcitation
participate in redoxeactions at the surface of antimicrobial coatings, which cdhees

inactivation of microorganisms such as bact&r°
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Figure 2-4. A) Threeelectrode PECadll setup showing WE/photoelectrodef;, RE, and the
photoexcitation source. B) General configuration BISSC showing the WE cathode (porous
dye-sensitized photoactive semiconductor layer deposited onto a transparent anode), an
electrolyte layerand aCE cathode. C) General configuration of the-@lectrode photocatalytic
cell showing the WE and CE submerged in an aqueous soaiftmmilutants or pure water.

Karimi-Maleh et af*® showed using ZnO/CNTs nanocomposite/catechol derivative modified
phobelectrode in a PEC cell thakre able to differentiate and detect glutathione and
amoxicillin simultaneously for the first time although the oxidation peak potentials of
amoxicillin overlapped with that of glutathione.dddition, this modified electr@dshows higher
selectivity in voltametric measuremeftsMurata et al. studied adsorptiproperties of
catecholadsorbed Ti@as a model biosensigystem. In this study, they showed that adsorption
of a catechotontaining molecule on Ti&nduced CTimproved photoabsorption in the whole
visible region?*® Sakib et aP. fabricated a PEONA biosensor using Ti@modified different
catechol molecule#\s these molecules enhanced light absorption in the visible rdveye,
allowed for mucthigher photocurrent than that of bare TiGhe CAmodified TiQ
photoelectrodes showed the requipttocurrent value to distinguish between complementary
andnoncomplementary DNA sequences with a limit of detectioh.4fpM? As shown in

Figure 2-5A, for fabricating a PEC immunosensor of human epididymal protein 4, Zhang et al.
used acatecholcontaining molecule, polydopamine (PDA), in the materials system including
WOs and Au nanopatrticles. PDA significan8yppressed electrbhole pairs recombirt@n in

the system, facilitated their separation, and increased their density and liigticaeise of the
plasmon resonance energy transfer effect oh&woparticles and the sensitization effect of
PDA, improved signaind a limit of detection of 1.56 pgL™* were obtained for this sensr.

As shown inFigure 2-5B, Yang and Hu reported a PEG@munosensor composed of ZnO and
PDA, in which PDA haoth roles of an efficient sensitizer for light absorption and

photogenerated carrier separation atbibaompatible functional matrifor attachment of
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biological probe. This catecholate moleci®®A, improved photocurrent generation of the
sensor whictoffered a limit of detection of 10 pg rito distinguish target proteftt.Victorious

et al® usedcatecholcontaining molecule, DHAB in addition to TiQ and chitosan to develop a
PEC DNA biosensoiThey showed that DHB enhanced the optical and electronic properties of
TiO2 nanoparticles by improving light absorptiand photo generated carrier separation, and
binding sites for biorecognition probes attachm&ht developed photoelectrodashanced the
obtained photocurrent by a factor of 10 and distinguished between coeméey and

noncomplementary DNA equences at a cbncentration of

Orchard et at/3developed a new route for fabricating medtak photoelectrodes by preparation
of a CT catechesensitized Ti@complexes for the photocatalysis system. Thaglied different
catechol derivatives like 1,@hydroxybenzene, 3;dihydroxybenzoiacid (DHBA), 3,4
dihydroxyhydrocinnamic acid, CA-@,4-dihydroxybenzene) thiophene, and-2,3
naphthalenediol and showed that the highest activity for driving sacriigivolution was
obtained with CA. They reported that the modified Aw@th catechol are effective
photosensitizers by facilitatingpe Il CT complex and exhibited broad light absorption over the
visible range. They also showed that the obtaptemtocurrentsvith these photoelectrodes are
comparable to those that sensitizgth type | dyes.”® Tachan et al. presented a catechol
molecule thaact not only as a photosensitizer but also a catalyst. They refuated Q-

catechol complex exparte photoabsorption into visibtange, oxidized water to oxygen very
efficiently and reduced thequired overpotential for electrochemical oxygen evolution reaction
by 500 mV compared with T Higashimoto et al. studiedsible lightsensitive TiQ
photocatalyst for hydrogen gHproduction from aqueous triethanolamine in the presence of Pt

cocatalyst? To obtain interfacial surface complexes (type Il @mplex), they modified Ti©®
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with catechol and its derivativeAlso, they investigated theffects of catechol derivatives with
electrondonating groups (EDGs) and EWGs on the photocataygtivity. They reported that
modified TiG by catechol derivativesith EWG like 3,4dihydroxybenzonitrile and tiron
showed much higher photocatalytic activity than catecbataining molecule with EDG liké&-
tert-butylcatechqgl4-methoxycatecholThe catechols witEWG not only enlarge the bandgap
energy but also make an anoditft of the donor levels. As shownkigure 2-5C, the
excitationfrom these donor levels created in Ti@idgap affects the visibleght sensitivity of
the interfacial surface complexésgure 2-5C also shows the reaction mechanism for
photocatalytidHz evolution from aqueous triethanolamioe modified TiQ with
dihydroxybenzonitrile. Byisible-light irradiation, TiQi dihydroxybenzonitrile complex
induces electrdrhole separation. The reduction of protons on the CB to produaiitd@gh the
Pt cocatalyst and the oxidationtokthanolamine in the interfaci@iO2i dihydroxybenzonitrile
complex are happened by photogenerated electronsades] respectiveliZ Sadowski et al.
demonstrated that Tidilms modified with catechol on polypropylene foils can act as
antimicrobialcoatings. They reported inactivation of E. coli and S. aureus bacteria by showing a
three order of magnitude population decresfser 8 h of visibldight (405 nm) irradiatiorf*°

As shown inFigure 2-5D, Kim et al. used PDA to link ZnO nanopatrticles to polyurethane
nanofibers. The ZnO nanoparticles acted as deedgowing larger ZnO nanorods on the
polyurethane nanofibers vighgdrothermal process. This structure was used to make films that
demonstree excellent antimicrobial properties as demonstratatidynactivation of E. coli by
three orders of magnitude after 3 LS irradiation. It also shows excellent photocatalytic
degradation obrganic pollutants, as demonstrated by 65% reduction icecdration of

methylene blue after 3 h of UV irradiation. and antimicrobial acti¥ity.recent years,
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researchers have greatigivanced the efficiency of photocatalytic systems using metal
phosphides rather than metal oxit&sr coupling metal oxies withcarbonaceous materials
(CMs). Despite their significant applicatipotential, CMs suffer from poor dispersion in
aqueous solutiorsnd are hard to bind to functional materf&fe>’ Catecholtypeligands can be
used for providing coupling beeen metal oxideand CMs by being used as a functional
linker 194256257y et al.demonstrated this by fabricating a photocatalytic membrane frade
PDA-modified TiG nanowires intercalated with graphemede nanosheets. This system
demonstrated high photocatalytficiency with a removal rate of 98% on a dweater

emulsiont®4
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Figure 2-5. Applications of metal oxide and catechol ligand heterostructures in PEC
applications. A) The possible photogenerated CT mechanism gi\WODA interface from a

PEC immunosensor. Reproduced with permis&io@opyright 2020, Elsevier. B) The possible
photogenerated CT mechanisitmPDA ZnO nanorods PEC immunosensor in ascorbic acid

(AA) electrolyte. Reproduced with permissiont! Copyiight 2017, Elsevier. C) A possible
mechanism of Bevolution from aqueous triethylamine solutions in the presence of Pt cocatalyst
for modified TiQ with 3,4-dihydroxybenzonitrile catalyst under visidight irradiation.

Reproduced with permissidACopyright 2015, Elsevier. D) Schematic of the mechanism of
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increased electrdmole pair generation and synthesigadical product on ZnO/PDA&oated
polyurithane nanofiber photocatalyst. Reproduced with permis$@apyright 2018, Elsevier.

E) A diagramof the operatiomf a DSSC made from ZnO nanoparticles modified with catechol
and of the injection mechanisms. Reproduced with permi$$apyright 2018Royal Society

of Chemistry. F) Schematic illustration of PEs&nsitized solar cells proposingeth
photogenerated CT mechanism. Reproduced patmission'®> Copyright 2012, John Wiley and
Sons.

2.6.2 Photovoltaic Applications

Considering rising demand for clean energy in recent yesssarchers introduced the third
generation of solazells,DSSCs, that are a type of photovoltaic devi¢é8®28A photovoltaic

cell can directly convert solar energy. In general, DSSC photovoltaic cells are composed of the
following elements: a WEEonstructed from a porous dgensitized photoactiveemiconductor
layer deposited onto a transparent anode, an electtaj)ge and a CE cathodEi§ure 2-4B).

The anode and the cathoofethe DSSC are connected to an external load and a closed isircuit
established**259260\hen excited by sunlighthe sensitizer dyis excited, and an electron is
injected into the CB of semiconductor. This causes the sensitizer to be oxidized and the
electrolyte tdbe reduced. The injected electrons diffuse through the semiconductor layer and
arrive at the anod&rom the anode, the electranavel to the external load, where work is
carried out. The electrorten arrive at the cathode before oxidizing the electrolyte to complete
the cycle!432%9260n DSSCs, light transmittance has torbaximized and therefore the anode
must be transparent. Mastmmonly the anode is constructed from indidaped tiroxide

(ITO) glass or fluorine doped tioxide glasg®! The redoxcouple most commonly used as the
liquid electrolyte is iodide angliiodide (7/13), whose redox potential is high enough to

regeneration reaction with a redox mediatdr°?

Fabrication cost and sunlight to electricity conversion efficiearxeymain challenges in the solar

cells research arédTiO, ZnO,and Sn@ metal oxides are commonly used as photoanodes in
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DSSCs'* Excellent electrochemical properties, strong bondibigity to form CT complexes

with metal oxides, and photovoltgierformance of dyes containingteehol make them
promisingcandidates® Upon photoexcitation, an electron of catechol EN@MO transfers to
metal oxide CB by direct orstep procesftype 11).24% In fact, oxidizing catechol dye by a
metaloxidd s known as fis etoasodettd theisalagspectodfiThentthe p h
oxidized catechol dye is reduced via a redox couple in electrolyte such as iodide/triiodide. By
regenerating of thelectrolyte in the cathode (CE) the circuit will be compléted&® Efficient
(nearunity guantum yield) and fastémtosecond timescaleansfer of lightgenerated charge
carriers across the interface of catetpbbtoanode determine the power conversion of the

device and prevent photocurrent reduction by inhibiting parasitic feackions:°

Ullah et al. fabricated a photoanode for DSSC using holrdaped TiQ and ZnO (H®TiO2
/Zn0O) using pyrocatechol violellye as a photosensitizer. The catechol containing molecule
boosted the efficiency of their device from 1.12% Haii TiO2/Zn0O) to 1.51% (for HoTIO2
/ZnO/dye)?%3 Adinehet al?>8investigated DSSCs using dyes with catechol anchonioigty
and studied photogenerated electron injeati@thanism in Ti@catechol. They reported the
high stability ofcatechol anchamg group on the Ti@surface and showed tRSSC fabricated
using this catecholic dye have inconsiderat@sorption of dye from the Tiurface after
days?°® Wettsteinet al* fabricated a DSSCs using dyes with cateemahoring moiety and
studied photogenerated electron injectioechanism in ZnO/catechol. They reported that the
injection ofthe photoexcited electron is one of the most important procesB&SC devices.
Thetype of the injection process depemaainly on the anchoring group of the dye. Catechol
anchoringgroup showed type Il or direct process. A photoexcited eleofrtre dye was

transferred into the CB of the metal oxide getherated oxidized dy€&igure 2-5E). The
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process is followed b€T from the electrolyte to the sensitizer (dye). So, a redox csupleas
I"/I3" reduced the oxidized dye and regenerated it l¥aolklly, the circuit is closed by
regeneration of the electrolytetine CE** Also, Nam et al® showed Figure 2-5F) excellent
photovoltaic results for the DSSC fabricated from modified,Wiidh PDA. They reported that
larger current density and efficiency values are results of a strong bidentate complex with Ti

atoms whicHeads to the efficient electron injection from PDA to TBi(Figure 2-5F).%°

2.7 Conclusion

Catecholmodified metal oxide systems have garnered significaetest due to their improved
stability and enhanced photoabsorption range. Complexation between organic ligands and
inorganicmetal oxide semiconductors allows the heterosystem to adbéttes performance

than just metal oxide devices. In this revieve, describe how catechtlpe ligands enhance the
photoabsorption of transition metal oxide semiconductors by creating CT complexes and
facilitating type | and type 1l electron injectipmocesses. Furthermore, the mechanism of the
surface adsorptioaf caecholtype ligands onto metal oxides and the resulting colloidal stability
enhancement is also discussed. Various characterization techniques for analyzing and modeling
interaction betweemetal oxide and catechtlpe ligand are detailed. Enhancitig dsorption
spectrum of the metal oxides improves their photoactivity, which allows them to be used in
photocatalysis, PEC biosensing, and solar cells applications. Here, we descriirattplke
working mechanisms for these applications and reicentlsin how metal oxide/catechol ligand

systems are utilized lgsearchers to achieve high performance in them.

As illustrated in this review, the two most common catetyyé ligands implemented in metal
oxide/catechol ligand systerase catechol and dopamei. Although using these two liganchn

result in great improvements in colloidal stability and photoabsorption enhancement, there exists
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a large group of otharatecholtype ligands with potential to offer greater performance.
Therefore, further developent of new catechol ligands for usemetal oxide/catechol ligand
systems is emerging as a new aretechnological and scientific interest. Particularly, ligands
with a variety of different functional groups are being explored asdaeye used as nemular
linkers to expand upon the biofunctionalization aspect present in many biomedical
applications’?*° Despite enhancing optical absorption of metal oxide via catégpelligand
modification, a significant portion of the solgrectrum remain unad. Therefore, there is a
high demando improve these structures to cover the entire solar specimenof the
approaches that is gaining traction in achievingithie introduce an additional metal oxide or
dye molecule in theystem to createemiconductor heterostructures, whesieecholtype

ligands are used as link&¥:18%229n theseapproaches, catechol initially adsorbs at the metal
oxide surfacesyhich then helps to bind another smaller bandgap semiconductor or dye molecule
to crede a multitiered band structutieat able to significantly enhance photoexcitation and
photoabsorption across a broad wavelength range. Finally, anothésrgretential
development is to use catechol ligands as a lihktween metal oxides and polymarsreate
an assortment afifferent functional materials that can be used as biomimwsiterials or

antimicrobial coating§®24°
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Chapter 3

Surface modification of TiO. for photoelectrochemical DNA

biosensors

Preface:

In the previous chapter, we provided background on how catecholate surface modification can be
used to enhance photoexcitation efficiency of transitietaloxide semiconductoiis various
photocatalytic and photovoltaic applicatiofi$ie work presented in this chapter ubés

background knowledge on catecholate ligands and ahéen toTiO2 NP in order to make

material systems suitable for high fsemance PEC biosensing. The objective of this work was

to analyze the influence of various chelating molecules with different functional groups from the
catecholate family of ligands to ascertain their influence on the photoabsorption and
photoexcitatiorefficiency of TiQ: NP 222 The second objective was to use these results to

fabricate an ideal photoelectrode for a hpgrformance signadff PEC DNA biosenséf by

optimizing the catecholat@odified TiQ; NP material system.

This work primarily focuses on research objective laijing the foundation for an ide&lO»-

based photoactive nanomaterials sensitive PEC biosefi$iegatecholatenodified showed
significant enhancement in photoexcitation compared to unmodifieNFQas demonstrated

via UV/vis absorbance spectroscopy, photocurrent density measurements and incidertiophoton
electron conversion efficiency tesfaddition of catecholate also improved film morphology of

TiO2 NP, which made for higher qualiphotoeletrodes with more active sites for biomolecule
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binding.In particular, it was found that caffeic acid (CApdified TiG; and 3,4
dihydroxybenzaldehyde (DHBAnodified TiCG; NP are exceptional for improving the base
photocurrent signal generatioh TiO2-basd photoelectrode$he CAmodified TiG and
DHBA-modified TiG; became the foundational material system that all subsequent material
systems and bioassays presented in thesis are built@pamd DHBA also contairCOOH
and-COH functional groups, whicwill repeatedly prove useful for biofunctionalization

probe/capture biomolecules such as ssDNA, antigens, and functional nucleic acids.

The second half of this chapter attends to research objective Il, in designing a bioassay with PEC
signal transductionsing the optimized Ti®based material system. We designed a an
operationally simple signaiff PEC biosensdf for detecting DNA biomarkers inuman blood
plasmausing CATiO2 NP photoelectroded his assay was based on the principle of steric
hinderancewhere obstruction of the photoelectrodes with large molecules limits access to
electrolyte species, thereby reducing PEC current generatiit, terminated capture probe

ssDNA strands were bodrio the photoelectrode through carboxamide linKffigyhich can

capture target ssDNA strands through DNA hybridizafidre deposition of probes and capture

of target caused signal decrease; the higher the target concentration was the lower the signal.
The specificity of this bioassay was evaluated by compaongplimentary ssDNA target with
norrcomplimentary ssDNA target. A calibration curve was plottedaiayet range of 100 fM

100 nM, and the assay showed a lidegarithmic relation between ptocurrent density and

target concentration. The LOD was found to be 1.4 pM. Similar to the cateehadified TiO
material system, this signaff bioassay became the blueprint for several subsequent assays to be
built on. This work als@stablished the optimized protocol for fabrication of photoelectrodes

through dropdeposition of TiG-basesuspensionsntransparent conductive polymer films
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3.1 Abstract

A photoelectrochemical (PEC) DNA biosensor is developed using surfadéied TiOp
nanoparticles (NPs) as a sensitive transducer. Different catecholates and gallates are used as
sensitizers for TIQNPs.The molecules are adsorbed on 71 the catecholate type bonding
mechanism to enhance light absorption in the visible range. Boebadl molecules act as

charge transfer mediators and enhance photocuBenpite the similar bonding mechanism of

the molecules, the TENPs exhibit significant differences in photocurrent. The modifiec TiO
films showed photocurrent increase in the orderdi@droxy-L-phenylalanine < 2,3;4
trihnydroxybenzoic acid < 3;dihydroxybenzoic acid < 2,3#ihydroxybenzaldehyde < 3,4
dihydroxy-phenylacetic acid < 3;dihydroxybenzaldehyde < caffeic acid. Testiegults

provide an insight into the influence of the structure and properties of the organic molecules on
their adsorption and photocurrents of modified Jiins. The TiQ NPs modified with caffeic

acid are used for the fabrication of PEC DNA biosengdobming plotoelectrodes and
immobilizing probe singkstranded DNA on their surface. The caffeic atiddified TiG-based
photoelectrodes offer the required signal magnitude to distinguish between complementary and
norrcomplementary DNA sequences in @ nM 1 pM DNA concentration range and with a

limit of detection of 1.38 pM, paving the way towards PEC DNA sensing

3.2 Introduction

Biosensors are devices that integrate biorecognition with signal transduction for analysing
biologically relevant analgs%* Recent investigations highlighted the importance of DNA
detection, development of advanced detection methods and signal amplification stéiteies.
In DNA biosensors, capture event of specific DNA targets through DNA hybridization is

translated t@ detectible electrochemi¢&f photoelectrochemicaf® opticaf®or a
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mechanica’* signal. Photoelectrochemical (PEC) signal transduction combines optical
excitation with electrochemical readout to increase the sensitivity and reduce tgebadk
signal of biosensors (Zhao, Xu, & Chen, 20¥®articularly in PEC DNA biosensors, DNA
hybridization is translated to a change in photocuft&with a signal change that is proportional

to the concentration of the target DNA sequence.

