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This dissertation presents a new technique, Transient Induced Molecular 

Electronic Spectroscopy (TIMES), to study biomolecular interaction without protein 

engineering or chemical modification. The TIMES method incorporates a unique 
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design of microfluidic platform and integrated sensing electrodes, and is designed to 

operate in a label-free and immobilization-free manner to provide crucial information 

for protein-ligand interactions under relevant physiological conditions.  

We developed a physical model for the TIMES signal, and mathematically 

formulated the problem to attain physical insight of protein-ligand interactions without 

molecular probes, fluorescent labels, or immobilization of molecules. Using soft 

lithography and thin film technology, we designed and fabricated microfluidic based 

devices for the biomolecular detection. Incorporated with electronic amplification and 

signal processing, we achieved real time detection using the TIMES method. To 

demonstrate the functionality, accuracy and sensitivity of this method, we used the 

TIMES signals to find the dissociation constants for the affinity of reactions between 

several pairs of protein and ligand. Followed by experiments, we used simulations to 

prove the mechanism of TIMES method. Computational fluid dynamics (CFD) 

simulations were performed to demonstrate that the surface electric polarization signal 

originates from the induced image charges during the transition-state of surface mass 

transport, which is governed by the overall effects of protein concentration, hydraulic 

forces and surface fouling due to protein adsorption. Hybrid atomistic molecular 

dynamics (MD) simulations and free energy computations show ligand-binding 

affects protein structures and stability, producing different adsorption orientation and 

surface polarizations to generate characteristic TIMES signals.  

As a unique tool, TIMES offers a simple and effective method to investigate 

fundamental protein chemistry and drug discovery. Although the current work is 
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focused on protein-ligand interactions, the TIMES method is a general technique that 

may be applied to study signals from reactions between many kinds of molecules. 

 



1 

 

 

Chapter 1 Introduction 

 

 

1.1 Protein and Ligand Interaction 

Protein-ligand interaction is a subject of great interest in the biochemical field 

due to its scientific significance and practical applications in drug discovery[1, 2]. 

Functional proteins have extraordinary complexities and degrees of freedom to form 

3D structures, while their biological functions are sensitive to, and can be modified 

substantially by, the binding activities with molecules (i.e. ligands) that are much 

smaller than the proteins themselves. Ligands are small molecules that can regulate 

protein behavior via configuration changes when protein-ligand complexes are 

formed[3, 4]. The ability to quantitatively and precisely characterize protein-ligand 

interactions are essential to understanding and controlling protein properties. 

In the process of drug discovery, pharmaceutical companies screen hundreds 

of millions of small molecule compounds to search for drug candidates. Following 

computer simulations[5] and high-throughput screening[6] in the early stage screening, 
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the compounds that can bind to the target protein are required to undergo studies and, 

if necessary, molecular engineering to become drug candidates. These studies are 

often based on the reaction thermodynamics and kinetics with the target protein.  

Therefore, an accurate and efficient method to provide detailed properties of molecular 

interactions with proteins can generate tremendous reduction in downstream in-vivo 

tests with animals and human, and increase the success rate of drug discovery[7]. 

 

1.1.1  Detection of Protein and Ligand Interaction 

Methods to detect protein ligand reactions can fall into three general 

categories: (i) molecular labelling, (ii) molecular immobilization to the sensor surface, 

and (iii) label-free and immobilization-free method.  In molecular labeling method 

(Figure 1.1(a)), a fluorescent or enzymatic label is used as a reporter of the reaction[8]. 

Examples include fluorescence resonance energy transfer (FRET)[9, 10] and small 

molecules microarray[6].  While these methods provide quantitative results about the 

binding affinity and the reaction rate, the labelling markers themselves may disturb 

the binding event. Due to the small molecular weight of most ligands and the 

metamorphic properties of proteins, any such disturbances imposed by molecular 

labels can substantially increase the risks of artifacts, or misleading results[11].  In 

molecular immobilization method, reacting molecules (often the ligands) are required 

to be immobilized onto the sensor surface (Figure 1.1(b)). The surface plasmon 

resonance (SPR)[12, 13] method is the most widely used technique in this category.  

SPR detects changes in the refractive index at the resonant wavelength in the vicinity 
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of a gold surface, where protein-ligand binding occurs. One may scan either the 

illumination wavelength or the incident angle of light to detect the SPR signal as a 

light absorption peak.  The SPR method can produce quantitative data for the 

dissociation constant and the rate of the reaction with high temporal resolution 

(typically milliseconds).  In the same vein, biologically modified field effect 

transistors (FETs)[14, 15], including nanotube transistors and nanowire transistors, 

can detect the modulation induced current change in the protein-ligand binding 

activity.  Both the SPR and bioFET methods require immobilization of the molecules 

to the surface of gold reflecting surface (SPR) or the transistor channel (bioFET).  This 

restriction limits protein folding and degrees of freedom for the reaction. Therefore, it 

is desirable to characterize protein-ligand interactions with methods that do not require 

labeling or immobilization.  

In recent years, new protein-ligand interaction detection techniques without 

above constraints have been developed. Two such methods will be discussed in the 

following section. 
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(a) (b)  

Figure 1.1:  Methods to detect protein-ligand interactions. (a) Label-based 

technique, where a fluorophore is used as a reporter of the reaction; (b)immobilize-

based technique, where reacting molecules are immobilized onto the surface of the 

sensor. 
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1.1.2  Label Free and Immobilization Free Techniques 

1.1.2.1  Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC)[16] measures the thermodynamic 

parameters of biomolecular interactions, including binding affinity, enthalpy change, 

Gibbs energy change, and entropy change.  

Titration calorimetry was originally used to find the equilibrium constant and 

enthalpy of chemical reactions in 1965[17]. This technique was first applied to the 

study of calorimetric binding in biological system in 1978[18, 19]. Since then the ITC 

method has been widely applied to study reactions for proteins[20, 21], nucleic 

acids[22, 23], and ligands[24, 25], etc.  

As shown in Figure 1.2(a), an ITC system has two cells: a reference cell and a 

sample cells - both made of thermal conductive materials. Sensitive thermocouple 

circuits are used to measure the temperature difference between the cells. To study 

protein-ligand interaction, the protein solution is placed in the sample cell, and a buffer 

solution is added to the reference cell. Both cells are maintained at the set temperature. 

Next, the ligand is injected into the sample cell by a syringe pump in a step-wise 

manner, where the injected amount of ligand is precisely controlled. The protein-

ligand interaction takes place in the sample cell upon each step of ligand injection, and 

the released (or absorbed) heat by the reaction changes the temperature of the sample 

cell. The required power to maintain the same temperature between the two cells when 

the reaction reaches equilibrium is measured by a calorimeter. For an exothermic 
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reaction, each injected amount of ligand causes a downward peak in the power versus 

time plot (Figure 1.2(b)).  Vice versa, for an endothermic reaction, upward peaks are 

formed in the plot. The power is integrated over time to obtain the amount of energy 

released by the protein-ligand reaction after each ligand injection.  The amount of 

energy is then plotted against the molar ratio between ligand and protein in the sample 

cell, as shown in Figure 1.2(c). The results provide the enthalpy (∆H) and the 

dissociation constant (KD) directly, and these values can be used to calculate the Gibbs 

free energy (∆G) and entropy (∆S).  

Since the ITC technique measures heat transfer during reaction, its accuracy 

becomes compromised when reactions cause small heat changes. To run experiments 

on such reaction pairs, a large amount of reagents are needed to generate a detectable 

signal. Practically, the measurable range of KD by ITC is from nanomolar to 

millimolar[26]. In recent years, ITC has been used to study reaction kinetics as well, 

but the temporal resolution of ITC is also limited. Sensitivity of ITC must be improved 

to decrease the required amount of sample for titration. In addition, each test, even 

with an automation system, takes approximately 30~60 minutes to complete[27]. The 

low throughput of ITC impedes its applicability to drug discovery, even though ITC 

has been an effective research tool to characterize protein-ligand interactions[28]. 
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(a) (b)  

 

Figure 1.2:  Using ITC to study protein-ligand interaction[29]. (a) 

Experimental setup of ITC; (b) an example result of ITC measurement of protein 

ligand binding. 
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1.1.2.2  Dynamic Light Scattering 

Dynamic light scattering (DLS) measures the optical signal change of 

biomolecules in aqueous phase. It is used to determine the particle size distribution, 

based on the diffusion coefficient and the fluctuations of light scattering from particles 

in Brownian motion[30].  

The theory of DLS is based on Rayleigh scattering[31], which is applied to 

objects that are much smaller than the wavelength of light. Rayleigh scattering has 

been studied in various media such as optical fiber, and nanoporous materials. 

Recently, DLS has also been extensively used to measure the molecular diffusion 

behavior and macromolecule interactions, for the facile and inexpensive operation of 

this technique[30, 32].  

In DLS (Figure 1.3), the incident light is scattered in all directions by 

suspended molecules (protein, ligand, protein-ligand complex, etc.) due to Rayleigh 

scattering. First, the intensity of scattered light fluctuates in time due to Brownian 

motions of the molecules, and is recorded by the detector[33]. Next, the 

autocorrelation of the intensity fluctuation is analyzed, and the diffusion coefficient of 

the molecules is calculated from the slope of the auto correlation function. Finally, 

since the diffusion coefficient is inversely proportional to the size of molecule, the size 

distribution of molecules is calculated by the Stokes-Einstein equation. The DLS 

method usually has a reliable hydrodynamic measurement range from 50nm to few 

microns[34], even through studies have presented promising systems with sensitivities 

as low as 0.3nm[35]. 
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With this dynamic range, DLS has been used on the study of macromolecules 

interaction including protein-protein binding and protein-nucleic acid binding[32, 36]. 

However, DLS has significant limitations for the studies of protein-ligand interaction. 

First, the DLS method cannot directly detect the diffusivity change or molecular size 

change from the formation of protein-ligand complex. By measuring the aggregation 

of proteins induced by ligands, the protein-ligand binding may be indirectly 

detected[32, 36]. Second, as the binding is not measured directly, DLS can only be 

applied to the binding events where ligand changes the protein-protein aggregation 

significantly. If binding of ligand has minor effect on aggregation, the DLS signal 

change is not detectable. Third, while DLS can measure the size of particle accurately, 

it cannot estimate the concentration precisely. Furthermore, there are additional 

conditions the experiment needs to satisfy: particles must be monodispersed; the 

temperature, pH value, and ionic strength must be well-controlled; the concentration 

of particles must be within a tight range to support formation of aggregation, which is 

also affected by the frequency of particle collision and surface charge[37]. Also, the 

technique produces only qualitative results, and has significantly low throughput, thus 

having limited use for drug discovery. 
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Figure 1.3:  Schematic of the DLS result for larger and smaller particles[33]. 
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1.2  Motivation and Challenges 

Protein and ligand interaction plays such an essential role in biomedical 

processes. However, so far there is no ideal detection technique that can study this 

binding reaction in a label-free and restriction-free manner while maintaining high 

sensitivity and high throughput. The goal of this work is to develop a method that can 

reliably measure the signal of biomolecules without fluorescent labeling and surface 

immobilization, to eliminate the expense in the downstream in-vivo tests with animals 

and humans in drug discovery processes.  

