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ABSTRACT 

Proteins play a central role to human body and biological activities. As powerful 

tools for protein detections, many surface plasmon resonance based techniques have been 

developed to enhance the sensitivity. However, sensitivity is not the only final goal. As a 

biosensor, four things really matter: sensitivity, specificity, resolution (temporal/spatial) 

and throughput.  

This dissertation presents several works on developing novel plasmonic based 

techniques for protein detections on the last two aspects to extend the application field. A 

fast electrochemically controlled plasmonic detection technique is first developed with the 

capability of monitoring electrochemical signal with nanosecond response time. The study 

reveals that the conformational gating of electron transfer in a redox protein (cytochrome 

c) takes place over a broad range of time scales (sub-µs to ms). The second platform

integrates ultra-low volume piezoelectric liquid dispensing and plasmonic imaging 

detection to monitor different protein binding processes simultaneously with low sample 

cost. Experiment demonstrates the system can observe binding kinetics in 10×10 

microarray of 6 nL droplet, with variations of kinetic rate constants among spots less than 

±5%. A focused plasmonic imaging system with bi-cell algorithm is also proposed for 

spatial resolution enhancement. The two operation modes, scanning mode and focus mode, 

can be applied for different purposes. Measurement of bacterial aggregation demonstrates 

the higher spatial resolution. Detections of polystyrene beads binding and 50 nm gold 

nanoparticles oscillation show a high signal to noise ratio of the system.  

The real properties of protein rely on its dynamic personalities. The above works 

shed light upon fast and high throughput detection of protein kinetics, and enable more 



 ii 

applications for plasmonic imaging techniques. It is anticipated that such methods will help 

to invoke a new surge to unveil the mysteries of biological activities and chemical process. 
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CHAPTER 1 

INTRODUCTION OF SURFACE PLASMON RESONANCE 

1.1 Introduction 

Surface Plasmon Resonance (SPR) is an optical approach that measures the local 

refractive index change within the vicinity of a metal surface. Due to its physical properties, 

SPR provides a label-free, real time, versatile and highly sensitive way with numerous 

applications in a variety of disciplines.  

Compared with labeled techniques such as fluorescence, SPR technique can eliminate 

the side effect that fluorescent molecule may bring to the biological system, which may 

make the detection results uncertain.1 SPR provides the localized refractive index 

information which may be very useful for imaging techniques. Therefore, scientists show 

great interest in it and it has been greatly developed during the past several decades. 

So far SPR has been used to measure various phenomenon: biomolecular interactions 

such as protein-protein interactions and DNA hybridizations, temperature and thermal 

imaging, metal ion concentrations, protein and DNA arrays, single cell process, and 

electrochemical reactions imaging.1-13 The versatile of samples offers SPR a lot of 

opportunities in both biology and chemistry.  

1.2 Surface Plasmon Resonance 

If we interpret the surface plasmon resonance literally, it is the resonant oscillation 

of surface charge stimulated by exterior applied electromagnetic field. In order to 

understand the surface plasmon resonance, we need to first explain surface plasmons. 
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A plasmon can be defined as a quantum for the collective oscillation of free electrons, 

usually at the interface between metals and dielectrics. Surface plasmons occur at the 

interface of a vacuum or material with a positive dielectric constant, and material with a 

negative dielectric constant (usually a metal or doped dielectric) whose electrons behave 

like those of a quasi-free electron gas. These plasmons represent the quanta of the 

oscillations of surface charges, which are produced by exterior electric field in the 

boundary. The total excitation including both the charge motion in the metal and associated 

electromagnetic field in the dielectric, is called surface plasmon polariton (SPP). 

For surface plasmon polariton, we can consider it as one kind of electromagnetic wave, 

therefore the electric field of its propagating can be expressed as 

𝐸 = 𝐸0e
+i(𝑘𝑥𝑥±𝑘𝑧𝑧−𝜔𝑡)                                        (1.1)

where kx and kz is the wave number along x and z direction and 𝜔 is the frequency of 

electromagnetic wave as shown in Fig.1.1(a). 

Figure 1.1: Excitation of SPP.(a) Description of SPPs; (b) Wave vector on the interface of 

different materials14 

At the interface of the two materials, as shown in Fig.1.1(b), by solving Maxwell 

equations and using the boundary conditions, we have 

𝑘𝑧1

1
+
𝑘𝑧2

2
= 0 (1.2) 
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                                           𝑘𝑥
2 + 𝑘𝑧𝑖

2 = 𝜀𝑖 (
𝜔

𝑐
)
2

                                    (1.3) 

where c is the speed of light, by combining these two equations, we can have the dispersion 

relationship of surface plasmon polaritons: 

                                               𝑘𝑥 =
𝜔

𝑐
( 1 2

1+ 2
)                                       (1.4) 

As for metal, the dielectric function is 

                                              𝜀(𝜔) = 1 −
𝜔𝑃
2

𝜔2
                                       (1.5) 

where 𝜔𝑃 is the bulk plasmon frequency 

                                                 𝜔𝑃 = √
𝑛𝑒2

0𝑚∗                                       (1.6) 

Thus, we can plot the dispersion relationship shown as the red curve in Fig.1.2. To excite 

the SPPs, which in other words is the Surface Plasmon Resonance, we need to have an 

exterior electromagnetic field dispersion relationship of which should have intersection 

with this one. 

 
Figure 1.2: Dispersion relationship of SPPs15 
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1.3 Conventional SPR Configuration  

To excite SPR, we need to have field which have a dispersion relationship intersecting 

with the SPP. In other words, it needs to couple into SPP; however, this is not a simple 

case. The blue curve in Fig.1.2 indicates the dispersion relationship of light in the air, and 

there is not going to have any SPR.  

Before starting to discuss about the configuration to excite SPR, properties of light 

transmission on interface will be introduced since we need to couple light into SPPs. 

Fig.1.3 shows a schematic diagram of it. 

 

Figure 1.3: Transmission of light across the interface16 

 

The relationship between wave vectors in different direction is 

                                         𝑘 = √𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 =
𝑛𝜔

𝑐
                              (1.7) 

According the Snell’s law, we have 

                                                 𝑛1 sin 𝛼 = 𝑛2 sin 𝛽                                  (1.8) 
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which can deduce that  

                                 𝑘1 sin 𝛼 = 𝑘2 sin 𝛽 , 𝑘𝑥1 = 𝑘𝑥2                               (1.9) 

Thus, we can have the wave vector perpendicular to the surface  

                                   𝑘𝑦2 = √𝑛1
2 (

2𝜋

𝜆
)
2

(
𝑛2
2

𝑛1
2 − sin

2 𝛼)                          (1.10) 

Suppose we have 𝑛1 > 𝑛2, and when total internal reflection happened, which is 

𝑛1 sin 𝛼 > 𝑛2, we are going to have 𝑘𝑦2 as purely imaginary, and the electrical field of the 

transmitted light will be 

                                          𝐸𝑡 = 𝐸0𝑒
−𝑘𝑦2𝑦𝑒𝑗(𝜔𝑡−𝑘𝑥𝑥)                           (1.11) 

This indicates that the transmission light shows an exponential decay along the 

direction perpendicular to the interface, and the wave is called as ‘evanescent wave’. This 

determines the properties that SPR is only sensitive to change in the vicinity of the interface 

and changing the refractive index will greatly influence the response. 

In order to realize the excitation of SPR, Otto and Kretchmann developed two 

different configurations as shown in Fig.1.4, which is the same incident configuration as 

we showed before.17,18 In both setups, p-polarized light is used because this particular 

polarization has the electric field vector oscillating normal to the plane that contains the 

metal film, and the light incidents to a prism at angle θ. Reflected light intensity is recorded 

by photodiode or CCD camera for different purpose. The difference is that Otto put the 

sample with lower optical density between the prism and metal, while in Kretchmann 

configuration the metal is between the prism and sample. In most cases, scientists and 

researchers use Kretchmann configuration due to that it is easily facilitated and operated. 

Next, we are going to take it as an example to show how the SPR is excited. 
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Figure 1.4: Configurations to excite SPR: (a) Otto; (b) Kretchmann.17,18 

In Kretchmann configuration, we could have the in-plane wave vector of the light 

and the dispersion relationship 

𝑘𝑥 = 𝑘1 sin 𝜃 = 𝑛𝑝𝑘 sin 𝜃 (1.12) 

ω =
𝑐𝑘𝑥

𝑛𝑝 sin𝜃
(1.13) 

Where np is the refractive index of prism. Therefore, as shown in Fig.1.5, by applying these 

configurations we could have the intersection between the SPPs and the incident light in 

the dispersion relationship diagram. 

Figure 1.5: Coupling light wave vector to SPPs by tuning incident angle19 
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Fig.1.6 is an example shows how the refractive index of the surface influences 

dispersion relationship and how we measure this change. Since the energy of incident light 

each time is certain, which means it has certain ω, we can have certain kx for SPR excitation. 

This decides the intersection point each time, which also determines the incident angle. 

This angle is usually called as ‘dip’ angle (incident angle has smallest reflectance, as shown 

in Fig.1.6. When the refractive index of the interface changes, the dispersion relationship 

of SPP will also change, so does the ‘dip’ angle.  Therefore, if we park incident angle at 

certain value, the reflectance will vary. And this explains how we apply SPR to detect the 

activities on the metal surface. 

 
Figure 1.6: Dip angle changes as a function of surface refractive index20 

 

1.4 Plasmonic Imaging 

Two methods are usually used to detect the refractive index change, including 

scanning wavelength at a fixed angle and tuning angle with a fixed wavelength. Both 

methods need scan and scan takes time. For plasmonic imaging, the angle of incident light 

and camera are fixed at a specific angle near the linear region of the resonance dip, and the 

reflected light image is recorded. The variation of image intensity is linear related with the 
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refractive index change, therefore provides the lateral information of surface (Fig.1.7). This 

is called angle resolved SPR imaging (SPRi) and suitable for higher throughput detections. 

 

Figure 1.7: Typical SPRi response21 

 

Huang et al. first used the high numerical aperture microscope objective for 

plasmonic imaging (Fig.1.8).22 They used a 100× and NA=1.4 objective to measure the 

structure as small as 1 µm. This improved the resolution of SPRi, enabling observations of 

small molecules and structure such as nanomaterials and cells.  

 
Figure 1.8: SPRi with high NA objective22 
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1.5 Proteins 

Proteins are central and fundamental of almost every biological activity. Consist of 

only 20 amino acids, proteins are estimated 2 million types in a human body. As single 

entity they catalyze the metabolic reaction(insulin) and regulate the DNA replication (c-

JUN and c-FOS). They also work together and formed interaction net called signaling 

pathways, regulating the cell and responding to stimuli from the changing of the 

surrounding environment. As shown in the EGFR pathway (Fig.1.9), p53 is a protein which 

can initiate cell apoptosis process when its level is too high. In normal case, MDM2 binds 

with phosphorylated p53 to keep it at the normal level and AKT1 is the kinase which 

catalyzed the phosphorylation of p53. When DNA was damaged due to cell degradation, 

MDM2 could not be synthesized and p53 would increase, leading to cell apoptosis and 

elimination of the damaged cells. 

Those kinds of functions are governed ultimately by their dynamic character, including 

the transport of the proteins, their conformational change and interactions with other 

proteins.23 Characterizing the dynamic structure and process leads to the birth of many 

techniques, such as X-ray protein crystallography, electron cryomicroscopy, atomic force 

spectroscopy, fluorescence resonance energy transfer, pump probe technique, gel 

electrophoresis and surface plasmon resonance.24–31 
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Figure 1.9: EGFR signaling pathway map32 

 

1.6 Plasmonic Platforms for Protein Detection Applications 

Since it was first used for biosensing 1983, SPR was greatly developed for many bio-

applications such as gas sensing, drug screening and fundamental molecular interactions.33–

36 As for protein detections, although some study the conformational change of proteins, 

most of the researches on SPR are measuring the kinetic and thermodynamic of protein-

protein and protein-small molecules interactions.37,38 Conventional SPRi have been 

developed, commercialized and combined with microfluidic techniques to increase the 
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throughput. For example, the Biacore 8K can run 8 channels simultaneously and the Biorad 

ProteONTM XPR36 can monitor a 6 by 6 interactions at the same time.39,40 

Another direction for developing plasmonic technique is to enhance the sensitivity. 

Because proteins and drugs are usually small, improving the detection sensitivity is a must. 

One technique developed is plasmonic-based electrochemical impedance microscopy (P-

EIM), which combines SPRi and electrochemical impedance spectroscopy.  Foley et al. 

first experimentally measure the surface impedance by using the SPR microscopy.41 The 

resonance angle 𝜃𝑅 is depends on the permittivity of surface, prism and metal 

sin(𝜃𝑅) = √
1 𝑚

( 1+ 𝑚) 2
(1.14) 

where  𝜀1, 𝜀2 and 𝜀𝑚 stand for the dielectric constant respectively.  While according to the 

Drude model,  

𝜀𝑚(𝑓) = 1 −
𝑛𝑒𝑒

2

0𝑚𝑒4𝜋2𝑓2
(1.15) 

where e, me, and ne are the electron charge, mass, and density. If there is a change in the 

surface charge ∆𝜎, then for a thin metal film it will be 

∆𝜎 = −𝑒𝑑𝑚∆𝑛𝑒 (1.16) 

Combining the last two equations we will have 

∆𝜎 = −
𝑒𝑑𝑚∆𝑛𝑒

𝑚−1
∆𝜀𝑚            (1.17) 

Comparing this equation with the first equation in this section, the relationship between 

surface charge density and resonance angle will be  

∆𝜎~𝛼∆𝜃𝑅 (1.18) 

Which indicated the differential of surface plasmon response linearly corresponds to the 

surface charge density change, providing the theoretical bases for measuring the 
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electrochemical signal by SPR microscopy. P-EIM technique was used to detect 

interactions between small molecule drugs and proteins, intracellular cell process and 

interactions between small molecule drugs and cell receptors.5,42–44  

Shan et al. has proposed another way to detect protein binding based on monitoring 

the variation of nanoparticle oscillation using plasmonic imaging.45 This is a charge 

sensitive platform because the oscillation amplitude of the particle is directly proportion to 

the surface charge of the nanoparticles. If precoating the target proteins on the nanoparticle 

surface, other molecular interaction with the protein could be measured. Applying this 

technique, they successfully observed the binding between streptavidin and biotin and 

phosphorylation of kinase.45,46  

Other novel plasmonic platforms were also developed for different applications. 

Wang et al. has proposed the cell based plasmonic platforms, which can directly monitor 

the cell process and molecular interactions with cell surface receptors.4,44,47,48 Liu et al. 

combined the patch clamp with plasmonic imaging, which enables the detection of the fast 

initiation and propagation of action potential within single neurons.49  
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CHAPTER 2  

PLASMONIC BASED FAST ELECTROCHEMICAL DETECTION REVEALS 

MULTI-TIME SCALE CONFORMATIONAL GATING OF ELECTRON TRANSFER 

IN CYTOCHROME C 

2.1 Introduction 

Electrochemical Reaction is one of the most familiar phenomena in people’s life, as 

shown in Fig.2.1. In biology, the famous processes photosynthesis and respiratory- involve 

a lot of electrochemical reactions, e.g. the water splitting with oxygen released, and the 

oxidation and reduction of different compounds along the electron transport chain. In other 

fields, such as photovoltaics and batteries, electrochemical reactions also play an important 

role, which define the efficient, quality and other properties. 