TiO2 nanopatrticles (NPs) are commonly used for the fabrication of photoelectrodes for PEC

DNA biosensord'*3and other PEC applications, such as photovoltaic devfaasd

photocatalysid’3In PEC devices, photoexcitation leads to charge carrier generation that
catalyses an electrochemical reaci6iTiO2 NPs are ideal for PEGased application due to

their high photocatalytic activity, chemical stability, tunability of morphology apstalinity,

ideal conduction band and valence band levels for&iaking many electrochemical reactions,
water insolubility, nortoxicity and low manufacturing co$t’ In order to fabricate effective

PEC biosensors, the photoelectrodes must haighdritident photorio-electron conversion
efficiency (IPCE), which allows for a high electrochemical reaction rate and high photocurrent.
The photoelectrodes must be fabricated from materials that offer high photon absorption and low

charge carrier reconmimtion rates.

Despite of its suitability as a photoelectrode material ;i€ poor absorption in the visible
range, while showing strong absorption in the UV range. This severely limits total light
absorption of TIQNPs, which in turn limits IPCE andhptocurrent generation. Using UV light
as an excitation source would lead to poor performance of PEC biosensors, as many
biomolecules, such as DNA, are unstable under UV irradiation. ThereforeNPi©must be
modified in order to enhance their absorp@mua photocurrent generation in the visible light

range. Several photocurrent amplification strategies have been developed, which allow for
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enhanced absorption in the visible light range, improved charge mobility or reduced charge
carrier recombination ras of TiQ NPs. Such strategies include Fi@ping?”3formation of
disordered surface layet¥ surface modification with quantum dg@ts plasmonic noble metal
NP<’®and organic ligand&.’ The modification of Ti@ NPs with various organic ligands is a
promising photocurrent amplification stratédue to its relative ease of implementation and

effective photoenhancement.

The objective of this investigation was the fabrication of fpghformance PEC DNA biosens
and analysis of the influence of chemical structure and properties of organic surface modifier
molecules on Ti@light absorption properties and photocurrent amplification. Various chelating
molecules from the catechol and gallic acid family, contgimildlehyde and carboxylic groups,
were used. The adsorption mechanism was based on the catecholate type of bonding. The
modified TiG: NPs showed significant enhancement of photocurrent, compared to the
unmodified NPs. Despite the similar bonding mechanibmdifferent molecules resulted in a
significant difference in photocurrent when used for the surface modification pNH& The
results presented below shed new light on the development of surface modifier molecules for

TiO2-based DNAbiosensors.

3.3  Experimental Procedures

Materials andPhotoelectrodd-abrication:

Caffeic acid (CA), 3,4lihydroxybenzaldehyde (DHBA), 3dihydroxybenzoic acid (DHB), 3;4
dihydroxy-L-phenylalanine (DOPA), 3;dihydroxyphenylacetic acid (DHPL), 2,3,4
trihydroxybenzaldehyde (THBA), 2,3tlihydroxybenzoic acid (THB) and indium tin
oxide/poly(ethylene terephthalate) (ITO/PET) were purchased from Skipinah. TiO>

nanoparticles (P25, containing 80% anatase and 20% rutile) were obtained from Alppsih
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Co. Ltd. Aqueous suspensions of TMithout additives or containing CA, DHB, DHBA,
DOPA, DHPL, THBA and THB additives were prepared. The concentration ofifiDl water

was 0.25 g/L. The mass ratio of L@ additive was 10:1.

ITO/PET substrate with dimensions of 1.2 cm x 0.7 cm were masked with vinyl to preserve
electrical contact area. Substrates were subjected to (oxygen) plasma treatment for 1 min. The
substrates were then coated with 7@ modified TIQby dr oppi ng 10nanl of
the substrate surface and baking them in the oven at 85°C for 6 min. This process was repeated

three times to deposit three layers.
Material Characterization:

Ultraviolet/visible(UV/Vis) spectroscopy was performed using an OceanviewOptics-ffame
UV-vis-ES assembly. The samples used for UV/vis spectroscopy were solid photoelectrodes.
Incident photorto-electron conversion efficiency measurements were obtained using a Zahner
CIMPS-QE/IPCE3Phtotoelectrochemical Workstation containing a waveleagdjhstable light
source (350650 nm). Incident photon to converted electron measurements were carried out in a
threeelectrode cell satip with an electrolyte solution containing 0.1 M phosphattebed

saline (PBS) and 0.1 M ascorbic acid (AA). The following formula was used to convert
photocurrent values at specific measured light wavelengths into percentage efficiency:

PCTTO & oo
_&¢ada 0O douw

p 006

Photoelectrochemical measurements are carried out in agleetode cell setip with a white
light source as the photoexcitation source. Platinum (Pt) wire was used as the counter electrode,

a silver/silver chloride (Ag/AgCl) electrode for the referenleeteode and the Tigcatechol
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modified TiQ photoelectrodes acting as the working electrodes. The electrolyte solution used
contained 0.1 M phosphate buffered saline (PBS) and 0.1 M ascorbic acid (AA).
Chronoamperometric PEC curves were measured using a CHI660D electrochemical station,
under illumnation at 26s intervals for 100 s. Scanning electron microscopy (SEM, JEOL=- JSM
7000F microscope) was used for microstructure characterization. Fourier transform infrared

(FTIR) spectroscopy data were obtained using a Bruker Vertex 70 spectrometer.

DNA Hyhbridization and Detection Experiments:

CA-modified TiG photoelectrodes were used for RB&ed DNA detection testing. A solution

of 20 mM Zethy}3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), 10 mM N
hydroxysulfosuccinimide (NHS) and 10 mM(R-morpholino)ethanesulfonic acid (MES) was
deposited on the photoelectrodes and incubated for 1 hr. This was done in order to facilitate
carboxamide linking between CA and amieeminated probe singigtranded DNA (SsDNA). In

t he next s t-tenpinatedprobeMDNA was deposited on the photoelectrode surface
and incubated for 2 hr. Photocurrent was measured at this point to get tpeaifter

photocurrent. This was followed by deposition of target DNA, which was incubated for 1 hr. The
target DNA ontained 100 pM of nanomplementary (NC) DNA and a variable amount of
complementary DNA, ranging from 100 nM to 100 fM. The photoelectrodes were washed
between each deposition step with DI water. Photocurrent was once again measured at this point
to get dter-target photocurrents. Photocurrent measurements of-DiNéified photoelectrodes

were done using a CHI660D electrochemical workstation and using a PBS/AA electrolyte
solution. All the photocurrents are normalized by adjusting the piftdre photocurms to the

same level and multiplying the afterget photocurrent with the same adjustment factor.

Limit of Detection (LOD) Calculation:
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A calibration graph was plotted as a function of the photocurrent density and the concentration of
the complementartarget DNA used to hybridize with the probe DNA immobilized on the

surface of the electrode. All target DNA concentration for LOD measurements were done in the
presence of 100 pM NC DNA in order to simulate the effect ofgpatific absorption of nen

target molecules. The NC DNA can be successfully quantified experimentally with a sensitivity

of 0.2 A cnf nM' %, Limit of blank (LOB) is calculated by the using equation:
¢ 0006 o .,

wherelgiankis the standard deviation of the blank signal and the factor 3 is used to calculate the
limit of detection within a 95% confidence interval. The LOD is then calculated from the

regression line by substituting the y value with the LOB.

3.4 Results and Disassion

It was hypothesized that catectmbdified TiG will have enhanced photocurrent generation due

to an improvement in absorption spectra. This material can be used to form the basis of a signal
off PEC DNA biosensorHigure 3-1) that has a higdynamic range and low LOD. In such a

scheme, the catechol molecules will act as molecular linkers between probessegied

DNA (ssDNA) and the photoelectrode. In the presence of target ssDNA, the probe and target
will hybridize to from doublestrandeddNA (dsDNA) that is attached to the photoelectrode.

This event reduces the photocurrent generated by the photoelectrode due to steric hindrance, as

the dsDNA makes charge transfer between the photoelectrode and the electrolyte more difficult.
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Figure 3-1. DNA detection scheme; the probe DNA (blue) immobilized on the catechol
modified TiG in the presence of ascorbic acid (AA) generates a photocurrent which decreases
following the target DNA (green) hybridization due to steric hinderance

Figure 3-2A shows chemical structures of molecules used in this investigation for modification

of TiO2 NPs. The molecules can be adsorbed by the categimbonding Eigure 3-2B), which
involves two adjacent phenolic OH groups. The bonding mechanism can be basdgehtate
chelating, bidentate inner sphere bridging or bidentate outer sphere bridging of a catechol group
to the Ti atomg/%%7|t is important to note that THB and THBA contain three phenolic OH
groups. However, similar to catechol, the bondinglmassm of such molecules involves two
adjacent OH group¥? Literature data on dopamine adsorption onzlii@icated that
functionalization of TiQ NPs with catechol enhances electronic and optical properties of TiO

by forming charge transfer complexé8DHB, THB, CA and DHPL molecules contain a

carboxylic group, which imparts anionic properties to the molecules. The adsorption of the
anionic molecules on the TiDIPs allows for electrostatic dispersion and reduced

agglomeration. The total chargetbé zwitterionic DOPA is influenced by the ionization of

amino and carboxylic groups. The amino group of DOPA is protonated below pH = 10, and the
positive charge of the protonated amino group compensates the negative charge of the carboxylic
group’®The carboxylic groups of DHB, THB, CA, DHPL and DOPA can also be involved in

the adsorption of such molecules on Zi®was shown that carboxylic groups of aromatic
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molecules were involved in their adsorption on surface Ti sites of anatase by forming
conplexes?®® However, the interactions of aromatic carboxylic acids with, Ei@faces are
relatively weak:’%2*®Investigations showed that carboxylic group of CA was not involved in the
CA adsorption on Ti@?®! The comparison of catecholates containing different hydrocarbon
chains showed that catecholate molecules with longer hydrocarbon chain provided enhanced

dispersion of oxide particles and allowed for higher electrophoretic depositidi’rate.
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Figure 3-2. (A) Chemical structures of cateckhgbe molecules and (B) bonding mechanisms of
a catechol group to Ti3urface: (a) bidentate chelating, (b) bidentate bridging (inner sphere)
and (c) bidentate bridging (outer sphere) bonding of catechol group

Ultraviolefi visible (UV-vis) spectroscopyHigure 3) was performed to confirm the adsorption
of the catechol ligass of the selected molecules and study the effect of surface modification on
the light absorption of TIONPs. TiQ is a widebandgap semiconductor with bandgap ranging

from 3.0 to 3.2 eV, which allows for light absorption in the UV range and very poorpaios
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in the visible range. Adsorption of catechol molecules o, NRs forms complexes that can be
excited by visible light and can inject electrons into the conduction band af%fithis has the
effect of the semiconductor absorbing more lightim visible range and having higher overall
light absorptiort®2283In comparison with noffunctionalized TiQ, the UV visible spectra of all
the catechefunctionalized TiQ samples showed red shifting, thus confirming adsorption. The
TiO2 NPs, modifed with CA, DHBA, DHPL and THBA, showed an increase in absorbance
across their entire spectra. The improved absorption of the catackdied TiO: NPs was

expected to correlate with their improved photocurrent.

Absorption (a.u.)

Bare P25

1 1 L L
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Figure 3-3. UV/vis absorbance spectroscopy of categhodified TiO.

Scanning electron microscopy (SEM) was used to characterize the surface of photoelectrodes
fabricated from CAmodified TiGy. Figure 3-4A shows an SEM image of the surface of a

photoelectrode fabrated from unmodified Ti@ Similarly, Figure 3-4B shows an SEM image
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of the surface of a photoelectrode fabricated fromragdified TiQy. Bare TiQ demonstrates
agglomerates and has poor surface coverage. Modification via CA resulted in reduced
agglomeration and improved surface coverage. The improved film morphology was beneficial in
order to achieve increased photocurrent by optimizing chargderahsoughout the film.
Fourier transform infrared (FTIR) spectroscopy was also performed on thesdnles to
confirm the CA adsorption on TiOFigure 3-4C displays the FTIR spectra of powdered forms
of bare TiQ, CA and CAmodified TiG. In the waveamber range of 1,00@,000 cm?, bare
TiO2 shows no discernable pealk® showed several series of peaks in the I, 3@20 cm?
range corresponding toi C and C=C ring vibrations, a major peak at 1,148'@uarresponding
to aromatic C=C stretching, a peatkl,641 critt corresponding to acyclic C=C stretching and
peaks in the 1,108 300 cm? corresponding to @ stretching (Kim, & Hwang, 2016; Li, Wu,
& Zhitomirsky, 2010; Wu et al., 2010%7?84285These peaks were also observed in the CA
modified TiQ samples, which confirmed that CA molecules were indeed absorbed onto the

surface of the TiIQNP.
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Figure 3-4. SEM image of photoelectrodes fabricated fréx) ifare TiQ and 8) CA-modified
TiO2; (C) FTIR spectroscopy of bare TiOCA and CAmodified TiG powders.

The catechemodified TiG: NPs were used to fabricate photoelectrodes, which were tested to
see whether they would improve PEC current generation. This photocurrent testing was
performed ina threeelectrode electrochemical cell, with the photoelectrode acting as the
working electrode and using an electrolyte containing AA as a hole scavemgee 3-5 shows
the photocurrent density measurements for each sample. The potential of thel &S beld
constant, and the working electrode was irradiated with white light@irg@rvals for 100 s, in
order to generate a chronoamperometric curigufe 3-5A). When TiQ is irradiated with light

having energy greater than its bandgap, an el@idiale pair is generated that initiates a redox
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reactiont*2 Ascorbic acid is oxidized at the working electrode/electrolyte interface by the holes
in the valence band of T¢EOThis action generates a measurable anodic PEC curigotd 3-6,
inset).288 Figure 3-5B shows a summary of the average photocurrent density generated by tested
samples and their standard deviation. The averages were calculated by taking the moving
average of the ON periods of the chronoamperometric curves. Significant enprovin the
photocurrent density from bare Ti@as observed when TiPs were functionalized with
catechol molecules. The catecimobdified systems when ordered from highest to lowest
photocurrent density are CA > DHBA > DHPL > THBA > DHB > THB > DOHAe

photocurrent density measurements confirmed that the improved UV/vis absorption also
correlates with improved PEC current generation. This behaviour is consistent with the known
phenomenon of density of state of Fihifting from the forbidden enerdyand into the CB and
allowing for visible light to excite Ti@and improve charge carrier generatf®fBy comparing

the photocurrents to the corresponding catechol molecule chemical struetgues 8-2A), it

can be observed that ligands vi@OH groups (e.g., DHBA, THBA) give higher
photoenhancement than those contair®@OH groups (e.g., DHB, THB). It is further

observed that ligands with longer hydrocarbon chains (e.g., CA, DHPL) tend to provate bet
photoenhancement than those with short chains (e.g., DHBA, THB, DHB). To further analyse
the relationship between catechol ligand length, functional groups and photoenhancing
properties, IPCE measurements were perforfgglre 3-6 displays the IPCE nasurements for
bare TiQ, CA-modified TiG;, DHBA-modified TiG: and DHBmodified TiG,. DHBA has a

COH groups, whereas DHB hasGOOH group, but both molecules have similar struct®és.
and DHB both have @€ OOH group at the end of their hydrocarbon nkabut the chain in CA

is longer than that in DHB. The longer hydrocarbon chain can result in better dispersion of TiO
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particles, which in turn is beneficial for their interaction with CA. Moreover, the poor solubility
of CA in water is beneficial for CAdsorption on Ti@ The IPCE results show that catechol
functionalization enhanced PEC response of;TilQhe neatUV region and visible part of the
spectra, while reduced PEC response in the UV region. This is why irradiation with white light
results invery high photocurrent generation in cateefumictionalized TiQ, when compared

with no functionalizationCA exhibits broader IPCE peak that results in higher PEC response in
the visible range and allows for better photoenhancement. It is importasietthat the electric
charge of dissociated CA and longer hydrocarbon chain are beneficial for dispersion of TiO
NPs. The reduced agglomeration of Ti® CA solutions and poor solubility of CA in water are
beneficial for CA adsorption on T§OAs a resul| the CAmodified TiG: NPs system displays

the best photocurrent compared to the all the other cateutdified TiG, systems in the
photocurrent data iRigure 3-5A and 3-5B. Therefore, CAmodified TiG; was chosen as the

basis for a PEC DNA biosensor.
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Figure 3-5. Photocurrent densities for photoelectrode films of TiO2 modified with different
catecholtype molecules: (A) chronoamperometric curves and (B) photocurrent response
summary
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Figure 3-6. IPCE for bare TiQ, CA-modified TiG;, DHBA-modified TiG; and DHBmodified
TiO2 photoelectrodes. The inset illustrates photocurrent generation via the oxidation of ascorbic
acid when TiQis photoexcited

The key to fabricating effective PEC biosensors is to have signal transduction elements that
provide high dpamic range and a low limit of detection (LOD), which can be achieved by
having a high photocurreft®6Surface modification with CA provided dual functionality to the
TiO2 NPs photoelectrodes: It enhanced their PEC response and throu@iothel functional
group provided a molecular linker for attachiNH> terminated probes that capture target DNA.
Figure 3-7 illustrates different steps in the fabrication and operatiah@DNA biosensor. The
biorecognition elements in PEC DNA biosensors are composed of probestiagided DNA
(ssDNA). Target ssDNA is captured by the probes via the DNA hybridization process, in which
two complementary sSDNA combine to produce dosbiended DNA (dsDNAJ®288The main
principle for PEC DNA detection is that the photocurrent would undergo amplification or
attenuation due to DNA hybridization on the photoactive substrate; therefore, DNA can be

detected by comparing the signal beford after hybridizationFigure 3-7B shows the first
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operational step in which GAodified TiG: NPs were deposited on an ITO substrate to form a
photoactive filmFigure 3-7C shows the probe immobilization step, in which a layeiN#i>
terminated ssDNA iseposited on the CAnodified TiG layer. The-COOH groups of the CA
ligands were covalently bonded to tiNH> termination of the ssDNA to form a carboxamide
link.1""-264Figure 3-7D shows the target capture stage, in which a solution containing

complemetrary target sSsSDNA is deposited on top of the probe layer and DNA hybridization
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Figure 3-7. (A) Schematic of (a) unmodified TiD(b) CA-modified TiO2, (c) probe DNA and
(d) target DNA, and (BD) fabrication of films on ITGPET substrate: (B) deposition of GA
modified TiO2, (C) modification with probe DNA and (D) hybridization with target DNA.