The major challenges incorporated with this work include:  

(i) Optical microscopy and molecular engineering tools cannot be applied, as 

fluorescent labeling is eliminated; 

(ii) Signal from biomolecules must be amplified, as surface immobilization is 

eliminated and free-flow conditions must be met, which significantly reduces the 

measurable signal intensity; 

(iii) High-throughput and low production cost features must be maintained for 

use in the drug development industry. 

For this purpose, here we have developed a new technique, Transient Induced 

Molecular Electronic Spectroscopy (TIMES), to detect protein-ligand interactions 

without any fluorescent labeling or chemical immobilization.  

 

1.3  Scope of Dissertation 
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This dissertation covers the invention and development of a label free and 

immobilization free technique: Transient Induced Molecular Electronic 

Spectroscopy[38, 39], to measure the electronic signal of biomolecules. 

In Chapter 2, we develop a theoretical model to achieve the label free and 

restriction free measurement of protein ligand binding. Chapter 3 will discuss the 

fabrication process of the microfluidic device that is used for the biomolecules 

measurement, as well as the experimental setup. In Chapter 4, the signals of 

biomolecules are measured using a label-free immobilization-free method., and the 

results of several pairs of protein and ligand interaction will be presented. Chapter 5 

will show the Computational Fluid Dynamic simulation (CFD) results in the TIMES 

system. The simulation results are then compared with experimental results, including 

the response of different flow profiles and concentrations in the micro channel. 

Chapter 5 will also present the atomistic simulation results, to demonstrate the 

electrical signal generation in molecular level. Chapter 6 will summarize the current 

work and overview some anticipated possible developments in future. 
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Chapter 2 The Mechanism of Transient 

Induced Molecular Electronic 

Spectroscopy 

 

 

In this chapter, the mechanism of microfluidic lab-on-a-chip devices for use in 

label-free and restriction-free detection of biomolecules will be discussed. Next, an 

analytical model for the detection method will be discussed in further detail. 

 

2.1  Design Motivation 

As mentioned in previous chapter, most detection methods can measure 

binding affinity, kinetics, and other thermodynamic characteristics of protein-ligand 

interactions. However, there are still open and important problems not addressed by 

the existing methods: (i) With fluorescent labeling of biomolecules in FRET, EMSA, 
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and small molecules microarray detection methods, external modifications are added 

to the molecules, which may affect the binding sites or molecular structural 

configurations. (ii) Using surface immobilization in SPR and BioFET techniques, 

spatial limitation is introduced to alter the entropy of the system, which may affect the 

experimental results by limiting protein movements or protein folding/unfolding, and 

cause discrepancies from reactions in physiological conditions. (iii) Techniques such 

as ITC, that rely on heat release from the reactions have relatively low resolution, 

provide limited information about reaction kinetics, and face difficulties in reactions 

that do not generate a large amount of heat (e.g. entropy driven rather than enthalpy 

driven reactions). (iv) Optical methods, such as DLS, only work for proteins that can 

crystalize or aggregate, and have constraints on the critical temperature and 

concentration.  

To overcome the above constraints, we use a laminar flow system[40, 41] to 

measure the signal caused by the dipole moment change when protein and ligand form 

a protein-ligand complex, breaking new grounds for studies of protein-ligand 

interaction. By studying signals related to the dipole moment and charge distribution 

of biomolecules, the TIMES method provides not only undisturbed signals in 

physiological conditions, but also signals revealing molecular properties unattainable 

by and complementary with the existing methods.  

 

2.2 Mechanism of Design 
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A biomolecule carrying a dipole moment in the buffer solution can interact 

with the electric field near the solution/electrode interface within the Debye length[41], 

which is in the order of 1nm for a typical ionic strength. Based on the double-layer 

model[42, 43], the interfacial electric field, approximately equal to the Zeta potential 

divided by the Debye length[44], can “orient” the molecule according to its charge 

state and dipole moment to minimize the free energy. As the molecules are oriented 

by the surface field, an induced dipole develops due to the mirror effect of the metallic 

surface. In the near field condition, dipole moment of a macromolecule, such as 

protein, has the dominant effect over the net charge of the molecule, and the alignment 

of the dipole moment[45] with the surface field produces a charge transfer between 

the gold electrode contacting the fluid and the measurement circuit system.  

We assume that with sufficient ionic strength in the buffer, the “local charge 

neutrality” condition is satisfied when a protein molecule travels in solution without 

an external field (Figure 2.1(a)).  Local charge neutrality assumes that charges on the 

surface of the protein are neutralized by the mobile counter charges in the buffer within 

a time scale of the “dielectric relation time” equal to ε/σ, where ε and σ are the 

permittivity and conductivity[46] of the buffer solution. Since the dielectric relaxation 

time is typically 1 to 100 ns, much shorter than the time scale of interest in our 

measurement, the local charge neutrality condition can be satisfied everywhere in the 

solution (Figure 2.1) except for regions right next to the electrode/liquid interface, 

where the electric field is present.  
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When the protein molecules approach the electrode and experience the electric 

field from the Zeta potential, two events take place: (i) the mobile ions around the 

protein that maintain local charge neutrality are stripped off by the E-field and find 

their new equilibrium distributions; (ii) the protein molecules are oriented to have their 

dipole moment aligned to the direction of the field (Figure 2.1(a)). The dipole moment 

alignment of the protein gives rise to an induced charge flow between the electrode 

and the amplifier input, which is the signal measured by TIMES system (Figure 2.1(b)).  

Driven by the shear stress of the laminar flow in the microfluidic channel, the 

protein molecules may not be permanently adsorbed to the electrode surface, but 

detach from the gold electrode after some period of time (Figure 2.1(c)). The departing 

molecules carry neighboring ions with them via electrostatic interactions and drag 

force, disturbing the local ion distribution and generating an overshoot in the electric 

signal. Eventually, the local charge neutrality is restored by the ion transfer from the 

buffer to the interface region, and to the protein region (Figure 2.1(d)). Similar analysis 

and a model of protein-surface interaction has been reported before[47, 48]. The 

theory and mathematical formulation of the TIMES signal is described next. 

  



 

 

17 

(a)            

(b)  

(c)  

(d)  

Figure 2.1:  Biomolecules at Liquid/Solid interface[38]. (a) Local charge 

neutrality is maintained while a molecule is moved towards the electrode. (b) Ion 

redistribution and protein dipole moment reoriented. (c) Protein leaves electrode and 

drags local ions via electrostatic interactions. (d) Steady state is restored. 
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2.3  Analytical Model 

In this section, a detailed physical model for the biomolecular behavior is 

presented. The electrical signal produced by a biomolecule (protein, ligand, or protein-

ligand complex) is discussed step by step. 

2.3.1  Model Setup 

Assume that each time a protein hits the electrode surface, it will induce a 

charge, q(t) in the unites of C, on the gold electrode it contacts. The protein may stay 

on the electrode surface or leave the surface after a certain time period 𝜏𝑆.  In any case, 

q(t) is the amount of induced charge on the electrode by the arriving protein. 

The net charge signal produced by all the protein molecules at a specific time 

becomes 

𝑆(𝑡) = 𝐴 ∫ 𝑞(𝑡 − 𝑢)𝐽(𝑢)𝑑𝑢
𝑡

0
= 𝐴∫ 𝑞(𝑢)𝐽(𝑡 − 𝑢)𝑑𝑢

𝑡

0
  (2.1) 

where 𝐽(𝑡) is the net flux of protein towards the electrode, in unites of #/Area-

s. 

Therefore, we obtain 

𝑑𝑆(𝑡)

𝑑𝑡
= 𝐴𝑞(𝑡)𝐽(0) + 𝐴∫ 𝑞(𝑢) [

𝑑

𝑑𝑡
𝐽(𝑡 − 𝑢)] 𝑑𝑢

𝑡

0
   (2.2) 

𝑑𝑆(𝑡)

𝑑𝑡
 is the amount of protein-induced current (unit: Amp). 

2.3.2  Calculation of the net flux of protein: J(t) at the surface of the 

electrode 
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Figure 2.2:  Schematic of the flux direction in the microfluidic channel. 

  

 
X=0 X=L 

𝜕𝑛

𝜕𝑥
= 0 (𝑛𝑜 𝑓𝑙𝑢𝑥) 𝑛 = 𝑛𝑜 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 

Diffusion 

X=0 X=L 

𝑛 = 𝑛𝑜 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 𝑛 = 𝑛𝑜 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 

X=-L 
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We divide the fluid into two regions: region 1 covers the entire space in the 

microfluidic channel and region 2 is the proximity to the surface of the electrode, 

typically within the Debye length of the thickness of around 1 nanometer. 

Since there exists no electric field in region 1, the protein concentration away 

from the electrode interface is governed by the diffusion equation due to the protein 

concentration gradient. We have  

𝜕𝑛

𝜕𝑡
= 𝐷

𝜕2𝑛

𝜕𝑥2
        (2.3) 

We apply the following boundary conditions: 

𝑛(𝑡, 𝑥 = 𝐿) = 𝑛𝑜  for 𝑡 ≥ 0  

𝜕𝑛(𝑡,𝑥=0)

𝜕𝑥
= 0  for 𝑡 ≥ 0    

𝑛(𝑡 = 0, 𝑥) = 0  for 0 ≤ 𝑥 < 𝐿    (2.4) 

As shown in Figure 2.2, the problem in equation (2.4) is equivalent to the 

problem in equation (2.5) with different boundary conditions: 

𝑛(𝑡, 𝑥 = 𝐿) = 𝑛𝑜  for 𝑡 ≥ 0  

𝑛(𝑡, 𝑥 = −𝐿) = 𝑛𝑜 for 𝑡 ≥ 0    

𝑛(𝑡 = 0, 𝑥) = 0  for −𝐿 < 𝑥 < 𝐿   (2.5) 

Assume 𝑢(𝑥, 𝑡) = 𝑇(𝑡)𝑋(𝑥) is a solution for equation (2.3), 

 
1

𝑇(𝑡)

𝑑𝑇(𝑡)

𝑑𝑡
=

𝐷

𝑋(𝑥)

𝑑2𝑋(𝑥)

𝑑𝑥2
= −𝑘  

𝑢(𝑥, 𝑡) = 𝑒−𝑘𝑡 [𝐶𝑘 𝑐𝑜𝑠 (√
𝑘

𝐷
𝑥) + 𝐸𝑘𝑠𝑖𝑛 (√

𝑘

𝐷
𝑥)]  