 
Figure 2.1: Electrochemical reaction in life50–52 
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Research on electrochemical reaction began from the late 18th century and still attracts 

a lot of attention nowadays.53,54 The main reasons are two: 1) Various phenomenon is 

directly or indirectly related with electrochemical reaction; 2) There are a lot of variations 

in electrochemical reaction, i.e. different conditions can provide different responses.  

In early 1970s, scientists started to investigate the electrochemical reaction in 

biology. Among so may reactions, one of the most interesting topics is to study the electron 

transfer (ET) process in biological molecular, especially proteins. Measuring ET processes 

in molecules is critical to the understanding of many basic chemical and biological 

phenomena,28,55–57 and directly relevant to applications in energy conversion, molecular 

electronics and biosensors.58–61 For example, one of the most important example is the 

research on electron transport chain (ETC) in photosynthesis and respiratory. Along this 

chain, electrons have been transferred through different compounds via electrochemical 

reactions, coupling with proton transfer across the membrane which drives the ATP 

synthesis. Fig.2.2 depicts the ETC in mitochondria, which plays an important role in 

respiratory system. Complex I (NADH coenzyme Q reductase) received electrons from 

nicotinamide adenine dinucleotide (NADH), which is the product of citric acid cycle. Then 

the electrons will be transported to coenzyme Q (ubiquinone), to which complex II 

(succinate dehydrogenase) will also pass electrons. In next step, ubiquinone transfers 

electrons to complex III (cytochrome bc1 complex) and then to cytochrome c (cyt c). 

Finally, Complex IV (cytochrome c oxidase) accepts the electrons via cyt c reduction, 

coupling with hydrogen ions to reduce molecular oxygen to water.62 This is similar to the 

one in photosynthesis which is shown in left of Fig.2.2, the difference are the reaction 

complexes along the ETC. 
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Figure 2.2: Electron transfer chain (ETC) in Mitochondria and photosynthesis system62 

A key to ET is thermal fluctuations, including conformational changes in the 

molecules and polarization in the surrounding solvent molecules, which help bring energy 

levels of the donors and acceptors into alignment, and create transient molecular 

conformations with large electronic coupling between the donor and acceptor states.63,64 

Evidence has shown that conformational changes due to thermal fluctuations determine ET 

in the redox proteins, involving possibly proton-coupled and frictional control mechanisms 

in the ET.65,66 However, conformational changes in proteins are fast, and distributed over 

a broad time range, which can be slower than milliseconds and as fast as picoseconds as 

shown in Fig.2.3. 

Figure 2.3: Different time scales of biological process67 
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To study the ET process, scientists have proposed the gold-organic tether-molecule 

system, which is an easy to realize, stable and reproducible system. The most important 

examples studied to date are redox molecules, such as redox proteins, adsorbed on the 

electrode. It has been proven that the mechanisms control electron tunneling between a 

molecular acceptor and donor, and between an electrode and a redox couple are similar. In 

an electrochemical system, the donor (or acceptor) is an electrode. By applying a potential 

to the electrode, one can control ET to or from the molecules on the electrode, and by 

measuring the current passing through the electrode one can determine the ET rate. This 

drives the birth of new fast electrochemical detection techniques.56,57,68–71  

2.2 Ultrafast Detection Techniques 

2.2.1 Pump-probe 

Pump-probe, as an effective method to measure time-resolved spectroscopy, is widely 

used in detection of photosensitive materials. The basic setup is shown in Fig.2.4.72 A 

femtosecond pulsed laser is spilt into two beams: one acts as pump pulse, which is used to 

excite the sample to excitation states at initial; the other one has a certain temporal delay 

to the pump and measures the absorption of the excited sample. The optical delay between 

the pump and probe pulse is determined by the length difference of the two light paths. 

Since light travels very fast, this optical delay could be very small, e.g. a 1 mm optical path 

difference could introduce a picosecond delay. By varying the optical delay line, transient 

signal at different states of the sample can be detected. The time-resolved spectroscopy can 

be obtained through combining the measurement results together, as shown in Fig.2.4. 



  17 

 
Figure 2.4: Schematic diagram of pump-probe instruments and theoretical response72 

 

Pump-probe is widely used for detecting the electron transfer in photosynthesis 

because most of the processes involve light to triggering the signal. Those studies are 

focused on the photosynthetic reaction centers of purple bacteria, which allow a direct 

observation of photo reduced electron transfer (ET) since the functional reaction center 

(RC) can be separated from the light-collecting antenna systems and the absorption spectra 

of the bacterial chlorine chromophores show well-separated absorption bands, as shown in 

the Fig.2.5.73  

 
Figure 2.5: Time resolved process and spectroscopy of reaction center in purple blue 

measured by pump-probe technique73 
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Pump-probe is a powerful tool for measuring ultrafast photo-induced process; 

however, it is unavailable for the electrochemical reaction that cannot be triggered by light. 

Therefore, following electrical reaction method have been invented for this purpose.  

 

2.2.2 Cyclic Voltammetry and SECM  

Cyclic voltammetry (CV) is one of the conventional electrochemical methods to 

detect the properties of electrochemical reactions. While the potential is scanning back and 

force with linear increase/decrease, the current of the working electrode is measured.74 

Usually, if the system is reversible, there will be different current peaks when scanning the 

voltage in different direction, which indicates the reduction and oxidation (Fig.2.6).  

 
Figure 2.6: Principle of cyclic voltammetry. Left: scanning voltage to get current 

response; right: example of cyclic voltammetry response, the peak represents where the 

reduction and oxidation happen.74  

 

The current of the electrochemical reaction is different for different conditions. 

When the diffusion of the reactance is much slower than the electron transfer rate, the 

current will be dominant by the mass-transfer process, which can be expressed as75 

                                            𝑖 =
𝑛𝐹𝐷

𝛿
𝐶                                              (2.1) 
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where n is the number of electrons involved in reaction, F is the faraday constant, D is the 

diffusion coefficient, δ is the thickness of diffusion layer, and C is bulk concentration of 

reactance. If the diffusion is fast and could be neglected (such as rotating disk electrode 

and small electrochemical cell), the current can be expressed as the Bulter-Volmer 

equation75 

                                  𝑖 = 𝑖0 {𝑒
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇 − 𝑒
𝛼𝑐𝑛𝐹𝜂

𝑅𝑇 }                                (2.2) 

Where 𝑖0 is the electrode current density, R is the universal gas constant, 𝜂 is overpotential, 

𝛼𝑎 and 𝛼𝑐 are the electron transfer coefficient, which correspond to the electron transfer 

rate.  

In traditional electrochemistry, macroelectrodes are used and the current response 

is usually diffusion controlled. In order to measure the electron transfer rate, 

microelectrodes and Scanning Electrochemical Microscopy (SECM) is applied. Certain 

voltage is applied between the working electrodes and microelectrode, and the species will 

be reduced/oxidized on microelectrode and then regenerated on the working electrode, 

making it a repeatable cycle. If the electron transfer from the working electrode to the 

solution is fast, the reduced/oxidized species will be quickly regenerated. Otherwise, the 

regeneration process will be slow.  

Liu et al. have proposed a method of applying SECM to measure the electron 

transfer tunneling through organic tether which is the SAM layer on top of gold electrode.76 

The experiments were done in time scale much larger than the diffusion time, which they 

called ‘steady state measurement’, indicating the amplitude of current response actually 

depends on electron transfer rate. The model they proposed is shown in Fig.2.7.  
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Figure 2.7: Different mechanism of electron transfer to the Au electrode76 

 

Two methods were proposed: 1) SAM layer is connected with redox molecules; 2) 

only SAM Layers. In case 1, three consecutive steps contribute to the signal: 1) mass 

transfer in the tip/substrate gap; 2) bimolecular ET between the mediator species and the 

monolayer-bound redox centers; 3) the electron tunneling through the SAM layer, as 

depicted in Fig.2.7(a), which may provide some positive feedback to the system. In case 2, 

there is no reactant on the layer, and the electron will tunnel through SAM layer (Fig.2.7(b), 

negative feedback) and the pinhole (Fig.2.7(c)) to the working electrode. By fitting the 

approach curve, electron transfer rate of 108 s-1 could be measured. 

SECM is a good approach to measure the kinetics of electrochemical reaction, since 

it avoids the influence of double layer charging. However, this does not provide intuitional 

evidence, i.e. the transient signal, since the experiment is done in the steady state and need 

to build a complicated theoretical model to extract the electron transfer rate.  
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2.2.3 Chronoamperometry 

Chronoamperometry is an electrochemical technique in which step potential (which 

induce the faradaic processes occur) is applied to working electrode and current is recorded 

as a function of time.75 Chidsey et al. employed this method to detect the electron transfer 

through organic tether.55,69 Schematic view of their setup is shown in Fig.2.8. Redox center 

(ferrocene) is connected to the gold microelectrode through organic molecule chain. The 

microelectrode is contacted with the electrolyte through an µm size pipette. An silver wire 

is inserted into the electrolyte as the reference electrode.  

 
Figure 2.8: Configuration of using Chronoamperometry to detect electron transfer 

rate55,69 

 

The double layer charging/discharging constant of this system can be expressed 

as69 

                            𝑅𝐶 ≅
𝜌

𝜋𝐿
ln (

2𝐿

𝑊
) ∗ 0𝐿𝑊

𝑑
=

𝜌 0𝑊

𝜋𝑑
ln (

2𝐿

𝑊
)                  (2.3) 

where ρ is the resistivity of the electrolyte, ε and ε0 stand for the permittivity for SAM layer 

and vacuum, L and W are the length and width of gold microelectrode, respectively.  

Calculation of the 4 µm electrode indicates an ultrafast charging rate 1.6×108 s-1.  By 
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applying a step potential using iterative control method to compensate the ohimc drop 

effect,77 they could be able to measure the transient current signal about several hundred 

nanoseconds, as shown in Fig.2.9(c). The fastest rate they can measure is about 107 s-1, 

which is limited by the signal to noise ratio of the detection circuit. 

 
Figure 2.9: Measurement results of Ferrocene-SAM-Au system by chronoamperometry. 

(a) the step potential applied (iterative control method to compensate the ohimc drop 

effect); (b) the corresponding current signal; (c) electron transfer rate dependence of 

interfacial potential; (d) electron transfer dependence of the length of molecular chain.69  

 

Chronoamperometry provides the intuitive physical picture to observe the electron 

transfer process; however, this method gets its limitation due to the balance for charging 

rate and signal strength. To get faster rate constant, we need smaller microelectrode, which 

is companied with the decrease of the current. Therefore, the feedback resistance (𝑅𝑒 in 
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Fig.2.10) needs to be larger to obtain enough signal to noise ratio, which will decrease the 

temporal resolution for measurement. 

 
Figure 2.10: Schematic view of Potentiostat: the principle of measuring current 

response75 

 

2.2.4 Indirect Laser Induced Temperature Change 

To avoid the problem that we discussed in last section, scientists tried to figure out 

other ways to trigger the electrochemical reaction. Indirect Laser Induced Temperature 

Jump (ILIT) method was then been invented by Smalley et al.56,68,78–80  

The ILIT setup is shown in Fig.2.11. A femtosecond pulse laser is used to apply a 

sudden temperature jump to the electrochemical cell. Potentiostat is used to hold the 

potential and provides the current that the electrochemical cell needs. Acoustic sensor is 

used to extract the temperature information of the cell, and the whole cell is adiabatic. The 

open circuit voltage is measured by the exterior amplifier board, which has a nanosecond 

time resolution.78  
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Figure 2.11: Principle of ILIT method. (a) schematic diagram of ILIT setup; (b) Response 

of ILIT.78  

The measurement consists of three major steps: 1) the electrochemical cell is first 

hold at equilibrium by the Potentiostat; 2) the pulsed laser shines to the gold working 

electrode and initiate an instaneous temperature change of the system, which will break the 

equilibrium; 3) the system gradually goes back to equilibrium, and the corresponding 

response of the open-circuit voltage as the function of time will be recorded and used to 

extract the information of electron transfer. The modeling of the system is described 

somewhere else. The open circuit voltage can be simplified as78 

                                    ∆𝑉𝑂𝐶 = ∆𝑇𝑠𝑡𝑒𝑝[𝐴 + 𝐵(1 − 𝑒
−𝑘𝑚𝑡)]                           (2.4) 

where A, B is the parameter that could be calculated as78 

A = (𝐸𝑝𝑧𝑐
𝑖 − 𝑉𝑜𝑐

𝑖 )
𝑑 ln[𝐶𝑖]

𝑑𝑇
+
𝑑𝐸𝑝𝑧𝑐

𝑑𝑇
+
𝑑𝑉𝑇𝐽
𝑑𝑇
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B =
1

𝐶𝑖
𝑖

𝑑𝜎𝑀

𝑑𝑇
=

𝑑𝐸°

𝑑𝑇
+
𝑉𝑜𝑐
𝑖 −𝐸𝑜,𝑖

𝑇𝑖
−(𝐸𝑝𝑧𝑐

𝑖 −𝑉𝑜𝑐
𝑖 )

𝑑ln[𝐶𝑖]

𝑑𝑇
−
𝑑𝐸𝑝𝑧𝑐

𝑑𝑇

1+
𝑘𝐵𝑇

𝑖𝐶𝑖
𝑖

𝑒2
(
1

Γ𝑜𝑥
𝑖 +

1

Γ𝑟𝑒𝑑
𝑖 )

(2.5) 

By fitting the recorded curve, the electron transfer rate can be extracted. 

The ILIT methods measure the transient current signal and smartly avoids the 

problem of double layer charging and discharging. According to Smalley et al., since the 

charging/discharging process for large area electrode is slow, which is much larger than 

the time scale of measurement, there will be quite small contribute on the open-circuit 

voltage change for this part, which indicates the faradic process is dominant.68,79 However, 

this configuration is too complicated for people to setup and use, since it is hard to 

accurately control and fast measure the temperature, and the theoretical model to extract 

the parameter is kind of complicated. 

2.3 Measurement of Cytochrome c ET 

Most biological reactions of redox proteins happen at the membrane/solution interface. 

As a good system to mimic the charge distribution in that condition, redox proteins 

absorbed on SAM coated electrodes are proposed. Most of these studies are focused on 

cytochrome c, a protein that carries electrons and reduce oxygen to water, because of its 

well-known structure and dynamic properties. This will help to understand fundamental 

parameters that governs the ET process in biological activities. During recent 20 years, two 

major methods are developed for ET detections in cytochrome c: one is based on 

impedance spectroscopy, and the other one is to measure the transient ET process. 

