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Abstract 

Developing miniature instrumentation for biosensing has attracted an extensive interest due to the 

demand for selective and sensitive detection of multiple targets at extremely low concentrations 

with exceedingly small sample volumes. Micro/nano mechanical sensors, such as microcantilevers 

(MCL), are highly sensitive to mechanical interactions such as force, stress and mass change. 

Mechanical forces originated from physical and chemical interactions are fundamental in 

biological process from cellular to molecular scale. MCL sensors with comparable size with cells 

and biomacromolecules, are sensitive, rapid and reliable transducer platforms for biosensing 

applications. However, the challenge in developing biosensors lies the specificity and 

reproducibility. Thus, we focus on optimizing the interfaces of the micro/nanomechanical sensors 

and exploring new detection methodologies, aiming to reduce non-specific surface binding, 

improve intrinsic sensor performance and monitor biological process in real-time. By monitoring 

the micro/nanomechanical property variations using microelectromechanical (MEMs) devices, the 

thermodynamic and nanomechanical properties of biological processes can be determined.  

In this thesis, we have developed MCL-based biosensors for various applications including whole 

cell recognition, protein folding detection, neurotransmitter monitoring and DNA melting 

measurement. With optimized sensing layers, the MCL-based sensors are capable to distinguish 

targets with varied dimensions from micrometers to sub-nanometers. Surface stress induced via 

cell binding, conformational change, and molecular displacement are observed and quantified. 

With a microfluidic cantilever, the mechanical property of biofluid can be monitored with confined 
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sample volume. Other sensor platforms such as electrical impedance spectroscopy (EIS) and 

surface plasmon resonance (SPR) are also used for sensing layer optimization and validation.  

We reviewed and compared MEMs systems which allow measurement of stress/force, mass 

change/displacement for fluidic samples. We have developed pathogen sensors with a limit of 

detection (LOD) of 1 cell per µL with high selectivity based on antimicrobial peptides (AMPs) 

functionalized micromechanical devices. The protonation/deprotonation induced protein 

conformational change with different pH condition is also analyzed using MCL sensor. A 

conjugated polymer system is designed for dopamine detection with LOD down to the picomolar 

range and this system is capable to recognized dopamine from coexisting molecules and structural 

analogs. We also employed a microfluidic cantilever for measuring the melting temperature of 

DNA samples and the viscosity change with the melting process. This study provides a novel 

approach for monitoring micromechanical properties change of biological interactions in real-time 

with confined sample volume. By monitoring the mechanical property change, the thermodynamic 

and micromechanical variation of the DNA melting process has been analyzed. 

Mechanical interactions as one of the fundamental physical properties of biology can be quantified 

with MCL sensor platforms. Interfacial optimization and novel sensor design such as hollow 

channel microfluidic cantilevers can improve the selectivity and sensitivity of the sensors and 

providing further understanding of the micromechanical properties involved in biological 

processes. Future work will be continued on continued understanding of analyte-sensor 

interactions; improving the selectivity of the sensor in complexed samples; increasing the sensor 

stability under harsh sensing environment and minimizing the sensor volume.   
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Chapter 1. Introduction 

The biosensor has been used by humans for a long time. The first biosensors were small 

animals, whose behavior was observed as a sign of climate change or earthquakes or, in 

the case of a canary in a coalmine, to warn of the existence of toxic gas. Many of today's 

biosensor applications are similar; they use bioagents to respond to substances or a physical 

characteristic like vibration or electrical charges at much lower concentrations than humans 

can sense. 

A biosensor is an analytical device that combines a biological component with a 

physicochemical detector.1 There are three major elements for a biosensor (Figure 1.1). 

The first is a layer of biomolecules which can bind or interact with sample molecules and 

which serves as the recognition element. This sensing layer defines the specificity of the 

sensor. These sensing layers can respond specifically to targets ranging from peptides and 

enzymes up to whole cells and microorganisms.2 The second element is a physical 

transducer, a solid-state device which is able to detect the interaction between the sensing 

layer and the sample molecules. The biological interaction is then transduced into a 

convenient electronic signal for further processing. The third element is a biosensor reader 

device which usually processes the signal from the sensing layer and transducer and 

presents it in a user-friendly way. The readers are usually custom-designed and 

manufactured to suit the different working principles of biosensors.3,4  



2 

 

 

 

Figure 1.1 Schemes of biosensors: an analytical device combines a biological component 

with a physicochemical detector. There are three major elements of a biosensor: a sensing 

layer, a physical transducer and a readout system.  
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There have been urgent requirements to develop new types of sensors with high specificity, 

sensitivity, efficiency and reliability, among which specificity is the most important. In 

order to achieve novel sensor design and development, we are committed to understanding 

the history of biosensor development, the three components of biosensor systems, and the 

current limits of biosensors. In this way, novel biosensors with specified targets will be 

designed and developed. Moreover, the understanding of the interfaces between biosensor 

components will lead to a renovative biosensing revolution.   

1.1 Biosensing: Background, Development and Overview 

Biosensor research is a rapidly progressing field which provides devices for the detection 

of various molecules with lower concentrations and minimized volume. Biosensors are 

used in health care, medical diagnostics, environmental screening, process control in 

industry, harmful substances detection for military and regulatory inspection, and most 

importantly, in fundamental research in the life sciences. An ideal biosensor should be real-

time, nondestructive to samples and able to perform tasks from single molecule detection 

to high concentrations of molecules. It should also identify the composition of a sample. 

To achieve this goal, the sensor should be reliable, portable, relatively cheap and user-

friendly. Biosensor research is a highly interdisciplinary field which requires physics and 

engineering for hardware developing, and chemistry and biology for sensor surface 

functionalization, label synthesis and biotechnological processes.5  

Since the first classical biosensor from Clark and Lyons in 1962 (an amperometric sensor 

detecting glucose level in blood),6 many different biosensors have been developed. 
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However, only a limited number of the sensors meet the requirements to be considered 

reliable commercial sensors for applications outside research labs. Traditional sensors, like 

electrochemical sensors, require well-trained personnel to operate and have limited 

working range and selectivity. One attractive group of optical biosensors is based on the 

phenomenon of surface plasmon resonance (SPR). This technique is based on the electron 

waves (surface plasmon) created on the metal layer coated (commonly gold coated) on a 

high refractive index glass surface after the absorption of laser light.7 However, SPR occurs 

only at a specific angle determined by incident light wavelength, which restricts the types 

of targets it can detect and working range. As a result, there is a need for SPR-based sensors 

with higher specificity and limit of detection (LOD).  

A biosensor is defined as a device that uses biological components to detect the presence 

or activity of analytes. The sensitive element is a biologically derived material or 

biomimetic component that reacts with the analytes under detection conditions. The 

sensitive element can also be created using biological engineering. This biological sensing 

layer, which defines the specificity of the sensor, can bind or interact with analyte 

molecules and act as the recognition element. The physical transducer detects the 

interaction between the sensing layer and the analyte and then transfers the biological 

signals into conventional physical signals, which are either mechanical, electrical or 

optical, for example, the fluorescence signal from dyes, an electric signal from molecular 

charges or refractive index changes from the surface adsorption of analytes onto sensor 

interfaces. The physical transducer determines the sensitivity of the sensor system. The 

readout systems need to be perfectly matched with the physical transducers. For example, 

fluorescence microscopy or fluorescence spectroscopy is used for observing and 
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quantifying the labeled analytes, giving two different aspects of information. The readout 

system converts the physical (e.g. mechanical, optical, electrical) signals from transducers 

into readable information such as color change, voltage/current variation or most 

commonly, the digital signal. Usually, a suitable readout system can improve the data 

acquisition process and the user’s experience with the sensors.     

As mentioned previously, a biosensing system is a combination of three elements. 

Integrating them and creating compatible and efficient interfaces between these elements 

is one key factor for success in designing and developing biosensors. With the development 

of semiconductor industry, the micro/nanoelectromechanical (MEM/NEM) sensor has 

attracted much attention in recent decades. The LOD has been improved or enhanced to 

sub pico molar (pM) or even near femtor molar (fM) or parts per trillion (ppt) range,8 which 

is lower than most of the bio targets’ physiology level. However, the selectivity or 

recognition of specific targets from coexisting molecules/bio-species remains as one of the 

biggest challenges.   

There are two major types of biosensors, label-free and labeled (Figure 1.2). They are 

classified based on the detection principle: label-free biosensors detect original and 

unmodified molecules and can be used for on-line monitoring or fast-scan detection. Most 

of the molecules are easier to detect when first tagged with a molecular label. The presence 

of the label acts as an indicator for the presence of the molecule, such as the fluorescent 

labels attached to molecules in fluorescence microscopy. One obvious disadvantage of this 

method is that the target molecules are chemically modified before investigation. With 

labeled detection, LOD of 1 fM has been achieved with the assistance of MEMs sensors.9,10  
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However, labeling will interfere with the function of the molecules and labeling is time-

consuming and expensive.5 Thus, in many cases, labeling should be avoided.  

 

Figure 1.2 Scheme of biosensing principle. A biomolecular layer of receptor molecules 

(red) bind to the analyte (blue dots) but does not respond to the other molecules (green). A 

protection layer (black lines) prevents the unspecific absorption to the transducer surface 

(gray). A. Label-free detection. B. A label is attached to the target analyte. Figure from Ref 

5. 

Our first goal is to advance the development of real-time, label-free biosensors with high 

sensitivity, selectivity and low cost for applications in biomedical diagnostics and pathogen 

detection. We aim to study such devices by devising new biomolecules for the sensing 

layer design and integration. Moreover, we aim to understand the mechanisms of the device 

development and the interfaces between elements of biosensor systems. Another aim is to 

provide technological innovation and develop sensors with the potential to be 

commercialized or applied in clinical use. 
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1.2 Bioactive sensing layers 

In a biosensing system, the bioactive sensing layer is designed to interact with specifically 

with the target analyte and produce a reliable and measurable effect to which the physical 

transducer will respond. The key requirement of the bioactive sensing layer is high 

selectivity, as the analytes are usually accompanied by coexisting compounds, structural 

analogs, and other interfering factors in their natural/physiology environment. The sensing 

layer can consist of a wide range of bio receptors involving: antibody/antigen, nucleic 

acids/DNA/RNA, enzymes, cells, peptides, or biomimetic/biocompatible materials.  

