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ABSTRACT 

PHOTONIC TOOLS FOR ADVANCED SENSING AND IMAGING AT THE 

NANOSCALE 

Jafar Hamed Ghithan 

April 23 2018 

 This dissertation reports a novel bio-sensing strategy based on single-mode, 

electro-active, integrated optical waveguide (SM-EA-IOW) platforms.  It also reports the 

development of a super-resolved far-field optical imaging tool to enable optical, 

electronic, and spectroelectrochemical investigations at the nanoscale. 

 SM-EA-IOW platforms with its outstanding sensitivity for spectroelectrochemical 

interrogation was combined with a sandwich bioassay for the development of a novel 

immunosensing based strategy for label-free detection of infectious pathogens.  The 

strategy begins with the functionalization of the electroactive waveguide surface with a 

capturing antibody aimed at a specific target analyte.  Once the target analyte is bound to 

the photonic interface, it promotes the binding of a secondary antibody that has been 

labeled with a redox active reporter.  This labeled antibody reporter forms the analytical 

signal, which is linked uniquely to both the spectral and electrochemical properties of the 

redox probe designed to specifically recognize a target analyte.  Based on this novel 

detection strategy experimental results in the interrogation of influenza A (H5N1) HA 

protein have reached an outstanding level of detection in the picomolar range.  In 
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addition, the novel label-free SM-EA-IOW bio-sensing strategy was successfully 

demonstrated for detection of gram-negative bacteria in present authentic clinical eye 

samples.  Such demonstration has also shown the flexibility and ability of the new 

strategy to probe samples in in the microliter volume range, without any prior processing 

or pre-enrichment steps. 

As the groundwork towards the optimal operation of the novel sensing strategy, 

the effects of the adsorption process and the rate of electron transfer of redox bound 

species to the electrode surface were thoroughly studied.  For each interface of a 

multilayer immunoassay assembly the surface density, the adsorption kinetic, and the 

electron-transfer rate of bound species of a redox-active protein were investigated using 

an optical impedance spectroscopy (OIS) technique based on measurements obtained 

with the SM-EA-IOW platform.  Such methodology and acquired knowledge are crucial 

for the rational development of novel and advanced immuno-biosensors. 

Electrochemically modulated fluorescent molecules to be conjugated with 

relevant antibodies for creating an electroactive probe at the nanoscale was also 

investigated.  Such capability has the potential to enable the development of an arrayed 

immunosensing technology.  Fluorescence emission at the nanoscale suffers from two 

main restrictions, diffraction limit and photobleaching effects.  To address these hinders, 

a modulated stimulated emission depletion microscope (STED) that is capable of 

achieving far-field super-resolved images was developed and used to reduce the power of 

the applied excitation and depletion laser beams diminish photobleaching effects in 

single-molecule sub-diffraction STED imaging. 
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These two photonic devices provide new approaches for bio-sensing from 

ensemble range to single molecule detection studies and sensing, where new detection 

limits can be reached that is expected to establish novel bio-sensing devices with higher 

sensitivity, specificity and easier ways of sample handling.  
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CHAPTER 1 INTRODUCTION 

 Single-Mode Electro-Active Integrated Optical Waveguide Immunosensors 

1.1.1. Immunosensors 

There is a continuing demand for fast and simple analytical methods to establish 

new biosensors for the detection of clinical, biological, environmental and chemical 

analytes.  As a result, biosensor-related research has a continuing growth over recent 

years [1].  A biosensor is generally defined as an analytical device which is used to 

convert a bio-related response into a physicochemical processable signal. Among several 

critical features, biosensors must show high selectivity, sensitivity, reversibility and 

efficient reagent usage [2].  In general, a biosensor design is consisted of three main 

parts: a recognition element or bioreceptors, a physicochemical transducer, and an 

electronic part.  The main requirement of the recognition element is to provide a high 

degree of selectivity, and biosensor recognition incorporating antibody-antigen 

interactions –immunosensors– provide a promising means of detection due to their high 

affinity and specificity [3]. 

Immunosensors can be classified as competitive or noncompetitive systems [4].  

In a competitive immunoassay, all reactants are mixed together simultaneously, and 

labeled antigens compete with unlabeled antigens for the same binding site on an 

antibody.  Noncompetitive immunoassays (also known as “sandwich” immunoassay)
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proceed in a stepwise manner: first an antibody for the target antigen is adsorbed to a 

solid phase.  Next, the antibody-coated surface is exposed to a sample that may contain a 

target antigen.  After the adsorption process has stabilized, a multistep washing is done to 

remove unbound antigens and a second antibody with a label is added to enable detection 

of the antigen.  This immunoassay format often offers superior specificity than 

competitive as it uses more than one element for analyte recognition [5].  The sensitivity 

and simplicity of immunoassay-based biosensors depend directly on the quality of the 

transducer technology used. 

1.1.2. Combination of electro-chemical and optical transductions 

Biosensors in general and immunosensors can be categorized based on the 

transducing signal used for detection and quantification of the targeted analyte into three 

main types: mass-based (piezoelectric and microgravimetric devices) [6], optical 

(refractive index, chemiluminescence, interferometric and fluorescent) [7, 8], and 

electrochemical (potentiometric, amperometric, voltammetric, capacitative, 

conductometric and impedance) immunosensors [2, 9-11].   

Due to their rapid signal generation and non-destructive operation mode, optical 

and electrochemical immunosensors are considered as one of the most popular 

immunoassay-based biosensors [3, 12]. 

Typically, optical transduction in photonic biosensors is leveraged by the 

sensitivity of an optical mode confined to the sensing surface, which features a surface-

propagating electromagnetic wave whose amplitude decays —the evanescent field— 

exponentially as a function of distance from the sensing surface [13].  Interactions or 

local changes in the evanescent field that occurs following a physicochemical event at the 
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sensing surface is transduced into the properties of the optical surface mode to provide a 

quantifiable and measured readout.  Depending on the particular optical transduction 

approach, the form of the measured readout includes fluorescence detection [14, 15], 

absorbance [16], spectroscopic shifts [17] and refractive index changes [7, 18, 19]. 

The coupling of electrochemical transduction schemes has also been successfully 

demonstrated to generate immunosensors technologies that are highly selective and 

sensitive [18, 20-22].  Electrochemical biosensors can be divided by the electrical 

parameter that they measure (potentiometric, amperometric, voltammetric, capacitative, 

conductometric and impedance).  They all share the same advantage that the 

electrochemical process is interfacial and gives good confinement of the sensing 

transduction to the sensor surface.  The ability to use electrochemical impedance 

spectroscopies in such technique increases detection sensitivity and provides a more 

efficient method for bio-sensing [12, 23]. 

Recently, multi-sensing transduction methods in which more than one transductor 

are combined together have been gaining in popularity [24-27].  A combination of multi 

sensing transducers can extract different properties, increase the selectivity and provide 

information that would not be available with the respective transductor technique alone.  

Mainly, there has been advances in combination of conventional electrochemical and 

spectroscopic measurements, well known as spectroelectrochemical methods [28-30].  

Such combination of optical signal and electrochemical signal provides information that 

would not be available with the conventional electrochemistry or optical respective 

techniques separately.   
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Spectroelectrochemical methods where an optical signal is spectrally tuned to 

probe exclusively the faradaic process of redox activities has been demonstrated to 

provide a superior route to investigate electrochemical processes in molecular adsorbates 

with unprecedented selectivity by avoiding nonfaradaic components that typically hinder 

conventional electrochemical approaches using electrical signals alone [31-34].  Also a 

recent report showed that applying a combination of electro-optical measurements has led 

to an increase in the sensitivity of specific molecular binding taking place at the sensing 

surface and was immune to nonspecific signals from molecules in the bulk solution [18]. 

1.1.3. Single-mode electroactive integrated optical waveguide (SM-EA-IOW) 

Transmittance and reflectance optical probing under potential modulation were 

the first methods to be applied for spectroelectrochemical interrogation [33, 35].  Those 

methods lack sensitivity due to the one-time interaction between the probing light beam 

and the redox species.  As illustrated in Figure 1-1, a modified method with about 100X 

higher sensitivity than potential-modulated reflection or transmission measurements is 

potential-modulated attenuated total reflection [8, 31, 36].  Although those optical 

impedance techniques represent an important improvement over the traditional 

electrochemical approaches, they still lack sensitivity to probe redox species with weakly 

absorbing chromophores and/or at low surface concentrations.  A limiting factor for 

superior performance has been the short path-length of interaction between the probing 

light beam and the redox adsorbate under interrogation. 
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Figure 1-1: Schematic figures for the (a) electro-reflectance, (b) transmittance and (c) 

potential-modulated attenuated total reflection. 

Recently [37], a novel optical impedance spectroscopy technique based on a 

single-mode, electro-active, integrated optical waveguide (SM-EA-IOW) illustrated in 

Figure 1-2 was developed which overcomes with far superior sensitivity the limitations of 

the conventional spectroelectrochemical methods.  Due to the much greater effective path 

length provided by a SM-EA-IOW platform, experiments demonstrated that this 

technique provides an enhancement in sensitivity that is more than 10,000X higher 

compared to the electro-reflectance or transmission impedance approaches.  By working 

under AC potential modulation on the SM-EA-IOW, the detection and full 

electrochemical characterization of a redox protein submonolayer with unprecedented 

sensitivity (better than femto-moles/cm2) was achieved.  Optical measurements of low 

surface densities became possible by SM-EA-IOW which makes it a good candidate for 

bio-sensing technologies. 
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Figure 1-2:  Schematic of a single-mode electro-active integrated optical waveguide.  

Due to the propagating guided mode, the light interaction with the probes are far superior 

than traditional spectroelectrochemical methodologies.  

1.1.4. Benefits of spectroelectrochemical transduction using SM-EA-IOW for 

bio-sensing 

An immunosensor-based strategy using electro-optical transduction for direct 

detection of biological targets based on sandwich bioassays incorporated on highly 

sensitive SM-EA-IOW platforms is of great interest.  The selectivity of the sensor can 

benefit from the advantages of three highly sensing and selective methods for detection 

of an analyte: optical (surface guided light and wavelength of intorrogation), 

electrochemical (using synchronous electrochemical methods such as AC voltammetry) 

and biological (using sandwich immunoassay).  The SM-EA-IOW offers a platform of 

unprecedented sensitivity and an ideal approach for the creation of fully integrated 

biosensor devices for point-of-care applications. 
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 Potential-Modulated Fluorescence Immunosensors 

Due to strong baseline signals, absorbance detection methods in general and 

absorbance-based biosensors are limited to ensemble averages as it is challenging to 

reach absorption at a single molecule level.  However, using fluorescence detection 

against a dark background, it is possible to monitor events at the level of very few 

molecules or even at the single molecular level [24].  Fluorescence-based biosensors have 

been one of the most often applied scheme in the fields of medical testing, biotechnology, 

and drug discovery [38, 39].  However, such technique suffers from an important 

weakness due to background fluorescence generated from several components present in 

the bulk phase (e.g., serum) of the tested samples [14].  A buildup of a methodology 

using an electro-optical potential-modulated fluorescence signal -fluoroelectrochromic- 

against a dark background, may allow SM-EA-IOW to monitor events at the level of very 

few molecules whose response can be switched by reversible electrochemical 

manipulation.  Such modulated fluorescence measurements using SM-EA-IOW under 

potential modulation by a working electrode and the optical excitation through a guided 

wave can be a driving mechanism of analytical signals that are strictly confined to the 

device surface, which can generate a selective signal that is blind to background 

fluorescence from other biological components present in the bulk phase.  All combined 

those features are expected to lead to single or a few molecules sensitive in an electro-

optical transduction based immunosensor. 
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 Hinders Limiting Single Molecule Spectroelectrochemical Imaging 

1.3.1. The diffraction limit 

Fluorescence imaging microscopy is one of the most essential tool to study 

biological molecules, tissues, pathways and events in living cells [40, 41].  Fluorescence 

imaging is also being developed as a quantitative analysis method, where counting 

fluorescent spots in a constructed image is related to bound molecules population into the 

sensing or substrate surface [42, 43].  Also by using fluorescence imaging the indirect 

measurement of single oxidation-reduction events by observing the fluorescence was 

established and spectroelectrochemical measurements at the single molecule level has 

been demonstrated [44]. 

Nevertheless, imaging and even single molecule spectroelectrochemical 

measurements using conventional optical fluorescence microscopy is limited by the 

diffraction barrier of the focused light [45-47].  Even the most advanced fluorescence 

microscopy which is confocal microscopy can only yield optical resolution within the 

diffraction limit of about 200 nm, which is still larger than many substructures that 

cannot be resolved in detail.  A consequence of this limitation is that molecules can be 

under-counted or over-counted without any way of independently verifying how many 

fluorophores are present on a surface.  Such limitations have driven the development of 

super-resolution optical imaging methodologies capable to overcome the diffraction 

barrier [48].  The main far-field optical microscopy strategies with subdiffraction 

resolution are: structured-illumination microscopy [49], single-molecule based 

localization microscopy [50] and stimulated-emission depletion (STED) microscopy [51]. 
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Stimulated emission depletion (STED) microscopy was the first and most direct 

approach to overcoming the diffraction limit for far-field single-molecule fluorescence 

imaging [52].  Briefly, the excitation light is overlapped by a high intensity donut-shaped 

light to depopulate markers from their fluorescent on state to the ground off state by 

stimulated emission, resulting in a narrower region beyond the diffraction barrier.  A 

sharper spot is achieved by increasing the intensity of the stimulated donut-shaped light 

beam [53].  

1.3.2. Photobleaching effect 

Under STED imaging and in fluorescence imaging conditions in general, the 

fluorescence is observed to decrease substantially during imaging and over time, which is 

a major hurdle known as photobleaching effects [54-56].  This limiting factor in single-

molecule fluorescence spectroscopy is related to the quantum yield and fluorescence 

stability of the probe molecules under study [57].  The photobleaching problem which 

results in lack of signal-to-noise ratio that limits the precision of most fluorescent 

techniques, has severe impact on the image formation and the collected quantitative 

fluorescence data.  Such limitation is considered as one of the largest factors restraining 

future developments in single molecule spectroscopy [42].  The prevention of 

photobleaching is very important not only for quantitative spectroscopy but also for 

construction of high-quality images [58].  Unfortunately, the mechanism of 

photobleaching during imaging in general is not fully understood and some aspects still 

remain obscure [59, 60].  Although none have been yet in the position of being able to 

develop a technique to eliminate of photobleaching, attempts toward mitigating the 

phenomena are considered steps in the right track. 
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In STED imaging a general concept named modulated STED is a simple approach 

that can be used to address and minimize the photobleaching effect in single molecule 

fluorescence STED imaging.  Modulated STED was proposed by Ronzitti and colleagues 

[61] that is based on an intensity modulation of the excitation laser beam combined with 

synchronous detection of the fluorescence signal with a lock-in amplifier while using a 

CW depletion beam for reaching super-resolution in far-field imaging.  A study 

addressing the photobleaching effect is not only important for single-molecule level 

super-resolution imaging but also towards single molecule spectroscopic studies. 

 Outline of the Dissertation 

In chapter 2, the fabrication of SM-EA-IOW and optical impedance spectroscopy 

(OIS) using the SM-EA-IOW platform is briefly described.  Then the surface density, 

adsorption kinetics and electron transfer rate of a redox-active protein probe at different 

interfaces of a multilayer immunoassay assembly functionalized on the SM-EA-IOW 

platform are investigated using OIS.  In chapter 3, the detection, identification, and 

quantification of a targeted virus antigen using a sandwich bioassay on the SM-EA-IOW 

device is demonstrated.  In chapter 4, the flexibility of the SM-EA-IOW platform to be 

used for different target analyts is demonstrated and the ability to specifically target and 

detect infectious bacteria from a clinical sample is presented.  In chapter 5, the study 

electron-transfer rate of electrofluorochromic molecules under potential-modulated SM-

EA-IOW fluorescence spectroscopy is applied.  In Chapter 6, the design, buildup, and 

characterization of a super resolution modulated STED imaging technique is 

demonstrated, and the ability of the modulated STED to reduce and study photobleaching 

effect in single molecule subdiffraction imaging is discussed.  In Chapter 7, concluding 
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remarks as well as future outlooks for possible applications of SM-EA-IOW biosensors 

and modulated STED optical tools are presented. 
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CHAPTER 2 ADSORPTION AND ELECTRON-TRANSFER KINETICS OF 

REDOX PROBE AT DIFFERENT MOLECULAR ASSEMBLIES OF AN 

IMMUNOASSAY BY SINGLE-MODE, ELECTRO-ACTIVE, 

INTEGRATED OPTICAL WAVEGUIDE  

2.1. Introduction 

The development of an optimized sensor technology based on the optical 

interrogation of an electrically-modulated redox probe requires an electro-active interface 

that promotes the surface adsorption of the probe and favors an efficient electron transfer 

process between such probe and a supporting electrode.  In this chapter an investigation 

of the impact of different layers forming an immunoassay on the surface density, 

adsorption kinetics, and electron transfer mechanisms for a particular redox-active probe 

is carried out.  An easily handled, small, and well-established redox active probe, 

cytochrome c protein [62-64], was used as a reporter and a model to quantify and 

evaluate the molecular adsorption, the binding kinetics, and the electron-transfer 

mechanisms of each immunolayer required to functionalize the SM-EA-IOW device.  

Such characterization is important to better understand the surface properties of the 

biosensor and critical to address the sensitivity and reversibility of the biosensor 

performance.  Also, using the SM-EA-IOW platform has the advantage and the ability to 

retrieve kinetic information and electron-transfer rate at very low surface coverages.  
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Since the guided optical signal is to be both optically and electrochemically locked to the 

targeted probe the photonic platform provides a superior route for sensitive, selective, and 

specific rate constants measurements.  The study of adsorption kinetics and electron 

transfer mechanisms provides insights for advancing biosensors based on the SM-EA-

IOW platform and similar technologies.  

The first section of this chapter presents a description of the SM-EA-IOW 

fabrication, experimental setup and optical impedance absorbance measurements.  The 

second section shows the binding kinetics calculations and electron-transfer rate 

calculations based on optical impedance spectroscopy measurements.  Also a discussion 

on the electron-transfer mechanisms of redox-active molecules adsorbed on modified 

surface electrodes is presented.  Then, functionalization protocols of bio-immunolayers is 

described.  The next section includes the results and discussions and finally the 

conclusions of this chapter is provided. 

2.2. Single-Mode Electro-Active Integrated Optical Waveguides (SM-EA-IOW) 

2.2.1. SM-EA-IOW fabrication 

A critical step in the fabrication of SM-EA-IOW devices is to provide a 

simultaneously extremely high optical transparency for propagation of guided waves and 

outstanding electrical conductivity [65].  The SM-EA-IOW platform on a glass slide was 

formed by a multilayer stack of a high-refractive index of alumina film, a silica as a 

transition layer and a transparent indium tin oxide conductive electrode.  To couple a 

light beam in and out of the SM-EA-IOW device, a pair of surface-relief gratings (see 

Figure 2-1) was fabricated on the glass substrate prior to depositing the multilayer stack.  
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In this thesis, the waveguide grating-couplers and associated optics needed is centered at 

about 550 nm.  To do this, both surface-relief gratings were fabricated with a pitch-size 

of about 323 nm, which provided a convenient coupling angle close to normal incidence 

to the device.  The separation between the two gratings, which defines the propagation 

length along the SM-EA-IOW device, was set by the fabrication process to be 3.4 or 2.5 

cm.  Glass substrates with surface-relief gratings were then coated with highly 

transparent layers (e.g. alumina and silica) using an atomic layer deposition (ALD) 

process as described elsewhere [66].  Next, a DC sputtering technique was used to 

deposit the ITO layer.  A careful calibration and optimization of the ITO vacuum 

deposition process (O2 partial pressure, DC power and substrate temperature) was 

carefully implemented as described previously [67] to reach both high electrical 

conductivity and high optical transparency.  In addition to the optimized vacuum 

deposition process, the EA-IOW devices with the ITO film were further treated with a 

novel UV-thermal annealing processes to optimize their optical and electrical properties.  

After such procedures, a single-mode EA-IOW device with an attenuation loss better than 

about 6 dB/cm loss calculated based on envelope technique measurements described 

elsewhere [66] and a resistivity of 3 × 10-3 Ω cm was fabricated. 
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Figure 2-1:  (a) The single-mode electroactive integrated optical waveguide structure.  (b) 

Reactive ion beam etching process for fabrication of surface relief gratings.  (c) SEM 

image of the photo-patterns, which are created through a holographic exposer using a 

Loyd’s mirror configuration and a real-time monitoring the development process. 

2.2.2. Potential-modulated SM-EA-IOW setup 

Figure 2-2(a) shows a schematic representation of the experimental setup that was 

used to control and collect data from the SM-EA-IOW platform.  This optical layout, 

which is identical to the layout previously reported [37], was used for all 

spectroelectrochemical experiments.  At the heart of the setup the SM-EA-IOW platform 

was mounted in a conventional electrochemical flow-cell (Figure 2-2(b)).  A set of 

diffraction-limited optical components was deployed to launch the light beam towards the 

integrated grating coupler.  Electrochemical measurements using the SM-EA-IOW were 

performed with standard three electrodes mounted in a homemade flow-cell configuration 



16 
 

(working electrode ITO film on the surface of the SM-EA-IOW device, platinum wire as 

counter electrodes and a Ag/AgCl electrode in 1M KCl solution as a reference electrode) 

to provide an electrochemically-controlled aqueous environment in the superstrate region 

of the photonic device.  A solid state laser source with a linearly transverse-electric 

polarized laser light (552 nm, Coherent Obis) was routed to the input port of the SM-EA-

IOW flow-cell.  The out-coupled light from the SM-EA-IOW flow-cell was focused into 

an optical fiber by a focusing lens and directed into a photomultiplier detector (PMT, 

H5783, Hamamatsu), which was connected to a low-noise current preamplifier (SR570, 

Stanford Research Systems).  The optical signal was monitored while a potentiostat (CHI 

660D, CHInstruments, Inc.) was used to control the electric potential applied to the 

working electrode.  In AC potential-modulated absorbance measurements, the collected 

PMT signal that is electronically processed by a current pre-amplifier was sent to a lock-

in-amplifier (SR810, Stanford Research Systems).  A function generator (DS345, 

Stanford Research Systems) connected to the potentiostat provided a continuous 

sinusoidal wave to electrically drive the SM-EA-IOW working electrode, and was used to 

provide a trigger to the lock-in-amplifier for impedance measurements.  An oscilloscope 

(DSO8104A Infiniium, Agilent) was used to read and record all signal measurements.  



17 
 

 

Figure 2-2:  (a) The experimental setup includes a potentiostat for electrical control of the 

SM-EA-IOW interface, a laser light source, a photo-multiplier detector, a current 

amplifier, a lock-in amplifier, and an oscilloscope for data collection.  Inset (b) Schematic 

representation of the spectroelectrochemical flow-cell with the multilayer structure of the 

SM-EA-IOW platform. 

2.2.3. Optical modulated absorbance calculations  

For optical impedance spectroscopy measurements, the modulated absorbance 

was obtained as described in details elsewhere [37].  Briefly, under an AC potential 

modulation, 𝐸 = 𝐸𝑑𝑐 + ∆𝐸𝑎𝑐 𝑠𝑖𝑛(𝜔𝑡), (where Edc represents the DC bias term and ΔEac 

represents the amplitude of an AC modulation at angular frequency 𝜔) a modulated 

optical signal is measured for a light beam propagating along the SM-EA-IOW device.  