Figure 3-8A shows the change in photocurrent of the-@édified TiOQ; photoelectrodes after

the probe deposition stage and the target castiage (100 nM complementary + 100 pM NC,

only 100 nM complementary and 100 nM complementary in undilutegan plasmia The
photocurrent decreases after probe deposition and decreases further after target capture. Probe
immobilization causes photocurtasecrease by limiting the access of AA from the solution to

the photoelectrode surfaé®.Complementary target causes further photocurrent decrease by
causing increased steric hindrance when it hybridizes with the probe to form d§DNA.
Depositing norcomplementary ssDNA results in a slight decrease in photocurrent (less than
10%), which could be attributed to nepecific DNA adsorption on the photoelectrode surface
962%0The photocurrent signal decreases by around 18% if the RINfetetection is done in
plasmarather than in DI water, due to the mgpecific binding protein onto the photoelectrode
surface?®® This forms the basis for a sigraitf type PEC DNA biosensdf?’*Under optimized
experimental conditions, an amperetric technique was utilized to demonstrate the DNA
biosensing ability of the CAnodified TiO» photoelectrodes under visible light irradiation.

Figure 3-8B shows the photocurrent measurement of the fabricated sensor with logarithmically
decreasing targassDNA concentration, ranging from 100 fM to 100 nM. Current density was
observed to decrease gradually as target concentration was increased. A linear dynamic range
between the current density and the log of concentration of the DNA was obtained iedhe lin
range of 1 pN1100 nM, which resulted in a LOD of 1.4 pM The dashed line in the graph
represents the average signal of the blank measurement with the positive and negative standard
deviation for a signaio-noise ratio of 3. Hence, the concentratiofiriglabove this line is not

resolvable from the blank signal. All target DNA concentration measurements were done in the
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presence of 100 pM NC DNA in order to simulate the effect ofgpatific absorption of nen
target molecules. The NC DNA can be sucfidsquantified experimentally with a sensitivity

of 0.2 nA cnt nM'%, It is evident from this investigation that the Fi@odification with CA is

the basis for higiperformance signadff PEC DNA biosensors with a high dynamic range and
low LOD. Some recent examples in literafiiref PEC DNA biosensors are as follows:
CdS/MoS heterojunctiorbased electode (LOD = 0.39 flilpear range = 1 fM100 pM)?2%?

CdS/Ag NP electrodes (LOD = 0.2 fM, linear range = 1 110 pM¥®3and Au NPmodified

TiO2x electrodes (LOD = 0.6 pM, linear range = 100 rfff)The main advantage our system
offers is its ease of fabrication and ogg@n due to the ease of surface modification of;Niddh
caffeic acid. Additionally, our system boasts a very high linear range when compared against

similar systems in literature.
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Figure 3-8. (A) Photocurrent density of GAnodified TiQp: bare, after probe modification, after
target hybridization (only NC), after target hybridization (both complementary and NC), after
target hybridization in undiluteblood plasmdno complementary target) and after target
hybridization inplasmalcomplenentary target present). (B) Calibration curve plotting

photocurrent density as a function of complementary target DNA concentration. The inset shows
the slope of the linear trendline fitted to the curve showing the dynamic range of the biosensor,
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represerdd by the equatiod= 1.38 *log C+ 10 ( = photocurrent density [uA cHj, C =
concentration of target ssDNA [nM]) wifR? = .99. The red dashed line delineates the average
signal and the standard deviation of the blank measurement.

35 Conclusions

A PEC DNA biosensor has been developed using modified 8@ sensitive transducer.
Different catecholates and gallates were used as sensitizers farafi@particles. The

molecules were adsorbed on Fi@a the catecholate type bonding rhanism and enhanced

light absorption in the visible range. The adsorbed molecules acted as charge transfer mediators
and enhanced photocurrent. Despite the similar bonding mechanism, the modifi&P§iO
exhibited significant difference in photocurrertdrfr the different molecules tested. The

modified TiG films showed photocurrent increase in the order: DOPA < THB<DHB < THBA <
DHBA < CA. The enhanced PEC performance of-@Adified TiG films can be attributed to
reduced agglomeration of the modified paes and enhanced adsorption of CA. ThezTiO
nanoparticles modified with CA were used for the fabrication of PEC DNA biosensors by
immobilization of probe singtstranded DNA using the carboxamide The JiCA-based
photoelectrodes showed the required digmagnitude to distinguish between complementary
and norcomplementary DNA sequences in the linear range of O8I nM and with an LOD

of 1.4 pM, paving the way towards PEC DNA sensing.
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Chapter 4

Photoelectrochenical IL -6 Immunoassay Manufactured on

Multifunctional Catecholate-Modified TiO 2 Scaffolds

Preface:

Chapter3 detailed the benefits of surface modification of 7udth catecholate ligands for
photoexcitation enhancement, colloidal stabilization and improved biofunctionalization. This
chapter builds on the woih theprevious chapter in introducing nanomorphology tuning for
TiO2 further improve PEC biosensors trgating nonporous photoelectrode with high internal
surface area. The most commonly used>Ti@homaterial morphology for PEC applications are
NPs due to their high surface afteavolume ratic®*1?22"?Despite this, films fabricated from
TiO2 NP have relativly small usable surface areas due to the compact form factor pNRQO
which makeghe interior of the photoelectrode inaccessible to reactive spedi€é:2"°The

work in this chapter addresses this by synthesizing-tireentional (3D) TiQ nanostructures

as alternates to TENP as a photoelectrode material. Additionally, 3DJImanostructures
showedalso improved photoexcitation compared to their NP counterparts due to increased
charge carrier migration and reduced charge carrier recombination rates, due to-btdetron

pairs being less localized!*

This chapter continues the work on research objective | and the search fai@iclahsed

photoactive material system for use in PEC biosensors. The work in this chapter aims to improve
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TiO2-based material systems by through nanomaterial morphologytunithe course of this
work, we developed a novatid-hydrothermal synthesis technigioe TiO2 nanostructures, that
allowed us to tune Ti@nanostructures to form radially symmetric clusters of nanoferdsn

the previous work, we learned tlwatecholate ligands like CA or DHBA have strong binding
affinity to TiO. surface anavill easily bind in an agueous suspension without any special
conditions such increased temperature ormeutral pH® We took advantage of this
phenomenon and add€® and DHBAIn-situ during synthesis. It was found through XRD
analysis that CA and DHBA preferentially bind to specific crystal facets of @@ inhibit their
growth to create nanorod clustéf$1°°?°FTIR spectroscopy results showed that aftertsssis
via this method degrades the ligands on the Ti@hostructure surface, so they were fortified

with additional CA or DHBAafter synthesis for increased PEC signal generation.

The work in this chapter also continues furthering research objective Il, by creating another
bioassay for detectingterleukin-6 (I1-6) antigens using 3D TighanostructuredL-6 is a protein
biomarker that plays key roles in immunomodulation, hemaggmand inflammatory processes
in the human bod$?® Elevated levels of It6 can be used as evidence for diagnosis of various
cancers and autoimmune disorders and even show the progression of -C@AB In this

work, we developed a direct sigraf immunoassay for It6 detection irhuman blood plasma
using DHBAmodified 3D TiQ nanostructures as photoelectrode matesiaiface modification
with DHBA was used to modify the properties of ?i@nostructures in a thrggonged

approach of nanomorphology tuning, photocurrent signal enhancement, and facilitating
bioconjugationThis bioassay works very similar to the previous assay presented in chapter 3,
except the capture antibody (afit6) is bound to the photoelectrode through Sebifée

interaction betweerCOH functional groups of DHBA and freBlH> groups of the capture
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antibody. The specificity of this assay was evaluated by comparing signal change against a non
specific protein targdbovine serum albumin (BSA)A calibration curve was plotted for target
range of O 2000 pg mL%, and the assay showed a lin&agarithmic relation between

photocurrent density and target concentration. The LOD was found to be 3.6%pg mL
Immunesensortke this device are critically important in clinicagttingsdue to their roles in
detecting inflammatory processes, autoimmune disorders, cardiovascular disorders and cancers
Detection of proteins in addition to DNA further helped demonstrate thetress of PEC

signal transduction in biosening.
Authors: Sadman SakibAmin Hosseinjlgor Zhitomirsky, and_eyla Soleymani

Publication: Published irACS Applied Materials & Interfacas October2021
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41  Abstract

There is an increasing interest in using photoelectrochemistry for enhancing thecsiyiak

ratio and sensitivity of electrohemical biosensors. Nevertheless, it remains challenging to
createphotoelectrochemical biosensors founded on stable matgsi@ms thadre also easily
biofunctionalized for sensing applications. Hereiphatoelectrochemical immunosensor is

reported, in which the concentration of the target protein directly correlates to a change in the
measuregbhotocurrent. Thenaterial system for the photoelectrode signal transdoeelves

using catecholate ligands to modify the properties ob fidhostructures in a thrggonged

approach of morphology tuninghotoabsorption enhancement, dacilitating bioconjugation.

The catecholatenodified TiG; photoelectrode is combined with a sigoé# direct immunoassay

to detect interleuki® (IL-6), a keybiomarker for diagnosing and monitoring various diseases.
Catecholate ligands are added during hydrothermal synthesis pfolé@able the growth of
threedimensional nanostructures to form highly porous photoelectrodes that provide a three
dimensionabkcaffold for immobilizing capture antibodies. Surface modification by catecholate

ligands greatly enhances photocurrent generatidhe TiQ photoelectrodes by improving
photoabsorption in the visible range. Additionally, catecholate molecules facilitate

bioconjugation and probe immobilization by forming a Sehifh s e bet ween t heir1C
and t hgeoupMtihe capturantibodes. The highest photocurrent achieved herein is 8.89

e Acm 2, which represents an enhancement by a factor of 87dronodified TiQ. The

fabricated immunosensor shows a lioftdetection of 3.6 pgnitand a | ogilinear d

range of 2'¥f@& 0L-® B hymgn blodd plasma.
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4.2 Introduction

Biosensors are devices that couple biorecognition elemahtsignal transduction mechanisms
to quantify and analyzeiologically relevant analyte$* Research in théeld of biosensing is
increasingly focusing on improving ret@ine health monitoring, poirbf-care diagnosis,
treatment selectiomnd monitoring of treatment resporféé’104134.2%Recent investigations
have highlighted the importance of protein biosensinghierelidble detection of inflammatory
processes, autoimmuudésorders, cardiovascular disorders, and carté¢ef€?3° Among the
signal transduction methods used for signal readdoibsensors, photoelectrochemical (PEC)
readout has generated tremendoug@stedue to its low limibf-detection(LOD),*? high
sensitivity?” and broad linear dynamic rangfdn PEC signal transduction, light and electricity
are used amput and output signals, respectively. This decoupling of iapdtoutpusignals in
conjunction with phot@amplificationstrategies allows for the creation of highly sensitive
biosensor§*°"133Gjven the possibility of optical biasing REC biosensors, these systems are
operated at lower appliegectrical potentials congped to their electrochemical counterts,
which reduces the background signals causddtbyfering electrochemical signals, thus
enhancing the signab-background ratio and limibf-detection of PEC biosensdfs’’133n

PEC immunosensors used frotein biosensindyiorecognition occurs on the surface of the
photoelectrode, owhich photorenabled electrochemical reactions are meastineds

desirable for photoelectrodes used in RiSensing to have high incident photorconverted
electon efficiency to increase the electrochemical reaction rate angs$héant

photocurrent’:133

TiO2 is commonly used as the photoactive material in BB8ensing®2°33% due to its high

photocatalytic efficiencychemical stabilityfunable morphology, water insolubilitipw
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toxicity, low cost, and ideal conduction and valence Hawells for driving electrochemical
reaction$+13"22However,unmodified TiQ has poor light absorption in the visisEngé®

along with high phtngenerated charge carriecombination rate, limiting its photocurrent
generationefficiency®”?"2To overcome these limitations, researctnege employed various
photoabsorption and photocurremplification strategies that couple Bi®ith plasmotc noble
metal nanoparticles (NP3 quantum dot$?” metatoxides withdifferent bandgap3and organic
ligands?®° The surfacenodification of TiQ nanostructures with organic ligangsrticularly
catecholate ligands, is a vgmyomising photeabsorption and photocurrent amplification strategy
due to theistrong adsorption onto the surface of metal oxides anckhtant formation of

charge transfer complex&$!°

The most commonly used TiGtructures used in PE@osensing are nanoparticles due to their
high surface area tmlume ratic®*°72723%4n spite of this, when Ti@nanoparticlesre made
into films deposited onto photoelectrodes, a ldrgetion of their surface area is inaccessible
due to theilcompact form factor, thus limiting their interaction with thectrolyte and their
available surface area for modification witiorecognition layers. Three dimensional (3D)
nanostructuremitigate this problem by forming porous photoelectrott@sugh which they
improve electrolyte and biomoleculaccess. Additionally, 3D nanostructures improve
photocurrengeneration by increasing charge carrier migration and redobange

recombination rate, since charge carriers areldesdized compared to nanagicles®°7114.272

Here, we sought to create 3D Bifanostructures thgielded a porous architecture desirable for
biosensing, hadnhanced PEC current generation in the visible light companaamodified
TiO2 nanostructures, and could &asilyfunctionalized with biorecognition elements for

biosensing.For this purpose, we used multifunctional catechataiéecules. Catecholate
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ligands are known to strongly adsantto the surface of Tig?1"%18’As such, researchers have
demonstrateé that surface modification of TEkdanostructurewith catecholate ligands is an
excellent photoexcitatioenhancement strategy’>18%18The TiQx catecholate ligandomplex
is utilized in various applications such as PE@sensing;® water spliting,*>1"3®solar

cells[3 4 7] artIphotocatalytic pollutant degradatiéh>®1*4Previous studiebave primarily
focused on enhancing the photoexcitation offtii@,-catecholate ligand complex by adding
catecholate ligand® presynthesized Ti@nanostructures. The formation agoerformance of
TiO2I catecholate complexes is influencedthg chemical structure of the catecholate
molecules. Thehemical properties and electric charge of the functigralps of catecholate
ligands nfluence their solubilityadsorption on Ti@patrticles, strength as dispersing agents,
photovoltaic performance of the complexes, and th&dractions with other components of the
biosensors. Asuch, in situ modification of Ti@using catecholates aapgpingand dispersing
agents for synthesis is promising for tuning tin@phology and properties of Ti®tructures.
The goal of thisvork was to take advantage of the strong surface adsoptiperty of
catecholate ligands to tune tm®rphology ofTiO2 during synthesis to produce 3D TiO
nanostructures thatere able to form highly porous photoelectrodes. @dtecholate surface
modification was also hypothesizedeohance photocurrent generation in the 3D.TiO
nanostructures by impvong photoabsorption and charge. Lastly, filnectional groups on the
catecholate molecules would alldacile functionalization of the photoelectrodes with

biorecognition elements.

The developed 3D Tigphotoelectrodes were functionalization with bioragagn elements for
creating a biosensdor analyzing interleukif6 (IL-6), a biomarker with key rolea

immunomodulation, hematopoiesis, and inflammagioocesses in the human body-@llevels
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in the body ardinked to several cancers and diseasehk sganeningitisA| z hei mer 6 s di s e
rheumatoid arthritis, lymphoma, myelonua,psoriasig®6-2%83%The results presented below
reveal keyinsights into development of new material systems fofahgcation of high

performancd’EC biosensors.