1.2.1 Antibody-based sensing layers 

The antibody-based sensing layer emerged from immunosensors utilizes antibody-antigen 

specific binding. The key-lock fitting nature of the antibody-antigen interaction leads to 

the high specificity (Figure1.3). In a traditional immunosensor, the antibody-antigen 

binding triggers a label such as fluorophore or radioisotopes to generate a signal. In novel 

MEMs or optical sensors,11–13 antibodies are usually pre-functionalized onto the transducer 

surfaces and mechanical, electrical or optical signals are generated with the specific 

binding, without the requirement of labeling. The antibody-based sensing layers have 

limitations such as: the binding is irreversible and highly dependent on the surrounding 

conditions. In addition, antibodies usually a have short shelf life which makes them suitable 

mostly for laboratory scale research.  
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Figure 1.3 (A) An illusion of antibodies, and schemes showing specific antibody binding 

(B) to antigen directly; (C) to an antigen on a larger target (e.g. a cell).  

1.2.2 Enzyme-based sensing layers 

Enzymes are another class of bioreceptors with very high specificity.14 There are several 

possible mechanisms by which enzymes can be used to recognize analytes: 1) converting 

the analyte into a detectable product; 2) detecting enzyme activation/inhibition by the 

analyte; 3) monitoring enzyme properties caused by interacting with analytes (Figure 1.4). 

Enzymes, as biocatalysts, can easily be used to detect substrates, products, inhibitors and 

so on through different transduction methods. Enzymes are not consumed during the 

detection process, so that the enzyme sensor can be used continuously. However, due to 

the catalytic reactions, enzyme sensors are usually destructive to analytes. Also, similar to 

the antibody-based sensing layer, enzyme layer stability and lifetime is also highly 
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depended on its surroundings. The most widely used enzyme sensor is enzyme-linked 

immunosorbent assay (ELISA).15,16 Enzymes have also been used on MEMs sensors17, 

nanoparticles18 and electrical sensors19,20 for chemical and biological targets. 

 

Figure 1.4 A scheme illustrating a typical enzymatic reaction: the enzyme converts the 

analytes into detectable products. 

1.2.3 Peptide-based sensing layers 

Antibodies and enzymes have significant impact on biosensing. But their high cost and low 

reliability at harsh environmental conditions limit their wide spread applications as sensors. 

In contrast to these molecules, antimicrobial peptides (AMPs) are intrinsically more stable 

in harsh environmental conditions, easier to synthesize, and exhibit a broadband of 

activities and affinities against wide range of Gram-positive and Gram-negative strains of 

bacteria.21 Recent studies have shown AMPs as molecular recognition elements in 

biosensor platforms and demonstrated the ability of naturally occurring AMPs to serve as 

robust biosensing elements.22,23  
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Bacteriocin is one group of AMPs which are proteinaceous toxins produced by bacteria to 

inhibit the growth of similar or closely related bacterial strains.24 Bacteriocins were first 

discovered by A. Gratia in 1925.25 Bacteriocin can be classified according to their origin. 

Bacteriocins from Gram-positive bacteria include Class I, Class II, Class III and Class IV 

bacteriocins. Those from Gram-negative bacteria include Microcins, Colicin-like 

bacteriocins, and Tailocins. The class II bacteriocins are small (<10 kDa) heat-stable 

proteins. This class is subdivided into five subclasses. The class IIa bacteriocins (pediocin-

like bacteriocins) are the largest subgroup and contain an N-terminal consensus sequence 

-Tyr-Gly-Asn-Gly-Val-Xaa-Cys across the group. The C-terminal is responsible for the 

species-specific activity, causing cell-leakage by permeabilizing the target cell wall. Class 

IIa bacteriocins have a large potential for use in food preservation as well as medical 

applications, due to their strong anti-listerial activity, and a broad range of activity.26,27,28 

Although the exact mechanism of specificity of class IIa bacteriocins remains a matter of 

controversy, there is a consensus that they exert their antimicrobial specificity and activity 

by binding to invariant components of microbial surfaces through specific membrane-

located proteins of the mannose phosphotransferase system (man-PTS).29,30,31 Different 

expression levels of this mannose receptor on the surface of the bacterial cells from one to 

another lead to the bacteriocins’ various sensitivities and activities.31 
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Figure 1.5 Schematics of typical bacteriocins: A) Class II bacteriocin and B) Colicin-like 

bacteriocin. Figures from Protein Data Base (PDB). 

Bacteriocins from Gram-negative strains, such as colicins, are from E. coli strains. They 

are the first studied bacteriocins. Colicin V (ColV) is an 88-amino-acid, linear unmodified 

AMP.32 It is a type of bacteriocin produced by E. coli which acts against E. coli strains by 

binding to the outer membrane receptors and using them to translocate the cytoplasmic 

membrane, leading to the depolarization of the membrane, which ultimately kills the 

cell.32,33 According to World Health Organization (WHO) guidelines, the value of E. coli 

or thermotolerant coliform bacteria in drinking water is 0 cfu per 100 mL.34 The E. coli 

level is commonly used as a water pathogen standard. As a result, it is important to monitor 

E. coli species in the water system, especially in rural area and developing countries. 

To sum up, the AMPs are ideal sensing layers for real-time detection of whole cells in 

solutions. AMPs functionalized sensors are selected for the initial study of this biosensing 

project. From this platform, other sensing probes and physical transducers combination can 

be studied and developed.  
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1.2.4 DNA/nucleic acid-based sensing layers 

DNA sensing layers are based on the principle of complementary base pairing: adenine-

thymine (A-T) and cytosine-guanine (C-G). DNA carries unique biological information of 

each bio organism, which makes it highly specified. The sensing probe DNA can be 

synthesized according to the target DNA sequence, and then labeled and immobilized on 

the sensor surface. Hybridization will take place when the matching target DNA introduced 

into the system (Figure 1.6). Favored transduction methods include UV-vis spectroscopy, 

using the 260 nm absorption peak from DNA strains or conjugated DNA with other 

nanoparticles to enhance the signal.35 Novel MEMS transducers can increase the sensitivity 

and detection mismatches down to single base-pair level.36,37 There have also been studies 

about using the advantages of DNA and other sensing molecules like enzymes or hydrogels 

to improve the specificity and efficiency.38–40 DNA is one of the most intensively-studied 

sensing molecules. There have also been researchers using biosensors for studying the 

physicochemical character of DNA.41   

 

Figure 1.6 DNA hybridization on a sensor surface. 
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1.2.5 Biocompatible polymer-based sensing layers 

Biocompatible polymers are synthetic or natural polymers that can be used to replace part 

of living systems or to function in intimate contact with living tissues. Aimed to interact 

with biological systems, these types of polymers can be used to detect, evaluate, treat or 

replace tissues, organs or their functions in live bodies. Synthesized polymers can be 

designed to respond to specific stimuli, showing various property changes such as 

conformation, color or shape. Usually, small changes in the environment can cause 

significant changes in the property of the polymers, making these polymers ideal sensing 

layer material for biosensing systems. Polymer-based sensing layers have been utilized in 

multiple areas such as pH/ion strength sensing42,43, drug delivery44,45, glucose 

monitoring46,47.   

1.3 Physical Transducers  

Physical transducers convert the biological signals generated from target analyte binding 

onto bioactive sensing layers into a physical response that can be processed, record and 

analyzed by the readout system. Biosensors are usually classified by their transducer type 

(Figure 1.7). Traditional biosensors that have been studied extensively include: 1) 

electrochemical sensors, 2) optical sensors, 3) electronic sensors. Novel transducer 

platforms have emerged from the microfabrication industry. With the sensor scale 

minimized to micro/nanometer range, sensitivity and LOD are promoted significantly. In 

this thesis, we focus on microcantilever (MCL) sensors which are highly sensitive to 

minimized surface stress change. With a comparable scale of the targets (e.g. cells, 
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proteins), MCL sensors showed outstanding sensitivity and reliability in pathogen 

detection and protein folding study with optimized sensing molecules. By using a 

displacement conjugated polymer system, detection of small molecule (e.g. dopamine) is 

also achieved. We also employed other well-developed microfabricated transducer 

platforms such as electrochemical impedance spectroscopy (EIS) and surface plasmon 

resonance (SPR) for comparing and understanding the sensing layer-transducer interfaces. 

 

Figure 1.7 A brief summary of biosensor types based on transducers. 
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1.3.1 Electrochemical Transducer 

Electrochemical sensors are among the first developed biosensor platforms. Obviously, an 

electrical signal will be generated once the analytes are detected. Usually, the signal will 

be proportional to the analyte concentration; thus, it can be quantified. Generally, there are 

several parameters that electrochemical sensors can detect, including: current 

(amperometric), potential (potentiometric), impedance and conductance 

(conductometric).20,48–52 Amperometric transducers detect the change in current as a result 

of electrochemical redox. Potentiometric sensors measure the potential or charge 

accumulation in an electrochemical cell. Usually, a reference electrode with constant half-

cell potential irrelevant from the analyte concentration is included. Conductometric sensors 

measure the change in sample solution’s conductivity. The ionic strength change due to 

sensing layer-analyte binding will cause a measurable conductivity change. EIS is a 

methodology that measures resistance and capacitance change during the analyte binding 

to the sensing layer53,54. Typically, a sinusoidal stimulus is applied, providing current flow 

through the sensor system. The frequency is varied over a range to obtain impedance 

spectrum. Conventionally, a three-electrode system is used. Novel EIS is minimized and 

micro-sized interdigitate electrodes (IDEs) are fabricated on a sensor chip, performing as 

a lab-on-a-chip device. This kind of novel EIS will be further discussed in the following 

sections.  
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1.3.2 Fluorescent Biosensor 

A fluorescent biosensor is one of the most important and widely used biosensors in 

laboratories and industry. It belongs to the category of optical sensors, which utilize 

photons to collect information about analytes. These sensors are highly sensitive, specific 

and accurate, providing either qualitative or quantitative results. The LOD of fluorescence 

spectroscopy is in the nano molar range but it usually requires labeled analytes55–57. Other 

limitations include stability (quenching) and large instrumentation size.  A reagentless 

fluorescent sensor has been developed using a solvatochromic fluorophore which is 

sensitive to its local environment in a macromolecule.58 When the sensing layer molecule 

binds to the analyte, the emission from this extrinsic fluorophore can be detected and 

quantified immediately. However, this method is still limited to certain compounds, and is 

typically applied with the antibody-antigen sensing layer-analyte group.  