First, baseline optical data under AC electrical potential modulation  in the absence of the 

redox adsorbate is collected and can be described as 𝐼0 = 𝐼𝑑𝑐,0 + ∆𝐼𝑎𝑐,0𝑠𝑖𝑛(𝜔𝑡 + 𝜃0) 
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where Idc,0 represents a term that is constant in time and its value will depend solely on 

Edc.  The term ΔIac,0 represents the amplitude, and the term θ0 represents the phase of the 

optical signal response originated under the electric potential modulation.  Next, in the 

presence of a redox probe the modulated optical signal is measured and can be described 

by, 𝐼 = 𝐼𝑑𝑐 + ∆𝐼𝑎𝑐𝑠𝑖𝑛(𝜔𝑡 + 𝜃), where Idc represents a term that is constant in time and its 

value will depend solely on Edc.  The term ΔIac represents the amplitude, and the term θ 

represents the phase of the optical signal response originated under the electric potential 

modulation in the presence of a redox active molecule.  As shown in [37] the in-

phase(∆𝐴𝑎𝑐′ ) and out-of-phase (∆𝐴𝑎𝑐′′ ) components of the AC modulated optical 

absorbance in the presence of a redox species can be determined by: 

∆𝐴𝑎𝑐
′ = −

∆𝐼𝑎𝑐 𝑐𝑜𝑠(𝜃)

𝐼𝑑𝑐 𝑙𝑛(10)
+

∆𝐼𝑎𝑐,0 𝑐𝑜𝑠(𝜃0)

𝐼𝑑𝑐,𝑜 𝑙𝑛(10)
   Equation 2-1 

∆𝐴𝑎𝑐
′′ = −

∆𝐼𝑎𝑐 𝑠𝑖𝑛(𝜃)

𝐼𝑑𝑐 𝑙𝑛(10)
+

∆𝐼𝑎𝑐,0 𝑠𝑖𝑛(𝜃0)

𝐼𝑑𝑐,𝑜 𝑙𝑛(10)
   Equation 2-2 

From the in-phase and out-of-phase components of the AC modulated optical 

absorbance one can measure the total absorbance amplitude, which equals to: 

∆𝐴𝑎𝑐 = √(∆𝐴𝑎𝑐′ )2 + (∆𝐴𝑎𝑐′′ )2   Equation 2-3 

Additional details on the above equations and how to retrieve optical absorbance can be 

found in Appendix 1.  

2.3. Binding Kinetics Calculations Using Optical Impedance Spectroscopy 

The adsorption and interactions of Cyt-C proteins to a particular interface, which 

is referred here as the phase state (Ps), to form the complex (Cyt-C:Ps) can be formulated 

by the following equation [68, 69]: 
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𝐶𝑦𝑡𝐶 + 𝑃𝑠
𝑘𝑑
←       

𝑘𝑎
→       𝐶𝑦𝑡𝐶: 𝑃𝑠    Equation 2-4 

and the rate complex formation can be described by: 


𝑑[𝐶𝑦𝑡𝐶:𝑃𝑠]

𝑑𝑡
= 𝑘𝑎[𝐶𝑦𝑡𝐶][𝑃𝑠] − 𝑘𝑑[𝐶𝑦𝑡𝐶: 𝑃𝑠] Equation 2-5 

where [CytC] is the concentration of Cyt-C in the bulk solution, [Ps] is the concentration 

of total phase state, [CytC: Ps] is the concentration of the complex formed between Cyt-C 

and phase state, ka is the association rate constant, and kd is the dissociation rate constant. 

The total phase states (𝑃𝑠𝑡𝑜𝑡) concentration in each experiment at each 

functionalized surface is constant and equal to the sum of the bound [Cyt-C:Ps] and 

unbound [Ps] phase state concentrations, 𝑃𝑠
𝑡𝑜𝑡 = [𝐶𝑦𝑡𝐶: 𝑃𝑠] + [𝑃𝑠].  Then the differential 

in Equation 2-5 becomes 

𝑑[𝐶𝑦𝑡𝐶:𝑃𝑠]

𝑑𝑡
= −(𝑘𝑎[𝐶𝑦𝑡𝐶] + 𝑘𝑑)[𝐶𝑦𝑡𝐶: 𝑃𝑠] + 𝛼𝑘𝑎𝑃𝑠

𝑡𝑜𝑡 [𝐶𝑦𝑡𝐶]Equation 2-6 

Where 𝛼is a variable constant and obviously the complex Cyt-C:Ps concentration, 

[𝐶𝑦𝑡𝐶: 𝑃𝑠], which resulted from the adsorption of Cyt-C on the electrode surface, is 

linearly proportional to the absorbance ∆𝐴𝑎𝑐 ∝ [𝐶𝑦𝑡𝐶: 𝑃𝑠].  One can measure the optical 

absorbance amplitude as it change over time using Equation 2-3 under an AC potential 

modulation.  Therefore, Equation 2-6 can be rewritten as: 


𝑑(∆𝐴𝑎𝑐(t))

𝑑𝑡
= −(𝑘𝑎[𝐶𝑦𝑡𝐶] + 𝑘𝑑)∆𝐴𝑎𝑐(t) + 𝛼𝑘𝑎𝑃𝑠

𝑡𝑜𝑡[𝐶𝑦𝑡𝐶] Equation 2-7 

From Equation 2-7 a plot of 𝑑(∆𝐴𝑎𝑐(𝑡))
𝑑𝑡

 vs ∆𝐴𝑎𝑐(𝑡) gives a straight line with slope (S∆Aac) 

given byS∆Aac = −𝑘𝑎[𝐶𝑦𝑡𝐶] − 𝑘𝑑.  Then by collecting the data for several Cyt-C 

concentrations and creating an additional plot of S∆Aac vs [Cyt-C], a straight line will be 

generated with a slope and y-intercept equal to −𝑘𝑎 and −𝑘𝑑, respectively. 
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2.4. Electron-Transfer Rate and Mechanisms at Electro-Active Interfaces 

2.4.1. Electron transfer rate calculations using optical impedance spectroscopy  

To obtain and retrieve electron-transfer rate of redox events from the optical 

absorbance measurements obtained under AC potential modulation a methodology was 

used as described previously [70].  Simply, in order to determine the electron-transfer 

rate (𝑘𝐸𝑇) using OIS with SM-EA-IOW, it is enough to collect both the electrical 

impedance 𝑍(𝜔)  of the electrochemical flow-cell and the modulated absorbance 

amplitude, ∆𝐴𝑎𝑐(𝜔).  For the electrochemical reaction described in Appendix 2, 𝑘𝐸𝑇 can 

be expressed as: 

𝑘𝐸𝑇 =
1

2𝐶𝑎𝑅𝑐𝑡
=

𝑦(𝜔)

𝑥(𝜔)
    Equation 2-8 

where 𝑦(𝜔) and 𝑥(𝜔) are defined as 

𝑥(𝜔) = 2[𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐴𝑎𝑐

′ (𝜔) − 𝑍𝑡𝑜𝑡
′′ (𝜔)∆𝐴𝑎𝑐

′′ (𝜔)]Equation 2-9 

and 

𝑦(𝜔) = 𝜔[𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐴𝑎𝑐

′′ (𝜔) + 𝑍𝑡𝑜𝑡
′′ (𝜔)∆𝐴𝑎𝑐

′ (𝜔)]Equation 2-10 

where Ztot′ (ω) and Ztot′′ (ω) are the real and imaginary parts of the total electrical 

impedance, respectively,  which are recorded by the potentiostat, and ∆𝐴’𝑎𝑐(𝜔) and 

∆𝐴’’𝑎𝑐(𝜔) are obtained from the optical impedance measurements.  With 𝑍𝑡(𝜔) and 

∆𝐴𝑎𝑐(𝜔) known, as shown in Equation 2-8, one can use a parametric plot of 𝑦(𝜔) against 

𝑥(𝜔), from which a linear graph is formed with a slope equal to the electron-transfer rate, 

𝑘𝐸𝑇, of the faradaic process.  
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2.4.2. Electron-transfer mechanisms at electroactive electrodes 

The behavior of electron-transfer rate of redox active molecules with the 

thickness of molecular assemblies on an electrode displays mainly two regimes, known 

as a plateau region and a tunneling region [63, 71, 72].  

The plateau region lies at smaller layer thicknesses, where the electron-transfer 

rate shows weak dependence on thickness and distance from the electrode [73].  The 

difference of electron-transfer rates in this region is controlled by either conformational 

gated mechanisms [74] or friction control mechanisms [75, 76].  In conformational-gated 

mechanisms, the electron-transfer process is controlled by a nuclear rearrangement of the 

redox-active molecules [77, 78].  While in friction electron-transfer mechanisms [79], the 

electron-transfer event depends on the characteristic relaxation mobility of the redox 

molecules [80] and the strength of the interaction between the immobilized species and 

the modified electrode [81]. 

A transition oxidation-reduction reaction curve [82] can be used to illustrate the 

effect of the interaction strength between a redox probe and an electrode on the electron-

transfer rate.  In a transition curve of oxidation-reduction reaction at an electrode, the 

potential energy of a molecule is drawn as a function of a generalized reaction 

coordinate.  For example, during the course of a reduction reaction the system first moves 

along the curve of oxidized state towards the reduced state till it reaches a transition state, 

where the electron transfer only occurs at this crossing point, according to Franck-

Condon principle [83], and the system proceeds to its new state.  

In case of a strong interaction between adsorbed molecules and the electrode a 

transition curve can be illustrated as shown in Figure 2-3(a).  In such case a well-defined 
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continuous transition curve with a large splitting between the reaction paths is expected; 

generally, the reaction will proceed via the path with the smallest energy needed.  As 

illustrated in Figure 2-3(a) when the molecule reaches the transition state it will be easier 

to proceed to the other corresponding state as indicated by the curved arrow.  On the 

other hand, a weak interaction leads to a smaller splitting of the reaction paths and when 

molecules reach the transition state it has a tendency to remain in the same state, as 

indicated with the straight arrow in Figure 2-3(b). 

 

Figure 2-3:  Energy, E, as a function of reaction coordinate, q, represents a transition 

curve of a molecule on an electrode from its reduced state, R, to its oxidized state, O, the 

curves shows the favorable reaction paths along which the molecule will progress in case 

of strong or weak interaction.  (a) When the interaction is strong the transition to 

proceeds between R and O states is easier, due to the well-defined continuous curve, as 

indicated by the curved arrow.  (b) Transition curve represents the case of a weak 

interaction between the redox probe and the electrode, there is smaller likelihood that the 

system will proceed from one state to another as indicated by the straight arrow.  
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The electron-transfers of redox adsorbed molecules on an electrode functionalized 

with thick layers is controlled by the electron tunneling probability.  In this region the 

electron-transfer rate is predicted by an exponential decay as a function of effective 

electron transfer distance described by the following equation [84],  

𝑘𝐸𝑇 ∝𝑒
−(𝛼𝑅𝑒𝑓𝑓)    Equation 2-11 

where 𝛼 is a decay factor and Reff  is the effective electron-transfer distance.   

In this region the main differences in electron-transfer rates are due to the physical 

distance of the redox probe from the electrode [76].  Another contribution may come 

from the differences in the electronic path coupling between the redox probe and the 

electrode, which is related to the minimum energy required for a redox probe to proceed 

from one state to another.  Such variations in coupling could result in different tunneling 

pathways with ones that are more effective than others [85, 86].  A distribution of 

tunneling pathways can be illustrated as shown in Figure 2-4, where a functionalized 

layer on an electrode has two tunneling pathways that have the same physical distance, 

but the effective tunneling separation of the two pathways are not the same.  If one 

considers that tunneling pathway 2 has smaller effective distance, then when the reaction 

reaches a transition state as indicated by the transition curves, it has higher probability to 

proceed through tunneling pathway 2 denoted by the red curved arrow. 
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Figure 2-4:  Inset: an illustration of different electron transfer tunneling pathways within 

the same multilayer ensemble on an electrode.  The diagram shows a transition curve of 

two different tunneling pathways, a small effective tunneling distance leads to a well-

defined continuous curve (dashed red curve), while an effective tunneling with long 

pathway leads to a sharper transition curve (solid black curve), the probability (indicated 

by arrows) of the reaction to proceed through tunneling pathway 2 is larger than pathway 

1. 

2.5. Functionalization Protocols of the SM-EA-IOW Surface with Layers of an 

Immunoassay and Cytochrome c Redox Sample Preparation 

Immobilization protocols of immunolayers on the SM-EA-IOW surfaces are 

crucial for evaluating the adsorption and electron-transfer kinetics in a redox process.  

The ability to renew the surface, sensitivity combined with the specificity are all highly 

dependent on the surface functionalization process.  To functionalize the SM-EA-IOW 

with layers of an immunoassay the protocols described below were followed.  More 
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detailed information on the characterization of the morphology of the functionalized 

layers can be found in Appendix 2. 

Each new SM-EA-IOW device and prior to its first usage was electrochemically 

stabilized by applying 10 CV cycles followed by about 20 minutes of relaxation time 

prior to any additional processing or data collection. 

2.5.1. APTES functionalization 

3-(Aminopropyl) triethoxysilane (APTES) is one of the most frequently used 

organic silane coupling agent that is chemically reactive for enabling the introduction of 

bioactive groups on a substrate [87].  Here, the addition of APTES provides a facile 

conjugation/adsorption strategy for successive protein layers on the ITO interface of the 

SM-EA-IOW device [88].  Surface preparation began with cleaning of the SM-EA-IOW 

to remove any contamination.  This procedure was accomplished by sequentially 

sonicating the SM-EA-IOW device in deionized (DI) water, acetone, ethanol and 2-

propanol for 15 minutes each time and then drying with N2 gas.  The ITO surface of the 

SM-EA-IOW was then functionalized with APTES (purchased from Sigma Aldrich) by 

immersing the device overnight into a solution containing 10 mL of 2-propanol, 100 μL 

of APTES, and 4 to 5 drops of DI water; the device surface was then thoroughly rinsed 

with 2-propanol and DI water, and dried under N2.  Some portion of APTES can be just 

physically adsorbed to the working surface [89], so in order to remove those APTES 

species the SM-EA-IOW was sonicated in DI water for 15 minutes.  Later here the data 

for SM-EA-IOW functionalized solely with the APTES layer is referred to as 

“…/APTES”. 
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2.5.2. Recombinant protein G functionalization 

Recombinant protein G (ProG) is a commonly used antibody-binding protein 

adopted in several immunoassay systems [90].  ProG (from proprietary source purchased 

from Sigma Aldrich) with a concentration of 4 µg/mLwas adsorbed to the APTES layer 

to promote the capture and the proper orientation of the antigen-binding sites in the 

immobilized antibodies; those binding sites should be oriented away from the solid phase 

for optimum conditions to capture the target analytes.  In order to remove aggregated 

ProG molecules, the ProG solution was filtered using a 0.2 μm membrane filter before 

being used.  The SM-EA-IOW functionalized with ProG is later referred to as “…/ProG”. 

2.5.3. Primary capturing antibody functionalization 

Next, after the proper protocols were established for creating a resilient layer of 

ProG on the SM-EA-IOW device surface, the ProG surface was exposed to capture 

antibodies (Ab) –Cyt-C antibody (A-8) mouse monoclonal IgG2b (purchased from Santa 

Cruz Biotechnology)–.  The SM-EA-IOW functionalized with Cyt-C Ab is later referred 

to as “…/Cyt-C Ab”. 

2.5.4. Blocking buffer 

A blocking buffer solution containing 1% Bovine Serum Albumin (BSA) 

(purchased from Sigma Aldrich) was deployed, which is typically used to minimize non-

specific adsorption on a surface of interest.  The SM-EA-IOW functionalized with BSA 

is later referred to as “.../BSA”. 
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2.5.5. Recycling the SM-EA-IOW surface 

By sonicating the ITO/APTES/ProG/Ab SM-EA-IOW surface in a potassium 

carbonate solution with pH 9-11, it was possible to reverse the interaction between ProG 

and ProG/Ab with the ITO/APTES surface, enabling easy renewal of the sensing surface.  

2.5.6. Cyt-C sample preparation  

Cytochrome c from horse heart with 99.7 % purity was purchased from Sigma 

Aldrich.  A stock solution of Cyt-C at its oxidized state was prepared by dissolving small 

unknown weight of Cyt-C in 50 mM phosphate buffer solution (PBS) with pH 7.  The 

protein concentration (𝐶) was calculated by measuring the absorbance (A) using UV-Vis 

spectrophotometer at λ = 409 nm and using Beer’s law 𝐶 = 𝐴/(𝜀𝑏), where ε is the molar 

absorptivity of Cyt-C in its oxidized form at wavelength 409 nm 106,000 M-1cm-1 and 𝑏 

= 1 cm.  With a stock solution of known concentration different Cyt-C concentrations 

were then prepared by dilutions as desired.  

2.6. Results and Discussion 

2.6.1. Adsorption of Cyt-C at different molecular assemblies under cyclic 

voltammetry scan 

The setup described in Figure 2-2 (without synchronous detection) was used to 

evaluate the effect of each functionalized interface on the adsorption of Cyt-C.  This 

study was done under cyclic voltammetry (CV) potential modulation because it provides 

a clear and simple identification of the redox process.  At each functionalized surface, CV 

scan was set with a potential interval from -0.3 V to +0.3 V and a scan speed of 20 mV/s.  

Optical data under CV scan was collected first without the presence of Cyt-C proteins in 
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the flow-cell.  Then, a 2 mL of 100-nM Cyt-C solution was injected into the flow-cell and 

another 30 minutes was used to stabilize the adsorption process of Cyt-C proteins on top 

of the functionalized surface.  Next, a 10 mL of PBS, which corresponds to about five 

times the volume of the flow-cell, was used to rinse the electrochemical flow-cell.  

Finally, the optical data under CV potential scan under the same parameters as mentioned 

above were collected with Cyt-C proteins present in the flow-cell.  Such optical signals 

with and without Cyt-C were then used to generate the absorbance plot using the 

expression of absorbance (𝐴) written as: 

𝐴 = −𝑙𝑜𝑔
𝐼𝐶𝑦𝑡−𝐶

𝐼0
       Equation 2-12 

where 𝐼0 refers to the optical baseline signal and 𝐼𝐶𝑦𝑡−𝐶 the optical signal with Cyt-C 

adsorbed on the SM-EA-IOW. 

In Figure 2-5(a) the optical absorbance of Cyt-C is plotted against the electric 

potential at each functionalized layer on the SM-EA-IOW device under CV potential 

modulation.  For each measurement, the bulk concentration of Cyt-C protein was kept at 

100 nM and the parameters for the CV potential modulation were also kept the constant.  

Between each set of measurements displayed in Figure 2-5(a), the SM-EA-IOW device 

was re-cleaned using the protocols described above.  The measured absorbance in the 

oxidized state, which is marked by the black rectangle in Figure 2-5(a) , was used to 

determine the total surface density (𝛤) of the adsorbed probe species, Figure 2-5(b), 

using the formula 𝛤 = 𝐴/(𝑆𝜀𝑜𝑥), where S is the sensitivity factor of the SM-EA-IOW 

device (~14500, see Appendix 3) and εoxis the molar absorptivity of the redox probe 

(Cyt-C) in its oxidized state and equals to 9.0×103 M−1cm−1 at 552 nm (note Appendix 1).  

Next the data was used in the reduced state, which is marked by the red rectangle in 
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Figure 2-5(a), to calculate for each interface the fraction of reduced species over total 

surface density; the results are shown in Figure 2-5(c).  The reduced surface coverage 

was measured using the formula 𝛤𝑟𝑒𝑑 =𝐴𝑟𝑒𝑑/(𝑆𝜀𝑟𝑒𝑑), where 𝛤𝑟𝑒𝑑is the total surface 

coverage of Cyt-C in its reduced state,𝐴𝑟𝑒𝑑 is the absorbance measured at the reduced 

state of Cyt-C and 𝜀𝑟𝑒𝑑 is the molar absorptivity of the redox probe (Cyt-C) in its reduced 

state and equals to 27.7×103 M−1cm−1 at 552 nm. 
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Figure 2-5:  (a) Absorbance of Cyt-C plotted against electric potential at each 

functionalized step of the SM-EA-IOW device.  The bulk concentration of Cyt-C protein 

was kept constant at 100 nM and the CV potential modulation parameters were the same: 

range of (-0.3 V to +0.3 V) and scanning speed of 20 mV/s.  (b) The measured total 

surface coverage density of Cyt-C using its oxidized form at different functionalized 

surface.  (c) The fraction for each interface of surface density of reduced species over the 

total surface density in the oxidized form. 

As can be observed in Figure 2-5(b-c), the functionalized surface has a strong 

influence on Cyt-C adsorption to the SM-EA-IOW surface.  The presence of ProG in 

combination with the capturing Ab greatly increases the binding affinity, which may 

indicate that the ProG is indeed working to orient the capturing Ab.  Typically, the BSA 

is used to eliminate nonspecific binding events, however, the results indicate that there is 

a small change in the surface coverage of Cyt-C with and without BSA, such small 

change is most likely due to the dense, complete functionalization of the immunolayers 

which leads to minimizing the nonspecific binding of Cyt-C.  The data presented in 

Figure 2-5(c) shows, for each layer formed onto the SM-EA-IOW, the transition of Cyt-C 

to its correspondent reduced state decrease, this data shows indeed that each additional 

layer acts as a barrier for the electron transfer process and also confirm the success 

functionalization of the biological layers.  Also, the data in Figure 2-5(a) confirms the 

ability of the SM-EA-IOW platform to optically detect and quantify the electron-transfer 

process of redox species adsorbed on all the multilayer stacks that were deployed to 

functionalize the SM-EA-IOW surface.  Such assurance forms the basis of electro-optical 

transduction sensing methodology using SM-EA-IOW photonic platforms. 
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2.6.2. Binding kinetics of Cyt-C at the different interfaces of the immunoassay  

Figure 2-6 shows the evaluation of rate constants for Cyt-C adsorption on bare 

ITO SM-EA-IOW platforms.  Using the same experimental setup illustrated in Figure 2-2 

absorbance amplitudes were measured under synchronous detection during the adsorption 

process at different Cyt-C concentrations (10, 50 and 100 nM) injected into the flow-cell 

from low to high concentrations.  Both modulated optical baseline and optical signal were 

collected by applying an AC modulated potential with a frequency of 25 Hz, 10 mV 

amplitude of modulation and a DC bias of -10 mV; additional information on the data 

collection can be found in Appendix 4.  The optical baseline response with the 

corresponding x (in-phase) and y (out-of-phase) components via synchronous detection 

were recorded at time zero.  Then for each Cyt-C concentration injected into the flow-cell 

the optical response, x and y components via synchronous lock-in detection were 

recorded every 30 seconds for the first six minutes and after that every three minutes.  

For each concentration of Cyt-C injected into the flow-cell the absorbance amplitude was 

recorded for a total time of 40 minutes, which is approximately the time needed to reach 

a plateau adsorption region as shown in Figure 2-6(a).  Each data point as a function of 

time was calculated as described in Appendix 1 with baseline collected at time zero.  

To calculate the binding constants for Cyt-C adsorbed on ITO SM-EA-IOW 

surface the formalism in section 2.3 was adapted as follow; Figure 2-6(a) corresponds to 

the absorbance amplitude of Cyt-C proteins adsorbed on ITO surface versus time with 

concentrations as indicated.  First, for each interaction curve in Figure 2-6(a), an 

exponential curve fit of the absorption amplitude as a function of time, ∆𝐴𝑎𝑐(𝑡), was used 

to measure the modulated amplitude rate 𝑑(∆𝐴𝑎𝑐(𝑡))
𝑑𝑡

.  Then, 𝑆∆𝐴𝑎𝑐was calculated by 
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plotting the binding rate 
𝑑(∆𝐴𝑎𝑐(𝑡))

𝑑𝑡
 versus absorbance amplitude, ∆𝐴𝑎𝑐(𝑡), and is plotted in 

Figure 2-6(b).  Next, each 𝑆∆𝐴𝑎𝑐 obtained from Figure 2-6(b) was plotted against its 

corresponding [Cyt-C], results shown in Figure 2-6(c).  Finally, a linear fit from which 

the association𝑘𝑎, and dissociation𝑘𝑑 binding constants were calculated from the slope 

and the y-intercept of the fitted line, respectively.  

 

Figure 2-6:  (a) Absorbance amplitude change of Cyt-C binding on the ITO SM-EA-IOW 

surface for different concentrations in real-time.  (b) Plot of the binding rate versus 

absorbance amplitude for different Cyt-C concentrations.  (c) Plot for determining the 

association and dissociation constants; y-axis data points were obtained from the slope 

values in Figure (b) and plotted against Cyt-C concentration.  

Following the same kinetic measurements and procedure of Cyt-C on ITO, Cyt-C 

kinetic measurements at the different functionalized immunolayers assemblies were 

carried out.  Between each set of measurements, the SM-EA-IOW device was re-cleaned 

using the protocols already described above.  Table1summarize the results of the 

association and dissociation rate constants of Cyt-C interaction, and the equilibrium 

constant defined as 𝐾 = 𝑘𝑎/𝑘𝑑, at the different immunolayer assemblies functionalized 

on the SM-EA-IOW device.  From the results it is noticed that each layer surface has a 
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strong influence on the affinity of Cyt-C binding to the SM-EA-IOW surface.  It can be 

noticed that the presence of a capturing Cyt-C Ab increases the binding affinity and the 

equilibrium rate constants of Cyt-C to the functionalized electrode surface.  Furthermore, 

the lowest binding affinity of Cyt-C was observed when the SM-EA-IOW was 

functionalized with APTES, such low affinity is due to the weak interaction between Cyt-

C and APTES, as APTES as well as Cyt-C have positive charges at neutral pH [91, 92].  