The general solution can be represented as 
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𝑛(𝑥, 𝑡) = 𝑛𝑜 −∑ 𝑒−𝑘𝑡 [𝐶𝑘 𝑐𝑜𝑠 (√
𝑘

𝐷
𝑥) + 𝐸𝑘𝑠𝑖𝑛 (√

𝑘

𝐷
𝑥)]𝑘   (2.6) 

Using the boundary conditions in equation (2.5), we have 

𝜕𝑛(𝑥=0,𝑡)

𝜕𝑥
= 0 = ∑ √

𝑘

𝐷
𝑒−𝑘𝑡 [−𝐶𝑘 𝑠𝑖𝑛 (√

𝑘

𝐷
𝑥) + 𝐸𝑘𝑐𝑜𝑠 (√

𝑘

𝐷
𝑥)]

𝑥=0

𝑘

 for  𝑡 > 0 

This means 𝐸𝑘
′ 𝑠 = 0 

𝑛(𝑥, 𝑡) = 𝑛𝑜 −∑ 𝑒−𝑘𝑡 [𝐶𝑘 𝑐𝑜𝑠 (√
𝑘

𝐷
𝑥)]𝑘     (2.7) 

Also from equation (2.5) we require 

𝑛(𝑥 = ±𝐿, 𝑡) = 𝑛𝑜 −∑ 𝑒−𝑘𝑡 [𝐶𝑘 𝑐𝑜𝑠 (√
𝑘

𝐷
𝐿)]𝑘 = 𝑛𝑜 for  𝑡 > 0 

Then we have √
𝑘

𝐷
𝐿 = (𝑀 +

1

2
)𝜋          𝑀: − ∞,… .∞ 

𝑛(𝑥, 𝑡) = 𝑛𝑜 −∑ 𝑒
−(𝑀+1/2)2𝐷𝑡

𝐿2 𝐶𝑀 𝑐𝑜𝑠 (
(𝑀+

1

2
)𝜋𝑥

𝐿
)∞

𝑀=−∞  for  𝑡 ≥ 0  

The above equation can be simplified as 

𝑛(𝑥, 𝑡) = 𝑛𝑜 −∑ 𝐶𝑀
′𝑒

−(2𝑀+1)2𝐷𝑡

4𝐿2 𝑐𝑜𝑠 (
(2𝑀+1)𝜋𝑥

2𝐿
)∞

𝑀=0   for  𝑡 ≥ 0 (2.8) 

At 𝑡 = 0, for −𝐿 < 𝑥 < 𝐿, 

𝑛(𝑥, 𝑡 = 0) = 0 = 𝑛𝑜 −∑ 𝐶𝑀
′ 𝑐𝑜𝑠 (

(2𝑀+1)𝜋𝑥

2𝐿
)∞

𝑀=0    (2.9) 

𝐶𝑀
′ =

𝑛𝑜 ∫ 𝑐𝑜𝑠(
(2𝑀+1)𝜋𝑥

2𝐿
)𝑑𝑥

𝐿
−𝐿

∫ 𝑐𝑜𝑠2(
(2𝑀+1)𝜋𝑥

2𝐿
)𝑑𝑥

𝐿
−𝐿

=
4𝑛𝑜(−1)

𝑀

(2𝑀+1)𝜋
    (2.10) 

Hence 
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𝑛(𝑥, 𝑡) = 𝑛𝑜 −∑
4𝑛𝑜(−1)

𝑀

(2𝑀+1)𝜋
𝑒
−(2𝑀+1)2𝐷𝑡

4𝐿2 𝑐𝑜𝑠 (
(2𝑀+1)𝜋𝑥

2𝐿
)∞

𝑀=0    (2.11) 

We are interested to know 𝑛(𝑥 = 0, 𝑡) 

𝑛(0, 𝑡) = 𝑛𝑜 − ∑
4𝑛𝑜(−1)

𝑀

(2𝑀+1)𝜋
𝑒
−(2𝑀+1)2𝐷𝑡

4𝐿2∞
𝑀=0     (2.12) 

Note that equation (2.12) is the protein concentration in region 1 where there 

is no electric field.  At the surface of the electrode, the protein concentration can be 

approximated as 

 𝑛𝑖(𝑡) = 𝑛(0, 𝑡)𝑒
−𝑍𝑒𝜁

𝑘𝑇  

= [𝑛𝑜 −∑
4𝑛𝑜(−1)

𝑀

(2𝑀+1)𝜋
𝑒
−(2𝑀+1)2𝐷𝑡

4𝐿2∞
𝑀=0 ] 𝑒

−𝑍𝑒𝜁

𝑘𝑇 = 𝛾𝑛(0, 𝑡)  (2.13)  

𝛾 = 𝑒
−𝑍𝑒𝜁

𝑘𝑇   

where 𝑍𝑒 is the charge of the protein and 𝜁 is the zeta potential.  We have 

assumed that the protein concentration is low enough not to change the ionic strength 

of the buffer.  Therefore, the zeta potential is not changed significantly by the protein.  

The rate of protein hitting the electrode is: 

𝐽(𝑡) = 𝐽+(𝑡) − 𝐽−(𝑡)       (2.14) 

where 𝐽+ and 𝐽− are the flux of molecular adsorption and desorption, 

respectively.  

𝐽+(𝑡) = 𝐾+𝑛𝑖(𝑡)(1 − 𝜃)      (2.15) 

𝐾+ has the unit of velocity, representing the rate of protein adsorption to the 

electrode surface. 

𝐽−(𝑡) = 𝐾−𝜃        (2.16) 
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𝐾− has the unit of flux (#/s-area), representing the rate of protein desorption 

from the electrode surface. 

At equilibrium,  

 𝐽+(∞) = 𝐾+𝑛𝑖(∞)(1 − 𝜃𝑜) = 𝐾−𝜃𝑜     (2.17) 

𝐾− = 𝐾+𝑛𝑖(∞)
(1−𝜃𝑜)

𝜃𝑜
= 𝐾+𝛾𝑛𝑜

(1−𝜃𝑜)

𝜃𝑜
     (2.18) 

𝜃: fraction of the monolayer deposition, 0 ≤ 𝜃 ≤ 1  

𝜃(𝑡) =
∫ 𝐽(𝑢)𝑑𝑢
𝑡
0

∫ 𝐽(𝑢)𝑑𝑢
∞
0

=
∫ [𝐾+𝑛𝑖(𝑢)(1−𝜃)−𝐾−𝜃]𝑑𝑢
𝑡
0

∫ 𝐽(𝑢)𝑑𝑢
∞
0

  

=
𝐾+

𝜃𝑜

∫ [𝑛𝑖(𝑢)(1−𝜃)𝜃𝑜−𝑛𝑖(∞)(1−𝜃𝑜)𝜃]𝑑𝑢
𝑡
0

∫ 𝐽(𝑢)𝑑𝑢
∞
0

      (2.19) 

Since within a very short time period 𝑛𝑖(𝑢) approaches ni(∞) assuming very 

fast diffusion), we can write 

𝜃(𝑡)~
𝐾+

𝜃𝑜
𝑛𝑖(∞)

∫ [𝜃𝑜−𝜃]𝑑𝑢
𝑡
0

∫ 𝐽(𝑢)𝑑𝑢
∞
0

= (
𝐾+𝛾𝑛𝑜

∫ 𝐽(𝑢)𝑑𝑢
∞
0

)∫ [1 −
𝜃

𝜃𝑜
] 𝑑𝑢

𝑡

0
  (2.20) 

𝑑𝜃(𝑡)

𝑑𝑡
~ (

𝐾+𝛾𝑛𝑜

∫ 𝐽(𝑢)𝑑𝑢
∞
0

) [1 −
𝜃(𝑡)

𝜃𝑜
]       (2.21) 

𝜃(𝑡) = 𝜃𝑜 (1 − 𝑒
−
𝑃

𝜃𝑜
𝑡
)      (2.22) 

where 𝑃 = (
𝐾+𝛾𝑛𝑜

∫ 𝐽(𝑢)𝑑𝑢
∞
0

)      (2.23) 

𝜃(𝑡) =
∫ 𝐽(𝑢)𝑑𝑢
𝑡
0

∫ 𝐽(𝑢)𝑑𝑢
∞
0

       (2.24) 

𝐽(𝑡) = [∫ 𝐽(𝑢)𝑑𝑢
∞

0
]
𝑑𝜃

𝑑𝑡
= (𝐾+𝛾𝑛𝑜)𝑒

−
𝑃𝑡

𝜃𝑜  𝑡 > 0  (2.25) 

𝑆(𝑡) = 𝐴 ∫ 𝑞(𝑢)𝐽(𝑡 − 𝑢)𝑑𝑢
𝑡

0
= 𝐴(𝐾+𝛾𝑛𝑜)∫ 𝑞(𝑣)𝑒

−
𝑃(𝑡−𝑣)

𝜃𝑜 𝑑𝑣
𝑡

0
  (2.26) 
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𝑖(𝑡) =
𝑑𝑆(𝑡)

𝑑𝑡
= 𝐴(𝐾+𝛾𝑛𝑜) {𝑞(𝑡) −

𝑃

𝜃𝑜
∫ 𝑞(𝑣)𝑒

−
𝑃(𝑡−𝑣)

𝜃𝑜 𝑑𝑣
𝑡

0
}  

= 𝐴(𝐾+𝛾𝑛𝑜)𝑞(𝑡) −
𝐴(𝐾+𝛾𝑛𝑜)𝑃

𝜃𝑜
∫ 𝑞(𝑣)𝑒

−
𝑃(𝑡−𝑣)
𝜃𝑜 𝑑𝑣

𝑡

0

 

= 𝐴(𝐾+𝛾𝑛𝑜)𝑞(𝑡) −
𝑃

𝜃𝑜
𝑆(𝑡) = 𝐴(𝐾+𝛾𝑛𝑜)𝑞(𝑡) −

𝑃

𝜃𝑜
∫ 𝑖(𝑢)𝑑𝑢
𝑡

0
  (2.27) 

𝑞(𝑡) =
1

𝐴(𝐾+𝛾𝑛𝑜)
𝑖(𝑡) + (

1

𝐴𝜃𝑜 ∫ 𝐽(𝑢)𝑑𝑢
∞
0

)∫ 𝑖(𝑢)𝑑𝑢
𝑡

0
    (2.28) 

𝐾− = 𝐾+𝑛𝑖(∞)
(1−𝜃𝑜)

𝜃𝑜
= 𝐾+𝛾𝑛𝑜

(1−𝜃𝑜)

𝜃𝑜
     (2.29) 

hence 𝜃𝑜 =
𝐾+𝛾𝑛𝑜

𝐾−+𝐾+𝛾𝑛𝑜
       (2.30) 

Substitute 𝜃𝑜 into the expression for 𝑞(𝑡), we have 

𝑞(𝑡) = [
1

𝐴(𝐾+𝛾𝑛𝑜)
] 𝑖(𝑡) + (

1

𝐴𝜃𝑜 ∫ 𝐽(𝑢)𝑑𝑢
∞
0

)∫ 𝑖(𝑢)𝑑𝑢
𝑡

0
  

= [
1

𝐴(𝐾+𝛾𝑛𝑜)
] [𝑖(𝑡) +

1

𝜏𝑆
∫ 𝑖(𝑢)𝑑𝑢
𝑡

0
]      (2.31) 

Using equation (2.30) 

𝜏𝑠 =
𝜃𝑜 ∫ 𝐽(𝑢)𝑑𝑢

∞
0

𝐾+𝛾𝑛𝑜
=

∫ 𝐽(𝑢)𝑑𝑢
∞
0

𝐾−+𝐾+𝛾𝑛𝑜
.      (2.32) 

We now have a physical expression for 𝜏𝑠 , which indeed has the physical 

meaning of the average dwelling time of protein on the surface of electrode. 