1.3.3 Electrochemical Impedance Spectroscopy (EIS) 

As mentioned in previous sections, electrochemical impedance spectroscopy is a powerful 

tool measuring the resistance and capacitance change in a sensing system. Impedance is 

usually measured by applying a small AC potential excitation. The response of this 

potential, an AC current, is measured. This current signal can be analyzed as a sum of 

sinusoidal functions. The impedance (Zω) refers to the frequency dependent resistance to 

current flow of a circuit element (e.g. resistor, capacitor, inductor, etc.). It can be expressed 

as follows: 
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𝑍𝜔 =
𝐸𝜔

𝐼𝜔
=

𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡 + 𝜑)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜑)   
                                                     (1 − 1) 

Eω and Iω stand for the frequency-dependent potential and current. Compared with 

resistance sensors using DC voltage/current, there is more information content with EIS: it 

may be able to distinguish between two or more electrochemical reactions taking place; it 

can identify diffusion-limited reactions like diffusion through a passive film; it can also 

provide information about the electron transfer rate of reaction53,59–62. Several factors will 

affect the EIS measurement including: electrolyte resistance, double layer capacitance, 

polarization resistance, charge transfer resistance, diffusion and coating capacitance. EIS 

has been applied in studying metal corrosion, adsorption/desorption on the electrode 

surface, catalytic reaction kinetics and label-free sensing. EIS sensors have been used in 

bacteria detection63,64, DNA hybridization detection65,66 and so on.  

1.3.4 Surface Plasmon Resonance (SPR) 

SPR is an optoelectronic phenomenon occurring at the interface between a negative and 

positive permittivity material stimulated by incident light. At a specific incident angle 

(resonance angle), the polarized light can resonantly excite the delocalized electrons 

(surface plasmon) of the metal film, resulting in a minimum in the reflected light 

intensity67–69. This angle is recorded as the SPR sensorgram. This electromagnetic surface 

wave propagates in a direction parallel to the negative permittivity (metal)-dielectric 

material interface. Since this surface wave is on the boundary of metal and the medium, 
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the resonance is highly sensitive to any changes on the surface such as a refractive index 

variation70. Surface plasmon obeys the following dissipation relationship: 

𝐾𝑠𝑝 =
𝜔

𝑐
(

1

𝜀1𝜇1
+

1

𝜀2𝜇2
)

−1
2⁄

                                                                                                   (1 − 2)                                                                                                                  

where ε is the relative permittivity, and µ is the relative permeability of the glass prism and 

the metal. The resonance angle strongly depends on the refractive index of the medium in 

close proximity of the metal surface71. Moreover, the local refractive index change is 

synchronous with the surface adsorption/desorption events. SPR sensors have been used to 

detect many target like DNAs72, enzymatic reactions73, antibody-antigen reactions74, drug 

delivery75 and small chemical molecules70. 

1.3.5 Microcantilever (MCL)  

In recent years, microcantilever sensors have attracted much attention because of their 

potential as platforms for the development of myriad physical, chemical, and biological 

sensors.76–79 Cantilever sensors emerged from atomic force microscopy (AFM), which is 

an offspring from the scanning tunneling microscope (for which the 1986 Nobel Prize was 

awarded, together with the inventor of electron microscopy). AFMs can image surfaces, 

nanosystems or single molecules with Angstrom resolution, manipulate molecules, or 

measure forces between individual molecules.80 In particular, their operation under 

physiological buffer conditions makes them well suited to the investigation of biomolecular 

systems in their native environment with molecular resolution. The sensing element of an 

AFM is the flexible cantilever beam with a sharp tip. When the tip comes close or into 
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contact with a sample surface, a force is applied to the cantilever, which then bends.81 

Compared to AFM cantilevers, the microcantilever sensors are free-standing beams 

without sharp tips, which bend in response to different stimuli from the environment. 

Microcantilevers made of silicon or silicon nitride are usually fabricated with micrometer 

dimensions.82 Microcantilevers can be excited to resonance by a number of methods 

including Brownian motion.83 The resonance frequency of cantilevers changes with 

molecular adsorption. In addition, microcantilevers also undergo bending due to molecular 

adsorption. For a bi-material cantilever (e.g. gold coated silicon), differential molecular 

adsorption will induce a differential surface stress between the top and bottom surfaces. 

The differential surface stress between cantilever surfaces due to the molecular adsorption 

can be observed as the change of deflection.  

Cantilevers bend when a force is applied to their end. This can be described by Hooke’s 

law:  

𝐹 = −𝑘∆𝑧                                                                                                                           (1 − 3)                                                                                                                

where F is the applied force, k is the spring constant and Δz is the deflection of the free end 

of the cantilever beam. The spring constant determines the flexibility and the sensitivity of 

a cantilever and it is defined by the cantilever’s dimension and material constants: 

𝑘 =
𝐸𝑤𝑡3

4𝐿3
                                                                                                                          (1 − 4)                                                                                                                         
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where E is Young’s modulus (Si, 155.8 GPa), w is the cantilever width, t is the thickness, 

and L is the length. The resonance frequency (f) of an oscillating cantilever can be 

expressed as:  

𝑓 =
1

2𝜋
√

𝑘

𝑚∗
                                                                                                                      (1 − 5)                                                                                                             

where k is the spring constant and m* is the effective mass of the microcantilever.76 In some 

cases, adsorption of molecules on the cantilever surface can change the cantilever’s  spring 

constant and the resonance frequency can change due to changes in mass as well. 

Consequently, the shift in frequency can be expressed as: 

d𝑓(𝑚∗, 𝑘) = (
𝜕𝑓

𝜕𝑚∗) d𝑚∗ + (
𝜕𝑓

𝜕𝑘
) d𝑘 =

𝑓

2
(

d𝑘

𝑘
−

d𝑚∗

𝑚∗ )                                               (1 − 6)                                              

Changes in spring constant are related to changes in differential surface stress.76 The spring 

constant, however, can also change during molecular adsorption if it results in 

amalgamation (changes in E) or swelling (changes in thickness). By designing cantilevers 

with localized adsorption areas at the terminal end of the cantilever (end loading), the 

contribution from differential surface stress (dk/k term in Eq. 1-6) can be minimized. In 

that case, the changes in resonance frequency can be mostly attributed to mass loading. 

However, the resonance frequency of a cantilever decreases by a factor five when operated 

under solution.83 Although mass detection using resonance frequency is attractive for 
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vapor-based sensing, increased damping renders the resonance frequency variation is not 

sensitive for operation under solution.  

Microcantilevers also undergo bending due to mechanical forces involved in molecular 

adsorption. Such force was observed as early as 1858. Stoney derived a relationship 

between adsorption-induced surface stress and the radius of curvature of the substrate.84 It 

was reported that adsorption-induced forces can be easily detected on so called “real 

surfaces” such as the surface of a microcantilever. Using Stoney’s formula, the radius of 

curvature of the cantilever bending due to adsorption can be written as:  

1

𝑅
=

6(1−𝜈)

𝐸𝑡2
𝛥𝜎                                                                                                (1 − 7)                                                                                                     

where R is the radius of curvature, ν is the Poisson’s ratio (Si, 0.28) and E is Young’s 

modulus of the cantilever, t is the thickness of the cantilever beam and 𝛥𝜎 is the stress 

change. The radius of the curvature of the cantilever bending is related to the cantilever 

beam deflection, z, and the length of the beam L. The relationship between the cantilever 

deflection and the differential surface stress is obtained as follows: 

∆𝑧 =
3𝐿2(1−𝜈)

𝐸𝑡2
𝛥𝜎                                                                                           (1 − 8)                                                                                            

Therefore, the deflection of the cantilever is directly proportional to the adsorption-induced 

differential surface stress.  
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Adsorption-induced cantilever bending is ideal for liquid based applications. In addition, 

the adsorption-induced cantilever bending method has a sensitivity that is orders of 

magnitude higher than the resonance frequency variation based on adsorbed mass when 

operated under solution. 

A typical MCL biosensor is modified on one side with a specific receptor which exhibits 

affinity for the analyte of interest. A surface stress differential will be introduced as a result 

of the specific interactions between the analyte and functionalized sensing molecules.  The 

micromechanical bending caused by the surface absorption can be tracked. An MCL 

designed for sensing applications is generally modified in such a way that one side exhibits 

a strong affinity for the target analyte, whereas the other side is relatively passivated.46 In 

this way, microcantilever beams are capable of detecting extremely small changes in 

forces, surface stress, and mass additions caused by the target analyte. A gradient in 

mechanical stress develops between the two sides of a cantilever as a result of interfacial 

processes governed primarily by changes in the Gibbs free energy associated with 

chemisorptive processes occurring on the active side.85 Applying this concept, a diverse 

family of cantilever-based sensors have been developed, including environmental stimuli, 

endocrine disrupting chemicals, and various other vapor-phase analytes. Using surface 

modification on the cantilever surface with selectively sensitive layers, self-assembled 

monolayers (SAMs), or other functional groups/ligands, researchers demonstrated sensors 

with high selectivity and sensitivity based on the micromechanical silicon cantilever 

arrays.86,87 
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Besides the exquisite sensitivity in mass, stress and force, MCL sensors also offer many 

advantages including the easy fabrication of multi-element sensor arrays and the 

integration of micromechanical components with on-chip electronic circuitry. In addition, 

MCL sensors can exhibit comparable response time with other sensors like SPR and EIS. 

This allows monitoring the nanomechanical variation during the biological process on the 

timescales of milliseconds. All the advantages make research of the microcantilever based 

biosensor is a promising field. A novel, portable, real-time biosensor is expected to be 

developed.  

1.3.6 Microfluidic Cantilever 

It is critical to create a selective sensing layer in order to have a microcantilever sensor 

with specificity. Surface functionalization, as a result, is a key step in biosensor design. 

The formation of a uniform SAM is one of the most common methods promoting the 

selectivity of the cantilever sensors. However, immobilization of receptors generally 

results in the formation of sub-monolayers or discontinued layers and that results in large 

variations in the reproducibility in the sensor response. Unlike large area sensors such as 

QCM and SPR, cantilever sensors have an extremely small surface area. The typical 

surface area of a cantilever sensor is 10-2 mm2. Therefore, the probability of defects forming 

in the monolayer is much higher than that for other conventional sensors with large areas.88  

Hollow channel microfluidic cantilevers are developed to solve the dissipation problem for 

liquid sample detection. By fabricating microfluidic channels on top of a plain cantilever 

surface, analytes in an extremely small volume (in the picoliter range) of a liquid sample 
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can be detected with extremely high sensitivity89–91. This sensor offers a platform for 

samples detection with fundamental physical properties such as mass and density. 

Understanding the unique physical properties involved in biological processes will make 

it possible to develop novel biosensors. With the inner surface functionalized, the hollow 

channel cantilevers can also selectively bind to target analytes.92  

By integrating with other techniques, such as infrared (IR) spectroscopy, molecular 

recognition can be achieved with a method called photothermal spectroscopy. With the 

mid-IR exciting the target molecules inside the finite microfluidic channel, target 

molecules can be determined without the surface functionalization.93 In photothermal 

spectroscopy, the amplitude of the cantilever deflection (as a function of an illumination 

wavelength) has a linear relationship to the concentrations of the molecules absorbing the 

IR light. This makes cantilever-based IR spectroscopy an excellent method for molecular 

recognition on a small scale.  