Moreover, in comparison to the ITO/APTES/ProG/Cyt-C Ab immunolayer one can 

notice the small change in the overall equilibrium constant when a blocking buffer -BSA- 

was used.  This small change may indicate the homogeneous morphology of the 

functionalized immunolayers on the SM-EA-IOW device surface, such hypothesis is also 

supported by the adsorption measurements of Cyt-C where only a small effect on the 

surface coverage of Cyt-C was observed when BSA was used (Figure 2-5).  

Table 1.  The association rate constant (ka), the dissociation rate constant (kd) and the 

equilibrium constant (K) for Cyt-C binding to different SM-EA-IOW functionalized 

surfaces.  

2.6.3. Electron-transfer rate of Cyt-C at different molecular assemblies  

To measure the electron-transfer rate of Cyt-C at the different immunolayer 

assemblies, a modulated potential with a 10 mV amplitude at the formal potential (-10 

SM-EA-IOW functionalized surface k
a
 (s

-1
 M

-1
) k

d
 (s

-1
) K=

𝑘𝑎

𝑘𝑑
 (M

-1
) 

ITO 1.35×10
6
 0.0311 4.34×10

7
 

ITO/APTES 0.62×10
6
 0.1630 0.38×10

7
 

ITO/APTES/ProG 1.65×10
6
 0.0284 5.81×10

7
 

ITO/APTES/ProG/Cyt-C Ab 1.90×10
6
 0.0072 26.4×10

7
 

ITO/APTES/ProG/Cyt-C Ab/BSA 1.43×10
6
 0.0041 28.0×10

7
 



34 
 

mV) was applied with the frequency ranging from 1 Hz to 45 Hz.  A Cyt-C solution at a 

concentration of 100 nM was used for all the experiments in this section.  For each layer 

on the SM-EA-IOW the total electrical impedance and the out-coupled optical signal 

under synchronous detection, as described in Figure 2-2, with and without the redox-

active Cyt-C protein in the flow-cell were measured.  Figure 2-7(a) represents the optical 

response plotted in the complex plane measured by the SM-IOW platform, each data 

point corresponds to a particular modulation frequency of the AC applied potential, 

which increases clockwise from the smallest (1 Hz) to the largest (45 Hz).  Figure 2-7(b) 

corresponds to a zoom of the collected baseline optical response.  It is noticed that each 

layer has an effect on the charge transfer resistance of the surface, this can be concluded 

from the decrease in the baseline optical absorbance amplitude as more layers are added 

to the surface.  Such decrease confirms the successful functionalization of the SM-EA-

IOW with the immunoassay bio-interphases.  
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Figure 2-7:  (a) Representation the optical response in the complex plane of Cyt-C at 

different functionalized SM-EA-IOW surface.  (b) Data from the baseline measurement 

at different functionalized SM-EA-IOW surface, zoomed from the highlighted data 

presented in Figure (a).  

The optical data presented in Figure 2-7 allows the use of the parametric plot of 

𝑦(𝜔) against 𝑥(𝜔) as described in section 2.4.1 and the results are shown in Figure 2-8(a).  

The slope of the linear fit can provide the electron-transfer rate, 𝑘ET, of the faradaic 

process.  Figure 2-8(b) represents the natural logarithm of 𝑘ET for Cyt-C proteins for each 

of the immunolayers.  

 

Figure 2-8:  (a) The parametric plot of (𝜔) = 𝑘𝐸𝑇 𝑥(𝜔) with the linear fitting used to 

retrieve the electron-transfer rate at each functionalized SM-EA-IOW surface.  (b) 

Natural logarithm of the electron-transfer rate plotted at each different functionalized 

surface of the SM-EA-IOW, where the plateau and tunneling regions are indicated. 
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Based on the results in Figure 2-8(b) one can infer the following observations:   

First, measured changes and decrease in electron-transfer rate of Cyt-C indicate that each 

layer act as a barrier for the electron-transfer process between the Cyt-C proteins and the 

electrode surface; such effect was also confirmed in results shown in Figure 2-5(c).   

Second, compared to ITO/APTES functionalized surface, the molecular ensemble 

ITO/APTES/ProG is thicker than ITO/APTES; still the electron-transfer rate of Cyt-C 

proteins is higher with ProG present, this small electron-transfer rate dependence on 

thickness indicates a plateau region behavior at ITO, ITO/APTES and ITO/APTES/ProG 

layers.  Also, as discussed previously in result summarized in Table1, the binding affinity 

between Cyt-C and ITO/APTES/ProG is 15 fold higher than the binding affinity between 

Cyt-C and ITO/APTES, this difference in the strength of interaction most likely led to the 

higher electron-transfer rate of Cyt-C with ProG present; this effect is similar to the 

schematic illustrated in Figure 2-3.  Such dependence of electron-transfer rate on the 

strength of interaction between Cyt-C and the functionalized immunolayers in the plateau 

region does not support the simple conformational electron-transfer mechanism.   

Third, as shown in Figure 2-8(b) for thicker molecular assemblies, 

ITO/APTES/ProG/Cyt-C Ab and ITO/APTES/ProG/Cyt-C Ab/BSA layers, an 

exponential decay for the electron-transfer rate of Cyt-C proteins was observed.  Such 

fast exponential decay indicates an electron-transfer tunneling mechanism through those 

layers.  It is also noticed that the largest drop among all electron-transfer rates was upon 

adding BSA onto the layers.  Since BSA is used to block nonspecific adsorption, it is 

expected to have small effect on the thickness of the functionalized immunolayer 

assemblies [93], therefore the drop in the electron-transfer rate of Cyt-C proteins upon 
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using BSA indicates the possibility of two scenarios.  The first one suggests that BSA 

will block defects and will prevents nonspecific adsorbtion of Cyt-C proteins onto such 

defects presnt on the functionalzed SM-EA-IOW platform, and since the electron-transfer 

rate is meaured on an ensemble avarage basis the results will be an average of both the 

electron-transfer rate of the specific and nonspecific adsorbed Cyt-C proteins.  Then upon 

adding BSA the contribution of nonspecific will be eliminated, as illsutrated in Figure 

2-9(a).  The second senario suggests that adding BSA on the functionalized 

immunolayers may result in more compact functionalized layers [82], as presented in 

Figure 2-9(b), such compact layers can lead to an additional barrier and further prevent 

an effective electron-transfer pathway, resulting in a drop in the electron-transfer rate, in 

a case similar to the transition curve presented in Figure 2-4. 

 

Figure 2-9:  Schematic illustrate the possible role of BSA on the electron-transfer 

process.  (a) Without BSA, Cyt-C may penetrate to a defect state and contribute to the 

electron-transfer rate, such defects are blocked when BSA is added.  (b) The 
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functionalized layers are uniform that adding BSA will have negligible effect on the 

adsorption sites of Cyt-C on the SM-EA-IOW surface, in this case BSA forms more 

compact layers, which may result in blocking an electron transfer pathway.  Schematic 

representations are not to scale. 

The later scenario is more probable, such conclusion is based on the comparison 

shown in Figure 2-10, as discussed previously where small change has been noticed on 

the surface coverage and the equilibrium rate constant with and without BSA despite the 

drop in electron-transfer rate.  Such small change in surface coverage suggests that the 

chance to have defects on the functionalized SM-EA-IOW is small and the functionalized 

bio-immunolayers form a dense, complete, and homogeneous morphology of the 

functionalized layers on the SM-EA-IOW device surface, which also was confirmed from 

confocal images discussed and shown in Appendix 5.  
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Figure 2-10:  Comparison of the behavior of surface coverage, equilibrium rate constant 

and electron transfer rate of Cyt-C proteins at different functionalized layers.  Data shown 

are not to scale, it is just to compare the effect of BSA upon adding to the bio-

immunolayers. 

2.7. Conclusions 

It was demonstrated that the high sensitive SM-EA-IOW can be used to address 

several phenomena of the redox active molecules adsorbed on modified electrodes, such 

as mechanisms of electron-transfer rate, molecular binding and affinity strength.  The 

kinetics and mechanism of charge-transfer processes are often difficult to identify and 

many aspects of the electron-transfer mechanism on electrodes remain unclear because of 
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the complex and inhomogeneous character of the adsorbed biomolecular systems.  

Nevertheless, compared to theoretical studies, the results showed that SM-EA-IOW 

platform provides a powerful tool to optically detect and quantify the electron-transfer 

mechanisms of redox species adsorbed on different multilayer stacks.  This conformation 

opens new applications of this extremely sensitive SM-EA-IOW platform not only in 

fundamental studies of electron-transfer events but also to better bridge the opto-

electrical signals measured in bio-sensing. 
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CHAPTER 3 INFLUENZA VIRUS DETECTION WITH A 

FUNCTIONALIZED SM-EA-IOW PLATFORM  

 Introduction  

The ability to drive and detect a redox reaction through different molecular 

immunolayer assemblies on the SM-EA-IOW and the application to retrieve electron-

transfer rate were described and confirmed in Chapter 2; such assurance opens the 

possibility for using this highly sensitive device under electro-optical interrogation in bio-

sensing.  In this chapter, the development of a novel immunosensor-based strategy for 

direct detection of important viral pathogens based on sandwich bioassays incorporated 

on the SM-EA-IOW for immunosensing is described.  Using a redox probe, the faradaic 

current of the electron-transfer process between the redox probe and the working 

electrode is reconstructed by the optical signals which serves as a finger print for the 

sensing methodology.  The focus in this chapter is on the detection and identification of 

the influenza A virus H5N1 to demonstrate the capabilities of the SM-EA-IOW platform 

for the detection and quantification of bio-agents.  More specifically, the detection of the 

hemagglutinin protein (HA) from the H5N1 virus was deployed. 



 

42 
 

 Bio-Sensing with the Functionalized SM-EA-IOW Platforms 

3.2.1. The strategy of using SM-EA-IOW for immunosensing  

The sensing strategy using SM-EA-IOW is illustrated schematically in Figure 3-1.  

The strategy is based on a sandwich immunoassay approach, which starts with the 

functionalization of the SM-EA-IOW with a capturing Ab aimed to a specific target 

analyte.  Once the target analyte is bond to the SM-EA-IOW interface, it promotes the 

binding of a reporter Ab labeled with a redox-active probe that will be electrochemically 

modulated on the SM-EA-IOW platform to provide the probing optical signal. 

 

Figure 3-1:  Spectroelectrochemical immunoassay detection with impedance  and AC 

voltammetry optical measurements on SM-EA-IOW platform.  Inset: Steps of the 

sandwich bioassay with the bonded Ab, the binding of the biological target, and finally 

the secondary Ab with a redox-active optical tag.  
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3.2.2. Conjugation of a redox probe to a secondary antibody reporter 

To form the transducing electro-optical signal that can be incorporated onto the 

SM-EA-IOW for sandwich immunoassay based detection, as illustrated in Figure 3-1, a 

redox-active molecule that can be conjugated onto the reporting secondary Ab is an 

appealing route.  A good example of a redox-active probe molecule is methylene blue 

(MB).  MB can be used as a very selective redox tag and has already shown great 

performance in integrated DNA structure switching sensors [25, 94].  As shown in Figure 

3-2, critical spectral properties of MB under redox reaction can be achieved [34, 95], and 

its spectroelectrochemical analysis of this phenomenon was experimentally realized [96, 

97].  The MB dye, which is normally deep blue in color, can be converted to its colorless 

leuko-form using electrochemical potential modulation.  This process is exceptionally 

reversible and MB features a unique switching change in optical absorbance that can be 

electrochemically driven through an electric potential modulation; such features of a dye 

fit the detection strategy using the SM-EA-IOW device described in Figure 3-1.  
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Figure 3-2:  2.4 µM MB in its oxidized state (red curve), and reduces state (green) which 

is colorless.  Here the reduction was done chemically by using ascorbic acid 22 mM in 

the presence of 500 mM HCl.  

For labeling the secondary Ab, a derivative of MB with the same reduction 

spectrum properties that is available as NHS-ester was purchased from Biosearch 

Technologies (MB-1000S-5, 5 mg, molecular weight = 598.12 g/mol).  Such material 

features a carboxylic acid functionality for direct coupling to amino groups of antibodies 

and proteins.  As mentioned previously, the targeted antigen is hemagglutinin protein 

(HA) from the H5N1 virus, for that a secondary polyclonal Ab for the influenza A H5N1 

to serve as a reporting probe was purchased from Santa Cruz Biotechnology (sc-54958, 

20 μg/mL, 1 mL, molecular weight = 144 kDa, goat polyclonal IgG) and conjugated with 

MB ester.  As illustrated in Figure 3-3(a) the conjugation process began by mixing the 

secondary H5N1 Ab with the MB ester dye for two hours at room temperature.  A protein 

labeling kit (A10235, Thermo Fisher Scientific) was used for the conjugation of the 

secondary H5N1 Ab with the MB ester, then the conjugated secondary H5N1 Ab was 

purified by using a resin column and a PBS solution as elution buffer.  The concentration 

of MB-labeled H5N1 Ab and the degree of labeling were determined based on UV-Vis 

absorption spectroscopy (Figure 3-3(b)).  Also in Figure 3-3(b) the spectrum shows a 

direct comparison of the absorption spectra of MB-ester dye (blue curve) and the same 

amount of dye conjugated to the secondary H5N1 Ab (red curve).  A shift in the UV-Vis 

spectrum was observed, which indicates the successful labeling procedure of the 

secondary Ab with the MB-ester dye.  The degree of labeling (details in Appendix 6) 



 

45 
 

which provides the average number of dye molecules coupled to Ab protein molecules 

was determined to be about 1. 

 

Figure 3-3:  (a) Strategy for conjugating secondary Ab with methylene blue ester.  (b) 

Experimental evidence of the aimed conjugation.  

3.2.3. Preliminary tests with the MB-labeled H5N1 secondary antibody 

The first step was to make sure that the MB-labeled H5N1 secondary Ab have 

similar reduction spectrum properties as the pure MB-ester.  The activity of the reduction 

of the MB-labeled H5N1 secondary Ab was confirmed using chemical reduction process, 

results shown in Figure 3-4 support that the oxidation reduction process of the labeled 

secondary Ab is still active. 
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Figure 3-4:  Spectral molar absorptivity of methylene blue ester after conjugation with 

the secondary Ab at different oxidation states.  The reduction was done chemically by 

using ascorbic acid 22 mM in the presence of 500 mM HCl. 

Next the oxidation reduction reversibility of the MB-labeled H5N1 secondary Ab 

adsorbed onto ITO/APTES functionalized SM-EA-IOW surface under CV potential 

modulation was tested.  First, the optical baseline signal under CV scan (20 mV/s) was 

obtained.  Then the ITO/APTES surface was functionalized with MB-labeled H5N1 

secondary Ab, with a concentration of (10 μg/mL), by injecting 2 mL of the labeled Ab 

sample into the flow-cell and let it incubate for one hour before being rinsed with PBS.  

With the MB-labeled H5N1secondary Ab being adsorbed onto ITO/APTES surface the 

optical signal under CV scan was recorded.  With the baseline and optical signal known, 

the absorbance of the adsorbed MB-labeled H5N1 secondary Ab was measured. 

Then after cleaning the SM-EA-IOW following the cleaning process described in 

chapter 2, the absorbance under CV scan of the MB-labeled secondary H5N1 Ab 
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adsorbed onto ITO/APTES/ProG SM-EA-IOW surface was measured, here the 

functionalization of MB-labeled secondary H5N1 Ab and data collection was the same as 

mentioned above for ITO/APTES. 

The experimental results in Figure 3-5 shows the oxidation reduction reversibility 

of the MB-labeled H5N1 secondary Ab, also the results confirm the transduction 

capability of the SM-EA-IOW platform to detect the electron transfer events of the probe 

as it is incorporated to the device surface (results shown after rinsing the flow-cell).  One 

also can notice a substantial drop of the redox signal in the presence of ProG, due to such 

substantial drop the ProG layer was not included in the final immunoassay for the H5N1 

antigen detection. 

 

Figure 3-5:  Absorbance data as measured by the SM-EA-IOW device with a wave-

guided light at 637 nm for an adsorbed sub-monolayer of the MB-labeled secondary 

H5N1 Ab (black and red) and an adsorbed sub-monolayer of the MB (blue trace) 

undergoing CV potential modulation on different SM-EA-IOW surface.  
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Another test was performed to evaluate the direct interaction and binding activity 

of MB-labeled secondary H5N1 Ab.  Taking advantage of the fluorescence property of 

MB [98] the fluorescence signal was collected from the surface of the SM-EA-IOW 

platform using the experimental setup illustrated in Figure 3-6(a).  As shown in Figure 

3-6(b) the detected fluorescence signal was stable and strong even after rinsing the flow-

cell.  However, when a pure MB species was injected into the flow-cell (without any Ab 

conjugation) with 300 nM concentration, the fluorescence signal disappeared after rinsing 

the flow-cell with 20 mL of PBS solution as shown in Figure 3-6(b) which is consistent 

with the absorbance measurements under CV scan shown in Figure 3-5 (blue trace).  

Those results were also confirmed by confocal imaging of both samples with pure MB 

(Figure 3-6(c)) and the MB-labeled secondary H5N1 Ab (Figure 3-6(d)), such results 

confirm that the conjugation between MB and the secondary H5N1 Ab did not affects the 

functionality and reactivity of the secondary Ab. 
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Figure 3-6:  (a) Experimental setup for fluorescence data collection from the surface of 

the SM-EA-IOW, the setup included a monochromator connected to CCD camera for 

spectrally resolved measurements. (b) Fluorescence signal detected from the SM-EA-

IOW platform functionalized with ITO/APTES after incubation of MB-labeled secondary 

H5N1 Ab (red curve) and native MB (black curve), data was collected after rinsing the 

flow-cell.  (c) Confocal image of the SM-EA-IOW surface with adsorbed MB and (d) 

with adsorbed MB-labeled secondary H5N1 Ab.  Confocal images (c) and (d)were 

acquired under same conditions and parameters, and after sonication of the SM-EA-IOW 

device in DI water for 10 minutes. 
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 Virus Protein Detection with Immunoassay on the SM-EA-IOW Device 

After successfully conjugating the MB-ester to a secondary H5N1 Ab to form the 

probing reporting signal, the detection of the H5N1 virus antigen using the SM-EA-IOW 

device was performed. 

3.3.1. Influenza antigen sandwich immunoassay functionalization protocol 

The buildup of a sandwich immunoassay for detecting hemagglutinin (HA) 

protein from the H5N1 avian influenza A virus using the SM-EA-IOW platform was 

adopted as follow.  First, a monoclonal anti-H5 (H5N1) Ab that served as the capturing 

Ab was purchased from Santa Cruz Biotechnology (ab82455abcam, 250 μg, 2 mg/mL) 

and bound to the functionalized APTES SM-EA-IOW interface by injecting a solution 

with a concentration of 2 μg/mL into the flow-cell, this concentration was chosen in 

accordance to the characterization done in chapter 2 for Cyt-C Ab functionalization.  

After functionalization with the capture Ab for approximately one hour, the flow-cell 

with the SM-EA-IOW device was thoroughly rinsed with a PBS solution to remove 

unbound species from the SM-EA-IOW interface.  Then, recombinant influenza A 

hemagglutinin (HA) of the H5N1 influenza virus solution (H5N1 HA(P-20) P:(sc-

54958P,200 μg/mL,0.5 mL)), purchased from Santa Cruz Biotechnology, was injected 

into the flow-cell and allowed to adsorb to the surface bounded capturing antibodies for 

one hour before rinsing again with PBS.  Finally, a MB-labeled polyclonal secondary 

H5N1 Ab solution with a concentration of 10 μg∕mL was injected into the flow-cell and 

let bind to the virus protein species residing on the SM-EA-IOW surface for one hour, 

again the flow-cell was rinsed with PBS.  The presence of bound MB-labeled polyclonal 

secondary H5N1 Ab was then interrogated with the SM-EA-IOW device.  Virus protein 
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antigen solutions with different concentrations (200, 100, 20, and 0 ng/mL) were used.  

After data collection at each specific concentration of the virus protein solution, between 

each set of measurements the interaction between the capture antibodies and the 

ITO/APTES surface was reversed by sonicating the SM-EA-IOW device in a potassium 

carbonate solution (pH 9-11) following the cleaning process described in chapter 2 for 

easily renewing of the sensing interface. 

3.3.2. Tests of the SM-EA-IOW platform to monitor the presence of the HA 

virus protein through the optical signal under CV potential modulation 

For data accusation the experimental setup used was the same as described in 

chapter 2 and shown in Figure 3-7, here the laser beam wavelength deployed was at 610 

nm or 633 nm and SM-EA-IOW platforms with a separation distance between the 

coupling gratings of about 3.4 cm was used. 
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Figure 3-7:  Experimental setup for electrical control of the SM-EA-IOW interface.  

 The optical absorbance data on the SM-EA-IOW device for the sandwich 

immunoassay of the virus H5N1 protein was first collected under CV potential 

modulation, the baseline optical signal was collected after adsorption of the influenza 

virus antigen and the reporter optical signal was collected after incubation of the MB-

labeled H5N1 Ab at a concentration of 10 µg/mL.  The results displayed in Figure 3-8 

represent the absorbance optical data (red trace) collected when the SM-EA-IOW device 

functionalized with APTES and primary Ab was exposed to HA virus antigen (200 

ng/mL) and MB-labeled H5N1 secondary Ab (10 μg/mL).  As the applied potential in the 

CV scans (scan rate 20 mV∕s) crosses the formal potential (at about -0.2 V) of the MB-

labeled H5N1 Ab molecule, it triggers an associated optical absorption change (the red 

trace in Figure 3-8).  In addition, from the measured absorbance, A, the total surface 
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density of the adsorbed probe species can be determined, Γ = A/(Sɛ), where S is the 

sensitivity factor of the SM-EA-IOW device (Appendix 3) and ɛ is the molar absorptivity 

of the redox probe obtained from Figure 3-4, such calculation gave a value of Γ = 388 

fmol/cm2.  The black trace corresponds to data when the SM-EA-IOW device 

functionalized under the same protocol mentioned above but in this case it was exposed 

to just MB-labeled H5N1 secondary Ab (10 μg/mL), and the virus antigen was absent 

from the solution.  The experimental results in Figure 3-8 confirm the ability of the SM-

EA-IOW platform to detect the presence and absence of the HA virus protein through 

spectroelectrochemical changes in the redox probe.  Also, the negligible absorbance 

signal without the virus antigen indicated that non-specific adsorption of the MB-labeled 

Ab has been kept to a minimum at the functionalized SM-EA-IOW interface.  

 

Figure 3-8:  Optical absorbance at 610 nm as measured by the SM-EA-IOW platform 

under CV scans.  Red trace in the presence of HA virus antigen and black trace in the 

instance the virus antigen was absent from the solution. 
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 As another control experiment, the SM-EA-IOW functionalized with capturing 

antibodies was exposed to a blocking peptide.  Then, as described above, the absorbance 

signal using a wavelength of interrogation at 610 nm was obtained under CV potential 

modulation after the SM-EA-IOW was exposed to the virus antigen and the MB-labeled 

H5N1 Ab.  Figure 3-9 shows the null results, when a blocking peptide is bound to the 

capture Ab it prevents the adsorption of both the influenza virus antigen and the 

secondary MB-labeled H5N1 Ab probe on the device surface (data shown without rinsing 

the flow-cell).  This experimental results confirm the selectivity of the functionalized 

SM-EA-IOW platform. 

 

Figure 3-9:  Absorbance measured in the presence of a blocking peptide that prevents the 

antigen adsorption.  

 A schematic representation that summarizes the results of Figure 3-8 and Figure 

3-9 is provided in Figure 3-10.  First, Figure 3-10(a) illustrates the results of Figure 3-8 

(red trace), where the virus antigen species are present in the immunoassay and the probe 
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is bound to the device surface and provides a strong analytical response even after rinsing 

the flow-cell.  In contrast, Figure 3-10(b) illustrates the results in Figure 3-8(black trace), 

where the virus antigen is not present and the probe species are not bound to the surface 

and the analytical signal vanishes after the flow-cell was rinsed.  Figure 3-10(c) illustrates 

the results of Figure 3-9, where a blocking peptide was used and no redox signal was 

detected, which indicates that the nonspecific adsorption of the MB-labeled H5N1 Ab on 

the SM-EA-IOW surface was negligible. 

 

Figure 3-10:  Schematic representation of the results in the Figures (3-8 and 3-9) in case 

(a) MB-labeled H5N1 Ab is adsorbed to the surface in the presence of the target analyte.  