For 𝑡 ≪ 𝜏𝑠 , the first term is dominant and the condition for our method of 

finding the dissociation constant will work well.   

𝑞(𝑡)~ [
1

𝐴(𝐾+𝛾𝑛𝑜)
] 𝑖(𝑡)        (2.33) 

or 

𝑖(𝑡)~𝐴(𝐾+𝛾𝑛𝑜)𝑞(𝑡)        (2.34) 
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2.3.3  System with multiple biomolecules 

𝑖(𝑡)~𝐴∑ 𝑛𝑜,𝑖𝐾+,𝑖𝛾𝑖𝑞𝑖(𝑡 − 𝑡𝑜𝑖)𝑖    where  𝑡𝑜𝑖 =
4𝐿2

𝐷𝑖
  (2.35) 

In the case of a first-order reaction: 

𝐿𝑖𝑔𝑎𝑛𝑑 + 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 ↔ 𝑃𝐿𝑐𝑜𝑚𝑝𝑙𝑒𝑥  

𝐾𝐷 =
𝑛𝐿 𝑛𝑃

𝑛𝐶
  

where 𝑛𝐿 , 𝑛𝑃 , 𝑛𝐶 represent the equilibrium concentration of the ligand, protein, 

and protein-ligand complex, respectively. 

Assuming all 𝑡𝑜𝑖  are short compared to the timing resolution of the 

measurement system, equation (2.35) can be approximated as 

𝑖(𝑡)~𝐴[𝑛𝑜,𝑃𝐾+,𝑃𝛾𝑃𝑞𝑃(𝑡) + 𝑛𝑜,𝐿𝐾+,𝐿𝛾𝐿𝑞𝐿(𝑡) + 𝑛𝑜,𝐶𝐾+,𝐶𝛾𝐶𝑞𝐶(𝑡)]           (2.36) 

Before the reaction, the initial protein and ligand concentrations are assumed 

to be x and y, respectively.  After the equilibrium is reached, we have 

𝑛𝑜,𝑃 = 𝑥 − 𝑧,     𝑛𝑜,𝐿 = 𝑦 − 𝑧,     𝑛𝑜,𝐶 = 𝑧    

𝐾𝑑 =
(𝑥−𝑧)(𝑦−𝑧)

𝑧
       (2.37) 

Solving z from (2.37), 

𝑛𝑜,𝑐 = 𝑧 =
(𝑥+𝑦+𝐾𝑑)−√(𝑥+𝑦+𝐾𝑑)2−4𝑥𝑦

2
  0 ≤ 𝑧 ≤ 𝑚𝑖𝑛(𝑥, 𝑦) (2.38-A) 

𝑛𝑜,𝑝 = 𝑥 − 𝑧 =
(𝑥−𝑦−𝐾𝑑)+√(𝑥+𝑦+𝑑)

2−4𝑥𝑦

2
      (𝑖𝑓 𝑦 ≠ 0)  (2.38-B) 

𝑛𝑜,𝑝 = 𝑥    (𝑖𝑓 𝑦 = 0)  

𝑛𝑜,𝐿 = 𝑦 − 𝑧 =
(𝑦−𝑥−𝐾𝑑)+√(𝑥+𝑦+𝑑)2−4𝑥𝑦

2
     (𝑖𝑓 𝑥 ≠ 0)  (2.38-C) 

𝑛𝑜,𝐿 = 𝑦    (𝑖𝑓 𝑥 = 0)  
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Substituting (2.38) into (2.36) 

𝑖(𝑡)~𝐴{

[(𝑥 − 𝑦 − 𝐾𝑑) + √(𝑥 + 𝑦 + 𝐾𝑑)2 − 4𝑥𝑦]𝐺𝑝(𝑡) +

[(𝑦 − 𝑥 − 𝐾𝑑) + √(𝑥 + 𝑦 + 𝐾𝑑)2 − 4𝑥𝑦]𝐺𝐿(𝑡) +

[(𝑥 + 𝑦 + 𝐾𝑑) − √(𝑥 + 𝑦 + 𝐾𝑑)2 − 4𝑥𝑦]𝐺𝑐(𝑡)

}           (2.39) 

To obtain 𝐾𝑑, we can try the following special cases for x and y:   

By adding the same amount of protein and ligand to the buffer (i.e. x=y)  

𝑖(𝑡)|𝑦=𝑥≠0~𝐴

{
 
 

 
 [(−𝐾𝑑) + √𝐾𝑑

2 + 4𝑥𝐾𝑑] 𝐺𝑝(𝑡) +

[(−𝐾𝑑) + √𝐾𝑑
2 + 4𝑥𝐾𝑑] 𝐺𝐿(𝑡) +

[(2𝑥 + 𝐾𝑑) − √𝐾𝑑
2 + 4𝑥𝐾𝑑] 𝐺𝑐(𝑡)}

 
 

 
 

             (2.40-A) 

By adding a fixed amount of protein and twice the amount of ligand to the 

buffer (i.e. y=2x):  

𝑖(𝑡)|𝑦=2𝑥≠0~𝐴{

[(−𝑥 − 𝐾𝑑) + √(3𝑥 + 𝐾𝑑)2 − 8𝑥2]𝐺𝑝(𝑡) +

[(𝑥 − 𝐾𝑑) + √(3𝑥 + 𝐾𝑑)2 − 8𝑥2]𝐺𝐿(𝑡) +

[(3𝑥 + 𝐾𝑑) − √(3𝑥 + 𝐾𝑑)
2 − 8𝑥2]𝐺𝑐(𝑡)

}          (2.40-B) 

By adding only protein to the buffer without ligand (i.e. y=0):  

𝑖(𝑡)|𝑦=0~𝐴𝑥𝐺𝑝(𝑡)                 (2.40-C) 

By adding only ligand to the buffer without protein (i.e. x=0):  

𝑖(𝑡)|𝑥=0~𝐴𝑦𝐺𝐿(𝑡)                 (2.40-D) 

As a result, the dissociation constant 𝐾𝑑  can be obtained by solving the 

equations above. 

 

2.4  Summary 
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The mechanism for protein movement in a microfluidic channel is illustrated 

in this chapter, and a physical model is derived to analyze the signal generated by 

biomolecules. 

Part of this chapter is a reprint of the material as it appears in Scientific Reports 

2016. Tiantian Zhang, Ti-Hsuan Ku, Yuanyuan Han, Ramkumar Subramanian, 

Iftikhar Ahmad Niaz, Hua Luo, Derrick Chang, Jian-Jang Huang, Yu-Hwa Lo. 

Transient Induced Molecular Electronic Spectroscopy (TIMES) for study of protein-

ligand interactions. Scientific Reports, 6, 35570, 2016. The dissertation author was the 

first author of this paper.   
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Chapter 3 Experimental Setup 

 

 

In chapter 3, the fabrication process of microfluidic lab-on-a-chip devices will 

be discussed, and a detailed experimental setup of the TIMES system will be 

presented.  

 

3.1  Design of Experiment 

To create a flux of protein molecules towards the electrode, we designed a 

microfluidic device to produce a concentration gradient along the height of the channel. 

In our TIMES setup (Figure 3.1), the microfluidic channel has two inlets, one for the 

buffer solution and the other for introducing the molecule of interest (i.e. protein 

molecule or mixtures of protein and ligand), and one outlet.  

Along the microfluidic channel there are gold electrodes connected to an 

external amplifier circuit. The signal of biomolecules at the electrode induces an 

electric current that is amplified and converted into a voltage signal by a 
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transimpedance amplifier (TIA). After converting the analog signal to digital signal 

through an analog-to-digital converter (ADC), one can record the real-time signal 

originated from the field-induced dipole orientation of the molecules. In the test 

system, the protein is the only macromolecule that possesses a large dipole moment, 

and all other ions in the buffer move around the protein to minimize the free energy 

of the system. Hence the detected signal is primarily produced by the protein or 

protein-ligand complex near the electrode. Although in many cases the ligand 

molecular weight could be significantly less than the protein molecular weight, the 

formation of the protein-ligand complex can alter the 3D configuration of the protein 

molecule, thus changing the dipole moment and charge distribution appreciably. The 

TIMES method monitors the native protein ligand interactions requiring no 

immobilization or labelling and with high temporal resolution.  
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(a)            

(b)  

Figure 3.1:  Experiment design[38]. (a) 3D view of the TIMES setup 

consisting of a PDMS-based microfluidic channel with gold electrodes and a low-

noise TIA circuit. (b) A schematic side view of laminar flow in the microfluidic 

channel, and the measurement and recording circuit system.  

  



 

 

31 

3.2  Fabrication of Microfluidic Lab-on-chip Devices 

We combined the PDMS soft lithography technique and thin film fabrication 

method to complete the device. The experimental setup will also be discussed. The 

design of the microfluidic device layout was done using AutoCAD software, and 

printed on a photomask. 

3.2.1  Electrode: Thin Film Deposition 

The microfluidic device was fabricated on a 1-mm thick glass slide (VWR). 

Before fabrication, the glass slide was cleaned in acetone, methanol and Isopropyl 

alcohol (IPA) sequentially with sonication. A thin layer of NR-1500PY (Futurrex, 

USA) photoresist was spun on the glass slide for 40 seconds at 4000 rpm. After a 1.5 

minute soft bake at 150°C, the glass slide was exposed and patterned under UV light 

with an intensity of 11 mW/cm2 for 1 minute (MA6 Karl Suss Mask Aligner). The 

exposed glass slide was then post baked at 100°C for 1.5 minutes, followed by RD6 

developer immersion for 6-10 seconds. 

After lithographic patterning of the photoresist, 100 nm thick titanium and 200 

nm gold layers were deposited by sputtering (Denton Discovery 18, Denton Vacuum, 

LLC), followed by the lift-off process in acetone. The fabricated Ti/Au pattern has a 

sensing area of 1 x 1 mm2, and the electrode pattern is extended outside of the channel 

for wire connection by soldering. 