Feng et al. first proposed the impedance spectroscopy approach.71,81 They applied ac 

potential modulation to the system, which triggered the ET process of cytochrome c. The 
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absorption of cytochrome c species will be recorded during the process. The absorption 

could be expressed as71 

                  𝐴𝑎𝑐(𝑡) = (𝜖𝑟𝑒𝑑 − 𝜖𝑜𝑥)Γ𝑡𝑓(𝑡) = (𝜖𝑟𝑒𝑑 − 𝜖𝑜𝑥)Γ𝑡 ∫ 𝑖𝑎𝑐
𝐹 𝑑𝑡            (2.6) 

where 𝜖𝑟𝑒𝑑 and 𝜖𝑜𝑥 are the absorption coefficient of reduced and oxidized species, Γ𝑡 is the 

total amount of cytochrome c, 𝑖𝑎𝑐
𝐹  is the current of faradic process, respectively. According 

to Randel’s circuit model, 𝑖𝑎𝑐
𝐹  for impedance measurement is given by71 

                                             {
𝑖𝑎𝑐
𝐹 = 𝑌𝐹𝐸𝑎𝑐

𝐹

𝑌𝐹 =
1

𝑅𝑐𝑡∥𝐶𝑎
=

1

𝑅𝑐𝑡+
1

𝑗𝜔𝐶𝑎

                                    (2.7) 

where 𝑅𝑐𝑡  and 𝐶𝑎  are the resistance and capacitance of the faradic process, 𝐸𝑎𝑐
𝐹  can be 

treated as the modulations potential if the solution resistance is small. By combining Eq.2.6 

and Eq.2.7, we can easily extract the 𝑅𝑐𝑡 and 𝐶𝑎 from the frequency response curve. The 

ET rate could be calculated with the Butler-Volmer and Nernst equations, which could be 

simply as71 

                                                            𝑘𝑠 =
1

2𝑅𝑐𝑡𝐶𝑎
                                          (2.8) 

This method smartly avoids measuring the double layer charging, which happens 

simultaneously with ET of cytochrome c. Murgida et al. further developed this approach 

by using Surface Enhanced Raman Spectroscopy (SERS), so they could measure the 

different state of cytochrome c during ET process with enhanced sensitivity.66,82,83 Avila et 

al. and Wei et al. applied the method to investigate the ET of cytochrome c-SAM-gold 

system by varying the SAM layer length.70,84 It was first assumed that cytochrome c has a 

fast ET process and the ET rate should increase when SAM layer thickness decreases, 

because the distance from heme to lysine group of cytochrome c is short. Interestingly, 
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almost all the groups found that the ET rate would not continue decrease after shorting the 

SAM layer to less than 6 methylene groups. This indicates there is conformational gating 

during the ET process. To further validate their conclusion, Khoshtariya et al. used this 

method to observe ET of cytochrome c in different buffer solutions which may influence 

the conformational changing rate.85 They test the buffer with different viscosity, different 

Ph and different proton hydrate, and proved that the conformational fluctuation limits the 

ET rate of the system. 

The impedance spectroscopy is able to measure the electron transfer rate of the 

cytochrome c, but it does not provide any transient information of the process. Scientists 

were curious about how the conformational change happens. T. Pascher and C.-K. Chan et 

al. monitored the conformational gated ET process by shining pulsed laser on the sample 

to trigger the ET process and measured the tryptophan fluorescence intensity (indicate the 

structure change).28,57 This method helped to determine the different time scale of 

cytochrome c folding during the ET process; however, they modified the cytochrome c 

with a Ru2+ complex label for reaction initialization and this may affect the measurement. 

Label free transient measurements have been proposed by both Yuan et al. and Boussaad 

et al.86,87 They applied a step potential to the system and used circular dichroism and surface 

plasmon resonance imaging to monitor the process; however, their temporal resolution is 

limited to millisecond to seconds because of slow potential trigger. It was observed by 

labeled method and theoretical estimation that the time scale of cytochrome c 

conformational gating actually distributed in a wide time scale range, from sub-

microseconds to seconds. Therefore, a novel label free approach with high temporal 

resolution and sensitivity is needed to measure this transient ET process. 
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2.4 Fast Plasmonic Electrochemical Detection: Setup and Principle 

According to the introduction in section 2.2, one limiting factor for fast 

electrochemical measurements is the response time of an electrochemical cell, which is 

determined by the capacitance and resistance of the system, including electrode and 

electrolyte. This response time usually scales linearly with the dimension of the electrode 

(e.g., width of a line electrode).61,69,75 By decreasing the electrodes to the micron-scale, 

sub-µs electrochemical measurements have been demonstrated. Fast electrochemical 

measurements require not only fast time response, but also a sufficient signal to noise ratio 

in the data. Traditional electrochemical approach measures the total electrochemical 

current, which scales with the electrode area, so the signal to noise ratio may be 

compromised when one improves the response time by reducing the electrode size.75 This 

is especially the case when the coverage of the adsorbed redox species on the electrode is 

low, and the ET current is small compared to the capacitive charging current in the 

background. For these reasons, previous ET rate measurements of redox proteins are 

usually based on cyclic voltammetry (CV), which determines an effective ET rate by 

measuring the separations between the oxidation and reduction peaks vs. potential sweep 

rate.78,88–90  

Here we achieve fast detection of electron transfer processes using a plasmonic 

imaging method combined with microfabricated microelectrodes. The principle of the 

method is to convert an electrochemical current into a plasmonic signal, and then detect it 

optically with ns optical detection speed. Like a traditional electrochemical measurement, 

the plasmonic method measures both capacitive charging and ET processes, but the 

charging contribution to the plasmonic signal is relatively small, which makes it easier to 
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study ET than the traditional method. Furthermore, the plasmonic signal does not scale 

with the electrode area,8 allowing us to reduce the electrode size without sacrificing the 

signal to noise ratio. Using this approach, we measure ET in a redox protein (cytochrome 

c) adsorbed on a microelectrode, and study conformational gating of the ET over a broad 

time range.  

 

2.4.1 Detection Principle 

We have demonstrated plasmonics-based electrochemical microscopy (P-ECM) to 

image local electrochemical reactions,7,8,91–93 but its temporal resolution is limited by the 

frame rate of the imager (CMOS or CCD) and response time of the electrochemical cell. 

To study fast ET in redox molecules, the first task is to develop fast P-ECM. We build a 

system with fast electrochemical triggering, fast detection and high signal to noise ratio 

(SNR) even at small electrochemical current. To realize, we use microfabricated electrodes, 

and a fast photodiode in parallel to the imager to detect fast electrochemical processes 

(Fig.2.12). For redox molecules adsorbed on an electrode, the image intensity (ISPR) by P-

ECM is related to ET current density (J) by94  

                            
𝑑𝐼𝑆𝑃𝑅(𝑥,𝑦,𝑡)

𝑑𝑡
= B

𝛼𝑜𝑥−𝛼𝑟𝑒𝑑

nF
𝐽(𝑥, 𝑦, 𝑡)                            (2.9) 

where 𝐵 is a constant, 𝛼𝑜𝑥 and 𝛼𝑟𝑒𝑑 describe the optical polarizabilities of the molecule in 

the oxidized and reduced states, respectively. In principle, the difference between 𝛼𝑜𝑥 and 

𝛼𝑟𝑒𝑑 could arise from the different electronic states of the reduce and oxidized species, 

which is shown as distinct absorption bands between 545-555 nm in the optical absorption 

spectra for cytochrome c.95–97 However, in the present work, the incident light wavelength 

is 660 nm, which is far away from the absorption bands, so this contribution is small. A 
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more dominant contribution to the difference between 𝛼𝑜𝑥 and 𝛼𝑟𝑒𝑑 is the conformational 

changes of the redox molecules associated with ET. We note that the measured plasmonic 

signal scale with current density, rather than current, as shown by Eq. 2.9, so it does not 

decrease with the size of the electrode. This is in contrast to the traditional electrochemical 

methods that measure current (rather than current density), which scales linearly with the 

electrode area, and thus decreases when one attempts to reach fast electrochemical response 

by reducing the electrode size. 

P-ECM also measures capacitive (double layer) charging current density, given by 

                                             
𝑑𝐼𝑆𝑃𝑅(𝑥,𝑦,𝑡)

𝑑𝑡
=

1

𝛼
𝐽𝑑(𝑥, 𝑦, 𝑡)                              (2.10) 

where 𝛼  is a constant, which can be calibrated experimentally or calculated with 

models.41,91 As we will show later, 1/𝛼 in Eq.2.10 is small compared to B
𝛼𝑜𝑥−𝛼𝑟𝑒𝑑

nF
 , so P-

ECM provides suppression of the background capacitive charging current, which favors 

the detection of ET current. 

 

2.4.2 Experiment Setups 

Fig.2.12(a) is a schematic illustration of the fast P-ECM setup, including an inverted 

microscope (Olympus IX81) equipped with a high numerical aperture oil-emersion 

objective. 
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Figure 2.12: Fast P-ECM with ultrafast optical detection and miniaturized 

microelectrodes. (a) Optical setup including gold microelectrodes in an electrochemical 

cell mounted on the objective of an inverted microscope, p-polarized laser to excite 

surface plasmons in the microelectrodes, and detection of the plasmonic signal with a 

CCD camera and fast avalanche photodiode (3 ns) simultaneously. Redox proteins are 

immobilized on the microelectrodes, and the electron transfer reaction of the proteins is 

studied by controlling the microelectrode potential with a homemade Potentiostat and 

recording the transient electrical current with an oscilloscope connected to a computer. 

(b) Schematic of one microelectrode, showing a bonding pad for electrical connection to

the Potentiostat, and photoresist coating for blocking most of the microelectrode area to

the electrolyte. (c) Optical microscopy image of a microelectrode chip, consisting of 8

parallel microelectrodes with different lengths (30-50 µm).

 Collimated p-polarized laser (Coherent, OBIS FP 660LX, wavelength of 660 nm 

and power of 60 mW) was directed via the objective to excite surface plasmons in the 

microelectrodes. Light reflected from the surface was collected by the same objective, and 

then split into two paths, one directed to a CCD imager, and the second to an ultrafast 

avalanche photodiode (Edmund Optics, 1.0 mm UVVIS (200-1000 nm), Si APD). A three-

electrode system (the gold microelectrode as the working electrode, an Ag/AgCl reference 

electrode and a platinum coil counter electrode) was used in the study. The potential of 

microelectrodes was controlled with respect to the Ag/AgCl wire with a Potentiostat 
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(homemade) connected to a function generator for creating potential steps for 

chronoamperometry (Agilent 33521A, arbitrary wave generator). A 50 Ω resistor was 

connected in series with the electrochemical cell to measure the current. Oscilloscope 

(Tektronics, DPO2014, 100 MHz bandwidth, 1 GS/s sampling rate) was used to collect 

both fast plasmonic signal and electrical current. Ohmic drop was compensated using the 

method described in literature.69,77  

In order to observe the ultrafast change of the SPR intensity, we build an ultrafast 

photodetector. We use an avalanche photodiode which has 1 ns response time as the light 

sensor, and biased voltage is applied in order to amplify the signal. The schematic diagram 

and the PCB circuit board made in our lab are shown in Fig.2.13. To achieve ultrafast 

detection speed, we use a small feedback resistor which is equal to 200 Ω. Combining with 

the capacitance of the photodiode, which is usually 10 to 20 pf, the response time will be 

less than 1 ns considering the parasitic parameters. Fig.2.14 shows the response time of the 

avalanche photodiode by an ultrafast laser modulation (1 ns rise/fall time). The time 

constant of photodiode and detection circuit is ~3 ns, which is consistent with our 

estimation.  

We detected the electrochemical current by electrically connecting a 50 Ω resistor 

to the working electrode and monitoring its voltage (Fig.2.12). To ensure this resistor does 

not affect the detection speed, we monitored P-ECM with and without the resistors and 

found no significant difference (Fig.2.15). 



  33 

 
Figure 2.13: Photodetector circuit. (a) Schematic view of DC coupled photodetector; and 

(b) real object. 

(a)

(b)
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Figure 2.14: Measured response time of the ultrafast photodiode used for fast P-ECM. 

Inset: Photodiode output over 2 µs time window. 

 

 
Figure 2.15: Plasmonic responses of a bare gold microelectrode with (blue) and without 

(red) a 50 Ω resistor connected in series for current measurement. Inset: Plasmonic 

responses over 20 µs. The experiments were performed in 3.75 M NaClO4, and the 

potential was stepped from -0.3 V to +0.3 V. 

 

Using the previous ultrafast photodiode detection, a response of light intensity 

changes as fast as ~3 ns can be detected (Fig.2.14). However, fast P-ECM also requires 

one to change the electrode potential rapidly, which is limited by the charging time constant, 
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RsCDL, of the electrochemical cell, where Rs is the solution resistance and CDL is the surface 

capacitance of the electrode. Both Rs and CDL depend on the dimensions (width and length) 

of the electrode, and RsCDL typically decreases with the dimensions.98 Therefore, one way 

to shorten the charging time is to decrease the electrode dimensions.98  

In the present work, we tested gold microelectrodes with various dimensions 

fabricated with optical lithography and found that the microelectrode of 2 µm wide and 50 

µm long provides the best result. Smaller microelectrodes did not lead to significantly 

faster responses because stray capacitance arising from the Potentiostat circuit and wiring 

of the Potentiostat to the microelectrodes became the limiting factor of the time constant 

of the system (electrochemical cell, wiring and detection system). 

 

2.4.3 Ohmic Drop Compensation 

To make sure a square wave is applied on the redox protein and avoid the effect of 

electrolyte resistance, we followed the method reported in literature to compensate the 

ohmic drop on the electrolyte.69,77 We first applied a square wave potential to the 

electrochemical cell and measured the current response, from which we determined the 

ohmic drop, and added a correction to the applied potential via the arbitrary waveform 

function generator. We iterated the same process to achieve ensure fastest application of 

the interfacial potential (Fig.2.16). The detailed workflow of our algorithm is described in 

Fig.2.16(d). 
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Figure 2.16: Applied potential waveform (grey) and actual interfacial potential waveform 

(red), of a bare gold microelectrode in 3.75 M NaClO4 (a), 3-MPA modified gold 

microelectrode in 3.75 M NaClO4 (b), and 3-MPA modified gold microelectrode in 70 

mM PBS (c).  (d) Workflow showing the compensation of the ohmic drop, where Rsol is 

the solution resistance. 

 

2.4.4 Evaluation of the System Response Time 

We studied the electrochemical process using chronoamperometry, which stepped 

potential to a preset value to trigger oxidation (or reduction) of the adsorbed molecules, 

and monitored the electrochemical current via both the traditional electrical and P-ECM 

methods simultaneously over time. To evaluate the response time of the system, including 

the electrochemical cell and P-ECM detection system, we measured the charging and 
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discharging processes in 3.75 M NaClO4 electrolyte. In each case, the electrode potential 

was initially held at –0.3 V (vs. Ag/AgCl), and then stepped to +0.3 V and held at +0.3 V 

for 1 µs before stepping back to –0.3 V, during which the electrochemical response was 

monitored with the electrical and P-ECM methods. The time constants from the plasmonic 

and electrical measurements are both ~35 ns for a bare gold microelectrode (Fig.2.17(a)). 

In contrast, the time constants for the 3-MPA (3-Mercaptopropionic acid) modified 

microelectrode are ~7 ns (Fig.2.17(b)), which is 5 times smaller than that for the bare gold 

microelectrode because of the decreased interfacial capacitance (Fig.2.18). 