(b) When the antigen is absent.  And (c) in case when a blocking peptide is used. 

3.3.3. Optical impedance spectroscopy detection protocol 

As noticed CV modulation provides a clear and simple identification of the redox 

process, but as discussed in chapter 2 using AC impedance modulation on the SM-EA-

IOW platform in combination with synchronous detection from a lock-in amplifier can 

improve the signal-to-noise ratio with faster transduction time.  Figure 3-11(a) shows the 

absorbance amplitude signal versus angular frequency of the probe (MB-labeled 

secondary H5N1 Ab) driven by an AC potential modulation applied to the SM-EA-IOW 
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surface (potential modulation amplitude = 30 mV, DC bias at the formal potential = −220 

mV, laser wavelength = 633 nm) that has been fully functionalized with the immunoassay 

(ITO/APTES/Primary Ab/Virus Antigen, virus antigen concentration = 200 ng/mL) to 

detect the virus antigen. The absorbance amplitude was measured by taking the baseline 

optical signal after adsorption of the influenza virus antigen and the reporter optical 

signal collected after incubation of the MB-labeled H5N1 Ab with data processing as 

described in Appendix 1.  The corresponding faradaic current density versus angular 

frequency of the AC modulation mentioned above is displayed in Figure 3-11(b).  The 

results displayed shows a characteristic resonance frequency for the faradaic process with 

a peak value centered at about 50 rad/sec, such resonant peak frequency is associated 

with the electron transfer rate of the redox probe present on the electrode surface of the 

SM-EA-IOW device, which is helpful when a potential AC voltammetry modulation 

technique is applied. 
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Figure 3-11: (a)  The corresponding absorbance amplitude of MB-labeled H5N1 Ab 

driven by an AC potential modulation  measured by the SM-EA-IOW device.  (b) 

Corresponding faradaic current density versus angular frequency for the AC potential 

modulation results in (a). 
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3.3.4. AC voltammetry detection protocol and limit of detection 

Once the modulation frequency that maximizes the faradaic current of the redox 

probe has been experimentally determined, an AC voltammetric technique was applied at 

different DC bias potential while optical data was collected with the SM-EA-IOW 

platform.  For device applications, AC voltammetry is a more robust transduction scheme 

to operate the platform as it is not time consuming and much more immune to noise due 

to the frequency filtering capability provided by a lock-in amplifier that reads the 

modulated AC signal.  Briefly, a sinusoidal potential modulation was applied on the SM-

EA-IOW device (amplitude of 30 mV, modulation angular frequency 50 rad/sec) with 

varied DC bias potential over a range of (-360 mV to +40 mV) that encompasses the 

formal potential of the redox process of the probe MB-labeled H5N1 Ab.  The 

absorbance amplitude at each DC potential was measured by taking the baseline optical 

signal after adsorption of the influenza virus antigen and the reporter optical signal 

collected after incubation of the MB-labeled H5N1 Ab with data processing as described 

in Appendix 1.  As shown in Figure 3-12 for different virus antigen concentration, a plot 

of the faradaic current density (y-axis) against the DC bias potential measured (x-axis) 

from the absorbance modulated amplitude displays a peak intensity around -170 mV, 

which corresponds to the redox activity of the MB-labeled H5N1 Ab over the 

functionalized SM-EA-IOW surface.  As the DC bias potential is set away from the 

formal potential (away from -170 mV) of the targeted probe, the analytical signal 

decreases towards zero.  The peak intensity of the faradaic current density reported by the 

redox probe under the AC voltammetry is proportional to bounded surface concentration 
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of the target antigen and provides a direct route to the detection and quantification of the 

virus analyte. 

 

Figure 3-12:  Faraday current density from the redox probe (MB-labeled secondary H5N1 

Ab) for different volume concentrations of the virus antigen.  

From the AC voltammetry data above, a plot of the corresponding peak intensity 

of the current density at different virus antigen concentrations was used to determine the 

limit of detection, as shown in Figure 3-13.  An experimental limit of detection was 

determined using a standard 3-sigma to be about 4 ng/mL which corresponds to 77 pico-

molar (pM) for the virus antigen under test using the SM-EA-IOW platform.  Such 

preliminary experimental results for the influenza A (H5N1) HA protein have reached an 
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outstanding level of detection, even though several features can still be optimized in this 

technology to further improve device performance.  Nevertheless, such limit of detection 

figure already surpasses several technologies currently being used (e.g., see Appendix 7).  

 

Figure 3-13: Maximum of the faradaic current density for each volume concentration of  

virus antigen, which allows to determine the limit of detection. 

 Conclusions 

Results showed successful combination of the high sensitivity single-mode SM-

EA-IOW platform with a biologically specific sandwich immunoassay to demonstrate a 

novel strategy for pathogen analysis.  Due to the extremely high sensitivity of the 

conductive and transparent photonic device, a remarkable limit of detection was 

experimentally demonstrated for an influenza virus antigen when using a highly selective 

probe that is biologically specific through the Ab/antigen binding affinity.  Equally 
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important, the transduction mechanism of the bio-photonic device is also highly selective, 

as the monitored analytical signal is optically and electrochemically locked to the probe 

tailored for the antigen detection.  It is optically locked by using a laser wavelength that 

is tuned to the optical transition associated with the conjugated redox probe.  And it is 

electrochemically locked by modulating the applied potential at the formal potential of 

the targeted redox probe events.  And it is also confined to surface events next to the 

electrode interface through confinement of the electromagnetic radiation along the 

electroactive optical waveguide.  The redundancy of these selective factors is expected to 

minimize unwanted false signals from interferons invariably present during detection 

with biological specimens.  The advances described here have the potential to create a 

new bio-sensing technology capable of offering substantially shorter detection times with 

simpler and more cost-effective protocols, which are critical for point-of-care 

applications in disease diagnostics.  Moreover, the specific focus on influenza antigen 

should not obscure the versatility of the technology that can be adapted for detection of a 

variety of pathogens even in clinical samples. 
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CHAPTER 4 DETECTING TARGETED BACTERIA IN AUTHENTIC 

CLINICAL SAMPLES USING SM-EA-IOW PLATFORMS  

 Introduction 

The capability of the SM-EA-IOW device presented in chapter 3 is remarkable as 

an impressive limit of detection has been reached by means of a highly selective probe.  

This probe is biologically specific through the antibody/antigen binding affinity and 

detection can be performed at a relatively short period of time.  However, the samples of 

the influenza virus antigen previously described were prepared under special laboratory 

conditions.  In this chapter, authentic clinical samples from patients of a rapidly 

progressive and potentially catastrophic infectious disease of the eyes, endophthalmitis, 

was targeted for detection using the SM-EA-IOW platform.  Early diagnosis of 

endophthalmitis is key for its proper treatment [99].  More specifically, gram-negative 

bacteria in those clinical samples were targeted using the SM-EA-IOW and results were 

compared with polymerase chain reaction (PCR) tests.  The ability to test clinical samples 

using the SM-EA-IOW platform has the potential to advance the bio-sensing technology 

as it offers substantially shorter detection times, more cost effective protocols, and 

simpler operating procedures, which are all critical characteristics needed for point-of-

care sensing applications.   
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 Motivation and Strategy for Clinical Sample Detection using SM-EA-IOW 

Platforms 

A significant challenge for the treatment of any infectious, and specifically 

bacterial-related diseases, is to ensure and quantify the cause via appropriate sensing and 

monitoring techniques in real-time evaluation [100].  Although advanced techniques in 

microbiology, e.g., culture and PCR techniques, Figure 4-1 upper left and right 

respectively, have been used to diagnose infectious bacteria diseases, they still lack the 

ability to detect microorganisms in real-time or on-site [101-103].  Therefore, there is an 

unmet need for rapid, direct, and portable bio-sensing methods to evaluate in real-time 

such infectious diseases. 

Towards applications targeting genuine clinical samples with the SM-EA-IOW 

bio-sensing platform similar steps as previously described had to be followed.  As before, 

the photonic surface had to be functionalized with a specific antibody to act as the 

capturing component for the aimed analyte that causes a particular infection; here the 

gram-negative bacteria (Figure 4-1(b)) was targeted.  The detection strategy deployed for 

the real clinical sample is based on the same methodology described in chapter 3.  

Briefly, a laser beam is coupled onto the SM-EA-IOW device and optical data is 

collected throughout the experiment before and after injecting a MB-labeled Ab that is 

specifically designed as a signal reporter for the gram-negative bacteria.  The presence of 

the targeted bacteria in the analytical sample is expected to result in their capture onto the 

SM-EA-IOW surface which promotes binding events of the MB-labeled Ab onto the 

device interface.  The out-coupled laser beam is collected for measuring the optical 

absorbance under AC voltammetry, which creates a time-effective protocol with better 
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SNR for detection and a characteristic peak at the formal potential of the redox probe is 

expected to be observed as the finger print for the targeted bacteria (Figure 4-1(c)).   

 

Figure 4-1:  Schematic representation of three different bacteria detection methodologies: 

culturing techniques (upper left), PCR-based methods (upper right), and the proposed 

SM-EA-IOW optical immunosensor (bottom).  Note that the time indicated for each 

method refers to the total estimate assay time.  (a) Clinical samples of aqueous and 

vitreous humor from the eyes of patients in the range of 100 µL.  (b) Specific capture 

antibodies immobilized onto the SM-EA-IOW surface for the gram negative and MB-

labeled gram negative Ab.  The bacteria cell fragments are captured onto the antibody-

modified SM-EA-IOW surface that is then exposed to the specific MB-labeled Ab, and 

the modulated absorbance is measured under a modulated AC voltammetry.  (c) 

Absorbance measured from the SM-EA-IOW provides the monitored optical signal.  

Peak at the formal potential in the absorbance curve is correlated to the presence of the 

targeted bacteria onto the sample.  
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 Functionalization Protocol of the SM-EA-IOW for Gram-Negative Targeted 

Bacteria and Preliminary Tests of the Immunoassay  

First, the ability of the SM-EA-IOW device to detect gram-negative bacteria was 

tested.  For this purpose, a sample of a gram-negative endotoxin from E. Coli K12 

bacteria was prepared and tested (more details on sample preparation can be found in 

Appendix 8).  The functionalization protocol of the SM-EA-IOW was the same as 

previously described in chapters 2 and 3; however, here the functionalized immunoassay 

is for gram-negative bacteria detection as illustrated in Figure 4-2.  Since for diagnostic 

testing with clinical samples the amounts of available material is limited in volumes of 

about 150 µL or less, the flow-cell was redesigned to have a capacity of less than 70 µL 

in solution volume.  After the SM-EA-IOW surface was functionalized with APTES, the 

SM-EA-IOW device was mounted into the electrochemical flow-cell and the ITO/APTES 

interface was in situ functionalized with capturing antibody species by injecting a 

solution of monoclonal antibody gram-negative endotoxin (anti-gram-negative endotoxin 

antibody (clone B40/22) LS-C56151, LSBio Inc.) at a concentration of 2 μg/mL.  After 

incubation of the SM-EA-IOW device with the capturing antibody solution for 

approximately 20 minutes, the flow-cell was thoroughly rinsed with a PBS solution to 

remove unbound species.  Next, a solution containing the targeted bacteria was injected 

into the flow-cell and allowed to bind to the capturing antibodies already immobilized on 

the device surface before rinsing again with PBS.  Finally, a secondary 

lipopolysaccharides (LPS) polyclonal endotoxins Ab (anti-lipopolysaccharide (LPS) 

antibody LS-C71709, LSBio) at a concentration of 10 µg/mL that was already labeled 

with the MB redox-active probe (conjugation details summarized in Appendix 9) was 
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injected and incubated in the flow-cell for around 20 minutes before the cell was rinsed 

again. 

 

Figure 4-2:  Structure of the multilayer, the SM-EA-IOW device functionalized with a 

sandwich bioassay: an APTES monolayer, covalently bounded primary (capture) 

antibody, targeted bacteria, and secondary antibody conjugated with the MB redox-active 

optical probe. 

After establishing the functionalization protocol, the optical absorbance data was 

collected with the SM-EA-IOW platform with and without the presence of the targeted 

bacteria under CV potential modulation.  The optical absorbance when the SM-EA-IOW 

device was functionalized with APTES, primary LPS Ab and then exposed to gram-

negative bacteria fragments followed by MB-labeled LPS Ab (10 μg/mL) is shown by the 

black trace in Figure 4-3.  As expected when the applied potential in the CV scans (scan 

rate 20 mV/s) crosses the formal potential of the MB-labeled LPS Ab molecule (at about 

−0.2 V); it triggered an associated optical absorption change that was clearly detected.  

The red trace in Figure 4-3 corresponds to data collected when the SM-EA-IOW device 

functionalized with APTES and primary LPS Ab was exposed to MB-labeled LPS Ab 
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(10 μg/mL), in this case the gram-negative bacteria was absent from the solution.  The 

negligible absorbance signal (and redox transition) in this data describes negligible 

amounts of MB-labeled LPS Ab on the SM-EA-IOW surface when the gram-negative 

bacteria is absent.  As previously seen for the HA virus antigens in chapter 3, those two 

experimental results confirm the ability of the SM-EA-IOW platform to monitor the 

presence of a gram-negative bacteria through the optical signal of the biologically-

matched redox probe.  Also, those results confirm the successful functionalization of the 

SM-EA-IOW platform for the targeted bacteria and the flexibility of the SM-EA-IOW 

device to be used for different pathogen disease detection. 

 

Figure 4-3:  Optical absorbance at 610 nm as measured by the SM-EA-IOW platform 

under CV scans.  The traces correspond to the data when the SM-EA-IOW device was 

exposed to gram-negative bacteria fragments (black trace) and in the instance the gram-

negative bacteria fragments was absent from the solution (red trace); data collected after 

rinsing the cell. 
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Furthermore, for the gram-negative endotoxin fragments adsorbed on the SM-EA-

IOW device that has been fully functionalized with an immunoassay to detect the 

targeted bacteria, the absorbance amplitude was measured following the same data 

collection procedure under synchronous detection, illustrated in Figure 3-7, and 

calculations described in Appendix 1.  An AC potential modulation with frequency range 

from 1 to 45 Hz, an amplitude of modulating potential = 30 mV and DC bias at −220 mV 

was used.  Figure 4-4 shows the absorbance amplitude versus the angular frequency for 

the targeted bacteria sample.  As observed, the absorbance amplitude features a peak 

value centered at about 5 Hz, this frequency is associated with the electron-transfer rate 

of the redox event under the interfacial conditions present on the electrode surface of the 

photonic device and can be used when applying AC voltammetry to test the clinical 

samples.  After confirming the success functionalization of the SM-EA-IOW for targeting 

gram-negative bacteria, the next step was to test the clinical samples using the SM-EA-

IOW platform. 

 

Figure 4-4:  Absorbance amplitude measured under AC potential modulation with the 

functionalized SM-EA-IOW device targeting endotoxin bacteria.  
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 Tests and Evaluation of Clinical Samples using the SM-EA-IOW Device 

Eight genuine clinical samples of aqueous and vitreous humor from the eyes of 

patients that were presented with infections in the front of the eye (Uveitis) or in the back 

of the eye (Endophthalmitis) were collected by Dr. Wei Wang (Ophthalmology and 

Visual Sciences Dept, University of Louisville) according to an approved Institutional 

Review Board (IRB) for the University of Louisville and in accordance with the tenets of 

the Declaration of Helsinki [99].  Patients were seen in clinical settings and samples 

taken with sterile technique.  There was no prior treatment with antibiotics to interfere 

with the etiology of the samples.  Samples were tested for polymerase chain reaction 

(PCR) of bacterial material.  Sequencing results were referenced by data provided by The 

National Center for Biotechnology Information databases.  These results were kept 

blinded until the clinical samples had been tested with the SM-EA-IOW technology.  

The same functionalization protocol of the SM-EA-IOW device described above 

was followed, but here instead of targeting the endotoxin from E. Coli K12 bacteria the 

gram-negative bacteria in the clinical samples was targeted.  For all clinical samples 

tested, samples were used without any additional treatment and they were tested under 

CV potential modulation and AC voltammetry. 

First, the optical absorbance of the clinical samples were acquired under CV 

potential modulation at the functionalized SM-EA-IOW device for the targeted gram-

negative bacteria, results plotted in Figure 4-5.  For all clinical samples, optical 

absorbance was measured at 610 nm.  Data were collected when the SM-EA-IOW device 

functionalized with APTES and primary LPS Ab was exposed to a clinical sample and 

MB-labeled LPS Ab (10 μg/mL).  Between each clinical sample tested, in addition to re-
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cleaning the SM-EA-IOW device using the protocols described in previous chapters, the 

device was also roughly rinsed with 10% bleach solution and all components of the flow-

cell was swiped using surface disinfectant decontaminant cleaner (CaviCide 13-1008, 

Metrex research) and sequentially sonicated in 10% bleach and DI water.  Although the 

CV scan typically provides a straightforward identification of the redox process, here the 

results for the absorbance under CV scan for most of the clinical samples as illustrated in 

Figure 4-5 for two samples, show low SNR due excessive scattering from innumerous 

debris material present in the clinical sample.  Under such low SNR in the optical CV 

data it was difficult to make a judgement for the absence or presence of the targeted 

gram-negative bacteria in each sample.  However, by applying an AC voltammetric 

potential modulation on the SM-EA-IOW platform, in combination with synchronous 

detection from a lock-in amplifier, it was expected to improve the SNR and resolve this 

challenge. 

  

Figure 4-5:  Optical absorbance at 610 nm as measured by the SM-EA-IOW platform 

under CV scans for samples labeled S1 and S4 (data collected after rinsing).  All other 

clinical samples tested showed similar noisy absorbance curves under CV scans). 
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For each clinical sample the optical data was collected with the SM-EA-IOW 

platform under an applied AC voltammetric technique at the frequency of 5 Hz.  This 

frequency was chosen based on the results presented in Figure 4-4.  The potential was 

AC-modulated at an amplitude of 30 mV with a DC bias potential that varied over the 

range of −400 mV to 200 mV for encompassing the formal potential of the redox process 

of the MB redox probe.  As shown in Figure 4-6 a peak of the absorbance amplitude 

reported by the redox probe provides a clear and direct route to the detection of the 

targeted gram-negative bacteria.  Based on those clear peaks under AC voltammetric 

potential-modulation the presence or absence of gram- negative bacteria was established. 

 

Figure 4-6:  Amplitude of optical absorbance at 610 nm as measured by the SM-EA-IOW 

platform under AC voltammetry.  All curves correspond to data collected after the SM-

EA-IOW device, which was functionalized with APTES and primary LPS Ab, was 

exposed to a particular clinical sample, as labeled, and the MB-labeled secondary Ab (10 

μg/mL).  All data was collected after rinsing. 
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After testing all the clinical samples using the SMEA-IOW, the results were 

compared with the tests obtained under PCR.  Table 2 compares the outcomes of the SM-

EA-IOW interrogation with those from PCR analysis, which was outsourced from a 

private company.  Out of the 8 tested samples, 7 samples show agreement and 1 sample 

has an inconclusive outcome.  Even when the PCR showed the existence of gram positive 

bacteria, still the SM-EA-IOW technology only detected the targeted gram-negative 

bacteria; such results confirm the bio-sensing methodology performance in terms of 

selectivity in authentic clinical samples.  

Table 2:  Comparison between outcomes from the SM-EA-IOW and PCR analysis of 

eight clinical samples. 

Sample ID EA-IOW results PCR results Agreement 

S1 No No  Yes 

S2 Yes Yes Yes 

S3 No (gram positive) Yes 

S4 Yes 1 Yes, 1 No Inconclusive 

S5 No No Yes 

S6 No (gram positive) Yes 

S7 Yes Yes Yes 

S8 No No Yes 

 Conclusions  

In conclusion, the results in this chapter showed the application, flexibility and the 

ability of the new label-free SM-EA-IOW immunosensors to test real clinical samples 
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without any pre-enrichment, filtering, or other processing steps of the samples under test.  

The SM-EA-IOW biosensor was capable of selectively identifying the targeted analyte 

with fast combination of electro-chemical and optical transduction interrogation, and the 

results obtained were in good agreement with state-of-the-art tests.  Also, the device has 

demonstrated the ability to handle small sample volumes (~50 µL), is cost effective, and 

can be made simple to operate.  Those results encourage the use of SM-EA-IOW to be 

implemented in a portable device arrangement.  Such sensing strategy is expected to 

contribute in resolving several limitations of current bio-sensing technologies for point-

of-care applications. 
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CHAPTER 5 TOWARD ELECTROFLUOROCHROMIC BIO-SENSING 

USING SM-EA-IOW PLATFORM UNDER POTENTIAL MODULATION 

 Introduction 

The transduction methodology and performance using the SM-EA-IOW platform 

described in the previous chapters are remarkable.  The transduction mechanism itself is 

highly specific as the monitored analytical signal is both optically and electrochemically 

locked to the specific probe designed for the analyte detection.  The redundancy of those 

selective factors highly contributes to minimize unwanted false signals from possible 

interference invariably present in authentic clinical samples during detection. 

From this leveraged position, the investigation of electrochemically modulated 

fluorescent molecules to be conjugated with relevant antibodies, creating a potential-

modulated fluorescent probe to work with the SM-EA-IOW device, is expected to lead to 

an additional breakthrough in the SM-EA-IOW bio-sensing platform.  Transduction with 

potential-modulated fluorescent signal can lead to monitor events at the level of very few 

molecules whose response can be switched by reversible electrochemical manipulation.  

Such features will allow the generation of few molecules analytical signal that is strictly 

confined to surface-bound fluorophore species and eliminate background fluorescence 

from other biological components present in the bulk phase (e.g., serum) [14].  All 

combined those features are expected to further boost the SM-EA-IOW bio-sensing 
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performance.  In this chapter, the investigation of electrochemically modulated 

fluorescent molecules aimed to be conjugated with relevant antibodies for creating a 

potential-modulated fluorescent probe to work with the SM-EA-IOW device is presented.  

For preliminary tests, cresyl violet molecules was investigated; those molecules display a 

well-characterized fluorescence behavior [42] that is dependent on its redox events.  The 

cresyl violet molecules were investigated under potential-modulated fluorescent detection 

using the SM-EA-IOW.  Also, preliminary attempts to conjugate the cresyl violet with 

secondary antibodies as a biomarker for an electrofluorochromic detection scheme is 

presented. 

 Experimental 

5.2.1. Fluorescence spectroscopy 

For fluorescence spectra measurements a home-built fluorescence spectrometer as 

shown in Figure 5-1 was used.  A laser was directed to a cuvette holder, then the 

fluorescence signal was collected at orthogonal orientation, filtered with a notch filter, 

and sent to a monochromator-CCD camera for spectra acquisition.  

 

Figure 5-1:  Schematic representation of fluorescence spectrometer. 
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5.2.2. Potential-modulated fluorescence spectroscopy using SM-EA-IOW 

The setup for the potential-modulated fluorescence measurements with the SM-

EA-IOW is shown in Figure 5-2(a).  As mentioned previously the SM-EA-IOW platform 

was mounted in a conventional electrochemical flow-cell (Figure 5-2(b)) and a set of 

diffraction-limited optical components was deployed to launch the light beam towards the 

integrated grating coupler.  Electrochemical measurements using the SM-EA-IOW were 

performed with the standard three electrode configuration mounted in a home-built flow-

cell (ITO film on the surface of the SM-EA-IOW device as the working electrode, 

platinum wire as the counter electrode, and a Ag/AgCl electrode in 1M KCl solution as 

the reference electrode).  A solid state laser source with a linearly transverse-electric 

polarized laser light (514 nm, Coherent Obis) was routed to the input port of the SM-EA-

IOW flow-cell, and used as the excitation light source.  Fluorescence emission of 

adsorbed molecules was collected by diffracted limited lenses and focused into an optical 

fiber; before focusing the collected fluorescence into the fiber, a notch filter (514 ± 10 

nm, NF514-17, Thorlabs) was used to remove any scattered excitation light.  The 

fluorescent signal was collected from the surface where the excitation beam was 

propagating.  Also, the optical signal was monitored while a potentiostat (CHI 660D, 

CHInstruments, Inc.) was used to control the electric potential applied to the working 

electrode.  In AC potential-modulated measurements, the fluorescence emission was 

coupled into a photomultiplier detector (PMT, H5783, Hamamatsu) that was 

electronically processed by a current pre-amplifier (SR570, Stanford Research Systems) 

before being sent to a lock-in-amplifier (SR810, Stanford Research Systems).  A function 

generator (DS345, Stanford Research Systems) connected to the potentiostat provided a 
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continuous sinusoidal wave to electrically drive the SM-EA-IOW working electrode and 

was also used to provide a reference to the lock-in-amplifier for impedance 

measurements.  In AC potential-modulation mode, an oscilloscope (DSO8104A 

Infiniium, Agilent) was used to read and record all signal measurements.  Under step 

potential modulation, the fluorescence spectrum signal was coupled to a monochromator 

(SpectraPro 2300i, Princeton instruments) and detected using a CCD camera (PIXIS 400, 

Princeton instruments) while recorded on a computer.  