3.2.2  Microfluidic Channel: Mold Fabrication  
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The SU8 mold was fabricated on a 4-inch Si wafer. After the standard wafer 

cleaning process, a layer of 30 m thick SU8-2050 (Microchem) photoresist was spun 

on the silicon wafer for 30 seconds at 3000 rpm. The soft bake includes a 3 minute 

bake at 65 °C, followed by ramping up the hot plate to 95 °C, 5 minutes baking at 95 

°C, and then cooling down to room temperature. The as-baked wafer was exposed 

under a mask aligner for 14 seconds, and post baked at 95 °C for 5 minutes. After the 

wafer was cooled down to room temperature, SU8 developer was used to clean the 

unexposed resist. For the purpose of being used as mold, a hard bake procedure is 

required for the patterned SU8 to increase the bonding between SU8 photoresist and 

silicon wafer. The wafer was placed on a hotplate for at least 30 minutes at 150 °C, 

and cooled down to room temperature gradually. The Dektak was used to measure the 

thickness of SU8, which is normally 30 m. 

3.2.3  Bonding of PDMS Microfluidic Device 

Uncured polydimethylsiloxane (PDMS, Sylgard 184 Dow Corning) was 

poured onto the SU8 mold and cured in a 65 °C oven for 4 hours. After curing, the 

PDMS was cut off and peeled from the mold, and holes were punched in the PDMS 

to form inlets and outlets. Then the PDMS and the glass slide with patterned electrodes 

were both treated with UV ozone before they were aligned and bonded together. 
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Figure 3.2:  TIMES device fabrication. 
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3.3  Measurement System Setup 

To facilitate electrical measurement, the sensing pad was extended and 

connected to a transimpedance amplifier (SR570 from Stanford Research System, 

Inc). The amplifier has the ability to amplify and filter the signal, and give a low noise 

output signal. The analog output signal was digitized by a DAQ board (National 

Instrument USB-6251), recorded, digitally filtered and plotted in real time on a 

computer with Signal Express.  

Before testing, the microfluidic channel was washed and filled with a buffer 

via one of the inlets. Reacted protein and ligand molecules in a buffer solution are 

introduced into the microchannel by a syringe pumps. When the molecules reach the 

electrodes within a Debye length, a current signal is produced due to the charge and 

dipole moment change. After each test, the channel was again washed by the buffer, 

which refresh the electrode and prepare the setup for another measurement. Each test 

only takes few seconds, which could be used to produce data rapidly. The device is 

highly reusable, cutting the cost down economically. 

In the beginning of test, the microfluidic channel is first filled with a buffer 

through an inlet. Then one of the inlets is replaced with a protein (or other biomolecule 

of interest) laden buffer to fill up the channel, as shown in Figure 3.3.  Then the syringe 

pump that drives the protein flow is stopped and the other syringe pump driving the 

buffer is turned on to wash the channel. The above procedure completes the 

conditioning of the system before testing, leaving a liquid interface between protein 

and buffer solution near the input of the channel, as shown in Figure 3.3(c). To start 
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the experiment, the flow of the buffer is stopped and the protein laden solution flows 

through the microfluidic channel (Figure 3.3(d)).  

For samples that contain both protein and ligand molecules, the samples are 

set aside for 3 hours before testing to ensure the reaction has reached the equilibrium 

state. All the measurements are conducted at room temperature, and each test is 

repeated three times to confirm repeatability. After each test, the device is washed with 

the buffer to remove any biomolecule residues in the microfluidic channel or on the 

electrode surface. 
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Figure 3.3:  The top view of a microfluidic channel and the experimental work 

flow for channel conditioning, protein loading, and testing[38].  

  

(b) 

(c) 

(d) 

(a) 
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3.4  Summary 

The device fabrication and experiment setup is presented in this chapter. In 

the next chapter, we will use these devices and this experimental method to measure 

the biomolecular signal. 

Part of this chapter is a reprint of the material as it appears in Scientific Reports 

2016. Tiantian Zhang, Ti-Hsuan Ku, Yuanyuan Han, Ramkumar Subramanian, 

Iftikhar Ahmad Niaz, Hua Luo, Derrick Chang, Jian-Jang Huang, Yu-Hwa Lo. 

Transient Induced Molecular Electronic Spectroscopy (TIMES) for study of protein-

ligand interactions. Scientific Reports, 6, 35570, 2016. The dissertation author was the 

first author of this paper.   
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Chapter 4 Using TIMES Method to 

Detect Biomolecules 

 

 

In this chapter, the TIMES system is used to measure the electronic signal from 

protein, ligand and DNA. Also, the binding feature of several pairs of protein and 

ligand interactions will be presented. The dissociation constant will be calculated 

using the theoretical model which was demonstrated previously, with the dynamic 

range covering nanomolar to milimolar. 

 

4.1  TIMES Signal from Biomolecules 

Using the technique described in the previous chapter, we first measured the 

TIMES signal produced by two different kind of biomolecules for comparison: protein 

and DNA.  
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Thermolysin is a 34.6KD thermostable metalloproteinase produced by the 

Gram-positive bacteria Bacillus thermoproteolyticus. It preferentially cleaves at the 

N-terminus of the peptide bonds containing hydrophobic residues such as leucine, 

isoleucine, and phenylalanine[49]. At neutral buffer environment (pH=7.4), 

thermolysin carries a net charge of -10e, and a dipole moment of 547D. Before testing, 

we dissolve 500nM thermolysin into 5mM pH=7.4 Tris-HCl buffer, and fill the 

microchannel with the same buffer. To start the test, we flow the thermolysin into the 

channel, and read the real time signal from Labview. After noise filtering, the signal 

is plotted in Figure 4.1(a). We noticed that even this protein carries a negative charge 

in this buffer condition; it produced a positive TIMES signal which is about 500pA. 

In comparison, we tested a 58bp aptamer with sequence 5’-GTC TCT GTG TGC GCC 

AGA GAA CAC TGG GGC AGA TAT GGG CCA GCA CAG AAT GAG GCC C-

3’. The signal of this aptamer is shown in Figure 4.1(b), which is -500pA. 

According to the theory described in Chapter 2, TIMES signals produced by 

nucleic acids should be negative due to the negative charge carried in the sugar 

backbone of nucleic acids while the TIMES signal produced by proteins can be more 

complicated since proteins carry both (a small amount of) net charge and a relatively 

large dipole moment. While the charge polarity of a molecule is fixed and independent 

of the orientation of the molecule, the dipole moment is reoriented with the molecule 

to minimize the free energy under an external electric field.  Given the Zeta potential 

between the gold electrode and the buffer solution, the TIMES signal due to the dipole 

orientation of the protein is always expected to be positive (i.e. reducing the total free 
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energy). The above statements suggest that negatively charged nucleic acids produce 

negative TIMES signals and proteins produce positive TIMES signals provided the 

dipole moment is the main contributor to the signal. These statements are 

experimentally confirmed from the measured TIMES signal in Figure 4.1. 

To rule out other possible artifacts that might induce the signal, we conducted 

negative control experiments in Figure 4.2. By introducing Tris-HCl buffer into a Tris-

HCl buffer filled channel, the absence of any detectable signal (Figure 4.2(a)) assures 

that no signal was produced by any artifact such as temperature gradient or flow-

induced shear stress. By creating a reverse concentration gradient experiment 

involving prefilling the channel with 500nM thermolysin and flowing 5mM Tris-HCl 

buffer into 500nM thermolysin to drive the protein away from electrode, we observed 

the polarity of the TIMES signal was also reversed (Figure 4.2(b)).  
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(a)  

(b)  

Figure 4.1:  TIMES signal produced by 500nM thermolysin (a) and 100nM 

aptamer (b) in 5mM Tris-HCl buffer.[38] 
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(a)  

 

(b)  

Figure 4.2:  Control experiments. (a) Flow protein-free 5 mM Tris-HCl buffer 

into the same buffer. (b) Fill the channel with 500nM thermolysin in 5 mM Tris-HCl 

buffer, then flow protein-free 5 mM Tris-HCl buffer into the microfluidic channel to 

drive the protein away from the electrode. 
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4.2  TIMES Signal from the Binding between Biomolecules 

As a proof of concept, we have used TIMES signals to find the dissociation 

constant of several protein-ligand interactions from non-enzymatic and enzymatic 

protein molecules. The related properties including molecular weight, net charge, and 

dipole moment are shown in Table 4.1. 

4.2.1  Trypsin and p-aminobenzamidine (p-ABA) 

Trypsin is a serine protease that hydrolyzes proteins in the vertebrate digestive 

system[50]. TIMES signals were measured by adding different amounts of p-

aminobenzamidine (p-ABA) to the trypsin solution (Figure 4.3(a)). What’s 

particularly intriguing is that samples with different amounts of p-ABA generate 

TIMES signals that are markedly different from the trypsin signal, indicating that 

formation of trypsin/p-ABA complex can appreciably alter its charge distribution and 

dipole moment even though p-ABA is a much smaller molecule than trypsin.  

By measuring the TIMES signals produced by different ratios of trypsin and 

p-ABA in the mixtures, we can follow the theory we developed in Chapter 2 to find 

the impulse response or Green’s function 𝑞(𝑡) for the protein-ligand complex as well 

as the reaction dissociation coefficient KD at each time point, as shown in Figure 4.3(b). 

The spikes in the plot of KD vs time are caused by noise in the experiment. Those 

spikes are outliers in the histogram plot of KD in Figure 4.3(c), and we use the most 

likely value in the histogram to be the value of KD, which is found to be 34.7 μM. This 

histogram can produce not only the value of KD but also the quality of the measurement, 

since a reliable measurement should yield a tight distribution of the KD value. In other 
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words, in one single set of measurements, we essentially measure KD 1000 times over 

a duration of 1 s at a sampling rate of 1000 s−1. 

Three repeated runs were performed, and the averaged value agrees with the 

reported KD from literature[51, 52], as shown in Table 4.2. The minor difference could 

be due to different buffers and pH value in different experiments (we have used 5mM 

Tris-HCl buffer at pH=7.4). The tests were also performed in Hepes buffer and Mops 

buffer under the same temperature and pH, with results shown in Appendix A. 
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Table 4.1:  Molecular weight, carried charge and calculated dipole moment 

of proteins and ligands.  

Biomolecule 
Molecular 

Weight (D) 

Charge 

(e) 

Dipole 

(μ/D) 

trypsin 24.4K 6 353 

p-ABA 135 2 3.28 

thermolysin 34.6K -10 547 

phosphoramidon 543 -2 3.71 

lysozyme 14.3K 5 183 

NAG 221 0 2.26 

(NAG)3 627 0 4.63 

 

A more complete list of dipole moments of protein can be found in Protein 

Dipole Moments Server (http://dipole.weizmann.ac.il/) and Pitt Quantum Repository 

Molecular Database (https://pqr.pitt.edu/). 
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(a)  

(b)  

(c)  

Figure 4.3:  TIMES signals with different ratios of trypsin and p-ABA 

concentrations[38]. (a) Signals from100 μM trypsin mixed with 0, 50, 100, and 200μM 

of p-ABA. (b) The calculated equilibrium dissociation constant KD from TIMES 

signals. (c) Histogram of KD for trypsin and p-ABA reaction  
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Table 4.2:  Summary of measured dissociation constants of trypsin and p-

ABA from TIMES method and references. 

