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Lay Abstract 

Detection and quantification of biomolecules is of utmost importance in early diagnosis, 

disease monitoring, prognosis, and disease management. In the past few decades, enormous 

efforts have been put towards utilizing photoelectrochemical (PEC) processes for 

biomolecular detection due to their high sensitivity. Gold nanoparticles are frequently being 

used to amplify the signal in the PEC bio-detection assay due to their plasmonic properties. 

However, the exact nature of the interaction between gold nanoparticles and the electrode 

material has not been determined. In this thesis, we investigated the interaction of gold 

nanoparticles with photoelectrode materials when they are separated by nucleic-acid 

sequences. Excitation energy and nucleic-acid length were varied to modulate the PEC 

current. The improved understanding of this interaction was further utilized to achieve a 

programmable response of nucleotide sensor from the photoelectrodes upon detecting the 

analyte of interest. We further developed different types of biosensing assay designs and 

examined their performance in terms of limit-of-detection, sensitivity, and specificity. 

Finally, we developed a new class of biosensor for detecting nucleic acids in bodily fluid 

and assessed the assay by using both electrochemical and PEC signal readout. 

   



iv 
 

Abstract 

Recently, photoelectrochemical (PEC) signal transduction, with optical excitation and 

electronic readout, has been identified as a powerful transduction strategy for bioanalysis 

due to its high sensitivity and low limit-of-detection. Semiconductive materials have been 

used as the building blocks of PEC transducers, while plasmonic nanoparticles (NPs) are 

frequently used as signal amplifiers in these biosensors. Though these approaches have 

been previously used in PEC biosensing, the interaction between plasmonic and 

semiconductors NPs linked together through biomolecules are not currently well-

understood. Herein, we developed new strategies for preparing photoelectrodes using 

solution-based methods to enhance the photocurrent of PEC transducers. These transducers 

were then used to investigate the interaction mechanisms between plasmonic NPs and the 

photoelectrodes with the goal of enhancing the limit-of-detection of PEC biosensors.   

In order to create photoelectrodes that were fabricated using facile benchtop methods 

designed to enhance the photocurrent of PEC transducers, wrinkled scaffolds were used to 

fabricate photoelectrodes that show an order of magnitude enhancement in photocurrent 

compared to the planar electrodes. These electrodes were further used in label-free signal-

off DNA biosensing without any amplification steps. Limit-of-detection of 200 times lower 

were reported using these wrinkled photoelectrodes, than planar electrodes. 

Gold (Au) and TiO2 NPs were used as model materials to investigate the interaction 

between plasmonic and semiconductor NPs on a photoelectrode. The modulation of 

photocurrent was examined by varying the concentration of Au NPs and under different 

optical excitation wavelengths. UV light excitation provided larger photocurrent 
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enhancement – at low concentration of Au NP – than visible light excitation. Furthermore, 

anodic photocurrent generation efficiencies by the photoelectrodes, which were prepared 

by using only Au NPs, were compared between interband and intraband excitation. The Au 

NP photoelectrodes demonstrated higher anodic photocurrent at interband excitation than 

intraband excitation and were further optimized by varying the size and deposition time of 

the Au NPs. Following this, Au NP- labeled DNA was used to study the effect of the 

distance between Au NPs and TiO2 NPs on the magnitude of the measured photocurrent. 

When Au NPs were in proximity with TiO2, they increased the generated photocurrent; 

however, they reduced the measured photocurrent when they were positioned further away 

from TiO2 NPs. Utilizing this switching behavior of PEC signals, a differential signal 

generation strategy was adopted to achieve a biosensor with enhanced sensitivity and 

signal-to-noise ratio.  

Ultimately, we designed a PEC signal transduction strategy to detect nucleic acids without 

target labeling. In this assay, Au NP-labeled DNA was used as a signal-amplification-

barcode that was introduced to the assay following target binding. This label-free PEC 

biosensor showed a low limit-of-detection (3 fM), broad (1 fM – 100 pM) linear range, and 

capability to detect single and double base-mismatched sequences of DNA. Thus, this work 

presents materials and signal transduction innovations that enhance the performance 

metrics of biosensors. 
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Chapter 1 Introduction 

This chapter discusses the motivation behind developing photoelectrochemical (PEC) 

biosensors for nucleic acid detection. It will review the projected growing market size of 

the molecular point-of-care (POC) biosensors and the current technical challenges facing 

the development of marketable POC devices. It will also review different transduction 

methods for POC biosensors with the presentation of their advantages and disadvantages. 

It will justify the use of PEC readout in POC biosensors and will present the basic concepts 

of Photoelectrochemistry. Finally, this chapter will discuss the organization and objectives 

of this thesis. 

1.1 Point-of-Care Biosensors – Motivation, Technical Challenges and Future 

Needs 

Biosensors are the analytical devices that can detect and/or quantify biological analytes by 

having an output signal which is proportional to the concentration of the analyte.1,2 

Biosensors are created by integrating biorecognition elements with signal transduction 

devices.3 The field of biosensing holds great promise for revolutionizing health care by 

providing rapid disease diagnostic and frequent disease management possibilities.4 Disease 

diagnostics are either performed in a traditional laboratory-based setting where samples are 

delivered to a centralized location for analysis or in a POC setting where tests are 

performed at the point of patient care.5 In the former case, the results are often obtained in 

days, whereas the turnaround time for POC devices is in the order of minutes to hours.1 

Currently, POC testing dominates the research arena of medical diagnostics.6 The major 
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advantages of POC tests over conventional tests include: rapid sample-to-result times and 

the possibility of early intervention, their ability in rapidly controlling the spread of 

infectious disease outbreaks, lower cost of testing,7 and the possibility of delivering high 

quality disease management capabilities to remote and resource-poor communities.8 

Due to the rapid growth in the development of POC platforms, this area is required to have 

proper monitoring and guidelines. World Health Organization (WHO) has established a 

guideline that is required for developing efficient POC devices, known as ASSURED. The 

acronym ASSURED stands for affordable, sensitive, specific, user-friendly, rapid and 

robust, equipment-free, and deliverable to end-users.5,9 It is important to keep in mind that 

developing an ASSURED test that provides laboratory-quality test results is challenging 

because as the operation of the biosensor device is required to be simple (minimal training 

requirement), with the chemical reactions - pertinent to biorecognition and signal 

generation - occurring in small volumes inside in a self-contained device.4,10  

 
Figure 1-1: (a) Molecular Point-of-Care Diagnostic device market size and forecast for the year from 2016 

to 2025. Data are collected from different reports of the market research.8,11–13 (b) Technical challenges of 

point-of-care biosensors 
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Molecular POC testing - integrating molecular diagnostics (detection of biomarkers in 

genome and proteome)11 with POC transducers9 - is becoming increasingly popular as they 

offer fast decision, making at the time and point they are needed.14 The market size of 

molecular POC is anticipated to grow from USD 6.6 billion in 2016 to USD 13.8 billion in 

2025 with a compound annual growth rate (CAGR) of 7.65% (

 

Figure 1-1a).8,11  North America holds the largest share of POC devices in comparison to 

other geographical regions due to the government initiatives for increased POC-based lipid 

and blood sugar testing.12,13 

There is a pressing need to develop POC biosensing devices for diagnosis and prognosis 

of different diseases including infectious diseases (such as Malaria, Ebola, Covid-19, 

Dengue, COVID-19, Tuberculosis),15,16 cancers,17 cardiovascular diseases,4,18 and sepsis.19 

With increased international travel enabling the spread of infectious diseases and 

contributing to higher morbidity and mortality rates in the developing nations, the 

utilization of POC biosensing has become crucial for early detection, containment of 

infectious spread,  securing public health, and expediting treatment.15 For example, WHO 
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recognizes the urgent demand for developing POC platform for monitoring human 

immunodeficiency virus (HIV), as the effectivity of the antiretroviral treatment (ART) is 

dependent on the regular monitoring of CD4+ T-lymphocytes numbers and HIV viral 

loading.20 It is critical to develop POC biosensing for Cancer detection and monitoring 

with high specificity and accuracy, reasonably priced and multiplexing capability.17,21,22 

The survival rate of cancer patients is highly dependent on the stage of cancer at the time 

of diagnosis. For example, detecting lung cancer (leading cause of cancer related death), at 

stage I yields a 1-year survival rate of 81-85%. In contrast, this rate sharply drops to only 

15-19% if the detection occurs at stage III/IV.23 A 5-year survival rate for breast cancer is 

reported as 100%, 85%, 58% and 19% for detecting at stage I, II, III and IV, respectively.24  

In spite of the growing market size and the clinical need, there are only a few POC 

biosensors for disease diagnostics available on the market, which include electrochemical-

based systems for blood glucose monitoring, and blood gas analysis,25 PCR-based systems 

for detecting gene from pathogens,26 and colorimetric-based systems for pregnancy tests, 

and cancer diagnosis.2,17,27 
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The key requirements for POC biosensors that have slowed down their translation from the 

research lab include low-cost, high sensitivity, selectivity, stability, and portability (

 

Figure 1-1b). According to the ASSURED criteria defined by WHO, a POC device needs 

to be a low-cost device. The technical challenges in developing low-cost diagnostic devices 

stem from the cost of manufacturing, materials, reagents, and integrating multiple parts to 

a single portable device.27–29 The bioreagents that are often required to be used in POC 

devices are not stable to large temperature fluctuations, and have limited lifetime when 

they are not refrigerated.30 Additionally, most POC devices and their reagents are 

manufactured as single-use only, which in turn raises the cost.6 The fabrication process of 

the device and its components are also required to be suitable for batch processing and 

automation. Paper or plastic-based devices are widely-used substrates for fabricating POC 

biosensors due to the low-cost batch-manufacturing process.31,32  

Furthermore, the processes and components encompassing from sample collection to data 

reporting needs to be seamlessly integrated and automated such that minimal hands-on 

intervention is required from the end-users.18,33 A POC biosensing device needs to have a 
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simplified process workflow - from sample collection to processing (i.e., plasma 

separation, centrifugation, mixing with reagents) – to be accessible to all users, including 

those with minimal technical expertise.29,33 For example, the plasma separation process 

usually requires centrifugation and usage of pipettes, which are not readily available in 

rural settings.7 Microfluidics is often used to automate the sample processing steps; 

however, it introduces additional costs for the final device.29 Safe disposal of biological 

waste, is also an important technical challenge.33 

Obtaining high sensitivity is critical for POC diagnostic devices for detecting the analyte 

of interest in the clinically relevant concentration range.34,35 Achieving a low detection 

limit helps to the early detection of diseases, thereby lowers the mortality rate and  

healthcare cost.30 Additionally, new clinical range of interest can also be found when the 

technology is able to detect lower than the concentration of current clinical range as it 

would provide the insight on disease progression and/or recurrence.34 Special attention 

should also be given to the required sample volume while designing the bioassay. Usually, 

POC devices require minimal sample volume (0.1 µL – 1 mL)18 as it lowers the cost of the 

assay as well as reduces the complexity of the sample collection process.9,27 However, 

small sample volumes can introduce larger errors in sample processing as a few microliters 

variation can yield large discrepancies in the number of analytes present in the sample 

solution, leading to inaccurate quantitative outputs and issues with reproducibility.36 

Automated sample processing methods such as absorption pads and microfluidics are often 

used to solve this issue, which, however, introduce a higher chance of sample 

contamination.33,36 
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It is also crucial to develop POC bioassays that are highly selective or specific as the targets 

need to be detected from complex biological matrices (i.e., urine, plasma, saliva) 

containing a number of interferent species.27,34,37 Selectivity of a biosensor is defined as 

the degree to which an analyte of interest can be detected without the interference from 

other biomolecules present in the clinical samples.37 A POC device needs to achieve high 

specificity in the complex biological matrix (low non-specific detection) in order to lower 

false positives and negatives outcome.17,38 

It is desirable to have a POC device that is small, compact, and portable which will allow 

transporting the device in rural areas where the expensive or cumbersome medical 

diagnostic devices are not available.27 While, there exist many proposed POC biosensor 

designs that are compact, the reagents and bioreceptors are not stable during 

transportation.9,39,40 This was a serious concern in the recent Zika and Ebola outbreaks, 

where most of the outbreaks occurred in remote areas.41 Moreover, many POC nucleic acid 

detection devices require isothermal amplification and/or target recognition at a fixed 

temperature, which requires an external heater for the successful operation of these 

devices.38
 

The use of bioreceptors and reagents that are thermally, chemically and environmentally 

stable at ambient conditions are critical to a diagnostic device’s successful translation to 

POC settings.15,42,43 Some biomolecular receptors (such as antibodies, DNAs, enzymes) 

and  reagents lack stability at room temperature,4,28,33 often contributing test inaccuracy 

and result irreproducibility when applied in the primary health care settings, at the point-
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of-care.44 Test strips are repeatedly affected by humidity, light, and temperature.6 To 

circumvent these issues, such devices are shipped in sealed foil pouches and in a desiccated 

chamber, thus contributing to the increased the cost of the POC devices.33 Moreover, 

surface binding kinetics are dependent on temperature and other environmental conditions 

(i.e., pH, humidity),45,46 making it susceptible to unreliable outputs if the conditions are 

changed. 

1.2 Signal transduction in biosensing 

A typical POC biosensor consists of three segments, namely the biorecognition element, 

transducer, and output of the device (Figure 1-2).1,2 Biorecognition elements are usually 

the molecules or chemical compounds that can recognize the analyte of interest (e.g., 

nucleic acid, enzyme, cell, antibody).47 It is important to carefully choose bioreceptors with 

high specificity.39 Transducers are the sensor elements that are responsible for converting 

biorecognition events into a signal that can be measured. The signals produced by the 

transducer are required to be proportional to the analyte concentration for quantitative 

evaluation.48,49 Both the choice of biorecognition elements and transducing techniques are 

important to determine sensitivity, specificity, and limit-of-detection of the biosensor.2,50,51 

The output unit is consisting of a signal processor and display. The signal obtained from 

the transducer is required to be processed (i.e., amplification, analog-to-digital conversion) 

for quantitative analysis.36 This processed signal is then compared with the calibration data 

previously saved in the device and then converted to a concentration value that is of interest 

to the end-user.25 
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Figure 1-2: Components of a biosensor 

The choice of biorecognition element largely depends on the analyte to be detected; In 

contrast, the choice of the transduction element depends on different requirements such as 

target users, cost, reliability, and analysis time. Commonly used transduction methods 

include colorimetric, optical, thermal, piezoelectric, magnetic, electrochemical, and 

photoelectrochemical techniques. It is imperative to recognize the advantages and 

limitations of each transduction methods prior to its selection for a specific application. 

However, these transduction modalities are continuously undergoing optimizations and 

innovations to overcome their limitations.52  

Colorimetric biosensors work by generating a colour change upon target detection, often 

detectable by the naked eye, thus, eliminating the need for an additional readout interface.52 

Colorimetric transduction techniques are very common in paper-based lateral-flow 

biosensing.53 In order to have better quantification capability, smartphone cameras are 

often incorporated in such colorimetric sensing systems.41,54 These types of POC devices 

are quite lucrative as they are simple-to-operate, low-cost, and require minimal 

instrumentation.55 On the downside, colorimetric assays have relatively low sensitivity and 
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poor detection capabilities as compared to techniques such as electrochemical, optical, and 

magnetic.34,52 

In optical signal transduction, photons  emitted from dyes or other photoactive molecules 

are detected and typically correlated to the concentration of the target analyte.49,56 In these 

assays, fluorescent probes are designed to become active follow their interaction with target 

analytes.52 Besides fluorescence-based methods, absorption, reflection, 

chemiluminescence, and phosphorescence are also popular techniques in optical 

detection.27 However, photobleaching is a major obstacle to achieving a stable and reliable 

signal using such techniques.41 Furthermore, it is also challenging to obtain highly sensitive 

optical transducers that are both inexpensive and miniaturized.57 

Thermal transducers measure the temperature change induced in response to biorecogntion 

and convert it into a measurable signal such as electrical current, and resistance.58 A target 

analyte can be detected by measuring the heat evolution or absorption during a biochemical 

reaction.47,59 A typical thermal biosensing devices utilizes enzymes that reacts with the 

target analyte and consequently release or absorb heat.60 Thermal transducers can be 

operated non-invasively and therefore these sensors are frequently used for continuous 

monitoring of analytes.61 However, these transducers demonstrate a lack of specificity due 

to non-specific heating effects.47 Interfering reactions can cause enthalpy changes in the 

system and thereby affect the measurement. 

Magnetic transducers often use magnetic nanoparticles (NPs), conjugated with antibodies 

or other biomolecules, possessing a high binding affinity with target moities.62 These 
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conjugated NPs are known as magnetic probes and shows long-term stability and good 

sensitivity.49 As biological samples usually lack magnetic properties, the background noise 

for these transducers is very low, making it superior to optical and fluorescence-based 

transduction techniques.52 This is an attractive method of POC biosensing as manipulation 

of magnetic probes can be easily achieved remotely by applying an external magnetic field. 

Although magnetic nanoparticle-based assays are inexpensive and easy to run, the 

instruments required to manipulate the magnetic field is not portable and is relatively 

expensive for a POC device.63 

Piezoelectric transducers change the oscillation frequency of piezoelectric crystals based 

on the changes in mass, induced by the target binding at the transducing surface.64 The 

piezoelectric properties are typically exhibited by anisotropic crystals that do not have a 

center of symmetry.65 Quartz crystal microbalance coated with gold electrodes is the most 

popular choice of material to develop piezoelectric POC biosensors due to its reliability 

and availability.64,65 As this method of transduction depends on mass change, it doesn’t 

require any labels or reagents. Piezoelectric biosensors are generally inexpensive, simple, 

and able to provides fast response.66 However, these transducers lack stability with varying 

temperature, with some crystals being water soluble. 

Electrochemical transducers convert the analyte concentration into electrical signals using 

different types of electrochemical techniques such as potentiometry, amperometry, and 

impedimetric.25 The most used electrochemical biosensor is the glucometer,2,67 which 

utilizes enzyme-immobilized screen-printed electrodes as a test strip and a pocket-size 
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potentiostat as a transducer.35 Another popular commercial POC biosensor device utilizing 

electrochemical transducers is the iSTAT blood analyzer, which can simultaneously 

analyze multiple biomarkers in blood.68 The advantages of using electrochemical 

transducers over other conventional methods (such as cell-culture, immunofluorescence 

assays, and PCR) include low-cost, high sensitivity and specificity, ease of miniaturization, 

and small analyte volume.52,69,70  

Among different electrochemical techniques, amperometric techniques measuring changes 

in current upon modulations in the external bias voltage remains the most popular.48,71 

However, background signals stemming from the applied voltage reduces the signal-to-

noise ratio at low concentrations of the target analyte. A drawback of electrochemical 

readout is that most biomolecules are not electrochemically active, thereby necessitating 

the used of signaling beacons in the assay design.18 

Photoelectrochemical (PEC) transducers are similar to electrochemical transducers in 

terms of signal readout, with, light illumination used instead of or in addition to the applied 

voltage and the corresponding current reported as the signal footprint.72,73 This method 

inherits the advantages of electrochemical methods while reducing background 

contributions, generally requiring lower applied voltages as compared to purely 

electrochemical readout methods.74,75 By utilizing optical excitation, the reliance of PEC 

systems on electrical biasing reduces. Due to the separation of excitation and readout 

signals, the PEC biosensors show a high sensitivity.76 Although, no PEC biosensor has 

been commercialized yet, this transduction method holds the potential to meet the 
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requirement of the POC diagnostics device. The basic theory of PEC devices is described 

in the next section and the principles of PEC transducers with their advantages and 

disadvantages are described in Chapter 2. 

1.3 Basics of the Photoelectrochemical cell 

The basic structure of a PEC cell is shown in Figure 1-3a. It consists of a light source with 

photon frequency, , a working electrode (WE) prepared from photoactive material, a 

reference electrode, (RE) and a counter electrode (CE). A popular choice of the reference 

electrode is Ag/AgCl which has an electrochemical potential of 0.197 V vs. normal 

hydrogen electrode (NHE).77 A voltage is applied or measured with reference to the RE 

and the current is measured with respect to the CE. The measured current flows through 

the ionic conductor or the electrolyte.77 It should be noted that the light source often 

contains photons with a range of frequencies instead of a fixed frequency,  (i.e., use of 

white light).72,78  

In a PEC cell, the conversion of light to electrical or chemical energy originates from the 

light source which plays the role of an electron pump.79 The electrodes are prepared from 

photo-active materials (such as semiconductors) that absorb photons with energy higher 

than their bandgap (Eg), and create an electron-hole (e--h+) pair.79–81 Considering a 

semiconductor material, (S) that absorbs a photon of frequency,  with energy higher than 

its bandgap (energy of a photon is h), an electron-hole pair is generated due to the optical 

excitation and thereby, S will be at the excited state, S* (Figure 1-3b).  

𝑆 + ℎ𝜗 = 𝑆∗ 
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The excited states of a material are rarely stable, with the generated charges quickly subject 

to recombination processes. To utilize the energy, it is essential to separate the charges 

before recombination. The electron-hole pairs can be separated by suitable acceptor (A) or 

donor (D) species in the electrolyte79 and, hence, the light energy is converted to chemical 

energy. The electron donor is known as hole scavenger and the electron acceptor is known 

as electron scavenger.82 

𝑆∗ + 𝐴 → 𝑆+ + 𝐴− 

𝑆∗ + 𝐷 → 𝑆− + 𝐷+ 

Usually, the reaction between S+ and A- or S- and D+ is spontaneous.79 Therefore, to utilize 

the chemical energy obtained in the PEC cell, these species are needed to be separated 

before reacting with each other, which can be obtained by applying an electrical bias and/or 

from the intrinsic electric field arising from the semiconductor/electrolyte interface.79,83 

In PEC cells, light is absorbed by semiconductors. Hence, it is important to understand the 

semiconductor-electrolyte interface in order to succinctly explain the energy conversion 

mechanisms taking place in a PEC cell. In a semiconductor, valence bands are nearly filled, 

and the conduction bands are almost vacant, and they are separated by a bandgap of energy, 

Eg. When a semiconductor substrate is immersed in an electrolyte solution it will form a 

solid/liquid junction. In equilibrium conditions and without any excitation source, the 

electrochemical potential (e) of the two material must attain equlibrium.84 It needs to be 

mentioned that the e of a semiconductor is equal to its Fermi level (EF). The Fermi level 

is usually expressed with respect to the vacuum level whereas the electrochemical potential 

is expressed with respect to the NHE. The e of NHE is equal to -4.5±0.1 eV.84 
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Let us consider the formation of the junction between an n-type semiconductor and a 

solution containing a redox couple O/R. Charge transfer occurs at the interface due to the 

difference in the electrochemical potential between the semiconductor and the electrolyte. 

If the Fermi level of the semiconductor resides above the e of the solution, electrons will 

flow from the semiconductor to the solution until equilibration of the Fermi level is 

achieved. This results in upward band bending at the interface, generating a depletion layer 

as electrons are extracted by the electrolyte (Figure 1-3c). An electric field forms at the 

interface in the direction from the bulk of the semiconductor toward the interface. 

 

Figure 1-3: (a) Schematics illustrating the basic structure of a photoelectrochemical cell comprising three 

electrodes, namely, working electrode (WE), reference electrode (RE) and counter electrode (CE); (b) 
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Electron-hole pair generation by absorbing light of frequency ; (c) Formation of space charge by immersing 

the substrate into electrolyte solution with redox couple D/D+. 

When light is absorbed at the semiconductor-electrolyte interface, it creates an electron-

hole pair. If the solution contains a donor species with a redox potential above the photo-

generated hole at the surface, then the hole moves towards the solution. 

𝐷 + ℎ+ → 𝐷+ 

Electrons are transferred from the semiconductor to the counter electrode, reducing the 

oxidized form of the redox species, O, in the solution. 

𝑂 + 𝑒− → 𝑅 

 

The electric field that forms at the interface helps to accomplish this separation. It is worth 

mentioning that electrons move spontaneously in “downhill” and holes in the “uphill” 

direction.85 

1.4 Research Objectives 

The main goal of this research is to develop a low-cost signal-on ultrasensitive 

photoelectrochemical nucleic acid sensor by utilizing plasmonic nanoparticle interactions 

with semiconductors. In order to achieve this objective, the following specific goals were 

defined: 

I. Exploring solution-based photoelectrode fabrication methods for PEC biosensing 

 

To achieve a low-cost POC diagnostic device, it is important to develop a fabrication 

method that is robust, scalable, and is inexpensive. Solution-processed semiconductor 
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quantum dots (QDs) and NPs are well-known due to their tunability of optical properties, 

ease of biofunctionalization, and excellent light-harvesting properties.82,86,87 To achieve 

high photocurrent generation from these electrodes, the electroactive surface area also 

needs to be enhanced. We explore benchtop all-solution-processing techniques to deposit 

photoactive material on the substrate of the photoelectrode and optimize the fabrication 

parameters by analyzing the photocurrent. Furthermore, we investigate the suitability of 

the developed electrodes by detecting DNA. We answer the question: Can benchtop 

solution-processed photoelectrodes be used in biosensing and provide stable outputs? 

II. Exploring the role of Au NPs in the photoelectrochemical process 

Colloidal Au NPs are often used as labels for signal amplification in biosensing 

applications.88,89 The optical properties of Au NPs can also be tuned by varying their size 

and the energy of optical excitation.90–92 Additionally, optically excited Au NPs generate 

hot carriers which can take part in the PEC processes.93,94 Photocurrent response from Au 

NP electrode may enable designing PEC biosensors without incorporating another 

photoactive materials. However, the exact role of Au NPs in PEC processes is still 

unknown. In this work, we investigated the effect of the excitation wavelength, and size 

and concentration of Au NPs on photocurrent generation efficiency. We answer the 

question: How will the size, concentration, and the excitation energy of the Au NPs affect 

PEC processes? 

III. Investigating the interaction between photoactive semiconductors and metal NPs 

(i.e., Au) and understanding their influence on photocurrent 
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Plasmonic NPs (i.e., Au, Ag, Cu) have been utilized to enhance the limit-of-detection of 

optical and photoelectrochemical biosensors.72,95 However, the interaction of these 

plasmonic NPs at different wavelengths and when attached through biomolecules are still 

under investigation. We investigated the interaction of plasmonic NPs with semiconductors 

using Au NPs and TiO2 NPs. The knowledge obtained from this investigation is then used 

to design a DNA detection assay. We raised the question: what is the light wavelength 

regime that should be used to excite the photoelectrode when plasmonic NPs are being 

used along with semiconductors and what is the role of DNA when it is used to link the 

plasmonic NP with the semiconductor? 

IV. Designing and implementing novel bioassay to detect nucleic acids (i.e., 

DNA/RNA) utilizing the plasmonic interaction with photoactive semiconductor 

The knowledge obtained from the previous two objectives were combined to develop a 

novel bioassay to detect DNA/RNA from a complex biological matrix. The bioassay has 

been applied in both electrochemical and PEC systems to verify its design. We sought to 

achieve femtomolar detection for the developed bioassay. Furthermore, a differential 

approach was used to enhance sensitivity.  We asked the question: Can differential 

photoelectrochemical readout be used to achieve signal-on biosensing using a non-labeled 

target in a complex biological matrix? 

1.5 Thesis Overview 

The remainder of this thesis is organized as follows: 
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Chapter 2 provides the literature review of PEC biosensors focused on different types of 

photoactive materials and transduction methods adopted. 

Chapter 3 discusses the development of a wrinkled scaffold to load photoactive materials. 

The wrinkled surface showed a higher nanoparticle density compared to its planar 

counterpart. Scanning electron microscopy (SEM) and Transmission electron microscopy 

(TEM) were performed to gain insight into the mechanism of photocurrent enhancement. 

The electrical quality of the films was determined by measuring sheet resistance. Finally, 

the wrinkled electrodes were used for DNA detection.  

Chapter 4 explores the different mechanisms of plasmonic PEC current enhancement for 

the Au/TiO2 system. In this work, we used modified P25 NPs to prepare the photoelectrode. 

The Au NPs were introduced on the surface of the prepared electrodes. The optimum 

amount of Au NPs for obtaining the highest PEC current strongly depends on the excitation 

energy. The knowledge obtained from this mechanistic study was further applied to 

demonstrate a proof-of-concept DNA sensing assay where both signal-on and signal-off 

responses were achieved from a single electrode by simply switching the optical excitation 

wavelength. 

Chapter 5 focuses on comparing the anodic photocurrent generation process by interband 

and intraband hot carriers in Au NP in order to understand their role when used for PEC 

signal amplification and when used as only photoactive material for photoelectrode 

preparation. The photoelectrodes were prepared by depositing Au NPs on a carbon 

substrate. A higher anodic photocurrent was achieved for interband excitation using 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

20 
 

different electrolytes containing a hole scavenger. Finally, these electrodes were used for 

direct oxidization of methanol under both interband and intraband illumination. The 

knowledge obtained from this study and Chapter 4, was used to select the excitation 

wavelength and the size of Au NPs used in biosensing assay design. 

Chapter 6 exploits the knowledge obtained from the previous two chapters to design a 

differential PEC biosensing assay using a single robust and stable label. DNA was used as 

a nano-ruler between Au and TiO2 NPs. The dynamic motion of the DNA strands was also 

analyzed to explain the effect of Au NPs on the electrode for varying lengths of probe 

DNA. Nanoscopic interactions between plasmonic NPs and TiO2 electrodes were utilized 

through the PEC readout strategy. 

Chapter 7 focuses on a label-free novel biosensing assay design that utilizes redox marker 

labeled nucleotides for signal generation. The bioassay design involves an extra 

hybridization step (two-steps) before introducing a redox marker labeled DNA in the 

second step, that is similar to the process in Chapter 6. This two-step hybridization assay 

was implemented by using electrochemical transducer and microRNA 200b as a target 

biomolecule. Methylene blue (MB) – tagged DNA sequence (similar to target sequence) 

was used as signal amplification barcode. The electrochemical biosensing techniques was 

further challenged by extracellular vesicles from human prostate cancer cells and human 

urine samples. 

Chapter 8 utilizes the bioassay design used in Chapter 7 and knowledge obtained from 

Chapter 6 to construct a photoelectrochemical DNA sensor. A differential approach was 
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developed to identify single and double base-pair mismatches from the target sequence. 

The effectivity of the PEC biosensor was further evaluated by detecting target DNA in 

human urine samples. 

Chapter 9 discusses the conclusions of this research and contributions made in the field. It 

also provides a summary of the key findings and potential future work. 

 

 

Chapter 2 Background on photoactive species and transduction mechanism 

In the first chapter, we discussed the challenges associated with nucleic acid sensing in 

POC settings. We discussed different transduction methods and examined how PEC 

functions as a valuable platform to surmount those challenges. This chapter contains a 

literature survey on affinity-based PEC sensor development. The photoactive materials 

used in PEC biosensing are reviewed and divided into three parts, with the pros and cons 

of each of these photoactive species carefully deconstructed and extensively analyzed. 

Finally, we tap into the different PEC transduction mechanisms critical to biosensor 

development and provide feedback on the advantages and disadvantages of each of these 

mechanisms.  

Authors: Amanda Victorious, Sudip Saha, Richa Pandey, Tohid F. Didar and Leyla 

Soleymani (Equal contribution with Amanda Victorious and Richa Pandey) 

Publication: Frontiers in Chemistry, 7, 2019, 617 
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Publication Date: September 2019 

2.1 Abstract 

Detection and quantification of biologically-relevant analytes using handheld platforms are 

important for point-of-care diagnostics, real-time health monitoring, and treatment 

monitoring.  Among the various signal transduction methods used in portable biosensors, 

photoelectrochemical (PEC) readout has emerged as a promising approach due to its low 

limit-of-detection and high sensitivity. For this readout method to be applicable to 

analyzing native samples, performance requirements beyond sensitivity such as specificity, 

stability, and ease of operation are critical. These performance requirements are governed 

by the properties of the photoactive materials and signal transduction mechanisms that are 

used in PEC biosensing. In this review, we categorize PEC biosensors into five areas based 

on their signal transduction strategy: a) introduction of photoactive species b) generation 

of electron/hole donors c) use of steric hinderance d) in situ induction of light, and e) 

resonance energy transfer. We discuss the combination of strengths and weaknesses that 

these signal transduction systems and their material building blocks offer by reviewing the 

recent progress in this area. Developing the appropriate PEC biosensor starts with defining 

the application case followed by choosing the materials and signal transduction strategies 

that meet the application-based specifications. 

2.2 Introduction 

Biosensors are devices that are used for analyzing biologically-relevant species using 

specific biorecognition elements and transducers.96 Based on the nature of the 
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biorecognition event, biosensors are classified into biocatalytic and affinity-based 

devices.82 In biocatalytic biosensors, immobilized enzymes are used to recognize their 

specific substrate molecule, whereas affinity-based biosensors incorporate a synthetic or 

biological capture agent such as aptamers,76 DNAzyme,78 single stranded DNA,72 or 

antibodies97 to specifically capture the biologically-relevant target. The interaction 

between the analyte and the capture agent is translated into a readable signal by a 

transducer. To date, transduction methods relying on acoustic,98 optical,99 gravimetric,100 

electrochemical,39 electronic,42 and photoelectrochemical mechanisms82 have been 

reported for use in biosensing systems. Researchers often choose a transduction method 

that offers the right level of sensitivity, specificity, speed, and multiplexing for the desired 

application, and meets requirements with respect to instrumentation cost, size, and ease-

of-use. 

Due to the growing demand for rapid clinical diagnosis and health monitoring using 

handheld systems, there has been an increasing push for the development of new 

bioanalytical techniques that combine high sensitivity, specificity, and speed with portable 

and inexpensive readout instrumentation. Photoelectrochemistry is an emerging signal 

transduction method that has the potential to meet the stringent requirements of the field of 

biosensing. In photoelectrochemical (PEC) bioanalysis, biological interactions between the 

analyte and the biorecognition element result in a change in the generated PEC current or 

voltage. In these systems, the photo-electrode or PEC label used in the biosensor is 

activated upon optical excitation. This optical excitation or biasing reduces the reliance of 

PEC systems on electrical biasing, which allows them to be operated under low or no 
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applied electric potential. It has been shown that a lower limit-of-detection can be achieved 

using PEC signal readout compared to a similar assay that is coupled to electrochemical 

readout.101,102 Although PEC biosensors rely on both optical and electrochemical 

mechanisms, they can be excited using low powered broad-spectrum light sources and read 

using inexpensive electrical circuits. As a result, it is possible to miniaturize PEC systems 

into inexpensive and integrated platforms that are similar in operation to handheld 

electrochemical readers.102 Additionally, PEC biosensors can be easily multiplexed by 

incorporating multiple individually accessible electrodes on the same platform. 

Affinity-based PEC biosensors combine the high specificity of biorecognition agents such 

as ssDNA, antibodies, and aptamers, with the sensitivity of PEC biosensors, and are the 

focus of this review article. There are previously-published review articles that are focused 

on a specific type of biorecognition-target interaction such as DNA sensing,72 

immunoassays,97 enzymatic sensing,78 and aptasensing.76 However, our focus is on the 

elements that are important for building a PEC biosensor, regardless of the target analyte. 

Towards this goal we will discuss the construction of a photoelectrochemical cell, 

photoactive materials used in creating these devices, and the signal transduction 

mechanisms that are employed in PEC signal generation (Figure 2-1). 
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Figure 2-1: Scheme of a PEC cell and Affinity based PEC biosensor; photoactive materials and different 

transduction mechanism. 

2.3 Construction of a photoelectrochemical cell 

Generally, a PEC cell consists of an optical excitation source, an electrochemical cell, and 

an electrochemical reader. The electrochemical cell consists of four main components 

(Figure 2-1): (i) a working electrode (WE) that is often constructed by immobilizing 

photoactive materials on a conductive substrate, (ii) a counter electrode (CE), (iii) a 

reference electrode, and (iv) an electrolyte to generate PEC signals using redox reactions. 

Upon illumination, the redox reactions driven by the electrochemically active species in 

the electrolyte generate an electric signal between the WE and the CE that is recorded by 
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the electrochemical reader. To create an application-specific PEC biosensor, much 

attention has to be paid to the design of: (i) the sensing electrodes using photoactive species 

having the appropriate electronic and optical properties and/or conductive collectors; (ii) 

the transduction mechanism based on the target analyte and device application; and iii) the 

electrolyte that contains the redox species that participate in the generation of the 

photoelectrochemical signal. The majority of the affinity-based PEC biosensing strategies 

reported to date rely on measuring photocurrents for signal readout.97 To design a PEC 

bioassay, suitable for a specific application, it is important to have a comprehensive 

knowledge of these components and the strategies that are used in incorporating them in a 

synergistic fashion. 

2.4 Photoactive species for PEC biosensors 

Photoactive species are materials that respond to optical excitation by generating excited 

electronic states and converting optical energy to chemical and electrical energy.103 These 

species enable a PEC cell to generate or modify an electrochemical signal in response to 

light or electromagnetic radiation. In PEC biosensors, photoactive species are used as the 

building blocks of photoactive electrodes and/or as labels or reporters that associate with 

the biorecognition element,104 target analyte,105 or solution-borne surfaces such as 

magnetic beads and metallic nanoparticles (NPs).106 Due to its instrumental role in signal 

transduction, choosing the right photoactive material is critical to the development of PEC 

biosensors.  

The photoactive materials used in PEC biosensing are chosen based on their electronic and 

optical parameters (incident photon-to-current conversion efficiency (IPCE), carrier 
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mobility, response time, energy levels, and absorption spectrum), size/structure, stability 

against photobleaching, and ability to functionalize and integrate into devices. One of the 

most important parameters for evaluating photoactive materials used in PEC devices is 

IPCE. IPCE measures the photocurrent collected per incident photon flux as a function of 

illumination wavelength, which allows researchers to compare the efficiency of the 

photoactive species at different regions of the electromagnetic spectrum.107 IPCE 

collectively evaluates the optical and electronic properties of materials such as their ability 

to absorb electromagnetic radiation and transport and collect charged carriers through the 

PEC cell. The electronic and optical properties of photoactive materials need to be selected 

such that the materials can supply charge carriers having sufficient energy (indicated by 

the band structure of the material) to drive the desired electrochemical reaction. It is also 

important for these electrochemical reactions to occur at high rates (measured using IPCE). 

The wavelength dependence of IPCE is important in understanding the type of optical 

excitation source that is required for designing a PEC biosensor.108 Fine-tuning the size 

and shape of photoactive species in the nanoscale is also important for enhancing the PEC 

performance of the biosensor as structural tunability on the nanoscale changes the band 

structure of the materials, and can be used to enhance the surface-to-volume ratio of 

electrodes created from photo-active materials.109 Resilience to photobleaching is 

important because photoactive materials that degrade due to multiple cycles of 

photoinduction do not allow the target-induced changes in the photocurrent to be reliably 

measured in a PEC biosensor.108 Furthermore, for a photoactive material with the desired 

electronic, optical, and stability parameters to be used in a biosensing device, it is critical 
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for it to have a chemical structure that can be easily functionalized with the typical 

termination chemistries of biorecognition elements (amine, thiol, carboxyl, aldehyde, to 

name a few). Finally, it is critical for these photoactive materials to have the sufficient level 

of mechanical robustness and adhesion to be integrated into miniaturized chips or strips 

used in biosensing platforms. 

The three major classes of photoactive materials commonly used in PEC biosensors include 

(i) inorganic semiconductors, (ii) organic semiconductors and (iii) hybrid 

semiconductors,110,111 which will be discussed in detail in this section. 

2.4.1 Inorganic Semiconductors 

Semiconductors from non-carbonous materials are known as inorganic semiconductors. 

Generally, in inorganic semiconductor transducers, electrons are excited from the valence 

band (VB) to the conduction band (CB) upon absorption of photons with energies higher 

than that of their band gaps. This results in the generation of electron-hole pairs that can 

engage in redox reactions at the surface of the working electrode. The direction of the 

photocurrent (anodic or cathodic) depends on the applied electric field and the position of 

the semiconductor Fermi level with respect to the electrochemical potential of the 

electrolyte (Figure 2-2). In general, the mobile charge carriers (electrons for n-type and 

holes for p-type semiconductors) in the semiconductor traverse the bulk of the electrode 

while minority carriers take part in the redox reactions at its surface.83 Therefore, usually 

n-type semiconductors are used to produce anodic photocurrents, whereas p-type 

semiconductors are chosen for cathodic photocurrent generation.112 
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 Figure 2-2: Operation of n-type semiconductor (left) and p-type semiconductor (right) in a PEC cell. Electron 

donors (D) in the redox couple are oxidized by the photoactive species, thereby resulting in the loss of an 

electron which is then relayed to the collector (underlying conductive substrate), thus yielding an anodic 

current. Alternatively, electron acceptors (A) in the redox couple gain an electron from the photoactive 

species following their reduction upon light illumination, subsequently giving rise to a cathodic current. Eg, 

Ef, WE, RE, CE represent band gap energy, fermi energy, working electrode, reference electrode and counter 

electrode, respectively. 

Inorganic semiconductors such as titanium dioxide (TiO2),
113 cadmium telluride 

(CdTe),114–116 cadmium sulphide (CdS),117–119 Molybdenum disulphide (MoS2),
120,121 

cadmium selenide (CdSe),122,123 and zinc oxide (ZnO)124 are used extensively in affinity 

based PEC biosensors.114–116,125 Inorganic semiconductors offer a few advantages over 

their organic counterparts as discussed in the following section. These materials typically 

exhibit longer stability under mechanical, electrical, and environmental stress.126 High-

performance inorganic semiconductors can be precisely fabricated into various structures 

at the nanoscale, matching the size of subcellular and molecular components and allowing 

better probing of biological targets.127 Inorganic semiconductors usually require lower bias 

voltages (due to their higher charge mobility and charge-carrier separation efficiency),128 

exhibit faster response time in the generation of charge carriers upon excitation, and allow 

for easier device passivation for use in physiological fluids as compared to organic SCs.127 
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Photochemical stability and high catalytic efficiency make TiO2 a promising material for 

affinity-based PEC biosensing.129,130 While promising, pristine TiO2 suffers from a variety 

of problems such as poor response in the visible range owing to its wide band gap131 and 

relatively fast recombination of photogenerated charge carriers.132 In order to overcome 

these limitations, scientists are turning to hybrid TiO2 architectures that incorporate other 

materials such as metal cations and anions,133 semiconductors of MxSy
134 and MxOy

135 

configuration, and carbon based materials.136 CdTe is also widely used in PEC biosensing 

owing to its large bulk absorption coefficient (>104 cm−1 in the red, ~105 cm−1 in the blue)137 

and near-infrared band gap (Eg ≈ 1.5 eV)138 making it suitable for operation in the visible 

region of the solar spectrum. One of the issues with CdTe is the low abundance of tellurium, 

which makes it economically inviable for biosensing.139 Due to the availability of precursors 

and ease of crystallization,140 there is a move towards other chalcogenides of CdE (E= S, Se). 