 

Figure 5-2: The experimental setup for fluorescence data collection from the surface of 

the SM-EA-IOW include a CCD camera and a monochromator for spectrally resolved 

measurements. 

5.2.3. Cresyl violet maleamic sample preparation 

For labeling the secondary antibody, the synthesis of an activated form of cresyl 

violet-NHS ester featuring carboxylic an acid functionality (cresyl violet maleamic, 
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CrViMa) for direct coupling to amino groups of proteins was followed and summarized 

in Appendix 10. 

 Results and Discussion 

5.3.1. Fluorescence detection of excited cresyl violet maleamic molecules 

adsorbed on the surface of the SM-EA-IOW 

First, the ability to detect the fluorescence from the SM-EA-IOW surface was 

tested.  For that purpose, a sample of CrViMa with a concentration of 500 nM was used.  

The setup in Figure 5-2 was deployed with an excitation beam at 514 nm and a 

corresponding notch filter.  An ITO SM-EA-IOW surface was functionalized with 

CrViMa by injecting a solution of 500 nM into the flow-cell and allowed to incubate for 

about 40 minutes so the CrViMa molecules would adsorb to the SM-EA-IOW surface 

before being rinsed with PBS to eliminate the unbounded molecules present in the bulk 

solution or loosely bound to device surface.  Figure 5-3 shows the collected fluorescence 

spectrum of CrViMa from the surface of the SM-EA-IOW.  Such spectrum have the same 

trend when compared to the fluorescence spectrum obtained using the same sample with 

the setup illustrated in Figure 5-1.  Those results confirm the success and efficiency of the 

coupled laser beam to excite molecules adsorbed to the SM-EA-IOW surface and the 

ability to collect the fluorescence emitted. 
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Figure 5-3:  (Red) Fluorescence spectrum of CrViMa (500 nM) collected by the 

fluorescence spectrophotometer. (Black) fluorescence spectrum of CrViMa collected 

from the SM-EA-IOW surface. 

5.3.2. SM-EA-IOW electrofluorochromic detection of cresyl violet maleamic 

under potential modulation (step potential and AC impedance) 

Here the analysis of the modulated fluorescent measurements using the SM-EA-

IOW platform under potential-modulation is based on the same analysis established for 

absorbance measurements elsewhere [37].  For that purpose, the ability to retrieve the 

optical modulated fluorescent of the adsorbed CrViMa (with a concentration of 500 nM) 

on the SM-EA-IOW platform under potential-modulation was tested using the setup 

illustrated in Figure 5-2. 

Firstly, a step potential modulation was applied to the flow-cell that had CrViMa 

species in direct contact with a bare ITO electrode on the SM-EA-IOW device.   
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Figure 5-4(a)-(b) show the measured fluorescence spectrum under step potentials 

as marked in the plots.  Also, Figure 5-4(c) shows the average fluorescence at (632 ± 10) 

nm of both the spectrum fluorescence in Figure 5-4(a) and (b) plotted against applied 

potential.  The optical data shows the unique fluorescence transition changes as the 

applied potential crosses the formal potential of the redox couple associated with the 

CrViMa molecules, this redox transition can be clearly seen in Figure 5-4(c).  A fit of the 

modulated fluorescence (blue trace) and its derivative (black trace) as a function of the 

applied potential is presented in Figure 5-4(c); the derivative of the fluorescence signal 

against applied potential was used to determine the formal potential of the adsorbed 

CrViMa and it was found to be approximately -85 mV. 
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Figure 5-4:  (a) Fluorescence spectrum of CrViMa 500 nM collected from the surface of 

the SM-EA-IOW under step potential using a CCD spectrometer.  (b) Same as in Figure 

5-4(a) but here the step potential started from +0.6 V to -0.6 V.  (c) (red data points) 

Average fluorescence at (632 ± 10) nm from the data presented in Figures 5-4(a)-(b) with 

a curve fitting (blue data points) and the derivative of the fitted line (black curve) to 

determine the formal potential. 

As discussed previously an improved SNR with faster transduction times can be 

obtained under AC potential modulation.  Briefly, for electrofluorochromic-active 

molecules under AC potential modulation, 𝐸 = 𝐸𝑑𝑐 + ∆𝐸𝑎𝑐 sin(𝜔𝑡), a modulated 

fluorescence optical signal is measured for a light beam propagating along the single-

mode SM-EA-IOW device.  By acquiring optical data in the absence of the 
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electrofluorochromic active molecule (i.e., baseline), 𝐹0 = 𝐹𝑑𝑐,0 + ∆𝐹𝑎𝑐,0sin(𝜔𝑡 + 𝜃0), 

(where 𝐹𝑑𝑐,0 represents a term that is constant in time and its value depends solely on 𝐸𝑑𝑐,  

∆𝐹𝑎𝑐,0 represents the amplitude, and 𝜃0 represents the phase of the fluorescent optical 

signal response originated under the electric potential modulation) and in the presence of 

the electrofluorochromic-active molecule, 𝐹 = 𝐹𝑑𝑐 + ∆𝐹𝑎𝑐sin(𝜔𝑡 + 𝜃), (where 𝐹𝑑𝑐  

represents a term that is constant in time and its value depends solely on 𝐸𝑑𝑐,  ∆𝐹𝑎𝑐  

represents the amplitude, and 𝜃 represents the phase of the fluorescent optical signal 

response originated under the electric potential modulation in the presence of the 

electrofluorochromic active molecule.  Based on the previous established equations for 

in-phase and out-of-phase components of the AC modulated optical signal [37], one can 

determine the in-phase ∆𝐹𝑎𝑐,𝑖𝑛 and out-of-phase ∆𝐹𝑎𝑐,𝑜𝑢𝑡components of the AC 

modulated fluorescence optical signal by: 

∆𝐹𝑎𝑐,𝑖𝑛 = −
∆𝐹𝑎𝑐 cos(𝜃)

𝐹𝑑𝑐 ln(10)
+

∆𝐹𝑎𝑐,0cos(𝜃0)

𝐹𝑑𝑐,𝑜ln(10)
   Equation 5-1 

∆𝐹𝑎𝑐,𝑜𝑢𝑡 = −
∆𝐹𝑎𝑐 sin(𝜃)

𝐹𝑑𝑐 ln(10)
+

∆𝐹𝑎𝑐,0sin(𝜃0)

𝐹𝑑𝑐,𝑜ln(10)
   Equation 5-2 

and from the in-phase and out-of-phase components of the AC modulated optical 

fluorescent one can measure the total fluorescent amplitude with: 

∆𝐹𝑎𝑐 = √(∆𝐹𝑎𝑐,𝑖𝑛)2 + (∆𝐹𝑎𝑐,𝑜𝑢𝑡)2  Equation 5-3 

Fluorescent modulated signal under applied AC potential modulations was 

collected using synchronous detection as illustrated Figure 5-2.  AC potential modulation 

with an amplitude of 30 mV at different frequencies ranging from 1 Hz to 45 Hz were 

applied.  Procedure of CrViMa adsorption to the SM-EA-IOW surface was the same as 

mentioned above, the baseline signal was recorded before the injection of the CrViMa 
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into the flow-cell, and the fluorescence modulated optical signal was then recorded after 

the injection of a 500 nM solution of CrViMa under the same AC potential modulation 

parameters applied to the baseline.  Figure 5-5 shows the total fluorescence amplitude of 

the adsorbed CrViMa measured using Equation 5-3; such results confirm the ability of 

the established optical impedance technique using the SM-EA-IOW to measure the 

modulated fluorescence and the possibility to apply the same analysis based on optical 

absorbance measurements for modulated fluorescence measurements [70]. 

 

Figure 5-5:  Fluorescence of CrViMa collected from the surface of the SM-EA-IOW 

using excitation laser at 514 nm under AC impedance with a DC bias at  -0.085 V, an 

amplitude of modulation of 30 mV and optical detection using a PMT with notch filter at 

514 nm. 
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In addition, by following and taking advantage of the established simple 

methodology to measure the electron-transfer rate of redox active molecules on the SM-

EA-IOW platform [70], one can simply use the same equations to measure the electron-

transfer rate of electrofluorochromic molecules using the fluorescence-modulated optical 

signal.  Briefly, in order to determine the electron-transfer rate (𝑘𝐸𝑇) using OIS, it is 

sufficient to collect both the electrical impedance, 𝑍(𝜔), of the electrochemical flow-cell 

and the modulated fluorescence amplitude, ∆F𝑎𝑐(𝜔).  Based on electrochemical 

equivalent circuit described previously for redox active molecules in Appendix 2, 𝑘𝐸𝑇 

can be expressed as: 

𝑘𝐸𝑇 =
1

2𝐶𝑎𝑅𝑐𝑡
=

𝑦(𝜔)

𝑥(𝜔)
    Equation 5-4 

where here for fluorescence modulated signal 𝑦(𝜔) and 𝑥(𝜔) are defined as 

𝑥(𝜔) = 2[𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐹𝑎𝑐,𝑖𝑛(𝜔) − 𝑍𝑡𝑜𝑡

′′ (𝜔)∆𝐹𝑎𝑐,𝑜𝑢𝑡(𝜔)]Equation 5-5 

and 

𝑦(𝜔) = 𝜔[𝑍𝑡𝑜𝑡
′ (𝜔)∆∆𝐹𝑎𝑐,𝑜𝑢𝑡(𝜔) + 𝑍𝑡𝑜𝑡

′′ (𝜔)∆𝐹𝑎𝑐,𝑜𝑢𝑡(𝜔)]Equation 5-6 

where 𝑍𝑡𝑜𝑡′ (𝜔) and 𝑍𝑡𝑜𝑡′′ (𝜔) are the real and imaginary parts of the total impedance 

respectively, which are obtained from the potentiostat, and the real and imaginary parts of 

∆𝐹𝑎𝑐(𝜔) are obtained from the optical impedance measurements.  With 𝑍𝑡(𝜔) and 

∆𝐹𝑎𝑐(𝜔) known and, by following the same analysis discussed in chapter 2 and as shown 

in Equation 2-7, one can use a parametric plot of 𝑦(𝜔) against 𝑥(𝜔) where a linear graph 

is formed with a slope representing the electron-transfer rate, 𝑘𝐸𝑇, of the faradaic process 

of the adsorbed electrofluorochromic molecules.  The formalism described above was 

applied to retrieve the electron-transfer rate of CrViMa at a concentration of 500 nM, 

with data in Figure 5-6 showing a parametric plot to retrieve the electron-transfer rate to 
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be (55 ± 2) s-1.  These experimental results illustrate the ability of the methodology 

described above to determine and retrieve the electron-transfer rate of 

electrofluorochromic-active molecules based on potential-modulated fluorescence signal.  

 

Figure 5-6:  The parametric plot of (ω) = 𝑘ET 𝑥(ω) with a linear fitting used to retrieve 

the electron-transfer rate of electrofluorochromic-active CrViMa molecules based on the 

potential-modulated fluorescence signal.  

5.3.3. Preliminary tests to conjugate CrViMa into H5N1 secondary antibody 

The results above confirm the ability to detect a modulated fluorescence signal of 

electrofluorochromic-active molecules adsorbed to the surface of the SM-EA-IOW 

device.  Such assurance opens the possibility to conjugate electrofluorochromic-active 

molecules on antibodies to be used in immunoassay-based detection incorporated onto 

the SM-EA-IOW.  The idea as illustrated in Figure 5-7 is similar to the strategy presented 

in chapter 3, but here the reporting signal is based on the modulated fluorescence from 
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electrofluorochromic-active molecules instead of absorbance signal measured from a 

redox-active probe. 

 

Figure 5-7:  Steps of the proposed sandwich bioassay with the bonded Ab, the biological 

target binding, and he secondary Ab with an electrofluorochromic-active optical marker. 

The task is to target an already tested system, the H5N1 virus antigens, using the 

above proposed methodology.  CrViMa was the first molecule used in an attempt to 

conjugate a secondary Ab signal reporter.  CrViMa forms a good candidate as it has a 

NHS-ester group, which features a carboxylic acid functionality for direct coupling to 

amino groups of proteins.  The attempt conjugation process is summarized in details in 

Appendix 11.  Unfortunately according to the UV-Vis spectrum shown in Figure 5-8, the 

absence of the peak that is related to the fingerprint of CrViMa indicates that the current 

conjugation process was not successful. 
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Figure 5-8:  UV-Vis absorbance of free CrViMa and CrViMa-labeled H5N1 Ab. 

However, after testing the sample using the fluorescence spectrometer illustrated 

in Figure 5-1, the fluorescence spectrum showed some evidence of the presence of 

CrViMa in the conjugated secondary H5N1 Ab sample, as shown in Figure 5-9.  This 

may indicate that the conjugation was to some degree successful but the degree of 

labeling between CrViMa and the secondary Ab stills needs to be improved to fully 

advance this novel sensing methodology. 
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Figure 5-9:  Fluorescence spectrum of CrViMa-labeled H5N1 Ab.  

 Conclusions 

The preliminary steps to deploy the electron-transfer process of an 

electrofluorochromic-active molecule under potential modulation using SM-EA-IOW 

were developed and presented here.  The experimental results provide a path towards 

using electrofluorochromic-active molecule to be conjugated into a reporting Ab for bio-

sensing applications using SM-EA-IOW platforms; such capability is expected to provide 

higher sensitivity as the fluorescent analytical signal grows from negligible background.  

The initial tests for conjugating an electrofluorochromic-active molecule (CrViMa) on a 

secondary Ab are still insufficient for the envisioned applications, however such a 

proposed technique is promising and additional improvements in this research efforts are 

expected to unfold into further breakthroughs in sensing applications. 
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CHAPTER 6 PHOTOBLEACHING REDUCTION AND SINGLE 

MOLECULE SUPER RESOLUTION IMAGING AT LOW EXCITATION 

AND DEPLETION POWERS WITH MODULATED STED 

MISCROSCOPY  

6.1. Introduction 

Single-molecule spectroelectrochemical techniques based on electrically-driven 

fluorescence signals is anticipated to be intrinsically more sensitive than those based on 

absorbance signals.  Still, using conventional optical fluorescence microscopy can only 

provide information limited by the diffraction barrier of the focused light.  Also, in 

fluorescence based measurement, perhaps an even more significant challenge is the effect 

of photobleaching which can lead to poor signal-to-noise ratio in single-molecule 

spectroscopic studies.  Such limitations are still a challenge and can impact the 

spectroelectrochemical imaging formation and the collected quantitative data at the single 

molecular level. 

In this chapter, the buildup of an innovative modulated-STED super-resolution 

imaging technique is described and shown to be capable of achieving far-field images 

with sub-diffraction resolution in the visible part of the spectrum.  Compared to 

conventional STED approaches, the developed modulated-STED tool is shown to be 

capable of reducing the required optical powers of the excitation and depletion laser 
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beams.  The outcomes of such improvement were to reduce photobleaching effects in 

single molecule STED imaging and to minimize undesirable background signals that 

invariably comes from the application of the depletion beam.  Those features may also 

open the possibility for new applications of STED imaging at reduced complexity and 

costs. 

6.1.1. The diffraction limit 

It has been known that the resolution of focusing far-field light in optical imaging 

is fundamentally limited by the diffraction barrier.  The first person to come with the 

concept of diffraction limit is Ernest Abbe [45] back in 1873; he formulated that in order 

to separate two features of the same kind by light microscope, they have to be separated 

by a distance equals to the wavelength of the light divided by twice the numerical 

aperture of the microscope objective.  Mathematically he described it by his famous 

equation 

𝑑 =
𝜆

2×𝑁𝐴
    Equation 6-1 

where d is the minimum resolvable distance, 𝜆 is the wavelength of light and NA is the 

numerical aperture. 

In life sciences probably the most widely used far-field imaging tool has been 

fluorescence microscopy [104].  In a fluorescence microscope all the features inside the 

spot of the focused light will be illuminated and excited at the same time by the excitation 

light beam, as illustrated in Figure 6-1.  And hence all those features falling within the 

diffraction barrier will give signal and this signal will be collected at the same time, thus 

it will be impossible to resolve those features apart. 



 

91 
 

 

Figure 6-1:  Schematic diagram of a fluorescence microscope. 

An important issue in fluorescence microscopy is the generation of the out-of-

focus signal, as illustrated in Figure 6-1 by the dashed red and blue lines.  A modified 

version of fluorescence microscope is the confocal microscope [105, 106].  The confocal 

microscope has the ability to achieve optical sectioning from the inside of the 

investigated sample with a negligible background signal.  A schematic layout of a 

confocal microscope is shown in Figure 6-2.  The main part of the confocal microscope is 

that the fluorescence is collected and focused onto a point-like detector.  The image data 

buildup is achieved by scanning the focus through the sample (or the sample over the 

focal point).  The size of the detector is about 80% of the first two minima in a lateral 

profile of the generated light focus of the Airy pattern.  Still confocal microscope is 

limited by the diffraction barrier, which is a limiting factor to achieve single molecule 

imaging. 
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Figure 6-2:  Schematic diagram of a confocal microscope. 

6.1.2. Super resolution imaging techniques 

In far-field imaging a series of innovative strategies have recently been devised to 

overcome the diffraction limit [48, 52].  The main far-field optical microscopy strategies 

with sub-diffraction resolution are: structured-illumination microscopy [49], single-

molecule based localization microscopy [50], and stimulated-emission depletion (STED) 

microscopy [51].  The most adopted of those innovative techniques is STED microscopy, 

which was developed by Stefan Hell (Nobel Prize in chemistry, 2014) and his group in 

Germany [107, 108].  Since then STED microscopy has become a popular tool and has 

been widely adopted for investigations in the single molecule level imaging [109-111].  

This method relies on a principle related with every dye which is stimulated emission, 

which makes the method very powerful.  Using STED imaging, a single molecule 

resolution in fluorescent samples of 5 nm to 20 nm in the lateral directions has been 

demonstrated [112]. 
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6.1.3. Principle of STED microscopy 

The STED concept takes advantage of the stimulated emission process to create 

an effective excitation spot below the diffraction limit.  The basic concept of stimulated 

emission is illustrated in Figure 6-3 [113].  The fluorescent molecule is excited by an 

excitation beam to a higher vibronic level of the excited state S1 from the ground state S0.  

Then it decays non-radiatively in a very fast time (in several ps) to the lowest vibronic 

energy level of S1.  Fluorescence signal, which is red-shifted compared to the excitation 

wavelength of this molecule, can be detected when this excited molecule relaxes to S0 

state via spontaneous emission.  However, the excited state of a molecule can also be 

stimulated to emit a photon.  This can be done using a light (depleting beam) that 

matches the energy gap between S0 and the lowest vibronic level of the excited state S1.  

The stimulated emitted wavelength is not detected as a fluorescence signal because it is 

red-shifted compared to the excitation beam. 

 

Figure 6-3:  Schematic two-level energy diagram of a fluorescent molecule. 

In STED imaging technique two overlapping laser beams are deployed: one used 

for excitation and another for depletion of an optically-active state in a population of 

nanometer scale species.  In general, as illustrated in Figure 6-4, STED imaging can be 
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applied in any system where the following conditions are met [114]: i) there is a bright A 

and a dark state B; ii) the transition A →B is photoinducible; iii) an arbitrarily shaped 

region purely in A can be embedded in a region that is mostly in B; and iv) photo-

absorption by the A state produces a detectable signal that is not observed in B.  The Airy 

pattern of an excitation beam which is diffracted limited is combined with a doughnut-

shaped depletion beam that is red-shifted and out of the detection region (Figure 6-4(b)).  

The doughnut-shaped depletion beam is created using a phase plate, as illustrated in 

Figure 6-4(c) the phase plat will imprint a phase factor onto the incident beams, which 

transforms its Gaussian beam into a doughnut beam by destructive interference on the 

optical axis.  As shown and illustrated in Figure 6-4(d), due to stimulated emission by the 

depletion beam on the periphery of the Airy pattern, the fluorescence emission becomes 

confined to the region around to the doughnut zero.  A super-resolved image is then 

constructed by scanning the sample underneath the beams and sequentially collecting 

fluorescence signal on a pixel by pixel basis. 

 

Figure 6-4:  (a) Bright and dark states and the transition between A to B and vice versa is 

photoinducible.  (b) The excitation spot (blue) is overlapped with the STED depletion 
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laser profile (orange) at x-y focal plane to create an effective excitation spot below the 

diffraction limit.  (c) The special phase plat imprints a phase factor exp(i n φ) onto the 

incident beams, Gaussian beams are transformed into doughnut beams by destructive 

interference on the optical axis.  (d): (1) Ensemble in a sample in B dark state.  (2) Some 

portion of the ensemble is excited to state A within a diffraction limit spot size.  (3) A 

sub-diffraction-sized effective excitation point spread function is generated by 

superimpose conventional excitation beam and a depletion beam exhibiting a central zero 

intensity zone.  (4) This effective excitation point spread function is scanned across the 

specimen, and this results in an image that is beyond the diffraction limit. 

The effective point-spread-function (PSF) of the STED microscope can be 

mathematically described as reported by Stefan Hell and coworkers [115, 116] by a 

modified Abbe’s equation and is given by: 

𝑑 =
𝜆

2×𝑁𝐴×√1+
𝐼

𝐼𝑠

    Equation 6-2 

where I is the intensity of the depletion laser, Is is the laser intensity to deplete 50% of the 

fluorophores intensity. 

6.1.4. Main challenges in single molecule imaging using STED microscopy 

Implementation of STED microscopy was challenging in the past [117] and 

several strategies have been developed to facilitate its applications [110, 118].  The most 

straightforward realization of the STED technique uses CW laser beams for the excitation 

and depletion [119] of optically active species.  In principle, there is no fundamental limit 

to the spatial resolution obtainable by STED microscopy, which is essentially determined 

by the extent that the intensity of the depletion beam can be varied over a short distance 
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[116].  For reaching a high spatial resolution (i.e., a tightly confined point spread 

function) a strong depletion beam is invariably required [120], however such requirement 

brings several practical difficulties.  One of the crucial drawbacks due to this strong 

depletion beam in STED imaging is photobleaching, also a relatively high excitation laser 

power is generally desirable to maximize the fluorescence emission and improve image 

quality which also increases photobleaching effect.  Several approaches have been 

developed aimed to reduce photobleaching effect in STED microscopy, such as 

decreasing the dwell time in the scans or increase the field of view in STED imaging 

[121], or applying a time Gated-STED.  In STED time gating imaging, the reduction of 

the saturating intensity has led to acquire STED images with higher resolution at lower 

depletion power [122, 123].  Another technical problem that arises from a strong 

depletion beam is due to its probability to excite the optically active species.  This 

undesirable effect can be reduced by detuning the depletion wavelength far from the 

excitation band and by using efficient notch and passband filters, but the effect may still 

be non-negligible for strong depletion beams.  Another important point should be taken 

into account is the preparation of samples for STED microscopy, such as using an 

embedding medium that matches very well the refractive index of the supporting 

substrate, as any small mismatch may result in unwanted back reflected background from 

the depletion laser beam.  A strong depletion power has also been reported to induce 

optical trapping [116]. 

6.1.5. Modulated STED microscopy 

Typically, in STED microscopy only a small number of dyes can be studied by a 

certain pair of excitation and depletion wavelengths.  In order to expand the possibility of 
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using the single laser wavelength in the depletion beam to work with fluorophores of 

different emission spectra, a general concept named modulated STED was proposed by 

Ronzitti and colleagues [61] based on an intensity modulation of the excitation laser beam 

combined with synchronous detection of the fluorescence signal with a lock-in amplifier, 

while using a CW depletion beam for reaching super-resolution in far-field imaging.  They 

have demonstrated the ability of modulated STED to work with a broader range of dyes 

while deploying a single wavelength for the depletion laser.  

6.2. Experimental Setup (Implementation of Modulated STED Microscopy) 

6.2.1. Layout of the modulated STED microscope 

A STED microscope is shown schematically in Figure 6-5 was built following the 

major features of a previously reported configuration [124]. 