4.3 Results and Discussion

With the purpose of creating 3D Ti@anostructures, wexplored the addition of catecholate
molecules during the acidydrothermal synthesis of T¢O03,4DihydroxybenzaldehydéDHBA)
and caffeic acid (CA) werthe catecholate moleculased for the Ti@synthesis process
(Figure 4-1A). The commorstructural features shared by catecholate molecules ge¢kence
of an aromatic ring with two adjacent phendl©H groups. The chemical structures of the
molecules also includeal short hydrocarbon chain that ends in various functigmalps. In the
case of DHBA and CA, their hydrocarbohains end in COH andi COOH groups,
respectively:’%18’Catecholate ligands readily adsorb onto the surface of mth particles
via bidentate bonding~{gure 4-1B).%17%87|n thisbonding mechanism, surface Gibbs energy is
minimized wheradsorbed water molecules dissociate to produce a hydroxglatede. The
bidentate type bonding occurs via the surfageaption process, when two adjacent phenolic
T OH groupsare deprotonated and coordinate with the metal cation thicelgydration of the

surface hydroxyl groups or by outer spheoading9>199:200
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Figure 4-1. (A) Chemical structures afatecholate molecules used foodifying TiO,, (B)
bonding mechanisms of a catechol groupit> surface: (a) bidentate chelating, (b) bidentate
bridging (innersphere), and (c) bidentate bridging (outer sphere) bondicgte¢hol group. R
groupr epr esents 1 CHiI CHICCHDI[@BHBEAor CA and

Seven different Ti@nanostructures were synthesized usirgjandard acitlydrothermal
synthesis procedut¥ and CA orDHBA was added in situ to observe changes in the
morphology and PEC response of ttaostructures: bam@O2, CA-TiO> (IS), DHBA-TIO>

(IS), CATIO2 (PS),DHBA-TIO2 (PS), CATIO (IPS), and DHBATIO: (IPS).Bare TiQ refers

to the unmodified sample that did not hawg catecholate molecules added during or after the
synthesigprocess. CATIO? (IS) and DHBATIO: (1S) refer to samplethat had CA or DHBA
added during synthesis. RO, (PS)and DHBATIO: (PS) are samples that wenest
synthesizeds the bare Tig) but had CA or DHBA added to them aftgmnthesis. Lastly, the
CA-TiO2 (IPS) and DHBATIO: (IPS)samples had CA or DHBA addedthduring and after
synthesis. The bare Tivere composed of aggregateahorods that radially extended outward;
whereas, the CAIO (IS) and DHBATIO: (IS) were made of more loosghacked naorods

and were surrounded by nanopartiglegjure 4-2A). These new morphologies are attributed to
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DHBA and CA readily adsorbing onto the surface of Ji@nostructures as they form,
stabilizing their surface to preveaggregation. When the Ti®anostructures are deposited on
to a planar substrate they form a nanoporous surface, as sh@&#\bimaging Figure 4-2B).
As shown in the XRD data, bothe CATIO: (IS) and DHBATIO: (IS) predominantlycontain
the rutile phase, with small amounts oftase and negligible amount of brookite phase
impurities Figure 4-2C). The shape of the diffraction peaks suggests that adiythtéhesized
particles have high crystallinity; however, the G- (IS) and DHBATIO: (IS) showed lower
crystallinity than theunmodified particles. With the addition of surfactahizt have preferential
binding affinity for specific crystal faceti,is possible to control the growth of TiO
nanostructuresduring synthe&$19°:2%0n the basis of density functional theonpdels,
catecholate ligands are known to preferentially adearo the {110} facet of rutile Ti@*! It is
proposed that CAnd DHBA, preferentially adsorb onto the {110} facet of TdDiring acid
hydrothermal synthesis, preventing furtjeowth. This encourages anisotropic growth of ZiO
on other crystafacets with high surface energies. This is supported by the &R where we
see that the {211} diffraction of peak of t@A-TiO> and DHBATIO: are higher than the {110}

diffraction pe&s, whereas the opposite is the case fobtre TiQ.
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Figure 4-2. (A) TEM images of synthesized Ti@anostructures. (B) SEM images of
synthesized Ti@nanostructures deposited onto FRET substrate. (C) XRD data of acid
hydrothermally synthesized Ti®anostructures (a) bare Tidb) DHBA-TIO> (IS), and (c)

CA-TiO (IS).
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The expected bidentate bonding of catecholate molecutastal oxides was evated using

FTIR spectroscopyHigure 4-3) for a subset of the aboweentioned nanostructures. In the

wavenumber r angeF, bard TiQd6ed fohaReldadydiscermble peaks; however,

CA and DHBA showseveral peaks. These CA and DHBA peaks wiksie @servedh the CA
TiO2 (PS) and DHBATIO: (PS) samples, witminor shifting. It was also observed that the
peaksrelatedt€7 O stretching and ben &areigengffiddsvhig:,
other peaks are reduced. This indicateddahmation of bidentat¢ype bonding between TiO

and CA/DHBA. In the CATiO2 (IS) and DHBATIO: (IS) samplesimost peaks not related to

Ci O stretchi n gignificardly rédecadicompayed fobare TEDggesting thahe
surface adsorbed CA andHBA may be partiallldecomposed during synthesis after binding to

the surface oTiO>.

(b) ggz &
L A

Transmittance (a.u.)
%
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Figure 4-3. FTIR spectroscopy data for (a) bare Zi(d) CATIO2 (PS), (c) DHBATIO: (PS),
(d) CA-TiO2 (IS), and (e) DHBATIO2 (IS). (i) and (ii) are CA an®HBA, respectively.
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All the TiO2 nanostructures, modified with catecholatelecules during or after synthesis, were
optically andphotoelectrochemically characterizéddgure 4-4). For bareTiO», we observe
excellent light absorption in the UV ran€880nm) and poor light absorption in the visible
range( 3 8 0 1 7 (FiguredmA). The UV/vis spectroscopgonfirms that all TiQ
nanostructures with the catecholateface modification show significantly enhanced absorption
in both the visible range and thear UV range, compared to thare TiQ. Adsorption of
catecholate ligands on the surfac& @, forms charge transfer complexes that greatly improve
light absorption in the visible and the near UV rangéaleylitating improved photoexcited
electron injection into th&O, conduction band®®1731"Photocurrent measurememtsre
performed by exciting the Tiphotoelectrodes usinghite light Figure 4-4C). Photons with
energies high enough twercomethe Tidb and gap g e n eolepdire Théwblesmt r onT h
the valence band oxidize ascorbic acid atetleetrode/electrolyte interface, generating an anodic
photocurrent®®28The photocurrent density of the Ti®anostructures when ordered from
highest to lowest are GAIO2 (IPS)> CATIO2 (PS) > DHBATIO: (IPS) > DHBATIO2 (PS)
>CA-TiO2 (IS) > DHBA-TIO2(IS) > bare TiQ. The samplavith the highest photocurrent is €A
TiO2 (IPS) at 8.8 Acm' 2, which demonstrates an enhancement by a factor sbBvbare

TiO2. CA-modified TiO2 had higher photocurrent®mpared to their DHBAnodified

counterparts. This isonsistent with our previous experimehtshere it washown that
catecholate ligands with longer hydrocarbon tdémonstrate a larger photocurrent
enhancement. The Kamples demonstrate lower photocurrents compared RSt IPS
samples. The IPS samples slightly outperforns&8ples, which can be explained by their
crystallinecomposition. Based on the XRD dakgure 4-2C), IPSsamples contaiboth rutile

and anatase phases, whereas thed®$les only contain the rutile phase. The combination of
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rutile (D3.0 eV) and anatas®38.2 eV) phases improves tphhotocurrent of IPS samples via dual
sensitization. Couplintarge bandgap and small banggeemiconductors results imaultistaged
bandgap that i mpr geneeation efficiencytby alowindloMerenemy i r

photons teexcite the system; this process results in improved absorbatieevisible

range125,311,312
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Figure 4-4. Optical and photoelectrochemical characterization ok fi@hostructures. (A)

UV/vis absorbance spectroscopy of Ti@nostructures. (B) Chronoamperometric curves of

TiO2 nanostructures with and without optical illumination. (C) Summary of photocurrent

densities for various Tignanostructures. The bars represent the mean value obtained from at
least three separate electrodes, with the error bars representing the standard deviation. The
photocurrent measurements were performed at 0 V potential vs AgiAg@ 0.1 M ascorbic

acid in 0.1 M PBS as the electrolyte. The photoelectrodes were irradiated with white light and
the average photocurrent density was measured by taking the running average of the last 10 s of
the irradiation period.

It has been reportiethat 3D metabxide nanostructuresich as nanorcarraysst?

nanoflowers** and mesoporouims®!® demonstrate higher charge carrier separation, reduced
charge carrier recombination rate, and lower charge trarsfistance, compared tioeir NP
counterpart$:1%’ This hasbeen attributed to the increased lergthle of 3Dnanostructures,
which provides & h i g hfev ahprgetransport along their longitudinal directiof'®3D
nanostructures also boast higher light absorption ffamorphologieslue to increased internal
light scattering:***All of thesequalities generally endow 3D nanostructured metal oxides with
enhanced photocurrent generation over metal oxide NPodsexved surfaces Figure 4-2B

have a similar morphogly tothe 3D nanostructured metal oxides found in literature and are
expected to have similar photocurrent generation enhancement. Additionally, it has been
reported that 3D nanrsiructured electrodes can increase the sensitivity of a biodenadt00

fold compared to their planar counterparts miade nanoparticle$*2>331The use of 3D
nanostructures givgshotoelectrodes a higher electroactive surface area contpgrthar
photoelectrodes of the same footprint, which in fnoneases thprobe molecule immobilization
density and theéarget capture densif}:?>>31"The photocurrent enhancemeslely attributed to
the physical features of the nanostructucesd not be directly quantified here due to the
presence gbhotoabsorptionréhancing catecholate ligands. The DHBAO: (IPS)

nanostructures were used for the creation of Bie€ensors due to their high photocurrent and

the presence afCOH group on their surface that can react withi tNeél> groups of antibodies
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through Schiffbase reactions. The PHflosensor is created by immobilizing alti6 capture
antibodies on the photoelectrode, which can then bind ttatget IL.-6 antigen Figure 4-5A).

It is expected that in theresence of It6, the measured photoelectrochemicateniwould
decrease due to the reduced access of the ascorbto #uédelectrode surface. Other 3D
nanostructured electrodesmposed of nanorod array/s;*'83hanoflakes!4320-324nd
mesoporousilms 3'° (Supporting InformationTable 4-S1), have been reported in the literature
for PEC applicationsThese 3D nanostructured electrodes are generally maderfedah oxides
such as Ti@ ZnO, and BiOL’” Some of thesstructures also include functionalization with
other photoactivenaterals such as plasmonic NPs, quantum dots, and ptbtal oxide
nanoparticles as part of a broader photoexcitaigrancement strate§y®”*?¢30Hydrothermal
synthesis is thenost common method for fabricating these 3D nanostrucpiretbelectrodes
followed bychemical vapor depositioe]ectrodeposition, and successive ionic layer adsorption
andreaction. However, all of these fabrication methods redpitial seeding of a substrate with
a precursor structure tweate the 3Manostructuring®” This makes the fabrication 8D
nanostructured electrodes highly inefficient, lengthy, @gtly, as the production is limited by
the geometric area of tlseibstrate able ffit inside the instrument used for synthe3ike
synthess method presented in this work does not sdiftan such a drawback. Acid
hydrothermal synthesis of T¥k@ombined catecholai@duced morphology tuning can produce
hierarchical 3D Ti@nanostructures without the need $oibstrate seeding, resulting irghi

volume and higltoncentration suspensions of 3D nanostructures
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Figure 4-5. Characterization of the PEC immunoassay (A) Fabrication of the saffnal
immunoassay: (a) deposition of DHBBRO:? (IPS) on the substrate (b) modification with capture
antibody and (c) complexation with target protein. (B) Photocurrent density of DHBA

TiO2 (IPS) photoelectrodes at bare, probe immobilization, andarget capture stages of
immunosensor operation in bef. (C) PEC curves demonstrating the signal response at various
target concentrations in buffer. (D) Photocurrent signal decrease at vari6u®hcentrations
obtained from the PEC immunosensor in buffer. The inset shows a calibration curve with the
data points fitted to a line by equati@+ 10.76 xlogC + 9.43 and witiR?2 = 0.99. (E) PEC

curves demonstrating the signal response at various target concentrations in 20% human blood
plasma. (F) Photocurrent signal decrease at varic@sclthincentrationsrdained from the PEC
immunosensor in 20% human blood plasma. The inset shows a calibration curve with the data
points fitted to a line by equati@®~ 12.02 xlogC + 10.25 and withR? = 0.98.

In order to validate each step involved in the developmethieoPEC biosensor, we measured

the photocurrent before amadter each step in buffer solution, and quantified the sigmehge

caused as a resuKi@gure 4-5B). The immobilization oprobe antibodies on the photoelectrodes
resultedinasign@lecr ease (122% tol 29 %) signibcanthaldrgerint he d a't
magnitude compared to the obsergeghal decrease with a blank solution that did not contain
anyanti body (1T3%). This indicated tdleetrodeuccessf L
The immobilization of theapture antibody decreases the photocurrent by limitingdbess of

ascorbic acid from the electrolyte to the phetectrode surfac®?***Incubation with the

specific target IL6 demonstrated a significantlytare r s i gnal comparedgoe (1 41 %)

i ncubation with t hebonvanmsep esceirfuint atlarugretn ((1B3S%)),,
solution,demonstrating the ability of the PEC sensor in detectingpheific target. Target

complexation results in furthsterichindrance leading to more signal decrease. In order to

determine the analytical performance of the PEC biosewsoassessed it with logarithmically

increasing IL6 concentrations in buffeF{gure 4-5C and 45D) and 20% human blogalasma,

rangng f r om 2 1"'ARgdré 4-5& @nd A3F). As expected, the PEC current decreased

in magnitude withncreasing target concentration in both mediumgyre 4-5D and 45F), and

the percentage change in PEC current increasedgnitude with increasing the target
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concentration. The signdecrease measured in plasma was in good agreement with that
measured in buffer, demonstrating negligible signal change dueto biofouling (<6%). The sensor
demonstr at eaperaiondlmmg ¢ i mfe a2 72ntadimitoigdetaction(LOD)

of 3.6 pg mltin plasma and 1.6 pg rhtin buffersolution.

1:_(A) 8_(B)
ettt =
AL

0 100 200 300 400 500 600 700 800 1 2 3 4 5 6 7
Time (s) Days

Figure 4-6. Evaluation of the stability of the PEC biosensor. (A) Photocurrent density
measurements for 20 continuous cycles of the b&BMTIO: (IPS) photoelectrodes. (B)
Photocurrent density measurements following the storage of capture antibody modified DHBA
TiO2 (IPS) photoelectrodes for 7 days.

The shorterm stability of the sensor was evaluatedriasuring th@hotocurrent density for 20
continuous cycletor bare DHBATIO: (IPS) photoelectrode$igure 4-6A), demonstrating
negligible scafto-scan variability (signal change 0.86% over 20 scans and 14 min). The long
term stabilitywas evaluated by storing capt antibody modified photelectrodes over a period
of 7 days and measuring thhotocurrent density each ddiqure 4-6B). The sensor

demonstrates good losigrm stability, with 6% signaldecrease after 7 days.
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The above data makes it evident thaechoblate surfacmodified TiQ; nanostructures,

specifically DHBATIOz (IPS),are an excellent material system for use in PEC biosensora with

wide dynamic range and a low LOD. Some recent exanfipld2EC IL-6 biosensors in literature

include TiQ nanoparticles dual cosensitized with CdS and CdSe orel@crodes (LOD = 0.38

pgmll dynamic r aY, and the uBe of perbvskiggpe LaFeQ@ nanoparticles

deposited offluorine-doped tin oxide electrodes (LOD = 33rfd."?, dynamicrange® . 17 100

pg mL'1).32* The mainadvantage offered by our system is its wide dynamic reuigh covers

the diagnostic IL6 concentrationrangedfi seases such as Al zhei mer 6s
mL"Y), rheumatoid arthritis (17 pg mt), myocardiainfraction( 2 8 . 51 4 8%), Gachpxga mL

(100 pg mLY), cardiaomyxoma (>56 pgmlY) , mul ti pl e my'é,lhepatecyte 57 3 3
carci noma ('Y, ant Burkatynmplgoman(L00.3 pg mL),2°6 while still maintaining

clinically acceptable LOD andability. Commercial 16 biosensorsTable 4-S2) are typically

based on enzymiinked immunosorbent assays (ELIS&}.These commercial devices rely on
chemiluminescenc&? electrochemiluminescené,or colorimetry® as their principle signal

transduction mechanismhich require the use of benchtop plate readers. The LQiesé

assays range from 0.2 to 5 md.? putting the LOD obur device (3.6 pgiL™?) well within this

range. In contrast tihe abovementioned assays, our nevdgveloped system doast require

target labeling, which reduces the number of stegaired for assay operation. Furthermore, it

would be possiblen the future to integrate the assay with héwettl and portablsignal readers

for pointof-care analysis.

4.4 Conclusions

In this work, we developed an advanced material syntpestess to create photoelectrodes for

use in photoelectrochemical biosensors. These photoelectrodes use cateuhdife TiO
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nanostructures to provide a 3D architecterdjarced photoelectrochemical response, and
functionalligands for effective biofunctionalization. The chemistlicture of the selected
multifunctional catecholate moleculissa key factor, which governs the material properties and
efficient biosensor perfatance. Compared to photoelectrodesated from unmodified Ti£)

the catecholatanodified electrodes developed here increase the measured photobyredtut

2 orders of magnitude. These photoelectrodes easiy modified with antibodiesansforming
them intobiosensors for detecting4&. The fabricated biosenssinow great performance with a
wi de dynamic r anigelLO®bf3.Bpganldidn®0%hgmamilood plasma,
and good shaor and longterm stability.These photoelectrbemical biosensors have the
potentialtobbe used in the <c¢l ini calheumatad asthsitis,s of Al
myocardial infraction, cachexia, cardiayxoma,multiple myelomahepatocytearcinomaand
Burkitt ymphoma. The results presentedenalso providénsights into the development of

robust photoactive materigystems for the fabrication of high performance RESensors.

45  Experimental Section

Materials:

Caffeic acid (CA), 3,4ihydroxybenzaldehyd@®HBA), titanium (IV) butoxide, and indium tin
oxide/poly(ethylené er epht hal ate) (1 TO/ PET) sbhwestr at es
purchased from Sigmaldrich. Hydrochloric acid (37%) wgsurchased from Caledon

Laboratory Chemicals. MiHQ grade (18.21q cm) deionizedDI) water was used for all

solution preparatioand washing steps.

Acid-Hydrothermal Synthesis of Nanostructured TiO
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In ateflon container, 20 mL of the reaction solution was preparedikiyng 1 M HCI with 1 mL

of titanium (IV) butoxide. Theteflon container was inserted into an autoclave and placed in an
oven for 2 hat 180°C to prepare Tihanostructures via hydrothermal syntheBS@. samples

with in-situ surface modification, 0.05 g of CA or DHB#¥as also added to theaction solution.
After synthesis, the samplegre centrifuged six times at 6000 rpm. This was done to remove

reaction byproducts and restore neutral pH in the $i@pension.
Photoelectrode Fabrication:

ITO/PET substrates were cut irdomensions of 1.20.7 cnf and a small portion of length was
maskedwith selfadhesive vinyl to preserve electrical contact area. Subsivatessubjected to
air plasma treatment for 1 min. The substrates wene coated with unmodified Ti®r surface
modified TiQ:byd r oppi ng 1 Q%suspemdion @n.thé Substyate surfacelaihg

them in the oven at 85°C for 6 min. This process mpsated three times to deposit three layers.
Material Characterization:

The morphology of the synthesizednostructures was alyzed via transmission electron
microscopy(TEM) imaging using a Thermo Scientific Talos 200X STENtroscope. The
surface of photoelectrodes fabricated fromrthrostructures were analyzed via scanning
electron microscop€SEM) imaging using an FEI Malign 400 FEGSEM Microscop&or

SEM imaging the samples were coated with 3 nm thick layplatihum. Conventional sample
preparation was used for both TE&Md SEM imaging. A Bruker SMART CCD 600
Diffractometer usin@ Cu source was used for obtainingay diffraction (XRD)

characterization of the synthesized particles. Fourier transfdraned (FTIR) spectroscopy was
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performed using a Bruker Vert@0 spectrometer and Ultraviolet/visible (UV/vis) spectroscopy

wasperformed using a Tecan Evo 200 Platader.