These alternatives are mostly used as sensitizers due to their narrow band gaps (CdS= 2.4eV, 

CdSe= 1.7eV).140 In addition, they offer higher conduction bands edges compared to most metal 

oxides (ZnO, TiO2), making them useful for reactions where electrons need to be transferred 

from the conduction band of these materials.140 However, their inability to integrate into device 

fabrication due to their poor adhesion onto the substrate and the inherent toxicity of Cd limit the 

possibility of using Cd-based materials in commercial biosensing platforms.141 ZnO is another 

wide band gap (direct band gap of 3.37 eV in the near UV spectral region) semiconductor 

used in PEC biosensors, which offers  biocompatibility, excellent photoactivity (large 

exciton binding energy at room temperature,142 high charge carrier mobility, and thermal 

and chemical stability.143 ZnO can be structurally tuned and has been used in flower,105 
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rod,144 wire,145 and pencil146 architectures for biosensing applications. Nevertheless, the 

photocatalytic performance of ZnO diminishes in aqueous solutions due to the fast 

recombination of photogenerated charge carriers.147 Apart from these materials, emerging 

inorganic semiconductors are being investigated for use in PEC biosensing. Specifically, 

MoS2 is under investigation for use in PEC cells due to its ability to generate an internal 

electric field at the contact surface for photoinduced charge separation, which increases the 

carrier lifetime.148 Additionally, Bi-X (X= S,V,O) materials are being investigated due to 

their tunable bandgap and photostability in acidic solutions.148  

Inorganic semiconductors are widely used in developing PEC biosensors; however, a 

remaining challenge, as with other types of materials used in biosensors is related to non-

specific adsorption causing interference to the signal by producing high noise levels or low 

reactivity.149 Hydrophilic coating strategies have been employed for metal oxides and 

sulphides but most of these strategies have downsides under severe biological conditions 

or where long-term stability is needed. Furthermore, conditions such as high temperature, 

high salinity, and non-neutral pH, intensify these effects.150,151 To overcome these 

challenges, researchers are focusing on integrating inorganic semiconductors into hybrid 

antifouling networks, which has been previously reviewed.76 

2.4.2 Organic Semiconductors 

Organic materials such as graphitic carbon nitride (g-C3N4), porphyrin, azo dyes, 

chlorophyll, bacteriorhodopsin, and polymers such as semiconducting polymer dots (Pdot), 

phthalocyanine, poly(thiophene), phenylenevinylene (PPV) and their derivatives have been 

https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/engineering/internal-electric-field
https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/engineering/internal-electric-field
https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/biochemistry-genetics-and-molecular-biology/surface-property
https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/chemistry/charge-separation
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used for constructing photoactive electrodes that can be applied to PEC biosensors.152–154 

Some of the main advantages offered by organic semiconductors lies in their improved 

mechanical compliance,155 intrinsic stretchability,155 and their amenability to low-

temperature all-solution-based processing.127,156 This allows inexpensive fabrication of 

large-area films on flat, irregular, and flexible substrates, which provides opportunities for 

the development of flexible and printed electronic based biosensors used in wearable 

technology.156,157  

Graphitic carbon nitride (g-C3N4) is a metal-free two dimensional polymeric 

semiconductor, which is attractive for PEC biosensing due to its high physicochemical 

stability and inexpensive and earth abundant  nature.158 It has a smaller band gap (~2.7 

eV)159 compared to commercial TiO2 NPs (~3.0-3.2 eV) and is able to absorb light in the 

visible portion of the solar spectrum up to 460 nm.160 G-C3N4 has a desirable electronic 

band structure due to the presence of 𝜋-conjugated sp2 hybridized carbon and nitrogen. It 

is also electron-rich and has basic surface functionalities due to the presence of Lewis and 

Brönstead basic functions.161 This has enabled g-C3N4 to be applied to the degradation of 

organic pollutants, hydrogen evolution reaction, biosensing, and energy conversion.162–167 

Da et al. constructed a novel “signal-off” PEC aptasensor using an aptamer bridged DNA 

network in conjunction with g-C3N4 to detect vascular endothelial growth factor 

(VEGF165).153 This photo-electrode exhibited a stable photocurrent response with no 

severe decay under periodic off-on-off light excitation for nine cycles over a timeframe of 

350 seconds. While g-C3N4 is a promising material, its low quantum yield in its pristine 

form (0.1% at 420–460 nm)168 remains an obstacle to its incorporation as a high-
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performance photoactive material for biosensing.169,170 In order to enhance the efficiency 

of this material, the use of g-C3N4 in conjunction with materials like TiO2 and CdS  has 

been reported for biosensing applications.171–173 The formation of  heterojunction with 

these materials helps to accelerate the charge transport and reduce the recombination rate 

by separating the charge carriers generated in g-C3N4.
160  

Porphyrins, a group of macrocyclic organic compounds composed of four pyrrole rings 

joined via methine (=CH-) bonds  are being investigated for use as photoactive materials or 

sensitizers in PEC systems174 due to their wide availability in nature, high molar absorptivity 

and thermal stability.175 One such example is the use of porphyrin derivative, iron(III) meso-

tetrakis (N-methylpyridinum-4-yl) porphyrin (FeTMPyP), in a PEC DNA biosensor.176 In 

this case, CdS QDs modified with ssDNA formed the photo-active electrode. The porphyrin 

derivative specifically binds to dsDNA via groove interactions and reports the presence of 

dsDNA by catalyzing the oxidation of luminol to generate chemiluminescence. The 

photocurrent intensity of the biosensor did not show a detectable change after storage for 10 

days, highlighting the stability of this biosensor. Porphyrin-based materials have been used 

in conjunction with inorganic semiconductors such as TiO2,
177 ZnO,143 and CdTe178 to 

enhance the IPCE of these systems. A major difficulty in the wide spread use of porphyrin 

is that its chemical synthesis usually requires several steps with low overall yield, amounting 

to a high material cost.179,180 

Pdots are a class of emerging photoactive nanomaterials that offer incredible photostability 

(photobleaching quantum yield of 10-7 to 10-10), tailorable electrical and optical properties, 

minimal toxicity, good biocompatibility and ease of processing.154,181–183 Pdots and PPV 
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derivatives have recently been used in PEC biosensors154,184 due to their extraordinary light 

harvesting ability resulting from their large two-photon absorption cross sections.185 

However, their use in biosensing architectures are required to be thoroughly explored 

because of their pH dependence and tunability of PEC properties according to their 

molecular weights.186,187 Moreover, the PEC properties of these materials are highly 

dependent on the electron transfer processes within the 𝜋-conjugated bonds,188 requiring a 

fundamental understanding of these processes to be able to design highly efficient 

photoelectrochemical biosensing devices. 

Organic semiconductors are attractive due to their tunability, low cost, metal free nature, 

and relative abundance; however, their low quantum efficiency often requires them to be 

coupled with other photoactive materials for creating photoelectrodes. Unlike the ionic or 

covalent bond in inorganic semiconductors, organic semiconductors are made of molecular 

units held together by weak van der Waals interactions.189 As a consequence, 

the mobility of the charge carriers in organic materials is generally smaller with longer 

response times upon excitation as compared to their inorganic counterparts189 leading to 

smaller conductivity.190 Consequently, more research is needed towards creating all 

organic photoelectrodes that can be used in biosensing. 

2.4.3 Hybrid Semiconductors 

Hybrid semiconductors are formed by: (i) coupling two inorganic semiconductors with 

different band gaps, (ii) complexation of organic and inorganic semiconductors,112 and (iii) 

combining metal NPs (usually Au or Ag) with organic/inorganic semiconductors.  

https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/physics-and-astronomy/mobility
https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/chemistry/charge-carrier
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Coupling two or more inorganic semiconductors extends the absorption spectrum and 

increases the charge separation efficiency of the PEC system.191 As a result, hybrid material 

systems offer a higher photon-to-current conversion efficiency, which is important for 

enhancing the performance of biosensors.72 For example, when TiO2 NPs are used with 

CdS QDs in insulin detection,191 CdTe is excited using visible light, and the photo-induced 

electrons are transferred from CdTe to the conduction band of TiO2 NPs. Liu et al. 

demonstrated improved sensitivity of microcystin detection by forming Z-scheme 

heterojunction of CdTe with Bi2S3 nanorods192 due to enhanced  charge separation. Another 

strategy used to enhance the solar light harvesting efficiency of photoanodes composed of 

wide bandgap semiconductors (i.e., TiO2, ZnO) is upconversion193. This is a type of anti-

stoke process in which emission of higher energy photons is achieved by the absorption of 

two or more low-energy photons.194 Qiu et al. developed a hybrid upconverting structure 

where the narrow absorption band of TiO2 was improved by the use of core−shell 

NaYF4:Yb,Tm@TiO2 upconversion microrods.195 In this system, doped Yb3+ ions 

absorbed near-IR light, whereas the doped Tm3+ emitters produced the UV light through 

energy transfer upconversion (ETU). The upconverted photons were then absorbed by the 

TiO2 NPs, thereby, yielding effective IR-UV upconversion.195 This core-shell 

NaYF4:Yb,Tm@TiO2 structure was used to detect carcinoembryonic antigen (CEA), 

which is a biomarker for colorectal cancer. 

Complexation of organic and inorganic semiconductors are used to overcome the low 

charge conductivity, narrow absorption spectrum, and strongly bound excitons that are 

encountered in organic semiconductors.157,196 This class of transducers typically 
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demonstrates improved PEC response and physical and chemical properties compared to 

their purely organic or  inorganic counterparts.76,197 This type of complexation was 

demonstrated using TiO2 mesocrystals (inorganic semiconductor) sensitized with 

polyethylenimine (organic polymer).198  Polyethylenimine reduces the electron transport 

energy barrier of TiO2 mesocrystals by reducing the work function and thereby increasing 

the generated photocurrent. This type of performance enhancement was also seen in 

reduced graphene oxide (RGO)/CdS/ZnS photoelectrode, where a widened light absorption 

range, spatial separation of photogenerated electron-hole pairs, accelerated electron 

transfer, and reduction of surface defects resulting from the coupling of ZnS (wide 

bandgap, ~3.8 eV) and CdS (narrow bandgap, ~2.4 eV) was observed.145 By using RGO 

further enhancement of the photocurrent was achieved as it facilitates the excited electron 

transfer from the conduction band (CB) of CdS to the CB of ZnO. Ultrafast electron 

transport was also realized by Matylitsky et al. and Wang et al. by adsorbing an electron 

acceptor, methyl viologen (MV) on the surface of CdSe QDs. Here, MV acted as an 

electron relay and facilitated ultrafast electron transport in a timeframe of ~70 fs.122,123 The 

ability of MV in enhancing IPCE by working as an electron relay was exploited by Long 

et al. to demonstrate ultrafast electron transport in cysteine bioanalysis by using a MV 

coated CdS QD based system.199 Surface sensitization of a wide band gap semiconductor 

with an organic material such as a dye is an alternative method of creating efficient hybrid 

materials. Here, an increase in efficiency of the excitation due to the injection of electrons 

directly into the CB of the semiconductor from the excited dye and expansion of excitation 

wavelength range results in higher photocurrent generation.200–202  Neto et al. demonstrated 
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the usefulness of such hybrid materials in sensing L-Dopamine by using iron 

phthalocyanine (FePc) dye sensitized TiO2 system to enhance the PEC performance due to 

the charge transfer property of FePc.203 Additionally, the antioxidant character of FePc is 

also hypothesized to enhance stability of the biorecognition units used in this study by 

inhibiting PEC-induced damage to the attached biomolecules typically seen in the case of 

wide band gap semiconductors such as TiO2.  

The coupling of inorganic/organic semiconductors with metal nanoparticles is increasingly 

used in PEC devices due to the ability of metal NPs such as gold, platinum and silver to 

enhance the photoresponse of the system through surface-plasmon resonance (SPR). Han 

et al. detected α-fetoprotein (AFP), a key clinical indicator used for diagnosing primary 

liver cancer, using Au-ZnO flower-rods.105 Here, Au NPs enhanced the anodic 

photocurrent of ZnO flower-rods by extending the absorption to the visible region and by 

enhancing charge separation. Besides the SPR effect, Au NPs have been shown to improve 

the charge transfer properties of the substrate. For example, Lv et al. deposited Au NPs on 

p-CuBi2O4 electrodes to reduce the charge transfer resistance and hence enhance the 

cathodic photocurrent of p-CuBi2O4.
117 Another hybrid photoelectrode used in biosensing 

is created by Au NP-decorated hematite (𝛼-Fe2O3) nanorods.204 Despite being widely used 

in other PEC applications (such as PEC water splitting, photovoltaic cells), 𝛼-Fe2O3 has 

been rarely used in PEC biosensing due to poor electron mobility and lack of binding with 

capture biomolecules. Enhancement of electron mobility was achieved by decorating 𝛼-

Fe2O3 with Au NPs. Moreover, Au NPs were also used to covalently attach capture 

biomolecules to the photoactive electrodes. Au NPs have also been used as anchors to 

https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/chemistry/photocurrent
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deposit probe DNA and for improving the photocurrent of g-C3N4- based 

photoelectrodes.205 In this work, Au NPs are used with g-C3N4 for detecting zeatin, one of 

the main cytokines found in plant tissues responsible for promoting plant growth.   

Hybrid semiconductors are gaining popularity as transduction elements for PEC biosensors 

owing to their performance enhancement resulting from the coupling of desirable qualities 

of its constituent materials and the unique properties generated as a consequence of their 

complexation. To be able to achieve higher IPCE from these hybrid structures, it is 

important to carefully choose the materials and control their composition and morphology. 

Controlling interfacial defects is an important consideration for designing hybrid PEC 

systems. A summary of the photoactive materials used in PEC biosensing is presented in 

Table 2-1. 

Table 2-1: Properties of various photoactive species used in PEC biosensing. RSD represents relative 

standard deviation, which signifies the reproducibility of the sensor. 

Photo 

electrode 

material 

Excitation 

Stability (‘N’ 

cycles, Rsd 

(%), period) 

Base photo-

current (A) 

Enhanced 

absorption 

Enhanced 

charge 

separation 

Ease of 

functionalization 
Reference 

1.1 Inorganic Semiconductors 

TiO2 NWs 

 

Simulated 

sunlight 
- 1.15 x10-3 No No 

Yes 

TiO2 NWs 
functionalized with 

HRP via APTES-

gluteraldehyde 
coupling.  

130 

CdTe QD 

Xenon 
lamp; 420 

nm cut-off 

filter 

Fairly stable. 

N=17, ~Rsd 
~9.16%, 360 s 

~2.17x10-7 No 

Decreased. 

Trap sites 
resulting from 

Ag2Te 

formation 
create new 

electron−hole 

recombinatio
n centers. 

Yes; 3-
Mercaptopropionic 

(MPA) modified 

CdTe via one pot 
synthesis; resultant 

carboxyl terminated 

surface. 

114 

CdTe QD 590 nm 

Very stable. 
N=8, Rsd 

∼0.9%, 275 s 
~3.80x10-7 No No 

Yes; MPA modified 

CdTe via one pot 
synthesis; resultant 

carboxyl terminated 

surface. 

115 
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CdTe QD 590 nm 

Very stable. 

N=15, no 

decrease in 
photocurrent, 

425 s 

~2.10x10-7 

(anodic) 

~1.20x10-7 

(cathodic) 

No No 

Yes; MPA modified 

CdTe via one pot 

synthesis; resultant 
carboxyl terminated 

surface. 

116 

1.2 Organic Semiconductors 

g-C3N4 Visible 

Very stable. 
N=9, no 

significant 

decrease in 
photocurrent, 

350 s 

~3.00x10-6 Yes 

Yes; MB 
intercalators 

following 

duplex 
formation at 

g-C3N4  

enhance 
separation 

efficiency. 

No 153 

FeTMPyP 
Chemilumi

nescence 

Very stable. 

Rsd ∼4.3%. 

Long term 

stability over 10 

days. 

~2.50x10-7 Yes No No 
Zang et al., 

2015) 

PFBT 

Pdots 

(Polymer 
dots) 

 

450 nm 
Stable. 

N=20, 400 s 
~3.00x10-8 No 

Yes; 
photogenerate

d electrons 

transferred to 
the proton in 

solution at 

low pH value. 

Yes;  

Carboxylated 

surface obtained via 
synthesis procedure 

allows for easy 

immobilization of 
pDNA via amine-

carboxyl interaction. 

154 

        

1.3 Hybrid Semiconductors 

1.3.1 Inorganic -Inorganic 

CdTe-Bi2S3 Visible 

Fairly stable. 

N=8, 

Rsd∼7.3%, 350 

s 

~4.00x10-7 Yes 

Yes; Z-
scheme 

heterojunctio

n formation 
between 

CdTe and 

Bi2S3. 

No 192 

CdS/ZnS Visible 

Good long-term 

stability; 95.6% 
of its original 

value after 5 

months 

~3.00x10-5 Yes 

Yes; 

Formation of 

heterojunctio
n allowed the 

transfer of 

photogenerate
d electrons to 

ZnS 

conduction 

band. 

Yes; CdS was 
modified by 

carboxyl groups 

which was used to 
attach with amine 

terminated DNA. 

166 

Core−shell 
NaYF4:Yb,

Tm@TiO2 

Infrared 

Fairly stable. 
N=10, Rsd 

∼7.9%, 250 s 

 

~1.25x10-7 Yes  

Yes; 

Enhanced 
separation 

due to 

formation of 
Z-scheme 

heterojunctio

n 

No 195 

1.3.2 Organic-Inorganic 
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TiO2 – 

polyethylen
imine 

mesocrystal 

Visible 

Very stable. 
N=10, Rsd 

∼2.04%, 250 s 

Excellent long-

term stability; 

94.8% of initial 
value after 12 

days 

~4.00x10-6 Yes  

Yes; 

Improved 
charge 

separation via 

ligand 
(OAM/PEI) 

modification 

Yes; Organic ligand 
(OAM/PEI) 

modification confers 

the complex with 
reactive amine 

terminations capable 

of further chemical 
reaction. 

198 

CdS - MV 
Xenon 

lamp 
Poor stability. ~1.00x10-7 No 

Yes; MV 
coating of 

CdS 

facilitates fast 
charge 

separation 

and a slow 
charge 

recom- 

bination upon 
irradiation. 

  

Yes. Thioglycolic 

acid (TGA) capped 

CdS QDs formed 
via precipitation-

based synthesis; 

resultant carboxyl 
terminated surface. 

199 

TiO2-EPM 
380-480 

nm 

Very stable. 

N=10, Rsd 

∼2.04%, 400 s 

~3.00x10-6 Yes No 

Yes; Amine and 

hydroxyl 

terminations on 

TiO2 conferred via 
EPM (ligand) 

conjugation. 

202 

1.3.3 Metal NP -Inorganic/Organic 

AuNP-ZnO 

FRs 

Simulated 

sunlight 

Very stable. 

N=15, no 
decrease in 

photocurrent, 

300 s 

~2.50x10-5 Yes 

Yes; Au NPs 

in the Au-

ZnO FRs 
heterostructur

e enhances 

charge 
separation. 

No 105 

AuNP on 

p-CuBi2O4 

>420 nm 

 

Good long-term 

stability; 99.8% 
of its original 

value after 3 

weeks 

~4.00x10-7 No 

Yes; Au NPs, 

as a front 
contact of p-

CuBi2O4 

enhance the 

efficiency 

of charge 

separation 

Yes; Au NPs, as a 
front contact of p-

CuBi2O4 allow 

conjugation with 

thiol terminated 

biomolecules. 

117 

Au 

NP/Graphe
ne QD/g-

C3N4 

nanosheet 

Xenon 

lamp 

Very stable. 
N=15, Rsd 

∼1.5%, 20 s 

 

~4.5x10-7 No 

Yes; g-

C3N4 and 

GQD reduce 
the 

probability of 

recombinatio
n of 

photogenerate

d electrons 
and holes. 

Yes; Au NPs allow 

conjugation with 

thiol terminated 
biomolecules 

205 

https://www.sciencedirect.com/topics/chemistry/charge-separation
https://www.sciencedirect.com/topics/chemistry/charge-separation
https://www.sciencedirect.com/topics/engineering/recombination
https://www.sciencedirect.com/topics/engineering/recombination
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2.5 Transduction mechanism 

Several signal transduction strategies have been proposed to translate a biorecognition 

event to a PEC signal. The signal of a PEC biosensor depends on the properties of the 

photoactive material, applied potential, light intensity, wavelength, and the type and 

concentration of the electron donor or acceptor.206 Depending on the mechanism chosen, 

the PEC biosensor operates in either signal-on or signal-off mode. In the former case, the 

PEC signal increases upon target recognition, and in the latter case it decreases.97 In this 

review, we have categorized the signal generation strategies used in affinity-based 

biosensors as: (i) introduction of photoactive species, (ii) generation of electron/hole 

donors, (iii) use of steric-hindrance, (iv) in situ induction of light, and (v) resonance energy 

transfer (Figure 2-3). In this section, we discuss the recent biosensing reports categorized 

under these mechanisms.  

 

Figure 2-3: Principles of signal transduction in PEC biosensors a) Introduction of photoactive species b) 

Generation of electron/hole donors c) Use of steric hinderance d) In situ induction of light e) Resonance 

energy transfer. 

2.5.1 Introduction of Photoactive Species 

In this signal transduction strategy, the photoactive material is incorporated into the 

target/probe complex in the form of a label, which enhances or quenches the PEC response. 
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Signal modulation is initiated by bringing the label into the close proximity of a conductive/ 

photoactive substrate following a biorecognition event. Once in proximity to the 

appropriate substrate, electron hole pairs are generated at the surface of the photoactive 

material upon light excitation. These electron-hole pairs then take part in chemical reaction 

with the redox species in the electrolyte or interact with the underlying substrate to either 

generate a measurable signal or enhance an existing one (Figure 2-3a). Different types of 

photoactive species, such as semiconductor nanocrystals,141 metallic nanoparticles121  and 

organic semiconductors such as g-C3N4, PFP (poly(9,9-bis(6′-(N,N,N,-

trimethylammonium)hexyl) fluorene-co-alt-1,4-phenylene) bromide,207,208 have been 

commonly used as a signal label.  In this strategy, it is crucial to (i) minimize the size of 

bioconjugated labels to reduce steric hindrance, (ii) decrease the effect of the label on the 

mass transport and complexation of the biomolecule, and (iii) diminish nonspecific protein 

adsorption to develop labels that do not interfere with assay functionality. Semiconductor 

nanocrystals possess dimensions in the order of 1-100nm, making them an excellent choice 

as PEC labels. The PEC signal of QDs in a complex environment stems from a myriad of 

factors such as the intensity of excitation source, the magnitude of applied bias potential, 

the absence/presence of electron donors and acceptors, as well as the inherent 

photophysical properties of QDs.209 These materials are particularly appealing owing to 

their tunable excitation spectrum resulting from quantum confinement, narrow and 

symmetrical emission spectrum, high quantum yield and good optical stability.210 Noble 

metal NPs are also commonly exploited for this approach.102,211 Plasmonic features of these 

particles such as intensive localized electric field generation in the near field, strong far-
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field light scattering, large absorption cross section in plasmonic resonance band, and light 

induced charge separation exhibited by these labels offer photocurrent modulation.211,212 

In this sensing scheme, in addition to the type of labels used, the electrode material greatly 

influences the assay design. Here, the electrode is typically constructed from wide bandgap 

semiconducting materials such as TiO2, g-C3N4, ZnO, p-CuBi2O4, and hematite (Fe2O3), 

where the photoactive label extends the absorption to the visible wavelength and improves 

the charge separation efficiency of the electrode. However, given that signal transduction 

is induced using a photoactive label, non-photoactive electrodes can also be used in these 

assays.102,213 

QDs are widely used as signal transduction reporters in PEC biosensors following the 

pioneering work of Wilner et.al. in the early 2000s.102,213 In one of these works, ssDNA 

immobilized on a gold substrate was hybridized with CdS NP-tagged target DNA to a 

create a crosslinked CdS/DNA network.101,102 It was observed that the photocurrent 

emanating from these networks could be switched ‘on’ and ‘off’ using the light source 

through the photoejection of conduction-band electrons of CdS particles that were in 

contact with or at tunneling distances from the electrode using Ru(NH3)6 as an electron 

mediator. Using a similar strategy, Chai et al. reported an approach where they used DNA 

tetrahedron (TET) to deposit CdTe QDs and a methylene blue intercalator in the presence 

of the target analyte. Since the electrode was not photoactive, this system was operated at 

near-zero noise level and with a limit-of-detection of 17 aM and a linear range of 50 aM - 

50 pM in the presence of target miRNA-141 under light excitation (590 nm). When the 
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DNA TET-CdTe QDs-MB complex was used as a signal probe, the PEC response (0.82 

μA) was ~2.5 fold higher as compared to the PEC response based on the DNA TET-CdTe 

QDs complex alone115 (Figure 2-4a). In contrast to the previously discussed assays, the 

introduction of photoactive materials can also occur in the absence of the target analyte.214 

In an assay of this type, the dsDNA capture probe contains a carboxyl-terminated ssDNA 

building block that is removed, through strand displacement, from the electrode upon target 

introduction. In the absence of the target strand, CuInS2/ZnS (ZCIS) QDs and n-doped 

carbon dots are captured and increase the PEC signal under xenon lamp excitation (spectral 

range 200-1200 nm) (Figure 4b). This biosensor exhibited a limit-of-detection of 0.31 pM 

with a linear range of 1 pM - 100 nM in the presence of target miRNA-21. Furthermore, 

single base mismatch studies conducted using miRNA-21 (target), SM miRNA-21and 

miRNA-141 showed ~4x higher response in the case of target as compared to the 

interfering miRNAs, showcasing the excellent selectivity of this sensor. In addition to 

nucleic acid sensing, QDs are widely used in PEC biosensors created for protein analysis. 

In an assay of this type, the presence of insulin instigated the formation of an 

immunocomplex containing DNA-labelled antibody, insulin, secondary DNA labelled 

antibody and CdTe-labelled reporter DNA.191 CdTe induces a sensitization effect on the 

CdS/TiO2/ITO electrode, thereby enhancing the photocurrent under white light excitation 

(spectral range 200-1200 nm) (Figure 2-4c). A limit-of-detection of 3 fM was exhibited by 

this sensor with a linear range of 10 fM - 10 nM using insulin as the target. The fabricated 

sensor exhibited desirable long-term stability with no significant change in photocurrent 

following storage for 10 days and excellent selectivity when incubated with a solution 
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containing interfering agents (IGF-1 and C-peptide). Micro-RNA (miRNA-155) detection 

has been shown by introducing Au NP functionalized N-doped porous carbon ZnO 

polyhedra (NPC-ZnO) on CdSe QD based photoelectrode.215 Following, miRNA 

hybridization with a hairpin structure probe, Au NP functionalized NPC-ZnO was brought 

close to the hybridized double-stranded RNA by using second hairpin DNA structure 

(Figure 2-4d). The NPC-ZnO is also photoactive and thereby generated a signal-on 

response under visible light excitation. This creative design strategy enabled ultrasensitive 

miRNA detection with a limit-of-detection of 49 aM (linear range of 0.1 fM – 10 nM), 

which is much lower than the previously reported photoelectrochemical miRNA detection 

bioassays.191,214 
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Figure 2-4:  Introduction of QDs as Photoactive species: a) Schematic Diagrams of PEC Biosensor for 

miRNA-141 detection using DSN enzyme-assisted target cycling amplification strategy and DNA TET-CdTe 

QDs-MB complex (Reprinted from ref 115 with permission from American Chemical Society); b) Schematic 

illustration of the PEC detection of miRNA-21 by bringing photoactive N-doped carbon dots following 

hybridization of the target RNA (Reprinted from ref 214 with permission from American Chemical Society); 

c) Schematic representation of ultrasensitive insulin detection based on CdTe QD labels brought into 

proximity of CdS/TiO2/ITO electrode upon affinity-based binding of CdTe QD labeled insulin target 

(Reprinted from ref 191 with permission from American Chemical Society); d) Schematic representation of 

the detection of miRNA-155 based on NPC-ZnO labelled target. Here, NPC-ZnO performs the role of 

electron scavenger, thus generating a signal-on response (Reprinted from 215 with permission American 

Chemical Society). 

Dai et al demonstrated a multiplexed PEC immunoassay by using two different photoactive 

materials – graphitic carbon nitride (g-C3N4) which exhibited an anodic photocurrent and 

CS-AgI which exhibited a cathodic photocurrent – on a polyamidoamine dendrimer 

modified cube anatase TiO2 mesocrystal (PAAD@CAM) substrate (Figure 2-5a).208 A 

competitive immunoassay was designed to analyze PSA and IL-6 biomarkers using anti-

PSA and anti-IL-6 antibodies labelled with g-C3N4 and CS-AgI respectively. Application 

of different bias voltages allowed each of the complexes to be individually analyzed with 

IL-6 having a dynamic range of 10-5 - 90 pg mL−1 (3.3×10-5 pg mL−1 limit-of-detection) 

and PSA having a dynamic range of 10-6 - 90 ng mL−1 (3.3×10-3 pg mL−1 limit-of-

detection).  

Metal nanoparticles are used in combination with photoactive materials as signal reporters 

in PEC biosensors. In an assay of this kind, liposomes loaded with AgNP were labelled 

with IgG antibodies to detect IgG on a BiOI/Ni electrode.216 In a sandwich protein binding 

assay, the liposome-antibody conjugates were used to label the captured antigen. Upon 

binding, the Ag NPs were released using Triton X-100 and reacted with the p-type BiOI 

substrate to form an AgI/Ag/BiOI z-scheme heterojunction, enhancing the cathodic 

photocurrent of the electrode due to the reduction of dissolved O2 by AgI and transferring 
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electrons from the conduction band of BiOI to the valence band of AgI through metallic 

Ag upon illumination (410 nm excitation light source) (Figure 2-5b). This assay 

demonstrated a limit-of-detection of 100 fg mL−1 and was linear in the 100 fg mL−1 - 100 

ng mL−1 range. 

As seen in the previous reports, target labeling provides the sensitivity and specificity that 

is needed for bioanalysis in complex biological samples. However, the introduction of 

photoactive species via labelling often impairs the rate and efficiency of bio-recognition, makes 

it difficult to perform quantitative analysis of biomolecular species in real time, and adds to 

the assay complexity due to the washing steps. An alternative method that can overcome 

some of the drawbacks of labeling is signal transduction via in situ generation of 

electron/hole donors, which is discussed in the following section. 

 

Figure 2-5: Introduction of photoactive species: a) Schematic representation of two potentiometrically 

resolvable protein detection assays for PSA and human interleukin-6 involving the affinity-based binding of 

CS-AgI tagged IL-6 and CS-AgI tagged PSA (Reprinted from ref 208 with permission from American 

Chemical Society); b) Liposomal PEC bioanalysis using photocathode and AgI/Ag; Reproduced with 

permission from (Reprinted from ref 216 with permission from American Chemical Society). 
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2.5.2 Generation of Electron/Hole Donors 

In this approach, target introduction releases free electron/hole donors (scavenging species) 

that interact with the photoactive electrode surface, induce charge separation, and modulate 

the photocurrent. A common method to produce  electron/hole donors is by using an 

enzyme206 to generate hydrogen peroxide (H2O2) or ascorbic acid (AA). Alkaline 

phosphatase (ALP) is used in DNA and protein sandwich assays217,218 to catalyze the 

conversion of ascorbic acid 2-phosphate (AAP) to ascorbic acid (AA) upon target binding. 

AA acts as a hole scavenger and increases the lifetime of photo-induced carriers, which 

enhances the PEC current.217 Using a similar approach, an assay incorporating dual enzyme 

tags for multiplexed PEC detection was developed to differentiate between two cardiac 

markers – cardiac troponin I (cTnI) and C-reactive protein (CRP) 218. ALP-tagged antibody 

was used for troponin T detection, and acetylcholine esterase (AChE)-tagged antibody was 

used for detecting C-reactive protein.218 These tags generate electron donating ascorbic 

acid (AA) and thiocholine (TC) by specifically catalyzing the hydrolysis of AAP or 

acetylthiocholine (ATC) (Figure 2-6a). Under visible light irradiation, the generated 

electron donors scavenge photoinduced holes at the surface of the CdS QDs/TiO2 electrode, 

inhibiting the recombination of the holes and electrons, thus enhancing the photocurrent. 

A linear range of 100 ng mL-1 - 0.1 mg mL-1 (a limit-of-detection of 50 ng mL-1) was 

exhibited for CRP, and a linear range of 1 ng mL-1 - 0.01 mg mL-1 (a limit-of-detection of 

0.1 ng mL-1) was exhibited for cTnI.  
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Figure 2-6: In situ generation of electron/hole donors : a) Incorporation of dual enzyme tags for multiplexed 

cardiac troponin I (cTnI) and C-reactive protein (CRP) detection (Reprinted from ref 218 with permission 

from American Chemical Society); b) Schematic Illustration of near infrared to ultraviolet light-mediated 

photoelectrochemical aptasensing for cancer biomarker detection and mechanism of signal generation in 

NaYF4:Yb,Tm@TiO2 photoactive electrode (Reprinted from ref 195 with permission from American 

Chemical Society). 

In the previous assays, the biorecognition event, the generation of electron/hole donors, 

and signal measurement were performed on the electrode surface. However, it is possible 

to perform biorecognition and generate electron/hole donating species in solution and use 

the resultant species to modulate the PEC signal at an electrode surface. An assay of this 

type detects carcinoembryonic antigen (CEA) using a sandwich assay on the surface of 

magnetic beads.195 Upon aptamer−CEA−aptamer reaction, the primer DNA on the 
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terminus of the secondary aptamer initiates rolling circle amplification (RCA) reaction, 

resulting in the generation of long guanine (G) rich oligonucleotide strands (Figure 6b). 

Subsequent introduction of exonuclease I and III releases guanine (G) bases following 

digestion of the RCA product. The free guanine bases function as electron donors and 

enhance the photocurrent of the NaYF4:Yb,Tm@TiO2 microrod electrodes under near-

infrared light excitation. The limit-of-detection of the assay for CEA target was 3 pg mL-1 

with a linear range of 10 pg mL-1 to 40 ng mL-1. Furthermore, high specificity is 

demonstrated by this assay when tested against a complex mixture containing interferents 

such as PSA, TB, and human IgG. 

In addition to using photoactive species and electron/hole donors separately, it is possible 

to combine these signal transduction mechanisms. For example, the synergistic effect of 

electron donor generation and photoactive species introduction was used to detect alpha-

fetoprotein (AFP), which is a biomarker for liver cancer.219 In this assay, AFP-CdS-GOD 

complex was formed by conjugating AFP with CdS QD and glucose oxidase (GOD). In 

this work, chitosan which helps to covalently bind anti-AFP antibody was first deposited 

on the photoelectrode composed of ZnO inverse opal structure. Upon biorecognition with 

AFP-CdS-GOD, the photocurrent was enhanced. The enhancement of the photocurrent is 

attributed both to the increased absorption spectrum due to CdS QD and generation of H2O2 

by GOD as electron donor. This bioassay showed a limit-of-detection of 0.01 ng mL-1 
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(linear range is 0.1 ng mL-1 - 500 ng mL-1). Moreover, this assay showed good specificity 

against CEA, PSA and H2O2. 

Although assays using electron/hole generation overcome the limitations encountered in 

labelled assays, they have some drawbacks that must be considered for using them in analyzing 

real-life samples. Enzymes that are typically used to induce the formation of local electron/hole 

donors are known for their instability, relatively low shelf life, and expensive reagent cost. 

Additionally, to ensure effective detection using this scheme, utmost importance must be paid 

to minimize interfering scavenging species found in native samples that may consume the 

locally generated electron/hole donors required to transduce the biorecognition events. 

2.5.3 Steric-Hindrance Based Assay 

Introduction of a biomolecule at the biosensor surface can sterically hinder the access of 

electrolyte to the photoactive transducer to modulate the measured PEC current. This 

transduction approach is one of the simplest mechanisms for developing a biosensor 

because it usually does not require labeling steps following the target capture. However, 

most of these sensors operate in a signal-off fashion.206,220,221   

In signal-off PEC biosensing, it is crucial to have a high photocurrent before target 

introduction because high concentrations of the target can completely diminish the PEC 

signal.222 Different approaches have been used to obtain high baseline PEC currents. 

Depositing photoactive materials into three-dimensional scaffolds such as wrinkled 

electrodes has been used to increase the photocurrent of PEC biosensors.222 The wrinkle 

electrodes showed 10 times higher photocurrent than a planar electrode composed of CdTe 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

52 
 

QDs. This wrinkled photoelectrode was used to detect single stranded DNA by simply 

hybridizing with the complementary sequence as a proof-of-concept. Moreover, it showed 

stable photocurrent following storage at 4ºC in dark conditions for seven days and 

exhibited high specificity against single or multiple pair mismatch. Metal NPs are also 

deposited in combination with photoactive materials to enhance the photocurrent due to 

their plasmonic properties.223,224 Wang et al. used Au NPs as a photoelectronic transfer 

promoter in photoactive molybdenum disulfide (MoS2) nanosheets to detect micro-

RNA.221 To obtain further reduction of photocurrent, bulky biotin-streptavidin coupling 

was used in conjunction with probe hairpin DNA and target microRNA to increase the 

signal changes caused by steric hindrance. This PEC sensor presented a broad linear range 

of 10 fM – 1 nM (limit-of-detection of 4.21 fM) (Figure 2-7b). Signal transduction using 

steric hindrance is ideally suited for cellular detection because the large size of cells 

compared to biomolecules enhances their steric hindrance effect. A signal-off sensor was 

constructed to rapidly detect early apoptotic cells using phosphatidylserine binding peptide 

(PSBP) bound to the surface of TiO2/Graphene/ZnIn2S4 photoelectrode as the 

biorecognition element.225 Here, the access of AA to the electrode surface was sterically 

hindered by the binding of the apoptotic cell decreasing the photocurrent. This biosensor 

exhibited an LOD of 3 cells mL-1 with a linear range of 1×103 - 5×107cells mL-1 (Figure 

2-7a). A paper-based cytosensor was reported for detecting breast cancer cells (MCF-7) 

constructed from ZnO spheres immobilized on Au nanorod-modified paper and sensitized 

with CdTe QDs and nanogold-assembled mesoporous silica nanoparticles (GMSNs) at 

their surface to create the photoactive portion of the biosensor.226 Multiple horseradish 
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peroxidase (HRP) molecules and branched capture sites were then immobilized onto the 

GMSNs using double stranded DNA (Figure 2-7c). HRP was used in this assay to generate 

optical excitation through chemiluminescence. A signal decrease is observed upon capture 

of graphene quantum dot (GQD) labelled cancer cells as H2O2, the oxidant of luminol based 

chemiluminescence, is sterically hindered. These biosensors demonstrated a linear range 

of 63 − 1.0×107 cells mL-1 and limit-of-detection of 21 cells mL-1. Lymphoblast (CCRF-

CEM) cells were also detected based on steric hindrance in a PEC biosensor.227 These cells 

were captured using hairpin DNA targeting overexpressed protein tyrosine kinase-7 on 

their surface. A decrease in PEC signal was exhibited on AgInS2 NPs photoelectrodes due 

to steric hindrance of AA. A limit-of-detection of 16 cells mL-1 and linear range of 1.5x102 

- 3.0x105 cells mL-1 were demonstrated.  

Another interesting signal transduction method involves the generation of a passivating 

compound as a result of target capture, which is used to decrease the PEC current generated 

on the photo-electrode.195,228 An assay of this type combines biorecognition and isothermal 

target amplification in solution with signal modulation on the photoelectrode to detect T4 

polynucleotide kinase (PNK), an important cellular regulator.228 In this detection scheme, 

a hairpin DNA (HP2) strand is phosphorylated upon the introduction of target PNK and is 

partially digested by λ-exo to yield an endogenous primer which initiates solution-based 

amplification generating DNA fragments. These DNA fragments activate the peroxidase-

mimicking DNAzymes on the hairpin DNA probes immobilized on the photoelectrode 

(HP1) to catalyze the formation of insoluble precipitates at the electrode surface and 

attenuate the photocurrent response of the photoactive electrode. This target induced 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

54 
 

attenuation of current, and enabled PNK to be analyzed in the linear range of 2 to 100 mU 

mL−1. Zhang et al. used this strategy to detect prostate specific antigen (PSA) on a CdS 

nanorod electrode.229 The presence of PSA led to the formation of a sandwich complex on 

Au NPs that contained DNAzyme concatamers that catalyzed the precipitation of 4-chloro-

1-naphthol onto the photoactive electrodes in the presence of H2O2. The insoluble 

precipitate resulted in an attenuation of signal by inhibiting electron transfer from the 

electron donor AA to the photoelectrode. PSA detection was achieved in the 0.005 ng mL−1 

- 50 ng mL−1 range with a limit-of-detection of 1.8 pg mL−1.  

Multi-channel PEC biosensors operated based on steric hindrance have been developed for 

improved reliability.230–232 In an assay that uses sunlight instead of an external light source, 

a two-channel design enables the device to calibrate its photoresponse by considering the 

incoming sun light intensity.231 In this assay, biorecognition event of aflatoxin B1 by the 

covalently bound aptamer with the underlying Ag/TiO2/3D nitrogen-doped graphene 

hydrogel (3DNGH) resulted in a decrease of photocurrent. The decrement of the 

photocurrent is attributed to the enhanced steric hindrance of the electrolyte (0.1M PBS) 

to the electrode surface. Using this ratiometric approach an LOD of 2.5×10-4 ng mL-1and 

linear range of 1.0×10-3 ng mL-1-1.0×103 ng mL-1 were achieved for the detection of 

aflatoxin B1 (AFB1), a highly toxic carcinogen mainly found in agricultural and sideline 

products such as cereals and dairy products. Building on this strategy, Hao et. al. developed 

another two channel device using CdTe-graphene oxide (GO) and CdTe photoelectrodes 

for detecting AFB1.116 A signal increase was observed on the CdTe-GO electrode because 

the aptamer was released from the electrode surface upon target capture, which improved 
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the access of electrolyte (0.1 M PBS) to the photoelectrode (Figure 2-7d). A signal decrease 

was observed on the CdTe electrode upon target capture by the immobilized aptamer. 

Using this detection strategy, a limit-of-detection of 0.01 ng mL-1 and a linear range of 10 

pg mL−1 - 100 ng mL−1 were observed. Compared to single channel PEC biosensors, this 

self-referencing design can provide better accuracy and reliability, thus providing a 

promising route for the future development of PEC biosensors. 