In the tests discussed above, concentrated electrolytes were used to reduce the 

solution resistance (Rs). However, to study cytochrome c adsorbed on the 3-MPA modified 

microelectrode, the electrolyte was replaced by 70 mM PBS, which was necessary because 

concentrated electrolytes would cause cytochrome c to desorb from the microelectrode.70 

In 70 mM PBS, the charging time constant was found to be 100 ns, because of the increased 

electrolyte resistance (Fig.2.17(c)). This sub-µs time constant still represents one of the 

fastest measurements of ET in cytochrome c and could measure ET rate as fast as 107 s-1 

(Fig.2.19, Table 2.1). 
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Figure 2.17: Time responses of P-ECM (blue), electrical current (red) and potential 

(green) under different conditions. (a) A bare gold microelectrode in 3.75 M NaClO4. (b) 

A 3-MPA modified microelectrode in 3.75 M NaClO4. The oscillations in the plasmonic 

response (blue) are due to noise in the laser. (c) A 3-MPA modified gold microelectrode 

in 70 mM phosphate buffered saline (PBS). Insets in (a-c) show the corresponding time 

responses over wider time windows. In (a) and (b), the electrode potential was varied 

between -0.3 V and +0.3 V at 500 kHz, and in (c), the electrode potential was varied 

between -0.3 V and +0.3 V at 50 kHz. 
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Figure 2.18: Cyclic voltammetry of bare (red) and 3-MPA modified (blue) gold 

microelectrodes. The experiments were performed in 70 mM PBS with a potential 

scanning rate of 60 kV/s from -0.3 V to +0.3 V. 

 

 

Figure 2.19: Charging (green) and discharging (cyan) kinetics of a 3-MPA modified gold 

microelectrode in 70 mM PBS measured by P-ECM (a) and electrical (b) methods. 

 

Table 2.1  

Time Constants for Charging/Discharging of a 3-MPA Modified Microelectrode in 70 

mM PBS Measured by P-ECM and Electrical Methods 

 Charging Process Discharging Process 

P-ECM 131.58 𝑛𝑠 99.64 𝑛𝑠 

Electrical Method 133.33 𝑛𝑠 98.73 𝑛𝑠 
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2.5 Materials and Methods 

Chemicals. Sodium perchlorate (NaClO4), 3-MPA, purified bovine heart cytochrome 

c, trifluoroacetic acid (TFA, ReagentPlus®) and acetonitrile were obtained from Sigma-

Aldrich. The 3.75 M NaClO4 and 5 mM 3-MPA aqueous solutions were prepared from 

deionized water (Milli-Q, Millipore Corp.). Phosphate buffered saline (Corning cellgro, 

154 mM NaCl, 5.6 mM Na2HPO4, and 1.1 mM KH2PO4) was diluted with deionized water 

to 70 mM. 50 μM cytochrome c solution was made by dissolving cytochrome c in the 70 

mM PBS buffer. Two solvents, 0.1% TFA in DI water and 0.1% TFA in acetonitrile, were 

prepared and filtered for high performance liquid chromatography (HPLC) and absorption 

spectrum analysis.  

Microelectrodes preparation. BK-7 glass slides were cleaned by acetone and then 

followed by deionized water. Gold microelectrodes were fabricated on each glass slide by 

photolithography with the following procedures: patterning the glass surface with 

photoresist, depositing gold on the patterned surface using thermal evaporation (Edwards 

II thermal evaporator), and then lifting off of the photoresist layer. After fabrication of the 

microelectrodes, SU-8 2007 photoresist (purchased from MicroChem) was spin-coated on 

top of the microelectrodes (500 rpm for 10 seconds followed by 2000 rpm for 30 seconds, 

layer thickness ~7 µm). Photolithography was then applied to open only the portion of the 

microelectrodes used for ET reaction study (lengths of exposed microelectrodes are 30-50 

µm), as shown in Figs.2.12(b) and (c).  

Microelectrodes modification. The microelectrodes were dipped in 5 mM 3-MPA 

solution for 2 hours, and then rinsed by deionized water repeatedly to remove excess 3-

MPA. The microelectrodes were then brought into contact with 50 μM cytochrome c to 
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allow adsorption of cytochrome c to the 3-MPA surface (Fig.2.20(b)) for 4 mins. To 

remove cytochrome c in the bulk solution, the cytochrome c solution was replaced with 70 

mM PBS for electron transfer reaction studies. P-ECM CVs (Fig.2.21(b)) were then 

performed to confirm the immobilized cytochrome c on 3-MPA surface. 

3-MPA modification and cytochrome c adsorption on the microelectrodes. P-

ECM can be operated in the conventional surface plasmon resonance imaging mode, which 

allows us to monitor and determine molecular adsorption processes.42,95 Using this 

capability, we followed 3-MPA modification of the gold microelectrode by measuring the 

plasmonic image intensity vs. time (Fig.2.20(a)), and cytochrome c adsorption onto the 3-

MPA modified microelectrodes (Fig.2.20(b)). The estimated coverage of cytochrome c is 

about 16% of a complete monolayer. Fig.2.20(a) shows the schematic of immobilized 

cytochrome c on the 3-MPA surface. Traditional and P-ECM CVs performed with 3-MPA 

modified electrodes (Fig.2.18) and cytochrome c immobilized electrodes (Fig.2.21) 

support good coverage of 3-MPA and immobilization of cytochrome c on the 3-MPA layer. 
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Figure 2.20: Plasmonic monitoring of 3-MPA modification (a) and cytochrome c 

adsorption (b) on gold microelectrodes, where ∆𝜃 is the surface plasmon resonance angle 

shift determined from the plasmonic image intensity. 3-MPA concentration: 5 mM in 

deionized water, and cytochrome c concentration: 50 µM in 70 mM PBS. (c) Schematic 

of cytochrome c immobilized on 3-MPA coated gold surface, showing electrostatic 

attraction between the lysine groups of the protein and carboxylate groups of 3-MPA. 

Cytochrome c image from the RCSB PDB (www.rcsb.org) of PDB ID 2B4Z (Mirkin, N.; 

Jaconcic, J.; Stojanoff, V.; Moreno, A. Proteins: Structure, Function, and Bioinformatics, 

2008, 70, 83). 

 

2.6 Cyclic Voltammetry 

Before the plasmonic-based chronoamperometry measurement, we first perform the 

cyclic voltammetry (CV) to figure out at which potential the reactions happen and how the 

response is. The CV of cytochrome c adsorbed on a 3-MPA modified microelectrode 

reveals a pair of oxidation and reduction peaks superimposed on a large background current 

arising from double layer charging and defects in the 3-MPA layer (red curve, 

Fig.2.21(a)).87,99 The origin of the large background current was further confirmed by 
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performing CV on 3-MPA modified microelectrode without cytochrome c (blue curve, 

Fig.2.21(a)). From the peak areas, the coverage of cytochrome c was found to be 2.23 

pmol/cm2. 

 
Figure 2.21: (a) Traditional (electrical measurement) CVs with (red) and without (blue) 

cytochrome c immobilized on a 3-MPA modified gold microelectrode. (b) Corresponding 

P-ECM CVs, determined from the time derivative of recorded plasmonic intensity, where 

the dashed line is an ideal CV. Buffer: 70 mM PBS; potential sweep rate: 1.2 V/s. 

 

The corresponding CV obtained from P-ECM with Eqs. 2.6 and 2.7 shows a pair 

of well-defined oxidation and reduction peaks similar to those of the traditional CV (red 

curve, Fig.2.21(b)). However, the contribution of the background charging current to the 

CV of P-ECM (blue curve, Fig.2.21(b)) is small compared to the oxidation and reduction 

currents because 1/𝛼  in Eq.2.10 is much smaller than B
𝛼𝑜𝑥−𝛼𝑟𝑒𝑑

nF
 in Eq.2.9. This 

suppression of the charging current in P-ECM helps resolve fast ET current, which is a 

distinct advantage of P-ECM over the traditional chronoamperometry. We plotted the ideal 

CV for a fully reversible one-electron transfer reaction for a layer of homogeneous redox 

species immobilized on an electrode. The measured CV is in good (87%) agreement with 

that of the ideal CV in terms of peak separation, width and shape. 
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To prove most of our oxidation/reduction signal is coming from cytochrome c 

sample instead of impurity, we also conduct the UV-VIS absorption spectrum (Fig.2.22(a)) 

and HPLC (Fig.2.22(b)) measurement. The materials and parameters of our HPLC analysis 

(1260 Infinity Automated LC/MS Purification System, Agilent Technologies) are shown 

in the table below, similar as that provided by Sigma-Aldrich.100 We prepared the sample 

in which cytochrome c was dissolved in the solution [A] (Table 2.2) at 0.8 mg/mL, and 

measured the UV-VIS absorption spectrum by the spectrophotometer (Nanodrop 2000c, 

Thermo ScientificTM). The two absorption peaks of cytochrome c sample are similar to 

those reported in literature.95,101 The HPLC show a well-defined peak, which is also 

consistent with the specs of the sample (95%). 

 

Table 2.2  

Test Parameters of HPLC analysis 

column 
Discovery BIO Wide Pore C18, 15 cm × 4.6 mm I.D., 5 µm particles (568222-

U) 

mobile 

phase 

[A] (0.1% TFA in water) : (0.1% TFA in acetonitrile); (70:30) 

[B] (0.1% TFA in water) : (0.1% TFA in acetonitrile); (64:36) 

gradient 0-100% B in 30 min 

flow rate 1 mL/min 

temp ambient 

detector UV, 210 nm 

injection 15 μL cytochrome c at 0.8 mg/mL in 0.1%TFA 
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Figure 2.22: Absorption spectrum (a) and HPLC measurement (b) of cytochrome c 

sample. 

 

2.7 ET Detection of Cytochrome c by Fast P-ECM 

The CV measurements show that most of the electrochemical response in the P-ECM 

signal comes from the ET reaction of cytochrome c. To study the kinetics of the ET reaction, 

we performed chronoamperometry with both the traditional electrical and P-ECM methods. 

We started the experiment by holding the potential at -0.3 V, at which cytochrome c was 

at the reduced state, and then stepped the potential to +0.3 V to oxidize the redox protein, 

during which we recorded both the transient plasmonic and electrical responses. During 

oxidation, the plasmonic imaging intensity increases over time, which provides oxidation 

kinetics (Fig.2.23(a)). The transient plasmonic intensity is proportional to the charge 

transfer (Eq.2.6), so it probes ET kinetics like the traditional chronocoulometry. We 

attempted but failed to fit the transient plasmonic signal with exponential functions 

(Fig.2.24), but could fit the kinetics with a stretched exponential function, 𝑒−(𝑘𝑜𝑥𝑡)
𝛽

, with 

𝑘𝑜𝑥 = 7.80  10
3 𝑠−1 and 𝛽 = 0.5, respectively. 
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Figure 2.23: P-ECM data (grey) and fitting (red) to stretched exponential functions 

during oxidation (a) and reduction (b) over 10 µs, where green and cyan curves are the 

charging and conformational change processes, respectively. (c) and (d) are similar to (a) 

and (b), except the time window was expanded to 1 ms, showing good fitting of the 

experimental data over a wide time widow. (e) and (f) are simultaneously recorded 

chronoamperometry data showing charging as the dominant contributions. Insets: 

Zooming-in to the initial current responses. The electrode potential was stepped to +0.3 V 

from -0.3 V during oxidation, to -0.3 V from +0.3 V during reduction. (g) and (h) are the 

distribution of time scales of conformational changes associated with oxidation (g) and 

reduction (h), where the dashed lines indicate single-time constant distribution with a 

width reflecting measurement error. 
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Figure 2.24: Fitting (red) of cytochrome c ET kinetics measured by P-ECM (grey) over 

different time windows using simple exponential functions, (A1(1 − e
−kc1t) + A2(1 −

e−koxt) + C1 for oxidation and B1e
−kc2t + B2e

−kredt + C2 for reduction, respectively), 

where charging and conformational contributions are presented by green and cyan curves, 

respectively. 

 

We note that although the capacitive charging contribution was relatively small, it was 

included in the fitting with the time constant determined from the chronoamperometry with 

3-MPA modified microelectrode (without cytochrome c). The corresponding fitting 

equation is  𝐴1(1 − 𝑒
−𝑘𝑐1𝑡) + 𝐴2 (1 − 𝑒

−(𝑘𝑜𝑥𝑡)
𝛽
), where A1 and A2 describe the relative 

contributions from the charging and ET processes, which were determined to 14.1% and 

85.9%, respectively, by fitting the data with the above expression (Table 2.3). The 
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relatively small A1 is consistent with the observation that the charging contribution is small 

compared to the ET process in P-ECM. 

Table 2.3  

Charging and ET rates of cytochrome c (Fig.2.23) 

 
Time 

Scale 
Component 

Oxidation Process Reduction Process 

Contribution, % Rate Constant, s-1 Contribution, % Rate Constant, s-1 

P-ECM 

10 µs 

Charging 𝐴1 = 14.12 
𝑘𝑐1
= (7.80 ± 0.20)  106 

𝐵1 = 15.08 
𝑘𝑐2
= (1.30 ± 0.10)  107 

Conformation 𝐴2 = 85.88 
𝑘𝑜𝑥
= (7.80 ± 0.05)  103 

𝐵2 = 84.92 
𝑘𝑟𝑒𝑑
= (6.29 ± 0.03)  103 

1 ms 

Charging 𝐴1 = 13.26 
𝑘𝑐1
= (8.10 ± 0.30)  106 

𝐵1 = 14.87 
𝑘𝑐2
= (1.10 ± 0.30)  107 

Conformation 𝐴2 = 86.74 
𝑘𝑜𝑥
= (8.00 ± 0.10)  103 

𝐵2 = 85.13 
𝑘𝑟𝑒𝑑
= (6.52 ± 0.07)  103 

Electrical 

Method 
10 µs 

Charging 𝐴1 = 97.97 
𝑘𝑐1
= (1.00 ± 0.06)  107 

𝐵1 = 97.69 
𝑘𝑐2
= (1.27 ± 0.04)  107 

Conformation 𝐴2 = 2.03 
𝑘𝑜𝑥
= (7.70 ± 1.20)  103 

𝐵2 = 2.31 
𝑘𝑟𝑒𝑑
= (6.00 ± 1.00)  103 

* 𝑘𝑐1,2  are charging/discharging rate constants, respectively. 𝑘𝑜𝑥  and 𝑘𝑟𝑒𝑑  are rate 

constants for the oxidation and reduction of the redox protein, respectively. Note: The 

relative contributions from capacitive charging (𝐴1 𝑎𝑛𝑑 𝐵1,) are small in P-ECM compared 

to ET (A2 and B2). In contrast, the relative contributions from capacitive charging dominate 

the measured current in the traditional electrical measurement.  

 

The analysis above shows that the ET kinetics measured with P-ECM follows a 

stretched exponential function over a time scale from 0.1 to 10 µs. To further validate the 

observation, we extended the time window to 1 ms, and found that the same stretched 

exponential function fits the data over a broad time window (0.1 µs to 1 ms) (Fig.2.23(c)). 