 

Figure 6-5:  Experimental setup with the 488 nm and 592 nm laser lines used for the 

excitation and depletion sources, respectively.  The laser beams are injected into single-
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mode fibers with focusing lenses.  The excitation beam was modulated using a function 

generator.  The depletion laser was passed through a spiral phase plate to generate the 

doughnut shape.  Both beams were circularly polarized by a quarter-wave plate.  The 

depletion beam was collinearly aligned with the excitation laser coupled into the confocal 

imaging path.  Laser focusing and fluorescence collection was done through an objective 

lens (Olympus, 100X, 1.35 NA).  Sample was scanned using an XYZ piezo electrically 

driven stage.  A photomultiplier tubes was used for light detection.  The detected signal 

was synchronized to the excitation laser modulation using a lock-in amplifier connected 

to a computer for data acquisition. 

6.2.2.  Excitation and depletion beam coupling 

The excitation laser at 488 nm was delivered by an OBIS laser with single spatial 

mode and 60 mW maximum power (488-60 LS, Coherent, Santa Clara, California, USA) 

and the depletion beam at 592 nm was provided by a CW single spatial mode fiber laser 

with a 1.5 W maximum power (MPB Communications, Montreal , Canada).  In order to 

further spatially filter the excitation and depletion beams, each beam was coupled to a 

single-mode fiber (P1-488PM-FC-5, Thorlabs, Newton, New Jersey, USA) using a 40X 

microscope objective with numerical aperture of 0.65 (Newport, Irvine, California, USA) 

mounted on a single-mode fiber launch unit (MAX350D, Thorlabs, Newton, New Jersey, 

USA) (Figure 6-6). 
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Figure 6-6:  (a) Coupling excitation beam into SMF.  (b) Coupling depletion beam into 

SMF. 

6.2.3. Excitation and depletion beams; collimation and stage beams launch 

The output of each fiber port was mounted on a 4-axis stage, which provided the 

necessary degrees of freedom to collimate and reach co-linearity among the optical 

beams.  Each beam was collimated using an aberration-corrected lens (PAF-X-18-PC-C, 

Thorlabs, Newton, New Jersey, USA) of focal length of 18.4 mm that was mounted on a 

5-axis stage (Figure 6-7). 

https://www.thorlabs.com/thorproduct.cfm?partnumber=PAF-X-18-PC-C
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Figure 6-7:  Excitation/ Depletion beam fiber launch. 

6.2.4. Doughnut shape 

As shown in Figure 6-8, the depletion beam passed through a Vortex phase plate 

(VPP-1, RPC Photonic Inc., Rochester,  New York, USA), which was used to generate 

the characteristic doughnut pattern. 
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Figure 6-8:  The collimated depletion beam is engineered to a doughnut shaped beam 

using a vortex phase plate mounted on a 4-axis stage. 

6.2.5. Main optical path 

The excitation beam was directed toward a microscope objective with 100X 

magnification and a numerical aperture of 1.35 (RMS100X-PFOD Olympus, Thorlabs, 

Newton, New Jersey, USA) mounted on an optical microscope (BX51M, Olympus, Center 

Vallry, Pennsylvania, USA) using a dichroic mirror DM1 (ZT488rdc-UF2, Chroma, 

Mchenry, Illinois, USA).  The depletion beam was also directed towards the microscope 
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objective using another dichroic mirror DM2 (z590sp-rdc, Chroma, McHenry, Illinois, 

USA).  The main optical path is shown in Figure 6-9. 

 

Figure 6-9:  Main optical path combining both laser beams on the objective and also 

collecting the fluorescence signal.  Quarter wave plate converts the beams onto circular 

polarization.  Scanning piezoelectric stage used to construct the image. 

6.2.6. Coupling laser to objective 

Before being directed to the objective, both the excitation and depletion beams 

were sent through a quarter-wave plate (AQWP025M-600, Thorlabs, Newton, New 

Jersey, USA), which was used to generate symmetrically and circularly polarized beams 

at the objective back focal plane.  In order to ensure the circularity of the polarization, a 
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broad-band metallic mirror has been used to reflect the beams through the objective 

(21010, Chroma, McHenry, Illinois, USA). 

6.2.7.  Detection path 

Figure 6-10 shows the detection path, the fluorescence emitted from the sample was 

collected by the same objective lens and passed through the dichroic mirrors DM1 and 

DM2.  The signals were then spectrally cleaned via notch filters (NF03-488E-25, NF03-

594E-25, Semrock, Rochester, New York, USA) and coupled using an achromatic doublet 

(AC254-300-A, Thorlabs, Newton, New Jersey, USA) into a multi-mode optical fiber 

(MMF) (M31L02, Thorlabs, Newton, New Jersey, USA).  The opening diameter of the 

MMF is about 80% of the back-projected Airy disk, which served as the confocal aperture. 

 

Figure 6-10:  Detection path consists of notch filters followed by 450 mirror that sends 

the beam through an achromatic doublets that focus the detected fluorescence onto a 

multimode optical fiber. 
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6.2.8. Synchronous detection 

A photomultiplier tubes (H5783, Hamamatsu, Hamamatsu, Japan) that was 

connected to a low-noise current preamplifier (SR570, Stanford Research Systems, 

Sunnyvale, California, USA) was used to detect the photons from the fluorescent 

samples.  For acquisition under the modulated STED configuration as shown and 

illustrated in Figure 6-5, the excitation laser at 488 nm was directly sinusoidal modulated, 

(
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
= 1), from a function generator and the detected fluorescence signal was sent 

to a lock-in amplifier (SR830 DSP, Stanford Research Systems, Sunnyvale, California, 

USA) that was tuned to the fundamental frequency of the excitation beam.  The 

amplitude of the modulated signal was sent to a personal computer using a programmable 

gate array board (BNC 21010, National Instruments, Austin, Texas, USA).  

6.2.9. Stage and image acquisition  

A home-built LabVIEW code was used to record the signal and build the images.  

The image construction was acquired using a scanning piezoelectric stage (Nano-PDQ350, 

Mad City Labs Inc., Madison, Wisconsin, USA).  STED and confocal images acquisition 

were taken consecutively on the same sample area by turning on and off the depletion 

beam. 

6.2.10. Scanning protocol  

The LabVIEW program was written by Dr. Thomas J Russel (Department of 

Bioengineering, J. B. Speed School of Engineering/ University of Louisville) to drive the 

stage in a form as illustrated in Figure 6-11, the stage starts at the origin at point labeled 

“start”.  Then it moves through a horizontal line in the “x” direction, the length of which 
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has been assigned by the user.  During the scan at each pixel size the detector collects 

photons at a continuous rate.  At the end of the line, the stage moves one “step” defined 

by the “pixel size” in y-dimension and then scan in the “-x” direction.  It repeats this 

process until to collect data across all the area to be scanned “as illustrated by the light 

orange arrows”.  Subsequently, the image constructed by an algorithm based on photons 

collected at each pixel.  After the stage reaches the end point it returns to the start point as 

shown with the blue arrow. 

 

Figure 6-11:  Schematic representation of the scan strategy to construct an image. 

6.3. Validation and Alignment of the STED Setup  

6.3.1. Point spread functions of the laser beams 

To ensure the beam quality focused poses the diffraction limit with Gaussian 

shape, the shape of excitation and depletion beams was characterized by scanning and 

acquiring the back reflection image of strips target in its focal plane, Figure 6-12.  With 

the strips target, the system measured confocal resolution of ~190-220 nm.  Also the 
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central FWHM of the depletion beam was approximately 200 nm.  Hence, those beams 

have point spread functions close to the theoretical diffraction limit. 

 

Figure 6-12:  Point spread functions of the excitation and depletion beams measured by 

collecting the back reflected light from a strip target.  The measured FWHMs show the 

dimension of the laser beams are close to the diffraction limit ~200 nm. 

6.3.2. Alignment and collinearity of the depletion and excitation beams 

Alignment of the system was achieved by using irises at different spots in the 

setup as shown in Figure 6-13(a).  First, the alignment started with the excitation beam, 

by sending it through the excitation beam path, then the back reflected beam through a 

metallic mirror placed in the sample holder was observed.  In case of misalignment, the 

propagated or the back reflected laser beam would be blocked by a specific iris, the 

absence of the laser beam passing through any of the irises provides an indication of a 

misalignment.  After that the depletion beam was send through the depletion path, and to 
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align the beam the same alignment procedure as mentioned above for the excitation beam 

was followed.  

 

Figure 6-13:  (a) Alignment of the system; for the alignment several irises was placed at 

several points as indicated.  The beams are send through the iris through the objective, 

and a back reflection mirror used to reflect back the beams through the objective lens, 

and the lasers are allowed to pass back through the irises to confirm optimal alignment.  

(b) Metallic mirror is placed on front of the beams, then the beams allowed to be 

reflected back and forth through irises until overlapping of the two beams was achieved.  

Since the performance of the STED microscope relies on overlapping of the 

excitation and depletion beam extra care needed to adapted collinearity of both beams.  

So in addition of the back reflection protocol described above another two irises with 

small opening was used to send both the excitation and depletion beams through the irises 

as illustrated in Figure 6-13(b), a back and forth reflection gives longer propagation 

length for the alignment.  Therefore, a passage through both irises of the alignment bath 
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in Figure 6-14(b) and observing the back reflection presence on the irises Figure 6-14(a) 

was considered positive proof for high degree of coarse alignment.  And to make sure one 

have a symmetric Gaussian beam a digital camera was used to observe the beam shape, 

Figure 6-14(a) and (b).  In addition, the digital camera was used to image and observe the 

collinearity of the two beams in real-time as shown in Figure 6-14(c), those images and 

intensity profile adds a positive proof for high degree of beams alignment. 

 

Figure 6-14:  (a) Digital camera is used to image both beams.  (b) Symmetric of the two 

beams can be monitored overtime using the digital camera.  (c) Overlapping of the two 

beams also monitored in real-time using the digital camera mounted on the microscope. 
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6.4. Quantitative Investigation of Photobleaching and Background Reduction using 

Modulated STED Microscopy 

6.4.1. Sample preparation 

6.4.1.1. Fluorophore sample preparation 

For validation of the modulated STED approach a sample of carboxylate modified 

fluorospheres beads with a typical size of 20 nm (F8787, Thermofisher scientific, 

Waltham, Massachusetts, USA) was used, those beads features an absorption peak at 505 

nm and a maximum fluorescence emission at 515 nm.  Details on beads sample 

preparation can be found in Appendix 12. 

6.4.1.2. Biological sample preparation 

The STED system was tested using retinal slices with fluorescently labeled 

structures as a biological sample, the samples were prepared by Prof. Maureen A. McCall 

labs from the Department of Ophthalmology and Visual Sciences at the University of 

Louisville.  Details on those sample preparations can be found in Appendix 13 

6.4.2. Experimental validation of the photobleaching reduction using mod STED 

microscopy 

All laser power measurements done for both modulated and CW beams were 

measured at the back aperture of the objective and the power values averaged over time. 

6.4.2.1.  Effect of the excitation beam on photobleaching rate 

Using the setup operating under conventional CW confocal and modulated 

confocal (both with no depletion beam) the effect of modulating the excitation beam on 

photobleaching rate was tested.  To reach this goal several parameters of the excitation 
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beam effect on the photobleaching rate was studied.  Specifically, the frequency of 

modulation under AC modulation, the average excitation power under CW and AC 

modulation and the scan speed.  It was found that an excitation power of ~16 μW under 

CW confocal imaging of the 20 nm beads sample has a weak enough excitation intensity 

level with negligible photobleaching.  At the same time, an excitation power of 16 μW 

implies a reasonable fluorescence rate that maximize fluorescence signal under scanning 

parameters with dwell time of 75 μs and pixel size of 15 nm, see Figure 6-15(a).  CW 

confocal images obtained using excitation power less than 16 μW were fade and high 

photobleaching effect observed when imaging with excitation irradiance higher than 16 

μW.  One can observe that those results set tight constraints for efficiently operating with 

a CW excitation beam. 

To test the effect of modulating the excitation beam with AC signal at different 

frequencies on photobleaching rate, an average excitation power of 16 μW was used to 

operate under modulated confocal configuration at different modulation frequencies, 

results shown in Figure 6-15(b).  Under modulated confocal imaging setup, a bandwidth 

pass filter was set in the current preamplifier to help remove any DC signal component 

from the collected fluorescent signal before being sent to the lock-in amplifier.  The 

integration time in the lock-in amplifier and the pixel dwell time (set by on the LabView 

code) were match to avoid aliasing effects.  During those measurements the values of the 

integration time (100 μs), band pass filter on the current preamplifier (10-300 kHz) and 

the pixel dwell time (100 μs) was set in accordance to the lowest frequency of modulation 

deployed for the laser, which was 20 kHz.  According to the experimental results 

summarized in Figure 6-15(b), modulating the excitation beam has a little impact on 
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photobleaching rate.  However, it is very important to notice that in contrast to higher 

modulation frequencies in order for low modulation frequencies to overcome aliasing 

effect from the lock-in amplifier longer integration times is needed which increase the 

exposer time and then increase the photobleaching rate.  These observations are 

confirmed by the data shown in Figure 6-15(c) where the modulation frequency (95 kHz) 

and average power (16 μW) were fixed but the dwell time (and the matched lock-in 

amplifier integration time) was varied.  Therefore, it is of great advantage to use high 

enough frequency of modulation combined with a small dwell time to minimize 

photobleaching effects.  Figure 6-15(d) shows a comparison of photobleaching effect 

between CW confocal mode and modulated confocal configuration at different excitation 

powers, it can be noticed that there is a negligible difference on photobleaching rate when 

using CW confocal or modulated confocal configurations.  
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Figure 6-15:  (a) Normalized fluorescence signal as a function of the number of scans for 

different CW excitation powers in the confocal imaging configuration.  Each data point 

represents the average of normalized intensities of five different beads; for each bead the 

normalized intensity was calculated as Ii I1⁄ , where I1 represents the intensity of a 

particular bead at the first confocal image and Ii refers to its intensity at the i-th image.  

For all images at a particular excitation power, the dwell time (75 μs), the pixel size (15 

nm), and the scan area were kept constant.  For each different excitation power, a 

different scan spot was adopted.  (b) Normalized fluorescent signal in modulated confocal 

imaging as a function of the modulation frequency at an average power of 16 μW, a dwell 

time of 100 μs, and a pixel size of 15 nm.  For each modulation frequency, a different 

scan spot was adopted.  (c) Normalized fluorescent signal in modulated confocal imaging 
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as a function of the dwell time at an average power of 16 μW, a pixel size of 15 nm, and a 

modulation frequency of 95 kHz.  For each dwell time, a different scan spot was adopted. 

(d) Normalized fluorescent signal in both CW confocal and AC modulated confocal (95 

kHz) as a function of the average excitation power at a dwell time of 100 μs and a pixel 

size of 15 nm.  For each average excitation power, a different scan spot was adopted.  In 

Figs. (b, c, and d), each data point represents the average of normalized intensities of five 

different fluorescent beads and for each bead the normalized fluorescence intensity was 

calculated as I5 I1
⁄ , where I1 is the intensity measured in the first scan and I5 is the 

intensity after the same area was scanned five times.  

As mentioned previously, confocal images constructed under CW excitation with 

power lower than 10 μW and small excitation time were fade due to low signal to noise 

ratio (SNR).  However, as shown in Figure 6-16 imaging with a modulated excitation 

laser combined with synchronous detection the fluorescence signal is filtered and 

amplified using the lock-in amplifier, which results in an increase in the SNR compared 

to the corresponding CW confocal image. 
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Figure 6-16:  A side-by-side comparison of carboxylate fluorescent beads 20 nm recorded 

in the (a) modulated confocal and (b) CW confocal configurations at excitation power of  

7 μW.  Beads are not well recorded in the CW confocal image, but recorded with better 

SNR in the modulated confocal recordings.  Scale bar in both images is 1 μm.  In both 

images pixel size and dwell time were set to be 15 nm and 30 μs, respectively.  

In summary, confocal imaging at high modulation, short dwell time and low 

excitation power may lead to a reduction in the photobleaching rate.  In contrary, CW 

confocal imaging aimed reduce photobleaching by decreasing the dwell time and the 

excitation power will cause a reduction in the fluorescence signal and leads to a low 

contrast image features. 

6.4.2.2. Effect of applying excitation and depletion beam simultaneously on 

photobleaching rate 

Based on the above conclusions the effect of applying the excitation and depletion 

beams simultaneously on photobleaching rate using modulated STED and CW STED 

modes was investigated.  A comparison study was performed of the detected fluorescence 

on the 20 nm beads sampled as a function of the depletion laser irradiance.  During those 

measurements, the phase plate was not mounted and in accordance to the results 

presented in Figure 6-15 an average optical power of 16 μW for the 488 nm excitation 

laser beam was applied for both modulated STED and CW STED measurements.  First, 

an image was acquired with only the excitation beam present; next the depletion beam 

was added and a second image was taken.  For each bead, the fluorescence signal 

measured in the second image was normalized with respect to the fluorescence signal 

obtained in the first image.  Figure 6-17 shows the normalized fluorescence intensity 
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decay as a function of depletion power, where each data point shown corresponds to the 

average normalized fluorescence signal of five different beads after exposed to different 

depletion intensities.  As shown in Figure 6-17 applying modulated STED shows less 

photobleaching effect compared to CW STED and this effect increases with the increase 

of the depletion power.  As previously noticed in Figure 6-15(d), without the depletion 

beam applied a negligible photobleaching effect observed between CW confocal and 

modulated confocal configurations, but when applying a depletion beam as shown in 

Figure 6-17 photobleaching becomes more severe, and more severe as the depletion 

power increased especially when the excitation laser is at a CW operation.  It has been 

reported [125] that the population of the excited triplet state drastically changes with the 

modulation of the excitation beam, as the modulation of the excitation beam allows 

spontaneous relaxation of the excited fluorophore between two excitation pulses and this 

lead to a reduction in the triplet state population.  A higher populations in the triplet state 

enhances the probability of photobleaching [126] and this probability of photobleaching 

becomes more severe as the depletion power increased and affects the excited 

fluorophore [127].  Therefore, in case of modulated STED, the population of triplet state 

affected by the depletion beam is less than in case of using a CW STED, thereby using 

modulated STED can be beneficial to avoid the pile up of triplet state population and its 

excitation to further reactive states due to the high depletion beam power applied. 
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Figure 6-17:  The normalized fluorescence intensity when overlapping two Gaussian 

beams: one for the excitation and one for the depletion; black curve corresponds to CW 

excitation beam and red curve corresponds to AC modulated excitation beam.  Different 

scan areas were adopted for the CW and modulated excitation approaches.  Also, each 

specific intensity in the depletion beam was performed at a different scan area.  For all 

data points, the dwell time (100 μs) and the pixel size (15 nm) were kept constant. 

6.4.2.3. Efficiency of depleting the fluorescence state with modulated STED 

and CW STED 

A key performance for the STED microscopy is the efficiency of depleting the 

fluorescent state with minimum spurious noise.  The fluorescence reduction for different 

depletion intensities measured on 20 nm carboxylate modified beads samples at the 

modulated STED setup and CW STED setup is presented in Figure 6-18.  For those 

measurements, a diluted bead samples embedded in TDE or Vectashield were used.  
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Again the measurements for the fluorescence reduction done without the phase plate in 

the depletion beam path.  For the modulated STED measurements the excitation beam 

was modulated at 95 kHz, the depletion beam was kept at CW operation and a bandwidth 

pass filter of 30-100 kHz was set in the current preamplifier.  The fluorescence signal of a 

single bead irradiated with the excitation light with an average power of either 7 μW or 

16 μW was recorded as the intensity of the depletion beam was varied from low (zero) to 

high values.  Then the fluorescence signal at recorded at each depletion power was 

normalized to the fluorescence signal detected when the bead irradiated only with the 

excitation beam.  Figure 6-18 shows a substantial background signal detected at high 

depletion powers in the CW STED configuration, this background signal becomes larger 

when the beads samples are embedded in a medium (Vectashield) whose index of 

refraction mismatches the index of refraction of the glass cover slit.  On the other hand, 

also shown in Figure 6-18 when using the modulated STED scheme to image beads 

embedded in Vectashield media the background noise generated by the depletion beam 

was eliminated, the fluorescence signal was filtered and fluorescence reduction decrease 

as one increase the power of the depletion beam.  In the CW STED configuration at low 

excitation power ~7 μW it was barely possible to record a fluorescence signal; data is not 

shown.  However, in the modulated STED configuration at excitation power of 7 μW a 

fluorescence signal was effectively recorded and the featured signal reduction was 

effectively recorded as the depletion beam power was increased.  Results in Figure 6-18 

under modulated STED at depletion power of 150 mW shows that the remaining 

fluorescence at AC modulated excitation power of 7 μW (<12%) is less than the 

remaining fluorescence under modulated STED with excitation power of 16 μW (>22%).  
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It is known that the depletion beam at lower excitation powers is more efficient and 

effective, so under modulated STED the capability to collect images at lower excitation 

and depletion powers will also contribute in the reduction of photobleaching effect in 

STED imaging.  

 

Figure 6-18:  Fluorescence reduction for different STED intensities measured on the 20 

nm carboxylate modified beads samples with both the modulated STED (solid) and CW 

STED (dashed) configurations at two different excitation powers of 7 µW and 16 µW (as 

indicated in brackets), and different embedding medium TDE (circles) and Vectashield 

(triangles).  
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6.4.2.4. Super-resolution imaging using modulated STED and CW STED 

setups 

For the images discussed and shown below, the phase plate was mounted in the 

optical bath of the depletion beam to shape the beam in the desired doughnut-shaped 

profile.  First, the setup operating under the conventional CW confocal was compared 

with CW STED configurations using the 20 nm carboxylate modified fluorospheres 

samples embedded in TDE.  The excitation wavelength for both configurations was at 

488 nm.  For the CW STED configuration, a depletion beam at the wavelength of 592 nm 

was used.  The dwell time was set to be 30 μs with a pixel size of 15 nm.  The power 

measured at the entrance aperture of the microscope objective lens was 16 μW for the 

excitation beam and 270 mW for the depletion beam.  Image Pro Plus and Origin 

software were used for handling the acquired images.  Resolution estimation was 

performed based on statistical measurements of the full-width at half-maximum (FWHM) 

of a lorentzian fitted curve of the intensity profile for more than 5 different single 

particles of each image.  The CW confocal image is shown in Figure 6-19(a) to be 

compared with the CW STED image shown in Figure 6-19(b).  As shown in Figure 6-

19(d), CW confocal imaging showed an estimate resolution of about 190 nm (within the 

diffraction limit, as expected).  Same statistical resolution estimation was carried out for 

CW STED and the estimated average size of the 20 nm beads in CW STED configuration 

was 83 nm.  Undesirable background effects appeared when one has increased the 

depletion power beyond this point in an attempt to improve (reduce) the point spread 

function Figure 6-19(c). 
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Figure 6-19:  A side-by-side comparison of carboxylate modified fluorescent beads 

recorded in the (a) CW confocal and (b) CW STED configurations.  Closely-spaced 

beads are not well-resolved in the CW confocal image, but are better discernible in the 

CW STED recordings.  (c) Undesirable background effects appeared in CW STED 

configuration when the depletion power was increased to 370 mW.  Scale bar in all 

images is 1 μm.  The normalized intensity profiles in (d) show the spatial resolution 

measured to be approximately 190 nm for the CW confocal image and about 83 nm for 

the CW STED image at 270 mW depletion power, and due to background signal at 370 

mW in CW STED the estimated resolution measured was 240 nm. 

Next, a modulated STED technique was applied to similar samples of the 

carboxylate modified fluorescent 20 nm beads.  The average power for the excitation 

beam was kept at (16 μW) while the average depletion beam power was increased to 410 
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mW (as opposed to the previously 270 and 370 mW).  The excitation beam was 

modulated at 95 kHz, while the depletion beam was kept at CW operation.  A bandwidth 

pass filter of 30-100 kHz was set in the current amplifier to remove any DC signal 

component from the collected fluorescent signal before being sent to the lock-in 

amplifier.  As previously mentioned, the integration time in the lock-in amplifier was set 

to be longer than one period of the modulation frequency, while the integration time and 

the pixel dwell time were matched to avoid aliasing effects.  The dwell time was set to 30 

μs with a pixel size of 15 nm.  For comparison, confocal image obtained under 

modulation of the excitation beam and without the presence of the depletion beam was 

collected and shown in Figure 6-20(a) as modulated confocal image.  Figure 6-20(b) 

shows image of the modulated STED configuration with imaging parameters as described 

above.  The average intensity profile of five different beads showed an approximate 

spatial resolution for the mod confocal of 192 nm as shown in Figure 6-20(e), which is 

similar and consistent with the diffraction-limited results described in Figure 6-20(d).  