Steric-hindrance based assays can also combined with other strategies, for example p53 

(cell cycle regulator and tumor suppressor) detection has been shown by combining two 

detection strategies – (i) in situ generation of electron donors and (ii) the subsequent 

hindering of AA.233 A protein G molecular membrane was used to immobilize ALP 

conjugate anti-p53 antibody on ordered TiO2 nanotubes containing Au NPs. ALP 

enzymatic reaction in the presence of AAP generates AA for scavenging the holes localized 

on Au NPs. In this system, immunocomplexation with the target (p53) decreases the 

photocurrent signal due to (i) increased steric hindrance caused by the immunocomplex 

and (ii) a change in dielectric permittivity of the Au NPs-TiO2 NTs interface following 

target capture, which in turn influences the energy coupling between Au NPs and TiO2 

NTs. This sensor demonstrated a limit-of-detection of 0.05 ng mL-1 and a linear range of 

20 - 100ng mL-1 under 410 nm light illumination. Additionally, excellent selectivity was 

demonstrated by the immunoassay when faced with interfering agents such as glucose 

oxidase (GOD), prostate specific antigen (PSA), lysozyme (LZM), and thrombin. 

Furthermore, given that the average level of p53 in lung cancer patient serum samples is 
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0.55 ng mL−1, the limit-of-detection of this assay, along with its excellent selectivity point 

to its applicability for clinical use. 

The simplicity of steric hinderance based signal transduction makes it appealing for use in 

PEC biosensing. However, due to its signal-off nature, this transduction method is 

associated with a higher incidence of false positives as compared to the other transduction 

methods discussed in this section. To overcome this, strategies such as multi-channel 

sensing with built-in calibration116 have been developed for more accurate and robust 

biosensing. 
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Figure 2-7: Steric-hindrance based biosensing: a) Detection of apoptotic cells by TiO2/EG/ZnIn2S4 electrodes 

(Reprinted from ref 225 with permission from American Chemical Society); (b) Use of Au NPs in conjunction 

with a semiconductor (MoS2) to achieve higher photoresponse (Reprinted from ref 221  with permission from 

The Royal Society of Chemistry); c) Detection of N glycan on ZnO2/CdTe/GMSNs electrode modified with 

GQD@conA (Reprinted from ref 226 with permission from American Chemical Society); d) Two-channel 

approach for detecting AFB1 (Reprinted from ref 116 with permission from American Chemical Society). 
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2.5.4 In situ Introduction of Light 

In conventional PEC biosensing, an external light-source is used for optical excitation, 

which imposes additional complexities for miniaturizing the biosensing platform.106 

Elimination of the external light source is often achieved by employing chemiluminescence 

(CL) in the PEC biosensor for generating in situ light of various emission 

wavelengths.206,234 In an assay of this type, prostate specific antigen (PSA) was captured 

and labelled in a sandwich assay with Au NPs modified with glucose oxidase (pAb2-AuNP-

GOx).235 GOx generates H2O2 enhancing the CL of the system, which in turn increases the 

photovoltage generated on the graphene oxide-doped BiVO4 photoelectrode (Figure 2-8a). 

This system showed a detection limit of 3 pg/mL and good specificity against CEA and 

AFP. A similar approach was used in a paper based PEC biosensor with porous Au/ 

SnO2/rGO photoelectrodes for detecting ATP.236 In this assay, the aptamer for ATP 

detection was split into two oligonucleotides. One of them (SSDNA1) were immobilized 

initially at the electrode surface and the other (SSDNA2) was conjugated with luminol and 

GOx into Fe3O4@Au NP. This nucleotide conjugate NP was brought to the electrode 

surface following the ATP introduction and thereby formed the complex shown in Figure 

Figure 2-8b. Once GOx is bound to the electrode, it catalyzes the CL reaction by generating 

H2O2, which further reacts with the luminol. The sensing platform demonstrated a limit-

of-detection of 0.025 pM with specificity against guanosine triphosphate (GTP), cytidine 

triphosphate (CTP) and uridine triphosphate (UTP). A proof-of-concept PEC DNA assay 

was also shown using this approach on CdS/MoS2 photoelectrodes.120 In this assay, target 

DNA is captured using an immobilized hairpin probe. Following the target-induced 
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unfolding of the probe, the target DNA is displaced by a hemin-labeled DNA recycling 

probe. Hemin catalyzes luminol oxidation and generates CL, exciting the photoelectrode. 

This assay demonstrated a limit-of-detection of 0.39 fM and specificity against other forms 

of DNA (smDNA, tmDNA). The elimination of external light source makes this form of 

signal transduction appealing for the development of point-of-care devices. Yet another 

advantage of this method lies in the tunability of chemiluminescence by changing 

environmental factors such as the concentration of oxidizing species, environmental pH 

value, hydrophobicity of the solvent, and solution composition.237–239  

 

Figure 2-8: In situ generation of light. a) PSA detection by coupling H2O2 – triggered peroxyoxalate self-

illuminated system with an external capacitor on the photoanode and digital multimeter as readout device 

(Reprinted from ref 235 with permission from American Chemical Society); b) Schematic of the photocurrent 

generation mechanism in the modified paper sample zone of the Au-PWE under a CL light source (Reprinted 

from ref 236 with permission from Royal Society of Chemistry). 

The signal transduction strategies elaborated thus far involved the reaction of 

photoactivated excitons with solution-based electron donors and acceptors to generate a 

measurable photocurrent, i.e., the signaling strategy established was based on the direct 

interfacial electron transfer between the photoactive material and ambient environment. 
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The following section discusses signal transduction based on resonance energy transfer 

that involves the transfer of acquired electronic energy following photo-excitation.  

2.5.5 Resonance Energy Transfer 

A powerful mechanism for modulating the PEC activity of the photoactive material in 

response to biorecognition is resonance energy transfer (RET).240 In this approach, the 

biorecognition event  serves as a mediator to bring a noble-metal NPs (Generally Au or 

Ag) to the proximity of the photoelectrode.206 Noble-metal NPs have very high extinction 

coefficients241 and can function as either signal quenchers242 or amplifiers243 depending on 

the distance between the metal and the other photoactive materials. If the absorption 

spectrum of the metal NP overlaps with the emission spectrum of the photoactive material, 

a significant portion of the exciton energy is transferred to the metal NPs, subsequently 

decreasing the photocurrent.244 However, when excited at plasmonic absorption 

wavelengths, a high electric field can surround the metal NPs and enhance the photocurrent 

generated by the photoactive material.245 In these assays, metal NPs are excited by the 

emission of the semiconductor already present in the electrode which is different from the 

approach where to enhance the PEC current, metal NPs are introduced during biomolecule 

recognition followed by external light as described in section 2.5.1. 

Semiconductor QDs are commonly used as photoactive materials for electrodes in this 

approach because it is possible to tune their emission wavelength by varying their size. Mi-

RNA detection has been shown by using RET between CdS QDs and Ag NPs under the 

illumination at a wavelength of 410nm.246 As shown in Figure 2-9a, target microRNA 
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induces conformational change in the Au NP labelled hairpin probe deposited on CdS QD. 

ALP causes Ag deposition on the Au NPs, which significantly amplifies the signal decrease 

that is measured on the photoelectrode.This assay has demonstrated a detection limit of 0.2 

fM with a linear range of 1 fM - 100 pM. The same group has also shown DNA detection 

without the Ag deposition-induced amplification strategy247 using CdS QDs and Ag NPs 

and achieved a limit-of-detection of 0.3 pM and a linear range of 1 pM - 10 nM. Ma et al. 

also used energy transfer between CdS QDs and Ag NPs to detect tata binding protein248 

and achieved a limit-of-detection of 1.28 fM (linear range of 2.6 fM - 512.8 pM). The CdS 

QDs used in this work have an emission peak around 530 nm which overlaps with the 

absorption peak of Au NPs. DNA hybridization was used to bring Au NP into the proximity 

of the semiconductor QDs (Figure 2-9b). Tata binding protein can further bend this dsDNA 

structure and bring Au NPs even closer to the CdS QDs. The TATA binding protein 

increases the signal attenuation due to the combined effect of RET and steric hindrance. 

This assay showed excellent selectivity against AFP, CEA, lysozyme, PSA, and thrombin. 
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Figure 2-9: Resonance energy transfer based photoelectrochemical biosensors: a) Energy transfer between 

CdS QDs and Ag NPs upon the ALP induced Ag deposition on Au NPs (Reprinted from ref 246 with 

permission from American Chemical Society); b)Tata binding protein bends the double-stranded DNA 

structure and brings CdS QD and Au NPs closer (Reprinted from ref 248 with permission from American 

Chemical Society); c) Schematic illustration of the signal-off sandwich type immunoassay was developed by 

using CuS nanocrystals as photocurrent quencher for early detection of CEA (Reprinted from ref 249 with 

permission from American Chemical Society); d) Thrombin detection using a PEC  aptasensing platform 

based on exciton energy transfer between CdSeTe alloyed quantum dots and SiO2@Au nanocomposites. In 

this approach, RET significantly reduces the photocurrent, which is then quickly restored following the 

target’s competitive binding and subsequent release of the metal NP tagged capture probe (Reprinted from 

ref 104 with permission from The Royal Society of Chemistry). 

Although Au and Ag NPs are the most popular materials used for RET-based PEC 

biosensing, other materials can also be used in these assays. For example, a signal-off 

sandwich-type immunoassay was developed by using CuS nanocrystals as the photocurrent 

quencher for early detection of CEA on CdSeTe@CdS:Mn-sensitized TiO2 NPs.249 In this 

assay, CEA target antigens were captured using anti-CEA antibodies immobilized on the 

electrode surface, and a signaling antibody labelled with CuS was introduced to reduce the 

PEC current (Figure 2-9c). A limit-of-detection of 0.16 pg/mL with a linear range from 0.5 
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pg mL-1 to 100 ng mL-1 were achieved using this assay. The specificity of this assay was 

validated against PSA, AFP, carbohydrate antigen 19-9 and 15-3.  

PEC biosensors that operate based on RET are highly sensitive. However, many of the 

RET biosensing assays reported to date are signal-off.206 It is possible to design a signal 

transduction method based on RET where the photocurrent is initially reduced and is turned 

on following target capture and the resultant removal of the metal NP.250,251 Thrombin 

detection was demonstrated using this approach where AuNP-decorated SiO2 nanoparticles 

were initially immobilized on CdSeTe QD-photoelectrodes through a dsDNA construct 

containing a thrombin-selective aptamer. Upon target capture, the signal diminishing Au 

NPs were removed from the electrode vicinity and a limit-of-detection of 2.8 fM with a 

linear range of 10 fM - 50 pM was achieved(Figure 2-9d).104 Consequently, it is possible 

to combine the high sensitivity of RET with reliability of signal-on sensing to create a high-

performance biosensor. A summary of these recently published affinity-based PEC 

biosensor including their sensing mechanism, transduction approach and LOD are depicted 

in Table 2-2. 

Table 2-2: Summary of the recent affinity-based PEC biosensor 

Photoactive 

Material 
Target Sensing Approach 

Transductio

n 

mechanism 

LOD, linear range Reference 

AgI/Ag/BiOI IgG 
Immunosensor, Signal 

on 

 

 

Introduction 
of 

photoactive 

species 
 

100 fg mL−1 

100 fg mL−1 - 100 ng mL−1 
216 

TiO2-CdS Estradiol 
Immunosensor, Signal 

off 

2 pg mL-1 

5 pg mL-1 - 4 ng mL-1 
252 

Donor–Acceptor-
type PTB7-Th 

Thrombin Aptasensor, Signal on 
34.6 fM 
100 fM – 10 nM 

253 

CdS NPs Oligonucleotides DNA sensor - 213 

(PAAD)@ 
TiO2CAM, 

g-C3N4, CS-AgI 

PSA, IL-6 
Immunosensor, Signal 

polarity change. 

3.3×10-5pg mL−1, 10 - 90 pg mL−1 

(IL-6) 

3.3×10-3 pg mL−1, 10−6 - 90 ng 
mL−1 (PSA) 

208 

CdS QDs/ NPC-

ZnO 
miRNA-155 DNAsensor, Signal on 

49 aM 

0.1 fM - 10 nM 
215 
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CdS/TiO2, CdTe 
QDs 

Insulin 
Immunosensor, Signal 
on 

3fM 
10 fM to 10 nM 

191 

Cationic 

polyfluorene 
derivative 

Breast cancer cells 

(SKBR-3) 
Cytosensor, Signal on 

24 cells/mL−1 

1.0×102 to 5.0×105 cell mL−1 
207 

TiO2/ITO, Au 

NPs, [Ru(bpy)3]2+ 
DNA 

Peptide sensor, Signal 

on 

5.0 × 10-3 U mL−1 

10 – 50 U mL−1 
254 

TiO2/Au, 

CuInS2/ZnS 

(ZCIS) QDS 

miRNA-21 Aptasensor, Signal on 
0.31 pM 
1 pM - 100 nM 

214 

CdTe, MB miRNA-141 Aptasensor, signal on 
17 aM 

50 aM -50 pM 
115 

MoS2/g-
C3N4/black TiO2, 

Au NPs 

miRNA Aptasensor, Signal off 
0.13 fM. 

0.5 fM - 5000 fM 
121 

GO/g-C3N4 Kanamycin Aptasensor, Signal on 
0.2 nM 
1 nM - 230 nM 

255 

TiO2 miRNA 
DNAsensor, 

Signal Off-On 

20 fM 

 
256 

MB miRNA 
DNA sensor, 

Signal on 

27 aM 

80 aM -10 pM 
257 

CdS/TiO2 NT cTnI, CRP 
Immunosensor, 

Signal on 

Generation 

of 

electron/hole 
donor 

0.1 ng mL-1, 1 ng mL-1 - 0.01 mg 
mL-1 (cTnI). 

50 ng mL-1,100 ng mL-1 - 0.1 mg 

mL-1 (CRP) 

218 

NaYF4:Yb,Tm@T

iO2 
CEA DNAsensor, Signal on 

3.6 pg mL- 

10 pg mL-1 to 40 ng mL-1 
195 

Au NPs, MoS2 mi-RNA 
DNAsensor, Signal 

off 

 

 
Steric-

hindrance 

4.21 fM 

10 fM–1 nM 
120 

WS2, Au NP MCF-7 cells 
Aptasensor, 
Signal off 

21 cells mL-1 
1x102 to 5x106 cells mL-1 

258 

AuNP/g‑C3N4 PNK Aptasensor, Signal off 
1 mU mL-1 

2 to 100 mU mL−1 
228 

Au NPs, TiO2 p53 
Immunosensor, Signal 

off 

0.05 ng mL 

20 – 100 ng mL-1 
233 

Ag NPs, TiO2 AFB1 Aptasensor, Signal off 
2.5×10-4 ng mL-1 
1.0×10-3-1.0×103

 ng mL-1 
231 

Graphene loaded 

carbon QDs, g-
C3N4 

E. Coli Aptasensor, Signal off 
0.66 cfu/mL 

2.9 cfu/mL to 2.9x106 cfu/mL 
232 

CuO 

nanopyramid-
island, AO 

ALP 
Immunosensor, Signal 

off 

0.33 U L-1 

0.5 to 40.0 U L-1 
259 

TiO2 sensitized 

with ZnIn2S4 

Early apoptotic HL-60 

cells 
Aptasensor, Signal off 

3 cells mL-1 

1×103-5×107 cells mL−1 
225 

ZnO, Au 

nanorods, CdTe 

QD 

MCF-7 Aptasensor, Signal off 
21 cells mL-1 

63−1.0×107 cells mL-1 
226 

TiO2/CdS:Mn,  

CuInS2 

nanoflower 

PSA Aptasensor, Signal off 
0.32 pg mL-1 
1 pg mL-1 to 100 ng mL-1 

260 

CdS, Au NP PSA Aptasensor, Signal off 
1.8 pg mL−1 

0.005 ng mL−1 - 50 ng mL−1 
229 

AgInS2 NP CCRF-CEM cells Aptasensor, Signal off 
16 cells mL-1 

1.5 × 102 to 3.0×105 cells mL-1 
227 

CdS-MoS2 QD DNA 
DNA sensor, 

Signal On 

0.39fM 

1fM -100pM 
120 

TiO2-CdS:Mn PSA 
Immunosensor, 

Ratiometric 

0.32 pg/mL 

1 pg/mL - 100 ng/mL 
260 

p-CuBi2O4 -Au 
NP 

AFP 
Immunosensor, 
Signal Off 

14.7 pg/mL 

50 pg mL−1 - 20 ng mL−1 
117 

TiO2-EG-ZnIn2S4 

 
Apoptotic cells HL-60 

Immunosensor, 

Signal Off 

158 cells/mL 

1000 – 50x107 
225 

TiO2 Nanoneedls

@MoO3 

 

RAW264.7 

Macrophage Cells 

 

Immunosensor, 
Signal Off 

 

50 cells/mL 

50 cells/mL-1500 cells/mL 

220 
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2.6 Challenges and Future Perspectives 

Affinity based biosensors using photoelectrochemistry as their transduction mechanism 

have garnered a lot of interest over the past decade due to their exceptional limit-of-

detection. Biosensor development starts with considering the target analyte of interest, 

required limit-of-detection and specificity, interference caused by the native sample, and 

constraints of the operating environment (point-of-care, lab-based, resource poor 

compatible). This review aims at helping the reader choose the building blocks – materials 

and signal transduction mechanisms – of a PEC biosensor based on the constraints imposed 

by the application. 

Inorganic and organic semiconductors are used as the photoactive building blocks for PEC 

biosensors. In PEC devices, photoactive materials are primarily chosen based on their 

efficiency in converting optical energy to electrochemical current or voltage. Using these 

ZnO spheres Au 
nanorod- CdTe 

QDs 

Breast cancer cells 

(MCF-7) 

Immunosensor, 

Signal Off 

21 cells/mL 

100 - 107 cells per mL. 
226 

t-
mercaptopropionic 

acid capped 

AgInS2NP 

Tumor cells 

 

Aptamer sensor, 

Signal Off 

16 cells/mL 

1.5 × 102 - 3.0 × 105 cells/mL 
227 

CdS-TiO2 CEA 
Dnazyme sensor, 

Signal Off 

In-situ 

induction of 
light 

 

70 ag/ mL, 

70 ag/mL – 500 fg/mL 
119 

CdTe, CdTe-GO AFB1 
Aptasensor, 
Simultaneous signal 

on-off 

10 pg mL-1 

10 pg mL−1 to 100 ng mL−1 
116 

BiVO4-rGO- 
AuNP 

PSA 
Immunosensor, 
Signal On 

3 pg/mL 
10 pg/mL- 80 ng/mL 

235 

SnO2QD-RGO ATP 
Aptamer sensor, 

 

0.025 pM 

0.1 pM -100 nM 
236 

CdS-Ag NP 
Micro RNA/ 
ss DNA 

 

Aptamer sensor, 

Signal Off 
 

 

 
 

Resonance 

Energy 
Transfer 

0.2 fM 

1fM- 100 pM 

0.3 pM 
1pM – 10nM 

246,247 

CdS- AuNP 
Thrombin 

TATA binding protein 

Aptamer sensor, 

Signal Off 

0.1 fM 

1 fM- 10 pM 
50 fg/mL 

100 fg/mL – 10 ng/mL 

 

248,261 

TiO2-x- AuNP ss DNA 
DNA sensor, 

Signal On 

0.6 pM 

1 pM-10 nM 
262 

CdSeTe-SiO2@Au Thrombin 
Aptamer sensor, 

Signal On 

2.8 fM 

10 fM-50 pM 
104 
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materials in PEC biosensing adds additional requirements in terms of stability, 

size/structure, integration, cost, and functionalization. Given that photoactive materials 

used in PEC biosensing directly interact with nanoscale biomolecules, solution-processed 

photoactive nanomaterials that can be readily used as labels, reporters, or building blocks 

for the photoelectrode are primarily used in these systems. An important challenge with 

using these materials is their varying performance and stability in biosensing conditions 

that often require operation in complex biological environments and under stringent 

washing protocols. Affinity-based PEC biosensors operate by measuring signal changes 

that occur upon target binding; consequently, the lack of stability can cause non-target 

related signal changes, leading to false-positive or false-negative results. A key 

development towards the practical use of PEC biosensors involves incorporating in situ 

calibration measures in the PEC system to account for signal variations that are caused by 

the instability of photoactive materials. It is also critical to integrate functionalized 

photoactive materials into biosensing chips, strips, or cartridges using fabrication methods 

that are amenable to large volume processing. 

We have reviewed the five most widely used signal transduction mechanisms used in PEC 

biosensing: introduction of photoactive species, generation of electron/hole donating 

species, use of steric hindrance, in situ induction of light, and resonance energy transfer. It 

is evident that it is possible to use any of these mechanisms to detect various classes of 

targets including nucleic acids, proteins, and cells. Additionally, a low limit-of-detection 

is possible using all of these assays. However, these assays vary greatly in terms of their 

fabrication and operation complexity. Ultimately, biosensing devices that are fabricated 
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using scalable materials and methods have a higher chance for commercialization. 

Additionally, assays that can be operated using robust reagents in a simple and rapid one-

pot manner have a higher chance for wide-scale adoption and success compared to those 

that require a sequence of washing and labeling steps. Consequently, choosing the right 

transduction method can be achieved by considering the collective requirements of a 

biosensing platform for use in real-life settings.  
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Chapter 3 Developing a nucleic acid biosensor using photoelectrochemical signal 

transduction- a signal-off approach 

Chapter Introduction (Objective I): 

As Chapter 2 outlined, photoelectrodes are required to have high baseline photocurrent 

generation efficiency in order to be successfully utilized in biosensing. In addition, the 

fabrication processes of the photoelectrodes also need to be inexpensive and scalable in 

order to be deployed as POC diagnostic devices. Solution-based electrode fabrication 

processes are considered highly scalable and inexpensive.263,264 In this chapter we focuses 

on developing benchtop all solution-based photoelectrode fabrication methods, using 

quantum dots (QDs) as photoactive material, in order to obtain high photocurrent and low 

detection limit. 

Surface wrinkling has been recently considered as a useful approach for various 

applications including enhancement of light extraction efficiency.268–270 The process of 

surface wrinkling has the advantage of being facile and low-cost.264 Generally, wrinkling 

occurs when a thin film of different elastic moduli is deposited on a substrate and is exposed 

to a compressive in-plane strain.271 Wrinkles can also occur upon the removal of tensile 

strain.272 It is possible to control the amplitude and wavelength of the wrinkle by tuning 

the mechanical properties and the thickness of the deposited film with the amount of 

induced strain.271 

In this chapter, we utilized a wrinkled surface to develop photoelectrodes. Wrinkled Au 

electrodes have previously been used in electrochemical biosensing.273 However, for PEC 
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application, substrate materials are usually transparent at the wavelengths probed, while 

simultaneously exhibiting higher charge collection efficiency from the photoactive 

particles.270 Therefore, Indium-Tin-Oxide (ITO) rather than Au is usually used in PEC 

application. Nevertheless, the use of ITO in wrinkled surfaces is severely limited by its 

high stiffness, making it susceptible to breakage upon shrinking.270 Herein, we compared 

between a planar substrate and two types of wrinkled substrates incorporating ITO as the 

conductive material. Cadmium Telluride (CdTe) quantum dots (QDs) were deposited on 

all the substrates as the photoactive material. Of the constructs being investigated, one type 

of wrinkled substrate preparation incorporates the surface wrinkling process following ITO 

deposition, while the other integrates the surface wrinkling process prior to ITO deposition. 

The ability to texture shape memory polymers for enhanced current generation further 

enriches this work, given its applicability in biosensor development, functional textiles, 

and smart customer products due to its biocompatibility, flexibility, light-weight, and 

softness.274,275 

Finally, the wrinkled electrodes developed in this work were used in a signal-off DNA 

detection system. The photoactive quantum dots (QDs) were deposited on both the wrinkle 

and planar electrodes. The QDs were functionalized with the capture probe, followed by 

the introduction of the target sequence. Remarkably, the wrinkled photoelectrodes showed 

a 200 times enhancement in the detection limit in comparison to planar electrodes. 

Authors: Sudip Saha, Yuting Chan, and Leyla Soleymani 

Publication: ACS Applied Materials & Interfaces, 10, 2018, 31178-31185 
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Publication Date: September 2018 

3.1 Abstract 

Photoelectrochemical biosensors, with optical biasing and electrochemical readout, are 

expected to enhance the limit-of-detection of electrochemical biosensors by lowering their 

background signals. However, when photoelectrochemical transducers are functionalized 

with biorecognition layers, their current significantly decreases, which reduces their signal-

to-noise ratio and dynamic range. Here, we develop and investigate a wrinkled conductive 

scaffold for loading photo-active quantum dots into an electrode. The wrinkled photo-

electrodes demonstrate an order of magnitude enhancement in the magnitude of the 

transduced photoelectrochemical current compared to their planar counterparts. We 

engineer photoelectrochemical biosensors by functionalizing the wrinkled photo-

electrodes with nucleic acid capture probes. We challenge the sensitivity of the wrinkled 

and planar biosensors with various concentrations of DNA target and observe a 200 times 

enhancement in the limit-of-detection for wrinkled versus planar electrodes. In addition to 

enhanced sensitivity, the wrinkled photoelectrochemical biosensors are capable of 

distinguishing between fully complementary and targets with a single base-pair mismatch, 

demonstrating the suitability of these biosensors for use in clinical diagnostics. 

3.2 Introduction 

In photoelectrochemistry, light is used to generate electron/hole pairs in a photoactive 

material, and these electron/hole pairs, when separated, are used to drive redox reactions.79 

Depending on the reactions occurring in the photoelectrochemical cell, light is then 
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converted to electrical or chemical energy. Regardless of the type of the 

photoelectrochemical cell – photovoltaic, photosynthetic, or photocatalytic276 – increasing 

the light harvesting efficiency is crucial for enhancing the overall energy conversion 

efficiency. 

Recently, PEC signal transduction has been demonstrated for biological sensing.72 In PEC 

biosensors, light is used to generate charge carriers in photo-active materials, and the 

transduced electrochemical current is measured for analyzing biologically-relevant 

targets.82 Because signal readout is electrochemical, this method inherits the benefits of 

electrochemical biosensing: the signal is read using inexpensive277 and easy-to-use 

instrumentation, and multiplexed detection is achieved using multi-electrode 

microchips.278 Due to optical excitation, photoelectrochemical measurements are 

performed at lower bias potentials compared to their electrochemical counterparts.279 This 

lowers the measured electrochemical background currents, and increases the signal-to-

background ratio.280  

PEC readout has been used to detect biomolecules such as DNA,72 RNA,74 and 

proteins.76,281–283 In biomolecular sensors with PEC readout, the surface of the photoactive 

material is functionalized with biorecognition layers, such as nucleic acids,284 antibodies, 

or, aptamers.72,285 This bio-functionalization significantly reduces the 

photoelectrochemical signal magnitude by limiting the access of redox or  electron 

donor/acceptor species to the photo-active material.80 As a result, similar to the 
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conventional PEC cells, enhanced light absorption and extraction efficiency are of 

paramount importance in sensing cells.  

Implementing micro/nanostructures on the surface of the photoactive electrodes 

significantly improves the light absorption efficiency267,286 due to the increased particle 

density,287 internal scattering288 and increased optical path length of the incident light.289 

Lithography,290 electrochemical processing,291,292 chemical etching, and energetic beam-

based treatment293–295 are widely used in implementing surface structuring. However, when 

using these fabrication methods, a tradeoff must be made between the degree of structural 

tunability, throughput, and cost. Surface wrinkling is a facile and inexpensive method264 

for introducing tunable micro and nanostructuring291 into thin films,296 porous networks,297 

and assembly of nanoparticles.264,271,298 Wrinkling occurs when a compliant substrate 

modified with a stiff skin is exposed to compressive in-plane strain271 or when the substrate 

is subjected to the removal of tensile strain.272 The mismatch in the elastic moduli of the 

stiff layer and the compliant substrate results in the formation of wrinkles. The amplitude 

and wavelength of wrinkles are tuned by varying the layer thickness, layer and substrate 

mechanical properties, and the amount of induced strain.271 Recently, surface wrinkling 

has been explored for enhancing the light extraction efficiency of photovoltaic 

devices.268,270 In a photovoltaic device with an organic semiconductor used as the active 

layer, the amount of light absorption with infrared illumination increases from <4% to 7% 

for a wrinkled substrate and up to 22% for a wrinkled substrate containing folds.268 This 

dramatic enhancement in light absorption is due to wave guiding and light trapping in 

wrinkled substrates. Another study revealed that wrinkled indium tin oxide (ITO) 
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substrates significantly enhance light scattering over a broad range of wavelengths (400-

800 nm).270 Considering these studies, we sought to answer the following question: is it 

possible to use wrinkling to enhance the efficiency of photocurrent generation in sensing 

photoelectrochemical cells? 

The challenge involved in answering the abovementioned question is related to the 

complex material architecture involved in sensing photoelectrochemical cells. The signal 

in these cells is generated at the interface between a solid photoactive electrode modified 

with a biorecognition layer and a liquid electrolyte solution. To take advantage of the 

tunability of nanomaterials and porosity of nanostructured films, the solid electrode is often 

created by the self-assembly of semiconductive quantum dots (QDs).299,300 Previous studies 

have shown that it is possible to wrinkle porous nanoparticle films;271 however, the films 

created solely from semiconductive QDs are not conductive enough for 

photoelectrochemical signal measurement. In this work, we created a unique method for 

loading photoactive QDs into a wrinkled scaffold of a transparent conductive oxide to 

enhance the generated photocurrent. By functionalizing the photoactive QDs embedded in 

the wrinkled film, we developed a sensor for detecting DNA targets, paving the way for 

high sensitivity photoelectrochemical sensors. 

3.3 Materials and Methods 

Chemicals: Phosphate buffer solution (PBS, 1.0M, pH 7.4), L-Ascorbic acid (99%), 1-

Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) and 

Poly diallyldimethylammonium chloride (PDDA) solution (20 wt%, molecular weight 
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400,000 – 500,000) were purchased from Sigma-Aldrich. CdTe quantum dots (510±5 nm 

emission wavelength) with -COOH functionalization were bought from PlasmaChem. 

Ethanol was purchased from Commercial alcohols (Brampton, ON). Milli-Q grade 

ultrapure water (18.2 M.cm) was used for all washing steps and for preparing the 

solutions. 

Device fabrication: Prestrained polystyrene sheets were purchased from Graphix shrink 

film, Ohio. Polystyrene sheets were cut according to the desired size and shape using the 

digitally driven robotic cutter. These polystyrene substrates were sonicated using ethanol 

and deionized (DI) water for 15 min before use. A 100nm ITO film was sputtered onto the 

substrate. The sputtering was carried out by radio frequency magnetron sputtering system 

from Angstrom science. The sputtering target was 90% In2O3 and 10% Sn2O3. Argon was 

used as the working gas for the sputtering. 

CdTe QDs were deposited using an electrostatic layer-by-layer approach demonstrated by 

Wang et al.301 The cleaned and dried ITO substrates were plasma cleaned for 1 minute. 

Plasma cleaning created a negatively charged surface. The layer-by-layer assembly was 

performed as follow. The substrates were (1) immersed into a solution of PDDA (0.5 wt%, 

pH=3), (2) rinsed with DI water thoroughly, (3) dipped into a CdTe solution for 20 minutes, 

and (4) rinsed with DI water thoroughly. In this process, PDDA was positively charged 

and CdTe QDs were negatively charged. This cycle was repeated multiple times to obtain 

the optimum number of layers. 
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Two types of wrinkled substrates were prepared in this work. In the first type, ITO was 

deposited on the polystyrene substrate and was heat shrunk at 140C for 5 minutes. In the 

second type, polystyrene substrates were exposed to Ultraviolet-Ozone (UVO) for 4 min. 

UVO treatment created a thin oxide layer on the surface of the polystyrene substrate.302 

UVO-treated substrates were thermally shrunk at 140C for 5 min. ITO was then sputtered 

onto the shrunk UV-treated substrate. Following ITO deposition, CdTe quantum dots were 

deposited using the layer-by-layer technique for both types of wrinkled surfaces. 

Imaging: To characterize the samples, both topographical and cross-sectional imaging was 

done. Topographical imaging was performed using scanning electron microscopy (SEM) 

and cross-sectional imaging was done using transmission electron microscopy (TEM). The 

SEM images were obtained using JEOL JSM-7000S with an accelerating voltage of 2 kV 

and a working distance of 6 mm. Low probe current was used to obtain the images. TEM 

images were obtained using JEOL 2010F using an accelerating voltage of 200 kV. 

PEC Measurements: All PEC measurements were performed with a three-electrode setup 

using a CHI 660D electrochemical workstation (CH Instruments, Austin, Texas). Ag/AgCl 

(1.0M KCl) was used as the reference electrode and a platinum wire was used as counter 

electrode. The electrolyte solution contained 0.1 M PBS and 0.1 M ascorbic acid. Ascorbic 

acid was used as a hole scavenger as previously demonstrated in the literature.303 All PEC 

measurements were done with a zero-bias voltage. 

DNA Detection: The sequence of oligonucleotides (IDTDNA, Coralville, Iowa) used in 

this work is as follows.   
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Probe: 5-NH2-AGG GAG ATC GTA AGC-3 

Complementary Target: 5-GCT TAC GAT CTC CCT-3 

Single-base mismatch Target: 5’-GCT TAC GTT CTC CCT-3’ 

Double-base mismatch Target: 5’-GCT AAC GTT CTC CCT-3’ 

Three-base mismatch Target: 5’-GCT AAC GTT CTG CCT-3’ 

Noncomplementary Target: 5-TTT TTT TTT TTT TTT-3 

Probe DNA was attached to the -COOH functionalized CdTe quantum dots using 

EDC/NHS coupling in an acidic buffer. The substrates were immersed into a 20 mM EDC 

and 10 mM NHS solution for 50 minutes.303 The substrates were then incubated with 0.5 

M probe DNA (DI water was used as solvent for DNA) for 3 h. For target hybridization, 

incubation was done with 1 M target solution for 30 min at room temperature.  

The limit-of-detection of the system was calculated by using the data presented in Figure 

4(d), and using the equation: 

Limit of detection=3x3/s 

where  is the residual standard deviation of the regression line, and s is the slope of the 

line.304 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

77 
 

3.4 Results and Discussion 

To explore the role of wrinkle-induced surface structuring on the efficiency of PEC signal 

transduction, we developed three classes of photo-electrodes. In the first class, a layer-by-

layer assembly of CdTe QDs was formed on a planar ITO layer deposited on an unshrunk 

polystyrene substrate (Figure 3-1a). In the second class, the QDs were loaded into a 

wrinkled ITO layer, which was created by shrinking the ITO-modified polystyrene 

substrate (Figure 3-1b). In the third class, wrinkles were created directly on polystyrene by 

forming a stiff oxidized surface layer and shrinking the substrate. The ITO and QDs were 

then sputtered and loaded into the wrinkled polystyrene scaffold respectively (Figure 3-1c).  

Figure 3-2 shows the differences in surface topography and continuity between the three 

classes of photo-electrodes. The baseline photo-electrodes are planar, and their ITO layer 

was free of breaks (Figure 3-2a). Shrinking the ITO-coated polystyrene substrate resulted 

in a wrinkled film (wrinkled photo-electrode); however, the wrinkled ITO layer was 

discontinuous and broken (Figure 3-2b). Creating a wrinkled scaffold directly on 

polystyrene (Figure 3-2c) yielded films (scaffolded-wrinkled photo-electrodes) with 

smaller feature sizes and wrinkle amplitudes compared to the wrinkled ITO electrode 

(Figure 3-2) and resulted in improvements in wrinkle quality and continuity. Wrinkling 

occurs when compressive stress is applied to a complaint substrate modified with a stiff 

skin. The wavelength of the wrinkles depends on the thickness of the stiff skin and the 

degree of mismatch between the mechanical properties of the substrate and the skin.305 In 

Figure 3-2b, the ITO layer formed a stiff skin on the compliant polystyrene substrate, and 

heat shrinking the substrate resulted in the creation of wrinkles. Breaks and cracks appeared 
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in the wrinkled layer because ITO is a brittle material, which cracks at strains as low as 

~2%.306 This makes ITO an undesirable stiff skin for use in wrinkled films created on pre-

strained polystyrene experiencing a strain of about 40%. In Figure 3-2c, oxidizing 

polystyrene forms a stiff skin directly on its surface307 which wrinkles upon applying a 

compressive stress to the substrate forming a scaffold for ITO deposition. The combination 

of a thinner skin layer and less significant mismatch in the skin/substrate mechanical 

properties resulted in wrinkles with smaller wavelengths in Figure 3-2c compared to Figure 

3-2b. These factors also enabled the oxidized layer to conform rather than break in response 

to the applied strain, creating a continuous wrinkled layer. 

 

Figure 3-1: Fabrication of quantum dot-based photo-electrodes. (a) Planar photo-electrodes were fabricated 

by sputtering ITO on polystyrene (PS in the figure) and layer-by-layer assembly of CdTe QDs. (b) Wrinkled 

photo-electrodes were fabricated by sputtering ITO, heat shrinking polystyrene at 140 OC, and layer-by-layer 

assembly of CdTe QDs. (c) Photo-electrodes with a wrinkled scaffold were fabricated by oxidizing the 

surface of polystyrene using UV/ozone (UVO) treatment, heat shrinking polystyrene at 140OC, sputtering 

ITO, and layer-by-layer assembly of CdTe QDs. 
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Figure 3-2 : Comparison of photoelectrodes with different structures. From left to right: the schematic 

illustration, low magnification scanning electron micrograph, high magnification scanning electron 

micrograph, and cross-sectional scanning transmission electron micrograph of a (a) planar electrode created 

by depositing CdTe on a planar ITO electrode, (b) wrinkled electrode created by depositing CdTe on a 

wrinkled ITO electrode, and (c) scaffolded-wrinkled photo-electrodes created by depositing ITO and CdTe 

on a wrinkled oxidized polystyrene scaffold. 

We explored how loading light-absorbing quantum dots into a three-dimensional 

nanostructured scaffold influenced photoelectrochemical signal transduction. We 

measured the PEC current density in planar and scaffolded-wrinkled surfaces loaded with 

1-10 layers of CdTe QDs using ascorbic acid as the redox reporter. Visible light is absorbed 

by CdTe QDs generating electron-hole pairs (Figure 3-3a). Under the bias potential used 

here (0 V versus Ag/AgCl), the holes oxidize ascorbic acid, generating a light-modulated 

anodic photoelectrochemical current.308,309 The PEC currents observed with the planar and 

scaffolded-wrinkled surfaces followed dramatically different trends. For the planar surface, 

the photoelectrochemical current increased with increasing the number of layers. However, 

the current reached its maximum value at three layers, decreased, and reached a plateau at 

five layers for the scaffolded-wrinkled surface. The magnitude of the PEC current was 
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significantly larger for the scaffolded-wrinkled surface compared to the planar surface at 

every loading level. The highest observed PEC current for the scaffolded -wrinkled surface 

(at 3 layers) was about 10 times larger than the current achieved in the planar surface (at 

10 layers), even though the wrinkled surface contained fewer QD layers. 

To understand the different PEC current trends seen with planar and wrinkled photo-

electrodes, we studied the materials architecture in each case using scanning transmission 

electron microscopy (STEM) (Figure 3-3d). In the wrinkled photo-electrode, the distance 

between CdTe particles was reduced, and the overall particle density and size was 

increased compared to the planar photo-electrode. We present two hypotheses for 

explaining the current decrease observed after adding three QD layers to the wrinkled ITO 

electrode. First, in the wrinkled architecture, where the QDs are already densely packed, 

going beyond three layers is expected to cause the QD size to increase. This reduces the 

quantum confinement and absorption cross section of the QDs,287 reducing the collected 

photocurrent. Second, adding more QDs to the device through layer-by-layer deposition is 

expected to place them farther from the ITO surface, and it introduces more surface 

recombination centre.309 As the charges travel through the network of quantum dots and 

the PDDA spacer, resistive losses, diffusion losses and recombination decrease their 

collection rate by the ITO electrode,310,311 further reducing the photocurrent. 
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Figure 3-3 : PEC measurements at planar and scaffolded-wrinkled photo-electrodes. (a) Visible light (470 

nm) induces electron/hole pairs in CdTe QDs. Holes oxidize ascorbic acid generating an anodic redox current. 

(b) PEC current densities measured on planar (left) and scaffolded-wrinkled (right) devices using 100 mM 

ascorbic acid at 0 V with respect to Ag/AgCl. The QD layers are increased by depositing alternate layers of 

quantum dots and poly(diallydimethylammonium chloride) (PDDA). The 470 nm LED is turned on at 3 s 

and turned off at 23 s. (c) The average PEC current densities measured on planar (left) and scaffolded-

wrinkled (right) devices for different numbers of QD layers. (d) Scanning transmission electron micrographs 

of cross sections of planar (left) and scaffolded-wrinkled (right) devices. The imaged devices contain three 

QD layers. 
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In the planar device, the QD network near the electrode surface is sparse, and it is possible 

for quantum dots to fill the gap within this network without increasing the size of quantum 

dots or forming additional layers. This “filling the gap” process is expected to increase the 

current in the planar photo-electrode. However, the planar device failed to catch up to the 

wrinkled device even when a 10-layer network was created, making the wrinkled photo-

electrode the ideal choice for PEC sensing. 

 

Figure 3-4 : DNA hybridization on scaffolded-wrinkled electrodes. a) Schematic diagram of DNA 

hybridization on scaffolded-wrinkled electrodes. The photoelectrochemical signal is generated due to the 

oxidation of ascorbic acid. Functionalizing the surface of CdTe quantum dots with DNA reduces the access 

of ascorbic acid to the surface and decreases the photocurrent.  (b) Photocurrent of the electrode as prepared, 

following modification with probe DNA, and after incubation with complementary (left) and non-

complementary target (right) with a concentration of 1 M. (c) Quantification of photocurrent for bare, probe-

modified, and target-incubated photo-electrodes. (d) The absolute value of change in photocurrent after 

incubation with target DNA (|I target-I probe|/I probe) at varying concentrations. All error bars represent standard 

deviation obtained from measuring the photocurrents of at least three devices.  
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DNA biosensors coupled with PEC readout use nucleic acid probes to capture specific 

DNA sequences.72,76,285 These biosensors translate DNA capture to an increase or a 

decrease in PEC currents leading to signal-on or signal-off sensing. In these sensors, 

transducer surfaces are created using semiconducting nanoparticles,40,80 which can be 

combined with metallic nanoparticles.283,312 DNA biosensing has been demonstrated using 

structure-switching hairpin DNA probes modified with semiconductive QDs. Target 

capture unfolds the hairpin probe and increases the separation between the QDs and the 

substrate, which decreases the PEC current.309,312 Alternatively, target labeling or the use 

of labeled reported probes have been used for delivering a semiconductive or plasmonic 

nanoparticle label to the proximity of the substrate for creating signal-on283,313,314 or signal-

off315 PEC biosensors. 