In summary, a hollow channel microfluidic cantilever is a sensor platform with extremely 

high sensitivity that needs a very finite sample amount. It is ideal for studying the 

micromechanical property change involved in bioreactions.    

1.4 Surface Functionalization Methodology 

As discussed before, the selectivity of the microfabricated sensor comes from the sensing 

layer anchored on the sensor surface. By immobilizing a monolayer of a molecular 

recognition reagent (i.e. a polymer or a peptide) to the sensor surface, a bio-selective sensor 
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can be prepared. Adsorption of the analyte will change the electrical property, surface 

plasmon resonance, or surface stress on the surface. This will make it possible to detect the 

induced physical signal. Depending on the interaction between the receptor and the analyte, 

the reversible/irreversible absorption will produce instantaneous/dosimetric responses.83 

The challenge in this approach is to adapt known interaction chemistry to the transducer 

platform in a manner that maintains the required chemical selectivity and stability.  

As we stated before, selectivity is one of the outstanding challenges in biosensor 

development. Immobilization of receptors to physical transducers is a critical factor for 

creating the selective sensing layer. Coating strategy needs to be simple, quick, 

homogeneous, and stable and should be used for immobilization of various sensing agents 

or specific receptors without leaching. There are three widely used methods to coat the 

sensor surface: (i) physisorption of receptors on the sensor surface, (ii) direct covalent 

attachment of the receptor to the sensor surface and, (iii) encapsulation or entrapment of 

the receptor in a polymeric matrix. A typical example is the functionalization of MCL 

sensors.  

The adsorption of receptors on the MCL surface can be accomplished by immersing the 

cantilever in a solution of a specific concentration of receptors to form a SAM. For example, 

a convenient and widely used method to coat the MCL is by inserting the MCL into an 

array of dimension-matched disposable glass capillaries containing the sensing layer 

molecules.94,95 Moreover adsorption of receptors can be achieved by electrochemical 

deposition. To measuring surface stress, it is important to keep sensing molecule density 

difference at a large scale. This can usually be achieved by a passive coating on the other 
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side of the cantilever.96,97  Recent research shows that by controlling the ligand 

concentration, a significant surface density difference can be created between the top and 

bottom surface.98,99 Thus, backside passivation can be avoided. Depending upon the 

material of the cantilever which is generally silicon, silane coupling chemistry is 

extensively used. Thiol coupling chemistry is often used to covalently bind receptors to the 

gold-coated cantilevers. For polymers like SU8, epoxy groups can be used for coupling to 

the surface.  

Adsorption induced-stress in MCL depends upon the number of molecules adsorbed on the 

surface which in turn results in nanometer-scale deflection of the MCL. Molecular 

adsorption reactions on the surface are driven by free energy changes of the surface due to 

physisorption or chemisorption. Nonspecific binding of the receptor results in very weak 

binding of ligands or chemicals on the surface of MCL. These ligands and chemicals are 

subject to desorption. 

Self-assembled monolayers: Adsorption of receptors on MCL is mostly carried out using a 

SAM formation.100 SAMs can be formed both on gold as well as silicon cantilevers by 

immersing the cantilever in organic solvents or in aqueous solutions. The formation of a 

SAM on a planar MCL surface can be achieved by dipping the MCL in a dilute solution of 

organic ligand (approximately 1 mM) for a specified time followed by thorough washing 

with the same solvent and drying under nitrogen flow.101  

SAM generation on silicon MCL: Strongly bound chemisorbed silanized SAMs on silicon 

cantilevers are most common. Alkylsiloxanes (R-Si-O-Si) are prepared by the simple self-
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assembly of active silanes (e.g. alkyltrichloro- (Cl3Si(CH2)nR) , alkyltrimethoxy- 

((MeO)3Si(CH2)nR), or alkyltriethoxy- ((CH3CH2O)3 Si(CH2)nR)) onto the solid 

substrate.102 The formation of SAM is simple as silanization reaction can be easily carried 

out; however, it is a challenge to form the reproducible monolayer.103,104   

 

Figure 1.8 SAM functionalization on silicon MCL. 

The most widely used amino functionalized silane for silicon cantilevers is (3-

aminopropyl)triethoxy-silane (APTES). However, the amine groups of the aminosilanes 

can form hydrogen bonds with surface silanol or -OH groups during condensation, leading 

to a decrease in the effective amine density on the surface of the materials present.105  

Figure 1.9 shows the different possibilities of surface interactions between 

aminopropylsilane and silica. The formation of uniform thin films of aminosilanes is most 

important and crucial step for their use as surface coupling agents. 
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Figure 1.9 The different possibilities of surface interactions between aminopropylsilane 

and silanol or -OH groups on silicon surfaces. 

SAM generation on gold MCL: The most popular ligands for SAM formation on Au MCL 

are alkanethiol (R-SH), as presented in Figure 1.10. The gold-sulphur binding is based on 

“soft” gold and sulfur atoms whereas other functional groups such as amines (-NH2), 

carboxylates (CH3COO-), hydroxides (OH-), alkoxides (-OR), hydrazine (N2H4) and 

halogens (F-, Cl-) do not interact strongly with gold.106 Hence, functionalized alkane thiols 

are used to connect different receptors to the gold MCL. Figure 1.10 represents the self -

assembly of alkanethiols and functionalized alkanethiols on the Au coated microcantilever 

surface. The mechanism of adsorption of thiols on the Au surface and nature of metal-

thiolate bond is not clear and is an area of extensive debate.  However, two mechanisms 

have been proposed one is oxidative adsorption mechanism107, and the other is the 

electrochemically assisted formation of thiol SAMs on the Au surface.108,109  Assuming 

that Aun are the atoms in the bulk and Aum are the atoms on the surface of cantilever, the 
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SAM can be indicated as Aun (Au-S-R)m and the adsorption mechanism can be represented 

as shown in equation (1-11).  

          Aun+m + mRSH       Aun (Au-S-R)m + mH+    + me-                                                             (1-11) 

Two distinct phases are indicated in the formation of the self-assembled monolayers in 

solution. The first phase is the adsorption of S-headgroups on the gold substrate, which 

takes a few minutes. The second phase corresponds to the arrangement of hydrocarbon 

chains in an all-trans-ordered fashion.110,111 

 

Figure 1.10 Self-assembled monolayer generation of alkanethiols on Au substrate. 
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1.5 Readout Systems 

A readout system converts the physical signal from the transducer to signals can be 

recorded, stored and analyzed. Obviously, most of the current readout systems convert the 

mechanical, optical and electrical signals into digital signals. Thus, they can be processed 

and stored by computers. The readout system, in many cases, is the most expensive part of 

a biosensing system. The important characters of a readout system include but are not 

limited to readout accuracy, data acquisition rate, algorithm, and compatibility with 

transducers. When developing portable, or even wearable sensors, it is important to 

consider the physical dimension, energy consumption, reliability and cost of the readout 

system. Developing a readout system with high efficiency, low cost and condensed size 

will boost biosensor applications in various fields.  

1.6 Thesis Proposal 

The research objectives of this thesis are to (1) explore molecules suitable for the specific 

bio-analyte detection which can be assisted as the sensing layer; (2) optimize the surface 

functionalization in order to improve the selectivity, reliability and signal/noise ratio(SNR) 

of the mechanical sensors; (3) develop novel biosensors which can monitor the 

nanomechanical properties change involved in the biological process and by analyzing the 

thermodynamic and nanomechanical variations associated with biological process, new 

approaches for sensing and  diagnostics will be designed. 
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The ultimate goal of this thesis is to develop portable, label-free biosensors with high 

selectivity and sensitivity. However, biosensor development is a never-ending field 

because of the demand of detecting a growing number of different molecules for everything 

from clinical analysis to environmental control and for monitoring many industrial 

processes. Our results proved the MCL assisted by the various sensing molecules can 

achieve quick-response and highly-selective detection of pathogen cells, protein 

conformation change, trace amount of neurotransmitter molecules and DNA melting 

process, covering the target scale from micrometer range to sub-nanometer range. Due to 

the compatible size with MEMs sensors and biological targets, nanomechanical devices 

are suitable for detecting and analyzing multiple biological processes. The proposed 

research in this thesis is significant because it will lay the foundation for reliable platforms 

of MEMs biosensors and also lead to portable, real-time detection for environmental 

monitoring and clinical analysis.  

Furthermore, the proposed nanomechanical biosensor design and development will provide 

a platform and methodology for future sensor studies. Also, the interdisciplinary nature of 

the proposed work will provide state-of-the-art training in surface physics and chemistry, 

molecular biology and biochemistry, and device design and engineering.   
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Chapter 2. Methodology and Experimental Section 

As we stated in the introduction part, our goal is to develop label-free, fast-scan biosensors 

for pathogen detection, biomedical diagnostics, and environmental monitoring. We aim to 

design and develop specific sensing layers for target analytes and combine them with 

highly-sensitive transducers. By understanding the principles of integrating the interfaces 

between the analyte-sensing layer and the sensing layer-transducer, novel sensors can be 

developed with high sensitivity and selectivity. In this chapter, we will state and discuss 

the methodology for developing the biosensing systems and experimental details.  

2.1 Materials 

All reagents and solvents were of analytical grade and used as received with no further 

purification. The water used in this work was from a MilliQ instrument (deionized, 18 MΩ 

cm-1). 

2.1.1 Antimicrobial peptides (AMPs) and short peptide fragments 

In this thesis, we used several antimicrobial peptides for pathogenic bacteria detection 

study. It consists of 37 amino acid residues and similar to other class IIa bacteriocins, it is 

characterized by a conserved disulfide bond between Cys9 and Cys14 and a YGNGV 

sequence near the N-terminus and a C-terminal domain with an amphiphilic α-helix ending 

with a hairpin-like structure at the C-terminal tail (Figure 2.1A). LeuA  was chemically 

synthesized using solid phase peptide synthesis as described previously.112 Leucocin A 
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(LeuA) is a well-known, naturally existing AMP of class IIa bacteriocins.113,114 LeuA 

exhibits very potent activity against Listeria monocytogenes (L. monocytogenes) in a 

nanomolar range [minimum inhibitory concentration (MIC) of 0.1 nM].115 

 

Figure 2.1 Sequence of Leucocin A (LeuA) and Colicin V (ColV). 