However, the modulated STED image (Figure 6-20(b)) showed a point spread function of 

about 42 nm (Figure 6-20(e)) that represents a two-fold reduction compared to the CW 

STED data at lower depletion power  (Figure 6-20(d)) and an approximate Five-fold 

improvement when confronted with either the CW confocal (Figure 6-20(d)) or 

modulated confocal (Figure 6-20(e)) techniques.  It is worth mentioning that operating 

the depletion beam at higher power (410 mW, instead of 270 mW); the point spread 

function of the CW STED technique showed an increase in the background signal, (As 

noticed in Figure 6-19(c) compared to Figure 6-20(b)), which is probably caused by 

fluorophore excitation with the depletion beam or even back-scattered light of the 
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depletion beam from the sample under investigation.  Because in modulated STED those 

detrimental effects from CW depletion beam are eliminated through a frequency filtering 

process a higher spatial resolution could be achieved.  Also, as noticed in images shown 

in Figure 6-16, using synchronous detection the SNR can be improved and imaging at 

relatively low excitation power is possible in a mod confocal configuration.  Using such 

low modulated excitation power was tested under modulated STED imaging, Figure 

6-20(c) shows modulated STED image for the same carboxylate beads sample, except 

that the excitation beam power was set to be 7 μW instead of 16 μW and the depletion 

beam power was lowered to 310 mW.  The lower power in modulated STED scan shows 

a statistical measured point spread function of 44 nm, which is approximately the same 

size as that observed in Figure 6-20(b) using a higher excitation and depletion beams 

average powers.  In addition, the results in Figure 6-18 showed that the fluorescence 

reduction efficiency is higher under modulated STED configuration with relatively low 

excitation power.  Figure 6-20(f) shows that imaging under modulated STED 

configuration at lower excitation power (Figure 6-20(c)) the estimated special resolution 

is lower than modulated STED imaging at higher excitation power (Figure 6-20(d)).  

Clearly, the modulated STED technique allows high resolution images to be achieved 

using lower power levels as compared to the CW STED methodology, those results are 

consistent with the conclusions and results presented in Figure 6-18.  As mentioned 

earlier the ability to acquire super resolution imaging at low powers of excitation and 

depletion beams has also an advantage and a role in decreasing the photobleaching effect 

in single molecule super resolution imaging.  
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Figure 6-20:  Comparison of (a) modulated confocal at excitation average power of 16 

μW, (b) modulated STED at excitation average power of 16 μW and depletion average 

power of 410 mW, (c) modulated STED images at excitation average power of 7 μW and 

depletion average power of 310 mW and (d) modulated STED images at excitation 

average power of 16 μW and depletion average power of 310 mW of carboxylate 

modified 20 beads obtained for the same sample region.  Scale bar is 500 nm for all 

images.  (e) Normalized intensity profiles of the same bead in the three imaging 

configurations in (a) and (b) and for CW STED -image is not shown-.  FWHM shown in 

the profiles were estimated based on a fitted lorentzian curve.  The CW STED at a high 
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power level shows degradation in the spatial resolution compared to the results of the 

confocal image.  On the other hand, the spatial resolution measured for the modulated 

STED image at (b) was approximately 44 nm and for the modulated confocal was about 

192 nm, at excitation average power of 16 μW and depletion average power of 410 mW.  

(f) Normalized intensity profiles of the same bead in the two images in (c) and (d) 

FWHM shown in the profiles were estimated based on a fitted lorentzian curve.  The 

spatial resolution measured for the modulated STED image at excitation average power 

of 7 μW and depletion average power of 310 mW was approximately 48 nm and for the 

modulated STED image at excitation average power of 16 μW and depletion average 

power of 310 mW was approximately 68 nm. 

Figure 6-21 show images for comparison of modulated confocal and modulated 

STED images of the 20 nm carboxylate modified fluorospheres when embedded in a 

medium (Vectashield) that creates a mismatch in refractive index against the sample 

under investigation.  All parameters (pixel size, dwell time, modulation frequency) were 

the same as previously described.  The excitation average power and depletion average 

power were 16 μW and 350 mW, respectively.  Super resolution STED imaging on such 

kind of samples is hardly possible in the CW STED configuration, Figure 6-21(b).  The 

results shows that even under such conditions, modulated STED is still able to overcome 

adverse effects that would be observed due the mismatch in index of refraction between 

sample and embedding medium if an image is taken in modulated STED configuration, 

Figure 6-21(c).  It is important to note that under modulated STED condition the back 

scattered light is still present and non-negligible, but the synchronous detection approach 

is able to filter out the undesirable background and only record the desired signal. 
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Figure 6-21:  Comparison of the (a) modulated confocal and (b) CW STED images for 

the 20 nm carboxylate modified fluorospheres embedded in a medium (Vectashield) that 

creates a significant refractive-index contrast.  (c) Modulated STED image for the 20 nm 

carboxylate modified fluorospheres embedded in a medium (Vectashield) same area as 

(a) and (b).  Scale bar is 500 nm in all images.  (d) The normalized intensity profiles of 

the same particles in the modulated STED image CW STED and its modulated confocal 

counterpart.  The estimated average spatial resolution measured was about 190 nm for the 

modulated confocal image, around 53 nm for the modulated STED image and due to 

background effect 240 nm in CW STED. 

6.4.3. Applications of the constructed modulated and CW STED microscope at 

the University of Louisville 

The demonstrated single-molecule super resolution imaging tool described above 

was used to study the effect of photobleaching and how one can decrease photobleaching 
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effect using synchronous detection.  However, within the body of work describing the 

advantages of synchronous detection, the system built at University of Louisville can 

provide a promising pathway for furthering the research and increase the potential 

applications for users.  Different applications and capabilities of the setup has already 

been demonstrated. 

6.4.3.1. Modulated STED super resolution imaging of biological samples 

To demonstrate the benefits of modulated STED for imaging biological samples, 

Figure 6-22 presents a side-by-side comparison of modulated confocal and modulated 

STED images of retinal slices with fluorescently labeled Alexa 488.  The samples were 

embedded in TDE medium.  For these results the average power measured in the entrance 

aperture of the objective lens was between 2.0-2.5 µW for the excitation beam at 488 nm 

and 95 mW for the depletion beam at 592 nm.  The pixel dwell-time was 30 µs, the pixel 

size was 15 nm, and a modulation frequency of 85 kHz was deployed for the excitation 

beam.  The data shows a clear improvement in optical resolution and in signal-to-

background ratio using the modulated STED technique.  Intensity line profiles of the 

smallest features in modulated STED images showed a FWHM of about 120 nm, as 

compared to the diffraction-limit resolution of about 210 nm for the modulated confocal.  

Antibody labeling those biological samples does not fill the cells completely and results 

in splotchy label [128], however those spots are clearly resolved in modulated STED 

image Figure 6-22(b). 
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Figure 6-22:  Imaging of retina bipolar cells (Gus-GFP-PNA) labeled with Alexa 488.  

Images from modulated confocal approach are shown in (a) and from modulated STED 

shown in (b).  Special resolution of the smallest features presented in (c), where the black 

trace corresponds to the modulated confocal image and the red trace for the modulated 

STED.  The modulated STED image demonstrates distinguishable particles that cannot 

be resolved by the modulated confocal imaging.  Excitation average power used was 

about 2.0-2.5 μW and depletion power was 95 mW. Pixel dwell time was set at 30 μs. 

Scale bars in both images are 1 μm. 

6.4.3.2. Electrical imaging using STED microscope  

As previously described, STED fluorescent microscopy works by combining a 

doughnut-shaped depletion beam with an excitation beam lying along the donut zero.  An 

additional capability add to the existing STED fluorescence imaging setup without 

hindering its functionality, an electronic microscope was developed which combines a 

depletion beam and an excitation beam in a similar way for fluorescence imaging with 

capacitance photocurrent measurements [129], where the detection mechanism is 

electrical rather than optical, which has been a joint project between Alphenaar research 

group (Electrical Computer Engineering Department at University of Louisville) and 
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Mendes Photonics Research Labs.  The electrical detection mechanism is illustrated in 

Figure 6-23. 

 

Figure 6-23:  The scanning capacitive photocurrent technique used for STED electrical 

imaging.  (a) When light incident on the sample it generates separated charge pairs, (b) an 

additional potential is created, which to first approximation is given by ∆Vp =
Qd

ε
. A 

pulsed light source then creates a measurable ac-voltage on the electrode. It is referring to 

the photo-generated electrical signal as capacitive photocurrent.  (c) Measurement set-up 

including sample holder for STED electrical imaging (d) Photo showing objective and 

sample holder. 

6.4.3.3. Single molecule spectroelectrochemical imaging 

The idea is to use the constructed STED configuration to reach single molecule 

spectroelectrochemical detection.  A homemade flow-cell configuration as illustrated in 

Figure 6-24(a) is mounted in the sample holder with a standard three electrodes (working 

electrode ITO film on cover slit, platinum wire as a counter electrodes, and a Ag/AgCl 
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electrode in 1M KCl solution as a reference electrode) configuration for applying the 

potential.  The potential modulation is driven by a standard potentiostat, and the overall 

setup is similar to the one described in chapter 2 (Figure 6-24(b))for the SM-EA-IOW 

flow cell, except the signal detected in this case is the modulated fluorescence at the 

single molecule level.  

 

Figure 6-24:  (a) Schematic representation of the spectroelectrochemical flow-cell with 

the ITO working electrode, where the modulated fluorescence detected is after excitation 

the molecules.  (b) Experimental setup includes a potentiostat for electrical control of the 

ITO interface, STED microscope, photo-multiplier detector, current amplifier, lock-in 

amplifier, and an oscilloscope for data collection.  

6.5. Conclusions 

Photobleaching and diffraction limit are the major challenges for single molecule 

spectroelectrochemical interrogation.  One of the main methods used to image beyond the 

diffraction barrier is STED super resolution microscopy, which is based on applying a 

strong optical depletion beam used to shrink the point spread function defined by the Airy 
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pattern of an excitation beam.  The strong dependence of the spatial resolution on the 

depletion beam power in CW STED imaging can cause undesirable background signals 

and a damaging effect on many fluorophores in general.  By applying an excitation 

modulated STED approach, which filters the fluorescence signal and eliminates 

undesirable background effects by means of synchronous detection with a lock-in 

amplifier, a single molecule spatial resolution that is consistent with conventional STED 

microscope [119] by deploying relatively low power levels for both the depletion and 

excitation beams can be reached.  Applying low power levels in single molecule STED 

imaging can lead to a reduction in photobleaching effects.  Also the photobleaching rate 

in STED imaging is decreased by modulating the excitation beam, and the 

photobleaching effect reduction in the modulated STED configuration is more notable at 

higher levels of depletion irradiance compared to CW STED imaging.  Also in addition 

to addressing the photobleaching effect several other applications of the modulated STED 

is possible including imaging sensitive biological samples, electrical imaging and single 

molecule imaging spectroelectrochemical applications.  Despite rapid advances and 

availability of high power lasers, their costs are still high.  Therefore, the ability to reach 

high spatial resolutions with relatively low power levels is certainly of great interest.  The 

lower laser intensity in modulated STED opens the possibility for new STED microscopy 

implementations based on a modulated laser source that reduces complexity and costs. 
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CHAPTER 7 SUMMARY AND OUTLOOK  

7.1. Summary 

Two photonic tools were developed and applied to advance molecular 

interrogation at the nanoscale.  A single-mode, electro-active, integrated optical 

waveguide platform was shown to provide a novel analytical tool of extremely high 

sensitivity for spectroscopic measurements.  A potential-modulated optical signal was 

used to study adsorption, binding kinetics, and electron-transfer processes of a model 

redox protein adsorbed onto different molecular assemblies of a modified electrode.  The 

experimental results using the SM-EA-IOW proved that the novel tool has the capability 

to retrieve the mechanisms of electron-transfer, molecular binding, and affinity strength 

of redox species adsorbed on different interfaces of a multilayer stack which can better 

bridge the analytical signals required in bio-sensing applications.  From those lessons, a 

novel bio-sensing technology based on the combination of a single-mode electro-active 

integrated optical waveguide with a biological immunoassay displaying redox activity 

was developed.  The electrically-controlled optical transduction was experimentally 

demonstrated for biological materials and a remarkable limit of detection in the pico-

molar range for the influenza virus antigen was achieved.  The transduction mechanism 

of the bio-photonic device is also highly selective as the monitored analytical signal is 

optically and electrochemically locked to the probe tailored for interrogation.  The 
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benefits of these selective factors was further demonstrated with authentic clinical 

samples and the novel technology showed remarkable consistency with state-of-the-art 

tests.  Such performance using the SM-EA-IOW and the demonstrated detection 

capabilities has the potential to create a new bio-sensing technology capable of offering 

substantially shorter detection times with simpler and more cost-effective protocols, 

which are critical for point-of-care applications in disease diagnostics. 

Single-molecule imaging in general and spectroscopic measurements at the single 

molecular level typically suffer from two main challenges, the diffraction limit and 

photobleaching effects.  A super-resolution imaging technique was built and an ingenious 

approach was developed by applying modulated optical excitation in the STED 

technique.  The fluorescent signal of interest, which is filtered in the frequency domain 

by means of synchronous detection, is free of many undesirable background effects and 

can be detected with high fidelity at much lower levels.  A direct consequence of such an 

approach is that the average optical power in both the AC modulated excitation beam and 

the CW depletion beam can be substantially diminished without negative impact on the 

image quality.  It was shown that spatial resolutions consistent with a conventional STED 

microscope can be achieved by deploying relatively lower power levels for both the 

excitation and depletion beams.  Those lower power levels under the AC modulated 

STED technique have a direct benefit in reducing photobleaching effects.  Experimental 

results evidenced that the photobleaching rate in STED imaging is decreased by 

modulating the excitation beam.  In addition, the usefulness of the modulated STED 

technique in reducing the applied laser power for imaging sensitive biological samples 

was demonstrated.  Typically, biological samples may feature unwanted back-scattered 
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background from a strong depletion beam under conventional CW STED imaging due to 

local mismatches in refractive index.  The modulated STED technique is shown to be 

helpful in overcoming those difficulties as well.  Despite rapid advances and availability 

of high power lasers, their costs are still high.  Therefore, the ability to reach high spatial 

resolutions with relatively low power levels is certainly of great interest.  The lower laser 

intensity in modulated STED opens the possibility for new STED microscopy 

implementations based on a modulated laser source that reduces complexity and costs. 

7.2. Outlook 

Based on the advances reported here, several studies from molecular assemblies 

to single molecule detection can be performed for fundamental research and to improve 

performance of many current technologies.  The SM-EA-IOW proved to be a highly 

performing platform that showed exceptional sensitivity and selectivity.  Such results 

already encourages several applications and to broaden even further its applicability 

several aspects should be developed including strategies for integration of the bio-sensor 

with lab-on-a-chip approaches to facilitate their performance, achieve higher sensitivity, 

and to micro-fabricate sensitive and specific array of sensors.  Additional work to 

improve the proposed modulated-electrofluorochromic bio-sensing methodology is of 

high interest to materialize the envisioned benefits of arrayed detection.  As an outlook 

for single molecule modulated-STED imaging, it would be of high interest to apply 

multicolor STED microscopy.  Another very interesting possibility would be to further 

link the high resolution spatial information provided by STED microscopy to single 

molecule immunoassay detection based on electrofluorochromic bio-sensing detection. 
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APPENDICES 

Appendix 1: Optical Impedance Spectroscopy Measurements  

It should be noted that the wavelength for interrogation was selected in 

accordance to the wavelength with the largest molar absorptivity difference between the 

two redox states of Cyt-C, as shown in Figure1. 

 

Figure 1:  Molar absorptivity for the oxidized and the reduced states of Cyt-C proteins in 

the buffer solution.  Cytochrome c proteins were reduced chemically using ascorbic acid 

in the solution environment. 

To obtain the in-phase ∆Aac′ and out-of-phase ∆Aac′′  impedance absorbance 

components described by the equations: 



 

144 
 

∆𝐴𝑎𝑐
′ = −

∆𝐼𝑎𝑐 𝑐𝑜𝑠(𝜃)

𝐼𝑑𝑐 𝑙𝑛(10)
+

∆𝐼𝑎𝑐,0 𝑐𝑜𝑠(𝜃0)

𝑑𝑐,𝑜 𝑙𝑛(10)
   Equation 1 

∆𝐴𝑎𝑐
′′ = −

∆𝐼𝑎𝑐 𝑠𝑖𝑛(𝜃)

𝐼𝑑𝑐 𝑙𝑛(10)
+

∆𝐼𝑎𝑐,0 𝑠𝑖𝑛(𝜃0)

𝐼𝑑𝑐,𝑜 𝑙𝑛(10)
   Equation 2 

Under AC potential modulation described by 𝐸 = 𝐸𝑑𝑐 + ∆𝐸𝑎𝑐 𝑠𝑖𝑛(𝜔𝑡), one need 

first to determine the formal potential Edcof the redox active probe. 

The data under cyclic voltammetry is collected with and without cytochrome c 

protein, Figure 2(a), from those data the absorbance can be measured and plotted vs 

potential as shown in Figure 2(b).  A fit of the absorbance is shown in red trace; this 

fitting trace can be used to approximate the formal potential.  The faradaic current from 

the absorbance can be retrieved using the equation iF =
n F v 

S ∆ϵ
 
dA

dE
 , since n F v 

S ∆ϵ
 is a constant 

and only the formal potential is needed, a measured derivative of absorbance (A) with 

respect to the applied potential (E) is enough to determine the formal potential Edc, blue 

curve Figure 2(b). 

 

Figure 2:  (a) The CV potential scan (black trace) and the optical signals, at 552 nm for 

the reference (red trace) and for the surface-adsorbed proteins (blue trace) plotted against 

time.  (b) Absorbance data as measured by the SM-EA-IOW device for an adsorbed sub-
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monolayer of Cyt-C protein undergoing CV potential modulation on ITO SM-EA-IOW 

surface (black trace) with curve fitted line (red trace) used to approximate the formal 

potential by measuring the current density (here the blue trace is only proportional to the 

current density). 

After determining the formal potential one can apply an AC modulated signal at 

the formal potential, and collect the other components needed to calculate the in-phase 

and out-of-phase optical impedance absorbance.  Figure 3 shows the sequence of data 

collection when an AC modulated potential is applied, both the baseline and sample 

optical data including the x and y component under synchronous detection is recorded.  

The x and y values represent the components indicated in the inset table (b) of Figure 3.  

The DC components𝐼𝑑𝑐and 𝐼𝑑𝑐,𝑜 is calculated from averaging the recorded optical 

response.  In the Figure 3(c) the dashed line represents  an average obtained for 𝐼𝑑𝑐.  

 

Figure 3:  Experimental setup with steps shows data collection for an applied AC 

modulated potential, the baseline and sample optical signal is recorded on the 
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oscilloscope with traces for the x and y components obtained from the lock in amplifier 

under synchronous detection.  The Idc,0 and Idc component were obtained by directly 

averaging the optical signal for the baseline and sample, respectively.  And the 

component as indicated in the inset table was obtained from the x and y signals by the 

lock-in amplifier. 

With the above process for data collection at different frequencies, the 

components ∆𝐼𝑎𝑐 𝑠𝑖𝑛(𝜃) , ∆𝐼𝑎𝑐 𝑐𝑜𝑠(𝜃), ∆𝐼𝑎𝑐,0 𝑐𝑜𝑠(𝜃0), 𝐼𝑑𝑐 and 𝐼𝑑𝑐,𝑜 is determined and one 

can measure the in-phase and out-of-phase components using equations as shown in 

Figure 4(a).  The analyzed data can be schematically summarized in a complex plane plot 

as shown for Cyt-C on bare ITO SM-EA-IOW in Figure 4(b).  

 

Figure 4:  (a) Equation used to calculate the in-phase and out-of-phase components.  (b) 

A complex plot of the in-phase and out-of-phase components of the baseline (blue) and 

the sample (red).  Each point corresponds to a particular frequency, which increases 

clockwise from the smallest (1Hz) to the largest (45 Hz).  The mathematical equations in 

Figure (a) can be represented as follow: the amplitude of the AC absorbance, ∆𝐴𝑎𝑐(𝜔), is 

described by the distance between two points with the same frequency, as schematically 

illustrated by the brown arrow.  The horizontal distance between those two points (purple 
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arrow) corresponds to the in-phase component of the AC absorbance, ∆𝐴𝑎𝑐,𝑖𝑛 , and the 

vertical distance corresponds to the out-of-phase component, ∆𝐴𝑎𝑐,𝑜𝑢𝑡 (green arrow). 

From the optical data collected above one can measure the current density using 

the following equation 

𝐼𝐹 =
𝑛𝐹

𝑆×∆𝐴𝑎𝑐
𝜔∆𝐴𝑎𝑐.      Equation 3 

where ∆𝐴𝑎𝑐 is the absorbance amplitude, 𝑆 is the sensitivity factor, 𝜔is the angular 

frequency, 𝑛is the number of electrons transferred in each redox event and 𝐹 is the 

faradaic constant. 
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Appendix 2: Calculating Electron Transfer rate kET using Optical Impedance 

Spectroscopy 

The generalized equivalent circuit of adsorbed redox molecules reacted on an 

electrode surface can be represented as shown in Figure 5, where 𝑍1 and 𝑍2 account for 

the electrolyte solution resistance and other possible electrical effects in the cell, 𝑅𝑠is the 

electrolyte solution resistance, 𝐸𝑎𝑐 represents the applied potential modulation provided 

by the potentiostat across the whole electrochemical cell, and 𝐸𝑎𝑐,𝐹 is the actual potential 

modulation across the redox reaction.  The charge transfer resistor 𝑅𝑐𝑡 in series with a 

pseudo capacitance 𝐶𝑎 and the faradaic current is represented by  I𝐹  which is due to the 

faradaic chemical process.  

 

Figure 5:  Equivalent electrical circuit for the electrochemical flow-cell of a redox active 

molecules on the working electrode surface. 𝑍1 and 𝑍2 are the generalized impedances. 

Under the total AC impedance 𝐸𝑎𝑐 across the entire flow cell, 𝐼𝑡 is the total current 

density going through total impedance 𝑍𝑡𝑜𝑡.  With the actual potential modulation 𝐸𝑎𝑐,𝐹 

applied on the redox molecules, 𝐼𝐹 is the faradic current density going through the 
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faradaic impedance from the redox reactions of the protein. 𝐼𝑑𝑙 is the current density 

going through double layer capacitance 𝐶𝑑𝑙. 