Buffer TIMES Measured KD Previous Reported KD 

5mM Tris-HCl 35 μM 

12 μM[51] 

 

19 μM[52] 

5mM Hepes 55 μM 

5mM Mops 31 μM 
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4.2.2  Thermolysin and Phosphoramidon 

The second pair we tested is thermolysin and phosphoramidon. Thermolysin, 

as discussed before, is an enzymatic protein. Phosphoramidon was isolated from 

Streptomyces tanashiensi, which inhibits thermolysin specifically.  

Using the same analogy, we have obtained the TIMES signals as shown in 

Figure 4.4(a), with KD calculated in Figure 4.4(b, c) to be 33.1nM. Repeated 

experiments showed the averaged KD value to be 32.1nM, which is in excellent 

agreement with the reported values[49, 53] (as shown in Table 4.3). The tests were 

also performed in Hepes buffer and Mops buffer under same temperature and pH, with 

results shown in Appendix A. 
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(a)  

(b)  

(c)  

Figure 4.4:  TIMES signal from thermolysin and phosphoramidon[37]. (a) 

Signals from 300nM thermolysin mixed with 0, 150, 300, and 600nM of 

phosphoramidon. (b) The calculated dissociation constant KD from TIMES signals. (f) 

Histogram of KD.  
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Table 4.3:  Summary of measured dissociation constants of thermolysin and 

phosphoramidon from TIMES method and references. 

Buffer TIMES Measured KD Previous Reported KD 

5mM Tris-HCl 32.1 nM 

23 nM[49] 

 

28 nM[53] 

5mM Hepes 31.6 nM 

5mM Mops 19.8 nM 
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4.2.3 Lysozyme and two ligands 

Next, we will continue to demonstrate the TIMES method by the by measuring 

the dissociation constant of a protein, lysozyme[54-56], with N-acetyl-D-glucosamine 

(NAG)[56-59] and its trimer, N, N′, N″-triacetylchitotriose (NAG3)[60, 61] ligands, 

and showing that the dissociation coefficient of protein−ligand complex made of the 

same type of molecule can differ by three orders of magnitude. 

From the results in Figure 4.5, the dissociation constant for lysozyme and NAG 

is 12.59mM. The experiment was repeated three times, and the averaged dissociation 

constant estimated from TIMES is summarized in Table 4.4, which also includes 

previously published values[57, 62, 63] for comparison. The large dissociation 

constant suggests that the binding between lysozyme and NAG is very weak.  

The binding can be strengthened significantly by using the trimer of NAG, as 

shown in Figure 4.6. The histogram shows that the value of the dissociation constant 

between lysozyme and (NAG)3 is 39.81 μM, which is nearly three orders of magnitude 

lower than the value between lysozyme and NAG. The measured value is found to be 

close to the reported value by other detection methods[61, 64] (Table 4.4). 
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(a)  

(b)  

(c)  

Figure 4.5:  Binding between lysozyme and NAG, tested in 1× PBS buffer pH 

= 7.4 by TIMES[39]. (a) Current vs time; (b) Calculation of KD; (c) Histogram of KD.  
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(a)  

(b)  

(c)  

Figure 4.6:  Binding between lysozyme and (NAG)3, tested in 1× PBS buffer 

pH = 7.4 by TIMES[39]. (a) Current vs time; (b) Calculation of KD;  (c) Histogram of 

KD.  
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Table 4.4:  Summary of measured dissociation constants of lysozyme with 

NAG and (NAG)3, respectively, from TIMES method and references.[39] 

Ligand 

KD 

TIMES method Literature 

NAG 12.59 mM 16 mM[57], 24 mM[62], 7 mM[63] 

(NAG)3 39.81 μM 39 μM[61], 38.3 μM[64], 19.6 μM[61] 
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4.3  Summary 

By observing the TIMES signal waveform, one realizes that the signals 

produced by protein and protein−ligand appear to be obviously different even though 

the size, molecular weight, and dipole moment of ligand molecule are orders of 

magnitude smaller than those of protein. A reasonable explanation for why a protein 

bound with a small ligand can produce significant change in the TIMES signal is that 

ligand binding can alter the folding and/or orientation of the protein. We will present 

atomistic simulations to elucidate this point in the next chapter. 

Portions of this chapter is a reprint of the material as it appears in Scientific 

Reports 2016. Tiantian Zhang, Ti-Hsuan Ku, Yuanyuan Han, Ramkumar 

Subramanian, Iftikhar Ahmad Niaz, Hua Luo, Derrick Chang, Jian-Jang Huang, Yu-

Hwa Lo. Transient Induced Molecular Electronic Spectroscopy (TIMES) for study of 

protein-ligand interactions. Scientific Reports, 6, 35570, 2016. The dissertation author 

was the first author of this paper.  

Portions of this chapter is a reprint of the material as it appears in ACS Central 

Science 2016. Tiantian Zhang, Tao Wei, Yuanyuan Han, Heng Ma, Mohammadreza 

Samieegohar, Ping-Wei Chen, Ian Lian, Yu-Hwa Lo. Protein-Ligand Interaction 

Detection with a Novel Method of Transient Induced Molecular Electronic 

Spectroscopy (TIMES): Experimental and Theoretical Studies. ACS Central Science, 

2 (11), 834–842, 2016. The dissertation author was the first author of this paper. 
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Chapter 5 Simulation of Biomolecular 

Response on TIMES Sensor 

 

 

The electric signal arises from molecular interactions with the electrode 

surface and is affected by external hydraulic forces and surface fouling due to protein 

adsorption. To further investigate the mechanism, we use both experiments and 

computational fluid dynamics (CFD) computations in this chapter. To interpret the 

surface’s electric response at the molecular level, hybrid atomistic simulations are also 

employed in this chapter. 

 

5.1 Computational Fluid Dynamic Calculation 

5.1.1  Mechanism of CFD Calculation 
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CFD computation is performed with a fluid dynamics model, which consists 

of diffusion, fully-developed laminar flow convection and surface reactions. Protein-

surface interactions are generally significantly stronger than protein-protein 

interactions, e.g. the lysozyme-Au(111) surface binding free energy (～ 59 kT) 

measured from the potential of the mean field profile by the umbrella sampling 

method[65], which will be reported in our future publication, compared to lysozyme-

lysozyme interaction energy (～0.93 kT) incorporating the hydration and ions effects 

implicitly through the Debye-Hückel theory[66]. Due to the strong surface-protein 

interactions, it is conceived that the substrate gold surface is covered with a layer of 

tightly adsorbed proteins and then floppy multilayer adsorption is built up. To simplify 

the analysis, we adopt a Langmuir adsorption model, in which the effect of surface 

jamming limited packing is incorporated and only the first-layer adsorption is 

considered (see Equation 5.2). Most of the previous studies[67-69] focused on the 

steady-state adsorption behavior inside a microfluidic channel involving surface 

adsorption or reaction, whereas in this work, particular emphasis is placed on the 

transition-state to interpret the result from TIMES experiments. The equations as well 

as the initial and boundary conditions are scaled in order to reveal the dimensionless 

parameters governing the system and to explain the general mechanism.  

The transport of lysozyme solution inside a microchannel is modeled with a 

mass transfer equation (Equation (5.1)), which includes convection and diffusion, 

coupled with surface adsorption (Equation (5.2)), 
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𝜕𝐶𝐴

𝜕𝑡
= 𝛻 ∙ (𝐷𝐴𝐵𝛻𝐶𝐴) − 𝑉 ∙ 𝛻𝐶𝐴      (5.1) 

𝑑𝐶𝐴
∗

𝑑𝑡
= 𝐾𝐴𝑑𝑠𝐶𝐴𝑆(𝐶𝐴(max.)

∗ − 𝐶𝐴
∗) − 𝐾𝐷𝑒𝑠𝐶𝐴

∗     (5.2) 

with lysozyme bulk concentration 𝐶𝐴, bulk solution concentration near the 

surface 𝐶𝐴𝑆, surface adsorption concentration 𝐶𝐴
∗ and maximum surface adsorption 

amount 𝐶𝐴(max.)
∗ . Due to large protein-surface binding free energy,  𝐾𝐷𝑒𝑠 is ignored in 

our computation to simplify the analysis. A fully developed laminar velocity profile is 

adopted. The microfluidic channel is initially filled with pure water before being 

flushed with protein solution of concentration (CA0). The governing equations, initial 

and boundary conditions in dimensional and scaled form, will be discussed next. 

COMSOL Multiphysics software (Version 5.1, COMSOL Inc. USA) is used to solve 

the partial differential equations. 
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Figure 5.1:  Schematics of a microfluidic channel for CFD computation. 

Protein solution of concentration, CA0 is injected into a microchannel of height, h. 
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The mass transfer equation, which consists of convection and diffusion, 

coupled with the surface adsorption are simplified in 2-dimension as shown in Figure 

5.1:  

𝑑𝐶𝐴

𝑑𝑡
+

𝑉𝑥⃗⃗⃗⃗ 𝑑𝐶𝐴

𝑑𝑥
=

𝐷𝐴𝐵𝑑
2𝐶𝐴

𝑑𝑦2
      (5.3) 

Here, 𝐶𝐴 is the protein concentration, 𝐷𝐴𝐵 is protein diffusivity and the fully 

developed laminar velocity profile is 𝑉𝑥⃗⃗  ⃗ = 6𝑈
𝑦

ℎ
(1 −

𝑦

ℎ
)  and  𝑈  is the averaged 

velocity. The adsorption and desorption from the biosensor surface are described by 

the Langmuir adsorption model: 

𝑑𝐶𝐴
∗

𝑑𝑡
= 𝐾𝐴𝑑𝑠𝐶𝐴𝑆(𝐶𝐴(max.)

∗ − 𝐶𝐴
∗) − 𝐾𝐷𝑒𝑠𝐶𝐴

∗    (5.4) 

where  𝐶𝐴
∗  is surface concentration,  𝐾𝐴𝑑𝑠 and 𝐾𝐷𝑒𝑠 are adsorption and 

desorption rate constants,  𝐶𝐴(max.)
∗  is maximum surface concentration and  𝐶𝐴𝑆 =

𝐶𝐴(𝑦 = 0). 

The boundary conditions and initial conditions are the following: 

BC. 1:   

at x = 0,    

𝐶𝐴 = 𝐶𝐴0        (5.5) 

BC. 2:   

at y = 0 and x > 0,  

𝐷𝐴𝐵
𝑑𝐶𝐴

𝑑𝑦
=

𝑑𝐶𝐴
∗

𝑑𝑡
= 𝐾𝐴𝑑𝑠𝐶𝐴𝑆(𝐶𝐴(max.)