We also used Colicin V (ColV) for E. coli detection. ColV is an 88-amino-acid, linear 

unmodified AMP (Figure 2.1B).32 It is a type of bacteriocin produced by E. coli which 

acts against E. coli strains by binding to the outer membrane receptors and using them to 

translocate the cytoplasmic membrane, leading to membrane depolarization, which 
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ultimately kills the cell.32,33 ColV was genetically expressed and purified from cultures of 

E. coli strain MC4100 as previously described.33 

Based on class IIa bacteriocins (LeuA, PedPA1 and CurA), a peptide array library 

comprising 24 short peptide sequences (each 14 amino acids long) was synthesized in 

duplicate on a cellulose membrane using SPOT synthesis. 34 Short peptide sequences were 

derived from the sequence of full-length class IIa bacteriocins Leucocin A, Pediocin A, 

and Curvacin A. Briefly, from the full-length Leucocin A, 13 peptides of 14 amino acids 

in length, skipping two amino acids, were derived, and six and five peptides were derived 

from the central amphipathic α-helical region of Pediocin A and Curvacin A, respectively. 

The peptide array was synthesized on a PEG-500-derivatized cellulose membrane with a 

free amino terminal group using a semiautomatic robot AutoSpot ASP222 (Intavis AG, 

Germany). The three selected peptide fragments (Leu10, Leu13, and Ped3) were 

synthesized by an automated synthesizer (Tribute, Protein Technology Inc., USA) utilizing 

solid-phase methods.116 

2.1.2 Bacteria Strains and culture 

Bacterial strains, pathogenic (level II) and nonpathogenic, namely, Listeria monocytogenes 

(L. monocytogenes ATCC 19116 and ATCC 43256), Listeria innocua (L. innocua ATCC 

33090), L. mesenteroids (UAL 280), Staphylococcus aureus (S. aureus ATCC 13565), 

Escherichia coli (E. coli ATCC 25922), Samonella enteritidis (S. enteritidis ATCC 13076), 

Enterococcus faecalis (E. faecalis ATCC 19433) and Pseudomonas fluorescens (P. 

fluorescens CHA0) were used in this study. All strains were obtained from the cell bank of 
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CanBiocin, Inc. (Edmonton, AB, Canada) and were subcultured in their respective 

appropriate media, like APT or LB broth. All related experiments were carried out in a 

level II biosafety cabinet. 

2.1.3 Human serum albumin (HSA) 

Human serum albumin (HSA) is a widely studied protein that accounts for more than 50 

% of total plasma protein concentration with the molecular weight of 65 kD.117–119 HSA is 

known to undergo pH-dependent conformational isomerization. At physiological pH of 

7.4, the HSA is identified as a heart-shaped molecule existing in normal (N) form. 

However, at pH greater than 9, the transition takes place to basic (B) form, where it is 

believed that the heart shaped structure is changed into an ellipsoid. At acidic pHs below 

6, it is believed to exist in fast (F) form (Figure 2.2).120,121  Fresh HSA sample and 

denatured HSA were compared in this study to determine protein conformational change 

and surface stress induced during the process caused by variation of pH of the solution. 

Denatured HSA was prepared from 2mg/ml of HSA solution in PBS buffer heated at 60 

°C for overnight. The HSA samples were then functionalized on to the sensor surface 

through a PEG12-CL ligand via EDC chemistry before tests (will be discussed in following 

sections).   
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Figure 2.2 A scheme illustrating HSA at the normal form (N), basic form (B) and fast 

form (F). 

2.1.4 Oxaborole based polymer and glycopolymer 

Boronic acid is well known for its interaction with molecules having a cis-diol 

configuration to form stable cyclic esters122. A copolymer poly(N-isopropylacrylamide-st-

5-methacrylamido-1,2-benzoxaborole) (P(NIPAAm-st-MAAmBO)) has been synthesized 

by reversible addition-fragmentation chain transfer (RAFT) polymerization by Narain and 

coworkers123. The conjugated polymer layer used in this work consisted of P(NIPAAm149-

st-MAAmBO19) (MAAmBO content: 12 mol%, Mn: 13200 g mol-1, Mw/Mn=1.27) and 

P(LAEMA21) (Mn: 10000 g mol-1, Mw/Mn=1.1)123(Figure 2.3). All the polymers were 
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synthesized following previous work,124–127 following a reversible addition-fragmentation 

chain transfer (RAFT) polymerization methodology.  

 

Figure 2.3 Formula, structure, and scheme of the polymers. 

2.1.5 DNA samples from melting test 

DNA samples (Integrated DNA Technologies) with designed sequence were used in this 

thesis for the study of DNA melting. ssDNA samples were incubated with 1× PBS at room 

temperature for hybridization before melting measurement. DNA samples with varied 

sequence length and GC content are designed to compared the physiochemical property 

change during the melting process.  
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2.2 Surface Functionalization 

As we discussed in Introduction part, surface functionalization is the most important 

approach to enable the selectivity of biosensors. Many approaches can be used to 

immobilize the sensing molecules to the cantilever sensor. For a typical gold-coated 

silicon-based sensor surface, thiol chemistry and silane chemistry can be applied to 

functionalize the gold side and the silicon side.128–130 For thiol self-assembled monolayers 

(SAMs) and organosilane modification, dip-coating is the preferred method for 

immobilization of recognition molecules with high density on cantilever surface. Thiol 

SAMs are self-limited to coverage of a monolayer or less of the thiol on a gold film131–134. 

Organosilane coatings can form multi-layer coatings depending on the exposure time and 

the concentration of the solution.135–137 One key condition for both coating chemistry is 

keeping the experimental surface freshly prepared. Stability of the functionalized surface 

depends mostly on the reagent itself and can last from 24 h to several weeks.138 For the 

various sensing layers and transducers we have studied, we developed specific protocols 

in order to create optimum sensing layer-transducer interfaces.  

Gold coated sensor surface (MCL, SPR, IDEs, etc.) is usually used in this thesis unless 

stated separately. A typical gold coating protocol is as follows: The sensor chips cleaned 

using piranha (H2SO4: H2O2 (3:1)) for 10 min, washed with plenty of MilliQ water and 

rinsed in ethanol. The freshly cleaned sensor chips were coated with 5 nm titanium (Ti) 

adhesion layer followed by 50 nm gold (Au) using an electron beam (Ebeam) evaporator 

(Kurt J. Lesker, USA) at a deposition rate of 0.2 Å sec-1. The gold coating process was 
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carried under high vacuum (below 10-6 Torr) with nitrogen as inert gas protection. The gold 

coated sensors chips will be kept in vacuum desiccators until functionalization.  

2.2.1 Functionalization of AMPs 

AMPs have relatively short sequence and less molecular weight comparing to proteins. We 

use short thiol linker to immobilize AMPs without thiol groups Surface functionalization 

with antimicrobial peptide was based on the covalent interaction between the accessible 

carboxylic group of the peptide and a free amine group of a thiol linker pre-attached to the 

gold surface. Figure 2.4 shows schematic of a typical sensing platform revealing the 

immobilization approach (a gold coated interdigitated electrode sensor as in this example). 

First, the gold coated sensors were functionalized with a cysteamine linker 

(HSCH2CH2NH2) by treatment with cysteamine hydrochloride (0.01 M) in concentrated 

buffer solution (8× PBS, pH 8.1) for 6 h.139 The gold surface was then rinsed with 1× PBS 

(pH 7.4) to remove any unbound thiol linker. A stock solution of AMP (800 μg/mL) in 1× 

PBS (pH 7.4) containing EDC (0.2 M) as an activating agent was injected into the sensing 

chambers and incubated overnight at room temperature. The functionalized surface was 

then rigorously washed with 1× PBS to remove any unbound AMP, rinsed with deionized 

water, and dried with nitrogen flow. The functionalized sensor chips were used for bacterial 

cell screening.  
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Figure 2.4 A typical AMP functionalization and detection approach on a gold coated 

sensor surface (electrode). A. gold coated sensor surface; B. immobilization of cysteamine 

as the linker and AMP as the sensing layer; b and b’ shows a scheme of AMP structure and 

the final orientation on gold coated surface; C. the functionalized AMP detects bacterial 

cells. 

On the other hand, AMPs with a thiol group on one terminal or thiolated AMPs can be 

directly functionalized on to gold coated sensor surface. For example, we also designed 

peptide 18-4 with a thiolated C-terminal which makes it possible to be immobilized on 

gold coated microcantilever surface without EDC chemistry.  
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2.2.2 Functionalization of HSA 

HSA is a protein with 65 kDa molecular weight. Thus, a 12-carbon linker is used for HSA 

immobilization on microcantilever surface. The freshly coated microcantilevers were 

cleaned using UV-ozone cleaner for 3-5 hrs and rinsed with ethanol. Dried cantilevers were 

passivated with PEG-silane on the backside. Gold side of the cantilever was functionalized 

by immersing in 1mM PEG12-CL solution in PBS buffer (20 mM Na2PO4, 0.15 M NaCl) 

at pH 7.4 for 3 hrs. After cleaning the microcantilevers and removing the excess reagent, 

activation of the carboxyl group was carried out by zero length crosslinking agent EDC 

and sulfo-NHS. The microcantilevers on the array were immersed in 0.2M EDC and 50 

mM sulfo-NHS prepared in MES buffer (0.1M MES, 0.5M HCl) at pH 6 for at least 30 

min and stirred at very low speed. Excess of the reagent was removed by washing the 

cantilevers in the buffer solution. Each of the activated microcantilevers was functionalized 

with HSA or denatured HSA for 2 hours leaving the rest of four cantilevers as references. 

Hydroxyl amine was used to block the active sites on the reference cantilevers and 

unreacted active carboxyl moieties on the protein immobilized cantilevers. 

2.2.3 Conjugated polymer systems 

The polymer functionalization was performed in a three-step manner. P(NIPAAm149-st-

MAAmBO19) was first introduced to the gold coated surface and self-assembled monolayer 

(SAM) was formed via thiol-Au covalent bond through the dithioester group at the polymer 

terminal (red, Figure 2.5A). The second layer of P(LAEMA21) was conjugated to the 

sensor substrate by the oxaborole-diol interaction described previously (green, Figure 
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2.5B). After rinsing with PBS, the chip was treated with thiolated poly(ethylene glycol) 

(PEG) to block any uncovered gold surface in order to avoid non-specific adsorption onto 

the gold surface (purple, Figure 2.5C). A PEG functionalized chip was also used as a blank 

control to eliminate noise and other systematic errors. All the surface functionalization 

steps were performed in pH 7.4 PBS solution at room temperature. The functionalized 

sensor chips were rinsed with PBS to remove any excess polymer molecules or physically 

adsorbed molecules before detection experiments.   

 

 

Figure 2.5 Structures of polymers and the three-step functionalization method for 

immobilizing the conjugated polymer system. 