The analysis processes described below follow the same in a previous work. From 

the surface density, 𝛤𝑎𝑐 =
∆𝐴𝑎𝑐(𝜔)

𝑆∆𝜖
 , of the electro-active species, the associated faradaic 

current density can be determined by using the relation:  

𝐼𝐹(𝜔) = 𝑗𝜔𝑛𝐹𝛤𝑎𝑐 Equation 4 

where 𝑆 is a sensitivity factor (e.g., 𝑆 ≅ 14,500 for the SM-EA-IOW device), ∆𝜖 is the 

difference in molar absorptivity between the two oxidation states, 𝑛 is the number of 

electrons involved in the redox process, and 𝐹 is the Faraday constant.  And whenever I𝐹 

≪ Idl the admittance of  the  faradaic process,  𝑌𝐹(𝜔) , can be described  by the  following 

equation: 

𝑌𝐹(𝜔) = 𝑗
𝜔𝐶𝑑𝑙𝐴𝑒𝑓𝑓

𝐸𝑎𝑐
𝑍𝑡(𝜔)𝐼𝐹(𝜔) Equation 5 

where 𝐴𝑒𝑓𝑓 is the effective area of the working electrode.  By substituting Equation 3 into 

Equation 4 one can come up with 

𝑌𝐹
′(𝜔) = −

𝑛𝐹𝜔2𝐶𝑑𝑙𝐴𝑒𝑓𝑓

𝑆∆𝜖𝐸𝑎𝑐
× {(𝑍𝑡𝑜𝑡

′ (𝜔)∆𝐴𝑎𝑐
′ (𝜔) + 𝑍𝑡𝑜𝑡

′′ (𝜔)∆𝐴𝑎𝑐
′′ (𝜔)) +

𝑗(𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐴𝑎𝑐

′′ (𝜔) + 𝑍𝑡𝑜𝑡
′′ (𝜔)∆𝐴𝑎𝑐

′ (𝜔))} Equation 6 

For the described electrochemical reaction, 𝑘𝐸𝑇 can be expressed as  

𝑘𝐸𝑇 =
1

2𝐶𝑎𝑅𝑐𝑡
=

𝜔𝑌𝐹
′′(𝜔)

2𝑌𝐹
′(𝜔)

Equation 7 

Where  



 

150 
 

𝑌𝐹
′(𝜔) = −

𝑛𝐹𝜔2𝐶𝑑𝑙𝐴𝑒𝑓𝑓

𝑆∆𝜖𝐸𝑎𝑐
[𝑍𝑡𝑜𝑡

′ (𝜔)∆𝐴𝑎𝑐
′ (𝜔) − 𝑍𝑡𝑜𝑡

′′ (𝜔)∆𝐴𝑎𝑐
′′ (𝜔)]Equation 8 

𝑌𝐹
′′(𝜔) = −

𝑛𝐹𝜔2𝐶𝑑𝑙𝐴𝑒𝑓𝑓

𝑆∆𝜖𝐸𝑎𝑐
[𝑍𝑡𝑜𝑡

′ (𝜔)∆𝐴𝑎𝑐
′′ (𝜔) + 𝑍𝑡𝑜𝑡

′′ (𝜔)∆𝐴𝑎𝑐
′ (𝜔)]Equation 9 

And by defining 

𝑥(𝜔) = 2[𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐴𝑎𝑐

′ (𝜔) − 𝑍𝑡𝑜𝑡
′′ (𝜔)∆𝐴𝑎𝑐

′′ (𝜔)]Equation 10 

and 

𝑦(𝜔) = 𝜔[𝑍𝑡𝑜𝑡
′ (𝜔)∆𝐴𝑎𝑐

′′ (𝜔) + 𝑍𝑡𝑜𝑡
′′ (𝜔)∆𝐴𝑎𝑐

′ (𝜔)]Equation 11 

Then by inserting Equation 10 and Equation 11 into Equation 7, one can use a 

parametric plot of 𝑦(𝜔) against 𝑥(𝜔).  The values of the total electrical impedance 

obtained from the potentiostat are shown in Figure 6. 

 

Figure 6:  The real and imaginary electrical impedance measurements obtained using a 

potentiostat in the frequency range (1 Hz to 45 Hz), low frequency to high frequency as 

indicated with the black arrow.   



 

151 
 

Appendix 3:  The Sensitivity for Guided Waveguide Mode, for the TE Polarization 

Incident Light with λ = 552 nm and λ = 610 nm. 

A Mathematica program code, where details elsewhere can be found in [65], was 

used for sensitivity calculations with parameters as follow: 

(I) λ = 552; n c= 1.33; n1 = 1.88; t1 = 13; n2 = 1.46; t2 = 16; a = 1.64576; b = 

42.89898; c = 308958233.142; n3 = a+b/(λ^2)+c/(λ^4); t3 = 409; ns = 1.51; 𝛃 =

𝟏. 𝟓𝟖𝟗𝟓𝟗𝟖𝟔𝟖𝟎𝟒𝟑𝟓𝟖𝟒𝟐  

       distribution field intensity 

 

Sensitivity = {14543.174371315871} this sensitivity is for waveguides with 2.45 cm 

grating separation. 

(II) λ = 610; nc  = 1.33; n1 = 1.88; t1 = 13; n2 = 1.46; t2 = 16; a = 1.64576; b = 

42.89898; c = 308958233.142; n3 = a+b/(λ^2)+c/(λ^4); t3 = 409; ns = 1.51; 𝛃 =

𝟏. 𝟓𝟖𝟔𝟕𝟐𝟓𝟐𝟒𝟐𝟏𝟒𝟓𝟔𝟐𝟔 

 

distribution field intensity 

400 200 0 200 400 600 800

10000

20000

30000

40000



 

152 
 

  

Sensitivity = {18566.181389836439} this sensitivity is for waveguides with 3.4 cm 

grating separation. 
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Appendix 4: AC Potential Modulation Parameters for Binding Kinetics Measurements of 

Cyt-C. 

As discussed in Appendix 1, the absorbance amplitude is maximized when the 

AC modulated potential is set around the formal potential and a resonant frequency.  As 

shown in Figure 7(a) there was no major shift in the formal potential of Cyt-C at the 

different immunolayers.  However, there is an obvious change in the resonant frequency, 

Figure 7(b), a fixed frequency when measuring the absorbance amplitude for kinetic 

study will have no major effect on the binding constants, this is because the main data set 

needed is only the change in surface binding. 

 

Figure 7:  (a) The normalized current density as a function of potential at different 

functionalized immunolayers, the current density was obtained from the derivative of 

curve fitting from the absorbance under CV potential modulation, and then each curve 

was normalized to its maximum current density value.  As noticed there is no major 

change in the formal potential as immunolayers functionalized on the SM-EA-IOW 

surface.  (b) The normalized amplitude of the AC absorbance for Cyt-C 100 nM, ΔAac, 

against the frequency for an AC amplitude modulation of 10 mV at -10 mV DC bias 
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potentials at different functionalized bio-immunolayers, a shift in the frequency where the 

maximum absorbance amplitude is observed upon the functionalization of the SM-EA-

IOW. 
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Appendix 5: Confocal imaging Characterization of Immunolayers Functionalized on the 

SM-EA-IOW Surface 

The bio-layers should be bound to the surface with specific chemical, electrical or 

optical properties.  Self-assembled monolayers (SAMs) are one means of modifying the 

surface of immunosensors to promote and immobilize bio-interphases using several 

methods including covalent attachment, physical adsorption or electrostatic interaction.  

External confocal optical imaging was used to evaluate the build-up of the bio-

immunolayers assembly.  The fluorescent confocal images of the functionalized layers 

evidenced the dense, complete and homogeneous morphology of the functionalized 

layers on the SM-EA-IOW device surface. 

1. APTES 

The density of surface-immobilized binding sites is an important factor for the 

control of surface properties and development of sensors.  The APTES layer 

functionalized on the ITO surface was characterized by labeling the amine groups of 

APTES with fluorescent molecules.  Imaging the single molecules with confocal 

fluorescent microscopy, provided a means to determine the presence and reactivity of the 

APTES layer on the SM-EA-IOW device.  Carboxylate-modified fluorescent beads 

(Yellow–Green (505/515), F8787, Thermo-Fisher Scientific) diluted to (~1: 103) in PBS, 

with a typical size of about 20 nm, were bound to the surface amine sites.  Samples of 

ITO and ITO/APTES were incubated in PBS solution of the carboxylate-modified 

fluorescent beads for 30 minutes, then sonicated for 10 minutes in DI water, and dried 

with N2.  
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Figure 8 shows a side-by-side comparison between ITO and ITO/APTES 

surfaces, and clearly demonstrates a significant difference between the affinity of ITO 

and ITO/APTES surfaces to bind the carboxylate-modified beads, which indicates the 

successful functionalization, presence and reactivity of the APTES on the ITO surface. 

 

Figure 8:  Confocal images of (A) ITO/APTES-functionalized surface and (B) ITO 

surface.  Both surfaces were incubated with carboxylate-modified fluorescent beads 

under a similar protocol.  

2. ProG 

A labeled fluorescent form of ProG solution was used to test the morphology of 

the SAM of ProG on the ITO/APTES surface.  ProG was conjugated to Alexa Fluor 488 

using a protein labeling kit (caA10235, Thermo Fisher Scientific) and following the same 

protocol of labeling described by the vendor.  Samples of ITO/APTES were 

functionalized for four hours with different concentrations of labeled ProG 2 μg/mL, 4 

μg/mL, and 8 μg/mL.  The labeled ProG solutions were filtered using a 0.2 μm membrane 

filter before being functionalized on the ITO/APTES electrode.  Then, the functionalized 

samples were analyzed by confocal imaging microscopy.  It was found that the sample 

treated with 4 μg/mL of labeled ProG exhibited a smoothly uniform surface and was 
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chosen as the optimal concentration as illustrated in Figure 9(a).  Then, the labeled ProG 

was used also in conjunction with the SM-EA-IOW device to fully investigate the 

adsorption kinetic process.  As indicated in Figure 9(b), one hour gives the sample 

enough time to functionalize the ITO/APTES surface with a 4 μg/mL solution of labeled 

ProG.  A 10 mL volume of PBS, which corresponds to five times the volume of the flow-

cell, was used to rinse the electrochemical flow-cell. 

 

Figure 9:  (a) Confocal image of the ITO/APTES SM-EA-IOW surface functionalized 

with the labeled ProG (4 μg/mL) solution.  (b) Intensity versus time providing adsorption 

kinetics of the labeled ProG (4 μg/mL) into the device surface.  The setup for these 

measurements is similar to the one described in chapter 2 Figure 2-2, except for using a 

488 nm laser and no potential was applied to the device.  To minimize photobleaching 

effects the laser beam was blocked between readings (~ 1min) and the power propagating 

through the waveguide was substantially reduced. 

3. Cytochrome c antibody 

Next the adsorption kinetic process of Cyt-C Ab on the ITO/APTES/ProG surface 

was characterized, a labeled Cyt-C Ab (Cytochrome c (A-8) mouse monoclonal IgG2b 
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Alexa Fluor. 647, Santa Cruz Biotechnology) was used in conjunction with the SM-EA-

IOW device.  Based on the results displayed in Figure 10(a), an incubation time of one 

hour was then adopted to functionalize the ITO/APTES/ProG surface with Ab with 2 

μg/mL solution concentration.  Also, a 10 mL PBS that corresponds to five times the 

volume of the flow-cell was used to rinse the electrochemical cell.  The uniformity of the 

SAM of labeled Ab on ITO/APTES/ProG SM-EA-IOW surface was tested under 

confocal fluorescence imaging with results shown in Figure 10(b) indicating that we have 

successfully functionalized the ITO/APTES/ProG SM-EA-IOW with Ab uniformly using 

a 2 μg/mL concentration for one hour incubation.  A dual color fluorescent image was 

used to identify both the labeled ProG and labeled Ab layers, as shown in Figure 10(c). 

 

Figure 10: (a) Intensity versus time providing adsorption kinetics of the labeled Cyt-C 

antibody (2 μg/mL) injected into the flow-cell. The setup for these measurements is 

similar to the one shown in Figure 2-2 except for using a 633 nm laser and no potential 

was applied. To minimize photobleaching effect the laser beam was blocked between 

readings (~ 1min) and the coupled power into the SM-EA-IOW device was substantially 

reduced.  (b) Confocal image of labeled Cyt-C antibody (2μg/mL) functionalized on the 
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ITO/APTES/ProG SM-EA-IOW surface.  (c) Dual color confocal image of green-labeled 

ProG protein and red-labeled Cyt-C antibody. 

4. Cleaning protocol 

The functionalized SM-EA-IOW with APTES is permanent due the strong 

binding between ITO and APTES.  The resilience of the APTES functionalized surface 

over time was tested under device operating conditions and using confocal imaging; no 

major change in the performance of the APTES layer was observed over time.  Also no 

change in the SM-EA-IOW performance (coupling loss, resistance, etc.) was observed 

after several cleaning processes using the carbonate solution Table (A) (I,II and III) 

summarizes the results of the SM-EA-IOW performance after several carbonate cleaning 

processes. Also Table (A) (IV) shows the effective use of carbonate for the recycling of 

the SM-EA-IOW surface. 

Table A: (I) Resistance test before and after cleaning process of the SM-EA-IOW surface 

using carbonate solution.  The resistance was measured using a digital multi-meter, the 

average of ten resistance measurements was acquired and during all the measurements 

the distance between the electrodes was set to be approximately constant.  (II) Waveguide 

mode technique as described elsewhere [66] was employed to measure the optical 

coupling loess of the SM-EA-IOW before and after several cleaning processes.  (III) 

ITO/APTES reactivity test before and after cleaning process; two ITO samples were 

functionalized with APTES under same condition, first one was conjugated with 

carboxylate beads before sonication and the second ITO/APTES sample was sonicated in 

carbonate three times for 30 minutes each and then conjugated with carboxylate beads, 

the confocal images were taken after each sample was conjugated with carboxylate 
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beads.  (IV) Fluorescence labeled (ProG and Cyt-C Ab) complete bio-conjugation on the 

SM-EA-IOW was used to show the effective cleaning of the SM-EA-IOW waveguide 

surface using sonication in a carbonate solution with pH (9-11).   

Num Test Before carbonate 

sonication  

After carbonate 

sonication 

I Resistance 924±7 Ω 930±7 Ω 

II Coupling loss 6.8 dB 7.2 dB 

III APTES reactivity 
  

IV Cleaning test complete 

Bio-functionalization 

(ITO/APTES/ProG/Cyt-

C Ab) sonicated for 30 

minutes 
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Appendix 6: Calculation of MB-Labeled H5N1 Ab 

The degree of labelling (dye-to-protein ratio) can be determined by absorption 

spectroscopy making use of the Lambert-Beer law and a simple measurement of the UV-

VIS spectrum the conjugate solution as obtained after column filtration as shown in 

Figure 11.  

 

Figure 11: UV-Vis spectra of MB-labeled H5N1 Ab. 

The absorbance (A610) at the absorption maximum which is observed to be at 

610 nm of the MB ester dye and the absorbance (A280) at 280 nm (absorption maximum 

of proteins).  

The antibody concentration = (A280−(A610×0.28))×dilutionfactor
203000

 

where 203000 cm−1M−1 is the molar extinction coefficient of a typical IgG antibody and 

0.28 is correction factor to account for absorption of the dye at 280 nm. 

The dye concentration = A610×dilutionfactor
26000

  

Degree of labelling = antibody concentration/ dye concentration 
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Several conjugations were done and the data shown in Table B below summarizes the 

consistency of the degree of labelling  

Table B: Summary of calculated degree of labeling of the MB-labeled H5N1 Ab for 

several runs. 
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Appendix 7: Technical Note Released by Xantec Bioanalytics GmbH on Nov 11, 2016. 
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Appendix 8: Gram Positive and Gram Negative Bacteria  

The terms gram positive or gram negative bacteria are named after Hans Christian 

Gram, a scientist who devised a way to differentiate between the two types of bacteria.  

Gram positive bacteria only have a cell wall.  That cell wall is full of layers of 

peptidoglycan.  The layers of peptidoglycan retain the dye crystal violet, hence called 

‘gram positive’.  Gram negative bacteria have an additional outer membrane that contains 

only one layer of peptidoglycans in between this outer membrane and the cell wall.  With 

this additional membrane with only one layer of peptidoglycan, the bacteria cannot retain 

the dye, hence the term ‘gram-negative’.  

A stock solution of endotoxin from E. Coli K12 strain cultured in LB broth 

provided by Dr. Deborah Yoder-Himes at the University of Louisville was prepared and 

quantified.  In a 2 mL tube, the bacteria and broth were boiled in a beaker on a hot plate 

with stirring for 1.5 hours.  The tube was removed from the boiling water, cooled and 

placed into 10 mL of DI water for dilution.  Quantification of the endotoxin was 

performed using a Limulus Amebocyte Lysate (LAL) assay (Thermo-Fisher, Waltham, 

MA).  A standard curve of endotoxin was prepared according to manufacturer’s 

instructions.  Due to the high endotoxin content from the boiled E. coli, a final dilution of 

1 x 1015 contained a detectable amount of endotoxin that fell within the standard curve.  

In a 96 well plate, the standards and samples, in triplicate, were incubated with the LAL 

for 10 minutes.  Then the chromogenic substrate was added and incubated for 6 minutes.  

To terminate the reaction, 25% v/v acetic acid was added to all standards and samples.  

Absorbance measurements of 405nm were made on a Biotek spectrophotometer 

(Winooski, VT).  
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Appendix 9: Conjugation Polyclonal Lipopolysaccharides (LPS) Endotoxins Ab with 

Methylene Blue Ester  

The antibody to be labeled with the methylene blue must be free of all azide for a 

more efficient reaction.  Dialysis is performed for 24 hours into sodium bicarbonate 

buffer with a pH 8.3 that includes 3 changes of sodium bicarbonate buffer.  Methylene 

blue is conjugated to a polyclonal LPS antibody through ester-linkage chemistry.  The 

methylene blue is purchased from LGC Biosearch Technologies (Petaluma, CA) with the 

ester-linkage chemistry already performed, known as methylene blue ester.  Using a 1:2 

molar ratio of antibody to methylene blue ester dye, the antibody and dye are incubated 

together and mixed for 1-2 hours at room temperature.  To separate the unbound dye and 

antibody-methylene blue dye complex, gel separation (Thermo-Fisher, Waltham, MA) is 

performed.  The column is equilibrated with 50 mM phosphate buffer solution. The dye-

antibody solution is then poured into the column and allowed to absorb into the gel.  PBS 

is then added and the size exclusion separation begins.  The premise is the antibody-dye 

complex is heavier than the unbound dye and unbound antibody.  There is a clear band of 

separation within the column (Figure 12).  The first band is collected and measured by 

UV-Vis in the 200-800 nm range, Figure 13.  Degree of labeling and concentration are 

calculated based on Beer’s Law.  
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Figure 12: Gel separation column (Thermo-Fisher, Waltham, MA) with a clear band of 

separation within the column. 

 

Figure 13:  UV-Vis spectra of MB-labeled H5N1 Ab.  
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Appendix 10: Preparation of Cresyl Violet Maleamic Acid  

Cresyl Violet acetate (CrViAc) purchased from Sigma Aldrich was dissolved with 

enough amount in PBS to prepare a stock solution.  The stock solution of CrViAc UV-

Vis spectrum was then collected as illustrated in Figure 14, which features a peak at 

around 592 nm, that have a molar absorptivity of 83000 cm-1/M [130], and using Beer’s 

law one can determine the concentration of the stock solution, and any desired CrViAc 

solution concentration was prepared by dilution from the stock solution. 

 

Figure 14:  UV-Vis spectrum of Cresyl violet acetate collected by a UV-Vis 

spectrophotometer Cary 300. 

CrViMa was synthesized as follow 

 A mixture of 1,284 mg of cresyl violet acetate (200 mM) and 600 mg excess of 

maleic anhydride (306 mM) in 20 mL of glacial acetic acid was stirred at an 

ambient temperature for 24 hours.  The reddish-brown solid product was filtered 

and washed with 150 mL of hexane and ether, Figure 15. 
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Figure 15:  Product of the reactions described. 

For characterization of CrViMa product the UV-Vis spectrum Figure 16 of 

CrViAc and CrViMa was collected with the same concentration, a shift in the peak of the 

CrViAc was observed compared to the CrViMa, such shift indicates the successful 

synthesis of a new product.   

 

Figure 16:  The UV-Vis of the initial product CrViAc (black trace) with a peak at 592 nm 

and the final product CrViMa (red trace) with a peak at 514 nm. 
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Also the IR spectrum of both CrViAc and CrViMa was acquired and shown in 

Figure 17, the IR measurements confirm the successful synthesis of CrViMa 

 

Figure 17: IR spectrum of CrViAc and CrViMa 
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Appendix 11:  CrViMa Conjugation to H5N1 Secondary Antibody  

Prior to conjugation, the antibody undergoes dialysis to perform a buffer 

exchange into 0.1M 2-(N-Morpholino) ethanesulfonic acid hydrate (MES) buffer to 

remove any azide and to bring the antibody down to pH 6.0 needed for optimum reaction.  

Dialysis goes for 24 hours with 3 changes of buffer.  A stock concentration of Cresyl 

Violet maleamic acid is dissolved into anhydrous dimethylsulfoxide (DMSO) aliquoted 

and stored at -20°C. It then can be diluted further into MES buffer.  The Cresyl Violet 

maleamic acid, N-hydroxysulfosuccinimide (sulfo-NHS) and N-Ethyl-N′-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) are calculated for a 50:1 molar 

ratio to antibody.  This is to help have the excess to drive the reaction of the dye to 

conjugate to the antibody.  The reaction happens in the dark either in a foil covered tube 

or light blocking tube with a micro-stirbar on a magetic stir plate overnight at 4°C.  After 

the reaction is complete, the separation of conjugated antibody is completed just the same 

as the methylene blue ester.  Degree of labeling and antibody concentration are calculated 

using Beer’s law. 
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Appendix 12:  Fluorophore Beads Sample Preparation  

Samples with the beads of 20 nm size were prepared according to the following 

protocol: first the acquired fluorescent solution was sonicated for 15 minutes, then diluted 

(~1:105) in ethanol (SHBD20324, Sigma, Saint Louis, Missouri, USA).  The diluted 

sample was sonicated again for another 15 minutes.  The fluorescent species were 

immobilized on microscope glass coverslips (VWR 24×60 mm, VWR, Radnor, 

Pennsylvania, USA).  The coverslip was initially cleaned with ethanol and coated with 

Poly-L-lysine (P8920, Sigma, Saint Louis, Missouri, USA) by incubating the whole 

sample for 10 minutes inside the Poly-L-lysine; Poly-L-lysine was used as a linker.  The 

coverslip was washed off with deionized water and blown-dried with nitrogen gas.  A 

drop (~20 μl) of the diluted fluorescent solution was pipetted onto the coverslip and 

allowed to immobilize onto the surface for about ~10 minutes, before washing with 

deionized water and drying with nitrogen gas.  Finally, a drop (~20 μl) of 2,2`-

Thiodiethanol (TDE) (88559, Sigma, Saint Louis, Missouri, USA), which has an index of 

refraction of about 1.51, was added to the sample by drop-casting as an embedding 

medium.  To obtain an embedding medium of TDE that has an index of refraction of 

about 1.51; TDE was mixed with phosphate buffered saline PBS with a ratio of 97% (v/v) 

TDE, then adjusted to a pH of ~ 7.5 with HCL/NaOH solutions [131].  The coverslip was 

then pressed against a microscope slide and sealed with nail polish.  To test the ability of 

the modulated STED technique to obtain super-resolution images even under conditions 

of substantial mismatch in index of refraction between the cover slip and the embedding 

medium, a sample of the fluorescent-beads was prepared under the same protocol 

mentioned above, but instead of using TDE Vectashield was used (H-1000-10, 
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Vectorslabs, Burlingame, California, USA) with an index of refraction of 1.45 as the 

embedding medium.  
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Appendix 13: Retinal Slices with Fluorescently Labeled Structures Sample Preparation 

All experimental procedures involving animals were approved by the University 

of Louisville Animal Care and Use Committee.  Transgenic mice with green fluorescent 

protein (GFP) labeled bipolar cells [132] were euthanized using anesthetic overdose, eyes 

were removed and retinas dissected in 0.01 M PBS.  The retina was fixed by immersion 

in 4% paraformaldehyde for 20 minutes then incubated for an hour each in a series of 

sucrose solutions in 0.1 M phosphate buffer of increasing concentrations (5%, 10%, 15%, 

and 20%).  The retina was then incubated for 1 hour in Tissue Tek OCT tissue freezing 

media (4583, Ted Pella, Inc., Redding, California, USA) and 20% sucrose (2:1) and flash 

frozen using liquid nitrogen in the same solution.  Frozen blocks were sliced using a 

cryostat to yield vertical sections of the retina in which the three nuclear layers were all 

visible (bipolar cells reside in the middle nuclear layer).  Cryoslices were dried on coated 

slides for 30-60 minutes then incubated in 0.01M PBS for 10 minutes followed by 

incubation in blocking solution (10% normal donkey serum in 0.5% triton X in PBS) for 

1 hour at room temperature.  Slides were incubated in primary antibody diluted 1:1000 in 

blocking solution overnight at 4 ºC.  Primary antibodies included chicken anti-GFP 

(Invitrogen, Carlbad, California, USA) to label the GFP positive bipolar cells and mouse 

anti-C-terminal binding protein 2 (Chemicon, Shinagawa-Ku, Jaban), a marker for the 

ribbon synapse.  Slides were washed in PBS (4×10 min) then incubated for 1.5 hours at 

room temperature in secondary antibody diluted 1:1000 in PBS.  Secondary antibodies 

included donkey anti-chicken and donkey anti-mouse conjugated Alexa 488.  Slides then 

were washed in PBS (4×10 minutes) and embedded in TDE medium; to prevent cellular 

structure damaging due to osmotic shock [131] the exchange of water with TDE was 
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done slowly using the following protocol; the exchange of water with TDE was done by 

incubating the labeled samples in a series of diluted TDE solution with PBS: 10% (v/v) 

TDE, 25% (v/v) TDE, 50% (v/v) TDE, and 97% (v/v) TDE.  The samples were incubated 

for 5 minutses in each diluted solution of TDE from low to high concentration, and then 

the samples were mounted in 97% (v/v) TDE.  Finally; slides were covered with glass 

coverslips then sealed with nail polish. 
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