The simultaneously recorded electrical current (chronoamperometry) shows a rapid decay 

of the current, which is primarily due to the charging process (Fig.2.23(e)). Zooming in of 

the transient current in Fig.2.23(e) shows exponential decay of the charging current with a 

time constant of 1.0  107 𝑠−1 , similar to that obtained for the 3-MPA modified 

microelectrode (Inset, Fig.2.23(e)). The ET component of the measured current is 
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overwhelmed by the large capacitive charging current as expected from the CV shown in 

Fig.2.21(a), so kinetic analysis of the ET rate is difficult with the traditional 

chronoamperometry.  

We carried out the electrical and plasmonic measurements for the reduction process 

by stepping the potential from +0.3 V to -0.3 V (Figs.2.23(b), (d) and (f)).  The P-ECM 

image intensity also follows the stretched exponential function, 𝑒−(𝑘𝑟𝑒𝑑𝑡)
𝛽

, with 𝑘𝑟𝑒𝑑 =

6.29  103 𝑠−1 and 𝛽 = 0.5, similar to that of the oxidation process. The fitting equation 

is 𝐵1𝑒
−𝑘𝑐2𝑡 + 𝐵2𝑒

−(𝑘𝑟𝑒𝑑𝑡)
𝛽

, where B1 and B2 describe the relative contributions from the 

discharging and ET processes. The relative contributions of the double layer charging and 

ET processes are close to those found for the oxidation process (Table 2.3), and the 

corresponding electrical measurement (chronoamperometry) shows a discharging current 

constant similar to that of the oxidation process (Table 2.3), further validating the findings 

for the oxidation process. 

To validate the observation, we performed the measurement with different starting 

and ending potentials. Fig.2.25(a) and (b) show the plasmonic responses during oxidation 

and reduction of cytochrome c when stepping the potential from -0.4 V to +0.4 V. 

Fig.2.25(c) and (d) show the measurements while varying the potential from –0.2 V to +0.2 

V. The results can also be fitted well with stretched exponential functions (Table 2.4). We 

also carried out the measurement by stepping the potential from -0.3 V and -0.1 V, and 

detected smaller responses with a relatively large capacitive charging background (Figs. 

2.25(e) and (f)). Stepping the potential between wider ranges may cause electrode 

instability. The results show similar rate constant as the potential range of ±0.3 V. 
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Figure 2.25: P-ECM data (grey) and fitting (red) to stretched exponential functions, 

where green and cyan curves are the charging and conformational change processes, 

respectively. In (a) and (b), the electrode potential was varied between -0.4 V and +0.4 V 

at 50 kHz, in (c) and (d) the electrode potential was varied between -0.2 V and +0.2 V at 

50 kHz, and in (e) and (f) the electrode potential was varied between -0.3 V and -0.1 V at 

50 kHz. 
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Table 2.4  

Charging and ET rates of cytochrome c with different starting and ending potentials 

(Figs.2.25) 

Potential Range Component 

Oxidation Process Reduction Process 

Contribution, % Rate Constant,  −  Contribution, % Rate Constant,  −  

-0.4 V ~ +0.4 V 

Charging 𝐴1 = 17.24 𝑘𝑐1 = 7.80  10
6 𝐵1 = 18.56 𝑘𝑐2 = 1.30  10

7 

Conformation 𝐴2 = 82.76 𝑘𝑜𝑥 = 7.82  10
3 𝐵2 = 81.44 𝑘𝑟𝑒𝑑 = 6.33  10

3 

-0.3 V ~ +0.3 V 

Charging 𝐴1 = 14.12 𝑘𝑐1 = 7.80  10
6 𝐵1 = 15.08 𝑘𝑐2 = 1.30  10

7 

Conformation 𝐴2 = 85.88 𝑘𝑜𝑥 = 7.80  10
3 𝐵2 = 84.92 𝑘𝑟𝑒𝑑 = 6.29  10

3 

-0.2 V ~ +0.2 V 

Charging 𝐴1 = 10.26 𝑘𝑐1 = 7.80  10
6 𝐵1 = 11.36 𝑘𝑐2 = 1.30  10

7 

Conformation 𝐴2 = 89.74 𝑘𝑜𝑥 = 7.83  10
3 𝐵2 = 88.64 𝑘𝑟𝑒𝑑 = 6.30  10

3 

-0.3 V ~ -0.1 V Charging 𝐴1 = 100 𝑘𝑐1 = 8.28  10
6 𝐵1 = 100 𝑘𝑐2 = 1.33  10

7 

 

Kinetic that follows an empirical stretched exponential function has been observed 

in other complex systems,102,103 which indicates multiple time scales involved in the 

kinetics. The corresponding distribution of the time scale for a stretched exponential 

function is given by104 

                                                𝐺(𝜏) =
1

2√𝜋
√
𝜏

𝜏0
𝑒
−

𝜏

4𝜏0,                                   (2.11) 

where 𝜏0(red) and 𝜏0(ox) are inversely proportional to the reduction and oxidation rate 

constants 𝑘𝑟𝑒𝑑 and 𝑘𝑜𝑥, of the molecules obtained from the fitting described above. The 

average time constant is < 𝜏 >=
√𝜋

2𝛽
𝜏0, and the corresponding average ET rate constant is 

< 𝑘 >=
2𝛽

√𝜋
𝜏0
−1. The distributions of time scales involved in the oxidation and reduction 

of cytochrome c are shown in Figs.2.23(g) and (h), which vary over a range from sub-µs 

to ms. The average time constants are 0.23 ms and 0.28 ms for the oxidation and reduction 

processes, respectively, which are consistent with that extracted from CV.84,85  
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Previous studies have shown that conformational fluctuations in cytochrome c provide 

gating to the ET of the molecule.70,71,82,84,85 The conformation gating model assumes that 

ET between the heme group and the electrode is fast, and the rate limiting step is the 

conformational changes in the redox protein.84,85 Recent Raman and molecular dynamics 

simulation studies further indicated that the conformational gating involves reorientation 

of the heme group, occurring at a time scale of about 0.35 ms.82–85 This time scales matches 

well with the average time constant observed here, but the present work shows a broad 

distribution of time scale around the average value. Our high-performance liquid 

chromatography data (Fig.2.22) shows a pronounced peak with a small shoulder (possibly 

due to modified cytochrome c105–107), and measured CV agrees (87%) with the ideal CV, 

indicating that heterogeneity in the protein sample and adsorption geometry could 

contribute to but is unlikely to be the dominant source of the extremely broad time scale. 

Our data suggest that the re-orientation of the heme group couples with nuclear motions at 

different time scales. 

 

2.8 Conclusion 

We have demonstrated a P-ECM approach to study fast electrochemistry with fast 

optical detection (a few ns, and limited by the response of the electrochemical cell). Using 

the approach, we have studied ET of a redox protein (Cytochrome c) adsorbed on a 3-MPA 

modified microelectrode. P-ECM measures both the capacitive charging and ET currents, 

but the former is greatly suppressed compared to the traditional electrochemical 

measurements. This suppression of charging current, together with the fast detection time 

of P-ECM, allows us to directly study the kinetics of ET in cytochrome c with 



  53 

chronoamperometry over a broad time window (100 ns – 1 ms). Although the average time 

constants obtained with P-ECM agree with those obtained with traditional electrochemical 

methods, P-ECM reveals that the ET process occurs at multiple time scales, ranging from 

sub-µs to ms, indicating that conformational gating of the ET in the protein involves 

different conformational changes. We anticipate that the plasmonic methods can contribute 

to the study of fast electrochemical processes on electrodes, especially when combining it 

with the indirect laser induced temperature jump approach.   
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CHAPTER 3  

MONITORING MOLECULAR INTERACTIONS IN NANOLITER DROPLETS 

ARRAY WITH AN INTEGRATED MICROARRAY PRINTING AND PLASMONIC 

DETECTION SYSTEM 

3.1 Introduction 

Monitoring molecular interactions is critical to the understanding of many biological 

processes, and directly relevant to applications in drug screening, disease biomarker 

discovery and fundamental protein functional studies.108–111 A key to molecules 

interactions is the kinetic information, which tells how and how long the process 

going.24,112,113 However, molecules in living organism are of great variety, e.g. there are 

~3000 proteins in E-coli and estimated 2 million proteins in human body, and one kind of 

molecule can function by interacting with many other kinds of molecules, indicating the 

urgent need for high-throughput detection.114–116  

The common practice of realizing molecular interactions involves techniques using 

fluorescence or radioactive molecules, or nanoparticles to label the target molecules.117–122 

While these labeling approaches are helpful for investigating certain processes, the tags 

can sometime be problematic, because they may affect the activity of the original 

molecules and lead to an inaccurate measurement.119,123,124 Certain label free techniques, 

such as isothermal titration calorimetry and microscale thermophoresis, measure the state 

before and after molecular interactions.125–129 These end-point assays based methods could 

measure the binding affinity but provide no kinetic information, which limit their 

applications especially in drug screening. Although backscattering interferometry can 
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measure the dynamic binding process, it is not suitable for high-throughput detection 

purpose.130,131  

As a member of label free techniques, surface plasmon resonance imaging (SPRi) 

surpasses end-point static observations with real-time direct quantification of interaction 

kinetics, and extends the capability to array detection.45,132–134 Though series of SPRi 

related technologies have been developed to measure the molecular interactions, these 

methods require continuous flow of analyte solutions, leading to a large consumption of 

molecular samples.4,42,135–137 This will bring a great increase in cost, especially when the 

sample is rare and expensive, such as purified proteins and cerebrospinal fluids from 

patients. While some microarray techniques were introduced to solve this problem, such as 

patterned gel by photolithography and microfluidic wells, the design was sometime 

complicated and not user friendly (hard to change according to users’ need).136–140 

Here, we developed an integrated microarray printing and detection system (IMPDS) 

for high-throughput and versatile measurement of molecular interactions with ultra-low 

volume cost of analyte samples. The principle is to dispense the ligand and analyte by ultra-

low volume piezoelectric liquid printing, and simultaneously record the binding process 

using SPRi. Unlike conventional techniques, this method allows spot-on-spot nanodroplet-

based interactions that consume much less sample volume and enables flexible M × N 

combinations of spot interactions, with the capability of measuring binding kinetic in long 

time (longer than 10 mins). Using this technique, we have demonstrated the capability of 

detecting different ligand-analyte interactions in 10×10 nanoliter droplet array. 

Furthermore, we have successfully built a model to quantify and extracted the rate 

constants of binding process in tiny droplets, while considering the depletion and diffusion 
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of analytes. This work is accomplished with the help of Feng Xiao, who cooperated to 

finish part of the experiments. The data processing method is actually original in this thesis, 

and part of the results shown here are adapted from the thesis of Feng Xiao due to equally 

contribution. 

 

3.2 Experiment Setup and Working Principle 

The breadboard system and principle of IMPDS to measure binding kinetics is 

illustrated in Fig.3.1.  

A novel ultra-low volume piezoelectric liquid dispensing (PLD) system is held over 

the top of a proprietary high-resolution distortion-free surface plasmon resonance imaging 

(DF-SPRi) system. To study molecular binding of the array, the PLD system is 

programmed to introduce the drop-on-drop interaction on each spot, while the SPRi system 

records the plasmonic image on modified gold surface in real-time. With the capability of 

printing as small as 0.4~0.6 nL on each spot and as much as 8 spots simultaneously, the 

IMPDS is able to bring in and measure the interactions in a less consumption and high-

throughput way. SPRi enables real-time quantification of interaction kinetics and could 

provide real-time feedback for modification process from the very first step. With a 

detection limit of 0.78 response unit (RU) for 1 second temporal resolution, our SPRi could 

quantify the kinetic accurately (Fig.3.2). 
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Figure 3.1: (a) Schematic drawing of Integrated Microarray Printing and Detection 

System (IMPDS) and the way it works. Insets: plasmonic images of printed buffer and 

protein array in dodecane, respectively. The center to center distance between spot is 0.8 

mm. (b) Plasmonic image intensity time profile of the printed spots in air and in 

dodecane, which shows good stability after covered by the mineral oil. (c) shows the 10 

× 10 center positions of buffer spots (green) and protein spots (red) in (a). (d) is the 

relative misalignment between the two spots in the two-time printing, compared with 

corresponded droplet radius (adapted from. ref 141).  
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Figure 3.2: IMPDS setup noise during 15 s.  

 

To monitoring the molecular interaction in the droplet, one of the challenges is the 

evaporation. Since the plasmonic intensity is very sensitive to the salt concentration and 

temperature, the evaporation of such a tiny droplet in a short time will lead to a huge 

deformation (time-related) of the signal and severely affect the binding process in an 

unquantifiable way. Furthermore, smaller droplet dries out even faster, e.g. a 3 nL droplet 

will dry out in seconds, bringing the difficulty of measuring the kinetic of long time binding. 

To prevent the evaporation, the chips are first covered by a thin layer of dodecane (~40 μL) 

before printing the array, as shown in Fig.3.1(a). Since dodecane has low viscosity (1.34 

mPa·s), high boiling point (216.3 ℃) and is lighter than water (750 kg/m3), it could 

perfectly help to prevent the evaporation of droplet from the very beginning. Fig.3.1(b) 

shows the time profile of a single spot plasmonic response covered by dodecane, and the 

intensity shows almost no fluctuation compared with the one in air during 10 mins, which 

is sufficiently for most binding measurement. We also tried other oil like silicone and 

perfluorononane, but dodecane works best. Perfluorononane is heavier than water (1799 

kg/m3), so it could not hold the droplet to contact the gold surface. While silicone oil is 
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lighter than water (913 kg/m3) it has larger viscosity (5.5 mPa·s) and less stable (boiling 

point ~140 ℃). Moreover, the droplet spreads much more in silicone oil, leading to smaller 

binding signal (larger surface area) and hard control of the droplet shape (may bring cross 

interactions between nearby spots).  

While the dodecane can stop the evaporation, it may also lower the dispensing accuracy 

among different time printing. To ensure that we have a good alignment, every time we 

dispensed 5 droplets on each spot with each droplet volume of 0.6 nL. Because the location 

of each droplet shot from the PLD followed a gaussian distribution around the center 

position, more droplets would surely help to decrease the misalignment. However, this will 

increase the droplet size and narrow the gap between nearby droplet, resulting in more 

consumptions of sample and lowers array density. Fig.3.1(c) compares the centers of spots 

between two times printing (buffer first and then anti-BSA), which shows very small 

misalignment for all the 10×10 spots. This is also confirmed by the histogram plot of the 

misalignment (Fig.3.1(d)), demonstrating a less than 5% displacement to radius ratio, 

which indicates the good performance of droplet printing. Fig.3.3 shows the case in which 

the printing parameter are not well adjusted. 
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Figure 3.3. Printing results when parameters are not well adjusted. (a) Octane as the 

cover oil. Surface get dirty and droplet spread. (b) Silicon oil as the cove oil. Droplets 

cover relatively large surface area and begin to merge with each other. (c) Too strong 

power of the piezo printer. (d) Too small power of the piezo printer or the oil layer is too 

thick. (e) The oil layer is too thin. 

 

3.3 Materials and Method 

Chemicals. N-hydroxysuccinimide (NHS), N-ethyl-N’-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC), Sodium acetate (NaOAc), Acetic acid (AcOH), 

Tween® 20, Ethanolamine, Dodecane, Bovine serum albumin (BSA) and anti-BSA 

antibody (produced in rabbit) were obtained from Sigma-Aldrich (St. Louis, MO). 