2.3 Biosensing Systems 

2.3.1 Impedance analyzer 

In this thesis, a SHARP IA-2 impedance biosensor (SHARP Laboratory of America, USA) 

was used to measure the impedance response caused by the affinity binding of the bacteria. 
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The impedance sensor array consists of three microfluidic reaction chambers with five 

pairs of gold interdigitated electrodes (IDEs) in each chamber. The dimensions of each 

electrode are 3350 µm/100 µm/150 nm and the spacing between each electrode is 40 µm 

(Figure 2.6). In order to avoid any interference and eliminate any signal as a result of non-

specific adsorption and buffer effects, we used a blank reaction chamber with 

corresponding buffer/solution as a reference channel for differential readout.  

 

Figure 2.6 Images of the impedance sensor array and the zoomed-in image of the IDEs. 

When the AMP captures its specific target biomolecules from the surrounding medium, the 

molecular interactions lead to changes in the sensor’s impedance that are correlated to the 

type and amount of the bound analytes. The changes thereby are detected, measured, and 

analyzed by monitoring impedimetric parameters.  
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The data presented in this thesis were performed at 10−160 Hz and 100 mV stimulation 

signal for bacterial detection. The operation frequency was initially optimized by screening 

bacteria samples at various frequency. The frequency giving maximum net impedance 

change with sample injection will be used for the rest of the detection tests. The sensitivity, 

resolution, and selectivity of the sensor array were tested by injecting bacteria samples into 

the microreaction chambers separately. Samples were kept in the reaction chamber until 

the impedance variation reached an equilibrium state. PBS was used to rinse the 

microreaction chambers.  

All the recorded results were analyzed using the Sharp BioZ software package. Impedance 

magnitude and variations in other parameters were compared to determine the sensor 

characteristics.  

2.3.2 Surface plasmon resonance 

In this thesis, we used Navi 200 (BioNavis, Finland) for the SPR measurement. The 

instrument is designed based on Kretchmann configuration (Figure 2.7A). The injection 

loop volume is 100 µL and injections are controlled by a 6-way valve. The flowcell has 

two separate channels, with 1 µL in volume each and 100 µm in height. The flow is 

switched to PBS after each injection to rinse the flowcell loop and the sensor chip surface. 

The laser wavelength used is 760 nm. SPR sensor chips were fabricated based on lime soda 

glass slides. The dimensions were fixed as 2 cm×1.2 cm×0.05 cm. The sensor chips can be 

coated with a series of metals such as gold, silver, copper, and other metal oxides (Figure 

2.7B). The most commonly used are gold coated sensor chips.  
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The functionalized SPR chip was attached to the prism of SPR instrument through an 

elastomer layer. PBS was flowed continuously through the sensor chip surface and a typical 

flow rate is 10 L/min. Samples were injected through the 100 µL loop. This binding 

change was monitored by the variation in the resonance angular shift. 

 

 

Figure 2.7 Scheme of SPR instrument and images of SPR sensor chips: A. Scheme of Navi 

200 SPR instrument designed based on Kretchmann configuration; B. SPR sensor chips 

coated with metals and oxides. 

By functionalized the SPR sensor chip surface with AMPs, we were able to detect 

circulating tumor cells (CTCs) in spiked samples. Conformational change of HSA was also 
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measured by functionalized SPR sensor. With designed conjugated polymer layers, we 

were able to detection neurotransmitter (dopamine, DA) to nanomolar range with high 

selectivity.  

2.3.3 Microcantilever system 

Deflection measurements were carried out using a homemade cantilever deflection sensing 

system with a liquid flow cell. The laser beam was focused on the cantilever’s free end and 

the “compressive” (negative deflection, towards silicon side) and “tensile” (positive 

deflection, towards gold side) stresses of the cantilever were measured by monitoring the 

position of the reflected laser beam on a position sensitive detector (PSD). Data from 

nanomechanical cantilever deflections were recorded in real-time using a multifunctional 

data-acquisition board driven by LabView-based software. Figure 2.8 shows the 

experimental set-up for the cantilever deflection sensing system. Microcantilever bending 

deflection was measured using a home-made system. Functionalized MCL array is 

mounted in a flowcell with 200 µL volume and PBS buffer flow was introduced by a 

syringe pump and sample injections are also controlled by a 6-way valve with injection 

loop volume of 2 mL. The PBS buffer solution was set to flow through the cell using a 

syringe pump and the flow rate was set at 5 mL min-1. Stoney’s formula was used to 

determine surface stress. 
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Figure 2.8 A schematic of the MCL detection system. 1) MCL mounted in a Liquid cell; 

2) syringe pump; 3) red diode laser for deflection test; 4) position sensitive detector (PSD). 

AMPs and short fragments functionalized MCL sensors were capable of detecting 

corresponding strains to 103 cfu mL-1 level. MCL is also used to monitor the protein 

conformational change with pH variation. With the designed conjugated polymers, the 

MCL sensor can detect dopamine at picomolar range with high selectivity.  

2.3.4 Hollow channel microfluidic cantilevers 

The hollow channel cantilevers were fabricated using top-down microfabrication 

techniques as described in previous work140,141. The hollow channel cantilever used for this 

work is 500 µm in length, 20 µm in channel width, 3 µm in channel height (Figure 2.9). 

The vibration of the hollow channel cantilever was measured by an MSA-500 laser Doppler 
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vibrometer (LDV, Polytec, USA). The resonance frequency, vibration amplitude and 

quality factor (Q factor) were measured simultaneously. Measurement is usually carried in 

a homemade vacuum chamber in order to reduce the damping caused by air. DNA samples 

were injected and sealed in the microfluidic channel, and the whole chip was heated from 

the bottom at a rate of 1 °C/min. DNA melting induced Q factor variation was recorded 

and analyzed, as long as other physical parameters as frequency and amplitude.  

 

Figure 2.9 Schematic and SEM images of a hollow channel microfluidic cantilever. 
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2.4 Summary 

Based on various targets, we designed and selected corresponding sensing molecules which 

have high selectivity and much improved reliability. According to different 

transducer/sensing layer duos, we designed protocols to create stable and efficient 

interfaces. The sensing molecules with thiolated end can be directly immobilized on gold 

surface; while the other molecules are usually functionalized onto gold surface through 

linkers with thiol ends. The other end usually contains an amine group or a carboxyl group 

which can form an amide bond with peptide/protein sensing molecules. Due to their 

molecular weight and related steric effect, linkers with longer carbon chains are commonly 

used for larger sensing molecules, while short linkers are much preferred for smaller 

molecules like peptides. All the methodology developed are used in the sensor 

development in following chapters. Also, they can be used as guidelines for other sensors 

design and development.   
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Chapter 3. Screening Short Peptide Fragments from Class 

IIa Bacteriocins as Listeria Recognition Elements 

"Detection of Listeria monocytogenes with short peptide fragments from class IIa 

bacteriocins as recognition elements", Azmi, S., Jiang, K., Stiles, M., Thundat, T., & Kaur, 

K., ACS Combinatorial Science, 2015, 17(3), 156-163. (Cover Feature) 

 

  



51 

 

3.1 Introduction 

Rapid, sensitive, and specific detection of pathogenic bacteria using culture-independent 

methods is critical for monitoring food, the environment, and patients in clinical settings. 

In general, the conventional culture-based methods for detecting and enumerating bacteria 

are labor-intensive and time-consuming.142 On the other hand, rapid methods, like 

immunoassays and polymerase chain reaction (PCR), are expensive, require state-of-the-

art infrastructure, and often require sample pretreatment.11,143,144 Pathogenic bacteria like 

Listeria monocytogenes are widely found in nature, such as soil, stream water, sewage, 

plants, and food, and have a mortality rate approaching 25%.145,146 Detecting such 

pathogens in a timely fashion at low-levels, therefore, remains critical. 

Several biosensor platforms have been recently developed that utilize a recognition 

element, such as an antibody, aptamer, or peptide for sensing, and the binding of these 

sensing moieties to bacteria is read through a transducer in real time. Antibody-based 

platforms have been popular due to their high affinity and specificity; however, these 

biomolecules lack stability under harsh conditions and can be expensive.147,148 In contrast 

to antibody and oligonucleotide probes, peptides are intrinsically more stable in harsh 

environments, easier to synthesize, and exhibit broad activities and affinities against wide 

range of bacterial strains.149–152 We have explored the viability of using Leucocin A 

(LeuA), a naturally occurring antimicrobial peptide (AMP) that displays potent activity 

against Listeria strains (minimum inhibitory concentration or MIC ∼0.1 nM)153,154 as a 

molecular recognition element in biosensor platforms. Using a LeuA-based platform, we 

selectively detected L. monocytogenes from other Gram-positive strains at a concentration 
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of 103 cfu/mL.152 LeuA belongs to class IIa bacteriocins that are characterized by a 

conserved disulfide bond and a YGNGV sequence near the N-terminus and with an 

amphiphilic helical C-terminal domain.154,155 Class IIa bacteriocins possess a narrow 

activity spectrum, with high potency (typically active in the nanomolar range) against 

specific Gram-positive strains including Listeria, and act by a receptor-mediated 

mechanism on the target bacterial cells.156 Such potent activity is presumably achieved by 

a specific binding interaction of the peptides with membrane-localized proteins of the 

mannose phosphotransferase system (man-PTS) of the target cells.157,158 The expression 

levels of the receptor on the target bacterial surface dictate the activities of class IIa 

bacteriocins from one strain to another.159 

Peptide-functionalized microcantilever-based systems are an ideal platform for developing 

miniature sensors, as the presence of a peptide makes bacterial detection highly sensitive, 

specific, and label-free due to the specific interaction between peptide and bacteria.160–162 

For chemical and biological sensing, one side of a cantilever is coated with a thin film of 

gold and functionalized with molecular recognition agents such as antibodies or peptides 

to make it chemically specific. When target molecules or cells bind to the recognition 

agents, the change in surface energy results in cantilever deflection, which can be detected 

with different readouts, such as optical beam deflection, capacitance, or piezoresistivity. 

The sensitivity and reproducibility of a cantilever’s bending response depends on the 

uniformity of the immobilized functional layer as well as the cleanliness of the sensing 

surface.163–166 For class IIa bacteriocins, the C-terminal domain determines the target cell 

specificity.155 Therefore, we hypothesized that small peptide fragments derived from the 

C-terminal region of class IIa bacteriocins167,168 may bind Listeria strains with the same 
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specificity as that of the native full-length sequences and that a self-assembled monolayer 

(SAM) of small peptides on a gold microcantilever may serve as a potential biosensor 

platform for Listeria detection. 