Photocurrent measurements were caried out using a ZGH&S-QE/IPCE3
Photoelectrochemical Potentiostat. A standardeelectrode cell setup was used with white
light as a photoexcitation source. Platinum (Pt) wire was used as the czlanterde, a
silver/silver chloride (Ag/AgCl) electrode for the referetectrode and Ti@nanostructurer
catecholatenodified TiG; nanostructur@hotoelectrodes acted as the working electrodes. The
electrolyte solutiowas composed of 0.1 M phosphatéféred saline (PBS) and 0.1 &corbic
acid (AA). The photoexcitation source was a Thorlsid8/NVHL4 mounted LED, which has a
neutral white colot e mper ature (4007 700 nm) "%4seeBigused i rr ad,i
S1ifor the spectrum of the light sourcEhephotocurrent measurement was done by running the
potentiostat irchronopotentiometric mode for 60 s. The potential of the PEQveslixed at 0

V, and the working electrode was irradiated with whght at a 20 s interval. Average
photocurrent desity was measured hgking the running average of the last 10 s of the

irradiation period.
Antibody/Antigen Complexation and target Detection:

Photoelectrodes fabricated from DHB®Aodified TiQ nanostructurewith both in situ and post
situ modification were used for PERasedorotein detection testing. The immunoassay format
utilized was airect assay that made use of dhti6 as its single capture antibodgd IL-6 as

the target antigen. After fabricating the photoelectrothes; photoarrents were measured to
obtain the bare signal. In tifiest step, a 125 gnL'!solution of capture Ab was prepared from
stock by diluting in 1 M PBS. Then, 15 mL of the capture Ab solutias deposited on top of
the photoelectrodes and incubated foh2at20° C. After this incubation period, the
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photoelectrodes were washedh 1 M PBS. Photocurrent was once again measured at this point
to get the afteicaptureAb signal. In the next step, various concentrations of the target Ag
ranging from 2 to 200pg mL' ! wasprepared by diluting from stock in 1 M PBS. Then, 15 mL

of thetarget Ag solution was deposited on top of the photoelectrod&igthdr incubated for 1 h

at 20°C. The photoelectrodes were wash#l 1x Tris-buffered saline (TBS) and again \hasl

with a mixtureof 1x TBS and 0.5% v/v Tween20 (TBST). The photocurrentmeasured for a

final time to obtain the aftedargetAg signal.
Limit of Detection Calculation:

A calibration curve was plottems a function of the photocurrent density #melconcentration of
thellL-6 target Ag, which was used to complex with the Abt6 captureAg immobilized on

the photoelectrode. To simulate the effect ofapacific absorption of nontarget proteins, one of
the measurements contained 2000 pg ok bovine serum albumin (BSA)nstead of 11-6; this
measurement was treated as the blank sigmalt of blank (LOB) is calculated using the

equation:
p 006 O o .

where,lbiankis the standard deviation of the blank signal andab®r 3 is used to calculate the
LOD within a 95% confidencmterval. The LOD is then calculated from the regression line by

substituting the signal {yalue) with the LOB.
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Figure 4-S1.Spectrum offte photoexcitation sourcé.

Table 4-S1. 3D nanostructure photoelectrodes used in photoelectrochemical biosensing.

Photoelectrode Nanostructure Functionalization Fabrication  Application Ref.

material description method

TiO2 Branched N/A Seedassisted Water 313
hierarchical hydrothermal splitting
NR array synthesis

ZnO Nanospindles CuwO film Electroseposi Glutathione 3*

TiO2

Mesoporous  Au NP, MoS

film film
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ZnO Flower rod N/A Seedassisted DNA 314
like hydrothermal sensing
architecture synthesis

ZnO NR array CdS:Mn guantum Seedassisted Immuno 318

dots hydrothermal sensor
synthesis

BiOl Nanoflakes TiO2 NP Successive  Enzymatic 3%

ionic layer analysis
adsorption

and reaction

TiO2 Branched Au NP Surface Water 319
hierarchical plasma splitting
NR array chemical
vapor
deposition

NP = nanoparticles, NR = nanorods

Table 4-S2.Examples of Commercial ¥6 Immunoassays

Company  Test Assay Signal LOD Dynamic Assay Sample Retf.

name name Type trans range Speed volume
duction required

Beckman  Access Sandwich CL 0.5 0.51500 O #®&iks 110uL %

Coulter IL-6 ELISA pg mLt pg mL?t

Assay

Roche Elecsys ELISA ECL 5 1.55000 18 mins 30 uL 329

Diagnostics ® IL-6 pg mLt pg mL?

R&D Human ELISA CL 0.2 0.2-10 4 hrs 100uL 0

Systems IL-6 pg mLt pg mL?t
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Quanti
kine
HS
ELISA
Kit
Abcam Human Sandwich Colori 1.6 7.8500 90mins  100uL %t
IL-6 ELISA metry pg mL! pg mL?!
ELISA
Kit
Invitrogen  IL-6 ELISA Colori  0.92 1.56'100 3hrs 50 uL 332
Human metry pg mL! pg mL?!
ELISA
Kit
PerkinElmer IL-6 AlphaLIS CL 1.3 1.3 3 hrs 5uL 333
(human A pg mLt 30000
) pg mL*
AlphaL
ISA
Detecti
on Kit

CL = chemiluminescence, ECL = electrochemiluminescence,

ELISA = enzymédinked immunosorbent assay, LOD = limit of detection
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Chapter 5

Integration of Photoelectrochemical Signal Transduction with

DNAzymesfor Culture -free Detection of Bacteria in Lake Water

Preface:

The signaloff biosensing schemes presented in chapter 3 and chapter 4 have generally high
performance but are disadvantageous in some instances. The biggestiflawighaloff direct
bioassays lies in the fatihey perform poorly in complex biological media, as background signal
reduction from nosspecific adsorption can be higher than signal reduction from target
detection®*¥ 33" This severelyimits the sensitivity and LOD performance of sigoél PEC
biosensor$3*33"In order to address this isstleis chapter presents the development sifjaat

on PECbacterial assay that uses Rikeaving DNAzymes to modulate photocurrbgt

breaking and thn rebuilding of TiQ nanomateriabased heterostructures as a signaling

mechanism.

Using thelessons learned about catecholate surface functionalization and morphology tuning of
TiO2 nanostructureBom the previous two chapters, we synthesized an ulath$in6 nm)

anatase Ti@NP (referred to as Ti@nanoparticles in this chapter), through aajairothermal
synthesis withn-situ addition of CA When combined with the 3D rutile Ti@anostructures

(referred to as Ti@assemblies in this chapter) developed in chapter 4, a composite material

111



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

system is formed that acts as semiconductor heterostrutctaiferrther development of research
objective I. The rutile/anatase/CA heterostructure formed by this material system has
significantly higher photoexcitation than the base constituent materials. This is due to the
formation cesensitized bandtructurewhose combined effective bagap energy nearly half
that of the rutile or anatas€:>*®This improved photoexcitationag demonstrated with

photocurrent density measurements and incident pHotelectron conversion efficiency tests.

A major hurdle in developing such sensors for detecting pathogens such as bacteria is that they
require target enrichment or amplificatiandeliver the requiredOD.?32634339n order to

innovate on novel bioassays for research objectivhif,work aimed to solve this problem by
coupling TiG-nanoparticles with RNAleaving DNAzymedgo create photoactive biomolecular
barcodes that allow automatic molecular signal switchiFige result wasinultrasensitive
reagentfree signalon bacterial assay for the detectiontofColiin lake wateisamples.
DNAzymesare aclass of functional releic acids, have been selected for precisely identifying
specific bacterial species without the need for sample proceBsifgzymes cleave a segment

of themselves in response to specific bacterial targets. By modifying the DNAzymes wih TiO
nanoparticls, it was possible to create photoactive barcotles PEC bacterial assay was
created on a two electrode PEC chip containiagleavageelectrodeanda detectiorelectrode

To achieve bacterial detection, the sample solution is deposited to cover fmbtip @hectrodes.
TheE. colitargetinteract with the DNAzyme resulting inereleag ofthe photoactive barcode
strand, causing signal decrease at the cleavage elefteletarget interactiorthe released

DNA barcode is captured by probes at the detection electndae signal increaseghe
specificity of this assay was tested against a panel of severapgstive and grarmegative

bacteria, where it was shown thiargetE. Colibacteria produced a signal increase by a factor of
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~5 compared to netargetbacteria. A calibration curve was plotted in the rang€f0CFU mL?

and was fitted to logistic curves, resulting in an LOD of 19 CFUimllake water.

Authors: Sadman Sakil¥Zijie Zhang Enas Osman, Farhaan Kanji, Fatemeh Bahkshandeh,

Yingfu Li, Igor Zhitomirskyand Leyla Soleymani

Publication: Submitted for Publicatiom Nano Todayin Novenber2022
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5.1 Abstract

There is a need for rapid and fidddsed bacterial detection and identification platforms that do
not rely on lengthy growth cultures andJaaised techniques such as mass spectroscopy and
polymerase chain reaction. Electrochemical techniques have besopka for culturdree
bacterial detection; however, biosensors that deliver a low enougtofiahétection for direct
water pathogen sensing remain elusive. Herein, we report a photoelectrochemical biosensor
using photoactive DNAzymes for bacteriagidification and photoelectrochemical signal
transduction. The signal transduction is based on using DNA as a switch that makes and breaks
semiconductor heterostructures between; i@homaterials for target inducsynal

modulation. The developed assategrating molecular and photoelectrochemical switching is
able to detedEscherichia coliat a concentration of 18 CFU miland quantify it over five
ordersof-magnitude in lake water without target enrichment, addition of reagents, or sample

processingad can specifically identify this organism amongst five similar bacterial pathogens.
5.2  Introduction

The rapid detection and identification of bacterial pathogens are critically important for
preventing infectious diseases and reducing #pmiead, as well as for reducing the threats
associated with the emergence of antibiotic resistai¢é*’lt is well accepted that bacterial

testing and monitoring is important in humans and animals, as well as their ecosystems such as
water as thesgystems are intimately intertwined and affect the local and global transmission of
infectious disease$%**1 The current gold standard for bacterial testing involves growth cultures,
which requires incubations times o#8 hours>2>26:340ther clinical laboratory techniques

based on mass spectromett§**3nucleic acid amplification tests (NAAFP}*345or enzyme

linked immunosorbent assays (ELIS®)**%are more rapid; however, they are not simple and
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inexpensive eough for frequent and widespread use for water pathogen testing in the
field.23'25'26'34

In response to the need for rapid andietd bacterial testing, biosensors coupled to
electrochemical readout have been implemented to create handheld bioahaéytices that
resemble the glucose monif4P9337:347-34 hese devices deliver the required lioftdetection

for clinical testing (1000 CFU mi).3434However, they are either nauantitative>*>9337:347.348
incapable of reaching the relevant limits for surface water monitoring (100 CF)ffhwithout
sample processintj2593% or require extensive sample purification, target extraction and
enrichment, or reagent additiét 3>’ failing to delivera simple solution for ifield use.
Electrochemical biosensors that have a low enough-tifaietection for quantitative analysis of
nativewater samples without pigrocessing or addition of reagents remain elusive.
Photoelectrochemistry, a methodmbining electrochemical readout with optical excitation, is
an emerging signal transduction approach that offers a low background signal and a high signal
to-noise ratio for biosensimf*°8-306358josensors utilizing photoelectrochemical (PECYma
translate the capture of the target analyte by a biorecognition element to a change in
photoelectrochemical sign#°”-%813PEC biosensors generally outperform comparable
electrochemical biosensors by achieving lower liroitsletectiorf*8%32 There are reports of
PEC biosensors used for bacterial senstig3-359361 however, these systems are either signal
off making them unreliable for use in heterogeneous samples with different backdtbunds
336,:360,36%ely on multistep labelig or processing with enzym@ or photoactive labets®36%py
the user to generate the required ltofidetection, or use semiconductive quantum dots that are

unstable in open aff®3%9:362
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To develop a system that exploits the ultrasensitivity of PEC signal readout but is stable; reagent
free, singlestep, and simple to operate, we developed a new materials system combining
synthetic biology with surfacengineered sengonductive nanomatetis. We developed a
photoactive RNAcleaving DNAzyme, a synthetic analogue of a protein enZyi&3that

cleaves a segment of itself in response to a specific bact&itt*5“These DNAzymes are

highly specific to their targets3°°3%°and have been utilized as biorecognition elements to create
reagemess biosensors for multiple bacterial speéfes®36435however, their integration with

PEC signal transduction has not yet been shown.

We designed the photoactive DNAzyme to keeigandmodified TiQ nanoparticle as the PEC
label. The engineering of the Ti@anoparticle with the surface ligand from the catechoalte

group enhances its photoactiViy?®for increasing the biosensing signal. We then house these
photoactive DNAymes on photoactive electrodes made from a different class of TiO
nanomaterials to achieve reagémeie and signabn sensing. This systeisidesigned to modulate

the PEC current by breaking Ti@eterostructures created between the TW@y» nanomaterials

on one photoelectrode and building such heterostructure on another closely spaced electrode.
The heterostructure manipulation is caused by the cleavage of the photoactive DNAzyme on one
electrode followed by the diffusion and capture of the released &ffiemnt on another

electrode. The heterostructures are created and broken in the presence of thevizacteria
programmed molecular processes and without any external intervention. The resultant PEC
DNAzymeassay combines the specificity and reagess nature of DNAzymes with the
ultrasensitivity of PEC readout to create a simple and sensitive bacterial assay for analyzing the
low levels ofEscherichia col(E. coli) bacteriain water. The results presedtkerein,

demonstrate a new materials system for signal generatioch significantlyimproves upon our

116



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

previous work, where we developed an electrochemical bacterial detection platform based on
electroactive DNAzyme¥ Although the previous assay svable to achieve good clinical
performance for the detection Bf coliin urine, it achieved a limibf-detection of 1000 CFU

mL™ and relied on thresholdased and neguantitative detection, not meeting the criteria for
environmental monitoring* The present work innovates on our previous design through a novel
photoactive materials system, enabling PEC signal readout, to create an ultrasensitive and

guantitative assay for bacterial detection.

53 Results and Discussion

5.31 Engineering TiO2 Nanomaterials

We sought to develop two classes of photoactive nanomaterials for constructing the
photoelectrochemical bacterial assay. The first class was designed as high surface area three
dimensional TiQassemblies (Ti@assemblies)dr developing a photoelectrode with high
efficiency in photocurrent generation. The second class was designed as small nanopatrticles
(TiO2-nanoparticles) used as DNA labels for PEC signal modulation, created to minimally affect
DNA diffusion and binding. W developed hydrothermal synthesis for creating the two material
classes using titanium (IV) butoxide in a highly acidic solution with HCI for the-TiO
aseemblies, and titanium (IV) oxysulfate and caffeic acid in a low acidity environment with
H>SQ, for TiO2-nanoparticles. The Tigassemblies formed as aggregated nanorod clusters that
radially extended outwards from a central point with a diameter-@D80m Figure 5-1A).

These aggregates are mechanically stable as ultrasonication did not break npithe na
clusters. The Ti@nanoparticles have a spherical geometry with a diamete6afri Figure 5-

1B). Highly acidic solutions of Ti@precursors encourage anisotropic growth, as crystal facets

chelated by anions have lower surface energy, which leads to the formation of rutile nanorods,
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nanowire and whisketlike structure?10-339.366.364n TjQ,, this leads to accelerated growth loé t
(110) plane, which is more thermodynamically stable than other planes, leading to the formation
of the rutile nanorods observed in Bi@ssemblied!®3**Conversely, low acidity solutions
facilitate isotropic growth resulting in the formation of anatase nanoparticles similar to what is
observed with Ti@-nanoparticles3°268368 The small size of the Ti@nanoparticles is attributed

to the addition of affeic acidi a member of the catecholate family with an aromatic ring having
two adjacent phenoli€®OH groups’ during synthesis. Caffeicid alsacontains a short
hydrocarbon chain that ends with a carboxylic grdtigure 5-1C (i)).1?>17%18Catecholate

ligands are known to strongly adsorb onto the surface of metal oxides through bitigrgate
bonding Figure 5-1C (ii)-(iv)).>1?21703PDyring hydrothermal synthesis, caffeic acid adsorbs
onto the TiQ surface upon nucleation and acts as a capping agent which stabilizes TiO
nanoparticles and inhibits further growth and agglomer&tidio account for caffeic acid
degradation during synthesfswe added caffeic acid both before are and after sgisthas

shown in the XRD datd~gure 5-1D), both TiQ nanomaterials have a high degree of
crystallinity. For TiQ-assemblies, the characteristic peaks of pure rutile phase are observed;
whereas, for Ti@nanoparticles, the characteristic peakpure anatase phase are observée.
presence of Chnions leads to preferential formation of rutile piia$é°whereas S@ anions

are known to inhibit rutile formation and encourage growth of angta8e®’"*which further

explain the phase differences between the two different f@@omaterials.
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Figure 5-1. Characterization of hydrothermally synthesized @terials. Transmission electron

micrographs of (A) Ti@-assemblies and (B) Tihanoparticles at different magnificationsii)
( C) Chemi cal structure of (i) c a b $udaces: (ipci d
bidentate chelating, (iii) behtate bridging (inner sphere), and (iv) bidentate bridging (outer
sphere). (D) XRD data of (i) Té2assemblies and (ii) Ti#nanoparticles.
We hypothesized that combining the two Ti@anomaterials would yield a semiconductor
heterostructure, making the combined PEC current higher than either material due to a co
sensitization effect caused by the formation of a4yfand structur&?°130f this were the
case, we could then@ishe TiQ-nanoparticles as labels for signal modulation on,TiO
photoelectrodes. To validate this hypothesis, we characterized hybrid photoelectrodes fabricated
using the TiG-assemblies (three layers) and coated with a layer of f@oparticles (one
layer) using photocurrent density and incident phdtealectron conversion efficiency (IPCE)
measurements-{gure 5-2). Four different hybrid photoelectrodes were produced with their
fourth layer containing different amounts of bi@anoparticlesRigure 5-2A) and their
photocurrent density was measuréay(ire 5-2B). The photoelectrodes were excited with white
light, with photons having energies higher than theoTi@dgap generating electrbnle pairs.
The photogenerated holes in the valance bandzmxitie ascorbic acid present in the electrolyte,
generating an anodic photocurréht®1?2134As expected, we observed that the addition ofTiO
nanoparticles to the photoelectrodes increases the photocurrent, with the current increase being
correlated with the increase in the concentration ob-Ti@noparticlesKigure 5-2C).