Dithiolalkanearomatic-PEG3-OH (Dithiol-PEG-OH) and dithiolalkanearomatic-PEG6-

COOH (Dithiol-PEG-COOH) were purchased from SensoPath Technologies (Bozeman, 

MT). 1 nM mixed dithiol ethanol solution of 10:1 PEG-OH/PEG-COOH were prepared for 

modification of pre-cleaned gold chip. Aqueous solution containing 100 mM NHS and 400 

mM EDC for further surface activation, blocking buffer solution of 1 M Ethanolamine, 

binding buffer solution of 10 mM pH=5.0 NaOAc/AcOH were prepared from deionized 

(a) (b) (c)

(d) (e)
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water (Milli-Q, Millipore Corp.). Both the NaOAc/AcOH buffer solution and phosphate 

buffered saline (PBS, Corning cellgro, 154 mM NaCl, 5.6 mM Na2HPO4, and 1.1 mM 

KH2PO4) were added 0.1% Tween 20 before usage. 200 µg/mL BSA solution and 100 nM 

anti-BSA solution was were prepared by dissolving BSA in NaOAc/AcOH buffer solution 

and anti-BSA antibody in PBS buffer solution, respectively. Different concentrations of 

anti-BSA solution were obtained by diluting the 100 nM anti-BSA solution using the PBS 

buffer. 

Instrumentation. Fig.3.1(a) is a schematic illustration of the experiment setup. 

Collimated p-polarized light-emitting diode (LED) with 670 nm wavelength and 1 mW 

power shoot onto the gold-coated slides through a triangular prism for surface plasmon 

excitation. The plasmonic image was collected by a CCD camera (Pointgrey, Flea3 1.3 MP 

Mono USB3 Vision) through a 10× variable zoom lens with a spatial resolution of ~5 µm 

at a frame rate of 30 frames per second. A PDMS well was placed on top of the gold chip 

to serve for global washing purpose. 

Chips preparation. Gold chips were prepared by gold deposition on cleaned BK-7 

glass slides using thermal evaporation (Edwards II thermal evaporator). After cleaned with 

DI-water and ethanol, the gold chips were immediately dipped into 1 mM PEG-OH/PEG-

COOH ethanol solution overnight in the dark.  DI-water and ethanol were then used to 

remove excess molecules. 250 µL mixed 1:1 NHS/EDC solution was injected globally to 

activate the whole surface. This could convert the -COOH group into NHS ester receptor, 

which interact with amine group of BSA later. After activation, gradient washing 

(gradually diluted the NHS/EDC solution by DI water) was applied to clean the activated 

surface. 
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Experimental Process. The whole experimental process contains 4 major steps, as 

shown in the flow chart of Fig.3.4: 1) prepare and calibrate the sensor chip, 2) conjugate 

the receptor protein (BSA) to the sensor chip surface, 3) measure the binding interactions, 

and 4) process the data to obtain the associate and dissociate rate constants and binding 

affinity of each spots. Each major step consists of multiple steps that listed in Fig.3.4. 

 
Figure 3.4: IMPDS experimental process 

 

Data Analysis. To analyze the kinetic from individual spots of the array, a Matlab 

program (integrated with COMSOL) is fully developed for automatically processing 

images and extracted the binding kinetic information using the model described in Section 

3.4. As shown in Fig.3.5, the integrated algorithms perform the following tasks: a) self-

determine the ROI region (each spots) and binding starting point; b) obtain the intensity of 

individual spots; c) automatically fit each binding curves and extracted binding affinities. 

The COMSOL model we built is consist of two parts: the transport of diluted species 

module to take care of the molecule diffusion, and the surface reaction module which 

calculates the surface interaction. During the fitting process, Matlab provides value of 

fitting parameters (ka, kd and Req) to COMSOL, and the COMSOL will simulate the binding 
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curves and feed it back to COMSOL to compare with the experiment results. After 

calculating the difference, Matlab will send a new set of values to COMSOL and repeat 

the previous steps. Applied the fitting program, we could finally extract the rate constants. 

 

Figure 3.5: Flow chart of the data processing steps. 

 

3.4 Protein Interactions Measurements 

To demonstrate the capability of high-throughput and low sample consumption 

binding kinetic detection, we carried the experiment measuring bovine serum albumin 

(BSA) and anti-BSA interaction. To begin with, we calibrated the self-assemble monolayer 

(SAM) coated gold chip sensitivity, and the plasmonic intensity variation on the 100 spots 

are almost uniform (Fig.3.6(a)). The chip was then activated, followed by the modification 

of BSA which is done by first printing buffer on the surface and then dispensing the BSA 

with a concentration of 200 µg/mL on each of 10×10 spots. The good performance of our 

PLD system ensured the good alignment of our different times printing. Fig.3.6(b) and (c) 

show the time profile of plasmonic signal during BSA modification process and the final 

differential plasmonic image. The amplitude of BSA binding signal varied from spot to 

spot, which could be caused by multiple reasons, such as variation in droplet volumes, 

droplet to surface contact angles, binding efficiency and the activation process. However, 

this variation is not affecting the measurement of binding kinetics, as we will discuss later. 
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Figure 3.6: (a) Plasmonic calibration profile for 10 × 10 spots. (b) Detection of BSA 

binding signals. (c) Differential plasmonic image (subtract first frame) after BSA 

modification process.141 

 

After the functionalization of the BSA receptors array, the analyte molecules (anti-

BSA antibody) were introduced by first dispensing 3 nL buffer and then 3 nL droplets of 

analyte with 5 different concentrations (12.5 nM, 25 nM, 50 nM, 100 nM, 200 nM) onto 

the BSA spots with double row replicates for each concentration. Fig.3.7(a) shows the 

differential plasmonic image that reflect the maximum anti-BSA binding at all spots, 

obtained by subtract the plasmonic image recorded at 600 s (maximum anti-BSA binding) 

from the image recorded right before printing the anti-BSA droplets (50 s). Obviously, 

there is a trend of signal increase with higher concentration of the analyte. Fig.3.7(b)-(f) 

shows the association process of anti-BSA of all spots. Again, random variation of binding 

signal strength among the spots is observed; however, this does not affect the accuracy of 

binding kinetic measurement as we will show below. 
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Figure 3.7：(a) Differential plasmonic image (subtract first frame) after anti-BSA with 

different concentrations binds to surface modified BSA. The concentrations of anti-BSA 

in (a): 1st and 6th row are 6.25 nM (b), 2nd and 7rd row are 12.5 nM (c), 3rd and 8th row 

are 25 nM (d), 4th and 9th row are 50 nM (e), 5th and 10th row are 100 nM (f). (b) – (f) 

are the time profile of plasmonic intensity for each spot, and each diagram corresponds to 

a certain concentration. 

 

To precisely quantify the binding kinetics, dissociation process was also measured 

by continuously flowing phosphate buffer (1× PBS) globally, although dissociation rate 
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constant can be extracted from the multi-concentration association curves in principle.  

Fig. 3.8 shows the dissociation curves of all the 10 ×  10 spots with 5 different 

concentrations of analyte. 

 
Figure 3.8: Dissociation curves of 100 spots. 

 

3.5 Quantification of Binding Kinetics 

Different from conventional instruments based on SPRi that require continuous 

sample flow through the surface, our IMPDS system enables real-time measurement of 

protein-protein interactions in tiny droplets. While the droplet-based measurement 

significantly reduces sample consumption and allows many binding pairs to be tested 

simultaneously on the same sensor chip, this also make kinetic constants extraction harder. 

In conventional SPRi measurements, the association process could be simply described by 

the following equation142 

                                                 𝑅𝑡 = 𝑅𝑒𝑞[1 − 𝑒
−(𝑘𝑎𝐶+𝑘𝑑)𝑡]                                       (3.1) 

where 𝑅𝑒𝑞 is the plasmonic signal at steady state, 𝐶 is the analyte concentration, 𝑘𝑎 and 𝑘𝑑 

are the association rate constant and dissociation rate constant, respectively. While the 
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analyte concentration 𝐶 in the continuous flowing solution is considered as a constant, the 

one in the droplet is limited and decreases along the binding process.  

To investigate the influence of analyte depletion and diffusion, we used COMSOL 

to simulate the association process. Fig.3.9(a) shows that with low concentrations of 

analyte, both the observed kinetic and the signal amplitude are quite different from those 

when analyte is abundant, showing the important of considering depletion effect.  Fig.3.9(b) 

showing the results compare between normal, 10 times slower and 10 times faster diffusion 

speed, with an analyte concentration of 6.25 nM.  For small molecules or even smaller 

molecules in our case, the diffusion process seems have little impact on observed kinetics, 

but it is still better to consider since the concentration gradient in the bulk varies along the 

time. For larger molecules which diffuse much slower than anti-BSA, the diffusion needs 

to be carefully considered, since it affects the kinetic measurement a lot.  

 
Figure 3.9: COMSOL simulation results. (a) Anti-BSA binding signals with much higher 

concentrations.  Analyte is depleted when concentration is low (green), and the kinetic is 

quite different compared with the case when analyte is excess (blue and red). (c) Binding 

signal with a concentration of 6.25 nM. D is the diffusion constant of anti-BSA, which is 

5.9×10-7 cm2/s. 
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Therefore, our approach requires new algorithms for data analysis and the binding 

kinetics quantification. With the binding process proceeding, the analyte near the surface 

will be gradually consumed. As we will show later (Figs.3.10(a) and (b)), this makes the 

concentration of the analyte in the droplet vary with both time (depletion) and space 

(diffusion). This indicates that the conventional model and Eq. 3.1 are not suitable for the 

droplet system. To accurately analysis the association process, the depletion and diffusion 

of the analyte must be taken into consideration.  

We build a model to analyze the association kinetics while considering both 

diffusion and depletion of the analyte. And the model is described as below143 

Reaction:                   
𝜕𝐶𝐴𝐵(𝑡)

𝜕𝑡
= 𝑘𝑎𝐶𝐴(0, 𝑡)(𝐶𝐵(0) − 𝐶𝐴𝐵(𝑡)) − 𝑘𝑑𝐶𝐴𝐵(𝑡)                 (3.2) 

Plasmonic Signal:                                   ∆𝜃 = 𝛼𝐶𝑎𝑏                                                   (3.3) 

Diffusion:                                  
𝜕𝐶𝐴(𝑧,𝑡)

𝜕𝑡
+ ∇ ∙ (𝐷

𝜕𝐶𝐴(𝑧,𝑡)

𝜕𝑧
) = 𝑅𝑖                                  (3.4) 

                                 𝑅𝑖 = {
0                            , 𝑧 > 0

𝜕𝐶𝐴(0,𝑡)

𝜕𝑡
(𝑂𝑏𝑡𝑎𝑖𝑛 𝑓𝑟𝑜𝑚 𝐸𝑞. 3.2), 𝑧 = 0

                        (3.5) 

Depletion:                               ∫ 𝐶𝐴(𝑧, 𝑡) 𝑆𝑑𝑥 = 𝐶𝐴0𝑉 − 𝐶𝐴𝐵(𝑡)𝑆                               (3.6) 

The parameters in the model is shown in Table 3.1. 

Table 3.1 Parameters of New Model for Extracting the Kinetics 
Symbol Meaning Symbol Meaning Symbol Meaning 

𝐶𝐴 
concentration of the 

analyte in the droplet 
𝑘𝑑 

dissociation rate 

constant 
D 

diffusion 

coefficient 

𝐶𝐵 
surface density of the 

receptor protein 
𝑅𝑡 Plasmonic response V 

volume of the 

droplet 

𝐶𝐴𝐵 
surface density of the 

product 
𝛼 

ratio between 

plasmonic and 

surface density 

S 
surface area of 

the droplet 

𝑘𝑎 
association rate 

constant 

z 

 

distance from the 

surface to analyzed 

region 
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To extract the rate constant, we first fit the dissociation curve to obtain the initial 

value of dissociation rate constant 𝑘𝑑 . Then we modeled the system in COMSOL 

simulation and combined it with Matlab to fit the binding process and extracted the kinetic 

parameters, by setting the 𝑘𝑑 we got in the dissociation phase as initial fitting value. As 

shown in Fig.3.10(c), this model fits the experimental data well, and is not limited to any 

certain concentration. Figs.3.10(a) and (b) show the results of COMSOL simulation at 100 

s and 600 s with the initial analyte concentration of 100 nM, and the concentrations of 

analyte in both cases are obviously much smaller than that at starting point, further 

confirming the impact of depletion. Comparing Figs.3.10(a) and (b), we could see that the 

concentration gradient of the analyte in the bulk droplet varied from time to time, indicating 

that diffusion of analyte also changes along with time, validating the importance of 

considering diffusion process. 

 
Figure 3.10: COMSOL simulation results of concentration distribution at 100 s (a) and  

900 s (b) with an initial anti-BSA concentration of 100 nM. (c) Fitting results of selected 

(representative) association/dissociation process measurement (combining Matlab with 

COMSOL). The variations for each curve are calculated from the 20 spots plasmonic 

response of each concentration. 
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Figure 3.11: Histograms of association rate constant (a), dissociation rate constant (b) and 

binding affinity extracted from fitting results of 100 spots.  

 

The association rate constants (ka), dissociation rate constants kd and binding 

affinities (KD) were extracted by using the model proposed above to fit the experiment data.  

Fig.3.11 shows the histogram of the kinetic constants of the 100 spots. All three diagrams 
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could be fitted by gaussian fitting, with the average values for ka, kd and KD of 8.5104 M-

1S-1, 3.710-5 s-1 and 0.451 nM, respectively. The relative variation of the rate constants is 

within 5%, providing less than 10% variabilities for high throughput measurements of 

binding affinities. 

 

3.6 Results Validation by Conventional SPRi 

To further validate the kinetic rate constants we obtained, conventional flow-through 

method (BI-3000) was applied to measure the association and dissociation phase with the 

same sample. Fig.3.12 shows the experiment results. By global fitting all sensorgrams 

based on a monovalent model for molecular interaction (Eq.3.1), we could extract the rate 

constants. Table 3.2 shows the binding kinetics compare between conventional method and 

our IMPDS system, presenting a very close result. However, compared with the 

commercial instrument taking 300 µL for each single concentration measurement, our 

IMPDS consumed only 6 nL analyte for a single spot, which is 50000 times smaller. The 

consumption of ligands (BSA) during the modification process is also greatly reduced and 

real-time monitored. 
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Figure 3.12: Commercialized SPRi instrument (BI-3000, Biosensing Instrument) 

measurement results. Kinetic rate constants were extracted according to 1:1 model of 

molecular interaction (black line shows fitting result of each concentration) and shown in 

Table 3.1. 