Accordingly, in this study, we screened a library of peptide fragments (14-residue) derived 

from native bacteriocins to identify the specific recognition elements from three class IIa 

bacteriocins, namely, Leucocin A (LeuA), Pediocin PA1 (PedPA1), and Curvacin A 

(CurA) (Figure 3.1). Several fragments from the C-terminal domain displayed high 

binding toward pathogenic Gram-positive bacteria, including L. monocytogenes, 

Enterococcus faecalis, and Staphylococcus aureus. Microcantilevers coated with gold and 

functionalized with a high-affinity peptide fragment, Leu10, showed a much higher 

deflection signal upon Listeria binding compared to that from microcantilevers 

functionalized with low-affinity fragments or a blank microcantilever (no peptide). In 

addition, MCL functionalized with a high-affinity peptide fragment showed a similar 

deflection and response time as that of full-length LeuA upon Listeria binding. This study 

highlights the potential of short peptide-based platforms in the development of biosensors 

to detect pathogenic bacteria. 
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Figure 3.1 Schematic illustrating the steps used for screening and validating peptides with 

specific binding toward Gram-positive L. monocytogenes. PSD: Position sensitive detector.  
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3.2 Experimental Procedures 

3.2.1 Materials 

All reagents and solvents were of analytical grade and used as received with no further 

purification. Five bacterial strains, pathogenic (level II) and nonpathogenic, namely, L. 

monocytogenes (ATCC 19116 and ATCC 43256), L. mesenteroids (or UAL 280), S. 

aureus (ATCC 13565), and E. faecalis (ATCC 19433), were used in this study. All strains 

were obtained from the cell bank of CanBiocin, Inc. (Edmonton, AB, Canada) and were 

sub-cultured in their respective appropriate media, like APT or LB broth. 

3.2.2 Peptide Array Synthesis 

A peptide array library comprising 24 short peptide sequences (each 14 amino acids long) 

was synthesized in duplicate on a cellulose membrane using SPOT synthesis 

(Figure 3.2).169  Short peptide sequences were derived from the sequence of full-length 

class IIa bacteriocins Leucocin A, Pediocin A, and Curvacin A. Briefly, from the full-

length Leucocin A, 13 peptides of 14 amino acids in length, skipping two amino acids, 

were derived, and six and five peptides were derived from the central amphipathic α-helical 

region of Pediocin A and Curvacin A, respectively. The peptide array was synthesized on 

a PEG-500-derivatized cellulose membrane with a free amino terminal group using a 

semiautomatic robot AutoSpot ASP222 (Intavis AG, Germany), as described in 

Appendix.170,171 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig2
http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#notes-1
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Figure 3.2 Peptide library derived from different class IIa bacteriocins. In all, 24 peptide 

fragments (14-mers) were derived from Leucocin A (N to C), Pediocin PA1, and Curvacin 

A by overlapping 12 amino acids and skipping two amino acids. From Pediocin PA1 and 

Curvacin, peptide fragments were derived from the C-terminal region only (15-38 and 14-

35, respectively). The YGNGV motif (bold) and residues in the C-terminal domain forming 

amphipathic α-helix (red) in the native peptide are highlighted. All peptides are conjugated 

to cellulose membrane from the C-terminus via a β-alanine (Z) linker. 
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3.2.3 Peptide Array-Cell Binding Assay 

Bacteria were labeled with CyQUANT dye before performing the cell binding assay with 

the peptide array membrane. The peptide array membrane was incubated with the labeled 

bacteria, and, after washing, the net fluorescence intensity of each peptide spot due to 

bound bacteria was quantified using a Kodak imager, as described in the Appendix. 

3.2.4 Peptide Synthesis and Purification 

The three selected peptide fragments (Leu10, Leu13, and Ped3) were synthesized by an 

automated synthesizer (Tribute, Protein Technology Inc., USA) utilizing solid-phase 

methods, as described in the appendix.116 

3.2.5 Circular Dichroism 

The circular dichroism (CD) spectra of the peptides were recorded on an Olis CD 

spectropolarimeter (GA, USA) in 40% TFE (40% TFE in water, v/v). The 

spectropolarimeter was calibrated routinely with 10-camphor sulfonic acid. The samples 

were scanned at room temperature (∼25 °C) with the help of a capped quartz cuvette with 

a 0.2 cm path length at a wavelength range of 250–185 nm. The final concentration for CD 

measurements was 0.3 mg/mL (∼200 μM) for each peptide. The baseline of blank (40% 

TFE) was subtracted from the peptide sample reading. An average of 4–6 scans were taken 

for each sample with a scan speed of 20 nm/min and a data interval of 1 nm. 
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3.2.6 Peptide Immobilization on Microcantilever System (Gold Surface) 

Gold-coated silicon microcantilever (MCL) arrays, 500×90×1 μm3 (Micromotive 

Octosensis), were obtained from IBM Research Laboratory (Rüschlikon, Zurich). The 

gold-coated MCL array was rinsed with aliquots of ethanol followed by Piranha cleaning 

for 3 min and finally with DI water and ethanol rinse before functionalization. The backside 

of the MCL was passivated by immersing the array into a bis(triethoxysilylpropyl) 

poly(ethylene oxide) ethanol solution for 20 min followed by rinsing and drying in air. 

After passivation, the microcantilever array was kept in 0.01 M cysteamine hydrochloride 

in a phosphate buffer solution (8×PBS) at pH 8.1 for 6 h at room temperature for the 

formation of a self-assembled monolayer (SAM) of cysteamine linker. After rinsing with 

ethanol and PBS, MCL arrays were immersed into a 1× PBS solution at pH 7.4 containing 

class IIa bacteriocin fragment peptides (Leu10, Leu13, or Ped3; 1.0 mg/mL). EDC (0.2 M) 

and NHS (0.05 M) were also added to the PBS solution to activate the carboxyl group 

(−COOH) of the peptides. The formation of amide bond between the cysteamine and the 

peptides led to immobilization of the peptides. The cantilever array was functionalized 

using a dip-in method.172 By dipping the cantilever beam into the peptide solutions, the 

MCL array was selectively functionalized. The unmodified cantilevers served as the 

reference in bacterial detection. Prior to the deflection test, the MCL array was removed 

from the solution and rinsed with copious amounts of PBS to remove any physically 

adsorbed materials. The array was then dried with nitrogen and setup in the flow cell of the 

detection system. 
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3.2.7 Microcantilever Deflection System and Detection 

The detection of L. monocytogenes by the peptide-functionalized MCL array is based on 

the concept of changes in intrinsic stress leading to cantilever bending. All of the 

experiments were performed in 1× PBS (pH 7.4) solution with a constant flow rate of 5 

mL/h. A syringe pump was used to introduce the mobile phase (PBS) and the bacterial 

solution into the flow cell where the MCL array was located. Due to the constant flow, the 

microcantilever response from fluidic dynamics was also recorded. This was considered as 

background noise for the study of peptide-assisted bacteria detection using the MCL 

system. This noise was minimized by taking the differential signal between the 

functionalized beam and the reference beam. After a steady baseline was achieved, the 

bacterial sample solution was injected into the experimental system at the same flow rate 

of 5 mL/h. The response of each microcantilever bending was recorded as a function of 

time as well as the total volume of PBS and bacterial solution flowed through the system. 

Deflection of the cantilever array was measured by a position-sensitive detector (PSD) 

assembled with the homemade system. 

3.3 Results and Discussion 

3.3.1 Design of Peptide Library Derived from Class IIa Bacteriocins 

Previously, we used full-length LeuA (37-mer) and a 24-residue fragment from the C-

terminal region of LeuA to show that these peptides bind specifically to Gram-positive 

strains like Listeria and show much less binding toward other Gram-positive 
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bacteria.116 These peptides do not bind to Gram-negative bacteria such as Escherichia coli. 

The binding between peptide and bacteria was detected using fluorescence microscopy 

(using labeled bacteria) or impedance spectroscopy (label-free detection).152 Although 

fluorescence microscopy allowed detection of about 73 bacteria/100 μm2, we were able to 

detect bacteria at a concentration of 1 cell/μL or 103 cfu/mL using the impedance method. 

Here, we have designed a peptide library with 14-mer overlapping sequences from three 

class IIa bacteriocins, namely, LeuA, PedPA1, and CurA (Figure 3.2). Thirteen short 

fragments (Leu1-Leu13) were derived from the full-length LeuA (37-mer). In addition, six 

Pediocin fragments (Ped1-Ped6) and five Curvacin fragments (Cur1-Cur5) were derived 

from the C-terminal regions of PedPA1 (15-38) and CurA (14-35), respectively. For the 

latter two bacteriocins, fragments were derived from the C-terminal region to limit the 

number of peptides in the library. 

A library of 24 peptides in duplicate was synthesized in an array format on a cellulose 

membrane derivatized with poly(ethylene glycol)-500 (PEG-500) with free amino groups 

(Figure 3.2). Peptides were conjugated to the membrane’s amino groups through the C-

terminal carboxylate, as we found previously that peptides immobilized from the C-

terminus led to a higher number of bound bacteria (81 bacteria/100 μm2) compared to that 

with peptide immobilized from the N-terminus (73 bacteria/100 μm2).173 Following peptide 

array synthesis, the membrane was incubated in DMSO (20%) for 10-12 h at 4 °C and then 

overnight at room temperature to form intramolecular disulfide bonds between the 

cysteines present in some sequences (Leu1-Leu5). 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig2
http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig2
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3.3.2 Screening of Peptide Fragments through a Whole Cell Binding Assay 

Peptides displaying high binding to pathogenic bacteria, especially Listeria strains, were 

screened by incubating the peptide library with several Gram-positive strains. Bacteria 

were labeled with the fluorescent CyQUANT dye, by incubating with the dye for 2 h in 

dark, prior to incubating with the peptide library. CyQUANT was selected for bacteria 

labeling due to its low intrinsic fluorescence and high fluorescence and the quantum yield 

on nucleic acid binding compared to that of other dyes like DAPI and CFSE.170,174 The 

relative binding affinities of peptide fragments were determined through the net 

fluorescence intensity of the bound bacteria measured with a fluorescence Kodak imager 

(Figure 3.3). 

The library was incubated with individual bacterial strains, and the binding was recorded 

followed by regeneration of the peptide array to remove all of the bound bacteria. The 

binding experiment was repeated once. The membrane was reused for up to 6-8 

regenerations. After the binding assay was performed with five different bacterial strains, 

the binding to peptides was compared by plotting the fluorescence of the bound bacteria to 

each peptide fragment in the library, as shown in Figure 3.3. Several fragments from the 

C-terminal domain of LeuA (Leu7-Leu11), PedPA1 (Ped1-Ped3), and CurA (Cur1-Cur4) 

showed good binding to the bacterial strains. LeuA fragments displayed higher binding 

compared to that of PedPA1 and CurA, as shown by the fluorescence intensities of the 

bound bacteria. Moreover, Leu10 displayed the highest binding toward all of the 

pathogenic strains. In order to further validate the differential affinity of the peptide 

fragments, we selected two peptide fragments, Leu10 (high binding) and Ped3 (relatively 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig3
http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig3
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lower affinity peptide), for subsequent experiments. Leu13 was selected as a negative 

control peptide that demonstrated no binding toward any of the tested bacterial strains. 