∗ − 𝐶𝐴
∗) − 𝐾𝐷𝑒𝑠𝐶𝐴

∗   (5.6) 

BC. 3:  

at y = h and x > 0, 
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𝑑𝐶𝐴

𝑑𝑦
 = 0        (5.7) 

IC. 1: 

 at t = 0 and x > 0,  

𝐶𝐴 = 0         (5.8) 

IC. 2:  

at t = 0 and x > 0,  

𝐶𝐴
∗ = 0         (5.9) 

The dimensionless parameters listed in Table 5.1 are introduced to scale 

equations 5.3 to 5.9. 

The scaled form of the governing equation is, 

𝑑𝜃𝐴

𝑑𝜏
+ 6𝜂(1 − 𝜂)𝑃𝑒

𝑑𝜃𝐴

𝑑𝜁
=

𝑑2𝜃𝐴

𝑑𝜂2
     (5.10)  

The scaled form of the surface reaction is, 

𝑑𝜃𝐴
∗

𝑑𝜏
= 𝜀𝐷𝑎[𝜃𝐴𝑠 ∙ (1 − 𝜃𝐴

∗) − 𝐾𝐷𝜃𝐴
∗]      (5.11) 

The scaled form of the BCs and ICs are, 

BC. 1:  at    = 0,  𝜃𝐴 = 1      (5.12) 

BC. 2:  at  = 0, 
𝑑𝜃𝐴

𝑑𝜂
=

1

𝜀

𝑑𝜃𝐴
∗

𝑑𝜏
= 𝐷𝑎[𝜃𝐴𝑠 ∙ (1 − 𝜃𝐴

∗) − 𝐾𝐷𝜃𝐴
∗]  (5.13) 

BC. 3: at  = 1, 
𝑑𝜃𝐴

𝑑𝜂
= 0      (5.14) 

IC. 1: at  = 0, 𝜃𝐴 = 0       (5.15) 

IC. 2: at  = 0, 𝜃𝐴
∗ = 0       (5.16) 
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Table 5.1:  Definitions of Dimensionless groups. 

Dimensionl

ess 

Parameter 

Definition 

Dimensionl

ess 

Parameter 

Definitio

n 

𝜃𝐴 =
𝐶𝐴
𝐶𝐴0

 
Concentrati

on 
𝑃𝑒 =

𝑈ℎ

𝐷𝐴𝐵
 

Péclet  

number 

𝜃𝐴
∗ =

𝐶𝐴
∗

𝐶𝐴(max.)
∗  

Surface 

concentration 

𝐷𝑎

=
𝐾𝐴𝑑𝑠𝐶𝐴(max.)

∗ ℎ

𝐷𝐴𝐵
 

Damköhl

er number 

ζ =
x

h
 

Channel 

Length 
𝐾𝐷 =

𝐾𝐷𝑒𝑠
𝐶𝐴0𝐾𝐴𝑑𝑠

 
Equilibri

um constant 

η =
y

h
 

Channel 

Height 
𝜀 =

𝐶𝐴0ℎ

𝐶𝐴(max.)
∗  

Relative 

concentration 

𝜏 =
𝐷𝐴𝐵𝑡

ℎ2
 

Diffusion 

time 
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To analyze the effect of the surface reactions, convection and diffusion on the 

scaled surface flux (𝐹) in the transition state, dimensionless groups, the Damköhler 

number (𝐷𝑎), relative concentration between the bulk and the fully saturated surface 

(𝜀), and the Péclet number (𝑃𝑒) are introduced: 

𝐹 =
𝑑𝐶𝐴

𝑑𝑡
(

ℎ2

𝐷𝐴𝐵𝐶𝐴0
)       (5.17) 

𝐷𝑎 = 𝐾𝐴𝑑𝑠𝐶𝐴(max.)
∗ ℎ/𝐷𝐴𝐵      (5.18) 

𝜀 =
𝐶𝐴0ℎ

𝐶𝐴(max.)
∗          (5.19) 

𝑃𝑒 = 𝑈ℎ/𝐷𝐴𝐵         (5.20) 

with the initial concentration 𝐶𝐴0  of protein solution before entering the 

microchannel, the bulk protein concentration 𝐶𝐴  inside the microchannel, protein 

diffusion coefficient 𝐷𝐴𝐵 , microchannel height ℎ, adsorption rate 𝐾𝐴𝑑𝑠 , maximum 

surface adsorption amount 𝐶𝐴(max.)
∗ , and the average bulk velocity 𝑈. The reduced 

number 𝐷𝑎 represents the ratio of the surface reactions rate and the diffusion rate, and 

𝑃𝑒 stands for mass transfer rate ratio of convection and molecular diffusion. 

5.1.2  Comparison of CFD Computation and Experimental Test 

Result 

Figure 5.2 presents the measured induced currents under different flow rates. 

By changing the flow rate of lysozyme in the microfluidic channel, the shear stress is 

changed and so is the driving force to pull the protein away from the electrode. 

Therefore, we anticipate that the average dwelling time for a protein molecule on the 

electrode surface is reduced with increased flow rate, which is consistent with the data 
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in Figure 5.2(a). Different lysozyme concentrations are also examined as shown in 

Figure 5.2(b). By flowing different protein concentrations from 200 M to 800 M 

into the microfluidic channel, the signal intensity increases linearly with the 

concentration as shown in Equation 2.15 and then saturates as the concentration 

becomes very high. It is believed that the signal intensity saturation is caused by 

Coulomb repelling and steric hindrance of molecules near the electrode surface. In 

other words, the surface adsorption rate K+ in Equation 2.15 is no longer constant, but 

decreases with increasing molecular concentration. Finally, it is noted that all the 

temporal profiles of the TIMES signal (see Figure 5.2(a, b)) exhibit a similar 

characteristic waveform: starting with a fast increase in the signal intensity and 

followed by a decrease that often displays a negative overshoot before returning to the 

zero value. Such a general pattern of the waveforms suggests that the waveform 

follows the protein flux towards the electrode surface. Each time a protein reaches and 

leaves the electrode, the TIMES signal is produced.  
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Figure 5.2:  Experimental current measured by TIMES of different lysozyme 

flow rates(a) and the different concentrations from 200 M to 800 M (b).[39] 
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Figure 5.3(a) shows that when there is no protein adsorption (i.e., 𝐾𝐴𝑑𝑠 = 0 or 

𝐷𝑎 = 0), no negative overshooting occurs. As 𝐷𝑎 increases and the value of 𝑃𝑒 (=

5000) is fixed, both the intensities of flux peak and negative overshooting increase. 

The results suggest that the surface adsorption can enhance the mass flux towards the 

surface. When the surface adsorption amount goes beyond the threshold amount, the 

extra accumulated amount joins the bulk phase, which leads to the signal’s negative 

overshooting. Figure 5.3(c) presents the concentration effects on the scaled surface 

flux (𝐹) temporal profiles at different 𝐷𝑎 and 𝑃𝑒. Literature[67] shows 𝐷𝑎 can vary 

from the order of ～0.1 to ～10. If the surface fouling reaction is strong (e.g., 𝐷𝑎 =

20), at a constant 𝑃𝑒, the surface flux can be scaled by the concentration. However, 

for the weak surface fouling reactions (e.g., 𝐷𝑎 = 0.1 ), the surface flux is not 

proportional to the concentration increase and the flux reaches its maximum value and 

declines since the mass transport is limited by surface reactions. Figure 5.3(b) shows 

the effect of 𝑃𝑒 on the scaled flux at a constant 𝜀 and 𝐷𝑎. Here 𝑃𝑒 varies in the range 

of 102–104, which is the order of magnitude suggested by a previous study[67]. One 

can observe that when 𝑃𝑒 increases (i.e., higher flow speed), the period of transition-

state shortens, whereas flux intensity and overshooting phenomena become magnified. 

It indicates that strong convection can enhance mass transfer flux to the surface, due 

to the large concentration gradient normal to the surface. Our results demonstrate that 

the reduced-unit flux (Figure 5.3(b, c)) from CFD is qualitatively consistent with the 

experimental results of electric current (Figure 5.2). The similarity of their trends 

illustrates that TIMES electric signal is introduced in the transition state. It is also 
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noteworthy that the CFD simulation offers good explanations for the negative 

overshooting of the TIMES signal by attributing this phenomenon to protein 

adsorption kinetics. The overshooting of protein adsorption kinetics can also be visible 

in the previous experimental measurements[70] of lysozyme adsorption on the C16 

hydrophobic self-assembled surface (SAMs) by using total internal reflectance 

fluorescence (TIRF).  
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(a)  

 

(b)  

 

(c)  

 

Figure 5.3:  The temporal profiles of scaled flux (F) in CFD simulation as a 

function of dimensionless groups, Da,  and Pe (corresponding to (a), (b) and (c) 

respectively). The profile (a) is computed at (=40 and Pe=5000); the profile (b) is 

calculated at((=40 and Da=20); the profile (c) is at Pe=5000. [39] 
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5.2  Atomistic Simulation 

MD simulations are first carried out to simulate the solvation structures of 

lysozyme and lysozyme-NAG complex. Next, with the solvation structures, the 

adsorbed lysozyme and lysozyme-NAG complex are predicted by using hybrid 

MM/PBSA[71-75] and full-atom MD simulation according to our previously 

established protocol[76]. Previous studies[76-78] show that it is computationally 

expensive to perform full-atom MD simulations to predict protein adsorption in 

explicit water, and the simulation results are highly dependent on the protein initial 

orientation, due to the large molecular size and slow rotational motion. Therefore, we 

perform MM/PBSA to predict the initial orientation of lysozyme on the Au (111) 

surface at a fixed protein-surface distance by treating the protein as a rigid body in an 

implicit water environment. Then full-atom MD simulations are carried out to relax 

protein conformation on polarizable Au (111) surfaces. 

5.2.1 Simulation Setup 

MD simulations are performed with Gromacs software package (version 

4.6.5)[79] in NVT ensemble by using Charmm36 force field[80-82] for protein and 

NAG molecules, and tip3p water model. Lysozyme crystal structure (pdb code: 1AKI) 

is obtained from the protein data bank and is with a net charge of +8e at pH 7. The 

system is neutralized by adding Cl- ions. In addition, 40 pairs of Na+ and Cl- are added 

into the system to keep the ion concentration equal to 120 mM (same as PBS buffer). 