We investigated the changes in PEC current when the scaffolded-wrinkled photo-

electrodes were interfaced with probe and target DNA strands (Figure 3-4). Adding single-

stranded DNA probes to the photo-electrode surface as the biorecognition layer 

significantly decreased the photoelectrochemical current (Figure 3-4b). Adding 

complementary DNA target caused another significant decrease (83% for 1 M) in the 

photoelectrochemical current (Figure 3-4b). However, adding non-complementary DNA 

target caused a much smaller signal change (16% for 1 M, (Figure 3-4b). Adding a DNA 

monolayer to the surface of quantum dots reduces the accessibility of ascorbic acid to the 

surface, and reduces the photoelectrochemical signal.280 This highlights the importance of 

increasing the baseline photoelectrochemical current using the wrinkling strategy. 

Complementary DNA hybridizes with probe DNA forming DNA duplexes on the photo-
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electrode surface. This further decreases the accessibility of ascorbic acid to the quantum 

dot surface, and reduces the induced photoelectrochemical signal316 (schematically 

depicted in Figure 3-4a). Although it was not expected for non-complementary DNA to 

change the measured current, it is hypothesized that the small current decrease is caused 

by non-specific adsorption of DNA on the photoelectrode.  

The response of the system featuring wrinkled photo-electrodes was measured at varying 

concentrations of target DNA. The change in PEC current increased linearly with 

increasing the target concentration (Figure 3-4d), leading to a limit-of-detection (LOD) of 

5 pM. The LOD of the assay with planar photoelectrodes was 1 nM (Figure S3-1), 

demonstrating that wrinkled photo-electrodes enhanced the LOD of the PEC biosensor by 

~200 times. The experiments reported in Figure 3-4 demonstrate that the wrinkled 

materials architecture forms a robust platform for creating photoelectrochemical sensors 

with a high sensitivity. The LOD of this system is higher than systems that use probe or 

target labeling (with reports of attomole level sensitivity);313 however it is in line with the 

studies focused on direct and label-free PEC DNA sensing.280 As observed in 

electrochemical DNA biosensing, optimization of the biorecognition layer, tuning the 

photo-electrode surface structure, and the use of surface passivation elements are expected 

to further enhance the performance of this system.278 

To assess the applicability of the wrinkled PEC assay to clinical applications, we evaluated 

its stability and specificity. The photostability test188,266,317 was performed by measuring 

the PEC current of the bare wrinkled photo-electrodes through 15 cycles of optical 
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excitation (Figure S3-2). The bare photoelectrodes showed a stable PEC current for 10 

repeated cycles, and by 15 cycles, the photocurrent reduced by 10%. The stability of the 

biosensor (photoelectrode modified with DNA probe) was assessed by comparing its PEC 

response immediately after fabrication and after seven days in the dark. The PEC current 

of the biosensor did not significantly change during the testing period (Table S3-1). 

Specificity of the PEC biosensor was assessed by introducing targets that had one, two, or 

three base pair mismatches with the probe DNA (Figure S3-3).72 This experiment 

demonstrated that the PEC assay is capable of distinguishing between complementary and 

single-base mismatched targets. It was also possible to detect targets that had a sequence 

with single and multiple mismatches. These experiments demonstrate the suitability of the 

wrinkled PEC biosensors for applications beyond the research laboratory. 

3.5 Conclusions 

In this work, we created a high-quality conductive scaffold for assembling photo-active 

materials into a micro/nanostructured electrode. The scaffold was created by wrinkling the 

surface layer of polystyrene, which was stiffened by an oxidizing treatment, followed by 

depositing a conformal layer of indium tin oxide. Depositing CdTe quantum dots onto the 

wrinkled scaffold increased the photoelectrochemical signal by an order magnitude 

compared to quantum dots deposited on planar surfaces. Scanning transmission electron 

microscopy images demonstrated that CdTe particles form a denser network inside the 

wrinkled scaffold compared to the planar surface. The larger PEC current obtained using 

the wrinkled scaffold is essential for building PEC biosensors. Modifying the quantum dot 

surface with DNA capture probes decreased the PEC signal to less than 10% of its original 
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value. The capture of DNA targets also reduced the photoelectrochemical signal. As a 

result, a large baseline current is essential in obtaining sufficient signal-to-noise ratio and 

dynamic range when analyzing low target concentrations. The enhanced PEC current 

obtained using the wrinkled materials architecture enabled us to develop a sensitive and 

label-free DNA biosensor with picomolar limit-of-detection. 
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3.7 Supplementary Information 

Limit of detection of planar photo-electrodes 

Figure S3-1 shows the calibration curve for the planar substrates. The calibration line 

equation is the following: 

𝑦 = −7.64 + 10.95𝑥 

Here, solid black line showed average photocurrent reduction of 18.95% with the standard 

deviation of 6.65, when non-complementary target is introduced on the electrode. 

Therefore, minimum concentration that can be detected using the planar substrate will have 
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the photocurrent reduction of 25.6%. Using the calibration line, the limit of detection is 

calculated to be 1 nM. 

 

 

Figure S3-1: Limit-of-detection of planar photo-electrodes 

Stability of wrinkled photo-electrodes 

 

Figure S3-2: Stability of wrinkled photo-electrodes over 15 illumination cycles 
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The photocurrent density was reduced by 10 % after 15 illumination cycles.  

In the other test, the photocurrent density was measured for the probe deposited substrate 

on 1st and 7th day. The photocurrent density on 1st day was 435nA and on the 7th day was 

433nA. 

Table S3-1 : Stability test of the probe-deposited wrinkled photo-electrode 

 Photocurrent density 1st day Photocurrent density 7th day 

Probe-deposited wrinkled 

electrode 

435 nA 433 nA 

 

Specificity test of the wrinkled substrate 

 

Figure S3-3 : Specificity of the wrinkled photo-electrodes 

The change in photoelectrochemical current was measured when probe-modified photo-

electrodes were subjected to complementary sequences or targets with one or larger 

number of base-pair mismatches. 
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Chapter 4 Understanding the interaction between TiO2 and Au NPs for building 

a signal-on photoelectrochemical biosensor 

Chapter Introduction (Objective II and III) 

Micro structuring of the electrodes was shown in chapter 3 to improve the photocurrent, as 

well as the LOD obtained from the photoelectrode when operated in signal-off mode. As 

Chapter 2 describes, there are other methods to improve the PEC signaling for signal-on 

detection. Introducing noble metal nanoparticles (i.e., Au, Ag) to obtain plasmonic 

enhancement in photocatalytic driven mechanisms is one of the most studied avenues.318 

Biofunctionalized Au NPs are often used in PEC biosensing applications to achieve 

enhanced sensitivity and a lower detection limit.117,248,312,319,320 However, it is important to 

understand how Au NPs affect the photocurrent generation of the photoelectrodes. The Au 

NP concentration dependencies on photocurrent generation needs to be realized before 

utilizing Au NP labeled DNA to correlate with the analyte detection event. Several 

different explanations have been presented to explain the improvement in photoconversion 

efficiency. These include (i) increased absorption due to surface plasmon resonance and 

light-trapping, (ii) improved charge separation due to the localized electromagnetic field, 

(iii) promoting electron transfer to the adsorbed species, and (iv) storage of electrons that 

drive the Fermi level to more negative potentials.321 The precise nature of the interaction 

depends heavily on the optical properties of the materials used. 

Among the different semiconductor NPs, TiO2, a wide bandgap material, is the most used 

due to its stable performance and facile preparation.322–324 Recently, Victorious et al. 
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modified TiO2 with 3,4-dihydroxybenzaldehyde (DHB) and chitosan (CHIT), providing 

good surface coverage of the electrodes as well as a mesoporous structure. The surface 

modification of TiO2 NPs also paves the way for easy biofunctionalization. Though there 

are various studies where the interaction of Au NPs with TiO2 is investigated, wavelength 

and concentration dependent study of Au NPs on TiO2 is still lacking. In this study, the 

interaction of Au NPs has been studied with the above mentioned modified TiO2 NPs. 

Interestingly, the Au NP’s effect on the photocurrent strongly depends on the excitation 

wavelength used. Different mechanisms play a role based on the incident electromagnetic 

field wavelength. The interaction between Au NPs and TiO2 NPs was studied for various 

concentrations of Au NPs by performing electrochemical and photoelectrochemical 

characterization techniques. Finally, the understanding obtained from this study was used 

to demonstrate a proof-of-concept DNA sensing application where both signal-on and 

signal-off readout can be achieved for a single target DNA sequence. 

Authors: Sudip Saha, Amanda Victorious, and Leyla Soleymani 

Publication: Submitted in Electrochimica Acta, Nov 2020 

4.1 Abstract 

Gold (Au) nanoparticles (NPs) have been widely used to modulate the 

photoelectrochemical current of TiO2 photoelectrodes in energy conversion and sensing 

systems. Understanding the different mechanisms responsible for photocurrent modulation 

at different frequencies is important for building optimized photoelectrochemical systems. 
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Herein, we investigated the photocurrent magnitude at different excitation wavelengths by 

varying Au NP concentration at the photoelectrode surface. Under UV illumination, 

increasing the surface loading of Au NPs initially increased the photocurrent, and above a 

threshold loading level, decreased the measured photocurrent. However, under visible light 

excitation, increasing the Au NP surface density resulted in a steady increase in 

photocurrent. Mott-Schottky measurements, incident photon to current conversion 

efficiency measurements, and electrochemical impedance spectroscopy were used to 

understand the mechanisms responsible for these different observations. It was found that 

both current loss – due to reduced light absorption by TiO2 – and gain – due to direct charge 

transfer between Au and TiO2 NPs were possible under UV light. Under visible light 

illumination, strong light absorption and localized surface plasmon resonance of Au NPs 

and negligible light absorption by TiO2 NPs led to signal gain at varying Au NP surface 

concentrations. This bimodal signal modulation was further demonstrated in the context of 

biosensing using Au NP-labeled DNA barcodes, optically excited at different wavelengths. 

This study allows photoelectrochemical systems to be engineered for programmable 

signal-off, signal-on, or ratiometric biosensing combining the former sensing modes. 

4.2 Introduction 

Titanium dioxide (TiO2) is among the most widely used semiconductive materials for 

photocatalysis and photoelectrochemistry.324–326 TiO2 nanoparticles (NPs) have recently 

attracted tremendous attention for use in the abovementioned areas, compared to bulk TiO2, 

because of their high surface-to-volume ratio, enhanced light absorption, and increased 
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optically-excited carrier density.327 In spite of this, TiO2 NPs present low quantum 

efficiency and poor visible light absorption.328 Plasmonic metal NPs such as gold (Au), 

silver (Ag), and platinum (Pt) have been previously used in conjunction with TiO2 NPs to 

improve their quantum efficiency and visible light absorption.328,329 The interaction 

between TiO2 NPs and these plasmonic NPs is guided by their complementary optical 

properties: well-separated and long-lived excitons in semiconductors and localized 

electromagnetic modes in plasmonic NPs.330 The integration of these two classes of NPs 

allows researchers to tailor and engineer materials systems with specific optical properties 

based on exciton−plasmon interactions. Au NPs have drawn a lot of interest when used in 

direct contact or close proximity to TiO2 surfaces due to their photochemical and chemical 

stability, ease of preparation, and tailorable electronic and optical properties.331 The 

complexes resulting from the incorporation of Au NPs on TiO2 surfaces have been 

extensively explored to enhance photoelectrochemical (PEC) activity.332,333 Various 

theories have been put forth to explain the enhancement demonstrated in these systems, 

which include the electron-sink effect, enhanced conductivity due to improved interfacial 

charge separation,334 reduced bandgap energy of the resultant complex,335 plasmon-

induced resonance energy transfer,336 and electric field amplification333 to name a few. 

Systems that use the direct contact of Au NPs with TiO2 electrodes for PEC signal 

enhancement require an optimized surface density of Au NPs for maximizing the PEC 

current. Rayalu et. al varied Au NP loading from 2.5% to 10% weight by weight (w/w) 

with respect to anatase and P25 TiO2 and studied the effectivity of the resultant complex 

for photocatalytic water splitting under mercury light illumination.337 An enhancement in 
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the hydrogen evolution rate and yield, by a factor of 2 and 4 respectively, was exhibited 

upon increasing the concentration of Au NPs to 4% while an increase in concentration to 

5% and beyond resulted in a significant decline in activity and yield. This was thought to 

be the result of a delicate tradeoff between loading-based enhancement and scattering 

caused by the increase in Au loading. At lower loading concentrations (4% w/w), the light 

path of incident radiation remains uninterrupted by the metal NPs. However, increasing the 

loading concentration (5% and 10% w/w) causes these metal NPs to act as half mirrors 

capable of reflecting incident radiations, consequently affecting the overall light absorption 

capacity and catalytic activity of the metal–semiconductor composite. This is in accordance 

with the report by Murdoch et al. where Au NP loading of only 4 wt% on anatase TiO2 

NPs showed the highest H2 production rate in a TiO2/Au NP system, where further loading 

of Au NPs reduced the photoreaction rate of hydrogen production.338 Additionally, Kamat 

et al. investigated the Au NP loading effect on TiO2 NPs and also found that the 

photocurrent under UV light excitation increases only for up to 2 wt% of Au NPs, beyond 

which a photocurrent decrease was observed.339 Similar trends have also been observed 

using TiO2 nanowires.333 

The abovementioned studies do not precisely investigate the impact of Au NP 

concentration in photocurrent enhancement for TiO2/Au NP systems under different 

excitation wavelengths that are linked to distinct interaction mechanisms. In this study, we 

used two different light excitation modes to understand the effect of Au NP density on PEC 

current generation. In the same materials system, one wavelength mode probed the 

localized surface plasmon resonance (LSPR) of Au NPs; whereas the other probed the 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

94 
 

interband excitation of Au NPs in conjunction with the bandgap excitation of TiO2 NPs. 

The new understanding generated here is utilized to design a DNA detection strategy, 

where both signal-off and signal-on response can be achieved from the same electrode 

simply by changing the excitation wavelength. This bimodal readout system can be 

exploited for reducing background noise and enhance the sensitivity of the biosensor in the 

future.340–342 The knowledge obtained from this study can be further used for effectively 

programming and predicting the PEC current response of TiO2/Au NP systems. 

4.3 Experimental Section 

Materials and Reagents: Phosphate buffer solution (PBS, 1.0M, pH 7.4), L-ascorbic acid 

(99%), sodium chloride (NaCl), chitosan (CHIT, from shrimp, degree of deacetylation of 

85%, Mw=200,000)), glacial acetic acid, 3,4-dihydroxybenzlaldehyde (DHB), Chloroauric 

acid (HAuCl4), Trisodium citrate, Potassium chloride (KCl), Potassium ferrocyanide 

(K4Fe(CN)6), Potassium ferricyanide (K3Fe(CN)6),   poly(diallydimethylammonium 

chloride) (PDDA) and tris (2-carboxyethyl) phosphine hydrochloride (TCEP, 98%) were 

purchased from Sigma-Aldrich. 100 nm Indium Tin oxide (ITO) glass substrates were also 

bought from Sigma-Aldrich. P25-TiO2 was obtained from Nippon aerosol Co. Ltd. 

Acetone and Ethanol were purchased from commercial alcohols (Brampton, ON). Milli-Q 

grade (18.2 MΩ cm) de-ionized (DI) water was used for all solution preparation and 

washing steps.  

Synthesis of TiO2 and Au nanoparticles (NPs): Modification of TiO2 NPs were completed 

by using the procedure reported earlier.343 In brief, 16gL-1 DHB solution was made in de-
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ionized (DI) water. CHIT solution with a concentration of 3 gL-1 was made in acetic acid 

solution (1%). Then, DHB-modified CHIT solution was prepared with mass ratio 4:1 as 

DHB:CHIT. Finally, 20mg of P25-TiO2 was added to the previously prepared DHB-

modified CHIT solution. DHB enables superior signal generation by improving the 

electronic and optical properties of TiO2 NPs,344 while CHIT aids in the formation of 

uniform and stable films. The synergistic effects of these two materials were exploited to 

create a robust and reliable photoelectrode for our experimental design.343 

The Au NP solution was synthesized according to the protocol reported by Grabar et al.345 

Briefly, chloroauric acid (HAuCl4) of 1 mM was added onto 38.8 mM trisodium citrate 

solution with 10:1 ratio (volume). The mixed solution was heated at boiling temperature 

while stirring vigorously for 10 minutes. After that, stirring was continued at room 

temperature for 15 min. This procedure resulted in Au NPs with a diameter of 12 nm.345 

Electrode fabrication: All ITO substrates were cleaned by sonicating in acetone, ethanol 

and DI water for 10 minutes. Vinyl tapes were used to mask the electrodes in order to 

preserve electrode contact area. The electrodes were plasma treated for one minute. 

Mesoporous P25-TiO2 films were prepared by drop-casting 10 µl of solution onto the 

exposed electrode area and heated at 100°C for 5 minutes. The procedure was repeated 

three times to deposit 30 µl of P25-TiO2 solution in total. The electrodes were washed and 

air dried prior to use. 

Photoelectrochemical characterization: All PEC experiments were performed in a three-

electrode cell setup where Ag/AgCl works as the reference electrode and Pt wire works as 

counter electrode. Zahner potentiostat was used for all the electrochemical and PEC 
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measurements. Optical excitation was obtained using TLS03 LED light source (adjustable 

wavelength) from Zahner. Zahner CIMPS-QE/IPCE photo-electrochemical workstation 

was used for PEC measurements. Electrolyte for photocurrent and IPCE measurements 

consists of 0.1 M ascorbic acid (AA) in 0.1 M PBS solution. Photocurrents were calculated 

by subtracting the current with light from the dark current without any optical excitation. 

The measurements were performed under a bias voltage of 0 V vs. Ag/AgCl. Incident-

photon-to-current-conversion efficiency (IPCE) was also measured by using the same 

electrolyte and bias voltage. IPCE can be defined as: 

                                    IPCE(%) =
1240×I(A/cm2)

λ(nm)×Pinc(W/cm2)
× 100                                                      

Where, I is the measured photocurrent, λ is the incident wavelength of light and Pinc is the 

incident optical power.346 

Electrochemical Impedance Spectroscopy (EIS) and Mott-Schottky: EIS measurements 

were performed at room temperature by using Zahner potentiostat at open circuit potential 

by using 2 mM ferri/ferro cyanide in 0.1 M KCl as the electrolyte. The frequency range 

used for EIS was 100 kHz to 0.1 Hz and excitation amplitude was 5 mV.  

Mott-Schottky experiments were performed at a frequency of 1 kHz and using the same 

electrolyte and excitation amplitude as EIS.  

Scanning Electron Microscopy (SEM): The surface structure of the electrodes was 

visualized using FEI Magellan 400 scanning electron microscope (SEM). A Matlab code 

was used to calculate the Au NP density. At-least 5 different areas were used to calculate 

the Au NP density. 
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Absorption spectroscopy: UV-Visible (UV-VIS) absorption spectroscopy was performed 

using an ocean view Flame-S-XR1-ES assembly.  

AuNP-DNA conjugation: For the DNA detection experiment, single-stranded DNA 

(ssDNA) target was conjugated with Au NPs according to the literature347. Briefly, 1 ml 

of the AuNP solution was (1 nM) resuspended in 10 mM PBS buffer (pH 7.0). Target 

DNA (thiolated) of 100 µM was reduced using TCEP and 35 µl of the reduced DNA was 

added to the AuNP solution. This solution was then incubated for 16 h at room 

temperature (RT). After that, 2 M NaCl in 10 mM PBS were added slowly to make the 

final concentration of 0.1 M NaCl. This solution was kept at RT for 40 h while shaking 

continuously. Finally, the solution was washed with 10 mM PBS and 0.1 M NaCl buffer 

(pH 7.0). 

DNA sensing: The electrodes were biofunctionalized by depositing ssDNA (1µM) probe 

for 3 h. Following the probe deposition, electrodes were incubated in 100 pM of Au NP 

labeled target solution. Electrodes were washed thoroughly between each step. The 

measured percentage change (∆IDNA (%)) is calculated as: 

∆IDNA (%) = (ITarget – IProbe) / IProbe 

Where IProbe and ITarget is the photocurrent after probe deposition and target hybridization, 

respectively. 

The DNA sequences used in this work are as follows: 

15-mer probe: 5-NH2-AGG GAG ATC GTA AGC-3 
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Complementary target: 5-SH-TTT TTT TTT TGC TTA CGA TCT CCC T-3 

Non-Complementary target: 5-SH-TTT TTT TTT TTT TTT TTT TTT TTT T-3 

4.4 Results and Discussion 

In order to investigate the effect of Au NP surface density on modulating the PEC 

properties of TiO2 NPs, we varied the deposition time of Au NPs (~12 nm, Supplementary 

Figure S4-1) from 5 to 45 minutes (Figure 4-1(a)). This in turn increased the surface density 

of Au NPs on TiO2 photoelectrodes (Figure 4-1 (b)). These photoelectrodes were created 

by drop casting a porous network of TiO2 NPs, integrated within a catecholic polymeric 

network of chitosan (CHIT) and 3,4-dihydroxybenzaldehyde (DHB), onto conductive 

indium tin oxide (ITO) supports.343 DHB enables superior signal generation by improving 

the electronic and optical properties of TiO2 NPs,344 while CHIT aids in the formation of 

uniform and stable films. The synergistic effects of these two materials were exploited to 

create a robust and reliable photoelectrode for our experimental design.343 From the 

scanning electron micrographs (SEMs) obtained at different deposition time points (Figure 

4-1 (b)), the amount of Au NPs was calculated as 134, 181, 433 and 623 per µm2 for 5 min, 

10 min, 20 min and 45 min deposition times, respectively. The distance between the nearby 

Au NPs also decreased with the increase in deposition time. 
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Figure 4-1: Development of the TiO2-AuNP photoelectrodes. (a) Schematic diagram illustrating the Au NP 

deposition on P25-TiO2 films by varying the deposition time from 5 minutes to 45 minutes with SEM image 

of the TiO2 electrodes (scale bar represents 200nm); (b) SEM image of the Au NP-deposited P25-TiO2 

electrodes for the deposition times of (i) 5min, (ii) 10min, (iii) 20min, (iv) 45min (scale bar represents 100 

nm). The density of Au NPs is shown at the top-right corner of each SEM image. 

In this study, we investigated the PEC performance of the TiO2/Au system under two 

wavelengths: 540 nm and 397 nm (Figure 4-2). TiO2 NPs have limited optical response 
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and PEC current generation capability at 540 nm; however, Au NPs have strong absorption 

at this wavelength due to LSPR (Figure 4-2a)2, through which  intraband carriers are 

generated.92 The plasmon peak of Au in water occurs at approximately 525 nm (Figure 

4-2a). However, as TiO2 shifts the plasmon peak of gold,348 a 540 nm excitation source 

was used in this work. At 397 nm, TiO2 NPs absorb light and generate electron-hole pairs; 

while interband hot carriers are generated in the Au NPs.349,350 As a result, the 397 nm 

illumination is expected to generate charge carriers in both TiO2 and Au NPs, whereas the 

540 nm excitation is expected to only generate plasmonic hot carriers in Au NPs, which 

would be subsequently injected as hot electrons into the conduction band of the TiO2 

NPs.351 We hypothesized the optimal surface concentration of Au NPs in TiO2/Au 

electrodes for PEC current generation to be wavelength dependent because of the strong 

wavelength dependence of the optical properties of the two materials. 

The photocurrents of the TiO2/Au electrodes, with various surface concentrations of Au 

NPs, were measured under UV (397 nm) and visible (540 nm) illumination (Figure 4-2b), 

and the percentage change in photocurrent (ΔI) from the baseline photoelectrode (TiO2 

without Au NPs) was plotted for every deposition time (Figure 4-2c). Striking differences 

are observed in ΔI values and trends between UV and visible light excitation. For visible 

light excitation, ΔI increased steadily due to the increase in the Au NP deposition time; 

However, under UV illumination, ΔI decreased starting at 5 minutes with negative values 

starting at 20 minutes. This indicates that, under UV illumination, increasing the Au NP 

surface concentration initially increases the photocurrent; however, beyond a certain 
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surface concentration (between 10-20 minutes), it decreases the photocurrent below the 

baseline level. 

 
Figure 4-2 : Photoelectrochemical characterization of the TiO2-AuNP photoelectrodes. (a) Absorption 

spectrum of TiO2 NPs and Au NPs (b) Representative PEC curves of the photoelectrode obtained using 

chopped light chronoamperometry at 0 V bias versus Ag/AgCl at excitation wavelength of (i) 397 nm and 

(ii) 540 nm. (c) Bar plots summarizing the percentage change in photocurrents of the P25-TiO2 electrodes 

following the immersion in Au NP solution. Error bars represent one standard deviation, with experiments 

performed using at least three separate electrodes. 

We also measured the IPCE spectra of the baseline and TiO2/Au electrodes (Figure 4-3a). 

As demonstrated in the PEC measurements, for UV excitation (wavelengths below 450 

nm), the IPCE increased from the baseline for the 5-minute Au NP deposition; however, it 

decreased (from 350-480 nm) with further increases in Au NP deposition times. In contrast, 

a peak appears in the IPCE spectra at 540 nm which increases from the baseline up until 

the 45-minute Au NP deposition time. 
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Figure 4-3 : Understanding the mechanisms of photocurrent modulation in the TiO2-AuNP photoelectrodes. 

(a) IPCE spectrum of the photoanodes before and after Au NP deposition (inset shows zoomed in spectrum 

from 500nm to 600nm). (b) Mott-Schottky (1/C2 vs. voltage) diagram for the photoanodes before and after 

AuNP deposition. 

The negative shift in the flat-band potential from the base line value is measured as 60 mV, 

110 mV, 150 mV and 205 mV for the 5, 10, 20 and 45-minute Au NP deposition time, 

respectively (Figure 4-3b). The flat-band potential becomes more negative with the 

increase in the Au NP density on the electrode. This is expected as the Fermi level of Au 

lies below the conduction band of TiO2
352 and the shift of the flat-band potential is the 

direct consequence of Fermi-level equilibration.353,354 The negative shift in the flat band 

potential after the addition of Au NPs to TiO2 is associated with improved charge 

separation339 and reduced charge recombination in the electrode.346,355 Improved charge 

separation upon light illumination, through photocharging, enhances AA oxidation, 

augmenting photocurrent generation.348,356 Furthermore, the positive slope of the M-S 

curve indicates that the photoelectrode is n-type.93 The slope decreases with the addition 

of Au NPs, which also indicates a higher charge carrier density in the photoanode as the 
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slope of the linear region of the M-S plot is inversely proportional to the electron density 

of the electrode (Table S4-1).357 This was further confirmed by measuring the charge 

transfer resistance of the electrodes using EIS (Table S4-1), which showed a lower charge 

transfer resistance at a higher Au NP surface density (Figure S4-2).  

We hypothesize the differences in the trends observed here under UV and visible light to 

be related to the different mechanisms for current generation under these light excitations.  

At 397 nm, both TiO2 and Au NPs are excited. Electron-hole pairs are generated in the 

TiO2, whereas hot electrons and hot holes are induced in Au NPs (d-sp transition). 

Electrons from the conduction band of TiO2 move to the Au NPs, which improves charge 

separation efficiency (Figure 4-4a). However, interband transition in AuNPs is also known 

to generate highly energetic hot holes and hot electrons that are also capable of taking part 

in redox reactions.283,322,358 These hot holes, generated at the surface of Au NPs, can 

directly oxidize AA in conjunction with the holes generated in the underlying TiO2 matrix 

upon UV excitation (Figure 4-4a).339,350 Interband hot electrons may also possess sufficient 

energy to overcome the Schottky barrier at the TiO2/Au interface, causing electrons to 

move from the Au NPs to TiO2.
359 This phenomenon can also be responsible for increasing 

the anodic current generated and collected at the working electrode. 

Both abovementioned charge transfer mechanisms would increase the PEC current in the 

UV regime with an increase in the surface density of Au NPs. In the light of this, what are 

the mechanisms responsible for the signal decrease observed here? To answer this question, 

we consider that the loading of Au NPs at the TiO2 surface also influences the absorption 

and scattering of the incident light.360,361 Au NPs can hinder the photoexcitation of the 
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underlying TiO2 in areas of high Au NP loading.339 Additionally, the presence of Au NPs 

on the TiO2 surface limits the direct access of TiO2 to the electrolyte, potentially attenuating 

photocurrent generation.360 While the direct charge transfer mechanisms discussed above, 

photocharging and hot electron transfer, both increase the generated photocurrent, the 

reduced access to light and electrolyte decreases the photocurrent generated by TiO2. As a 

result, these enhancement and loss effects become competitive with a delicate optimum 

occurring at low Au NP concentrations. At lower Au NP loadings (incubation times < 20 

minutes), the influence of charge transfer is dominant, yielding enhanced photocurrents 

while at higher loadings a higher prevalence of loss mechanisms yields to decreasing 

photocurrents. This is in accordance with prior studies that demonstrate for TiO2/Au 

interfaces under UV excitation, enhancement of photocurrent is obtained at only very small 

amounts of AuNPs.359,362,363 It should be noted that Increased light absorption and 

scattering can also enhance the local electric field surrounding Au NPs, which can in turn 

increase the photocurrent generated by TiO2.
333,364 However, this becomes negligible for 

small Au NPs (diameter < 30nm) at UV excitation.365 For TiO2/Au systems, Au NPs can 

also transfer their absorbed energy to TiO2 via plasmon-induced resonance energy transfer 

(PIRET)), which is only evident when the Au NPs are excited at their LSPR 

wavelengths.365 

Interestingly, under the 540 nm illumination, the photocurrent increases with the increase 

of Au NP surface density on the electrode. Au NPs exhibit strong absorption under 540 nm 

excitation due to their LSPR properties and generate hot electron-hole pairs through 

Landau damping.366 These hot carriers lose their energy through electron-electron 
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scattering on time scales of less than 100 fs.366 It is important to have high density of 

electron-accepting states in the semiconductor in order to transfer these hot electrons into 

the conduction band of semiconducting nanoparticles. TiO2 has a large density of states in 

the conduction band, and exhibits efficient coupling with Au NPs.367 Due to this efficient 

coupling, the plasmonic excitation of Au NPs (540nm) exhibits steadily increasing 

photocurrent with increasing Au NP concentration (Figure 4-2b,c).  Moreover, exciting 

AuNPs at the plasmonic wavelength significantly increases the electric field in their 

surrounding region (Figure 4-4b),364 which can enhance the photocurrent by energy 

transfer to TiO2 via PIRET.368 

 
Figure 4-4 : Schematic drawing showing the mechanisms of Au-TiO2 interaction at UV (a) and visible (b) 

light excitation. 

As the photocurrent generation mechanism differs for the two excitation energies 

used here, we probed whether this effect could be utilized to design a DNA detection assay 

where an analyte will be able to provide both signal-off and signal-on response on the same 

electrode. Although TiO2/Au electrodes have been used in biomolecular detection,214,369 
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there is no report of obtaining both signal-on and signal-off response on a single electrode 

for these systems. Both baseline TiO2 and TiO2/Au (20 min) electrodes were used to 

examine the wavelength-dependent photocurrent modulation. Au NP-labeled DNA was 

used as a target that hybridizes capture probes immobilized at the electrode surface (Figure 

4-5). Due to the differences in the length of probe (15-mer) and target (25-mer) DNA 

strands, target hybridization is anticipated to bring the Au NP label present at the single 

stranded end of the target to the vicinity of the electrode surface (Figure 4-5a(i)), effectively 

increasing the concentration of Au NPs on the electrode.340 We expect a signal-on response 

for the baseline electrodes for both excitation wavelengths (Figure 4-5a(i)) and a 

combination of signal-off (at 397 nm) and signal-on (at 540 nm) responses for the TiO2/Au 

electrodes (Figure 4-5b(i)) as DNA binding is hypothesized to increase the AuNP 

concentration beyond the threshold loading level after which a signal loss would be 

expected for UV excitation. 
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Figure 4-5: DNA detection assay built on the interactions between Au and TiO2 NPs (a) DNA detection assay 

on baseline TiO2 electrode. (i) Schematic illustration of the assay design. (ii) Percentage change in PEC 

current showing signal-on response for UV and visible light excitation. (iii) Representative PEC graphs 

obtained on the baseline TiO2 electrode. (b) DNA detection assay on TiO2/Au electrode. (i) Schematic 

demonstration of the assay design. (ii) Percentage change of PEC current for showing signal-off response for 

UV and signal-on response for visible light excitation. (iii) Representative PEC graphs obtained on the 
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TiO2/Au electrodes. Photocurrent measurements were performed at a bias voltage of 0 V vs. Ag/AgCl and 

0.1 M PBS with 0.1 M ascorbic acid was used as the supporting electrolyte. Error bars represent one standard 

deviation from the mean for the PEC measurements performed with at least three separate devices. 

As excepted, target binding on the baseline electrode increased the PEC current for both 

UV (171%) and visible (61%) light excitations (Figure 4-5a(ii)). In contrast, a 50% 

decrease and a 20% increase in PEC currents were exhibited by the TiO2/Au electrode 

following target binding (Figure 4-5b(ii)) for the UV and visible excitations, respectively. 

The concentration of Au NP labeled target DNA bound by surface immobilized probe DNA 

dictates the amount of Au NPs anchored at each electrode. The low concentration (1 pM) 

of target DNA utilized here is anticipated to increase Au loading by a small amount 

following hybridization. As the TiO2/Au electrode contains Au NPs prior to the 

introduction of DNA target, it exhibits a markedly different behavior as that of the baseline 

electrode. A signal-off response is yielded under the UV regime while a signal-on response 

is yielded under visible light excitation. The introduction of additional Au NPs via target 

hybridization disrupts the delicate optimum of Au loading on the TiO2/Au electrode, 

triggering loss effects (reduced access to light and electrolyte) to dominate enhancement 

mechanisms (photocharging and hot electron transfer) at the UV regime. Conversely, under 

visible light illumination, increased electric field effects (PIRET) stemming from enhanced 

Au loading augments the resultant PEC current. It should be noted that the absolute value 

of the percentage changes of photocurrent, following target hybridization, at both UV and 

visible light illumination is significantly lower in case of TiO2/Au electrodes as compared 

to baseline TiO2. Increased concentration of Au NPs at the TiO2/Au electrodes beyond a 

certain threshold have been shown to introduce recombination centers, thereby reducing 

carrier lifetime.370 Nevertheless, the TiO2/Au electrodes provide different responses for the 
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same DNA target (1 pM) on a single electrode, dynamically controlled by illumination 

wavelength (397nm and visible) alone. Obtaining both signal-on and signal-off responses 

for a single target has been shown to improve specificity, sensitivity and signal-to-noise 

ratio in biosensing.340,371,372 

4.5 Conclusion 

In this study, the distinct interaction mechanisms between Au NPs and TiO2 NPs were 

probed under varied excitation regimes (397 nm and 540 nm) to understand the effect of 

Au NP density on PEC current generation. SEM micrographs demonstrated a rise in Au 

NP loading (134, 181, 433 and 623 per µm2) on P25-TiO2 photoelectrodes with increasing 

deposition time (5, 10, 20 and 45 min). Negative shifts in flat-band potential, as calculated 

from Mott Schottky measurements, indicated enhanced charge separation at greater Au NP 

surface concentrations, which has been linked to enhanced photocurrent generation 338. 

Under UV illumination, increasing the surface loading of Au NPs initially increased the 

photocurrent; however, beyond a certain surface loading (between 10-20 minutes), it 

attenuated the photocurrent. In contrast, under visible light excitation, a steady increase in 

photocurrent was depicted upon increasing the surface loading of Au NPs. It was 

hypothesized that under UV illumination, Au NPs contribute to both current enhancement 

and current loss mechanisms. Current loss is possible due to the absorption and scattering 

of light by Au NPs, and the reduction of bandgap light absorption by TiO2, which in turn 

reduces the photo-excited charge carriers participating in PEC oxidation reactions. Current 

enhancement was possible due to the direct charge transfer from TiO2 to AuNPs through 
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Fermi level equilibration, and possibly due the transfer of hot interband carriers, generated 

under UV excitation, from AuNPs to TiO2. Both of these mechanisms increase the 

photocurrent by increasing the concentration of photo-excited holes for participating in 

PEC oxidation of ascorbic acid. The loss and enhancement mechanisms can compete, and 

their extent can be controlled by the density of Au NPs on the electrode surface. Under 

visible light excitation, the light absorption of TiO2 becomes negligible; however, 

intraband hot carriers are generated in Au NPs through Landau damping. Hot electrons are 

transferred to the conduction band of TiO2, enabling hot holes to participate in oxidation 

reactions. These intraband carriers are the main driving force in generating the photocurrent 

in this wavelength regime.  

The knowledge obtained from this study was used to design a DNA detection assay 

using TiO2/Au electrodes where both signal-on and signal-off responses were achieved 

depending on the excitation light wavelength employed. Hybridization of an Au NP-

labelled DNA strand on a TiO2 photoelectrode caused a signal increase under visible 

illumination and a signal decrease under UV illumination. The ability to achieve both 

signal-on and signal-off behavior on a single photoelectrode can be exploited to enhance 

the limit-of-detection of biosensors by achieving differential or ratiometric signal 

processing possible through combining the two signal transduction modalities. 
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Figure S4-1: TEM image of Au nanoparticles 
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Figure S4-2: Nyquist plots for the photoelectrodes at open circuit voltage. The charge transfer resistance 

(Rct) decreases as the amount of Au NP increases in the electrode. 

Table S4-1: Charge-transfer resistance (Rct), charge carrier density (Nd) and flat-band potential (VFB) of the 

electrodes used in this work 

Sample Rct (kΩ) 

  

Nd (cm-3) VFB (mV) 

TiO2 8.5 0.99-1.062x1017 -590 to -600 

TiO2-Au (5 min) 4.0 1.15 x1017 -650 

TiO2-Au (10 min) 3.5 1.41 x1017 -710 

TiO2-Au (20 min) 2.8 1.94 x1017 -750 

TiO2-Au (45 min) 2.2 2.27 x1017 -795 
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Chapter 5 Understanding the PEC response of Au NPs for potential use of 

biosensing 

Chapter Introduction (Objective II) 

In previous chapter (Chapter 4) we showed biosensor construction using Au NP modified 

TiO2 electrodes. However, Au NPs are frequently functionalized with biomolecules for 

signal amplification in PEC biosensors.89 In order to design PEC biosensors with 

biofunctionalized Au NPs, we need to study the role of Au NPs on the photocurrent 

generation efficiency without any semiconductor. In addition, achieving a PEC biosensing 

system using Au NPs as only photoactive material, will remove the dependency on 

semiconductive materials. Smaller Au NPs (< 25 nm) can generate both intraband (sp band) 

and interband (d to sp transition) hot carriers due to its quantum size effect.93,351,373 In 

Chapter 4, we have demonstrated that these hot charge carriers can influence the PEC 

properties of the surrounding semiconducting NPs, which was further utilized to design 

bioassay. It was hypothesized that for TiO2/Au system, hot holes from Au NPs take part 

directly in the oxidation reaction under visible light excitation, whereas at the UV 

excitation, both photocharging effect and hot charge carrier transfer can contribute to 

enhancing the photocurrent. Additionally, Wang et al. reported direct plasmon accelerated 

oxidation of glucose under visible light excitation at 532 nm.374 However, Govorov et al. 

predicted that interband hot holes might be more efficient in oxidation reactions than 

intraband hot holes.375–377 Therefore, we sought to investigate the following, “If interband 

hot carriers can be used directly in the oxidation reaction, what would be the comparative 

power conversion efficiency between interband and intraband excitation?” 
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In this section, we have optimized the photoelectrode fabrication by varying the size and 

Au NP deposition time. The photocurrent generation efficiency was compared between 

interband and intraband excitation using chopped light voltammetry and IPCE. The 

optimized electrodes were further used in direct methanol fuel cell applications. 

Interestingly interband excitation showed higher methanol oxidation efficiency as 

compared to when excited at the LSPR wavelength. This new knowledge can be used to 

effectively determine the optimal excitation wavelength and Au NP size while designing 

PEC devices that use Au NPs. 

Authors: Sudip Saha, Jie Yang, S. Shayan Mousavi Masouleh, G. A. Botton and Leyla 

Soleymani 

Publication: To be submitted in 2021. 

5.1 Abstract 

Optically excited gold (Au) nanoparticles generate plasmon oscillation which is able to 

generate hot charge carriers by non-radiative decay. These hot charge carriers are often 

used by researchers to improve the energy conversion efficiency of different photochemical 

and photoelectrochemical reactions. Depending on the mode of excitation wavelength (i.e., 

interband and intraband), the energy of hot electrons and hot holes might vary significantly. 

Although, both interband and intraband hot carriers were used separately for 

photoelectrochemical reactions, a direct comparison between these two types of hot 

carriers is still lacking. Herein, we compared the hot hole mediated photocurrent generation 

efficiencies by Au nanoparticles deposited on screen printed carbon electrodes when 

excited at 405 nm and 532 nm wavelengths that correspond to interband and intraband 
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excitation, respectively. Oxidation of ascorbic acid was used as a model reaction system 

due to its strong hole scavenging properties. Interband excitations showed higher anodic 

photocurrent than the photocurrent achieved from intraband excitation. The efficiency of 

photocurrent generation was found to be dependent on the surface distribution of Au 

nanoparticles. The size and amount of Au NPs were optimized by measuring the anodic 

photocurrent and comparing among them. Reducing Au nanoparticle’s size from 25 nm to 

12 nm enhanced the photocurrent whereas further reducing the size decreases the 

photocurrent. Aggregation of Au nanoparticles also decreased photocurrent as the 

generation rate of high energy carriers decreased with the size. The optimized electrodes 

were further used to evaluate methanol electrooxidation performance under illumination 

with both interband and intraband excitations. An anodic peak current density of 56 µA/µg 

was achieved when interband carriers are excited which is ~30% higher than the current 

achieved with intraband excitation (43 µA/µg). 

5.2 Introduction 

Plasmonic metal nanoparticles (NPs) (e.g., Au, Ag, Al, Cu) have received significant 

interest in the field of photocatalysis and photoelectrocatalysis378 due to their strong light 

absorbance92,375 and heterogeneous catalytic properties.374,379 One important advantage of 

using plasmonic NPS over semiconducting NPs is that their optical and electronic 

properties can be precisely tuned over a wide range of values (i.e., Absorption peak from 

UV to infrared, single/multiple absorption peaks, electrical conductivity) by controlling 

their size, shape, and surrounding environment.380–382 The interaction of light with the 

conduction band electrons of these materials can generate coherent oscillations of 
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plasmons, which is known as localized surface plasmon resonance (LSPR).383 Decay of 

plasmons can follow either radiative pathway through photon emission384 or non-radiative 

pathways via electron-phonon scattering,377,383 which leads to dissipate heat or Landau 

damping and thereby, generates hot electrons and holes.92,93,375,380,383,385 These hot carriers 

are named as such since they have higher energy than the thermal energy at ambient 

temperatures.386  

The generation of hot charge carriers is considered as the quantum effect of electron 

scattering near the nanoparticle surface.375 These carriers have been used to improve the 

performance of photovoltaic,387 photocatalytic,388 photoelectrochemical,340 and 

optoelectronic389 devices. However, utilizing hot carriers remains challenging due to their 

short relaxation lifetimes (~100 fs - 1 ps)93,390 as it is difficult for these carriers to participate 

in the charge-transfer reactions before recombination. 