The IPCE responsé&igure 5-2D) of the baseline photoelectrodes (three layers of the
TiO2-aseembly) is typical of TiPmaterials’313358374yith high photoexcitation efficiency in the
UV range (< 400 nm) that rapidly drops off in the visible light region (> 400 nm). When one

layer of 3.3 % TiG-nanoparticles was added to the baseline electrode, the photoexcitation

efficiency was significantlgnhanced across UV and visible (4880 nm) ranges. This is
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especially remarkable considering that adding a fourth layer efds€emblies to the baseline
photoelectrode reduced the IPCE across all wavelengths and thatar@particles alone had a
verylow IPCE response. The IPCE response of the photoelectrodes demonstrates that the
combination of the two different T&Ghanomaterials and creation of a semiconductor
heterostructure produces a significant improvement in photoexcitation efficiency through
increased optical absorption in the visible range and improved photocurrent generation.
Interestingly, adding the Tiananoparticles to the baseline photoelectrode increased the dark
and illuminated charge transfer resistance of the hybrid photoelectindieating the

passivation effect of Ti@nanoparticlesRigure 5-S1). This effect is counteracted by the
enhancement in photoexcitation efficiency of the material system.

Based on the above results, a band diagram for the rutile/anatase/caffeicrémichdactor
heterostructure is proposdeiqure 5-2E) to describe the photoexcitation process of this system.
We believe the enhanced photoexcitation efficiency of this material system is related to the
combination of two effects: enhancement in photogiignr due to catecholate ligand driven
electron injectio”?2184and a cesensitization through the formation of a mugitate band
structure>?®1¥Catecholate ligands like caffeic acid, when adsorbed onto the surfacezef TiO
nanoparticles, improve light absorption in the visible range by forming charge transfer
complexed?2172173n this material system, Tiénanoparticles act as the carrier éaffeic acid.
Surface adsorbed catecholate ligands display two types of electron injection mechanisms. In the
typel mechanism, a photoexcited electron first enters an excited state, going from the highest
occupied molecular orbital (HOMO) to the lowesioccupied molecular orbital (LUMO) of the
catecholate ligand, and then transferring to the conduction band of the meté°dXftte the

type-ll mechanism, there is a direct transition of photoexcited electrons from the HOMO of the
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catecholate ligantb the conduction band of the metal oxide3"The typell electron injection
mechanism is considered to be more efficient due to direct transition from the ligand HOMO to
metal oxide conduction band having a lower energy difference than thermgehanisnt >3"3

A semiconductor c@ensitization structure involves the assembly of two semiconductors with
different bandgap energies into a heterostructure. This creates stadtbandgap where
photogenerated electrons need lower effective energies to enter taa sxaie, leading to higher
electronhole pair generation and enhancement in photoexcitation effictéhtyPrevious

studies show that mixgohase TiQ@ containing both anatase and rutile can replicate this effect as
anatase and rutile have differdraindgaps°311-37Density functional theory models have

reported that electron affinity of rutile and anatase are 4.8 eV and 5.1 eV respectively, resulting
in the effective bandgap energy~2.78 eV for the heterostructut€->1-33n multi-stage band
structures like this, electrons typically flow between adjacent conduction bands and holes flow
between adjacent valance baAtfdn our material system, we propose that photoexcited
electrons are directly transferred from the HOMO of caffeic acid to the conduction band-of TiO
nanoparticles (anatasej' These electrons then flow from the conduction band 0f-TiO
nanoparticlesto the conduction band of Tassemblies (rutile) through the-sensitized
semiconductor heterostructur@ These studies demonstrate the synergistic interactions between

the two TiQ nanomaterials toward enhancing the measured photocurrent.
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Figure 5-2. Construction and characterization of the Fi@terostructure. (A) lllustration of the
cross section of the photoelectrode with Fr@noparticles deposited on bH@ssemblies. The
inset demonstrates the topw SEM of the photoelectrode suwréacreated from Ti&
assemblies. (B) Photocurrent density measurements and (C) peak photocurrent density
summaries generated from the structure illustrated in (A) at different mass ratios-of TiO
nanoparticles in the top layer to the F&semblies in thieottom three layers. (D) IPCE
measurements for photoelectrodes fabricated from three layers s83s@&mblies, four layers of
TiO2-assemblies, one layer of Ti@anoparticles, and one layer of Bi@anoparticles on three
layers of TiQ-assemblies. (E) Bposed band diagram of rutile/anatase/caffeic acid
heterostructure showing photoelectron injection in the ligandetal oxide charge transfer
complex and dual sensitization between rutile and anatase TiO

5.3.2 Designing the PEC DNAzyme Assay

We leveraged the enhancement in photoexcitation efficiency generated by the TiO
heterostructure to design a highly sensitive and specific ctlegdacterial sensor. Bacterial
identification was achieved using RNAeaving DNAzymes that were previouslyested for

targeting proteins released frdin coli,343°0-36436%roviding a highly specific probe for this
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microorganism. To achieve PEC signal transduction, we created photoactive DNAzymes that
upon target capture, cleave and release a photoactive-siregieled DNA (ssDNA) barcode.

These photoactive DNAzymes were created by attaching streptavadiified TiO.-

nanoparticles (discussed above) to biotinylated DNAzyiRiggife 5-3A). The TiQ-

nanoparticles were modified with streptavidin through carboxamide bonding between carboxylic

acid groups on the caffeic acid ligand and the amino groups on strepf&¥idin
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Figure 5-3. lllustration and characterization of the PEC DNAzyme assay. (A) Building blocks of
the photoactive DNAzyme strand. (B) lllustration of the F&3sembly photoelectrode. (C)
Operation of the PEC DNAzyme assay: In the presence of the targethdmOparticle tagged

DNA barcode is released at the cleavage photoelectrode and hybridized at the detection
photoelectrode. (D) signal changes on the @dgawand detection photoelectrodes as a result of
bacterial target interaction. Kinetics study demonstrating the detection and cleavage of TiO
nanoparticlebarcodes at the (E) cleavage photoelectrode and the (F) detection electrode. The
insets demonstratee raw PEC curves from 0 to 240 minutes. Average photocurrent density was
calculated from buffer solutions spiked wih coli (10° CFU mL*) measured on three different
two-electrode PEC chips.
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The PEC bacterial assay was created twoeelectrode PEC chip containing cleavage and
detection photoelectrodes fabricated from ZF#&3sembliesKigure 5-3B). The geometry of this

chip was optimized so that both electrodes would receive equal amount of illumination from
mounted LED photoexcit@n sources. The cleavage electrode was modified with the
DNAzymes and the detection electrode was modified with ssSDNA probes to capture the released
photoactive DNA barcodegigure 5-3C). The photoactive DNAzymes and the ssDNA capture
probes were modifeewith 3,4dihydroxybenzaldehyde (DHBA), another catecholate ligand,
through the formation of a Schiffase link between aldehyde group of DHBA and amine
termination of the DNA sequence® The DHBA modification facilitated immobilization of the
two different DNA probes onto their respective photoelectrodes, through bidgmate
bonding®!?21"%Photoelectrode characterization using electrochemical impedance spectroscopy
indicated succesful DNAzyme immobilization on the cleavage electrode and ssDNA probe
modification on the detection electrodgdqure 5-S3). To achieve bacterial detection, the sample
solution is deposited to cover both-ohnip electrodes. The targets from the bactgniatéins in

the crude intracellular mixture &. coli) interact with the catalytic core of the photoactive
DNAzyme resulting in the cleavage of the DNAzyme, releasing the photoactive DNA barcode.
After target interaction, the released DNA barcode is cagthy the ssDNA probes at the
detection electrode. This results in breaking of the rutile @83emblies/anatase HO
nanoparticle/caffeic acid heterostructure on the cleavage electrode and its reformation on the
detection electrode, which decreasessifgaal on the cleavage electrode and increases the signal
on the detection electrodgigure 5-3C and5-3D).

To understand the assay operation, we performed a kinetics study on both photoelectrodes, in

which the amoundf photoactive barcodes released and captured was indirectly measured
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through photocurrent density induced on the two photoelectrétpsé 5-3E and5-3F). These
studies indicate that starting at 10 minutes, barcode cleavage is initiated and it edotinue

increase until 240 minutes. Interestingly, barcode capture is evident starting at 15 minutes on the
detection electrode and continues until 240 minutes, which is line with past studies performed
with redox barcodes and is linked to the diffusion timeéween the two electrod&s***Based on

the results of this kinetics study, the target incubation period was chosen as 60 min, which
presents an appropriate traofé between reducing assay time and improving the signal

magnitude.
5.3.3 Bacterial Detection

In order to evaluate the ability of the photoelectrochemical DNAzyme assay in detecting
environmentally relevant amounts©f coli, we exposed it to buffer or lake water (negative for
E. coli) spiked with different concentrations 6f coli (Figure 5-4). E. coliwas chosen as our
target because of its prevalence as a wastewater contafdififthowever, this assay can
detect other types of bacteria using different photoactive DNAzy#é%8:3%4The photocurrent
change was nasured on both electrodes and documented as fold change (ratio-airgest
signal () to pretarget signalJer)) and plotted for each set of photoelectrodes for hé°0

CFU mL*range for both buffer and lake water sampkigire 5-4A and 5-4B). As expected,
the photocurrent decreases on the cleavage electrode and increases on the detection electrode
after exposing the chip to an increasing concentrati@h obli mixtures Figure 5-4A). For

both buffer and spiked lake water samples analypeiti® detection electrode, a sdoyg plot of
fold change as a function of target concentration is produced as a calibratiorFoguve $-4B,
(ii) and (vi)).3"°38The limit-of-detection for this assay, calculated using the detection

photoelectrodesi21 CFU mt! in buffer and 18 CFU mitin lake water; whereas, the lirof-
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detection calculated using the cleavage photoelectrode is 442 CElhrbuffer, and 2694 CFU
mL7in lake water Figure 5-S4). The lower limitof-detection observed on the ddten
photoelectrode compared to the cleavage photoelectrode demonstrates the benefit of our two
photoelectrode design. Such low limit:detection is achieved in the absence of growth cultures,
target amplification, or the additional of reagents or labeisng assay operation, which are
common practices used in bacterial cultures, nucleic acid amplification tests (NXA®)pr

enzymelinked immunosorbent assays (ELISKY;**®respectively.
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Figure 5-4. Quantifying the limitof-detection of the PEC DNAzyme assay. (A) PEC curves at
varyingE. coliconcentrations for (i) cleavage photoelectrode in buffer, (ii) detection
photoelectrode in buffer, (iii) cleavage photoelectrode in lake water, and (iv) detectio
photoelectrode in lake water. (B) The fold change of the PEC DNAzyme assay at varying
concentrations dt. Colifor (i) cleavage photoelectrode in buffer, (ii) detection photoelectrode
in buffer, (iii) cleavage photoelectrode in lake water, and (iv)atiete photoelectrode in lake
water. Fold change is calculated as the ratio of-fawget photocurrent to ptarget
photocurrentJt/Jet. The insets show calibration curves plotted as detection electrode fold
change as a function of target concentration, which are fitted to curves/f#)p =
(707[Ccim]®2¥(8.18x16)°2°+ [Ccim] *23) + 8.98;R2= 0.99 for buffer and (iv)X/Je)o =
(186[Ccim]®2¥(5.01x13)%28+ [Ccim] 2?8 + 10.8;R2= 0.98 for lake water.

After confirming that the PEC DNAzyme assay is capable of detecting environmegtaitgnt
concentrations dE. Colicontamination in both buffer and lake water, we assessed the specificity
of this assay. For this assessment, we compared the fold chaageotito a panel of Gram
positive and Grarmegative bacteria targeBacillus subtilis, Staphylococcus aureusgionella
pneumophila, Enterobacter aerogenes, and Klebsiella pneum@¥igee 5-5). The bacterial
load used for all the targets for this assessment WaBRI0 mL* (Figure 5-5). Using both
photoelectrodes, we were able to idenkfycolirelative to eher bacteria in buffer and lake
water. Samples containirigy colidisplayed fold changes of 79 and 82 in buffer and in lake
water, respectively on the detection photoelectrode. In contrast, titangeh bacteria did not
result in a fold change higheraih 18 in either medium, showing that this assay has a high degree
of specificity. Similarly, the cleavage photoelectrode fold changE .faolisamples showed a
value of 0.56 in buffer and 0.47 in lake water. The minimum cleavage photoelectrode fold
chang for the nortarget did not go lower than 0.84 in either medium, indicating low rates of

non-specific cleavage for the napecific bacteria. This further supports the high specificity of

the PEC DNAzyme assay.
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Figure 5-5. Specificity of the PEC DNAzyme assay. (A) Post (solid) and pre (dotted) target PEC
curves of different bacteria for (i) cleavage photoelectrode in buffer, (ii) detection photoelectrode
in buffer, (iii) cleavage photoelectrode in lake water, and (iv) detephotoelectrode in lake

water. (B) Quantification of croggactivity of the PEC DNAzyme assay with different bacteria

for (i) cleavage photoelectrode in buffer, (ii) detection photoelectrode in buffer, (iii) cleavage
photoelectrode in lake water, and) (detection photoelectrode in lake water. Fold change is a
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ratio of posttarget photocurrent to pitarget photocurrengli/Jet. The bacteria concentration is

Ccim = 1¢° CFU mL? for all the tested organisms.

The stability of this assay was also evaluated through photocurrent measurements over an eight
week period, while the detection electrode was modified with photoactive DNAzymes and the
cleavage electrode was modified with ssDNA capture prdfigarge 5-S5). The detection

electrode displayed a ~30 % signal decrease over the first two weeks but demonstrates excellent
stability from week 2 through to week 8. The cleavage electrode remains highly stable, with the

signal decreasing by only ~14 % by the end oékv@.

54 Conclusions

We designed a sensitive, specific, reagess, and culturéree bacterial assay by integrating

PEC signal transduction with RNé&leaving DNAzymes. This assay is founded on a rationally
designed material system composed of two classes efiEi@materia: TiO-assemblie$
threedimensional rutile nanorod clusters {800 nm) and Ti@nanoparticle$ caffeic acid

modified anatase nanoparticlesg hm). The combination of Tgkassemblies and T©
nanoparticles gives rise to a semiconductor heterosteyatinich is broken and reformed in
response to the target for creating a bacterial detection assay.

The bacterial assay consists of two photoelectrodes fabricated frora3s@mblies, with a

cleavage photoelectrode modified with photoactive DNAzymes aastetection photoelectrode
modified with ssSDNA capture probes. Upon target interaction, a photoactive reporter strand is
cleaved from the DNAzyme and is captured by the DNA probes. This causes the breaking up of
the TiQ heterostructures on the cleavammtoelectrode and its subsequent reformation on the
detection photoelectrode. The result is a signal decrease on the cleavage photoelectrode and a

signal increase on the detection photoelectrode.

132



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

The PEC DNAzyme assay deteEtscoliwith a limit-of-detestion of 21 CFU mt! in buffer and

18 CFU mL!in lake water, surpassing the liroit-detections offered by other amplification

free, culturefree, and reagetitee electrochemical (1000 CFU m)3* and photoelectrochemical

(24 CFU mLY)334assays used for bacterial sensing. The assay also demonstrates a wide dynamic
range and is responsive until®XDFU mL™. Additionally, the assay shows a high degree of

specificity when compared against a panel of both GQrasitive and Granrmegative baetria,
demonstrating a signal that was at least 4 times high&. fooli compared to interfering

bacteria, confirming the effectiveness of this assay in bacterial identification.

The assay presented herein directly improves upon our previous work,usbitlelectroactive

DNAzyme labels and electrochemical signal transductfo337-34734Fhe synthesis of novel

photoactive TiQ nanomaterials and combining them with DNAzyra#ewed for the

integration of PEC signal transduction with this assay, which significantly enhanced sensitivity

and dynamic range, and enabled quantitative rather than thrdsssd analysis. . As such, our
newly-developed assay meets the criteriadkbective environmental monitoring and can be

integrated with handheld photoelectrochemical readers fioelthwater analysi§®3®Lastly,

the new findings made herein with respect to
of @A phoDtNoAazcytmevsed ar e applicabl e trelevantiaegets ensi ng
in a wide range of applications.

55  Experimental Section

Materials:

l-ethyb3-(3-di met hyl ami nopropyl )carbodi 2(Nr de hydr och
mor pholino)ethanesul f ebihydmxybenzaldehydeMEHBA), cafei® . 0 %) |,

acid, L-ascorbic acid (AA, 99.0%) magnesium chloride (MgCl 09 9 - 0 %) , N
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hydroxysul fosuccinimide (NHS, 098.0%) phospha
potas i um chl or i d eotassii@ ferrocy@rdd (RECh, O 9 9 ), Botassium

ferricyanide (KFe(CN,09 9 )i um chl oride (NacCl, 099. 0%),
Streptomyces avidinititanium (1V) butoxide (97.0%), and titanium (IV) sulfate (~15 wt. % in

dilute sulfuric acid) were purchased from SigAldrich. Hydrochloric acid (HCI, 37%) was

purchased from Caledon Laboratory Chemicals. Polystyrene sheets (1 mm thickness) were

source from Grafix Arts. Vinyl films were obtained from DFC Graphic Films. Lake water

samples were obtained from Lake Erie at Port Dover, Ontario, CanadaQMilg r ade (18 . 2
cm) deionized (DI) water was used for all solution preparation and washing dseps. A
oligonucleotides were purchased from Integrated DNA Technologies. The modified mTEC agar

was purchased from Hach Canada (London, ON) and the Omnipore 0.45 um PTFE membranes
was purchased from Millipor€igma (Boston, MA).

Acid-Hydrothermal Synthesis ofiO, Nanostructures:

For the synthesis of T#¥assemblies, 20 mL of the reaction solution was prepared in a Teflon
container, by mixing titanium (1V) butoxide (1 mL) in HCI (1 M). The Teflon container was

inserted into an autoclave and placedimanen f or 2 h at >-abserdbliesi€ t o pr
hydrothermal synthesis. After synthesis, the sfésembly suspension produced in the oven was
centrifuged six times at 6000 rpm. This was done to remove reactiprotiyicts and restore

neutral pH in e suspension. The Ti@ssembly synthesis process and results are further

described in our previous wafkFor the synthesis of Tinanoparticles, 30 mL of the reaction

solution containing ~15% titanium (IV) sulfate (1 mL) solution and caffeic adidjj3vas

prepared in a Teflon container. No acid was added, becauseeaged titanium (IV) sulfate

solution contained sulfuric acid. The parameters for hydrothermal synthesiszef TiO
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nanoparticlesn the oven and its pasinthesis treatment are the gaas the preparation method
for TiOz-assemblies.