To obtain solvation structures, pure lysozyme and lysozyme-NAG complex are first 

equilibrated in water environment for 50 ns. 
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A two-step procedure is adopted to predict protein adsorption and consequent 

surface polarization. First, hybrid molecular mechanics/Poisson-Boltzmann Surface 

Area (MM/PBSA) computations[71-75] are performed to predict the protein initial 

orientation on the Au (111) surface based on protein binding free energy, which 

consists of protein-surface interactions and hydration or dehydration free energy, 

according to our previously established protocol[76] to serve as an initial value for the 

following MD simulations. In MM/PBSA, the solvated protein and protein-NAG 

complex are treated as rigid bodies respectively, and are rotated around their center of 

mass on the Au (111) surface (8.075  7.992 nm2) while fixing protein-surface 

minimum distances (i.e., 0.3 nm) to search for the most energetically favorable 

orientations. To simplify the computation in MM/PBSA, the non-polarizable Au 

surface parameters[83, 84] are used for the Au-protein and Au-water interactions. We 

also change the protein-surface distance to 0.26 nm, which is closer to the surface, and 

the same most top-ranking orientations for both pure protein and complex were 

identified from MM/PBSA. The surface tension of Au (111) (= 1.41 J/m2) is adopted 

from the literature report[84] in MM/PBSA computations. Second, a full relaxation of 

the initial adsorbed lysozyme and lysozyme-NAG configurations are performed with 

full-atom MD simulations for 30 ns with polarizable force field parameters[85] of Au 

(111) surfaces, which was developed by Walsh, et al. and account for the interactions 

between peptides or proteins and the induced surface image charges by introducing 

dummy atoms to form rigid-rod dipoles free to rotate around atomic sites. Surface 

atoms are aligned with periodic boundary image atoms in accordance with the gold 
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crystal lattice to mimic a large surface without boundary effects. Two repulsive walls 

are built on the top and bottom layers of the z-direction to confine solvent molecules. 

At the top of the gold surface, a water box of 7.6-nm height is built. 

5.2.2  Simulation Results 

MM/PBSA computations show that, before binding with ligand NAG, the 

lysozyme molecule most likely “lies down” with residues (Ile78-Asn93) contacting 

the gold surface, whereas the lysozyme-NAG complex most possibly “stands up” with 

residues (Asn65–Asn74) close to the Au (111) substrate surface. After 20-ns further 

relaxation with MD simulations, both protein and protein-ligand complexes undergo 

slight conformational changes. Figure 5.4(a, b) compare the final different 

conformations of the pure protein and the complex.  Consequently, their dipole 

moment directions are very different, leading to distinct gold surface polarization. For 

a pure lysozyme, the angle between the dipole moment vector and the positive Z-axis 

normal to the surface is 92.46±4.26 degrees, while for NAG-lysozyme, the angle is 

50.99±8.77 degrees.  

To characterize the gold surface polarization, the X-Y plane above the gold 

substrate above the top of the gold surface (8.075  7.992 nm2) is divided into 1717 

grids. At each grid point of the position 𝑟, the electric potential  (kJ mol-1 e-1) of gold 

surface’s image charges is calculated by summing up the coulombic interactions over 

all surface atoms N, 

∅ = 𝑓 ∑
𝑞𝑖

|�⃑�−𝑟𝑖⃗⃗⃗ ⃑|
𝑁
𝑖=1        (5.21) 
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with electric conversion factor f=138.935 kJ mol-1 nm e-2 and the surface atom 

i position 𝑟𝑖⃗⃗⃑ . The electric potential contour shows the overall effect of the protein’s 

charge distribution as well as all other contributions from the solvent environment, 

i.e., hydration water and ions. As shown in Figure 5.4(c, d), different contours of 

induced electric potential resulting from the gold substrate surface image charges are 

detected for the adsorbed pure lysozyme and lysozyme-NAG complex.  
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Figure 5.4:  Snapshots of lysozyme before (a) and after (b) binding with NAG 

on Au (111) surface, their corresponding contours (c, d) of induced gold surface 

electric potential ϕ on the X−Y plane above the surface of 0.3 nm. The area around 

atom #514−587 is indicated with red arrows.[39] 
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To further investigate the reason for different lysozyme adsorption orientations 

before and after ligand-binding, root mean square displacement (RMSD) of protein’s 

heavy backbone excluding hydrogen atoms (see Figure 5.5) is introduced to quantify 

protein structural stability. By using both MD simulation trajectories of lysozyme and 

NAG-lysozyme ligand, RMSD is computed after an optimal overlap[86], where each 

instantaneous structure is translated and rotated to superimpose the reference structure. 

From RMSD profile of pure lysozyme and NAG-lysozyme complex, one can observe 

that compared to the lysozyme solvation structure, lysozyme bounded with the NAG 

ligand displays smaller structural fluctuations, particularly around the area (atom # 

514-587) corresponding to the adsorption region (Asn65–Asn74) for the complex.  

Previous studies[76] showed that a gold surface has large surface energy. A 

protein’s slight structural rearrangement can affect the protein adsorption orientation 

due to the strong dehydration free energy of the gold surface[86]. It should be noted 

that for a lysozyme molecule, sulfur atoms are not exposed to the solvent environment. 

Therefore, the possibility of thio (Au-S) interaction between protein and gold surface 

can be excluded, particularly at the earlier stage when a protein molecule reaches the 

gold surface.  
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Figure 5.5:  RMSD profiles for pure lysozyme and lysozyme of the 

lysozyme−NAG complex solution structures. In this computation, the first 

conformation of the sampled trajectories was used as a reference. The area around 

atom #514−587 is indicated with red arrows. 
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5.3 Summary 

In this chapter, by comparing the simulation results with experimental results, 

it can be concluded that the binding of NAG results in the variance in lysozyme 

structural stability and hence affects protein dipole moment direction, which induces 

different electric responses as the detected TIMES signal. 

Portions of this chapter is a reprint of the material as it appears in ACS Central 

Science 2016. Tiantian Zhang, Tao Wei, Yuanyuan Han, Heng Ma, Mohammadreza 

Samieegohar, Ping-Wei Chen, Ian Lian, Yu-Hwa Lo. Protein-Ligand Interaction 

Detection with a Novel Method of Transient Induced Molecular Electronic 

Spectroscopy (TIMES): Experimental and Theoretical Studies. ACS Central Science, 

2 (11), 834–842, 2016. The dissertation author was the first author of this paper. 
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Chapter 6 Conclusion 

 

 

This chapter will provide a brief summary on the material presented in the 

dissertation and an outlook on the related research directions.  

 

6.1 Summary of Dissertation 

The current work presents the method of Transient Induced Molecular 

Electronic Spectroscopy (TIMES), which is capable of detecting protein-ligand 

interactions in aqueous phase without the need for surface immobilization and 

fluorescent labeling. The TIMES technique allows us to study the undisturbed 

interactions between protein and ligand. The method is established on the principle 

that protein-ligand binding can result in detectable changes in protein’s charge 

distribution and dipole moment even though the protein-ligand complex has nearly the 

same molecular weight and chemical makeup as the protein itself. We have 

mathematically formulated the physics of the signals to make the TIMES technique 
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not only a qualitative tool but also a quantitative method to analyze the protein 

interactions.  

The method has been characterized by experiment and physical computations. 

We have shown experimentally that the TIMES method can accurately measure the 

dissociation constant for protein and ligand pair interactions: trypsin and p-ABA, 

thermolysin and phosphoramidon, lysozyme and NAG, and lysozyme with NAG3. We 

demonstrated that TIMES method is capable of measuring dissociation constants from 

nano-molar to mili-molar. The theory presented here was further examined 

experimentally with different concentrations and flow rates of proteins in a 

microfluidic channel as well as theoretically by performing CFD and atomistic 

simulations. The CFD simulations suggest that attractive protein-electrode force and 

repulsive shear force in a microfluidic channel determine the surface flux of the 

protein, which gives the general waveform of the TIMES signal characterized by a 

positive peak followed by a negative overshoot before returning to the baseline. With 

the induced electrical signal from proteins dwelling on the electrode surface, we 

systematically investigated the effects of protein and ligand concentration and 

hydraulic shear stress on protein-ligand binding and proteins’ kinetic transport at the 

water-surface interface inside a microfluidic channel. The efficient hybrid MM/PBSA 

calculations and MD simulations predict the most probable adsorption orientations of 

protein and protein-ligand complex and the subsequent surface polarization. The 

results support our theory that protein configuration change due to ligand binding 
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contributes to the TIMES signal and enables the method to detect protein-ligand 

interactions and find the reaction dissociation constant.  

 

6.2 Outlook 

TIMES has shown great efficiency to detect the binding in a label-free and 

immobilization-free manner, and has potential to be developed in many ways: 

First of all, although we have focused our studies to protein-ligand interactions 

here, the technique and general principle of TIMES can be easily extended to study 

interactions of different kinds of molecules as an effective tool to characterize 

biomolecular reactions in conditions closest to their native environments. We 

anticipate that with further development, the TIMES method can be used to study 

protein folding, binding kinetics, protein-protein interaction, protein-aptamer 

interaction, and other properties important for drug discovery and protein chemistry. 

Second, in this dissertation we demonstrate the TIMES method for 

characterization of protein ligand interactions with a single binding site. More 

complicated systems involving multiple-ligand binding will be investigated in the 

future. 

Third, we have used TIMES system to measure the biomolecular reaction in 

steady state. However, the method may be easily applied for the study of kinetics of 

binding, by taking measurement at different points in time before the reaction reaches 

equilibrium state. 
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Forth, the SPR method has been proved to work for multiple kinds of materials, 

such as gold and graphene. On traditional TIMES system, the electrode material was 

limited to gold, due to its stability in electrolyte environment.  However, gold has very 

limited capability to be surface functionalized. The TIMES method has the potential 

to be developed with other kind of electrode materials which could have more 

flexibility to be functionalized with small molecules to become 

hydrophobic/hydrophilic, or positively/negatively charged, and generate an array of 

TIMES signals for each molecule.  

Moreover, by scaling down the electrode to nanometers during fabrication, 

combined with the improving of signal to noise ratio, TIMES method has a great 

potential to detect the waveform of single molecules.  
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Appendix A Supplementary Data 

 

The protein-ligand binding tests were also performed in Hepes buffer and 

Mops buffer under same temperature and pH as the Tris buffer shown in Chapter 4. 

The measurement results are shown below in Figure A.1 to Figure A.4. The measured 

dissociation constant values are summarized and compared with published values in 

Table 4.2 and Table 4.3. 
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Figure A.1:  TIMES signal in 5mM Hepes buffer for the binding of trypsin 

and p-ABA, with KD calculated to be 54.9μM. 
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 Figure A.2:  TIMES signal in 5mM Mops buffer for the binding of trypsin 

and p-ABA, with KD calculated to be 30.9μM. 
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Figure A.3:  TIMES signal in 5mM Hepes buffer for the binding of 

thermolysin and phosphoramidon, with KD calculated to be 27.0nM. 
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Figure A.4:  TIMES signal in 5mM Hepes buffer for the binding of 

thermolysin and phosphoramidon, with KD calculated to be 19.1nM. 
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