Despite the short lifetime, charge transfer can occur from the surface of metal NPs to the 

chemicals adsorbed on the surface or in the solution, if electron or hole accepting levels 

are present in the surrounding media of metal NPs. Additionally, longer hot carrier lifetime 

can be obtained at the electrochemical interface358 if the electrolyte contains strong electron 

or hole scavengers that are appropriate, in terms of the energy states alignment in Au NPs 

and the redox moieties, for the specific plasmonic NPs in use. This strategy could be used 

to directly drive redox reactions, such as glucose oxidiation,374 by optical excitation of 

plasmonic NPs.391 Direct utilization of the hot carriers in redox reactions also allows 

avoiding the use of semiconductor and thereby the Schottky interface, which has lower 
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efficiency of change injection due to the momentum mismatch between hot carriers and 

empty energy states in the semiconductor.93  

 Among the different types of plasmonic NPs, Au NPs are of particular interest due to their 

facile fabrication, ease of surface modification, biocompatibility, and stability.95,363,374 

Additionally, Au NPs exhibit strong plasmonic response at visible light wavelengths and 

interband excitation from near UV to UV light excitations, thereby covering a wide 

wavelength range.392 Hot carriers from Au NP have shown to directly take part or improve 

the rate of photocatalysis389,393 and redox reactions.93 Mukherjee et al. showed that hot 

electrons generated by LSPR excitation can transfer into surface adsorbed hydrogen 

molecules and thereby dissociate hydrogen at room temperature.393 Hot holes were also 

shown to assist glucose oxidation under a suitable bias voltage.374 The presence of hydroxyl 

ions (OH-) in the solution can also scavenge hot holes at the Au NP surface, allowing the 

formation of hydroxyl radicals (•OH) which can diffuse easily in the and thereby oxidize 

other redox molecules present in the solution at a faster rate.374  

It should be noted that in the majority of the abovementioned studies, where direct hot 

carrier transfer from AuNPs to the solution was used to drive redox reactions, Au NPs were 

excited at the LSPR frequency inducing intraband carriers. Although Govorov et al. have 

emphasized the potential of using interband hot carriers for generating photocurrent in 

theory,394 there are a handful of studies in which interband hot carriers (d band to sp band 

of Au) have been used experimentally to drive redox reactions. Barman et al. demonstrated 

photocurrent generation by interband hot holes using polyaniline-gold (PAni-Au) 
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nanostructures.395 PAni-Au nanostructures acted as a transport layer between an Indium-

tin-oxide (ITO) anode and an Aluminium cathode. Recently, Guo et al. demonstrated the 

use of interband hot holes to fabricate Au nanostars by enabling site-selective oxidative 

etching of Au0 in the presence of iodide.94 If the plasmon energies are above the interband 

transition energy, the majority of the hot carriers will be hot holes whose energies lie in the 

metal d-band and the hot electrons are located just above the Fermi level.390 Interband hot 

holes have higher energy than the hot holes generated by the LSPR excitation (intraband 

hot holes)375,395, making them act as strong oxidants as they facilitate electron transfer from 

HOMO levels of the electrolyte to the Au NP.358  

The computational study of plasmon decay indicates that interband hot holes are more 

effective than intraband hot holes at participating in redox reactions when Au NPs are 

used.394,396 In another theoretical study, it has been found that the interband hot carriers 

have a longer lifetime than intraband hot carriers.356 Schlather et al. used the interband hot 

holes to drive the oxidation reaction of citrate ions under optical illumination using 

Au@SiO2@Au nanostructure.358 The experimental results lead to the conclusion that the 

d-band holes are more effective in carrying out an oxidation reaction than intraband hot 

holes. However, to date, there are no studies where interband carriers are used to directly 

drive electrochemical using Au NPs on the photoelectrode. Therefore, we sought to answer 

the following question: Can interband hot holes directly and without the incorporation of 

any semiconductor, participate in oxidation reactions, and if so, is the efficiency of the 

reaction higher than oxidation by intraband hot holes? 
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Herein, we use interband or intraband hot carriers to drive a single redox reaction using Au 

NP photoelectrodes, comparing the photocurrent generation efficiency of each excitation 

mode. We report and compare the anodic photocurrent generated directly from Au NPs - 

without using another photoactive material (i.e., semiconductors) - of various sizes (5-25 

nm) through interband and intraband hot carriers, indicating that it is indeed possible to 

harness the hot carriers obtained from plasmon decay to drive redox reactions. 

Furthermore, the concentration and distribution of Au NPs on the electrode was varied to 

assess the effect on the photocurrent generation. Incident-photon-to-current conversion 

efficiency (IPCE) measurement was used to investigate the excitation energy dependent 

photocurrent generation efficiency. Additionally, oxidation activity of Au NPs was 

compared by using the optimized electrode in direct methanol fuel cells at different 

excitation modes (i.e., interband and intraband) demonstrating the potential of Au NPs to 

be used this application. A comparison of anodic photocurrent was also performed for the 

oxidation of methanol, ethanol, glucose, and ethylene glycol to probe if the higher 

interband photocurrent is a characteristic phenomenon of small Au NPs. 

5.3 Materials and Methods 

Materials and Reagents: Screen-printed carbon electrodes (3 mm diameter) were 

purchased from CH instruments. Phosphate buffer solution (PBS, 1.0M, pH 7.4), L-

ascorbic acid (99%), sodium chloride (NaCl), 3-aminopropyl triethoxysilane (APTES), 

Potassium chloride (KCl), Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, > 

99%), Potassium ferrocyanide (K4Fe(CN)6), Potassium ferricyanide (K3Fe(CN)6),  

Hydrogen chloride (HCl), poly(diallydimethylammonium chloride) (PDDA) and were 
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purchased from Sigma-Aldrich. Au nanoparticle with diameters of 5, 20, and 25 nm were 

also bought from Sigma-Aldrich. All the gold nanoparticles used in this work were citrate 

stabilized. Methanol and Ethanol were purchased from commercial alcohols (Brampton, 

ON). Milli-Q grade (18.2 MΩ cm) de-ionized (DI) water was used for all solution 

preparation and washing steps. Citrate stabilized 12 nm gold nanoparticles were prepared 

using the protocol described by Grabar et al.345 

Au NP Electrode preparation: Carbon electrodes were washed with ethanol and DI water 

by sonicating for 10 minutes. Cleaned electrodes were put under air plasma for 1 minute 

to introduce negatively charged hydroxyl group on the surface. After this step, they were 

immersed in APTES for 2 hours under constant stirring of the APTES solution. After that, 

the electrodes were cleaned thoroughly with DI water. The electrodes were immersed in 

10 nM concentration of Au NP solution of different sizes for varying time. 

Photoelectrochemical characterization: Photocurrent and Incident-light-to-photon-

conversion efficiency (IPCE) measurements were performed in a three-electrode cell setup 

where Pt wire works as counter electrode and Ag/AgCl works as the reference electrode. 

Zahner CIMPS-QE/IPCE photo-electrochemical workstation was used for these 

measurements. For photocurrent comparison, 405 nm and 532 nm excitations were used. 

405 nm Optical excitation was obtained by using a mounted LED from Thorlabs Inc. and 

532 nm excitation was obtained by using an LED laser source. The intensity of each source 

was kept at 550 W/m2 for comparing the photocurrent. 0.1 M ascorbic acid (AA) in 0.1 M 

PBS solution was used as electrolytes. Photocurrent and IPCE data were obtained under a 

bias voltage of 0 V vs. Ag/AgCl. IPCE measurement was obtained by using TLS03 LED 
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light source (adjustable wavelength) from Zahner. IPCE is calculated from the following 

formula: 

IPCE(%) =
1240 × I(A/cm2)

λ(nm) × Pinc(W/cm2)
× 100 

Where, I is the measured photocurrent at each wavelength, λ is the incident wavelength of 

light source and Pinc is the incident light power.346 

Electrochemical Characterization: Room temperature (RT) electrochemical impedance 

spectroscopy (EIS) measurements were performed at open-circuit potential by using 

Zahner potentiostat. The electrolyte used for the EIS measurements contained 2 mM 

ferri/ferrocyanide in 10 mM PBS. The excitation amplitude was 5mV and the frequency 

range used was 100 kHz to 0.1 Hz. The electrochemically active surface area was 

determined by performing a CV scan in 0.1M H2SO4 at a scan rate of 0.05V/s and a voltage 

range between 0V and 1.5V. 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM): 

Distribution of Au NPs on the electrode surface was visualized by using FEI Magellan 400 

scanning electron microscope (SEM). TEM images were captured by using JEOL 2010F, 

which is in the Canadian Center of Electron Microscopy (CCEM). 

Determination of Au NP size distribution: The size of the particles was measured by using 

the TEM micrographs. The sizes were measured by using ImageJ. At least 10 different 

areas and 100 particles were measured for each sample. The size-distribution graph was 

plotted by using OriginPro software. 

Absorption spectroscopy: Infinite M200 pro (Tecan) plate reader was used to collect UV-

Visible (UV-VIS) absorption spectroscopy from the Au NP solution. 
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Determination of the Au mass in the electrode: The total mass of Au on the electrode was 

measured by Inductively coupled plasma mass spectroscopy (ICP-MS) using Varian Vista 

Pro, which is located in the McMaster Steel Research Centre. 

5.4 Results and Discussion 

In order to prepare Au electrodes with structural tunability, all-solution-processing was 

used to assemble. Au NPs on screen-printed carbon electrodes. Carbon, instead of the 

commonly-used indium tin oxide electrodes, was used to avoid Schottky contact and 

achieve a higher collection efficiency for hot carriers.374 Carbon electrodes were first 

plasma treated to remove organic contaminants and introduce negative surface charge (OH-

) on their surface. The electrodes were then immersed in an aminosilane solution (APTES) 

designed to interact with the carbon surface through the plasma induced OH- groups 

(chemical reaction) and citrate-capped Au NPs via the amine (-NH2) group (electrostatic 

reaction) (Figure 5-1a). Scanning electron microscope (SEM) image confirms the 

successful deposition of Au NPs on the electrodes (Figure 5-1a). The size distribution of 

the Au NPs were further measured using transmission electron microscopy (TEM) (Figure 

5-1b and supplementary Figure S5-1). 
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Figure 5-1: Construction of the Au NP-carbon electrode (a) Schematic illustration showing the electrode 

fabrication steps. SEM image of the prepared electrodes shows the successful deposition of Au NPs (Scale 

bar represents 100 nm). (b) TEM micrographs of Au NPs used in this work shows their size tunability (Scale 

bar represents 50 nm). 

The absorption spectra for Au NPs with different sizes were measured using UV-VIS 

spectroscopy and normalized using the LSPR peak magnitude (Figure 5-2a). The LSPR 

peaks were positioned at 519, 521, 522 and 530 nm for Au NPs having sizes of 5, 12, 20 

and 25 nm, respectively. As the Au NP size increased, the peak position was red-shifted 

and the full-width-at-half-maximum (FWHM) was decreased (Figure 5-2a). Both the 

redshift and peak narrowing have been associated to the quantum size effect for plasmonic 

NPs.383,397 The imaginary part of the dielectric constant changes as particle size varies, 

which in turn causes the redshift for the larger nanoparticles.398,399 The plasmon bandwidth 

for small Au NPs (diameter < 25 nm)91 were calculated theoretically to be inversely 

proportional with the particle diameter.400 In should also be noted that the absorption 

spectrum of the AuNPs was measured in water; therefore, it is expected that the plasmonic 

peak position would redshift on the carbon electrode due to its different dielectric constant 

compared to water349. Wang et al. reported an 8 nm redshift when Au NPs were deposited 

on glassy carbon electrodes in comparison to being suspended in DI water.374 The relative 

contribution of interband absorption (below 480 nm)401 in comparison to LSPR peak also 

increased with decreasing Au NP size (Figure 5-2a). This is in line with the previous studies 

on the optical properties of the Au NPs.356,382 The anodic photocurrent generated by the 

photoelectrode was measured using ascorbic acid (AA) as a hole scavenger in the 

electrolyte. Interband excitation was achieved using a 405 nm light source and LSPR 

excitation was induced using a 532 nm light source. The photocurrent magnitude measured 
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for interband excitation was higher than that measured for intraband excitation for all Au 

NPs (Figure 5-2b and Figure 5-2c). 

An EIS analysis was performed to assess the light-induced effect on the charge transfer 

resistance (Rct). Figure 5-2b showed the Nyquist plot of the electrodes using 12 nm Au NPs 

both in dark and under illumination (405 nm and 532 nm). Deposition of Au NP to the 

carbon electrode reduced Rct from 4050 Ω to 390 Ω (Supplementary Figure S5-2), which 

confirms the superior conductivity attained over the SPCE. Based on the experimental data, 

an equivalent circuit composed of solution resistance (Rs), Rct, constant phase element 

(CPE), and Warburg diffusion element (Zw) is proposed (Figure 5-2b – inset). The 

magnitude of Rct was determined from the diameter of the semicircle402,403 and compared 

between dark and illuminated conditions. Illuminated electrodes – regardless of the 

excitation wavelength - showed significantly lower Rct (100 Ω) than the electrode in dark 

(390 Ω). However, EIS curves for both interband and intraband excitation are very similar 

(Supplementary Table S5-1). It should be noted that the EIS was performed under open 

circuit potential with small perturbation (2 mV). Therefore, the reduction of Rct indicates 

charge carrier accumulation at the electrode/electrolyte interface as hot carriers were not 

extracted at the electrode contact by external electric field, which is the case for 

photocurrent measurement.403,404 This result demonstrated that the differences in anodic 

photocurrent generation in different excitation wavelengths are not related to the number 

of charge accumulated at Au NP surface. 
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Figure 5-2: Characterization of the Au NP electrodes prepared by using different Au NP sizes (a) Absorption 

Spectroscopy of different size of Au NPs used in this work (dotted line indicated the excitation wavelengths 

used in this work); (b) Average PEC current (baseline corrected) for different size of Au NPs. Error bars 

represent 1 standard deviation. Inset shows the schematics representing ascorbic acid oxidation by Au NP 

upon light illumination. (c) Respective photocurrent spectra for different size of Au NPs. Optical illumination 

was turned on at 150s and turned off at 300s. All PEC measurements were performed by using 0.1 M ascorbic 

acid in 0.1 M PBS at a bias voltage of 0 V vs. Ag/AgCl. Electrodes were prepared using 2 hour Au NP 

deposition for this figure; (d) Electrochemical impedance spectroscopy measurement (EIS) showing 

reduction of charge transfer resistance when the electrode is illuminated. EIS was performed at open circuit 

potential using 2 mM [Fe(CN)6]3-/4- in 0.01 M phosphate buffer (PBS) solution. Inset shows the equivalent 

circuit diagram used to obtain the parameters. 

Additionally, the magnitude of the photocurrent increases as the Au NP size decreases from 

25 nm to 12 nm for both interband and intraband excitations, while reducing the Au NP 

size from 12 nm to 5 nm results in photocurrent reduction. The higher photocurrent at 

interband excitation can be explained by examining the hot carrier distribution separately 

at two different excitation wavelengths. Under interband excitation, hot carriers are 

generated from the transition of electrons from the d-band to sp-band of Au NPs.356,373 On 

the contrary, intraband excitation generates hot carriers by exciting electrons at the sp 

band.405 Due to the different plasmon decay processes, interband excitation creates hot hole 

distribution at the d-band (maximum attainable energy is Ef - hν) and the hot electrons are 
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closer to the Fermi level (Ef) of the electrode (Figure 5-3),405 whereas, interband excitation 

generates hot holes that lie at the sp band and hot electrons can obtain the energy as high 

as EF + hν (Figure 5-3). Therefore, interband hot holes have higher than intraband hot holes 

and intraband hot electrons have higher energy than interband hot electrons.  

The initial increase of the photocurrent with decreasing Au NP size (from 25 nm to 12 nm) 

until reached to optimum value, and subsequent decrease of the photocurrent with further 

decreasing Au NP size (from 12 nm to 5 nm) can be attributed to the competition between 

two factors: (i) lifetime of the hot carriers increases with decreasing Au NP size,358 and (ii) 

the number of initial hot carrier population increases with increasing Au NP size.406,407 

Representative photocurrent spectra showed that the photocurrent rise and decay are slower 

for the interband compared to the intraband excitation (Figure 5-2d), which is in line with 

previous studies.358,393 

 
Figure 5-3: Schematic diagram showing the interband and intraband hot carrier generation and their energy 

distribution. 

To confirm that the photocurrent obtained here is due to the participation of hot carriers 

from Au NPs, we measured photocurrent spectra using carbon electrodes without any Au 

NP. Carbon electrodes showed no photocurrent at 532 nm excitation (intraband for Au NP) 
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and minimal photocurrent (~1.6 nA) at 405 nm (interband for Au NP) (Supplementary 

Figure S5-3). Thus, we expect the photocurrent to be generated through the oxidation of 

AA using Au NP hot holes (Figure 5-2c – inset). To further demonstrate that the anodic 

photocurrent measured in this work is generated due to the oxidation of AA, we measured 

photocurrent in the absence of AA in the electrolyte. The photocurrent obtained using only 

phosphate buffer (PBS) as the electrolyte is negligible (~15 nA for interband and ~0 for 

intraband excitation) in comparison to the photocurrent obtained when AA is in the solution 

(Supplementary Figure S5-4). Due to the higher energy of interband hot holes, they can 

transfer holes to AA with higher efficiency than intraband hot holes.  This also explains 

why intraband excitation is usually used for photoelectrochemical applications reported 

earlier, as in those cases, hot electrons, instead of holes, were transferred from Au NPs to 

the electrolyte.93,385,393 

We further varied the Au NP deposition time on the surface of carbon electrodes to 

investigate the effect of Au NP concentration on the hot hole-mediated photocurrent. We 

used 12 nm Au NPs because they produced the highest photocurrent amongst the NP sizes 

used in this work (Figure 5-2c). As the Au NP deposition time increased from 1 hr to 2 hr, 

the photocurrent increased for both interband and intraband excitations (Figure 5-4a and 

Figure 5-4b). however, the photocurrent decreased for both excitations when the deposition 

time increased from 2hr to 4hr. In order to investigate the relation between Au NP 

deposition time and photoelectrochemical activity, we measured the electrochemically-

active surface area of each electrode, that  increased from the 1 hr to the 4 hr deposition 

time (Supplementary Figure S5-5) and thereby explains the initial increase of photocurrent 
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with deposition time (from 1 hr to 2 hr). However, the photocurrent decreased with further 

increasing the deposition time from 2 hr to 4 hr despite the increase in the 

electrochemically-active surface area. Increased active surface area confirms larger 

number of Au NPs deposited on the electrode with increasing deposition time. Incident 

photon to current conversion efficiency (IPCE) measurement further confirms the initial 

increase in photocurrent with deposition time (from 1 hr to 2 hr), followed by the decrease 

in photocurrent upon increasing the deposition time further (from 2 hr to 4 hr) (Figure 

5-4c), for the wavelength range from 350 nm to 650 nm. IPCE data for both 1 hr and 2 hr 

sample showed a peak near 530 – 540 nm, which is related to the LSPR peak observed in 

the optical absorption spectrum. However, the peak disappears when the deposition time 

increased to 4 hr. In order to investigate the reasoning for peak disappearance, we examined 

the distribution of Au NPs on the electrode surface (Figure 5-4d). It should be noted that 

most of the Au NPs form clusters (or aggregate) for the sample with 4 hr deposition and 

thereby the effective size of the Au NPs increases. Additionally, as the Au NP size becomes 

larger, hot charge carrier’s energy will be lower and thereby, less photocurrent will be 

obtained.394 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

129 
 

   

Figure 5-4: Optimization of Au NP deposition time on carbon electrode. (a) Respective photocurrent diagram 

for the different electrodes used for optimization; (b) Average photocurrent obtained for both interband and 

intraband excitation; (c) IPCE spectrum for the Au NP electrodes; (d) Scanning electron microscope image 

of the Au NP electrodes where the electrode was immersed for 1, 2 and 4 hr. All photocurrent measurements 

were obtained by applying 0 V bias vs. Ag/AgCl using 0.1 M AA in 0.1 M PBS as electrolyte. 

The above study showed that the interband hot holes can behave as a stronger oxidant when 

a suitable electrolyte is used. Hence, it is expected that utilizing optical illumination 

enhances electrooxidation on AuNP-based photoelectrodes. As a result, we challenged the 

optimized Au NP electrode (12 nm Au NP, 2 hr deposition time) for the direct oxidation 
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of methanol for potential use in direct methanol fuel cells (DMFC). Although platinum is 

the most commonly used catalyst used in DMFC, Au nanostructures are also considered as 

potential catalysts of the methanol oxidation reaction because they oxidize CO at room 

temperature.408,409 The catalytic activity of the electrodes was examined with and without 

illumination (405 nm and 532 nm) using cyclic voltammetry (Figure 5-5a). A well-defined 

anodic peak (~220 – 240 mV) related to the oxidation of methanol appeared in both dark 

and illuminated conditions.410,411 In the dark, the methanol oxidation peak current was 41 

µA/µg, which increased only slightly (43 µA/µg) when excited by 532 nm wavelength. On 

the contrary, the oxidation current enhancement is much higher at 405 nm excitation (56 

µA/µg). This corresponds to 33.3% enhancement in the oxidate rate of methanol. The 

position of the oxidation peak also moved slightly toward lower potentials (212 mV for 

interband excitation, whereas 223 mV in dark). Therefore, the enhancement of Au NP’s 

electroactivity in DMFC under illumination mainly arises from the contribution of the 

interband hot carriers. 

 
Figure 5-5: Application of hot hole mediated oxidation when using electrodes prepared by (a) Cyclic 

voltametric (CV) measurement for direct methanol oxidation by the optimized Au NP electrodes when 

illuminated at 405 nm (interband excitation) and 532 nm (intraband excitation). CV was performed by using 

1.5 M methanol in 1M KOH solution. (b) Comparison of interband and intraband photocurrent density for 

oxidation of glucose, ethanol, methanol, and ethylene glycol. Photocurrent was obtained by applying bias 
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voltage of 0 V vs. Ag/AgCl and using 10 mM of each chemical in 0.1 M PBS as electrolyte. Errors bars 

represent one standard deviation calculated from three measurements using different electrodes. 

We also measured the photocurrent at different excitation regimes, using ethanol, 

methanol, glucose, and ethylene glycol. All of these chemicals were shown to produce 

anodic photocurrents when intraband excitation for Au NPs were used (LSPR 

excitation).374 However, higher anodic photocurrents were measured under interband 

excitation compared to LSPR excitation (Figure 5-5b). This further proves that the direct 

hot hole mediated photocurrent generation is a characteristic property of the Au 

nanostructures. 

5.5 Conclusion 

In summary, we demonstrated that a higher oxidation current can be generated when 

interband hot carriers are used in comparison to intraband hot carriers, which is related to 

the higher energy of the hot holes at the interband excitation regime. The solution-based 

Au NP electrode preparation was optimized for Au NP size and loading amount to 

maximize the photocurrent. Upon optical illumination, energetic charge carriers (hot 

electrons and hot holes) are generated via plasmon decay. Interband hot holes can transfer 

from Au NP to a suitable reducing agent in the electrolyte,348,396,412 and therefore are able 

to generate anodic photocurrent. The photocurrent generation were optimized for different 

size Au NPs, ranging from 5 nm to 25 nm in diameter. Additionally, the deposition time of 

Au NPs on the electrodes were optimized to achieve optimum concentration and surface 

distribution of the Au NPs. Maximum photocurrent was obtained using 12 nm Au NPs and 

2 hr of deposition time, which generates 1.6 µA and 1 µA upon interband and intraband 
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excitation, respectively. Higher anodic photocurrent at interband excitation than intraband 

excitation were further confirmed by using five different reducing agents (Ascorbic acid, 

Glucose, Ethanol, Methanol, and Ethylene glycol). The optimized electrodes were further 

used in the DMFC application. Interband excitation showed 33.3% enhancement in the 

methanol oxidation rate, whereas intraband excitation gives only 4.8% enhancement. 

Using interband hot holes can have many potential applications that involves the oxidation 

of different chemicals (such as alcohols, CO, sugars, hydrocarbons). 
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5.7 Supplementary Information 

 
Figure S5-1: Size histograms for the Au NPs used in this work. At least 10 different sample areas and 100 

particles were counted to plot the histogram. 

Figure S5-1 confirms relatively uniform size distribution of the Au NPs used in this work.  
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Figure S5-2: Nyquist diagram of Electrochemical Impedance Spectroscopy (EIS) using screen printed carbon 

electrode without any Au NPs. EIS was performed at open circuit potential using 2 mM [Fe(CN)6]3-/4- in 0.01 

M phosphate buffer (PBS) solution. 

Table S5-1 lists the value of charge transfer resistance (Rct), constant phase element (CPE), and n, 

indicating the constant phase (-90*n) of the CPE for the equivalent circuit model obtained from 

electrochemical impedance spectroscopy. 

Table S5-1: Parameters obtained from the equivalent circuit modeling at dark and illumination: 

 Rct (Ω) CPE (µF) n 

Dark 390 7 0.95 

Interband (405 nm) 100 10 0.88 

Intraband (540 nm) 100 9 0.88 
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Figure S5-3: Photocurrent measurement for carbon electrode without any Au NP at 405 nm and 532 nm 

excitation. Photocurrent measurement was performed is 0 V bias vs. Ag/AgCl using 0.1 M AA in 0.1 M PBS. 

Optical illumination was turned on at 150s and turned off at 300s. 

 

 
Figure S5-4: Photocurrent measurement by using Au NP deposited (2 hr) carbon electrode at 405 nm and 

532 nm excitation. Photocurrent measurement was performed is 0 V bias vs. Ag/AgCl using 0.1 M PBS. 

Optical illumination was turned on at 150s and turned off at 300s. 

 
Figure S5-5: Cyclic voltammetry (CV) of the Au NPs deposited carbon electrodes, which is used to determine 

the electrochemically-active surface area. Cathodic current is plotted as positive. CV was performed at a scan 

rate of 10 mV/s. Electrochemically-active surface area for 1 hr, 2 hr, and 4 hr electrodes are 0.1195, 0.163, 

and 0.1932 cm2, respectively. 
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Chapter 6 Au-TiO2 differential biosensing 

Chapter Introduction (Objective III) 

In Chapter 4, we discussed the role of Au NPs in the PEC process when TiO2 is used in 

conjunction. Moreover, in both Chapter 4 and Chapter 5, we investigated the contribution 

of Au NPs in the PEC process at near-UV (< 420 nm) and visible light excitations. A higher 

anodic photocurrent was obtained under near-UV excitation as compared to the visible 

light illumination. Additionally, incorporation of a very small amount of Au NPs in TiO2 

electrodes has been demonstrated to enhance the PEC current of TiO2 significantly under 

the near-UV regime. Modification of TiO2 electrodes with Au NPs was also reported to 

improve the photovoltaic, photocatalytic, and PEC performance by other 

researchers.346,387,413 Despite having a significant amount of progress in this field, the 

distance dependence effect on the photo-current between TiO2 NPs and Au NPs, using a 

biomolecular linker, has yet to be investigated under different wavelengths and target 

concentrations. DNA functionalized Au NPs are often connected with the semiconductive 

material in photoelectrode via the DNA, which works as nanospacer.414,415 However, the 

distance between Au NPs and the photoelectrodes is highly dependent on DNA structure 

and conformation. Therefore, in this chapter we try to predict the role of Au NPs on the 

PEC current when they are connected using oligonucleotides.  

In this work, Au NPs were combined with modified P25-TiO2 via DNA hybridization. We 

investigated the energy transfer mechanism from Au NPs to P25-TiO2. Photocurrent 

enhancement was achieved when Au NPs were in close proximity to the P25-TiO2 NPs, 
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whereas reduction of photocurrent was obtained for Au NPs further away from the P25-

TiO2 electrode. Based on the experimental results obtained from electrochemical 

impedance spectroscopy (EIS), Mott-Schottky, incident photon to current conversion 

efficiency (IPCE), and mathematical modeling of the conjugated structure immobilized on 

the electrode, we hypothesize that both photocharging and hot electron transfer jointly 

contribute to the enhancement of photocurrent. Finally, a differential sensor is designed by 

combining the signal-off and signal-on sensors, capable of significantly reducing the 

background signal. Furthermore, this design utilizes a single light source (395nm) and bias 

voltage (0 V vs. Ag/AgCl) for DNA detection.  

Authors: Sudip Saha, Amanda Victorious, Richa Pandey, Amanda Clifford, Igor 

Zhitomirsky, and Leyla Soleymani 

Publication: August 2020. 

6.1 Abstract 

As dynamic biorecognition agents such as functional nucleic acids become widely used in 

biosensing, there is a need for ultrasensitive signal transduction strategies, beyond 

fluorescence, that are robust and stable for operation in heterogeneous biological samples. 

Photoelectrochemical readout offers a pathway towards this goal as it offers the simplicity 

and scalability of electrochemical readout, in addition to compatibility with a broad range 

of nanomaterials used as labels for signal transduction. Here, a differential 

photoelectrochemical biosensing approach is reported, in which DNA nano-spacers are 

used to program the response of two sensing channels. The differences in the motional 
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dynamics of DNA probes immobilized on different channels are used to control the 

interaction between Au and TiO2 nanoparticles positioned at the two ends of the DNA 

nano-spacer to achieve differential signal generation. Depending on the composition of the 

DNA constructs (fraction of the DNA sequence that is double stranded), the channels can 

be programmed to produce a signal-on or a signal-off response. Incident photon-to-current 

conversion efficiency, UV/VIS spectroscopy, and flat band potential measurement indicate 

that direct transfer of electrons between metallic and semiconductive nanoparticles is 

responsible for the signal-on response and incident light absorption and steric hindrance 

are responsible for the signal-off response. The differential photoelectrochemical signal 

readout developed here increases the device sensitivity by up to three times compared to a 

single channel design and demonstrates a limit-of-detection of 800 aM. 

6.2 Introduction 

Biosensors combine biorecognition with signal transduction to analyze biologically-

relevant targets.1 Dynamic biorecognition agents such as structure switching aptamers and 

DNAzymes1,277,416 are increasingly used in biosensing due to their compatibility with real-

time monitoring,37 ability to target difficult-to-capture analytes such as small molecules,417 

and facile conjugation with reporting probes.343,418 Optical readout, based on 

fluorophore/quencher interactions, is currently the most widely used method for 

transducing these biorecognition events into detectable signals.418 There is a growing 

interest in combining these biorecognition systems with electrochemical readout due to the 

enhanced signal-to-noise ratio (SNR) offered by these transducers, ease of multiplexing, 
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and their applicability to continuous and in situ monitoring.72,419 Inspired by the electronic 

amplifier circuits, differential (also referred to as ratiometric) signal readout has been used 

in electrochemical biosensors to enhance their SNR and suppress the effect of background 

currents generated in unprocessed biological samples resulting from non-specific 

adsorption.420,421 The current differential signaling designs typically rely on multiple redox 

labels for generating correlated or combinatorial signals. This presents a challenge in 

applying these systems to a wide range of sample environments since the number of redox 

labels compatible with bio-conjugation that can be used effectively in complex reductive 

or oxidative sample environments is extremely limited.  

Our vision was to create a differential electrochemical readout strategy that used non-redox 

labels for operation in complex environments. For this purpose, we explored 

photoelectrochemical (PEC) signal generation that combines optical biasing with 

electrochemical current measurement. PEC signal readout is possible with a wide range of 

robust and stable nanomaterial labels (i.e., metal NPs,422 semiconductive quantum dots,284 

organic semiconductors423). 

Differential PEC readout is currently possible using two different bias voltages and applied 

wavelengths,371,419,424 which result in assays with increased instrumentation complexity. 

We sought to overcome this complexity by developing a differential PEC biosensor that 

used a single label, voltage, and light source by controlling the nanoscale interactions of 

the system using DNA nano-spacers, rather than tuning the parameters of external stimuli. 

To achieve differential PEC signaling that generates signal increase (signal-on) on one 
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channel and signal decrease (signal-off) on another, we employed the nanoscopic 

interactions between metallic and semiconducting nanoparticles (NPs).  The main reason 

for using these two types of NPs lies in their complementary optical properties: well-

separated and long-lived excitons in semiconductors and localized electromagnetic modes 

in plasmonic nanoparticles. These properties enable the two classes of nanoparticles to 

interact when they are positioned in close proximity,330,425 and allow researchers to 

engineer new materials and devices that operate based on exciton-plasmon 

interactions.333,368,426–428 

PEC assays that use metallic NPs in conjunction with semiconducting photoactive 

materials build on the foundation that when metallic NPs are in direct contact or close 

proximity (~10 nm) with semiconducting materials having the desired energetics, the 

carrier lifetime increases or decreases,365,425 which modulates the PEC current.428,429 Au 

and Ag NPs have been widely used in these assays in conjunction with metal oxide 

electrodes (such as TiO2,
283 SnO2,

422 Fe2O3
320) to design biosensors for detecting various 

biomolecules (e.g. oligonucleotides,283 protein,430 enzyme320). We explored whether it 

would be possible to use DNA capture probes as nano-spacers to tap into the different 

nanoscale physical processes that occur between metallic NPs and semiconductors on 

different sensing channels of a single biosensor to predictively increase or decrease the 

PEC signal based on the separation between the metallic NP label and the semiconducting 

electrode.  
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6.3 Experimental Section 

Chemicals 

Phosphate buffer solution (PBS, 1.0M, pH 7.4), L-ascorbic acid (99%), sodium chloride 

(NaCl), chitosan (CHIT, from shrimp, degree of deacetylation of 85%, Mw=200,000),), 

glacial acetic acid, 3,4-dihydroxybenzlaldehyde (DHB), poly(diallydimethylammonium 

chloride) (PDDA) and tris (2-carboxyethyl) phosphine hydrochloride (TCEP, 98%) were 

purchased from Sigma-Aldrich. P25-TiO2 was obtained from Nippon aerosol Co. Ltd. 

Acetone and Ethanol were purchased from commercial alcohols (Brampton, ON). Milli-Q 

grade (18.2 MΩ cm) de-ionized (DI) water was used for all solution preparation and 

washing steps.  

Surface modified TiO2 and Au NP preparation 

A 3 gL-1 CHIT solution was prepared in DI water using 1% acetic acid. The concentration 

of DHB aqueous solution was 16 gL-1. DHB-modified CHIT solution was obtained by 

modifying CHIT in the liquid phase. DHB modified CHIT solution (mass ratio 4:1 as DHB: 

CHIT) was prepared by adding DHB solution to the CHIT solution. P25-TiO2 was added 

to the DHB-modified CHIT solution.  

TiO2 substrate preparation 

Fisherband premium plain glass microscope slides were used for substrate preparation. The 

glass slides were cut into desired dimensions and sonicated using acetone, ethanol and DI 

water for 15 minutes before using. A 100 nm film of indium tin oxide (ITO) was sputtered 
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onto glass slides using a radio-frequency magnetron sputtering from angstrom science. A 

90% In2O3 and 10% Sn2O3 target was used for the sputtering under the argon gas. All 

glass/ITO substrates were masked using vinyl tape to preserve electrode contact area and 

oxygen plasma treated for one minute. All films were fabricated by dropping 10 microliters 

of solution onto exposed glass/ITO substrate surface and baked at 100°C for 5 minutes. 

This procedure was repeated for a total of three deposition steps. The resulting electrodes 

were then air dried and washed prior to use. 

Gold (Au) nanoparticle synthesis 

Au NPs were synthesized using the protocol reported in literature.345 Briefly, a 1 mM gold 

chloride (HAuCl4) solution was added into 38.8 mM trisodium citrate solution with a 

volume ratio of 10:1. This solution was boiled with vigorous stirring for 10 min, and then 

the stirring was continued for an additional 15 min without applying heat. This synthesis 

protocol produced the Au NPs with size approximately 12 nm. The size of the Au NPs 

were further confirmed by imaging in TEM (Supplementary Figure S6-9). 

Au NP-DNA conjugation 

DNA conjugated Au NPs were prepared according to the literature.347 Briefly, 1 ml of Au 

NPs were suspended in 10 mM PBS buffer (pH 7.0). A 100 µM solution of thiolated DNA 

was reduced using TCEP and 35 µl of the reduced DNA was added to the Au NP solution. 

The solution was incubated for 16 h at room temperature (RT). After that, 10 mM PBS and 

2 M NaCl solutions were added slowly to make the final salt concentration of 0.1 M NaCl. 
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This solution was incubated for 40 hours at room temperature. Finally, the solution was 

washed three times and re-suspended in 10 mM PBS with 0.1 M NaCl buffer (pH 7.0). 

Photoelectrochemical Characterization 

PEC measurements were carried out in a three-electrode cell setup with an ultraviolet 

flashlight to facilitate illumination of the photoelectrode surface. The intensity of the 

flashlight was measured as 470 W/m2. A Pt wire was used as the counter electrode, 

Ag/AgCl as the reference electrode, and the glass/ITO/TiO2NP substrates acting as the 

working electrode. A 0.1 M PBS solution with 0.1 M ascorbic acid (AA) was used as the 

supporting electrolyte. Amperometric i-t curve were measured by a CHI 660D 

electrochemical station, under UV illumination at every 20 s for a period of 100 s. 

Photocurrents were reported as the difference in current with and without incident light on 

the face of the TiO2 electrode. 

The IPCE measurements were carried out in a three-electrode cell setup with Pt as the 

counter electrode, Ag/AgCl as the reference electrode, and a solution of 0.1 M AA in 0.1 

M PBS as the electrolyte. All IPCE measurements were performed under a bias voltage of 

0 V vs. Ag/AgCl and light illumination in the range of 350–650 nm using a Zahner CIMPS-

QE/IPCE Photo-Electrochemical workstation. 

IPCE is defined as: 

𝐼𝑃𝐶𝐸(%) =
1240 × 𝐼(𝐴/𝑐𝑚2)

𝜆(𝑛𝑚) × 𝑃𝑖𝑛𝑐(𝑊/𝑐𝑚2)
× 100 
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Where, I is the photocurrent, 𝜆 is the incident wavelength and Pinc is the incident optical 

power of the excitation light.346 

Electron Microscopy 

The surface structure of the prepared substrate was analyzed using FEI Magellan 400 

scanning electron microscope (SEM). UV-Visible (UV-VIS) absorption spectroscopy was 

measured using Infinite M200 pro (Tecan) plate reader.  

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed using Kratos AXIS supra X-ray photoelectron 

spectrometer. The survey scan analysis was carried out over an area of 300 X 700 m using 

a pass energy of 160 eV. 

Mott-Schottky measurements 

Mott-Schottky experiments were performed in a three-electrode setup using Ag/AgCl as a 

reference electrode and Pt as counter electrode. The electrolyte contained 2 mM potassium 

ferro/ferricyanide in 0.1 M KCl and 10 mM PBS. The experiments were performed with 

an AC excitation of 5 mV. From the Mott-Schottky plot, flat-band potential and charge 

carrier density were calculated by using the following formula:357 

1

𝐶2
=

2

𝜀𝜀0𝐴2𝑒𝑁𝐷
(𝑉 − 𝑉𝑓𝑏) 
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Where, 𝜀 and 𝜀0 are the dielectric constant of the semiconductor and vacuum permittivity, 

respectively. ND is the charge carrier density, Vfb is the flat band potential, C is capacitance 

and A is the area of the electrode. 

Electrochemical impedance spectroscopy 

EIS measurements were carried out using the Zahner potentiostat at RT by using the same 

electrolyte as mott-schottky measurements. All measurements were conducted at the open 

circuit potential and within the frequency range of 100 kHz to 0.1 Hz. 

DNA hybridization experiments 

Electrodes were fabricated using a layer-by-layer drop casting method, followed by ssDNA 

(1µM) probe deposition for 3 hours and incubation with a blank solution containing 1.2 

nM of non-complementary target or complementary targets (100 aM-1 nM) spiked in the 

blank solution. Electrodes were washed thoroughly between each deposition step. The 

measured percentage change in signal for each concentration is calculated as: 

∆I = ITarget – IProbe 

%∆I15-mer = (∆I15-mer X 100)/IProbe 15-mer                                                                                                                              

%∆I20-mer = (∆I20-mer X 100)/IProbe 20-mer 

%∆I15-mer = (∆I15-mer X 100)/IProbe 15-mer 

%∆I = |%∆I15-mer |+ |%∆I20-mer| 
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I15-mer indicates the percentage change in photocurrent following hybridization of Au NP-

labelled target with the 15-mer probe while I20-mer indicates the percentage change in 

photocurrent following hybridization of Au NP-labelled target with the 20-mer probe. 

The DNA sequences used in this work are as follows: 

15-mer probe: 5′-NH2-AGG GAG ATC GTA AGC-3′   

20-mer probe: 5′-NH2-AGG GAG ATC GTA AGC AAA AA-3′ 

Complementary target: 5′-SH-TTT TTT TTT TGC TTA CGA TCT CCC T-3′ 

Non-Complementary target: 5′-SH-TTT TTT TTT TTT TTT TTT TTT TTT T-3′ 

Target sequence for the experiment where Au NP is hybridized to be in proximity of TiO2 

is: 5′-TGC TTA CGA TCT CCC TTT TTT TTT T-SH-3′ 

Limit-of-Detection 

To calculate the limit-of-detection of the differential assay, we plotted the photocurrent 

change versus the log of target concentration in the linear range (10 aM – 100 fM). The 

linear equation for the regression line is ∆𝐼 (%) = 22.35𝑙𝑜𝑔𝐶 + 5.55 with a correlation 

coefficient of 97.5% (Figure 4(b)-inset). The limit-of-detection is determined by 

calculating the concentration where the y-value of the regression line becomes equal to the 

limit-of-blank (LOB). LOB is defined as: 

𝐿𝑂𝐵 = ∆𝐼𝑏𝑙𝑎𝑛𝑘 + 1.96 × 𝜎𝑏𝑙𝑎𝑛𝑘  
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Where, 𝜎blank is the standard deviation of the blank signal and the factor 1.96 is used to 

calculate the limit-of-detection within a 95% confidence interval. 

Direct deposition of AuNPs on TiO2 electrodes 

In order to directly deposit Au NPs on TiO2 electrodes, 10 μl of 2% PDDA solution was 

drop deposited on the electrodes at room temperature. After 10 minutes, the electrodes 

were washed thoroughly using DI water to remove the PDDA that was not covalently 

attached. PDDA provides positive surface charge on the electrodes. After washing the 

electrodes, 30 μl of citrate-capped Au NPs were deposited and kept for 10 minutes. As the 

Au NPs have negative surface charge, it will be attached to the TiO2 particles using 

electrostatic attraction. 