Photoelectrode Fabrication:

The dual electrode PEC chip was fabricated on polystyrene sheets. The polystyrene was cleaned
with ethanol and DI water, after which a vinyl mask was applied onto the sheet. The vinyl mask
was cut into the desired electrode pattern (designed on Adokealituy using a Graphtec Robo
Pro CE500040-CRP craft cutter. A 100 nm film of indium tin oxide (ITO) was sputtered onto
the masked substrate by radio frequency sputtering using a Torr International Magnetron
Sputtering System. The resulting chips consigtvo halfcircle ITO/PS substrates, each with a
geometric surface area of 0.166 &rThe substrates were coated by ddepositing TiQ-
assemblies suspension (5 uL, 0.4Y bn each substrate. This process is repeated four times to
deposit four layers

Material Characterization:

The morphology of the synthesized nanostructures was analyzed by transmission electron
microscopy (TEM) imaging using a Thermo Scientific Talos 200X STEM Microscope. The
surface of photoelectrodes fabricated from the nanostructures was analyzed by ssantriog
microscope (SEM) imaging using an FEI Magellan 400 FEGSEM Microscope. For SEM
imaging, the samples were coated with a 3 nm thick layer of platinum. Conventional sample
preparation was used for both TEM and SEM imaging. A Bruker SMART CCD 600

Diff ractometer with a Cu source was used for obtainifmgydiffraction (XRD) characterization

of the synthesized patrticles.

Photoelectrochemical Characterization:
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Photocurrent density measurements, electrochemical impedance spectroscopy (EIS) and incident
photon to current efficiency (IPCE) investigations were carried out using a Zahner CIMPS
QE/IPCE3 Photoelectrochemical Potentiostat. For all three of theseatetdadard three

electrode cell setup was used. Platinum (Pt) wire was used as the counter electrode, a
silver/silver chloride (Ag/AgCl) electrode for the reference electrode and then@i@material

based photoelectrodes acted as the working electrbdeghotoexcitation source for the
photocurrent measurements and EIS tests was a Thorlabs MNWHL4 mounted LED, which has a
neutral white color temperature '&Zm®07 700 nm)
photocurrent density measurement was done by rgrih@potentiostat in chronopotentiometric
mode for 120 s. The electrolyte solution used for the photocurrent measurement was composed
of PBS (0.1 M) and AA (0.1 M). The potential of the PEC cell was fixed at 0 V, and the

working electrode was irradiatedth white light at a 40 s interval. Average photocurrent density
was measured by taking the running average of the last 10 s of the irradiation period. Room
temperature EIS measurements were performed at arcopait potential and the electrolyte

usedfor the EIS measurements contained potassium ferricyanide (2 mM), potassium
ferrocyanide (2 mM), and KCI (0.1 M) in 10 mM PBS. The excitation amplitude was 10 mV and
the frequency range used was 100 kH®0 mHz. IPCE measurements were carried out wéh th
same electrolyte solution as the photocurrent measurement test. Thie ailable wavelength

LED of the Zahner potentiostat was used as the photoexcitation source during the IPCE testing.
The following formula was used to convert photocurrent vadtiepecific measured light
wavelengths into IPCE:

pPCT T G O
_ta O dwaom

p 'O0 6kO

136



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

TiO2-nanoparticle tagged DNAzyme preparation:

The DNAzymesequences were produced by ligating biotinylated part of DNAzyme sequences

(DZ1) to aminated part of DNAzyme sequence (DZ2), using a ligation template (LT) assisted
method adapted from Aguirre et®8f.This process produced tEe ColiDNAzyme sequence

without TiOz-nanoparticleaagging (DZ). A solution of DZ is prepared and an amount DHBA

solution was added to it to achieve 1:1 molar ratio of DHBA to DNAzyme, which is then
incubated for 1 hour i-DZsdlution@astsat asipeduspdnsione . Thi
of TiO2-nanoparticles was prepared and caffeic acid solution was added to it to achieve 5% mass
ratio of caffeic acid to Ti@nanoparticle. The Ti@nanoparticlesuspension was then mixed with

EDC (20 mM), NHS (10 mM) and MES (10 mM) and incubatef or 1 hour i n 4 C
Then streptavidin was added to the suspension to achieve 1:1 ratio of streptavidin molecule to
TiO>rnanoparticle and incubated for 1 hour in 4
centrifuged at 4000 rpm for 30 s an@ Bupernatant was replaced with DI water. The

centrifugation was repeated four times. This process binds streptavidin moleculesto TiO
nanoparticlehrough caffeic acid ligands to produce the Streptavidiffieic acidTiO>

suspension. An additional amowftcaffeic acid solution is added to this suspension to achieve

35% mass ratio of caffeic acid to TH@anoparticle. The Streptavidoaffeic acidTiO2

suspension and DHBAZ solution were mixed at a 12:10 molar ratio to produce the final-TiO
nanoparticle tagged photoactive DNAzyme sequences (T2b)e 5S1in Supplementary

Information shows full list of all the sequences involved in this process.

Probe immobilization and bacteria detection:

In the initial probe immobilization step, captper obe ( CP) solution (7.5 ¢

TDZ suspension (7.5 ¢lL, 1.5 €M) were deposite
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el ectrode of the dual el ectrode PEC chi p, res
temperature, and thevashed with 25:25 buffer (25 mM PBS and 25 mM NacCl). Afterwards, the
photocurrents were measured to get thetgrget stage signals. In the next stage, various
concentrations of crude intercellular matrix (CIM) frain Coli bacteria were deposited agth
target . For all experiments, 100 eL of the tar
The PEC chip was then incubated for 1 h at 37
rested at 15 i ncline, w Dve the detieotion elécteodey Bhg e e |
photocurrents were measured at this stage to get théapgst stage signals.

The CIM from differentE. coli cultures (biological replicates) with concentrations of CEU

mL"! wereobtained by centrifugation at 11,000 x g for 5 min at 4 °C, followed by heating at 65 °C

for 10 min to demonstrate the feasibility of the assay. The target solutions were prepared by spiking

the bacterial samples in 25:25:100 buffer (25 mM PBS, 25 mM Ida@l100 mM MgGJ) and

lake water. The signal generated withcoliwas compared with a panel of five control bacteria

CIM (10° CFU ml?), including B. subtilis, S. aureas, L. pneumophila, E. aerogeamasK.
pneumoniado assess the specificity of thehaique toward&. coli. The lakewater used for the

spiking study was determined as negative by following method 1603 from the United States
Environmental Protection Agency using modified membitéueemotolerant Escherichia coli agar
(modified mTEC) usin@.45 pm PTFE membrané$

Limit-of-detection calculation:

Calibration curves were plotted as a function of the fold changefaagt signalJ) /pretarget

signal (Jpm)] and the concentration of the Coli CIM. This was done for botk. coli spiked in

buffer solution andt. colispiked in lake water. The curves fitted to the fold change data took the

form of a logistic function that result from the lafrmassaction for surface biosensord
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Specifically, the calibration curves were fitted as a-{foarrameter notinear logistic curve, known
as the Hill equation which is generally used for translating ligand binding to a signal re¥ffonse

38 The Hill equation used had the following forms:

L b (') T -

¢ go . 0 Ovu &
(@) € Bz oan
v 0 00

L 0 04 "On -

o Gguo & p — 0 .,OU [A)
8 0 €8s an
o0 Ov

Equation (2) and (3) were fitted to detection photoelectrode and cleavage photoelectrode fold
change data, respectively. The variaBtev represents the bacterial target concentration in CFU
mLL. Limit of blank (LOB) is calculated using the equation:

T 006 UL o,
Where, ,, is the standard deviation of the blank signal and the -biritetection was
calculated within a 95% confidence interval. The blank signals were generated from target samples
with 0 CFU mL! of E. coli CIM. The limit-of-detection was then calculated frahe regression

line by substituting the signal{yalue) with the LOB®’

Statisticalanalysis:

Statistical analysis were condcuted via GraphPad Prism 8.0, and the results were presented as
meanzstandardieviation. Average photocurrent density was calculated from photocurrents

measured on three different photoelectrodes. Curve fitting was performed using the SciPy API in

Python 3.8.
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5.7  Supporting Information
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Figure 5-S1. Nyquist plot of photoelectrode complex impedances fabricated from three layers of
TiO2-assemblies and one layer of Bi@anoparticle on top of three layers of Fi@ssemblies: (i)
dark condition, (ii) illuminated condition, (iii) equivalent circuit, amd) {mpedance values.
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Figure 5-S2. Optimization of the DNAzyme and ssDNA probe concentrations. (A) Detection
photoelectrode with ssSDNA capture probe using (A) 10 nM ob-Ti@hoparticle labelled
complementary ssDNA and 100 nM of unlabeled-nomplimentary DNAand (B) 100 nM of
TiO2-nanoparticle labelled necomplementary. (C) Cleavage photoelectrode with photoactive
DNAzyme deposition using (A) 2@€CFU mL* of E. ColiCIM (positive control), and (D) 0

CFU mL? of E. Cloacagnegative control). The initial bar shows photocurrent density of bare
TiO2-assembly photoelectrodes without any surface probe modification (grey). The middle set of
bar plots (green) show photocurreendity of the TiG-assembly photoelectrodes at the-pre

target stage with various probe concentrations on the surface. The last set of bar plots (yellow)
shows the photocurrent density after target interaction.

i) 200 i) 20.0 ,
Pre-target
Pre-target
15.0 15.0
g g
=10.0 =10.0 -
N N
5.0 4 5.0 .
4 % Bare
0.0 1 0.0 4 v T T T T J
60.0 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Z' (kQ)
L] c -
i) o iv) R Rr  Co
I : Bare 2.41 kQ 1.7 kQ 3.00 pF
R Cleavage
s Pre-Target 1.84 kQ 453 kQ 1.61 pF
] [ ] Bare 247kQ  11.2kQ  4.00 pF
Rer Detection
[y Pre-Target 223kQ 432kQ  4.00 pF

Figure 5-S3. Nyquist plot of TiQ-asembly photoelectrode complex impedances at various
stages of PEC DNAzyme assay operation: (i) cleavage electrode, (ii) detection electrode, (iii)
equivalent circuit, and (iv) impedance values. All EIS measurements were done in illuminated
condition.

142



Ph.D. Thesig Sadman Sakib; McMaster UniversitfEngineering Physics

i
1.0-|_ _)_
0.8- el
0.6 s
_ _ 0.66[C ] 0-36
0.4 (J/Jprb)c =0.95- (3.56 x 10%)0-36+[Cyy]0.36
“3 0.2+ R2=0.99
29.
3 0.0 T T I ! !
o 107 102 10% 104 105 10°
£
ii
S 1.0- )
he] ®___
S 08 < TTeeol.
[ Tee
0.6 IR
S
0.4_ _ 0.71 [CCIM]O.JA
0.2 (J/Jprple=0.89 - (2.71 x 105)%-34+[C y]0-34
R2=0.99
0.0 T T T ! !

10" 102 103 104 105 108
Bacterial Load (CFU mL)
Figure 5-S4. Calibration curves plotted as cleavage electrode fold change as a function of target
concentration, which are fitted to a sigmoidal curves by equatiod/ipf)c = 0.951

(0.66[Ccim]°3%(3.56x106)%%0+ [Ccim]°39); R2 = 0.99 fobuffer and (i) ¢r/Ie1)c = 0.89i
(0.71[Ccim]°34(2.71x16)3*+ [Ccim]°3); R2 = 0.99 for lake water.
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Figure 5-S5. Evaluation of the longerm stability of the PEC DNAzymassay through
photocurrent density measurements during an -@iglek period: (i) detection electrode modified
with ssDNA capture probes, and (ii) cleavage electrode modified with photoactive DNAzymes.
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Table 5-S1.Summary of all the oligonucleotides used in the design of Photoactive DNAzyme.

Name Labels Sequen3b) (506 Note
DZ1 5 -0Dual 2Bio/TTT TTT GTG TGACTC TTC CTA DNAzymePart 1,
Biotin; GCT rATG GTT CGA TCA AGA Biotinylated part of
rA = riboA DNAzyme
Dz2 3 6Amine GAT GTG CGT CTT GAT CGA GAC CTC DNAzyme Part 2;
CGACCGTTTTTTTTT T/Am Aminated part of
DNAzyme
DZ 5 -0Dual 2Bio/TTT TTTGTG TGACTC TTC CTA E. Colie-RCD after
Biotin; GCT rATG GTT CGA TCA AGA GAT ligation; noTiO2-
rA =riboA; GTG CGT CTT GAT CGA GAC CTG nanoparticlegagging
3 6Amine CGACCGTTTTTTTTT T/Am
TDZ NP =TiO2- NP-Strp-2Bio/TTT TTT GTG TGA CTC TiO2-nanoparticle
nanoparticle TTC CTA GCT rATG GTT CGA TCA taggedE. Coli
Strp = AGA GAT GTG CGT CTT GAT CGA photoactive
Streptavidin; GAC CTG CGACCG TTT TTT TTT T/Am DNAzyme
5 -®ual sequences
Biotin;
rA = riboA;
3 -&mine
RS NP =TiO2-  NP-Strp-2Bio/TTT TTT GTG TGA CTC CleavedTiO2-
nanoparticle TTC CTA GCT rA nanoparticldéagged
Strp = reporter strand
Streptavidin;
5 -dual
Biotin;
rA = riboA;
LT CAA GAC GCACATCTCTTG ATC Ligation template
GAA CC
CP 3 -Amine TAG CTA GGA AGA GTC ACA CA/Am  Capture Probe
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Chapter 6

CatecholateDye-assistedDecoration of Ag on TiG: Nanoparticles
for the Detection ofCancer-related MicroRNA Biomarkers on a

Multiplexed PhotoelectrochemicalPlatform

Preface:

A significant aspect of objective | of this thesis is tvalep photoactive materials that allow
PEC biosensors to be easyuse while remaining highly sensitive. An effective method of
accomplishing this is to have easily biofunctionalizable photoelectrodes, where biomolecule
reagents can be easily linked to itsface!%¥ 111 Chapter 6 addresses this need by exploring
decoration oplasmonic metal NPsnto TiO2 nanostructures. The presence of metal NPs enable
biofunctionalization through formation of thiatetal complexg$®®-*twhich in turn allowed us
to create an ultrasensitive PEC biosensor with simple operation prodediis.work, we
describe a rag onepot synthesis method for the decoration of-sahometer ranged silver

(Ag) NPs onto the surface of Ti®IPs, by using a catecholassisted photoreduction
techniqueln this methodHematoxylin HTX) T a catecholate dyacts as anultifunctional
molecule that readily adsorbs onto the surface ob Ta@rovide photoexcitation enhancement,
while also acting as a reducing agent for sijwercursorsHTX providedan initial boost in the
optical absorption of Ti@in the visibleandUV light range, to produce higher photocurrent for
more efficient photoreduction of Ag NPs onto the surface o NBs Thisresultel in the

production of TiQ/HTX/Ag NPs- a hybrid semiconductor heterostructure with signifilgant
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enhancegbhotocurrent generatiaiiue to the combined effesbf photoelectron injection from
HTX and localized surface plasmon resonance decay from the AgiNBsynthesis method
allowedfor size tunability of the Ag NPs by adjusting the ratio of HTX to silveate, and
thereby allowing the level of photocurrent enhancement to be contrbliedwas a direct
continuation of the techniques used for catechaasested synthesis and morphology tuning of
TiO2 nanomaterials developed in chapter 4 and 5, bugadsapplied for depositing new

materials onto the TiOnanomaterials.

The TiGQ/HTX/Ag NPs were used to fabricate photoelectrodes for a PEC biosensor the detection
of canceirelated microRNA biomarker3his assay was able to achieve a high degree of
specificity when compared against other 1specific microRNAtargets andchieved a LOD of

172 fM in diluted urine samplegVhile the design of this biosens@vertsto signatoff design

of chapter 4 and, 4t still furthers objective Il by detecting a new type of biomarker, having a
simple operation and achieving ultrasensitivity. Furthermore, this design achieved multiplexing
with PEC biosensing for the first time, which innovates towards objectiviglliltiplexing

allows for the detection of a panel of biomarkers rather than a single biomarker, which will

enable acquiring of detailed prognostic information about diseases at the PoC setting.

Authors: Sadman Sakild,eyla Soleymani antjor Zhitomirsky

Publication: Submitted for publication in ACS Nanoe DecembeR022
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6.1  Abstract

Effective management of cancer requires continuous and frequent monitoring of associated
biomarkers to monitor its progression during treatment. Recent advances in cancer management
have shown noroding nucleic acids such as microRNAs to be effective aikars for aiding

in diagnosis, prognosis, and treatment monitoriigere is agrowing interest in using rapid,

simple, and poinbf-care biosensing technology to implement a more patiemiric approach to
cancer treatment, rather than relying on curs¢éeindards of lengthy laborateipgased nucleic

acid amplification processes. Photoelectrochemical (PEC) signal transduction has emerged as a
powerful techniquéor ultrasensitive detection with low background in complex mebtat is

able to meet this #hin cancerrelated healthcare. Despite thispevertheless remains

challenging to create PEC biosensors founded on stable material systems that are also easily
biofunctionalized Herein, we report the development of a novelpoesynthesis methodfo

TiO2 nanoparticles (NPs) decorated with Ag NPs. In this method, N3 were surface

modified with Hematoxylin (HTX) dye to achieve enhanced photoreduction and direct
nucleation of Ag NPs on Tisurfaces. The resulting THHTX/Ag NP heterostructure showed
significantly enhanced photocurrent generation, necessary for achieving high sensitivity in PEC
biosensing, through the combined effects of localized surface plasmon resonance and
photoelectron injectiorilhe TiO/HTX/Ag NP material system was very easily

biofunctionalized through thiahetal complexation. This material system was used to construct
signatoff multiplexing PEC microRNA sensor for analysis of urine samples, that demonstrated
low limit-of-detection of 172 fMand a high dynamic range of 100 fMLOO nM, while showing

a high degree of specificity.