 

 

 

 

Table 3.2  

Compare the binding kinetics obtained by conventional SPRi (Fig. 3.12) and IMPDS 

(Fig.3.11(c)) 

 Conventional SPRi (BI-3000) IMPDS 

𝑘𝑎 , 𝐌
− 𝐬−  (5.2 ± 1.2)  104 (8.5 ± 0.4)  104 

𝑘𝑑 , 𝐬
−  (3.0 ± 0.2)  10−5 (3.7 ± 0.2)  10−5 

𝐾𝐷 , 𝐩𝐌 569 ± 33 451 ± 5 

Sample Consumption, 

μL/each concentration 
300 0.003 
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3.7 Conclusion 

In all, we have developed a system which integrates an ultra-low volume piezoelectric 

liquid dispensing (PLD) and plasmonic imaging detection for the first time. Using this 

system, we monitored the ligand-analyte molecular interaction in a tiny droplet (6 nL). We 

successfully extracted the kinetic rate constants by building a model considering the 

depletion and diffusion of analyte. We also demonstrated the capability of measuring 

different binding process in 10×10 droplets array, indicating the ability of the IMPDS to 

conduct flexible and high-throughput measurement. We anticipate this method can 

contribute to the study of high-throughput detection of molecular interactions, such as drug 

screening, disease biomarker selection and fundamental research of protein interactions.  
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CHAPTER 4  

FOCUSED SURFACE PLASMON RESONANCE MICROSCOPY 

4.1 Introduction 

High numerical aperture objectives have been applied on SPRi to obtain higher 

resolution for imaging purpose.22 In a conventional SPR microscopy, the interference 

between scatter light and SPPs produce a ‘tail’ pattern.144 This greatly helps for 

nanomaterials and small molecule imaging. However, this ‘tail’ pattern, combined with 

certain micrometers propagation distance of SPP, limits the ability of SPR microscopy to 

observe a structure with detailed information.145 Although certain imaging processing 

method has been developed to remove the pattern, it does not truly enhance the resolution. 

To enhance the spatial resolution of conventional SPR microscopy, focused surface 

plasmon resonance microscopy has been invented. The basic schematic diagram is shown 

in Fig.4.1. In conventional SPR microscopy (Fig.4.1(a)), collimated light is incident to the 

surface of sample and reflected light will be recorded; however, in focused SPR 

microscopy (Fig.4.1(b)), the light is collimated before entering the objective lens and focus 

at a small point (diffraction limited) of the sample. The back focal plane image, as shown 

in Fig.4.1(c), will be recorded to extract the information of the refractive index change. 

Because light incident at varied angles, the reflected light corresponding to the beam 

incidents at the dip angle will be dark (Fig.4.1(c)), and at the other angle it will be bright. 

Therefore, the ‘dark ring’ contains the information of SPR. Since focused SPR microscopy 

is only sensitive to the focus spot, it greatly enhances the spatial resolution. Compared with 

a tiny spot image obtained from conventional SPR microscopy, the back focal plane image 
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provides possibilities to extract the spot information with enhanced signal to noise ratio 

(SNR). 

 
Figure 4.1: Principle of focused SPR microscopy. (a) conventional SPR microscopy; (b) 

focused SPR microscopy; (c) back focal plane image of focused SPR microscopy. 

 

The concept of focused SPR microscopy was first introduced by Yeatman et al. in 

1988 (Fig.4.2).146 They theoretically demonstrated the feasibility of focus SPR microscopy 

and provided the theoretical model and basic estimation. Their calculation indicated that 

the spatial resolution was greatly enhanced though a little bit sensitivity is lost. 
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Figure 4.2: Theoretical prototype of focused SPR microscopy proposed by E. 

Yeatman.146  

 

Hiroshi Kano et al. experimentally realized the focused SPR microscopy.147,148 The 

schematic view is shown in Fig.4.3. A laser beam with 632.8 nm wave length is collimated 

incident and focused to a tiny spot after goes through an objective lens with NA equals to 

1.3~1.4. The radius of the ‘dark ring’ is used as the indicator of refractive index change, 

and they could measure the poly-methyl-methacrylate (PMMA) film as thin as 3.5 nm in 

air. Applying this setup, they could distinguish the aggregated 1.5 µm silica beads as shown 

in Fig. 4.4. 

 
Figure 4.3: Schematic view of focused SPR microscopy proposed by Kano et al.147  
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Figure 4.4: Observation of 1.5 µm silica beads by scanning focus point of the setup148 

 

The development of focused SPR microscopy have focused on two parts since then: one is 

based on detection the amplitude (i.e. the radius of the ring), while the other measures the 

phase shift. Both have contributed great works. 

 

4.1.1 Radius Measurements 

K. Watanabe et al. improved the configuration of Kano’s setup by adding the liquid 

crystal (which shown in Fig.4.6 as ZPol) to produce the SPP with radial polarized 

light.144,145,149 As shown in Fig.4.5, the radical polarized light will have a stronger electric 

field component along z direction compared with linear polarized one, and thus enhance 

the sensitivity.  
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Figure 4.5: Enhance sensitivity of focused SPR setup by using radical polarized light149 

 

 
Figure 4.6: The optical system built by Watanabe: (a) conventional SPR microscopy; (b) 

focused SPR microscopy. The optical path can be switched using flipper mirror FM1 and 

FM2.144  

 

The schematic view of Watanabe’s setup is described in Fig.4.6. They could switch 

conventional SPR microscopy to focus SPR microscopy back and forth to compare the 

difference.  Piezo stage is applied for scanning purpose. What they measure is the radius 

of the dark ring, as shown in Fig.4.7, and they do the following procedures to extract the 

information: (a) select a back focal plane image as a reference; (b) find the best fit ring to 

the ‘dark ring’ in the selected image; (c) fix the center and the radius of the ring; (d) find 

pixels containing a portion of the best fit ring inside in each of the pupil images, as shown 

in Fig.4.7; (e) sum up the pixel values by giving weights that are proportional to the length 
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of the ring segment in each pixel; (f) normalize the sum by the circumference of the ring.144 

By getting the circumference of the ring, the radius of the ring 𝜌𝑠𝑝 can be easily calculated. 

 
Figure 4.7: Algorithm to measure focus SPR response 

 

 By using the equation we can get the sample refractive index ns
144 

                                              𝜌𝑠𝑝 = 𝑅𝑒𝑎𝑙 [
𝜔

𝑐
(
𝑛𝑚
2 𝑛𝑠

2

𝑛𝑚
2 +𝑛𝑠

2)
1/2

]                               (5.1) 

where ω, c and 𝑛𝑚 is the angular frequency of light, light speed and complex refractive 

index of metal, respectively. Using this setup, they could increase the spatial resolution to 

210 nm in air with a N.A equals to 1.4 objective lens, as shown in Fig.4.8.  

 
Figure 4.8: Observation of latex nanoparticle by enhanced focused SPR microscopy 

(Lower left shows conventional SPR imaging)144,149  
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They could also measure some biology samples in water with higher N.A. equals 

to 1.65 objective lens. Figs.4.9(a) and (b) show the measurement of lipid layer with 

different thickness. They conducted the experiment to image the cell adhesion sites, as 

presented in Fig.4.9(d). The cell adhesion site could be clearly distinguished from each 

other in the scanning image of focused SPR microscopy, while the conventional SPR 

imaging shows a very blurry image. 

 
Figure 4.9: Measurement of biological sample by focused SPR microscopy. (a) and (b) 

are DiynePC and DLPC lipid layers; (c) is the conventional SPR microscopy image of 

cell adhesion site; (d) is focused SPR microscopy image of region shown in (c).144,149  

 

By confining the SPR in a small region and avoiding the ‘tail’ image, the amplitude 

measurement greatly enhanced the spatial resolution (diffraction limit). However, the 

simple processing method limit their SNR (only use small number of pixels), and their 

sensitivity actually lose a little bit. 
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4.1.2 Phase Shift Detection by Focused SPR Microscopy 

The phase detection has higher sensitivity than amplitude for SPR imaging setup. To 

increase the sensitivity while keeping high spatial resolution, Somekh et al. proposed a 

focused SPR microscopy that measures the phase shift, which is inspired by scanning 

acoustic microcopy.150,151 They used the acousto-optic modulators to shift the frequency of 

reference and detection beam to  𝜔1 and 𝜔2, and detected the interference signal which 

contained the phase information at frequency 𝜔1 − 𝜔2  to decrease the noise level. By 

tuning the focus distance, they could be able to maximize the phase difference of the signal, 

which will be discussed later in this section. Fig.4.10 is the schematic of the setup and 

shows how changing the focus distance will vary the contrast of images.  

 
Figure 4.10: (a) Schematic view of the focused SPR microscopy setup developed by 

Somekh et al. (b), (c) and (d) Images in air of a structured dielectric sample (6 µm wide 

SiO2 strips on gold, 1 nm thick) for different defocalizations (objective to the metal 

surface): z=0 µm, z=1.5 µm, z=1.85 µm.150,151 

 

T. Roland et al. further developed the phase detection configuration of focused SPR 

microscopy (Fig.4.11).152–154 Radial polarized light was used as discussed in the previous 

section. The detection beam is focused at small tiny spot by a high NA objective lens. Then 

the interference information is detected by photomultiplier at certain frequency.  
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Figure 4.11: Schematic of the focused SPR setup developed by T. Roland et al.154 

 

 
Figure 4.12: Illustration of detection principle of focused SPR setup by T. Roland et al. 

The SPPs for the incident ray angle corresponds to θP. The objective is (a) at focus Z = 0, 

(b) defocalized in the coupling medium Z < 0, or (c) in the observation medium Z > 0.154  

 

The measurement of this configuration is done by changing the defocus distance. 

In Fig.4.12, three situations corresponding to the focus distance is described: 1) Z = 0, 

which means at the focus point; 2) Z < 0, which indicates focusing in the immersion oil; 3) 

Z > 0, which means focusing in the sample. Piezo stage is used to tune the focus position. 

A, B and C represent the incident lights whereas B', A' and D are the back reflected light.  
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When the objective is at focus (Z = 0), as show in Fig.4.12, all lights is reflected back no 

matter their angle of incidence. And SPR are only excited by the light A and B that arrive 

at the metal surface with an incidence angle equals to ‘dip’ angle 𝜃𝑃. 

When Z < 0, which means the focus is in the immersion oil, SPR can still be excited 

on the surface of metal. According to the theory by H. Rather, surface plasmon polaritons 

can reradiate light after the propagating distance,19 and in this situation, SPPs will 

propagate away from the center of the illumination region. Therefore, none of the 

reradiated lights will be conjugated through the objective as a consequence, which means 

the light carries the information of SPR will not be recorded. 

When Z > 0, the focus is in the sample, we will see that the light such as A, will 

still excite SPPs, and they will travel to the center of illuminating region. When the SPPs 

travels the propagating distance, it will reradiate and be conjugated back by the objective 

lens, and can be detected at the photodetector, so is the incident light C. Other light which 

are not coupled with SPPs will not be conjugated reflected back, since the focus is not at 

Z=0. The phase retardation of SPPs is contributed by both excitation conditions and 

propagating distance along surface, which can be changed by tuning the value of Z. By 

recording interference of back reflected light (which is the interference of SPPs reradiated 

light and 0o incident light) and reference beam, we could separation the phase information 

out, which is depending on the defocus distance and the refractive index information on 

the metal surface. 

The basic equations for extracting the information will be shown below. The total 

interference light intensity is154 

                      𝐼(𝑡) = 𝐸0
2 + 𝐸𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

2 + 𝐸0
∗𝐸𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 cos(2𝜋Ω𝑡 + ΔΦ)       (5.2) 
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Where E0 is the electric field of reference beam, Ereflected is the electric field of back reflected 

light, which can be expressed as154 

        𝐸𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑~𝑃
2(sin 𝜃)[𝑟𝑝(sin 𝜃) cos

2 𝜑 + 𝑟𝑠(sin 𝜃) sin
2 𝜑]𝑒𝑖2𝑛𝑐𝑘𝑐𝑜𝑠𝜃𝑍  (5.3) 

Where𝑃(sin 𝜃) is the pupil function, and 𝑟𝑝 and 𝑟𝑠 is the Fresnel reflection coefficient, 

𝑒𝑖2𝑛𝑐𝑘𝑐𝑜𝑠𝜃𝑍 is the phase shift induced by the defocus distance by the objective, 𝜑 is the 

angle defined as the angle between x and y component of electrical field, which is  0~2π 

for radial polarization. Since the signal is detect at the difference of frequency Ω, the 

recorded information will be the conjugated term of I(t). Suppose the E0 is uniform, and 

the reflected light is considered to be small enough, we could have the recording intensity 

as154 

𝑉(𝑍) = ∬𝑃2(sin 𝜃)[𝑟𝑝(sin 𝜃) cos
2 𝜑 + 𝑟𝑠(sin 𝜃) sin

2𝜑]𝑒𝑖2𝑛𝑐𝑘𝑐𝑜𝑠𝜃𝑍𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑(5.4) 

In which we can easily extract the relationship between reflection coefficient of s and p 

polarized light with the defocus distance Z, which is shown in Fig.4.13. We can see from 

the Fig.4.13 that the intensity is periodically change with certain Z distance154  

                                                   Δ𝑍 =
𝜆

2𝑛𝑐(1−cos𝜃𝑃)
                                  (5.5) 

where λ is the wavelength of incident light. For different refractive index, we are going to 

have different ΔZ, which will cause the difference of recording light intensity. As seen in 

Fig.4.13, by parking Z at certain value, we can have the largest contrast of samples, and 

this is how this method works. 
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Figure 4.13: Theoretical simulation of the intensity I(Z) for lipid layers (ε = 2.56) with 

different thickness (0, 5, and 10 nm, black, red, and green curves respectively). (a) Radially 

polarized light; (b) linearly polarized light.152  

 

Fig.4.14 shows the measurement results of 30 nm gold and latex particles, and they 

could be easily distinguished from each other. This method enhances the sensitivity, due 

to the measurement of phase information along the metal surface. However, the resolution 

of the sample is decreased because of the defocus approach. Therefore, there is certain 

balance between the sensitivity and the resolution. 

 
Figure 4.14: Detection of 30 nm gold and latex particles by focused SPR microscopy. (a) 

and (b) gold nanoparticles measured at Z=1.270 µm and 1.100 µm, (a') and (b') Latex 

nanoparticles detected at Z=0.767 µm and 0.500 µm. (c) and (c’) is the intensity profile 

of solid line in (a), (b), (a’) and (b’). 154 
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In all, comparing with conventional SPR microscopy, focused SPR microscopy 

provides the possibility to increase the spatial resolution while keeping or even improving 

the sensitivity. Through scanning the sample, we should be able to image the sample with 

high resolution; we could also only detect one-point information at a time without 

disturbing by the signal of other site, which may be able to be applied in array design or 

other certain case. 

Here we developed focus SPR microscopy based on the amplitude measurement 

configuration, which makes use of the enhanced spatial resolution. An algorithm has been 

developed to enhance the signal to noise ratio of the setup. Two modes are proposed for 

different measurement purpose: scanning mode is designed for obtain detailed spatial 

information, in which the focus spot works as a probe to scan along the sample; point mode 

is applied to real-time monitor the localized refractive index change, while the beam is 

focused on one certain position and this provides the possibility for single protein 

measurement. 

 

4.2 Experiment Setup Configuration 

The schematic diagram and real setup of focused SPR microscopy is described in 

Fig.4.15. Collimated light travels through a 60× NA=1.49 lens and focus on the sample at 

a tiny spot, size of which is 200 nm (diffraction limited). The back focal plane imaged is 

recorded by CCD camera or photodiode for different purpose (imaging or ultrafast 

detection, respectively). Scanning Mirrors is added to move the focus spot along the surface, 

and the step for incident angle change is 0.1 o/V. 
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Figure 4.15: Schematic diagram (a) and real setup (b) of focused SPR microscopy. 