6.4 Results and Discussions 

To assess the role of DNA probes as nano-spacers for tuning the sensing response of 

different channels, we created two classes of biofunctionalized photoactive electrodes 

(Figure 6-1(a)). Both of these photoactive electrodes were created from a porous network 

of TiO2 NPs deposited on indium tin oxide (ITO) substrates (Figure 6-1(b,i)). However, 

one was biofunctionalized with single stranded DNA (ss-DNA) probes having 15 

nucleotides (15-mer), and the other harbored a 20 nucleotide (20-mer) long ssDNA probe 

(Supplementary Figure S6-1). Upon hybridization with Au NP-labelled complementary 

DNA targets (25-mer), we expected these two classes of photoactive electrodes to 

experience different Au-TiO2 NP collision probabilities caused by the differences in the 

DNA motional dynamics.431,432 High magnification backscattered electron microscopy 
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demonstrates that Au NPs are indeed introduced to the TiO2 NP matrix by complementary 

DNA target strands following hybridization (Figure 6-1(b)). As a result, we expect a 

fraction of the TiO2 NPs to experience nanoscale interactions with Au NPs. 

 
Figure 6-1: Differential photoelectrochemical biosensor. (a) Channels are created by depositing 15-mer or 

20-mer probe DNA nano-spacers on photoactive TiO2 substrates. Au NP-labelled 25-mer targets are 

hybridized onto the two channels. (b) SEM image of the electrode before (i) and after (ii) DNA hybridization 

with Au NP-labelled DNA target. The insets show the magnified image of the substrate acquired using the 

backscatter detector, with the red arrow pointing to Au NPs (scale bar in the inset represents 100 nm). 

The incident photon to current conversion efficiency (IPCE) spectrum, which is defined as 

the number of electrons collected by the electrode per incident photons,333 was measured 

to evaluate the wavelength dependence of the PEC response for the 15-mer and 20-mer 

channels (Figure 6-2(a)). Remarkably, on the 15-mer channel, the IPCE increases after 

hybridization with the complementary target, whereas for the 20-mer channel, the IPCE 
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decreases. The increase or decrease in the IPCE after target hybridization is observed over 

the entire absorption spectrum of our photoelectrodes (from 350 nm to 550 nm). It should 

be noted that absorption of photons with energy lower than the bandgap of TiO2 NPs (3.09 

eV/400 nm as determined from supplementary Figure S6-2) is achieved using our 

photoelectrodes because of the use of chitosan and 3,4-Dihydroxybenzaldehyde (DHB) in 

preparing nanoporous photoactive films (Figure 6-2(a)-inset).343,433 

In addition to the IPCE measurements, we evaluated the sensing capability of the system 

using PEC readout (Figure 6-2(b)). We optically excited the system using a single light 

source that operated at a wavelength range at which we observed a large signal change in 

the IPCE spectrum (Supplementary Figure S6-3 and Figure S6-4). We used ascorbic acid 

(AA) as the hole scavenger to generate a photocurrent upon optically exciting the TiO2 

photoelectrode. In both channels, an anodic current is generated, which was decreased upon 

functionalization with probe DNA. The anodic current is generated due to the annihilation 

of the photo-generated holes in TiO2 by AA, and the movement of electrons from the 

conduction band of TiO2 to the ITO electrode.422 Modifying the electrode surface with 

biorecognition elements decreases the PEC signal by hindering the access of AA to the 

electrode surface.434 
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Figure 6-2: Photoelectrochemical characterization of the two sensing channels (a) IPCE spectrum of the 

photoactive electrode after probe attachment and after hybridization with Au NP-labelled complementary 

DNA targets (inset shows the absorption spectrum of Au NPs and TiO2 NPs and the spectral range of the 

light source). (b) Representative PEC curves of the photoelectrode obtained using chopped light 

chronoamperometry at 0 V bias versus Ag/AgCl, before modification, following modification with 15-mer 

or 20-mer probe, and after hybridization with a 25-mer complementary or non-complementary Au NP-

labelled target. The photoelectrodes were illuminated at 395 nm for 20 seconds starting at 20s (light on) and 

ending at 40 s (light off) with 0.1 M ascorbic acid in 0.1 M phosphate buffered solution used as the supporting 

electrolyte. The inset schematically demonstrates photoelectrochemical readout process. (c) Bar plots 

summarizing the percentage change in photocurrents following hybridization of 15-mer and 20-mer channels 

with Au NP-labelled complementary (C) and non-complementary (NC) targets. Error bars represent one 

standard deviation with experiments performed using at least three separate devices. 

As hinted by the IPCE results, striking differences were observed in the signal change when 

the 15-mer and 20-mer channels were hybridized with complementary 25-mer DNA 

targets. The 15-mer channel demonstrated a signal increase (~177%), whereas the 20-mer 

channel yielded a signal decrease (~48%). It should be noted that incubating the probe-

modified electrodes with non-complementary target produced a small signal decrease 

(~2%) in both channels (Figure 6-2(b), (c)), demonstrating the specificity of this readout 

strategy and its applicability to biosensing. The incubation of the probe-modified 

electrodes with non-complementary DNA strands served as a control experiment to 
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examine the effect of non-targeted Au NP-labelled DNA sequences on the generated PEC 

signal.   

X-ray photoelectron spectroscopy (XPS) analysis of both channels showed gold to be 

present at the electrode surface at 0.2 at% (Supplementary Figure S6-5). Although this does 

not directly measure the amount of the Au NPs present at each channel, it provides a 

representative snapshot of the amount of gold at the electrode surface, suggesting that the 

Au NP amounts are similar in both channels. This indicates that the observed differences 

in signal change on the 15-mer and 20-mer channels are not due to the difference in the 

surface concentration of Au NPs on these two channels. 

The signal-on versus the signal-off response observed on the 15-mer and 20-mer channels, 

respectively is hypothesized to be related to the different separations and collision 

probabilities experienced between the Au NPs and the TiO2 matrix on the two channels.  

In our designed architecture, following hybridization, the 15-mer channel holds a 15 

nucleotide double stranded segment with an estimated length of 5 nm and a 10 nucleotide 

single stranded segment with a length of 3.33 nm (Figure 6-1a). On the 20-mer channel, 

the 20 nucleotide double stranded segment is estimated to be 6.67 nm in length, and the 5 

nucleotide segment is estimated to be 1.66 nm in length (Figure 6-1a). Double stranded 

DNA is considered to be significantly more rigid than single stranded DNA having the 

same number of nucleotides.435 It is hypothesized that because a larger portion of the DNA 

nano-spacer is single stranded for the 15-mer channel compared to the 20-mer channel, 

there is a smaller average separation between the Au NP and TiO2 surface.  
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Previous voltammetric studies performed using redox labelled-DNA constructs anchored 

on the electrode surface using a six-carbon (C6) linker indicate that the rotational motion 

of double stranded DNA (dsDNA) around the surface anchoring point allows the redox 

label to sufficiently approach the electrode for successful electron transfer.432 Additionally, 

the probability of electron transfer is influenced by the length of the linker that connects 

the redox label to the DNA strand, with longer linkers resulting in increased electron 

transfer.431 This system can be envisioned as a double hinged system with a spring-like 

anchor (C6 linker, Hinge 1), rigid rod-like structure (dsDNA), and a flexible signaling 

linker connecting the DNA to the label (Hinge 2). Given that our system uses a C6 linker, 

includes a double stranded segment, and is terminated by a ssDNA segment conjugated 

with a Au NP, it can be modelled using the abovementioned double-hinged system (Figure 

6-3(a)). For the 15-mer channel, the single stranded portion of the target DNA is 40% of 

the total nominal DNA length; whereas for the 20-mer channel, the single stranded portion 

constitutes only 20% of the total nominal construct length. This indicates that the 20-mer 

channel includes a longer rod-like segment and a shorter flexible portion, which will have 

a dual effect on the probability of charge transfer between the Au NP and the TiO2 matrix. 

The longer rod-like segment increases the bending radius of the DNA construct, and the 

shorter flexible segment decreases the probability of Au NP/electrode collisions. We 

expect this dual effect to result in a smaller probability of charge transfer between the Au 

NP and the TiO2 matrix for the 20-mer channel in comparison with the 15-mer channel. 

In order to calculate the relative collision rate of Au NPs with TiO2, we performed 

conformational analysis of the DNA nano-spacers on the 15-mer and 20-mer channels 
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considering the worm-like chain model.435 We modeled the DNA nano-spacers on each 

channel by considering each nano-spacer as two separate DNA segments (ssDNA and 

dsDNA) with different persistence lengths (Supplementary Figure S6-6). Although this 

model considers probe DNA to be anchored on a planar substrate, it is expected to provide 

an estimate of the relative collision rate for the rough surface used in this work due to the 

stochastic motions of the DNA strands. This model indicates that a 5.77-5.83 times higher 

collision rate is expected on the 15-mer channel compared to the 20-mer channel. 

Our experimental results demonstrate that signal enhancement occurs on the 15-mer 

channel, while signal decrease is seen on the 20-mer channel. We hypothesize that, on 

average, a larger number of Au NPs directly contact the TiO2 surface more often on the 

15-mer channel than on the 20-mer channel. This difference in signal generation on the 

two channels is evident despite the uneven surface of the TiO2 electrodes because the 

measured current is a collection of the aggregated response of all the nanoparticles present 

at the electrode surface. 

We further explored whether direct contact between Au NPs and TiO2 electrodes would 

result in an enhancement in photocurrent, similar to what was observed on the 15-mer 

channel. we designed an experiment in which Au NPs were deposited directly on the TiO2 

electrodes. Au NPs directly deposited on TiO2 electrodes showed a higher photocurrent 

compared to bare TiO2 electrodes (Supplementary Figure S6-7). Additionally, the IPCE 

spectrum (Supplementary Figure S6-7) obtained on bare and Au NP-modified TiO2 

electrodes showed a similar behavior to that observed on the 15-mer channel, further 
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corroborating that direct Au NP/ TiO2 contact could be responsible for the photocurrent 

enhancement seen on this channel. 

Previous studies have demonstrated that Au NPs in direct contact with TiO2 substrates alter 

the carrier lifetime measured on the TiO2 surfaces due to the increased  recombination 

probability.370 We measured the changes in carrier lifetime by performing electrochemical 

impedance spectroscopy (EIS) on the two channels before and after hybridization. The 

phase diagram of EIS shows a positive phase shift after hybridization which delineates a 

decrease in carrier lifetime on the 15-mer channel, whereas no significant shift is observed 

for the 20-mer channel (Supplementary Figure S6-8). Reduction of carrier lifetime between 

probe-modified and hybridized electrodes is calculated as 46.8% and 2.1 % for the 15-mer 

and 20-mer channels, respectively. The change in carrier lifetime suggests that Au NPs are 

directly contacting the TiO2 NPs on the 15-mer channel, which is not observed on the 20-

mer channel. This is in line with our hypothesis that the Au NPs on the 15-mer channel 

have a higher chance of collision with the TiO2 NPs compared to the 20-mer channel.  

To understand the link between the changes in the DNA motional dynamics and the PEC 

response of the two channels, we consider the possible mechanisms for signal generation. 

Upon optical excitation of this Au-TiO2 NP complex, electron/hole pairs are generated at 

the surface of TiO2 NPs and interband carriers are generated in Au NPs350 as the d-band 

energy lies only 2.4 eV below the Fermi levels of Au436 (Figure 6-3(b)). When Au NPs are 

in proximity or contact to the surface of a semiconductor, it is possible to induce multiple 

effects on the photocurrent of the semiconductor,352,367 including catalysis, surface 
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passivation, Fermi-level equilibration/photocharging, incident energy absorption,437 

plasmonic-enhancement (light scattering, hot electron injection318, enhanced 

semiconductor absorption due to local electric field enhancement,389 plasmon-induced 

resonance energy transfer (PIRET)), and Förster resonance energy transfer (FRET).367,438 

Regarding the signal increase observed on the 15-mer channel and noting that catalysis is 

insignificant in our electrolyte system, we consider Fermi-level 

equilibration/photocharging, light scattering, plasmonic hot electron injection, enhanced 

semiconductor absorption due to local electric field enhancement, and PIRET. Since the 

gold nanoparticles are 12 nm in size (Supplementary Figure S6-9), plasmonic light 

scattering is negligible.367,438 Enhancement of the local electric field at the surface of 

AuNPs through localized surface plasmon resonance can enhance the photocurrent induced 

in TiO2 nanoparticles through radiative and non-radiative (PIRET)365,438 mechanisms.367 

Radiative energy transfer from metal NPs to the semiconductor enhances absorption cross-

section by enhancing electron-hole pair generation in the semiconductor.389 However, for 

smaller Au NPs (diameter <30 nm) such as those used here, the efficiency of radiative 

energy transfer drops significantly, making it an unlikely enhancement mechanism.367 

PIRET is the non-radiative energy transfer process that can increase the electron-hole pair 

in TiO2 NPs.365,438 PIRET occurs as a result of dipole-dipole coupling between the plasmon 

of the metal NP and the electron-hole pairs in the semiconductor due to the spectral overlap 

of the plasmonic resonance band of the metal NP and the semiconductor’s absorption 

band.336 Cushing et al. performed an experiment using transient absorption spectroscopy 

to investigate whether charge transfer or PIRET is the dominant mechanism for 
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photoconversion efficiency enhancement in the metal NP-semiconductor hetojunctions.365 

It was shown that there is no detectable PIRET effect for the wavelength range of 350-750 

nm when Au NP is in contact or proximity with TiO2. PIRET requires strong dipole 

generation in a metal, which occurs by exciting plasmons. From the absorption spectra of 

Au NPs (Figure 6-2(a)-inset), it can be seen that the significant plasmon excitation occurs 

in the range of 515-525 nm. Due to the fact that the UV excitation used in this work (395 

nm) does not include the plasmonic band of Au NPs (in the range of 515-525 nm), we can 

exclude PIRET mechanism for the photocurrent enhancement seen in 15-mer 

channel.365,367 It is important to note that although our materials architecture is not identical 

to that used in Cushing’s work, in both cases, the TiO2 shows an absorption tail at 395 nm 

(the excitation wavelength used in this work) and the plasmonic excitation of the gold falls 

within the 515-530 nm range. 

Hot electron transfer and Fermi-level equilibration/photocharging are both potential 

mechanisms for signal enhancement, suggesting that the 15-mer/25-mer DNA construct 

enables direct charge transfer to occur between the Au NPs and TiO2 matrix.365,439 A large 

shift in the flat band potential (~140 mV) observed in the 15-mer channel after target 

hybridization (Figure 6-3(c)) compared to the much smaller shift in the 20-mer channel 

confirms that there is a larger probability for direct charge transfer in the 15-mer compared 

to the 20-mer case. This potential shift was not evident when unlabelled target DNA was 

used (Supplementary Figure S6-10), indicating the importance of the interaction between 

Au and TiO2 NPs. The shift in flat band potential has been previously observed in Au NP 

modified semiconductors and is attributed to Fermi level equilibration,320,354 which occurs 
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due to the metal deposition at the semiconductor electrode (Figure 6-3(b)) and the direct 

charge transfer from the semiconductor to the metal. 

Photocharging occurs when light-induced electrons move from the semiconductor 

conduction band to the surface of Au NPs, and is a special case of Fermi level equilibration 

under light excitation.321,352 This directional electron movement occurs if the Fermi energy 

of Au NPs lies below the conduction band energy of TiO2,
427 which is the case in our 

experiments (Figure 6-3(b)). Au NPs have been reported to exhibit this electron-sink 

(photocharging) effect and can minimize charge recombination owing to enhanced charge 

separation (Supplementary Figure S6-11).360,426 This enhanced charge separation is 

supported by the increased carrier density observed from the slope of the Mott-Schottky 

curve measured after hybridization on the 15-mer channel (Figure 6-3(c) and 

supplementary Table S6-1). 

Hot electron injection or the direct transfer of excited charge carriers also explains the 

signal enhancement seen on the 15-mer channel, in which there is a large probability for 

direct electron transfer.331 Hot holes/electrons are generated by plasmon dephasing367,438 

with the energetics of the hot carriers depending on the excitation energy 

(Intraband/interband excitation).375,394 The energy of the hot electrons is higher for 

intraband excitation; whereas hot holes are more energetic for interband excitation90,356,375 

that is used in our experiments.349,350 It is hypothesized that interband d-sp transitions in 

the Au NPs following UV excitation generate highly energetic hot holes and hot-electrons 

that are capable of taking part in redox reactions.359,363,440 For interband transitions, the 
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energy of the hot holes can be as high as (EF-Au - h𝜈excitation), whereas the energy of hot 

electrons lies near the Fermi level of Au,363 where EF-Au denotes the Fermi level of Au NPs 

and νexcitation is the excitation wavelength. These hot holes, generated at the surface of the 

Au NPs can directly oxidize AA in conjunction with the holes generated upon UV 

excitation of the underlying TiO2 matix.389,441 Interband hot electrons can also have 

sufficient energy to overcome the Schottky barrier at the Au-TiO2 interface and therefore 

the electrons can move from Au NPs to the TiO2 matrix.442 This phenomenon can also 

increase the anodic current generated and collected at the 15-mer channel.  

Regarding the signal decrease observed on the 20-mer channel, we expect the DNA 

motional dynamics to lower the probability of direct charge transfer between the Au NPs 

and the TiO2 matrix. Consequently, photocharging and plasmonic hot electron injection 

can be considered negligible. The 12 nm Au NPs can strongly absorb the incident light;443 

however, the energy uptake by the Au nanoparticles cannot transfer to TiO2 due to the low 

probability of charge transfer. Therefore, these gold nanoparticles partially block the 

incident light received by TiO2, leading to the reduction of photocurrent in TiO2. Moreover, 

DNA labelled Au-NPs are negatively charged444 and sterically and electrostatically hinder 

the access of AA to the electrode system, which reduces the system’s electrochemical 

activity.  

To confirm that the change in photocurrent is driven by the probability of charge transfer 

between the Au NPs and TiO2 matrix and is not sequence-specific, we designed an 

experiment where the longer probe sequence (20-mer) was hybridized with a longer Au 
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NP-labelled target sequence (34-mer). In this case, the target/probe length ratio was kept 

the same as the 15-mer/25-mer channel. Similar to the 15-mer/25-mer complex, the 20-

mer/34-mer DNA construct demonstrated a signal increase upon hybridization 

(Supplementary Figure S6-12), indicating the importance of the length ratio between the 

single stranded and double stranded segments of DNA complexes in controlling their 

interaction with the electrode surface. In order to further verify that the signal-on and 

signal-off responses were related to the different collision probabilities experienced 

between the Au NPs and the TiO2 matrix on the two channels, hybridization experiments 

with Au NPs attached to the proximal end of the target DNA were conducted. It was 

hypothesized that a similar enhancement in photocurrent would be exhibited in both the 

15-mer and 20-mer channels as the Au NPs, when positioned at the proximal end of the 

DNA target, would have very similar interactions with the TiO2 NPs. As expected, PEC 

measurements (Supplementary Figure S6-13) revealed similar enhancements in 

photocurrent (~174.33% and ~172.38% on the 15-mer and 20-mer respectively) on both 

channels, thereby confirming that the signal-on and signal-off responses were related to the 

different collision probabilities experienced between the Au NPs and the TiO2 matrix on 

the two channels.  
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Figure 6-3: The physics of differential signaling in the 15-mer and 20-mer channels. (a) Schematic diagram 

of the molecular building blocks of the 15-mer and 20-mer channels by considering the dsDNA as a rod-like 

structure and ssDNA as a flexible string-like structure on a model planar surface. (b) Band diagram and 

Schottky contact formation at the TiO2-Au interface (left). Valence and conduction band energy level for 

TiO2 and Fermi energy level for Au NP are drawn with respect to vacuum and the normal hydrogen electrode 

(NHE) (right). Ascorbic acid oxidation potential is depicted here using a dotted red line. (c) Mott-Schottky 

(1/C2 vs. voltage) plots for 15-mer and 20-mer channels, before and after hybridization with the Au NP-

labelled 25-mer target. 
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We used the knowledge obtained from this DNA nano-spacer study to create an ultra-

sensitive differential DNA biosensor. For this purpose, we integrated the 15-mer and 20-

mer channels onto a single spatially-multiplexed substrate (Figure 6-4(a)), allowing both 

channels to be interfaced with a single solution. As expected, when a heterogeneous 

solution containing both complementary and non-complementary DNA sequences was 

introduced to the device (target drop), the electrodes on the 15-mer channel showed a PEC 

current that monotonically increased with increasing the concentration of complementary 

DNA, whereas the 20-mer channel demonstrated a monotonically decreasing current 

(Figure 4(a)). We then plotted the percentage change that was measured on each channel 

before and after the introduction of blank and target drops containing 100 aM-1 nM of 

complementary DNA suspended in the blank solution (Figure 6-4(b)). Additionally, we 

plotted the differential response of the device by adding the magnitude of changes obtained 

using the 20-mer and 15-mer channels. This differential processing increased the signal 

magnitude at every target concentration point. For example, a signal change of 186% for 

the 15-mer channel at 1 nM was increased to 227% upon differential processing. Moreover, 

this signaling strategy increased the sensitivity of the measurement from 14% per log for 

the 15-mer channel and 7% per log for the 20-mer channel to 23% per log for the 

differential approach (Supplementary Figure S6-14) resulting in a limit-of-detection of 800 

aM, with a log linear dynamic range of three decades, which is significantly enhanced 

compared to previous semiconductive/plasmonic DNA biosensors using a single channel 

(Supplementary Table S6-2). 
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The Stability of both channels was evaluated by illuminating the electrodes after target 

recognition repeatedly for 15 cycles for a period of 600 s (Supplementary Figure S6-15). 

Through this repeated cycling, both of the15-mer and 20-mer channels showed stable 

photocurrents with relative standard deviations of 1.35 % and 1.29 %, respectively.  

 
Figure 6-4: Differential biosensing enabled by DNA nano-spacers. (a) Illustration of the spatially-

multiplexed differential biosensor design (top) and the corresponding PEC data for various concentrations of 

target 25-mer Au NP-labeled DNA on the 20-mer and 15-mer channels (b) Signal change obtained upon 

incubation with blank and target drops on the 15-mer and 20-mer-channels. The differential signal changes 

are calculated by adding the magnitude of signal changes obtained from the 15-mer and 20-mer channels. 

The inset shows the calibration curve for determining the limit-of-detection. Error bars represent one standard 

deviation, with experiments performed using at least three separate devices. 
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6.5 Conclusions 

In this work, we sought to create a differential photoelectrochemical biosensor that uses a 

single label for obtaining signal-on and signal-off responses on a single multiplexed chip. 

Single stranded DNA probes of different lengths were used as nano-spacers that modulate 

direct electron transfer between Au NP-labelled DNA targets and TiO2 NPs on the 

electrode surface. DNA sensing channels with 15-mer probes demonstrated a signal 

increase upon hybridization with a 25-mer Au NP-labelled target DNA; whereas channels 

with 20-mer probes demonstrated a signal decrease. Measuring the changes in charge 

carrier density and lifetime, as well as theoretical DNA conformation calculations indicated 

that increasing the probe length from 15 to 20 nucleotides significantly reduced the 

probability of direct electron transfer between Au and TiO2 NPs, and is responsible for 

changing the sensor response from signal-on (15-mer) to signal off (20-mer). 

We combined these signal-on and signal-off PEC channels on a single device to create a 

differential DNA biosensor, which increased the device sensitivity by a factor of 1.5 or 3.2 

compared to using only the 15-mer or 20-mer channels, respectively and resulted in the 

remarkable limit-of-detection of 800 aM. Given its performance and reliance on robust 

materials, we expect this differential PEC readout strategy to be applicable to a wide range 

of electrochemical biosensors where enzymes and redox species are currently used as 

labels. Although this study demonstrates a proof-of-concept differential signal transduction 

assay, in the future, it can be extended for analyzing clinically-relevant samples by its 
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integration with DNA machines55,445–448 where target capture is translated to the release of 

Au NP-labelled DNA barcodes.449 
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6.7 Supplementary Information 

 
Figure S6-1: Biofunctionalization of photoelectrodes with 15-mer and 20-mer ssDNA probes by drop-

depositing the target on the electrodes. Green and Red colors are used to emphasize the spatial difference 

among the target solutions. 
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Figure S6-1 shows the photograph of the spatially-multiplexed electrodes. It shows the 

manual modification of separate areas of the photoactive TiO2 electrodes with probe.  

 
Figure S6-2: Determining the bandgap of the TiO2 NP films. The intersection of the slope and x-axis 

determines the bandgap. 

It has been shown that the bandgap of TiO2 nanoparticles (NPs) can be determined from 

diffuse reflectance spectroscopy.1 In this work, the Kubelka-Munk (K-M or F(R)) method 

was applied for the bandgap estimation.2 By plotting (F(R)h𝜈)n as a function of h𝜈, one can 

determine the bandgap. For indirect bandgap, n=0.5, whereas for direct bandgap, n=2. 

From the above plot in Figure S6-2, we determine the bandgap of the P25-TiO2 NPs used 

in this work to be 3.09 eV.  
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Figure S6-3: Irradiance spectrum of the excitation source used in obtaining the PEC measurements 

Figure S6-3 shows the irradiance spectrum of the LED flashlight used in this work for 

exciting the photoelectrodes. Peak wavelength of the excitation is determined as 395 nm. 

 
Figure S6-4: Difference of the IPCE values obtained before and after target hybridization for the (i) 15-mer 

and (ii) 20-mer probes. 

The differential IPCE value is calculated to illustrate the wavelength (Figure S6-4) 

variation of hybridization-induced signal change. 

 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

166 
 

 
Figure S6-5: XPS analysis of the 15-mer and 20-mer channels. Both channels showed similar amount of Au. 

Figure S6-5 shows the spectra obtained by X-ray photoelectron spectroscopy (XPS) 

technique for the 15-mer and 20-mer channels. Presence of Au NPs on the channels can be 

confirmed from the characteristic Au 4f spectral line at 83.8 eV. XPS intensity for both 

channels are similar, which indicates relatively similar amount of surface Au atom on both 

the 15-mer and 20-mer channels. 

 

Figure S6-6: Schematic model depicting the DNA structure used in this work having two separate sections 

(ssDNA and dsDNA) with different persistence length. 
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Figure S6-6 shows the schematic model of the DNA structure after hybridization. The 

contour length, L of the DNA is 8.34 nm (25-mer) as each base-pair is shown to be 0.34 

nm in length.3 The overall structure has four sections: C6 linker, dsDNA, ssDNA, Au NP. 

Length of the C6 linker is considered to be 1 nm.4 The diameter of the Au NP used in this 

study is 12 nm. The length of the dsDNA is denoted by l, which is 5 nm for 15-mer channel 

and 6.67 nm for 20-mer channel. The motion of the structure is governed by the stochastic 

motion of the dsDNA and ssDNA sections. Therefore, the angle between electrode and 

dsDNA (𝛼), and the angle between dsDNA and ssDNA (𝛽) will vary with the movement 

of these two sections. Rivetti et al. showed that the end-to-end distance, R, of the two DNA 

polymer sections with different flexibility can be calculated as:5 

< 𝑅2 >= 2𝑃1𝑙 (1 −
𝑃1

𝑙
(1 − 𝑒

−
𝑙

𝑃1)) + 2𝑃2(𝐿 − 𝑙) × (1 −
𝑃2

(𝐿 − 𝑙)
(1 − 𝑒

−
(𝐿−𝑙)

𝑃2 ))

+ 2𝑃1𝑃2 (1 − 𝑒
−

𝑙
𝑃1) (1 − 𝑒

−
(𝐿−𝑙)

𝑃2 ) 

Here, P1 is the persistence length of the dsDNA (45-55nm)3 and P2 is the persistence length 

of ssDNA (2 nm)6. In order to calculate the collision rate, we calculate the distance, d from 

electrode to Au NP. Au NP will be in contact with TiO2 if d is equal zero. The combination 

of angle 𝛼 and 𝛽 for which the distance (d) becomes negative is considered not real and 

therefore neglected.  

From the above model, distance can be calculated as: 

𝑑 = (1 + 𝑙) ∗𝑠𝑖𝑛 𝑠𝑖𝑛 (90 − 𝛼)  − (𝐿 − 𝑙 + 𝑅𝐴𝑢) ∗ 𝑠𝑖𝑛 (𝛼 + 𝛽 − 90) 
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Where, RAu is the radius of Au NPs, which equals 6 nm for this calculation. 

By following the above procedure relative collision rate for 15-mer channel to 20-mer 

channel was calculated. The collision rate for 15-mer channel is 5.77-5.83 times higher 

than the 20-mer channel. 

 
Figure S6-7: Photoelectrochemical comparison between TiO2 and TiO2 – Au NP samples. (a) IPCE spectrum 

of the photoactive electrodes (b) PEC curves of the photoelectrodes obtained using chopped light 

chronoamperometry. Both measurements were performed at 0 V bias versus Ag/AgCl and the electrolyte 

used was 0.1 M ascorbic acid in 0.1 M phosphate buffer solution. 

TiO2 matrix was modified with Au NPs by using electrostatic attraction. TiO2 substrates 

were immersed into Polydiallyldimethylammonium chloride (PDDA) solution which will 

have positive surface charge and then the substrates were immersed into Au NP solution. 

Figure S6-7a shows the IPCE spectrum of the samples before and after modification with 

Au NPs. In this case, Au NPs are directly in contact with TiO2 and therefore we expect the 

behaviour to be similar of 15-mer channel. Chopped light voltammetry at UV showed more 

than 2 times photocurrent enhancement (Figure S6-7b). 
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Figure S6-8: Phase diagram of 15-mer and 20-mer channel before and after hybridization obtained from 

electrochemical impedance spectroscopy (EIS). 

Figure S6-8 shows the phase diagram on both 15-mer and 20-mer channel before and after 

hybridization with a 25-mer Au NP-labelled complementary target using electrochemical 

impedance spectroscopy (EIS). From the phase response measured using EIS, we can 

deduce the carrier lifetime as: 

𝜏 =
1

2𝜋𝑓𝑝𝑒𝑎𝑘
 

where fpeak is the peak frequency for the capacitor element in the phase vs. log frequency 

curve of the Bode plot (Figure S6-8). We observed that after target hybridization on the 

15-mer channel, fpeak shifted towards higher frequency, indicating a decrease in carrier 

lifetime. Whereas, for the 20-mer channel, no significant shift in the peak frequency was 

observed. For probe-modified substrate, carrier lifetime is 13.9 ms, whereas after target 

introduction carrier lifetime becomes 7.4 ms for the 15-mer channel and 13.6 ms for the 

20-mer channel. The carrier lifetime significantly decreased for the 15-mer channel and 

experienced a much smaller change for the 20-mer channel. 
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Figure S6-9: Au NPs used in this work imaged using transmission electron microscopy (TEM) showing an 

average size of 12 nm. 

Figure S6-9 shows TEM image of Au NPs. The diameter of the Au NPs were determined 

as 12 nm. 

 
Figure S6-10: Mott-Schottky plot for the hybridization of un-labelled 25-mer DNA targets on the 15-mer 

channel. 
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Figure S6-10 shows the Mott-Schottky plot with an un-labelled 25-mer target DNA 

hybridized on the 15-mer channel. Both the slope and flat-band potential remain unchanged 

after target hybridization. From the Mott-Schottky plot, flat-band potential and charge 

carrier density were calculated using the following formula:7 

                                 
1

𝐶2
=

2

𝜀𝜀0𝐴2𝑒𝑁𝐷
(𝑉 − 𝑉𝑓𝑏) 

Where, 𝜀 and 𝜀0 are the dielectric constant of the semiconductor and vacuum permittivity, 

respectively. ND is the charge carrier density, Vfb is the flat band potential, C is capacitance 

and A is the area of the electrode. The values of the carrier density and the flat-band 

potentials for different experimental conditions are given in Table S6-1: 

Table S6-1: Flat-band potential (Vfb) and charge carrier density (ND) for the 15-mer and 20-mer channels 

Material-architecture Vfb-probe 

(mV) 

Vfb-target 

(mV) 

ND-probe (cm-3) ND-target (cm-3) 

15-mer channel with AuNP labelled 

complementary target 

-790 -650 1.29 x 1017 2.69 x 1017 

20-mer channel with AuNP-

labelled complementary target 

-785 -760 1.28 x 1017 1.43x 1017 

15-mer channel with AuNP labelled 

non-complementary target 

-770 -770 1.30 x 1017 1.31 x 1017 
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Figure S6-11: Schematics illustrating Photocharging process. Under light excitation, conduction band 

electrons move to Au NPs and improve electron-hole separation. Ec and Ev denotes the conduction band and 

valence band position, respectively. EF denotes the fermi-level position. Holes (h+) from TiO2 oxidize 

ascorbic acid (AA) to produce photocurrent 

Figure S6-11 shows the photocharging process. UV excitation generates electron-hole (e- 

- h+) pairs in the TiO2. The Au NPs act as an electron sink thereby allowing the conduction 

band electrons (e-) to move from the TiO2 to the Au NP, thus enhancing electron-hole 

separation. This in turn, increases the charge carrier lifetime and consequently the 

photocurrent. 

 
Figure S6-12: Bar plot illustrating the percentage change in photocurrents following hybridization of the 20-

mer probes with 34-mer Au NP-labelled complementary targets. The error bars represent standard deviation 

from at least three separate trials. 
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Figure S6-12 shows the photocurrent change when 34-mer AuNP-labelled complementary 

targets were hybridized with electrodes having 20-mer probe. The same trend as the 15-

mer channels hybridized with 25-mer AuNP-labelled target was also seen for the 34-mer 

case. An enhancement in signal of 64 % was seen for the complementary case while a 

decrease of 28 % observed for the non-complementary case. 

 
Figure S6-13: Hybridization experiments with Au NP attached to the proximal end of 25-mer DNA and 

hybridized with 15-mer and 20-mer probes. (a) Schematic illustration of (i) 15-mer and (ii) 20-mer channels 

after hybridization with AuNP-labelled target. (b) Photocurrent enhancement for 15-mer and 20-mer 

channels. 
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Figure S6-13a shows the schematics of both 15-mer and 20-mer channels when hybridized 

with AuNP-labelled target where Au NP is attached to the proximal end of the target. As 

it can be seen from the schematics, in both channels, Au NP is expected to directly contact 

the TiO2 nanoparticles surface. Figure S6-13b shows the bar plot of the photocurrent 

enhancement after target introduction for the systems used in a). As the Au NP is expected 

to contact TiO2 in both 15-mer and 20-mer channels, we observe similar signal 

enhancements in both channels. 

 
Figure S6-14: Calibration curves for the (a) 15-mer and (b) 20-mer channels for various concentration of 

target DNA as tested in Figure 6-4. 

The linear regions of the calibration curve as shown in Figure S6-14 were fitted using the 

following equations: (a) ∆𝐼 (%) = 14.56𝑙𝑜𝑔𝐶 + 0.98; correlation coefficient 95.2%, (b) 

∆𝐼 (%) = 7.78𝑙𝑜𝑔𝐶 + 4.57; correlation coefficient = 99.8%. 

A summary of the recent works for developing PEC DNA sensor using plasmonic 

properties is provided in Table S6-2. As can be seen from the table, implementing dual 

channel strategy helps to achieve sub femtomolar sensitivity. 
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Table S6-2: Summary of the recent PEC DNA sensor utilizing plasmonic properties of metal NPs 

Semiconductor-

Plasmonic 

material 

Target 
Sensing 

Approach 
Channels LOD, linear range References 

CdS Quantum dots 

-Ag Nanocluster 

DNA 

 

Signal Off 

 

1 

 

0.3 pM, 1pM – 10nM 8 

TiO2-x – Au NP DNA Signal On 1 0.6 pM, 1pM – 10nM 9 

Polymer dots – Au 

NP 

DNA 

 

Signal off 

 

1 

 

0.97 fM, 1 fM – 10pM 10 

TiO2 NP – Au 

Nanorod 

Micro-

RNA 
Signal On 1 

20 fM, N/A 

 

11 

TiO2 NP – Au NP DNA Signal On 2 0.8 fM, 1fM – 100fM This work 

 

 
Figure S6-15: Stability test of both 15-mer and 20-mer channels over 15 illumination cycles 

Figure S6-15 showed the photocurrent density measurement over 15 illumination cycles. 

The period of each cycle was 40s with 50% times of illumination. Both 15-mer and 20-mer 

channel showed stable photocurrents. 

 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

176 
 

Chapter 7 Developing strategies for biosensing without target labeling 

Chapter Introduction (Objective IV) 

In Chapter 6, we demonstrated the development of a PEC biosensor for ssDNA detection, 

where the target ssDNA strand was labelled with Au NPs. Techniques for labeling targets 

are time consuming, expensive and requires complicated sample handling procedure and 

hence not suitable for POC application.450,451 In this chapter, we developed a label-free 

bioassay for nucleic acid detection and verified the assay with electrochemical transduction 

technique. Electrochemical biosensors are one of the most popular and well-studied 

diagnostic device platforms.25,452–454 A signal-on electrochemical transducer's limit-of-

detection is often compromised due to the high signal to noise ratio because of 

environmental interference. We sought to overcome this limitation by designing a bioassay 

which provides a signal output that is inversely proportional to the analyte concentration. 

This allows us to attain a higher signal-to-noise ratio for low concentration of targets as 

compared to its signal-on analogue whose readout signal magnitude is proportional to the 

target concentration.455,456 Methylene blue (MB) labeled ssDNA was used as a signal 

generation barcode, which is introduced after the target hybridization- and occupies the 

available capture sites, after target recognition, in the electrode. In this assay design, the 

background signal before the final readout is negligible as there is no MB in the system 

before the introduction of signal generation barcode. MicroRNA 200b – a well-studied 

potential biomarker for prostate cancer detection and prognosis – was used as model 

analyte.457–459 We also challenged the sensing platform with exosomes collected from 

human prostate cancer cell lines and urine samples. In addition, we showed that this assay 
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is able to detect microRNA directly from urine by using commercial lysis buffer, 

eschewing the intricate and technically challenging exosome extraction procedures. 

Authors: Sudip Saha, Susann Allelein, Richa Pandey, Paula Medina-Perez, Dirk 

Kuhlmeier and Leyla Soleymani 

Publication: To be submitted in 2021. 

7.1 Abstract 

Numerous microRNAs (miRNAs) may act as tumor suppressors or oncogenes in human 

cancer. Recent biomarker discovery studies have demonstrated that tumor-associated 

miRNAs can be tracked in a minimally invasive manner, making this cluster of small non-

coding RNAs an ideal candidate for diagnosis, prognosis, and personalized treatment of 

cancers.  The electrochemical transduction approach offers potential to fabricate low-cost, 

reliable, and point-of-care devices for micro-RNA detection in comparison to the 

conventional PCR-based assays. In this work, we report the novel design of a bioassay to 

detect human miRNA 200b from extracellular vesicles collected from different human 

prostate cancer cell lines and urine samples. Enhanced electrochemically active surface 

area is achieved by electro-depositing gold (Au) nanostructures on star-shaped Au 

electrodes. At the first step, miRNA 200b is hybridized with the capture probe on the 

electrode. After that, methylene blue (MB) tagged single stranded DNA, with a sequence 

similar to the miRNA 200b is introduced on the electrode. The amount of MB-tagged DNA 

that can bind with a capture probe is inversely proportional to the concentration of miRNA 

200b. Here we demonstrated that this bioassay could detect the miRNA 200b as low as 122 
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aM in clinical samples. This method offers great potential in the low-cost sensitive 

detection of miRNAs. 

7.2 Introduction 

Improved cancer management including early-stage diagnosis, accurate prognosis, patient-

centered treatment selection, and recurrence monitoring remain challenging for several 

types of cancer.460–462 Liquid biopsy has demonstrated great promise for improved cancer 

management as it enables frequent and long-term patient assessment owing to its 

minimally-invasive nature.462,463  Among biomarkers analyzed in liquid biopsy, circulating 

tumour cells, cell-free nucleic acids, metabolites, and extracellular vesicles (EVs),464,465 

EVs are particularly important due to richness and diversity of the biological cargo they 

carry: proteins, lipids, nucleic acids such as microRNAs (miRNAs).466–468 Among these 

cargos, miRNAs are considered as potential biomarkers for both diagnosis and prognosis 

of several diseases including cancers,459,469 endometriosis,470 infectious diseases471 etc.  

They have been shown to regulate gene expression at the post-transcriptional level of the 

messenger RNAs and thereby impact various cellular functions such as cell growth and 

death, cell differentiation, and cell-to-cell communication.472,473 Because of the capability 

of modulating gene expression in tumorigenesis, miRNA expression profile of the patients 

showed significant difference compared to healthy individual at the early stage of disease 

progression.474 Moreover, miRNA expression levels have shown to be correlated with the 

different stages of the disease and therefore act as suitable biomarker for prognosis 

application..467,475 It should also be noted that the miRNAs encapsulated in EVs are 
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protected from degradation due to the lipid layer.468 Therefore, miRNAs from EVs are 

considered potential biomarker for both diagnosis and prognosis of several cancers.476,477 

The current gold standard for quantifying miRNA is reverse-transcription quantitative 

polymerase chain reaction (RT-qPCR), 458,478,479 a technique that is difficult to implement 

for frequent and continuous disease monitoring at the point-of-care (POC) due to its reliant 

on laboratory technicians, as well as laboratory-scale and expensive instrumentation. 

Electrochemical tests, similar to those used in glucose monitoring, are operated using 

simple and handheld instrumentation, presenting great potential for rapid analysis at the 

POC.52 A major challenge in the direct detection of microRNA – without amplification and 

target labeling –  using electrochemical methods is the low abundance of free and EV-

encapsulated microRNAs that are enhanced or suppressed by only a small fraction in 

cancer patients, resulting in signal changes that are difficult to precisely analyze using 

inexpensive and handheld current readers (potentiostats).480  

Multiple electrochemical platforms have been previously developed for microRNA 

analysis;451,453,472,481 however, most of these assays are designed to generate an 

electrochemical current that decreases with decreasing microRNA concentration. 

Consequently, these assays result in low signal-to-background ratio currents at 

concentrations regimes that are important for microRNA analysis. Herein, we sought to 

develop an assay with an inverse relationship between the target microRNA concentration 

and the current magnitude. This inverse concentration-to-signal assay was developed by 

integrating two separate but correlated hybridization events. First, unlabelled miRNA 
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targets were captured on single stranded DNA (ssDNA) capture probes immobilized on the 

transducer, and second, the unreacted capture probes were hybridized with signalling DNA 

barcodes that were also complementary to the immobilized capture probes. This design 

would allow miRNA binding at low levels to generate a larger current compared to binding 

at high concentrations.  

Using the newly-developed inverse-concentration-to-signal assay, we analyzed miRNA 

200b, in the synthetic form, in crude EV samples extracted from prostate cancer cells, and 

directly from prostate cancer patient urine samples. With a limit-of-detection (LOD) of 122 

aM, our assay indicated low expression levels of miRNA 200b in the exosomes from 

prostate cells culture and in the prostate cancer patient’s urine samples.  