6.2 Introduction
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In response to the need for rapid géht-of-patienttesting for cancer managemghinsensors
coupled to electrochemical readout have been impieaddo create handheld bioanalytical
devices that resemble the glucose morfitéf-3883%photoelectrochemistry (PEC) is an
emerging signal transduction method that has stgreat potential for ultrasensitive detection
with low background irtomplex mediathat is perfectly suited for analyzing complex media
from liquid biopsy sample$2983°L.39PEC biosensors combine electrochemical signal readout
with optical excitation, which decouples the mode signal excitation from the mode alf sign
readout?®4133This decoupling allows PEC biosensors to a high signal generation combined
with very low background signal, which results in high sensitivity, low {mfitletection (LOD),

and high dynamic randé:133:3%2

Comparedo conventionamechanismsor bioanalyte detectiosuchaselectrochemistry,
chemiluminescence or colorimetry for bioanalyte detect#d(C signal transduction offers
significantly higher signalo-noise ratios?496:97:133.392.393This makes it possible use PECrsid)
reading to implement simpler, more reliable and gasyse bioassays without sacrificing
performancé?9:97.133.3923%egpite this advantagienevertheless remains challenging to create
PECbiosensors founded on stable material systems thalso easily biofunctionalized for
sensing applicatiorf§;%:97.109.12223 j5 desirable for photoelectrodes, the transducing element in
PEC biosensing to have high incident phetomonverted electron efficiency to increase the
electrochemical reion rate and the resultant photocurrent. Conventional PEC biosensors have
typically relied on fabricating photoelectrodes from F@noparticles (NP) due their high
photocatalytic efficiency, chemical stability, tunable morphology, water insolyddity

toxicity, low cost, and ideal conduction and valence band levels for driving electrochemical

reaction*1223%owever, unmodified Ti@has poor light absorption in the visible light range
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along with high photogenerated charge carrier reconibmaeadte, limiting its photocurrent
generation efficiengydue to its intrinsic wide bandgap physical propeftfé$®122Furthermore,
TiO2, like most PEGsuitable materials, is problematic for facilitating bioconjugation because of
its chemical inertess.This makes it difficult to immobilize the necessary biomolecuie§iO;,

which areneeded to capture target biarkers’64122.170

To overcome the drawbacks of BbiBased photoelectrodes in PEC biosensors, we sought to
develop a novehaterial system which improves photocurrent generation in addition to

facilitating easier bioconjugation. Coupling i@ith plasmonic NPs made from noble metals

such asilver or gold can further amplify photocurrent by providing a mechanism for capturing
hot-electrons generated from the localized surface plasmon resonance (LSPR)viftdct

reduces electrehole pair recombination and improves UV/visible light absorptféa°e-391.39
Additionally, noble metals are useftdr bioconjugationas thidated biomoleculesan beeasily
immobilized onto thenthrough the formation of thighetal complexed®:391:3953%amongst

noble metal nanoparticles, silver nanoparticles (Ag NP) are particularly desirable due to their low
cost and simple preparatiofi” 3% Traditionally, Ag NP are decorated onto Fi@anostructures
through conventional photoreduction techniques. However, this method presents several
disadvantages such as weak dgat the Ag/TiQ interface making the structure unstable and the
tendency to form Ag aggregates which decreases photosimveifficiency*°*°1Other

methods for Ag NP decoration include hydrothermal reduéfioatomic layer depositioff*

spin coatind® evaporation methotf®> and pulsed current deposititif.These methods come

with disadvantages of eithbeing complex multistage processes that are costly and time
consuming, unsuitable for decorating nanoscale particles needed for PEC biosensing or resulting

in only limited improvement in photoconversion efficieneljgrein, we presentr@ovel onepot
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proces for the synthesis stableAg NP decorated Ti@nanoparticles througbatecholatelye-
assisted photoreduction, referred to asIHDIX/Ag NP. This process takes commercially

av ai | a bTiCe NFiaRddBeatly growsubnanometer sizeAg NP by takingadvantage of
the innate PEC current of the Ti@®P. In this process Tighanostructures are first modified
with hematoxylin (HTX), a dye with catecholate grougsre, HTX is a multifunctional
moleculethatreadily adsorbonto the surfacef TiO2 to provide photoexcitation enhancement,
while also acting as a reducing agent for silver precuPs8r<%4°"HTX is used to give an initial
boost in the optical absorption of Ti@ the visible light rangeto produce higher photocurrent
for more dficient photoreduction of Ag NPs onto the surface of JINP’s, resulting in a hybrid

semiconductor heterostructure with significant enhanced photocurrent generation

The objective of this investigation was to develop a highly photoactive and easily
biofunctionalizable material system as a foundation for a-peformance signal transducer in a
PEC biosensing platform for the detection of microRNA (miRNA) biomarkers related to prostate
cancer. These biomarkers aréype of nucleic acid that regulates RExpression in the cell and
various cell functions such as cell growth, cell death, cell differentiation, antb-csll
communicatiorf®® 419The importance of miRNAs in cellular function make them an effective
indicator for the presence oéncer and tumor cells, and detection of miRNAs can provide a
clear profile of cancer prognosis tB"4 ve inf
Herein, we developed a novel catechssisted synthesis method for Ag-Nécorated TIQNP

that was rapid, onpot and reliable. This material system was used to fabricate multifunctional
photoelectrodes that served as the foundation for a siginaultiplexed PEC miRNA sensor,

that demonstrated high sensitivity, a large dynamic range and l20®. [191214.58The presence
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of silver converted Ti@NPs into a material that is very easily biofunctionalized through-thiol
metal complexation. This property combined with the ultra high signal generation allowed for
the design of a very simple tvgtep assay that can deliver rapid santpieesult time and
ultrasensitivity. Additionally, the designed assay shows how PEC biosensors can be
implemented with multiplexing to monitoring a wide variety of different biomarkers to perform
MiRNA expression mfiling. This materiadeveloped herein isighly promising for the

improved performance and robustngdsingsto PEC biosensing.

6.3 Results and Discussio

With the purpose of fabricating Ag Niecorated Ti@QNP for achieving noble
metal/semiconductor interfac&$;*'*we developed a novel catecholassisted photoreduction
synthesis technique for decorating TiP with Ag NP. The initial step in this method involved
using HTX, 8423 novel dye material for the surface modification of INP.*?>1"%Here

various concentrations of HTX were added to a$0spensions, resulting in the BIABTX NP
suspensionslhe proceeding step involved the addition of AgN® the silver precursto the
TiO2/HTX suspensions. After samples were exposed to white light irradiation for 1 hour in a
dark chamber, the photoreduction process resulted in the nucleation of A liessurfaces of
TiO2 NP, creating the TigdHTX/Ag NP suspensions. Seven different TITP samples with
various amounts of HTX and starting Agbl€@ncentrations were analyzed to understand the
synthesis mechanism and characterize the properties ¢HIM&/Ag NP material system

(Table 6-1).

Table 6-1. Nomenclature used for various BiGuspensions and initial reagent concentrations
used during their synthesis.

TiO2 NP HTX Concentration AgNOs Precursor

Sample Name . .
P concentration Concentration
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TiO2 0.66 g L' N/A N/A
TiO2/HTX-5 0.66 g L! 0.033g Lt N/A
TiO2/HTX-10 0.66 g L* 0.066 g L N/A
TiO2/HTX-15 0.66 g L! 0.099 g L N/A

TiO2/HTX-5/Ag-5 0.66 g L* 0.033gL? 0.033g L
TiO2/HTX-10/Ag-10 0.66 g L! 0.066 g L 0.066 g '*
TiOo/HTX-15/Ag-15 0.66 g L 0.099 g L' 0.099 g '

Transmission electron microscophyEM) imaging was performed to analyze the
morphologesof thefinal TiO2/HTX/Ag NP particles ffigure 1A and 1B). All the samples
contained P28102 NP as the base material, which presented as highly monodispersed
nanoparticles with an average size of 21 nm. The TEM micrographs for all thrgel TX2Ag
NP samples showed successful decoration of Ag NPs on the surface of iidPEiO’he Ag
NPs could be identified as bright white particles contrasted against thenTdarkfield images
and as dark particles in brighield images. The Ag NP size ranges for each of the samples were
as follows: TiQ/HTX-5/Ag-51 0.353.5 nm (medin = 1.8 nm), TIQHTX-10/Ag-1071 1.0-4.5
nm (median = 2.8 nm), and TaGITX-10/Ag-107 2-10 nm (median = 3.0 nnglrigure 6-1C).
Increasing the amount of HTX and Aghlfrecursor correlated with increasing average Ag NP
size and polydispersity. In additiom the subnanometer sized Ag NPs, the three samples also
contained Ag NP aggregates witlsiae range of 5@50 nm Figure 6-S2). X-ray diffraction
(XRD) analysis was performed to identify the phase compositions of thHIlR/Ag NP
samplesKigure 6-1D). All three samples exhibit the characteristic peaks for anatase, rutile and
silver-3C, and display a high degree of crystallinity. The anatase and rutile peaks are
characteristic of P25i02 NPs, which are typically known to have a composition of &0fttase
and 20% rutil€:*°"*1%The only peaks observed that indicated the presence of silver in the

samples were of the facentered cubic 3C polytype, which is typical to bulk sit/éThe
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peaks associated with silvB€C were shown to be moregmninent for the samples prepared with
larger amounts of HTX and AgNrecursor. This was particularly apparent with the (111)
plane of Ag3C, which is hard to distinguish from the (004) plane of anatase in thTiR-
5/Ag-5 sample but is easily idengfil in the TIQ/HTX-10/Ag-10 and TiQ/HTX-15/Ag-15
samples. the increasing silver content resulted in increasing Ag NP size on iiNPTsOrface.
The TEM images and the XRD data demonstrate how-a3s{sted photoreduction synthesis

process can be used to produce differgiaes of Ag NP decoration.
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Figure 6-1. Morphology characterization of the TABITX/Ag NP material system. (A)
HAADF-STEM imagesand(B) brightfield TEM images (C) Size distribution of decorated Ag

NP for (i) TiO/HTX-5/Ag-5, (i) TiO2/HTX-5/Ag-5, and (iii) TiQ/HTX-15/Ag-15. (D) XRD

data for (i) TIQ/HTX-5/Ag-5, (ii) TiO2/HTX-10/Ag-10 and (iii) TIQ/HTX-15/Ag-15 (peaks
correspond to the JCPDS files-2276, 640863, and 04783 for rutile, anatase and siv&C,
respectively)

HTX is a dye from the catecholate family of molecules and is characterized by the presence of
aromatic rings with two adjaat phenolic hydroxide groups on opposite sides in its chemical
structure Figure 6-2A-(i)).>%8122.17¢Catecholate molecules can adsorb onto metal oxide surfaces
through their aforementioned hydroxigeups. This property makes them useful as colloidal
dispersants and molecular linkers for metal oxide nanostrucfirés8”-4'Similar to other
catecholate molecules, HTX binds to BiP surfaces through the bidentate chelation bonding
(Figure 6-2A-(ii)).1?>1%n metal oxides like TiQ dissociation of water molecules near their
surface plane creates hydroxide groups in order to minimize surface Gibbs ¥rié&réifin the
bidentate chelating bonding configuration, the phenolic hydroxide groups of catecholate
molecules deprotonate and coordinate with the metal cation through a dehydration
reaction®®22209n previous studies, catecholate molecules have beemdiocact as reducing
agents for silver precursors based on the chelation between two phenolic hydroxide groups of the
catecholate functional groups and silver igh%*'° It is proposed that surfadsund HTX,

which contain two catecholate functionabgps, acts as a reducing agent for silver nitrate and
this process was enhanced by the photogenerated current of g TIHONP systenf1?41° This
results in silver nucleating onto the surface of IO X NP during photoreduction synthesis,
andbinding to HTX through bidentate chelation to form the JHI X/Ag NP

heterostructuré'®

While XRD was used confirm the presence of silver in the/HDX/Ag NP in the bulk

samples, energgtispersive Xray spectroscopy (EDS) analysis was also emplayeeérify the
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distribution of colloidal silver on the surface of Bi8Ps. Figure 6-2B). Specifically, the EDS
analysis was performed on the BBTX-10/Ag-10 samples (the analysis area showhigure
6-2B-(i)) to gain insight about théeposition pattern of Ag NE%4?1The emission spectra was
measured from a region containing a large aggregate paRigle¢ 6-2B-(ii)) and a region
containing decorated TENPs EFigure 6-2B-(iii) ). Both emission spectra contained
characteristic Xray peaks related to titanium (Ti), oxygen (O) and silver (Ag). The measured
silver peaks are significantly stronger than the titanium and oxygen peaks in the aggregate
particle region, indicating that the large aggregates are indeed composed of siivers€ly,

the silver peaks were weaker than the titanium and oxygen peaks, when focused oa i TiO
region, which indicates that the TAQPs are decorated with salanoscopic Ag NPs. As the
samples were deposited on a copper TEM grid, the emission spectra contain background peaks
related to copper. There is a small peak related to carbon seen in $idPTr€gion which can

be attributedd the presence of HTX in the samples; this peak is superimposed with-tle Ag
peak in the aggregate region emission spectra and is hard to distinguish. The deposition pattern
of Ag NP in the TiIQ/HTX/Ag NP samples were further mapped out by using eleemengy

loss spectroscopy (EELS) to perform elemental mapping of a single Atpbi?ated TIQNP
(Figure 6-2C).#2%421The distribution of titanium and oxygen clearly outlines boundaries and
space occupied by the TiGIP. HTX can be mapped out by correlating it to distribution of
carbon; the hollow corshell distribution of carbon is indicative of the surface adsorption of
HTX on TiO: NPs. The distribution of silver clearly maps out decoration pattern of Ag NPs on
the TiO2 NP surface, showing nanoparticles in the 2%nm size rangé®%°n order to achieve
successful decoration of silver onto BiP, two conditions needed to be met: dispersion of

TiO2 NPs and a driving force for precipitation of silver on the surface of. NOt meeting these
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conditions would result in Ag precipitating in the bulk as large aggregate particles-mulye(

6-S3. 41419 Our approach was able to successfully medt bbthese prerequisite conditions by
making use of the multifunctional HTX dye. Catecholate molecules like HTX are known for
improving colloidal stability by reducing agglomeration in metal oxides after surface
adsorptiont?21’9The phenolic hydroxidgroups of catechol molecules have also been proven to
reduce silver nitrate. Thus surfabeund HTX acts as the driving force for the nucleation of Ag
NP onto TiQ NPs, rather than only precipitating in the soluttbt:'® This process can be
enhancedhrough applying an external anodic current. Our synthesis method attempted to take
advantage of these known properties of HTX to enhance the photocurrent generationNg? TiO

for highly efficient decoration of Ag Nf#?
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Figure 6-2. (A) Chemical structure of (HTX and (ii) its proposed binding mechanism to 71O

NP and Ag NRhrough bidentate chelatio(B) EDS data confirming the presence of Ag NP in
TiO2/HTX-10/Ag-10 NP material system:)(TEM images showing the location of EDS spectra,
(i) EDS spectra o$ilver aggregates, and (iii) EDS spectra of 7XIP decorated with
subnanometer sized Ag NP. (C) EELS microscopy mapping out the elemental distribution of a
Ag-decorated TiIQNP from the TiO,/HTX-10/Ag-10 NP material system: (i) TEM image of the
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of the region that was mappéatea bounded by the green box in the bottom image, which is
magnified 10x in top imageand (ii) EELS data showing the distribution of titanium, oxygen,

silver andcarbon.

Photoelectrodes fabricated from all sevenzINP samplesTable 6-1) were optically and
photoelectrochemically characterizédgure 6-3). Ultravioletvisible (UV/vis) spectroscopy of

the solid photoelectrode sampl&sgure 6-3A) showed unmodiéd TiO, NP having an optical
absorption peak at 319 nm and having comparatively higher light absorption in the UV range
(<400 nm) than in the visible range (4000 nm). The absorbance of all modified TP

samples greatly improved across all wavelengths. BatfAiQ/HTX NP samples and the

TiO2/HTX/Ag NP showed a redshifting in the absorbance peak to ~342 nm and ~365 nm,
respectively. Samples with higher amount of HTX and/or Ag NP demonstrated increased overall
absorbance. The THHTX/Ag NP samples have lowabsorbance peaks than their THDIX

NP counterparts, but their absorbance peaks are wider leading to higher overall absorbance in the
nearUV/blue light (400i 450 nm) range. Photocurrent density measurements were performed

by exciting the TiQ NP photoéectrodes with UV light (405 nm{gure 6-3B). Photons with

energies higher than the work function of Téde absorbed to generate electhate pairs. The

holes in the valence band migrate to the photoelectrode/electrolyte interface and oxidize L
ascorlic acid resulting in an anodic photocurréft:>®The photocurrent density of the HOIP

samples when ordered from the highest to the lowest agHT®-15/Ag-15 > TIG/HTX-5 >
TiO2/HTX-10/Ag-10 > TiQ/HTX-15 > TiQ/HTX-10 > TIQ/HTX-5/Ag-5 > TiO,.
Modification of IO NP si gni ficantly increased i%tus phot oc¢
t o a maxi mu m?withthe Ji@M TXe1B/Agel Bnsample. HTX concentration of 5 %
resulted in the highest pimtbetT@HFIsamptes whichis e ns i t

consistent with the HTX concentration optimization experimeigiuie 6-S4). The
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TiO2/HTX/Ag NP samples have highphotocurrent than theliO2/HTX counterparts, which

can be attributed their wider UV/vis absorbance peaks. The exception to this/IdTXE6/Ag-

5, which is nearly half that of TWIHTX-5 and could potentially be attributed to the quantum
confinemeneffect becoming dominant in Ag atomic clust&%#2° Photocurrent measurements
with white light were also performed, but current density was found to be much lower than with

UV excitation not suitable for PEC sensirggure 6-S6).

Tio, Tio,  TiO,
HTX-5 IHTX-10 /HTX-15
IAg-5  IAg-10  IAg-15

Tio, Tio, Tio,
[HTX-5 [HTX-10 [HTX-15

Tio,

Figure 6-3. Optical and photoelectrochemical characterization of photoetkss fabricated

from various TiQ/HTX/Ag NP suspensions. (A) Solid Uwvis spectroscopy data. (B)
Photoelectrochemical current density measurements: (i) chronoamperometric curves of the
photocurrent densities shown both with and without opéxeitation, and (ii) sumany of

photocurrents density measurements showing the mean value obtained from three measurements,
with the error basrepresenting standard deviation. The photocurrent density measurements were
performed at O V potential vs. Ag/&jreference electrode using 0.1 Makcorbic acid and 0.1

M phosphate buffered salineBS as the electrolyte solution. The photoelectrodes were excited
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