 

4.3 Data Processing and Noise Calibration 

To extract the plasmonic information and obtain better signal to noise ratio, we applied 

the bi-cell algorithm which is commonly used in AFM to process the image.155 Two nearby 

dip regions were chosen, and the signal is determined by 

                                                          Δ =
𝐼𝐴−𝐼𝐵

𝐼𝐴+𝐼𝐵
,                                              (5.6) 
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where 𝐼𝐴 and 𝐼𝐵 are the intensity of the two regions. The assumption is that the two regions 

have reversed intensity variation with similar amplitude. Therefore, the differential of two 

regions could represent how the dip angle shift, while canceling the common noise. 

Moreover, dividing the summation normalizes the signal and further reduces the noise 

brought by light intensity fluctuation. 

As depicted in Fig.4.16 (zoom in picture of the ‘ring’ region), we choose two nearby 

regions around the dip location. When the surface refractive index change, the dip position 

will also change. For example, with a higher refractive index the dip shifts to larger angle, 

resulting in intensity of A region increase and B region decrease, which will cause the value 

change. The relationship between the signal and angle change could be obtained by moving 

the two ROI regions along the axis vertical to the dip region, and it is linear during certain 

range with a high sensitivity (shown in next section).  

 
Figure 4.16: Bi-cell date processing algorithm for focused SPR microscopy. Left: the 

selected two regions near the dip region; Right: focused SPR response vs. dip angle shift. 

 

4.4 Measurement Results and Discussions 

4.4.1 Noise Quantification 

We calibrated the noise level of our setup by switching flow buffer from water to 1% 

ethanol and then switching back (Fig.4.17), and the dig angle will have a 60 mdeg shift, 
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corresponding to a refractive index change (RIU) of 0.0004.  The noise level of the 

conventional SPR microscopy is 0.14 mdeg, and our focus SPR microscopy can be as low 

as 0.03 mdeg. 

 
Figure 4.17: 1% ethanol calibration of different setups: (a) conventional SPR microscopy; 

(b) focus SPR microscopy. 

 

4.4.2 Scanning Mode of Focused SPR microcopy 

The focus SPR microscopy can be operated at scanning mode, while we used the 

scanning mirror to move the spot along the surface. A scanning results of aggregated 

bacteria on the gold surface is shown in Fig.4.18. It provides higher sensitivity compared 

with transmitted microscopy and offers more detailed information compared with 

conventional SPR microscopy. 
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Figure 4.18: Compare measurement of different microscopes. 

 

4.4.3 Detection of Single Nanoparticle Binding 

We detected the single nanoparticle binding on the focus SPR setup by focusing the 

beam at one spot and monitoring the dip angle change (point mode). To decrease the 

mechanical noise of the system, the drug delivery system was applied and the inlet of it is 

near the focus region. 1X PBS buffer was used as the buffer, which screened the charge 

repelling between gold surface and polystyrene particle. Fig.4.19 shows the signal as 

function of time detecting binding of 100 nm and 64 nm polystyrene particles by focus 

SPR microscopy. 

FocusedSPRM 

Scanning Image

Transmitted image
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Scanning area
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Figure 4.19: Measurement of polystyrene nanoparticles binding: (a) 100 nm, (b) 64 nm. 

 

To extract the signal of single nanoparticle binding, we use the method shown in 

Fig.4.20.  We first applied median filter fitting which is sensitive to stepwise signal change. 

Then we differentiated the of the fitting curve, and the only the binding signal will 

introduce a peak. By finding the positions of different peak and values of it we could obtain 

information of each single binding event. Last, histogram of the peak value would represent 

the distribution of binding signal (Fig.4.21). We assume the signal with most counts is the 

single nanoparticle binding, which is 5 mdeg for 100 nm and 2 mdeg for 64 nm polystyrene 

particles. 

 
Figure 4.20: Signal processing to acquire the information of single nanoparticle binding 
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Figure 4.21: Histogram of 100 nm (a) and 64nm (b) polystyrene nanoparticles binding 

signals 

 

To validate our results, we did a theoretical simulation while assuming that the 

sensitivity for focus spot is Gaussian distributed and all bindings are single events. The 

histogram of the binding signal provided by the nanoparticle binding on different site of 

the spot. The simulation results are consistent well with our experiment observation. 

 
Figure 4.22: Simulation results of nanoparticle binding 

 

To note that we also developed an automatic counting algorithm for conventional 

imaging SPRi. Because there are tens of thousands of frames for one time recording and 

enormous particles in solutions, manually counting is impossible. An algorithm which can 

automatically do the counting is build and Fig.4.23 shows its work flow. 
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Figure 4.23: Flow chart diagram of automatic counting algorithm for time-resolved 

digital counting. Three major steps are included: 1) Image sequence is first pre-processed 

to enhance the image contrast. K-space filtering and temporal differential (subtract 

previous frame from present one) was used to remove the background refringent pattern 

and moving average of image sequence temporally was applied to reduce the shot noise. 

2) Recognizing the particle approaching/leaving the surface on all the frames. Template 

was chosen from the image sequence, then each frame was compared with the template 

by normalized autocorrelation. If there is a strong correlation between template and 

certain spot of the image indicates approaching/leaving particle on that position. 3) The 

computer initiates self-check and excludes unreasonable counting, results after the 

correction are then output.  

 

We first enhanced the plasmonic binding signal which prepares for the next image 

correlation step. SNR of the signal mainly depends on 3 factors: the image contrast, shot 

noise and pixel noise. The image contrast is enhanced by removing the background: k-

space filtering described somewhere else could increase the contrast of nanoparticles 

plasmonic image and temporal differentiation by subtracting the previous frame from the 

present one is applied to fully remove the refringent patterns. The pixel noise could be 

decreased by increasing the number of pixels per ROI with zoom in, but it reduced the field 
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of view in the meantime. Shot noise is caused by the fluctuation of the photon number 

emitted by the light source, which is governed by a Poisson distribution. The fluctuation is 

usually positive related to the square root of the photon amount, and the SNR of shot noise 

for a ROI is156,157 

                        𝑆𝑁𝑅 =
𝑁

√𝑁
= √𝑁 = √𝑓𝑝𝑠 ∗ 𝑡𝑎𝑣𝑒 ∗ 𝑒𝑝𝑡 ∗ 𝑃𝑝𝑖𝑥𝑒𝑙 ∗ 𝑁𝑂𝑃𝑅𝑂𝐼 ∗ 𝜂         (4.1) 

Where fps is the frame rate, tave is the time duration of image averaging, ept is the exposure 

time for each pixel, Ppixel is the light power at each pixel, NOPROI is the number of pixels 

for the ROI region and 𝜂 is the quantum efficiency. While the last four parameters are 

almost determined for certain hardware, we could increase the frame rate or time duration 

of average. Fig.4.24 shows the results of the plasmonic image contrast enhancement of 

binding through averaging. 

To demonstrate what is the minimum size of gold nanoparticle we could observe, 

we further applied the algorithm for measurement of 40 nm, 20 nm and 10 nm bare gold 

nanoparticle non-specific binding. With 100 frames averaging (800 fps, corresponding to  

125 ms temporal resolution) the results show a good contrast even for 10 nm gold 

nanoparticles (Fig.4.25). The contrast shows a cubic power decrease with the particle 

diameter, and a 2 nm detection limit for gold nanoparticles (Fig.4.26, Noise level of 

contrast ~10-5).  
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Figure 4.24: Compare raw image(left) and averaged image(right). The image contrast is 

greatly enhanced. 

 

 
Figure 4.25: Measurement of different size gold nanoparticle binding.  

 

 
Figure 4.26: Contrast vs. particle size plot. The fitting(green) shows contrast decrease 

with cubic power (~3.2) of the diameter. 

The major part of the automation algorithm is template matching to detect each 

nanoparticle binding. This is realized by image normalized correlation between the 

Raw Data 10 Frame Average

40nm 20nm 10nm 0.025

-0.025
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template and the image, which compares them at the spatial domain and eliminate the 

intensity influence.158 Templates are first chosen from the pre-processed image sequence 

and used to correlate with each frame. Fig.4.27 shows the correlation results for certain 

frames.  

 
Figure 4.27: Normalized Correlation of template and temporal differential image. 

 

We determine the approaching/leaving nanoparticles on each frame by finding the 

local maximum in the correlation image. Carefully choosing the criteria for determine local 

maximum is needed. As shown in Fig.4.28, improper criteria will miss some particles or 

introduce wrong counting. To notice that the correlation between template and image may 

change along the time due to the focus drift, and this needs adjustment of the criteria. In 

order to circumvent the problem, the algorithm keeps updating the template and criteria 

after certain period. The templates are automatically replaced by the newly recognized 

approaching/leaving images, and the judging criteria is updated by evaluating the new 

templates and images.  
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Figure 4.28: Different judging criteria will lead to different counting results. (a) Loose; 

(b) Tight; (c) Proper. 

 

By recognizing the spots with strong correlation on each frame, particles approaching 

and leaving the surface at certain time could be determined. This provides both the 

temporal and spatial information of the nanoparticles. Then a quick check is initialized. 

First, if one spot is found to be both approaching and leaving at the same frame, it indicates 

the particle is fluctuation along the surface and it will not be counted. Second, two types 

of counting error are checked and corrected. One is the spot only has the leaving signal, 

this may be caused by missing count of an approaching signal or the particle is already 

there before starting point. In both cases, deleting the signal does not affect the final 

counting number. This case is usually very rare (<0.1%). Another case is that approaching 

signal may occur at a spot many times but without any leaving signal. In this case we only 

keep the last approaching signal since that is the only one responsible for our counting. A 

final check will be made by human to confirm the result. 

 

4.4.4 Nanoparticle Oscillation Measurement 

Another application for the focus SPR microscopy is to observe nanoparticle 

oscillation. Shan et al. in our group have demonstrated to use conventional SPR microscopy 

to measure the oscillation of gold nanoparticles which are linked to the surface by PEG 

tether to detect binding and phosphorylation events.45,46 Since the gold particles are quasi-

(a) (b) (c)
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fasten to the surface, it will be easy for focus SPR microscopy to do the measurement. The 

preparation of the sample is discussed somewhere else.45 The focus SPR measurement of 

the 50 nm gold nanoparticle oscillation is present in Fig.4.29, which shows better SNR 

compared with conventional setup because of suppressed background and pixel noise. 

 
Figure 4.29: Detection oscillation signal of 50 nm gold particles (frame rate: 50 fps). (a) 

and (b) are the results of conventional SPR microscopy; (c) and (d) are the results of 

focused SPR microscopy. 

 

4.5 Conclusion 

In conclusion, we have developed the focused SPR microscopy and demonstrated its 

capability for detecting refractive index change. The bi-cell algorithm provides a way to 

evaluate the signal and eliminate the common noise from light source. Compared with 

conventional SPR microscopy, it offers higher spatial resolution and better SNR. Using 

this technique, we have successfully measured the single binding events of 100 nm and 65 

nm polystyrene beads non-specific binding and oscillations of 50 nm Au nanoparticles. We 

hope this will provide a new way of plasmonic imaging-based protein detection.  
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CHAPTER 5  

CONCLUSIONS AND PERSPECTIVES 

5.1 Conclusions 

As a biosensing technique, plasmonic based techniques needs to be sensitive, fast, high 

throughput and specific. My doctoral projects are also based on these directions. The major 

contributions include:  

1. A fast plasmonic electrochemical microscopy (P-ECM) technique was developed for 

electron transfer detection using a plasmonic imaging method combined with 

microfabricated microelectrodes. Applied this technique, fast ET processes in a redox 

protein (Cytochrome c) adsorbed on a microelectrode was measured. Interestingly, we 

find the contribution of ET to the plasmonic signal is relatively larger than charging, 

making it easier to study ET compared with the traditional electrical method. According 

the measurement, the conformational fluctuations of cytochrome c gate the ET reaction 

of the protein, and the time scale of the gating occurs from over a broad time range 

(100 ns – 1 ms). 

2. A breadboard version IMPDS setup that is capable of printing less than 10 nL droplets 

was developed. Spot-on-spot accuracy of 10×10 nanodroplet microarray with less 

than 5% alignment variability and droplet stability (no measurable evaporation) for 

more than 10 minutes were achieved. We also carried experiments to demonstrate the 

feasibility of detecting protein-protein interactions using IMPDS technology. We also 

developed a prototype data analysis software that can automatically and systematically 

analysis the information obtained from IMPDS system, which considering the 

depletion and diffusion the droplet system. 
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3. I further developed the focused plasmonic imaging system. With a bi-cell algorithm 

integrated, we could obtain a good signal to noise ratio. The system could be operated 

at two different modes. For the scanning mode, we use scanning mirror to scan the 

whole surface and get an enhanced spatial resolution picture compared with 

conventional SPR microscopy. For the focus mode, we use drug delivery system to 

detect the binding on the focused spots. We successfully measure the single binding 

events of 100 nm and 65 nm polystyrene beads non-specific binding, and oscillations 

of 50 nm Au nanoparticles.  

 

5.2 Perspectives 

My research works focused on extending the application field of plasmonic based 

imaging techniques on protein detections, including the conformational change and 

interaction kinetics. Combination of these platforms may offer the possibility for new 

discoveries. As for each technique, the future works include: 

1. Ultrafast electrochemical detection technique: Further improvement on temporal 

resolution to picosecond regime is needed. The response of plasmonic imaging based 

detection system will not be a problem since we can reduce the feedback resistance of 

photodiode circuit and increase the light power and averaging more cycles. The real 

limitation for the whole system speed is how to trigger the fast reaction. In our system, 

the parasitic resistance and capacitance affect the final speed. There are two methods 

to overcome it. One way is to attach a photodiode to the electrodes as close as possible, 

and by using a pico-second pulsed laser to trigger the photodiode we should be able to 

trigger the system. The major concern of this approach will be how to control the 
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potential that falls on the EC cells because photodiode is a current source. Another way 

is to combine our system with the ILIT system. We can hold the system at a metastable 

state using the Potentiostat, and then trigger the reaction by heating with a pulse laser. 

Here we can apply similar strategy as pump-probe techniques, while the detection beam 

could be the pulsed laser separated from the one triggering the reaction. The temporal 

resolution could be enhanced by tuning time difference of trigger pulse and detection 

pulse with different optical path. And this will hopefully push the speed into pico-

second regime. 

2. IMPDS: First, droplet array with higher density is needed since 100 spots is not enough 

for real multiplex measurement. This will need a comprehensive consideration of the 

droplet size, field of view and printing accuracy. Secondly, we can apply this technique 

to detect significant biological reactions, such as measuring the kinetics between the 

proteins in different signaling pathways. This will provide us more details of the 

pathways. Moreover, by combining the compressive sensing concept, we may further 

save samples while applying our setup for diagnosis/biomarker detection.  

3. Focus SPR microscopy: We can further enhance the sensitivity by using different 

polarization strategy to excite the surface plasmon. As for applications, since it 

provides higher spatial resolution, we could measure certain sub-cellular structures and 

detect activity in specific region of cells when binding happens.  
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