7.3 Experimental Section 

Materials: Sodium phosphate dibasic (Na2HPO4), Monosodium phosphate (NaH2PO4), 

Phosphate buffer saline (PBS), Chloroauric acid (HAuCl4), Sodium chloride (NaCl), 

Magnesium chloride (MgCl2) 6-Mercapto-1-hexanol (99%) (MCH), Tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP, 98%), Potassium chloride (KCl), Potassium ferrocyanide 

(K4Fe(CN)6), Potassium ferricyanide (K3Fe(CN)6), Triton X-100, and Hydrogen chloride 

(HCl) were purchased from Sigma-Aldrich. P25-TiO2 was obtained from Nippon aerosol 

Co. Ltd. Acetone and Ethanol were purchased from commercial alcohols (Brampton, ON). 

Milli-Q grade (18.2 MΩ cm) double distilled de-ionized (DI) water was used for all 

solution preparation and washing steps. In immunoblotting the following antibodies were 

used: monoclonal mouse anti-human PSMA (Santa Cruz, F-2, 1:1000), CD9 (Biolegend, 
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HI9a, 1:1000), calnexin (BD, 37, 1:1000), TSG101 (BD Biosciences, 51, 1:1000), beta 

actin (ThermoFisher Scientific, 15G5A11/E2, 1:10000), Tamm-Horsfall Protein (THP) 

(Santa Cruz, B-2, 1:1000), CD63 (Biolegend, H5C6, 1:1000) and secondary goat anti-

mouse HRP conjugated antibody (Dianova, 1:10000). 

Electrode Fabrication: Star-shaped nanostructured gold (Au) electrodes were fabricated to 

develop the mIRNA sensing platform. Electrode patterns were designed by CAD software 

and then transferred to vinyl tape (FDC 4301, FDC graphic films, South Bend, Indiana) 

which is put on top of polystyrene sheet (Graphix Shrink Film, Graphix, Maple Heights, 

Ohio) using Robo Pro CE5000-40-CRP cutter (Graphtec America Inc., Irvine, CA). A 100 

nm thin Au layer was deposited on top of polystyrene by using DC sputtering (MagSputTM, 

Torr International). This conductive layer functioned as a seed layer for nanostructure 

deposition. Potentiostatic technique is used for nanostructuring. 10 mM HAuCl4 solution 

was added into 5 mM HCl. This solution was degassed using a vacuum pump before using. 

Sputtered electrodes were electroplated using the three-electrode setup (Pt as counter and 

Ag/AgCl as the reference electrode) by applying -0.7V for 15 min. 

Detection of miRNA in buffer: Probe DNA was covalently attached onto nanostructured 

Au electrodes modified by drop depositing 3µL of 5 µM probe ssDNA. The electrodes 

were incubated overnight at 4°C. 10 mM of MCH was deposited as surface blocker with 

incubation time of 30 min. 3 µL target miRNA of different concentrations were drop 

deposited and incubated for 45 min at 37°C under constant shaking. Finally, 100 nM of 

methylene blue (MB) conjugated DNAs were deposited and incubated for another 45 min 

at 37°C under constant shaking. Electrodes were washed by wash solution (25mM PBS, 
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25mM NaCl) after each step. For both steps of the hybridization, the hybridization buffer 

contains 20 mM MgCl2 in 1X PBS. 

The DNA and RNA sequences used are as follows: 

To-detect miRNA 200b 

Probe DNA:           5'- SH TCA TCA TTA CCA GGC AGT ATT A -3' 

miRNA 200b:           5’-UAA UAC UGC CUG GUA AUG AUG A-3’ 

Signaling barcode for miRNA 200b: 5’-UAA UAC UGC CUG GUA AUG AUG A- 

(methylene blue)-3’  

To detect miRNA 21 

Probe DNA:        5'-SH TCA ACA TCA GTC TGA TAA GCT A -3’ 

miRNA 21:       5’-UAG CUU AUC AGA CUG AUG UUG A - 3’ 

Signaling barcode for miRNA-21: 5’-UAG CUU AUC AGA CUG AUG UUG A – 

(methylene blue)-3’  

 

Non-complementary target:      5’-TTT TTT TTT TTT TTT TTT TTT T-3’ 

 

Limit of Detection Calculation: The highest concentration of signaling barcode (methylene 

blue-tagged DNA) will hybridize when there is no miRNA 200b. Therefore, the highest 

redox peak current will be obtained when hybridizing with the buffer (𝐼𝑛𝑜−𝑡𝑎𝑟𝑔𝑒𝑡). As the 

miRNA 200b concentration becomes higher, less signaling barcode will be able to 

hybridize with the electrode and therefore the redox peak current of methylene blue will 

reduce with the concentration of miRNA 200b. To be able to quantitatively determine the 

target, the signal is defined by the percentage change of methylene blue redox peak current 

when the concentration of miRNA 200b is “x” vs. when there is no miRNA 200b. 

∆𝐼 =
𝐼𝑡𝑎𝑟𝑔𝑒𝑡 𝑤𝑖𝑡ℎ 𝑥 𝑐𝑜𝑛𝑐 − 𝐼𝑛𝑜−𝑡𝑎𝑟𝑔𝑒𝑡

𝐼𝑡𝑎𝑟𝑔𝑒𝑡 𝑤𝑖𝑡ℎ 𝑥 𝑐𝑜𝑛𝑐
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Calculation of limit-of-detection (LOD) was performed by plotting the differential signal 

versus the log of miRNA 200b concentration in the log-linear range from 100 aM to 100 

pM. The log-linear equation of the fitted line is ΔI (%) = 25.4 log10C + 38.3 with a 

correlation coefficient of 98.85%. LOD is calculated by calculating the concentration of 

miRNA 200b, where ΔI becomes equal to the limit-of-blank (LOB). Non-complementary 

target was used to calculate LOB, which is defined as: 

LOB = ΔIblank + 2.575 X σblank 

Where, the factor 2.575 is used to calculate LOD within 99% confidence interval and σblank 

is the standard deviation of the blank signal. 

EV and Urine Sample Analysis: EVs were obtained from the human prostate cell lines 

PNT1A, 22Rv1, LNCaP and PC3. After harvesting, the EVs were diluted in a solution 

containing 1X PBS and 20 mM MgCl2 to ensure that each EV sample has a concentration 

of 1010 particles/mL. Before putting the EVs onto electrodes, EVs were lysed by adding 

1% Triton X100 (lysis buffer) in a 1:4 ratio. The mixture was incubated for 30 min at room 

temperature, while vortexing in every 10 min. 

For the assay in urine samples, the urine was first diluted in a buffer containing 1X PBS 

and 20 mM MgCl2 in order to have creatinine level 0.1 µM. After that 5 µL of lysis buffer 

was mixed into 195 µL of diluted urine. The mixture was kept for 30 min under intermittent 

vortex. This mixture was used as a target solution for the microRNA detection assay. 
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Electrochemical Measurements: Electrochemical measurements were performed with 

PalmSens4 (PalmSens, BV) potentiostat. All electrochemical experiments were performed 

in a three-electrode cell setup, where Ag/AgCl works as reference electrode, Pt as counter 

electrode and nanostructured Au as working electrode. Square wave voltammetry (SWV) 

scan was performed for a potential range of -0.1V to -0.5V to measure the reduction peak 

of MB. The electrochemically active surface area was determined by performing CV scan 

in 0.1 M H2SO4 at a scan rate of 0.05V/s and a voltage range between 0V and 1.5V. 

Electrochemical impedance spectroscopy was performed under open circuit potential in 2 

mM [Fe(CN)6]
4-/3- solution containing 10mM PBS. 

Cell culture and EV concentration: In a humidified atmosphere of 37°C and 5% CO2, cells 

were grown in complete media. 22Rv1, PNT1A and LNCaP cell lines were cultivated in 

RPMI supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin and 

PC3 cell line in Ham´s F-12 with 10% FCS and 1% penicillin/streptomycin. Cell viability 

and mycoplasma PCR test were routinely performed. 

For EV isolation, cells were washed twice with 10 mL PBS at an 80% cell confluence. 

Subsequently, cells were cultivated for 24 h (22Rv1, PNT1A cells) and 30 h (LNCaP, PC3 

cells) respectively, in 30 mL media without FCS per 175 cm2 flask. To remove cells, the 

supernatant was centrifuged for 10 min at 300xg. The cell-free supernatant was stored at -

80°C or directly filtered using a 0.22 µm PES bottle top filter (Millipore) to remove large 

particles followed by ultrafiltration using Centricon-70 centrifugal filters of 100 kDa 

MWCO (Millipore). After pre-washing of the filters with 30 mL PBST (0.1%) twice each 
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by 5 min centrifugation at 3500 x g at 4°C, the filtered supernatant was concentrated at 

1500 x g at 4°C. The centrifugation time depended on the concentration factor and the 

loaded volume (approximately 10 min for 100-fold concentration of initially 60 mL 

supernatant). The ultrafiltrated supernatant was recovered by an up-side-down spin of 2 

min at 1000xg and 4°C. Samples were aliquoted and stored at -80°C. 

Clinical samples: Urine samples from a cohort of 5 prostate cancer patients with a Gleason 

Score (characterizing morphological properties of the tumor) of 8-9, an age in the range of 

62 to 71 years and a Prostate Specific Antigen (PSA) level between 5.4 and 34.5 ng/mL 

were used as clinical samples. Samples from 5 patients, aged 66 to 78, with a PSA level 

below 4 ng/ mL were used as basal controls. Collecting biological plasma samples was 

performed with the approval of the Ethical Committee of the university medical center in 

Mannheim (2015-549N-MA) and the participants provided written informed consent. 

EV concentration from Urine: Sediment-free urine samples, stored at -80°C, were thawed 

overnight at 4°C. The urine samples were centrifuged for 30 min at 3000xg at 4°C, the 

pellet was subsequently resuspended in 1 mL NaCl with 100 mg/mL (w/v) DTT and 

incubated at 37°C for 10 min with vortexing every 2 min. After a second centrifugation 

step for 30 min at 3000xg at 4°C, the resulting supernatant was pooled with the one from 

the first centrifugation step and filtered by a 0.22 µm PES bottle top filter (Millipore). 

Subsequently, ultrafiltration was performed using Amicon 20 centrifugation filter 

(Sartorius) of 10 kDa MWCO. The filters were washed twice with 20 mL PBST by 

centrifugation for 5 min at 3500xg. Urine supernatants were centrifuged for 15 min at 
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3500xg at 4°C and washed with PBS. The ultrafiltrated supernatants were aliquoted and 

stored at -80°C. 

Protein and creatinine quantification assay: Protein concentration of the ultrafiltrated 

urine samples was determined by the Qubit® Protein Assay Kit (Thermo Fisher Scientific) 

according to the manufacturer's recommendations. 10 µL of the three standards and 1 µL 

of the urine samples were incubated in a final volume of 200 µL by adding 1:200 diluted 

working solution. After 15 min at room temperature the protein concentration of the sample 

was analyzed using the Qubit® 4 Fluorometer device (Thermo Fisher Scientific). 

Urine creatinine levels were determined after ultrafiltration using the CREJ2 Creatinine 

Jaffé Gen.2 kit by the automated Roche/ Hitachi comas c311 analyzer (Roche Diagnostics) 

as described in the manufacturer´s manual. 

Nanoparticle Tracking Analysis (NTA): Nanoparticle tracking analysis (NTA) of 

ultrafiltrated samples was carried out by the NanoSight LM-10 (Malvern) using the 

NanoSight NTA 3.0 software. The sample chamber was flushed with 10 mL MilliQ H20 

and 10 mL PBS (gibco) in between the samples. Samples were diluted with PBS in an 

appropriate volume and measured at 25 °C on a stable table ST-140. Three measurements 

of 60 sec were recorded in the capture mode with a gain of 3.9 and a camera level of 13. 

For analysis, the gain and the detection threshold were set to 5. In subsequent experiments 

the particle number was used for normalization. 

Western Blotting : Samples were heated for 5 min at 70°C in 6x Laemmli buffer (0.375 M 

Tris-HCl, 0.6 M DTT, 60% glycerol, 12% SDS, 0.06% Bromphenol blue) prior loading on 
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4 - 20% stain-free SDS-PAGE gels (Bio-Rad). Protein separation according to their size 

was performed by electrophoresis in a mini-chamber (Bio-Rad, Germany) at 80 V for 20 

min followed by 140 V for 100 min in Towbin buffer (0.025 M Tris-base, 0.192 M 

glycince, pH 8.6). After fluorescent activation using the ChemiDoc device (Bio-Rad, 

Germany) total protein staining was observed directly. Next, the gel was prepared for 

transfer to a 0.2 µm nitrocellulose membrane (GE Healthcare) by rinsing twice in ddH2O 

followed by equilibration in cathode buffer (48 mM Tris-base, 39 mM glycine, 20% 

methanol, 0.05% SDS). A sandwich of extra thick Whatman paper and membrane both 

soaked in anode buffer (48 mM Tris-base, 39 mM glycine, 30% methanol) were placed on 

a semi-dry western blot chamber (Bio-Rad, Germany) followed by the equilibrated gel and 

another extra thick Whatman paper soaked in cathode buffer. Protein-transfer to the 

membrane was achieved at 25 V for 45 min. Immediately blocking of the membrane in 5% 

BSA in PBST (0.1%) for 1h at room temperature (RT) was performed prior 1:1000 in 

blocking buffer diluted primary antibody incubation overnight at 4 °C under agitation. 

After three washing steps of 5 min in PBST at RT, the incubation with the secondary HRP-

conjugated anti-mouse antibody (Dianova, Hamburg, Germany) in a final dilution of 

1:10000 in blocking buffer for 1h at RT followed. Before analysis, two washing steps for 

5 min each with PBST and PBS were carried out. ECL substrate (Bio-Rad, Germany) was 

applied and signals were detected by the ChemiDoc device with a suitable exposure time. 

Transmission electron microscopy (TEM): For TEM imaging, 3 µL of ultrafiltration-

enriched EVs were incubated for 1 min at RT on formvar coated electron microscopy 

cooper grids (200 mesh, Plano GmbH). Three H2O washes followed before negative 
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staining using 2% uranyl acetate in H2O for 1 min at RT. Drying was completed after 

removal of excessive liquid and overnight resting of the grids at RT prior to imaging on a 

Libra 120 (Zeiss Microscopy GmbH).  

Scanning electron microscopy (SEM): Nanostructured electrode surface was visualized by 

using FEI Magellan 400 scanning electron microscope (SEM) at Canadian Centre of 

Electron Microscopy (CCEM).  

7.4 Results and Discussion 

To build the inverse signal-to-concentration assay with high sensitivity and specificity for 

miRNA analysis, we developed a high surface area hierarchical transducer made from 

nanostructured gold building blocks assembled into a star-shaped millimeter-sized 

electrode (supplementary Figure S7-1a).296 This hierarchical transducer was modified with 

ssDNA capture probes specific to miRNA200b using gold-thiol chemistry. The detection 

and quantification of miRNA200b was performed by first capturing the unlabelled target 

miRNA using the capture probe followed by incubating the same electrode with the 

signaling barcode, a ssDNA strand modified with a redox species (methylene blue) and 

having the same sequence as the unlabelled target (Figure 7-1a). The signaling barcode is 

designed to hybridize with the unreacted capture probes to generate a signal that is 

inversely proportional to the concentration of the unlabelled target: as the target 

concentration becomes lower, a larger fraction of unreacted probes become available for 

binding the signaling barcode, thus, increasing the measured redox signal. The structure of 

the nanostructured electrodes was examined by scanning electron microscopy (SEM), 
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which confirms the nanostructure formation and hence enhanced surface area (Figure 

7-1b). Electrochemical impedance spectroscopy (EIS) was performed to characterize the 

different steps that were involved in assay engineering (Figure 7-1c).  The charge transfer 

resistance (Rct) - obtained from the diameter of the semicircle480 - of the hierarchical 

transducer increases after the deposition of the capture probe and mercapto hexanol used 

as a surface blocker (Supplementary Figure S7-2), because these molecules hinder the 

access of the negatively charged redox species ([Fe(CN)6]
3-/4-) to the transducer surface via 

electrostatic repulsion and/or steric hindrance.482 The Rct further increases after 

hybridization of the capture probe with the unlabeled miRNA target; however, it decreases 

after binding of the signaling barcode at the transducer surface (Supplementary Table 

S7-1). The redox label, methylene blue, available at the redox barcode improves electron 

transport between the electrode and the electrolyte,483 thus reducing the Rct. 
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Figure 7-1: (a) Schematics illustrating the microRNA detection architecture. (b) SEM image of the 

nanostructured electrodes (inset showed magnified image of the structure). (c) Nyquist diagram showing 

effect of surface change in each step of the microRNA sensor fabrication. (i) Nanostructured Au electrode, 

(ii) After capture probe deposition (iii) After MCH deposition (iv) Hybridization with miRNA 200b (v) After 

incubating with MB-DNA. Inset showing the equivalent circuit models obtained from the EIS data. Rs, Rct, 

Zw and CPE indicate the solution resistance, charge transfer resistance, Warburg impedance and constant 

phase element, respectively. 

The reverse concentration-to-signal assay was interrogated with synthetic miRNA 200b 

within a wide concentration range (100 aM to 100 pM). As hypothesized, the redox peak 

current (observed approximately at -0.3 V vs. Ag/AgCl) monotonically increased with 

decreasing the miRNA concentration (Figure 7-2a). The current change, quantified against 

the blank signal (Ino-target), demonstrated a linear relationship with the log concentration of 

miR-200b in the 100 aM-100 pM range, leading to the remarkable limit-of-detection of 

122 aM (with 99% confidence interval) (Figure 7-2b). A sensitivity of 25.4% /log10 M was 

obtained from the linear fit of the calibration curve. The specificity of the assay was further 
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verified by using 1 pM miRNA 21 as target, which showed large difference in the 

differential signal in comparison with 1 pM miR-200b (supplementary Figure S7-3). 

 
Figure 7-2: Dependence of target concentration in square wave current after introducing signaling barcode. 

All measurements were performed by using 25 mM NaCl in 25 mM PBS solution as electrolyte. (a) 

Representative square wave voltammograms for different concentrations of miRNA 200b. The reduction 

peak at (b) Calibration curve obtained using the percentage difference of redox peak current ((Itarget-Ino-

target)/Itarget) at varying miRNA 200b concentration. The log-linear region of the calibration curve was fitted 

using the equation ΔI(%) = 25.4 log10C + 38.3 with correlation coefficient of 98.85%. Error bars are 

calculated by measuring at least 3 samples. 

To validate the effectiveness of the reverse concentration-to-signal assay in miRNA 

analysis, we sought to analyze cell lines that were expected to contain free circulating and 

vesicular microRNA.484 Four different cell lines, PNT1A, 22Rv1, LNCaP and PC3, were 

selected as they are commonly used for biomarker analysis in human prostate cancer. 

Among these cell lines, PNT1A is normal prostate epithelial cell line,485 whereas 22Rv1, 

LNCaP and PC3 are the human prostate cancer cell lines of separate origins (22Rv1 is 

localized to prostate, LNCaP and PC3 is derived from metastatic tumors).486 The cell lines 

were first processed using ultracentrifugation and ultrafiltration to concentrate the EV and 

remove the cellular background (Figure 7-3a).457,487,488 These processed cell lines were 

subsequently analysed using nanoparticle tracking analysis (NTA), transmission electron 
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microscopy (TEM), and western blotting to characterize the size, morphology, and protein 

markers associated with the EVs. This analysis demonstrated the presence of EVs in the 

50-200 nm size range (Supplementary Figure S7-4). NTA data further provides the 

concentration of EVs in each cell line, which is crucial for normalization before comparing 

the miRNA 200b concentration from the EVs. TEM image shows the presence of EVs in 

the supernatant and further confirms that particle diameters are less than 200 nm (Figure 

7-3b). Additionally, all the extracted EVs were shown positive for CD9 and negative for 

calnexin (Figure 3c), which confirms the successful separation of small EVs from the cell 

lysates.489 It should also be noted that the three cancer cell lines showed higher expression 

of CD9 protein in the EV than the normal cell line (PNT1A) (Figure 7-3c), which is 

expected as  CD9 positive EVs were shown to contribute to the progression of prostate 

cancer because of its role in paracrine signaling.490 Moreover, TSG101 – a luminal EV 

marker491 - is positive for the three cancer cell lines (22Rv1, LNCaP, and PC3) and negative 

for normal cell line (PNT1A).   

In order to release the vesicular miRNA, the processed cell lines were further lysed using 

commercially available lysis buffer (Triton X-100). The processed cell line lysates were 

introduced on the transducer surface and the electrochemical measurements indicated the 

highest miRNA 200b level in the PNT1A cell line (Figure 7-3d and Figure 7-3e). This is 

expected as miRNA 200b is commonly downregulated from normal levels for prostate 

cancer patients.492,493 As expected, the cancer cell lines demonstrated a lower concentration 

of miR-200b as evidenced by the lower ΔI measured by the reverse concentration-to-signal 

assay. In order to validate our result from EVs, we modified nanostructured Au electrodes 
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with capture probe that is complementary with miRNA21. which has been reported to be 

upregulated in prostate cancer.494,495 As expected, ΔI showed higher value in the prostate 

cancer cell lines 22Rv1, LNCaP, and PC3 than normal cell line PNT1A, when modified by 

capture probe complementary to miRNA 21. (Figure 7-3f and Figure 7-3g). 
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Figure 7-3: EV extraction from cell lines and their characterization and electrochemical measurements. All 

measurements were performed by using 25 mM NaCl in 25 mM PBS solution as electrolyte.  (a) Schematics 

showing the steps of the EV extraction procedure from cell lines. (b) Transmission electron micrograph 

obtained from cell line 22Rv1 proving the existence of EVs (indicated by arrow) in the supernatant. Scale 

bar represents 100 nm. (c) Western blot analysis of protein markers (Calnexin, TSG101, and CD9) in small 

EVs. (d) and (e) showed representative square wave voltammograms for different EV-enriched supernatants 

obtained from prostate cell lines and the percentage difference of redox peak current when the 

electrochemical measurements were performed to detect miRNA 200b, respectively. (f) and (g) showed 

representative square wave voltammograms for different cell lines and the percentage difference of redox 

peak current when the electrochemical measurements were performed to detect miRNA 21, respectively. 

Error bars are determined by measuring at least 3 samples. 

In addition to miRNA analysis in processed cell lines, we performed a blinded diagnostic 

study using the reverse concentration-to-signal assay with clinical urine samples from a 

cohort of ten patients (Figure 7-4 and Figure 7-5). Each patient was recognized by an ID 

of 3-digit number (7xx) (Supplementary Table S7-2). Based on diagnosis performed using 

the PSA levels and the Gleason scores, five of these patients were positive and five were 

negative for prostate cancer. Gleason score is determined by performing biopsy of the 

cancer tissue and used as prognostic indicator.488  

The clinical urine samples were processed and characterized using similar methods as used 

with the cell lines (Figure 7-4a), indicating the presence of small EVs in the processed 

samples. The distribution of particle size with 80% of the particles found to be between 

110 and 290 nm in diameter, where the mean diameter size was 194.3±1.3 nm obtained 

from the NTA measurement (Figure 7-4b). TEM image further confirms the existence and 

size of the EVs (Figure 7-4c). Total protein was measured using stain-free gels, indicating 

no significant difference for both benign and cancer patients (Figure 7-4d). In order to 

further characterize the EV content and finding the effectivity of protein marker for patient 

diagnosis, we performed western blot analysis for the EV biomarkers CD9, TSG101, 
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CD63, Beta-actin, PSMA, Calnexin and Tamm-Horsfall Protein (THP) (Figure 7-4d). 

Tetraspanin protein CD9 and CD63, and luminal EV protein TSG101 have been shown as 

highly expressed in cancer cell lines in comparison to normal cell lines and thereby 

considered as biomarker for prostate cancer.490,496 The prostate specific membrane antigen 

(PSMA), located in the cytosol, is over-expressed and shifted to a membrane-bound 

protein.497,498 The expression level of CD9 did not show any difference between the normal 

and patient urine samples. Although, EV extracted from cancer cell lines were CD9 

positive in compare to normal cell line (Figure 7-2c), urinal EV analysis did not show such 

correlation. Both luminal EV protein, TSG101 and tetraspanin protein, CD63 was found in 

all samples except for the healthy donors 743 and 728. It should be noted that the total 

protein for these two patients were also lower than other samples, and therefore, these two 

proteins also do not serve the purpose of urinal biomarker of prostate cancer. Although, 

beta-actin have not been considered as diagnostic protein, some studies found higher 

expression of beta-actin in tumor cells compared to normal one.499,500 All five cancer 

patients are found to be beta-actin positive, whereas the healthy patients are beta-actin 

negative, except patient TW773. Protein bands corresponding to PSMA were detected in 

only 2 tumor samples (777, 767), while the healthy controls showed PSMA bands in 4 of 

the 5 individuals. Therefore, using PSMA for diagnosing prostate cancer from urine is also 

not sufficient to provide specificity. As expected, calnexin (negative control), a protein 

localized in the endoplasmic reticulum and absent in EVs, was not found in any of the 

samples, whereas the urinary protein THP was observed in every sample. Expected 

behavior obtained from the control proteins further confirms successful EV extraction from 
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urine. This characterization demonstrated that none of the protein biomarkers can be 

considered as specific biomarker for prostate cancer when analysis was performed from 

urine EVs. 

 
Figure 7-4: EV extraction from human urine samples and their characterization (a) Depiction of the EV 

extraction steps after collecting urine samples from patients (b) Nanoparticle tracking analysis to determine 

the mean size and concentration of particles. (c)TEM micrograph proving the existence of EV in the 

processed urine samples (Scale bar represents 200 nm). (d) Characterization of the ultrafiltrated samples by 

SDS-PAGE of total protein and by western blot for CD9, TSG101, CD63, beta-actin, PSMA, calnexin and 

THP. Enrichment of EVs from human male urine of healthy donors and prostate cancer patients by 

ultrafiltration (MWCO 10 kDa) shown as scheme. The number at the left indicates the size of the protein 

ladder used. (e) Total concentration of particles, creatinine, and protein for each urine samples. 

However, urine samples range from a very diluted to a very concentrated solution depending on 

the patients drinking behavior and diet.491,501 Therefore, It is important to normalize the individuals 

in order to compare miRNA200b concentration among different urine samples using the developed 

electrochemical sensor. Concentration of EV might not be suitable for normalization due to 
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reported increase in EV release in cancer patients.502 Although, creatinine concentration is 

frequently used for urine biomarker normalization, effectivity of this method for miRNA 

concentration from urine EV is yet to be proved.501,503 Some studies also reported protein expression 

level for urinal EV normalization.491 In order to determine the proper normalization parameter for 

urine samples, we compared both creatinine and protein concentration with total particle 

concentration (indicates a measure of EV concentration) (Figure 7-4e). The particle concentration 

is usually used to indicate EV concentration as there is no standard method for only detecting EV 

from the complex biological matrix. The correlation coefficient between creatinine and EV 

concentration is much higher (83%) than the correlation coefficient between protein and EV 

concentration (46%). Therefore, creatinine concentration was used to normalize urine samples for 

electrochemical analysis.  

 
Figure 7-5: Electrochemical detection of miRNA200b to diagnose prostate cancer patients (a) Schematics 

showing the steps from urine sample collection to electrochemical analysis which only involves lysing the 

sample after normalizing. (B) Percentage of current difference between blank and patient sample.  The error 

bars represent one standard deviation of the redox peak current obtained from three electrodes. 

The analysis of patient urine samples using the reverse concentration-to-signal assay was 

performed by only using the commercially available lysis buffer directly on the collected 

urine (Figure 7-5a). After normalizing the lysed urine samples to creatinine value, it was 

dropped onto the nanostructured Au electrode to determine the current difference from the 

patient samples to the blank solution (Figure 7-5b). Eight out of the ten samples were 
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diagnosed correctly, except TW783 and TW 726. From this two, TW726 was detected in 

our sensor as prostate cancer patient whereas the patient is considered at benign stage 

according to the conventional PSA level, which is 3.9 ng/mL. It should be noted that the 

PSA level is very close to the clinical threshold value of 4.0 ng/mL, which indicates the 

individual may be at the risk of onsetting the cancer progression. 

Receiver operating characteristic (ROC) curve was obtained by plotting the sensitivity of 

the diagnostic tests using the electrochemical approach as a measure of false positive (1-

specificity) to evaluate the sensor performance based on the patient sample data 

(supplementary Figure S7-5). According to this plot sensitivity/specificity combination of 

80/80% was achieved using the revers concentration-to-signal assay. We acknowledge 

that, more reliable clinical performance metrics has to be obtained using a larger number 

of patient samples.   

7.5 Conclusion 

This work introduced a novel bioassay design for electrochemical detection of miRNA. 

Although microRNA 200b is used as the model target in this work, the proposed biosensor 

work can be applied to any single stranded nucleic acid detection (DNA or RNA of length 

15-25 mer). Electrodeposited Au Nanostructure electrodes provide more than an order of 

magnitude higher electrochemically active surface area. These nanostructured electrodes 

help to achieve a limit-of-detection of 122 aM for synthetic micro-RNA in hybridization 

buffer. SEM were used to image the electrodes while EIS was used to verify the stepwise 

modification of the electrodes. These electrodes were then challenged with exosomes 
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extracted from PCa cells and healthy cells. Downregulation of miRNA 200b was observed 

in the PCa cells, which correlated with previous reports in the literature.492,504 However, 

depending on the developmental stage of PCa development, the miR-200b expression may 

vary. This aspect has not been fully understood and requires further investigation. The 

biosensor developed here can also provide low-cost platform for research. Furthermore, 

these electrodes were tested by using urine samples from 10 patients without knowing their 

PSA level before testing (blind-test). The biosensors showed sensitivity of 80% while 

maintaining a specificity of 80%. Therefore, in order to detect more reliably, multiple 

micro-RNA should be used. It should be noted that the quantitative detection of micro-

RNA not only helps us to diagnose the patient, it can also be very useful in the prognosis 

process. 
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Figure S7-1: (a) Sulfuric Acid (H2SO4) scan to determine the surface area of planar and nanostructured 

electrodes. (b) Average surface area and photographs of planar and nanostructured Au electrodes. 

Electroactive surface area was calculated from the CV scan in 0.05M H2SO4.
505 The 

cathodic peak current and area enhanced significantly after hierarchical growth of Au 

nanostructures. Almost 12 times enhanced surface area is obtained (Figure S7-1b). The 

color of the electrodes also changed after the nanostructure formation. 
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Figure S7-2: Experimental data (dots) and fitted with the equivalent circuit model (line) in each step of the 

microRNA sensor fabrication. (a) Nanostructured Au electrode, (b) After capture probe deposition (c) After 

MCH deposition (d) Hybridization with miRNA 200b (e) After incubating with MB-DNA.  

Figure S7-2 shows the EIS data overlapped with the data obtained from equivalent circuit model. 

The equivalent circuit model is in good accordance with the experimental data.  

Table S7-1 : Data obtained from equivalent circuit model in each step of bioassay formation: 

Steps in Bioassay formation Rct (kΩ) CPE (µF) n 

Nanostructured Au 0.72 1.6 0.9 

After Capture probe 34.6 4 0.9 

After MCH deposition 29.8 3 0.93 

After target hybridization 64.5 1.1 0.83 

Hybridization with MB-DNA 48.5 1.3 0.87 

 

Table S7-1 lists the parameter that was obtained from the circuit model. 

 
Figure S7-3 : Differential signal obtained when hybridized with miRNA-200b, miRNA-21 and poly T 

Figure S7-3 showed the differential signal obtained by running the bioassay where miRNA 

21 and poly T is used as non-complementary target. The concentration of the nucleic acids 

was kept at 1 pM. miRNA 21 is used to test the specificity as it is found to be upregulated 

for prostate cancer cells.494,506 
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Figure S7-4: Nanoparticle tracking analysis of the extracellular vesicles obtained from human cell lines. (i), 

(ii), (iii) and (iv) show the mean size and concentration of particles for cell lines PNT1A, 22Rv1, LNCaP and 

PC3, respectively. 

Figure S7-4 shows the nanoparticle tracking analysis (NTA) characterization data for the 

supernatant collected from human cell lines PNT1A, 22Rv1, LNCaP and PC3. NTA 

analysis found similar concentration of EVs in all four cell lines. 

Table S7-2: Table showing information about PSA level and medication is being used by the patients and the 

decision from the electrochemical sensor developed in this work 

Patient 

Identification 

Number 

Condition 

(Gleason Score) 

Decision From 

Nanostructure Au 

Electrode 

PSA Level 

(ng/mL) 

Current 

Medication 

726 Benign Patient 3.9 Urorec 

728 Benign Benign 2.99 Duodart 

743 Benign Benign 0.95 No medication 

751 Benign Benign 3.5 Urorec 
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Table S7-2 lists the PSA level, Gleason Score and the current medication received by the 

patients. The electrochemical test was performed without being informed these parameters. 

After the electrochemical tests, the data was obtained to verify the test result. The Red line 

showed where the electrochemical device has wrong detection. It is noted that 8 of the 10-

sample showed correct detection of miRNA 200b. 

 
Figure S7-5: Receiver Operating characteristic (ROC) curve for the electrochemical test performed on 10 

urine samples.  

773 Benign Benign 0.93 No medication 

767 Patient (9) Patient 6.8 Finasterid 

772 Patient (9) Patient 6.71 No medication 

777 Patient (9) Patient 34.50 Urorec 

782 Patient (9) Patient 5.4 No medication 

783 Patient (8) Benign 28 Tamsulosin 
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Chapter 8 Photoelectrochemical detection of nucleic acid from urine samples 

Chapter Introduction (Objective IV) 

In Chapter 7, we demonstrated electrochemical nucleic acid sensing by introducing a 

redox-labeled DNA strand to the electrode surface. The current readout obtained in this 

approach was inversely proportional to the analyte concentration. In this chapter, we have 

utilized a similar bioassay design for PEC transduction. In this instance, the nanostructured 

Au electrodes were replaced by mesoporous TiO2 electrodes, used in the previous chapters, 

with Au NP labeled DNA strands acting as signal-amplification-barcodes (SABs). The 

PEC readout strategy used in this chapter enabled us to combine the photocurrent change 

following target hybridization and SAB introduction. These two signals were combined to 

develop a differential sensing strategy. The differential strategy used in Chapter 6, has been 

shown to improve the sensitivity and LOD of the assay. By utilizing differential signaling 

here, we were able to detect single and double base-mismatches in the target sequence. 

Unlike the differential device used in Chapter 6, a single electrode is utilized to facilitate 

this process. Finally, this strategy worked effectively in human urine samples, with an LOD 

of 3 fM and 5 fM achieved for the target DNA spiked both in buffer and human urine 

samples, respectively. 

Authors: Amanda Victorious, Sudip Saha, Richa Pandey and Leyla Soleymani (Equal 

contribution with Amanda Victorious) 

Publication: Published in Angewandte Chemie in Jan 2021 
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8.1 Abstract 

PEC biosensors hold great promise for sensitive bioanalysis; however, similar to their 

electrochemical analogues, they are highly affected by the variable backgrounds caused by 

biological matrices. We developed a new PEC biosensing strategy that uses differential 

signal generation, combining signals from two separate but correlated binding events on 

the biosensor, for improving the limit-of-detection, sensitivity, and specificity of PEC 

DNA biosensors in biological samples. In this assay, the binding of unlabeled target DNA 

is followed by the capture of a signal amplification barcode featuring a plasmonic 

nanoparticle. The interaction of the plasmonic barcode with the semiconductive building 

blocks of the biosensor results in significant signal amplification, and together with 

differential signal processing enhances the limit-of-detection and sensitivity of the assay 

by up to 15 and three times, respectively, compared to the previously-used PEC assays 

with a single binding event, demonstrating a limit-of-detection of 3 fM.  

8.2 Introduction 

Photoelectrochemical (PEC) biosensors have been heavily explored over the past decade 

due to their promise for improved signal-to-noise ratio and enhanced limit-of-

detection.285,419,507 These biosensors translate specific biorecognition events into a change 

in the output PEC signal.419,508 As with their electrochemical analogues, the limit-of-

detection of PEC transducers is often compromised due to signal fluctuations caused by 

environmental interferents and minute variations in experimental conditions.78,82,509 In 

response, ratiometric or differential assays, combining two or more PEC signals, have been 
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implemented to reduce the effect of interference and experimental variations, enhance 

detection accuracy at trace analyte concentrations, and improve analysis 

reliability.371,421,424  

The existing ratiometric PEC biosensors typically use multiple photoactive species – signal 

reporters230,232,424 or labels421 – that need to be activated at various voltages230,232 or 

wavelengths421 in order to obtain multiple signal readings for each biorecognition event. 

Although this multi-species approach is effective in increasing the signal-to-noise ratio of 

PEC biosensors, it increases the complexity of the measurement instrumentation and the 

calibration algorithms needed to deal with the varying baseline signals and chemical and 

optical stability observed when multiple photoactive materials are used in a single system.  

For PEC biosensors to be translated from the laboratory to the market, it is highly desirable 

for high sensitivity and specificity to be paralleled with facile operation and 

instrumentation. As a result, new approaches for ratiometric/differential PEC signal 

transduction using a single photoactive species, operated at a single voltage using a single 

light source are needed. 

Several PEC biosensors have recently been developed that use the interaction between 

plasmonic nanoparticles (NPs) such as Au and Ag with semiconductive photoelectrodes to 

translate biomolecular recognition to a change in the PEC signal.224,251 Among these, 

systems that use robust and stable materials are highly desired for use in biosensing devices 

that undergo multiple washing, incubation, and potential scan steps. Au/TiO2 systems offer 

excellent chemical and photostability and have been used in protein,510 heavy metal,511 

glucose512 and nucleic acid detection.340 The major role of Au NPs in these sensing systems 
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is to improve the photoconversion efficiency of the functionalized TiO2 electrodes upon 

biorecognition, thereby enhancing the photocurrent. Depending on the assay design, 

different roles – injection of hot charge carriers, extending the light absorption range, and 

excitation of charge carriers in TiO2 via plasmon energy transfer –  can be played by the 

Au NPs upon target binding to modulate the photocurrent.312,513,514 More specifically, 

biorecognition causes the Au NPs to either come into proximity515 of (signal-on) or move 

away312 from (signal-off) the TiO2 electrodes. However, these bioassays only focus on 

harnessing the modulation of photocurrent influenced by Au NPs.  

In this work, we sought to answer the question: Is it possible to effectively utilize and 

combine photocurrent modulation – both upon the capture of the unlabeled target and the 

binding of a plasmonic barcode (Au NP-modified DNA strand) – to achieve improved 

analytical sensitivity? 

We aimed at developing a differential biosensor using the TiO2/Au system, using Au NPs 

as the sole PEC species. To achieve this, we investigated the use of two subsequent and 

correlated PEC measurements. First, we measured the change in PEC current induced by 

the binding of an unlabeled target to a probe DNA. Second, we measured the additional 

PEC current change obtained when the unreacted probes were bound to a signal amplifying 

barcode (SAB) generated from AuNP-labeled DNA strands, for signal amplification. The 

signal changes measured during the two binding events were differentially combined to 

enhance the limit of detection (LOD) of the system. The use of SAB as an amplification 

sequence builds on the premise that plasmonic NPs in direct contact or close proximity to 

semiconducting materials possessing favorable energetics, modulate carrier lifetime,365,516 
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thus, altering the PEC current. Using this differential strategy, the influence of background 

contributions is effectively suppressed, which in turn enhanced sensitivity by more than 

three times and LOD by 14 times compared to an analogues assay that measured a single 

binding event.   

8.3 Experimental Procedure 

Materials and Reagents: Phosphate buffer solution (PBS, 0.1 M, pH 7.4), Potassium 

ferricyanide(III) (K3Fe(CN)6), potassium hexacyanoferrate(II) trihydrate 

(K4Fe(CN)6.3H2O) , L-ascorbic acid (99%), sodium chloride (NaCl), Magnesium chloride 

(MgCl2), ethanolamine (MEA), chitosan (CHIT, from shrimp, degree of deacetylation of 

85%, Mw=200,000), glacial acetic acid, 3,4-dihydroxybenzlaldehyde (DHB), 

Hexaammineruthenium (III) chloride (Ru(NH3)Cl3), Tris buffer, 4-arm polyethylene 

glycol (PEG) with molecular weight 5000 (PEG-5K), and tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP, 98%) were purchased from Sigma-Aldrich. P25-titanium dioxide 

(TiO2) was obtained from Nippon aerosol Co. Ltd. Acetone and Ethanol were purchased 

from commercial alcohols (Brampton, ON). Milli-Q grade (18.2 MΩ-cm) de-ionized (DI) 

water was used for all solution preparation and washing steps. 100 nm indium tin oxide 

(ITO) glass slides were purchased from Sigma-Aldrich. 

Preparation of surface-modified TiO2 Nanoparticles (NPs): TiO2 NPs were prepared using 

the protocol reported by Victorious et al.[1] Briefly, 3gL-1 CHIT solution was prepared in 

1% acetic acid. A 16gL-1 DHB solution was prepared in DI water. A DHB-modified CHIT 

solution was prepared by maintaining the mass ratio of 4:1 for DHB:CHIT. This solution 
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was obtained by adding DHB solution to the CHIT solution. Finally, 60 mg of P25-TiO2 

was added to 15 ml of the DHB-modified CHIT solution. 

TiO2 substrate preparation: ITO glass substrates were treated with air plasma for 1 minute. 

Prior to the plasma treatment, substrates were masked using vinyl tape for separating 

contact area and electrode area. This was also used to ensure the uniformity of the 

geometric surface area of the electrode. TiO2 films were prepared by placing 10 µL of the 

surface modified TiO2 solution onto the ITO substrate surface and subsequently baking at 

95°C for 5 minutes. This last step was repeated 3 times. Finally, the electrodes were washed 

and then air dried before using. 

Gold (Au) nanoparticle synthesis: Citrate capped Au NPs were synthesized according to 

the protocol reported by Grabar et al.345 Briefly, aqueous gold chloride (HAuCl4) solution 

(1 mM) was mixed with 38.8 mM trisodium citrate solution with a volume ratio of 10:1. 

This solution was heated under vigorous stirring for 10 min, and then the stirring was 

continued for additional 15 minutes without applying heat. The diameter of prepared Au 

NPs was approximately 12 nm. 

AuNP-DNA conjugation: DNA conjugation with Au NPs was accomplished by using the 

protocol provided by Zhang et al.[3] Briefly, 1 ml of 1.2 nM AuNPs was resuspended in 10 

mM PBS (pH 7.0). A 100 µM solution of thiolated DNA was reduced by mixing 1 µl of 

10 mM TCEP with 35 µl of the DNA. DNA was incubated in this solution for 30 minutes. 

Reduced thiolated DNA was added to the AuNP solution and this was incubated for 16 

hours at room temperature. After the incubation step, 10 mM PBS and 2 M NaCl solutions 

were added to the DNA mixture as slowly as possible to make the final salt concentration 
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as 0.1 M NaCl. This solution was incubated for 40 hours at room temperature. This solution 

was occasionally shaken in order to avoid aggregation. Finally, the solution was washed 

three times and resuspended in 10 mM PBS with 0.1 M NaCl (pH 7.0) and stored at 4°C.  

Photoelectrochemical (PEC) Characterization: PEC measurements were conducted in a 

three-electrode electrochemical cell using a Zahner CIMPS system. Optical excitation was 

achieved using a 405 nm LED from the tunable optical light source (TLS03).  A Pt wire 

was used as the counter electrode, Ag/AgCl as the reference electrode, and the deposited 

TiO2 photoelectrode as the working electrode. All PEC measurements were performed at 

an applied potential of 0 V (vs. Ag/AgCl). The electrolyte used for all PEC measurements 

was 0.1 M PBS with 0.1 M ascorbic acid (AA), where AA served as hole scavenger. Period 

of light excitation was 40s with a 50% duty cycle (illumination time 20s). Baseline 

correction was performed on the measured photocurrents prior to plotting to the data for 

the manuscript figures.  

Electrochemical Characterization: Electrochemical impedance spectroscopy (EIS) 

measurements were performed on the Zahner potentiostat under the open circuit potential. 

The measurements were performed within the frequency range of 100 kHz to 0.1 Hz in a 

solution containing 2 mM [Fe(CN)6]
3-/4-, 0.1 M PBS, and 0.1 M KCl. Cyclic voltammetry 

was performed by using 10 mM PBS as electrolyte and 50 mV/s scan rate. 

Probe Density measurement: The Probe density of the DNA modified TiO2 electrodes was 

measured by following the protocol described by Steel et al.517 In short, chronocoulometry 

was performed sequentially in 10 mM Tris-buffer and in 100 µM Hexaammineruthenium 

(III) chloride in 10 mM Tris-buffer, on the DNA modified photoelectrodes. From the two 
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graphs, the difference between y-axis intercepts were measured to determine the charge 

(Q) of the redox marker (Ruthenium ion in this case). From the charge, surface density of 

the redox marker is calculated using the following formula: 

𝑄 = 𝑛𝐹𝐴Г
0
 

Where, n indicates the number of electrons per molecule for a redox reaction, F is the 

faraday constant, A is the area of the surface, and Г0 is the density of adsorbed ruthenium 

ion. Redox marker density can be converted to DNA probe coverage using the following 

formula: 

Г
𝐷𝑁𝐴

=Г
0

(
𝑧

𝑚
) 𝑁𝐴 

Where, ГDNA is the density of probe, m is the number of bases in probe DNA, z is the 

charge of the redox molecule, and NA is the Avogadro’s number. 

DNA hybridization experiment: Electrodes were modified with probe DNA by drop 

depositing 35 µl of 1 µM single stranded probe DNA and incubated for 3 hours at room 

temperature. Afterwards, a 1 mM MEA solution was deposited as a surface blocker with 

an incubation time of 50 minutes. A 20 µl solution of unlabeled target DNA with different 

concentrations was drop deposited on the electrode and incubated for one hour at room 

temperature. Finally, a 100 pM solution of the AuNP-conjugated DNA (signal 

amplification barcode (SAB)) was deposited on the electrode and incubated for another 40 

minutes at room temperature. After each step, electrodes were rinsed in a wash solution 

(25 mM PBS, 25 mM NaCl). Percentage change of the photocurrent was calculated in two 

steps. After target deposition, the measured percentage decrease in signal is: 
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∆Itarget = Itarget – Iblock 

%∆Itarget = (∆Itarget X 100)/Iblock 

‘%∆Itarget’ indicates the percentage change in photocurrent following hybridization of the 

unlabeled target with immobilized probe, while ‘Iblock’ and ‘Itarget’ represent the signals 

obtained following MEA incubation and target hybridization, respectively. Similarly, 

percentage increase after SAB hybridization is calculated as follows: 

∆ISAB = ISAB– Itarget 

%∆I SAB = (∆I SAB X 100)/Itarget 

Here, ‘%∆ISAB’ indicates the percentage change in photocurrent upon SAB binding by 

available probe sites following target hybridization. ‘ISAB’ represents the signal obtained 

following the anchoring of SABs at the photoelectrode surface.    

The signal for the developed bioassay (%ΔIdiff) is the algebraic sum of both percentage 

changes calculated above and is computed according to the following equation: 

%ΔIdiff = %∆Itarget + %∆I SAB 

The DNA sequences used in this work are as follows: 

Probe DNA:                 5‘-NH2-AGG GAG ATC GTA AGC-3‘   

Complementary target:  5‘-TTT TTT TTT TGC TTA CGA TCT CCC T-3‘ 

Non-complementary (NC) target:  5’-TTT TTT TTT TTT TTT TTT TTT TTT T-3’ 

DNA for Au NP conjugation: 5‘-SH-TTT TTT TTT TGC TTA CGA TCT CCC T-3‘ 

1-base mismatch:        5’-TTT TTT TTT TGC ATA CGA TCT CCC T-3’ 
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2-base mismatch:  5’-TTT TTT TTT TGC ATA CGA TGT CCC T-3’ 

Sensitivity and Limit-of-Detection (LOD) Calculations: In order to determine the LOD of 

the assay, we plotted the photocurrent change (%ΔIdiff) versus the log of target 

concentration in the linear range (1 fM – 100 pM) for both steps of hybridization. These 

changes are algebraically added to obtain the differential signal. The linear equation for the 

regression line is %ΔIdiff  = -49 log10C + 173 with a correlation coefficient of 97.97% when 

the target is in the buffer and %ΔIdiff =  -25 log10C + 106 with a correlation coefficient of 

99.84% when the target is in diluted urine. The correlation coefficient for both cases is 

written in Figure 3(b).  The limit-of-blank (LOB) was calculated as [4]: 

LOB = μB  − 1.645 * σB 

Here, ‘μB’ is the mean and ‘σB’ is the standard deviation of the background signal, i.e., the 

signal obtained upon incubation of the photoelectrodes with non-complementary target 

DNA. The LOD was calculated by determining the concentration where the ‘%ΔIdiff’ value 

of the regression line becomes equal to the LOB. This was done using the following 

equation: 

𝐿𝑂𝐷 = 10
𝐿𝑂𝐵−𝑥

𝑚  

Here, ‘𝑥’ is the x-intercept of the regression line while ‘m’ denotes the sensitivity of 

detection and was obtained from the slope of the regression line of the LOD curve.  

Similarly, for the signal-off assay, the photocurrent change (%ΔItarget) versus the log of 

target concentration in the linear range (1 fM – 100 pM) was plotted following target 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

214 
 

hybridization alone. The linear equation for the regression line obtained for this data set is 

%∆Itarget  = -14 log10C - 3 with a correlation coefficient of 98.83% when the target is in the 

buffer and %∆Itarget =  -8 log10C - 4  with a correlation coefficient of 99.13% when the 

target is in diluted urine. The LOD was calculated by determining the concentration where 

the ‘%ΔItargef’ value of the regression line becomes equal to the LOB. The LOB and LOD 

of the signal-off assay were then calculated as per the aforementioned protocol.  

Urine Sample Analysis: Urine samples were collected from a healthy patient cohort. The 

urine was diluted 10 times and the target DNA was spiked into the diluted urine. All 

experiments were performed using the methods in the previous section, except for the 

shortened, 40-minute, hybridization time. 

Plasma Sample Analysis: Human plasma was donated by the Canadian Plasma Resources 

(Saskatoon, Canada). Target DNA (1 pM) was spiked into the 5 times diluted plasma 

samples. All experiments were performed similarly to the Urine sample analysis, except 

1mM PEG-5K was used as the surface blocker instead of 1 mM MEA. 

8.4 Results and Discussion 

We created the differential PEC biosensor by combining two sequential but correlated 

binding events on a single photoelectrode. A porous network of TiO2 NPs was deposited 

on ITO substrates to create the photoelectrode, yielding the initial photocurrent profile 

(Figure 8-1a(i)). These photoelectrodes were then bio-functionalized with 15-nucleotide 

long single stranded DNA (ss-DNA) probes and subsequently blocked with 

monoethanolamine (MEA) to prevent nonspecific adsorption. The immobilization of probe 
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DNA on the photoelectrode surface was verified using chronocoulometry and the probe 

coverage was measured as 5 x 1011 molecules/cm2 (Supporting Figure S8-1). 

A resulting decrease in photocurrent was anticipated following bio-functionalization due 

to the induction of steric hindrance between the photoelectrode and the species in the 

electrolyte (Figure 8-1a(ii)). Upon incubation with 25-mer complementary DNA targets 

(unlabeled), hybridization occurs between a fraction of the total probe population and the 

targets, leaving behind a population of available unhybridized probe strands. A further 

decrease in photocurrent is expected due to steric hindrance (Figure 8-1a(iii)). The SAB 

strand is then hybridized with the available probe strands. The length of the ssDNA probe 

(15-mer) is shorter than the length of the SAB strand (25-mer), with the resulting DNA 

complex containing both double and single stranded regions.431,435 It has been previously 

demonstrated that the Au NPs on the SAB have a high probability of coming into direct 

contact with TiO2 NPs owing to the dynamic motion of the DNA complex used in this 

work.340 Direct contact between Au and TiO2 NPs facilitates charge transfer between the 

two particles, thereby enhancing the anodic photocurrent (Figure 8-1a(iv)).331,351 The 

presented DNA sensing approach, involving two hybridization steps, presents two benefits: 

1) the target DNA strand does not need to be labeled prior to introduction on the chip, and 

2) the combination of the signal changes induced from the two hybridization steps is 

expected to increase the assay sensitivity (Figure 8-1(b)). It should be noted that this two-

hybridization approach makes it possible for the SAB binding to result in the displacement 

(completely or partially) of the target strands.518,519 Partial hybridization of the SAB with 

the existing target-hybridized probes  becomes more probable at longer nucleic acid 
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strands.518,520 Under the conditions used here, the use of a 15-mer DNA probe, a 25-mer 

DNA target, a 25-mer SAB strand with the same sequence as the target strand, and a room 

temperature hybridization step, we expect less than 10% of target strands to be removed 

by the SAB strand,518,519 thus not making competitive strand replacement a significant 

contributor to the assay performance. As a result of the assay design, we expect it to be 

ideally-suited for detecting short nucleic acid targets such as microRNA (18-25 mer) or 

short DNA barcodes released from DNA machines.449 MicroRNAs have been identified as 

clinically important diagnostic biomarkers for various diseases including cancer521,522, 

cardiovascular conditions,523  and infectious diseases.471 

 
Figure 8-1: The operation of the differential PEC biosensor (a) Schematic illustration depicting the 

development of the PEC biosensor with the expected change in photocurrent profile depicted at each stage 

of sensing. A scanning electron micrograph (SEM) demonstrates the photoelectrode surface structure (bottom 
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left). (i) Baseline photoelectrodes are created via solution deposition of TiO2 NPs onto ITO substrates, 

yielding an anodic photocurrent upon 405 nm illumination (ii) Bio-functionalized photoelectrodes are created 

by depositing 15-mer DNA probes on photoactive TiO2 substrates, yielding a decrease in photocurrent. (iii) 

25-mer nucleotide targets are hybridized onto the transducer, resulting in a further decrease in photocurrent. 

(iv) Introducing SABs gives rise to an amplified photocurrent following hybridization. (b) A depiction of the 

combination of signals following target and SAB hybridization to yield the differential signal processing 

scheme used in this study. 

The differential sensor design was verified by measuring the photocurrent and charge 

transfer resistance in each step of the sensor development process (Figure 8-2). For the 

photocurrent measurements, we used an LED light source with an excitation wavelength 

of 405 nm and an intensity of 160 W/m2. Ascorbic acid (AA) was used as the hole 

scavenger to generate anodic current upon optically exciting the electrode (Figure 8-2a). A 

45% photocurrent decrease was observed after probe deposition due to the steric hindrance 

of AA caused by the single stranded capture probe (Figure 8-2b).434 Subsequently, MEA 

was used to block the unbound sites of the working electrode which further decreased the 

photocurrent by 35% as MEA impedes the access of AA to the surface of TiO2 

nanoparticles. Following this, target DNA was introduced on the surface and a 45 % 

photocurrent reduction was observed. As target DNA hybridizes with the capture probe on 

the photoelectrode, it further hinders the access of AA (Figure 8-2a). Finally, a 105 % 

enhancement in photocurrent was observed upon the introduction of the SAB to the 

substrate (Figure 8-2b). Enhancement of photocurrent under UV excitation has been 

reported in similar systems due to Fermi level equilibration as optically-excited electrons 

from the conduction band of the semiconductor move to the Au NPs, thereby reducing the 

carrier recombination rate.321,352 Optical excitation at 405 nm can also generate hot electron 

and hot holes via d-sp transition in Au NPs.92,390,395 It is possible that these hot holes 
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directly oxidize AA, while the hot electrons are  transferred to TiO2 NPs, thereby increasing 

the photocurrent (Figure 8-2a). 

Electrochemical impedance spectroscopy (EIS) at open circuit potential was also used to 

characterize the stepwise fabrication process of the proposed assay design (Figure 8-2c). 

The charge transfer resistance (Rct) of the photoelectrode decreased by 78% after DNA 

probe attachment (Supporting Table S 8-1 and Supporting Figure S8-2). This is contrary 

to the usual observation found in the literature where probe immobilization increases 

Rct.
217,524,525 A study reported by Imani et al. showed that the addition of ssDNA on 

dopamine modified TiO2 NPs results in a higher electron transfer rate due to the quantum 

mechanical tunneling effect by bridging the molecular medium between the donor and the 

acceptor sites of ssDNA and TiO2 NPs, respectively.402 Therefore, the observed reduction 

in Rct in this work can also occur due to the amine-modified ssDNA covalently bonding 

with the aldehyde groups on the 3,4-dihydroxybenzlaldehyde (DHBA) linker on the TiO2 

NP surface having the same linker chemistry as dopamine, thereby enhancing the 

probability of quantum tunneling. It has also been hypothesized that DNA functionalization 

reduces carrier trapping sites by passivating the semiconductor (TiO2) surface, thereby 

reducing charge recombination.526 In order to further validate this finding, we performed a 

study by performing cyclic voltammetry (CV)  in 0.1 M phosphate buffer (PBS) to show 

changes in charge transfer kinetics (Supporting Figure S8-3). This study showed that the 

amount of stored charges in the photoelectrodes were increased from 0.59 mC to 0.72 mC 

after DNA functionalization, indicating longer lived excitons. Similarly, the addition of 

MEA as a surface blocker further decreased the charge transfer resistance by 43%. Upon 
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the hybridization of target DNA, the Rct increased by 110%, which is attributed to increased 

steric hindrance between the redox species in the solution and the surface of the 

photoelectrode.214 Introduction of the SAB resulted in a 33% decrease in Rct, which is 

attributed to improved charge transfer kinetics due to the addition of Au NPs into the 

electrode film.427,527 

 
Figure 8-2: Photoelectrochemical signal generation on the differential DNA biosensor. (a) Schematics 

showing the mechanism for photocurrent generation (i) bare TiO2 electrode (ii) after hybridization with 

complementary target (iii) after hybridization with SAB (b) Photocurrent measurement after each step of the 

biosensor operation with 1 pM target in buffer using a 405 nm LED as excitation source at 160 W/m2. All 

photocurrent measurements were performed at 0 V bias vs. Ag/AgCl. using 0.1 M ascorbic acid (AA) in 0.1 

M PBS as electrolyte at each step of the biosensor construction. (c) Electrochemical impedance spectroscopy 

measurements were performed in dark at open circuit potential vs. Ag/AgCl reference electrode using 2 mM 

[Fe(CN)6]3-/4- in 0.1 M PBS and 0.1 M KCl as electrolyte. The equivalent circuit based on the shape of the 

Nyquist diagram is shown in the inset. Charge transfer resistance between the redox couple and the electrode 

is denoted by Rct, which can be determined from the diameter of the semicircle. Rs, Zw and CPE denote the 

solution resistance, Warburg impedance and constant phase element, respectively. 

To assess the ability of the differential PEC biosensor in analyzing DNA targets, we 

analyzed unlabeled DNA targets within a concentration range of 1 fM to 100 pM. As 

expected, when a solution containing target DNA was introduced to the device, the 

electrodes showed a PEC current that monotonically decreased with increasing target 

concentration (Figure 8-3a). As the concentration of target DNA in the first hybridization 

step decreases, there is a larger population of residual unhybridized probes, allowing more 
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SAB strands to bind to the photoelectrode yielding a signal increase. As expected, this 

signal increase is larger at lower target DNA concentrations (Figure 8-3a, b(i)).  

The differential PEC sensing strategy is then developed by combining the photocurrent 

change after target and SAB binding steps. More specifically, the absolute value of 

photocurrent decrease after target hybridization was subtracted from the absolute value of 

photocurrent enhancement after SAB binding. The differential signal for each 

concentration was plotted to generate a calibration curve (Figure 8-3b). A linear fit to the 

calibration curve yields a sensitivity of 49 % / log10 M and LOD of 3 fM in buffer. The 

reverse signal-to-concentration effect observed here, where the largest signals are obtained 

at the lowest concentrations, allows high signal-to-noise ratios to be obtained at low 

concentrations that are often needed for clinical analysis, a feature that is not possible with 

traditional sandwich assays. This increase in signal at lower concentrations comes with the 

inherent drawback of differential signal processing: the experimental errors obtained from 

each measurement accumulate in the differential signal, leading to a loss of precision at all 

concentrations. Additionally, the use of two hybridization steps increases the overall assay 

time; however, preliminary experiments demonstrate that it may be possible to reduce the 

duration of each hybridization step (Supporting Figure S8-4). 

In order to assess the applicability of the differential biosensor in analyzing DNA targets 

in complex biological matrices, we spiked target DNA at various concentrations into 

healthy patient urine (Figure 8-3c-d). The differential assay yielded a sensitivity of 25 %/ 

log10 M and LOD of 5 fM in urine. Both LOD and sensitivity deteriorate moderately in 
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urine compared to buffer (less than a factor of two). This can be attributed to the biofouling 

of the photo electrode caused by the biological components present in urine.528 

Adding the signal amplification step using the SAB significantly enhances the LOD of the 

system in both buffer (from 11 fM to 3 fM) and urine (from 73 fM to 5 fM) compared to 

using a single target binding step (Supporting Figure S8-5). The large enhancement in LOD 

(~15 times) observed in urine indicates that the differential signaling strategy is particularly 

important for compensating for the performance loss that is observed in complex biological 

samples. In addition to LOD, the differential strategy enhanced the assay sensitivity by 

about three times compared to the single binding assay for both buffer and urine samples. 

We further challenged the bioassay by spiking 1 pM target DNA into human blood plasma 

(Supporting Figure S8-6). It should be noted that the bioassay utilized polyethylene glycol 

(PEG), in place of MEA, to reduce non-specific adsorption at the biosensor surface. The 

photocurrent changes observed after incubating the sensor with the target and SAB strands 

were similar to when human urine was used, indicating the potential use of this assay for 

biomarker detection in blood plasma. 

To assess the specificity of the nucleic acid biosensor and its ability in distinguishing 

between fully-matched and mismatched targets presenting point mutations, detection was 

carried out for targets with sequences having 1-base, and 2-base mismatches with the 

original sequences. The photocurrent changes obtained following each hybridization stage 

(after target and SAB binding) were then evaluated against those obtained for a perfectly 

complementary and a fully mismatched sequence tested in the same manner (Figure 8-4).  
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Figure 8-3: Limit-of-detection and sensitivity of the differential assay. All photocurrent measurements were 

performed at 0 V versus Ag/AgCl in 0.1 M ascorbic acid in 0.1 M PBS as electrolyte, illuminated using a 
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405 nm LED excitation source at 160 W/m2 (a, c) PEC graphs demonstrate signal responses following target 

and SAB binding in PBS and urine respectively. (b, d) Jitter plots (i) demonstrating the signal changes 

obtained from target and SAB binding in buffer and urine respectively, obtained from (a) and (c). 

Representation of the differential signal (ii) obtained from the data presented in (i). The linear region of the 

calibration curve of the PBS graph was fitted using the equation  ∆I % = -49 log10C + 173 (correlation 

coefficient of 97.97%) while the equation ∆I % = -25 log10C + 106 ( correlation coefficient of 99.84% ) was 

used to fit the urine data. 

Following target binding, the current deceased by 48% ± 6%, 16% ± 4%,14% ± 9%, and 

6% ± 3% for matched, 1-base mismatched, 2-base mismatched, and non-complementary 

(NC) sequences, respectively (Figure 8-4a). This trend is largely attributed to the varying 

hybridization efficiency in each scenario, with fewer base mismatches resulting in more 

efficient target binding.315,529 The matched, 1-base mismatched, 2-base mismatched, and 

NC sequences exhibited a 109% ±  6%, 160% ± 9%, 179% ± 8%, and 202% ± 4% increase 

in signal magnitude respectively, following SAB binding (Figure 8-4a). In the case of the 

mismatched sequences, albeit inefficient, a fraction of the target sequences binds to 

available probe sites, still decreasing the available binding sites for SAB binding, which in 

turn reduces the SAB-induced signal enhancement. The differential signal enables highly 

distinguishable signal footprints to be realized for the different sequences with 60%, 123%, 

163%, and 201% signal changes measured for matched, 1-base mismatched, 2-base 

mismatched, and NC sequences (Figure 8-4b). A statistical t-test was performed to assess 

the ability of the assays using one or two binding steps in distinguishing between different 

degrees of probe/target complementarity. Using differential signaling, we were able to 

distinguish between matched, 1-base mismatched, 2-base mismatched, and NC sequences 

(Figure 8-4b). On the contrary, the single target binding event can only distinguish matched 

from the 1-base mismatched sequence. The differential approach achieves a superior 
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mismatch specificity with a high confidence level (p<0.05 for all scenarios) as compared 

to its signal-off analogue.  

 
Figure 8-4: Specificity of the differential assay. (a) Change in PEC current following hybridization with 1 

pM of matched, 1-base mismatched, 2-base mismatched, and NC targets and SAB binding measured in 0.1 

M PBS with 0.1 M AA. b) Differential and signal-off responses for the target sequences in (a) with * and 

*** representing p < 0.05 and p < 0.001, respectively.  

We further assessed the static and dynamic stability of the differential PEC biosensor. PEC 

measurements of the electrodes stored under static conditions over a 7-day period 

following probe deposition (Figure S8-7a) revealed a small decrease in biosensor 

photocurrent (8% decrease from day 1 to day 7).  Furthermore, the stability of the 

photoelectrodes under dynamic conditions, multiple light excitation and potential 

application, was assessed for 15 measurement cycles in a period of 800 s (Figure S8-7b), 

indicate stable photocurrents with a relative standard deviation of 6.5%, thus highlighting 

the robustness of this biosensor. 

8.5 Conclusion 

In this work, we demonstrate a differential PEC assay using two subsequent and correlated 

hybridization events, first with an unlabeled target and then with a single amplification 
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barcode tapping into the interaction of plasmatic and semiconductive nanoparticles, to 

detect unlabeled target DNA in both buffer and urine. The differential strategy exhibited a 

LOD of 3 fM in buffer and 5 fM in diluted urine, demonstrating significant improvement 

over a conventional signal-off strategy that used a single binding event (11 fM in buffer 

and 72 fM in urine) respectively. In addition to LOD, this assay enhanced the analytical 

sensitivity by a factor of three compared to an analogous assay that did not use differential 

signaling. The differential assay also demonstrated the ability to distinguish between 

sequences that were matched or contained 1- or 2-base mismatches with the detection 

probe, which was not possible using the non-differential approach. This work offers a new 

strategy for enhancing the limit-of-detection, sensitivity, and specificity of PEC biosensors, 

performance metrics that are key to the use of PEC biosensors in clinical decision making. 

The assay presented here, in terms of target length (25-mer) and concentration range (1 fM 

–100 pM), is ideally-suited for the analysis of short nucleic acid strands such as microRNA 

or DNA barcodes released from DNA machines such as DNAzymes,530 CRISPR-Cas 

systems,531and strand displacement-based systems.532 
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8.7 Supplementary Information 

 
Figure S8-1: Chronocoulometric measurement of probe density. Blue dots represent the data obtained by 

running the scan with 10 mM Tris-buffer and orange dots represent the data obtained by running the scan 

with 100 µM Hexaammineruthenium (III) chloride in 10 mM Tris-buffer. Corresponding solid lines indicate 

the linear fit that was used to obtain the y-axis intercept. 

 

 
Figure S8-2: EIS measured at different fabrication steps of the differential PEC biosensor. The dots indicate 

the raw data points, whereas the solid line indicates the fit with the circuit model 

 

Table S 8-1: Values of the charge transfer resistance (Rct),constant phase element (CPE) and n, indicating the 

constant phase (-90*n) of the CPE for each step of the construction of the differential biosensor extracted 

from Figure S8-2. 
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 Rct (kΩ) CPE (µF) n 

Bare 8.8 8 0.9 

Probe 1.96 4.6 0.85 

MEA 1.12 5.43 0.91 

Target 2.36 4.07 0.87 

SAB 1.58 5.54 0.9 

 

 

 

Figure S8-3: Cyclic voltammetry scan for TiO2 electrodes before and after modification with ssDNA using 

10 mM PBS as electrolyte and 50 mV/s scan rate. 
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Figure S8-4: Comparison of photocurrent change in detecting 1 pM DNA targets spiked in buffer (PBS) at 

20-minute and 40-minute hybridization times. The error bars indicate one standard deviation from the mean 

and calculated from at least three measurements performed at 0 V versus Ag/AgCl in 0.1 M ascorbic acid in 

0.1 M PBS as electrolyte, illuminated using a 405 nm LED excitation source at 160 W/m2. 
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Figure S8-5: Limit of Detection in (a) PBS and (b) urine in the signal-off detection mode. 
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Figure S8-6: Signal changes measured with 1 pM DNA target spiked into human plasma, urine, and buffer. 

The error bars indicate one standard deviation from the mean, calculated from at least three measurements 

 
Figure S8-7: Evaluation of the stability of the PEC biosensor. (a) Photocurrent measurement following 
storage of probe modified electrodes for a period spanning 1-7 days. (b)Photocurrent measurement for 15 
repeated cycles after probe modification. All photocurrent measurements were performed by applying 0 V 
vs. Ag/AgCl using 0.1 M ascorbic acid in 0.1 M PBS as electrolyte. 
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Chapter 9 Summary and Conclusions, Limitations and Future Work 

This final chapter briefly summarizes the outcome of this thesis and the potential to use 

this knowledge for developing PEC biosensors. Additionally, the limitations of this work 

and proposed future directions are discussed. 

9.1 Thesis Summary 

The primary goal of this work was to investigate the interaction between the semiconductor 

NPs and plasmonic NPs for the PEC system and utilize these plasmonic NPs to develop 

strategies for designing practical PEC nucleic acid biosensors. We used CdTe QDs and 

TiO2 NPs as semiconducting material to prepare photoelectrodes and Au NPs as a 

plasmonic label. Even though the interaction may vary when a different semiconductor or 

plasmonic NPs is used, this study provides a general idea regarding the interaction between 

a photoactive semiconductor and a plasmonic NP when connected via nucleic acid strands. 

Solution-based electrode preparation was chosen due to its low-cost, industrial scalability, 

small footprint, and fast processing time. The surface morphology and surface coverage of 

the electrodes were characterized by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Electrochemical impedance spectroscopy (EIS) 

was used to measure the charge transfer resistance and capacitive properties at the 

electrochemical interface. PEC characterization was achieved through chopped light 

amperometry, and incident-light-to-photon-conversion-efficiency (IPCE) measurements. 

This work proves the response of two types of semiconductive NPs (e.g., CdTe QDs and 
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TiO2 NPs), with both particles biofunctionalized to achieve a monolayer of the capture 

prove at its surface. 

Photoelectrode fabricated from TiO2 NPs were used to study Au NP interaction with the 

underlying substrate as it showed a higher photocurrent density (2.5-3 µA/cm2 for TiO2 

and 1.5-1.8 µA/cm2 for CdTe). Au NP concentration was varied on TiO2 electrodes to 

investigate the concentration dependencies on the different excitation wavelengths. Higher 

anodic photocurrent can be obtained at UV light excitation than at visible light excitation 

when Au NP concentration is small. Therefore, UV light excitation was chosen for the 

nucleic acid sensing application in this work. Different mechanisms of the photocurrent 

modulation were investigated including direct charge transfer, and photocharging. 

Additionally, excitation energy dependent photoelectrochemical properties of Au NPs, 

when used without any semiconductor, were also investigated. It was shown that interband 

excitation of Au NPs are better suited for the PEC application which involves oxidation of 

the reactants. Based on the outcome of these studies, different methods of nucleic acid 

sensing were proposed. Finally, label-free detection with the femtomolar detection limit 

was demonstrated. The developed biosensing devices were further challenged with human 

urine samples. 

9.2 Thesis Conclusions 

i. The photoactive material deposition on the photoelectrodes was achieved by 

benchtop and solution-based methods. Solution-based processing is inexpensive, 

simple, homogeneous, and offers high throughput.533 Only ITO deposition on glass 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

233 
 

or polystyrene electrodes was achieved by sputtering, which is also inexpensive 

relative to other physical vapor deposition techniques. The photoactive materials 

were chosen to have carboxyl (for CdTe) or aldehyde (for TiO2) groups on their 

surface, to facilitate biofunctionalization of the photoelectrodes. The electrode 

fabrication procedure was optimized to achieve a high photocurrent. 

ii. Photoelectrodes were prepared to achieve high electrochemically active surface 

area, along with high photoactivity by wrinkling the substrate and/or bestowing the 

photoelectrode with a mesoporous surface. Wrinkled structures helped to integrate 

a higher number of quantum dots on the electrode surface than planar electrodes. 

Mesoporous TiO2 electrodes also help to achieve higher surface coverage as well 

as good transportation of optically excited charge carriers.  

iii. The effect of Au NP concentration on the photoelectrochemical signal generated 

by the TiO2 photoelectrodes was determined for different excitation wavelengths 

(i.e., UV and visible). The visible excitation wavelength was chosen to excite the 

LSPR of Au NPs, where optically excited carrier generation in the TiO2 NP is 

minimal. On the other hand, for UV excitation, interband hot carriers are generated 

in Au NPs along with electron-hole pairs in TiO2. The effect of Au NP 

concentration differs for the two types of excitation modes used in this work. This 

study also helps to clarify the mechanism of the photocurrent enhancement when 

Au NPs are in contact with the modified TiO2 NPs. 

iv. The use of DNA as nanospacers between modified TiO2 NPs and Au NPs was 

investigated. DNA is typically immobilized on the electrode by anchoring at one 
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end. These DNA structures have dynamic motion when the biofunctionalized 

photoelectrodes are immersed in the electrolyte. Therefore, when considering the 

effect of the distance between two NPs connected by DNA complexes, it is critical 

to consider the statistical average distance between them. We further explained the 

distance dependencies of Au NPs and TiO2 when separated by DNA strands. 

v. Plasmon decay of Au NPs generates hot carriers, which either directly participate 

in redox reactions or helps to improve the efficiency of photocurrent generation in 

an adjacent semiconductor.93,318,377,534 Interband excitation of Au NPs generates 

highly energetic hot holes in Au NPs, which can generate or enhance anodic 

photocurrent of the photoelectrodes if a suitable hole scavenger is present in the 

electrolyte. Due to the higher energy, interband hot holes are more efficient in 

oxidation reactions than intraband hot holes. Furthermore, hot hole mediated 

photocurrent generation directly in Au NP and in Au/TiO2 structure, has been 

explicitly demonstrated. 

vi. We have developed a label-free signal-off sensing system by utilizing wrinkled 

electrodes. Additionally, we proposed differential approaches to increase the 

sensitivity and specificity of the assay. A dual-electrode differential assay was 

developed here where Au NP-tagged target DNA introduces a signal-off response 

on one electrode and signal-on response on another. This is the first time a 

differential biosensing approach in PEC biosensing was developed. Finally, a label-

free single electrode differential sensing strategy was developed where target DNA 



Ph.D. Thesis- Sudip Kumar Saha; McMaster University – Biomedical Engineering 

235 
 

produced a signal-off response and subsequent hybridization with a signal-

amplification-barcode produced a signal-on response. 

vii. We showed nucleic acid detection in human urine samples both with 

electrochemical and photoelectrochemical transduction methods. Electrochemical 

devices were used in the microRNA 200b detection from 10 urine samples. A 

sensitivity/specificity ratio of 80%/80% was achieved from the clinical samples. 

The photoelectrochemical devices were further challenged to detect nucleic acid 

from human plasma samples. 

9.3 Contribution to the Field 

Use of wrinkled electrodes for enhancing photocurrent 

This work showed the first-time fabrication and usage of the wrinkled photoelectrodes for 

biosensing applications. Pre-stressed PS was used as a substrate material to achieve the 

wrinkled surface morphology. Gabardo et al. demonstrated the application of the wrinkled 

electrodes in an electrochemical bioassay, where the wrinkling was achieved by depositing 

Au on the PS surface and heating it above the glass transition temperature (100 ̊ C) of PS.297 

However, ITO electrodes are usually preferred over Au electrode for PEC application. A 

major obstacle preventing the incorporation of ITO in wrinkled morphologies, is its high 

Young’s modulus which introduces breakage and defects upon wrinkling.306 To avoid the 

breaking of ITO, UV-ozone treated polystyrene was wrinkled before sputtering ITO on top 

of it. This approach paves the way to achieve a high-quality ITO surface on the wrinkled 

PS.  
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Hypothesis on statistical average distance between Au NP and TiO2 NPs when separated 

by DNA 

Double-stranded DNA has previously been used in literature as a nano-spacer between two 

NPs.535,536 In most of these works, the single-stranded portion of the target and probe DNA 

have equal or nearly-equal lengths.537,538 However, in order to promote good hybridization 

efficiency, extra bases are usually designed into the DNA sequence when utilizing NP-

tagged single-stranded DNA (ssDNA) to hybridize with the immobilized single-stranded 

probe DNA.539 If an electrode containing duplex DNA structures containing different 

lengths of the probe and capture DNAs - with NPs attached at both ends - are immersed in 

electrolytes, the distance between these two NPs can differ significantly because of the 

differences in the persistence length of ssDNA and dsDNA. We mathematically modeled 

the probability of collision of the NPs in such a scenario. Utilizing the model, we 

programmed the response of our signal transduction channels to work in either signal-on 

or signal-off modes by only varying the length of single-stranded probe DNA. The 

programming of PEC response by only varying the probe length has been reported first 

time for nucleic acid sensing. 

Differential photoelectrochemical biosensing strategy 

Although there are previous reports involving the combination of two signals to enhance 

sensitivity and reduce background noise in PEC biosensing using a ratiometric 

approach,232,540 none of these employed differential methods. Taking the inspiration from 

the electronic amplifier circuits, a differential PEC biosensing strategy was developed for 
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the first time to achieve a higher signal-to-noise ratio as well as suppress the background 

noise.340,420,541 The differential sensor developed in this work displayed ultralow detection 

limit (femtomolar level) and higher sensitivity compared to their non-differential 

counterpart. Additionally, this novel differential strategy demonstrates the ability to 

distinguish single and double base-pair mismatch sequences from the target sequence, thus 

proving suitable suitable for the DNA mismatch studies. 

Comparison of photocurrent at different excitation wavelengths directly from Au NP 

We demonstrated direct redox reaction from interband hot holes in the Au NP electrode 

upon light excitation. The work performed in this thesis leads to the conclusion that the d-

band holes are more effective in carrying out oxidation reactions than intraband hot holes. 

This is the first study to the best of the Author’s knowledge where both interband and 

intraband hot carriers have been used to drive a single redox reaction using only Au NPs. 

Furthermore, the photocurrent generation efficiencies of these two types of hot carriers 

have been compared. 

A novel bioassay design and implementation in the urine sample 

A novel bioassay was developed for label-free detection of nucleic acids. A signal-

amplification barcode (SAB) was introduced to the electrode after target hybridization, 

making the output signal inversely proportional to the concentration of the analyte. The 

inversely proportional signaling mechanism provides higher readout signal for lower 

concentration of the analytes, and thereby less likely to be affected by the environmental 

or instrumental noise than regular sandwich-based assays. Both electrochemical and 
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photoelectrochemical transducers were used to verify the new assay design. The readout 

current obtained for the electrochemical assay is solely from the DNA-barcode and 

therefore, no background current exists in the system whereas for photoelectrochemical 

assay, both the photocurrents obtained after incubating with target and SAB were used for 

readout. By adopting a differential approach utilizing these two signals, DNA with 

complementary and mismatched sequences can be distinguished. This unique differential 

assay design using two-step readout has shown to improve limit-of-detection, specificity, 

and sensitivity. 

9.4 Future Work 

This section discusses some recommendations and ideas about solving the remaining 

challenges and directions based on the results obtained in this thesis. These suggestions 

encompass theoretical study, optimization of different parts of photoelectrochemical 

biosensor design, engineering, experimental plan, and materials research. 

Automating the layer-by-layer deposition process 

Chapter 3 describes the layer-by-layer deposition of CdTe QDs on a wrinkled substrate. 

The other works reported in this thesis also incorporate solution-based fabrication of 

photoelectrodes. Manual handling of these electrodes introduces the variability of the QD 

loading amount from one electrode to another. A relative change of photocurrent is used 

throughout this work to ensure that the change in electrode processing does not generate 

significant variation in output readout. This variation in the amount of photoactive material 

on the electrode also introduces variation in biofunctionalization and thereby the amount 
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of captured target. Automation of the layer-by-layer processing, as well as other solution-

based methods, will help to reduce the variability among the photoelectrodes because of 

the fabrication steps. Thus, automating the electrode fabrication steps might allow us to 

achieve less standard deviation in the signal and improved detection limit. 

Developing mathematical model for wavelength and distance-dependent plasmonic effect 

Extracting hot carriers from metal nanoparticles and utilizing them to drive redox reactions 

was investigated in this work. However, it is difficult to experimentally study the 

wavelength and distance dependence interaction of hot carriers with semiconductors in the 

presence of electron or hole scavenger in the electrolyte because of the short lifetime of the 

hot electrons and hot holes (100 fs – 1 ps).542 Therefore, simulation-based studies can be 

used to gain further insights about carrier dynamics in the metal/semiconductor 

device.385,394 There is no theoretical study reported on distance dependence and wavelength 

dependence effect on plasmonic carrier dynamics at metal/semiconductor interface with an 

applied potential bias. A finite-element-method or quantum electrodynamic analysis might 

provide a valuable tool for designing the PEC sensor to detect biomolecules. 

Transient absorption spectroscopy study to examine the charge carrier dynamics when Au 

NP is connected to TiO2 by DNA linker 

Transient absorption spectroscopy (TAS) has been used in the literature to examine the 

electron temperature after photoexcitation, charge transfer direction and efficiency.356,365 

Ratchford et al. used TAS to quantify hot electron transfer in Au NP/TiO2 structure where 

Au NP is embedded in the TiO2 film.328 Additionally, wavelength dependent hot carrier 
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transfer was studied by TAS when Au NPs and TiO2 are in contact or separated by the SiO2 

layer.365 However, there is no TAS study probing Au NP and TiO2 systems separated by a 

nucleic acid linker. Nucleic acids have been shown to conduct charge543,544 and thereby can 

affect the hot carrier transfer. Experimental studies conducted via TAS might provide a 

better understanding of whether photocharging or hot electron transfer to TiO2 is dominant 

when Au NP/TiO2 systems are illuminated by UV light. 

Investigating the effect of Au NP size and shape on biosensing 

A major advantage of plasmonic NPs is their tunability of plasmonic properties by varying 

the size and shape of the particle.95,545 In this work, we have used 12 nm spherical Au NP 

for biosensing application. The size of Au NP is large compared to the size of DNA used 

which may obstruct the access of available capture sites. Experimental observation of DNA 

hybridization efficiency for varying Au NP sizes may provide insights on the impact of Au 

NPs on the hybridization kinetics. Additionally, Govorov et al. demonstrated that higher 

electric field magnification and more hot spots can be obtained by using nanostar 

particles.377 A study comprises different shape of Au NP (e.g., star, cube, triangle) for 

biosensing may help to achieve lower detection limit and higher sensitivity. 

Investigating the effectivity of the bioassay used in this work for other types of biomolecule 

detection 

In this thesis, we demonstrated the development of various photoelectrochemical bioassays 

for nucleic acid detection. A similar bioassay design as demonstrated in chapters 6, 7 and 

8 can be used in other biomolecule sensing designs. Aptamer based bioassays can be used 
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for protein or antibody detection, where target binding with aptamer can bring the 

plasmonic NP in proximity to the electrode or remove the plasmonic NPs from the 

electrode surface. Thereby introducing a signal change that can be directly correlated with 

the concentration of the analyte. 

Performing clinical study using the micro-RNA sensor developed in this thesis 

In chapter 7, we detected microRNA from human urine samples. The electrochemical 

sensor was challenged with 10 patient samples with a sensitivity of 80%. A larger sample 

population is required to study the transducer’s effectivity in clinical diagnostics. A 

comparative study with PCR will help in understanding the relationship between disease 

progression and microRNA expression levels. 

Multiplexed photoelectrochemical detection of biomarkers 

Most of the POC devices reported in the literature are restricted to the detection of only 

one analyte of interest.9,36,52 However, detection systems reliant on the sensing of a single 

biomarker for early disease detection is often criticized as it leads to false positives and 

negatives.546 For example, a single microRNA detection usually is not sufficient to 

diagnose cancer.547 Multi-analyte detection offers better disease diagnosis, monitoring and 

economical solution compared to single analyte detection device.494,548,549 The nucleic acid 

sensors developed in this thesis are also designed to detect only one type of DNA/RNA at 

a time. However, photoelectrochemical methods have been used to detect more than one 

analyte using multiple bias potentials or using different wavelengths. In this work, a 

programmable photocurrent modulation was shown by utilizing different lengths of probe. 
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This can also be used to detect more than one analyte either by using different probe 

sequences or using different plasmonic nanoparticles such as Ag. 

9.5 Final Remarks 

We started this work with the aim to develop signal amplification strategies for PEC 

biosensors and improve the current understanding of the interaction mechanism between 

plasmonic NP and semiconductor.  

Previously, only planar substrates were used to prepare electrodes for PEC biosensing. A 

higher electrochemical surface area was achieved using NPs or mesoporous structures. We 

utilized a wrinkled scaffold to deposit NPs and thereby enhance the electrochemical surface 

area, which in turn increased the photoelectrochemical signal. Additionally, prior to this 

work, plasmonic NPs were either used to enhance or reduce the photocurrent. However, 

we can now utilize plasmonic NPs to program the photocurrent modulation. Furthermore, 

this programmable feature can be used to obtain differential signaling that enhances the 

sensitivity and signal-to-noise ratio. 
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