 

Figure 3.3 Screening of peptide fragments showing high binding to Listeria 

monocytogenes. A peptide array library on a cellulose membrane was incubated with 

fluorescently labeled bacterial cells (OD 0.05) for 3h followed by extensive washing. 

Fluorescence intensity of bound bacterial cells was measured using a Kodak imager, with 

excitation and emission at 467 and 535 nm, respectively. The results presented here are 

mean fluorescence intensity ± SD. Red, L. monocytogenes ATCC 19116; green, L. 

monocytogenes ATCC 43256; blue, E. faecalis; pink, S. aureus; and black, Leuconostoc 

mesenteroids (or UAL 280). 
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Previously, we used cellulose membrane to screen peptides for mammalian cell line 

binding.170,171 Here, we show that a peptide library on a cellulose membrane can also be 

used to screen peptides with affinity toward bacterial cells. In general, functionalized 

cellulose membrane is an ideal platform to evaluate a library of peptides (or other synthetic 

molecules) for whole cell binding or binding with biomolecules like proteins, peptides, and 

oligonucleotides.169,175,176 Kaga and co-worker utilized a membrane-derived peptide array 

library to identify an octamer peptide that induces caspase-dependent cell death, and this 

study was performed through direct interaction of the membrane-adhered peptide with the 

cells.177 Similarly, Hilpert and Hancock used a membrane array library to dig out a highly 

active antimicrobial peptide from already known Bac2A.178 In this study, the authors 

synthesized 100 analogs of Bac2A on the cellulose membrane and identified several 

antimicrobials that performed better than the parent through monitoring luciferase activity 

of transformed bacterial cells in an antimicrobial activity assay. However, in these studies, 

the authors punched out the peptide spots into a 96-well plate to perform the antitumor or 

antimicrobial activity. We have used the intact peptide array library on the membrane to 

study peptide–cell binding interactions. 

3.3.3 Secondary Structure of Select Peptides in Solution 

To understand the structural basis of Leu10’s higher and selective binding 

to Listeria strains, we used circular dichroism (CD) spectroscopy to study the solution 

conformation of selected peptides. CD spectra of Leu10 were compared to those of Ped3 

and Leu13 in 40% TFE (Figure 4.4). The CD spectra of fragment Leu10 showed typical 

negative minima at 207 nm (θ = -5.0 × 103) and 222 nm and a positive band at 195 nm, 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig4


64 

 

suggesting a helical conformation. On the other hand, the spectra of Ped3 exhibited a 

negative minimum at 208 nm, suggesting a partial helical conformation or transformation 

from a β-sheet to a helical shape in the presence of TFE. Finally, Leu13 displayed a 

negative band at ∼195 nm, which is characteristic of a random coil. The CD spectrum of 

Leu10 resembled that of native LeuA, which is a helical peptide, as observed by CD and 

NMR spectroscopy.179,180  

 

Figure 3.4 CD spectra of peptide fragments (Leu10, Leu13, and Ped3) in 40% TFE/water. 

The concentration of peptides was 0.3 mg/mL (∼200 μM). 

The CD spectrum of native LeuA shows a negative band at 206 nm (θ = -10.5 × 103) and 

a negative shoulder near 220 nm (θ = -6.0 × 103).168 Usually, it has been seen that helical 

conformations of a peptide play an important role in its interaction with a membrane 
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receptor or antimicrobial activity.181,182 The presence of a helical conformation in Leu10 

and not in Ped3 and Leu13 confirms our conjecture that helical conformation may play an 

important role in the differential affinity of these peptides toward Gram-positive bacteria. 

3.3.4 Detection of Bacteria by Deflection of Peptide Coated Microcantilevers 

Peptide fragments identified from library screening were evaluated using peptide-

functionalized microcantilevers (MCL). A deflection in MCL upon bacterial binding was 

used for the detection of L. monocytogenes due to the specific interaction between peptide 

and bacteria. MCL deflection, which corresponds to the absorption of cells (bacteria) or 

molecules, can be accurately measured by a position-sensitive detector (PSD) and is 

described by Stoney’s formula for electroplated metal films.183 For MCL systems, where 

the secondary coatings are quite thin compared to the thickness of the cantilever, a no-slip 

boundary condition at the substrate–film interface can be assumed and the stress relaxation 

due to substrate deformation is negligible, so the deflection of the free end of a 

microcantilever, δ, can be related to differential surface stress, Δs, by 

Δ𝑠 =
𝐸𝑡2

3𝐿2(1−𝜈)
𝛿                                                                                                                         (3 − 1)                                                         

where E is Young’s modulus for the substrate (Si, 155.8 GPa), t is the thickness for the 

cantilever (1 μm), L is the length of the cantilever (500 μm), and v is Poisson’s ratio (Si, 

0.28). This formula (Eq 3-1) was used to determine the surface stress differential upon 

bacteria binding. In addition, in our system, an optical beam deflection-based response 

readout was used. There are several procedures to readout the response of a microcantilever 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#eq1
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such as optical beam deflection, capacitance, piezoresistivity, piezoelectricity, and 

interferometry. Optical beam deflection-based response readout delivers the highest 

sensitivity and is used in most microcantilever-based biochemical applications.184 

The three peptide fragments, Leu10, Ped3, and Leu13, were separately immobilized onto 

MCLs. The binding behavior of these fragments was compared with that of full-length 

LeuA. MCL coated with cysteamine alone (linker) was used as a blank reference. The 

sample flowed through the MCL system at a constant flow rate of 5 mL/h. First, buffer 

(PBS, 50 mM, pH 7.4) was allowed to flow through the system to establish a stable 

baseline, followed by the introduction of the sample solution containing L. 

monocytogenes at a concentration of 105 cfu/mL. As shown in Figure 3.5, we observed 

that the response or signal builds over time after the introduction of the bacterial sample 

and that the signal saturates in about 20 min when the peptide–cantilever surface reaches 

maximal bacterial binding. The deflection on the Leu10-functionalized MCL was 

measured at around 100 nm, which refers to a surface stress of 29 mN/m. In comparison, 

the LeuA-functionalized sensor showed a response of about 120 nm, indicating similar 

binding processes between LeuA and L. monocytogenes as well as Leu10 and L. 

monocytogenes. On the other hand, the response of the Ped3-functionalized sensor to L. 

monocytogenes was significantly reduced. The deflection observed for Ped3 was about 40 

nm, whereas Leu13 showed no significant response to L. monocytogenes. Furthermore, the 

response time for Leu10 MCL is comparable to that of the LeuA MCL, suggesting that 

Leu10 is an optimum peptide candidate for L. monocytogenes detection. 

 

http://pubs.acs.org.login.ezproxy.library.ualberta.ca/doi/full/10.1021/co500079k#fig5
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Figure 3.5 Deflection of microcantilevers functionalized with LeuA derived short peptides 

upon L. monocytogenes ATCC 19116 binding. L. monocytogenes was injected at a 

concentration of 105 cfu/mL (in PBS) at a flow rate of 5 mL/h. LeuA is a 37-residue full-

length antimicrobial peptide, whereas Leu10, Leu13, and Ped3 are 14-residue peptide 

fragments. 
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We have used peptide-conjugated microcantilevers with optical beam deflection for 

detecting the specific interaction between the sensor and bacteria with high sensitivity. 

Such a nanomechanical platform offers advantages over other biosensor methods such as 

surface plasmon resonance (SPR), quartz crystal microbalance (QCM), and 

electrochemical methods, like impedance, admittance, or capacitance. SPR real-time 

detection is based on a change in the refractive index when an analyte interacts with the 

recognition surface. It is highly sensitive, but SPR detection may require pretreatment of 

the sample to first isolate bacteria, e.g., using antibodies.185 Bouguelia and co-workers used 

SPR to detect low levels of Salmonella and other Gram-negative pathogens.186 However, 

their culture–capture–measure (CCM) approach utilizes monoclonal antibodies 

immobilized on an SPR surface, and the detection takes place in several hours (>6 h). 

QCM, which is a mass-based method, has not yet been optimized for high sensitivity.187 

Similarly, electrochemical methods like impedance spectroscopy that provide a fast 

readout are still in the early stages of development.149,152,188 

3.4 Conclusions 

Peptides function as specific recognition elements for the detection of a variety of 

biomolecules and cells. Using a synthetic peptide array library on a cellulose membrane, 

we screened short peptide fragments for high and specific binding to L. monocytogenes. 

Peptide fragments were derived from three potent anti-Listerial peptides that belong to 

class IIa bacteriocins. Several fragments from the C-terminal region showed high-to-

moderate binding to five Gram-positive bacteria. Fragment Leu10 

(GEAFSAGVHRLANG), which displayed the highest relative binding to bacteria 
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compared to that of other fragments, was chosen for validation using a microcantilever 

(MCL)-based technique. MCLs were functionalized with fragments Leu10, Ped3, Leu13 

or with full-length LeuA. The Leu10-functionalized MCL was able to detect Listeria with 

the same sensitivity as that of the LeuA-functionalized MCL. It is interesting to note that 

the binding response of a short fragment was similar to that of the full-length peptide. 

However, the antibacterial activity of this class of peptides is dramatically reduced even 

with a small change in the sequence, and short sequences are generally inactive.168,189 In 

addition, class IIa bacteriocins have a well-folded C-terminal amphipathic helix that is 

considered to be important for its target bacteria binding and antimicrobial activity. Leu10, 

derived from the C-terminal region of LeuA, folds into a helical conformation, suggesting 

that Leu10 may possess a similar binding mechanism as that of full-length bacteriocins to 

the target bacteria. The study highlights the use of peptide array membranes to screen short 

fragments from antimicrobial peptides with specificity toward pathogenic bacteria and 

demonstrates that such peptides can be used as recognition elements in biosensor 

development. 
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Chapter 4. Investigation of pH-induced Protein 

Conformation Changes by Nanomechanical Deflection  

"Investigation of pH-induced protein conformation changes by nanomechanical 

deflection", Thakur, G., Jiang, K., Lee, D., Prashanthi, K., Kim, S., & Thundat, T. 

Langmuir, 2014, 30(8), 2109-2116 
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4.1 Introduction     

Conformational and orientation transitions in proteins are critical factors which impact 

various biological processes. Many spectroscopic techniques are widely used to understand 

the conformational changes of proteins such as circular dichroism (CD),190 fluorescence 

spectroscopy,191 nuclear magnetic resonance (NMR),192 and Fourier transform infrared 

(FTIR) spectroscopy.193 Most of these methods are solution based i.e., they require the 

biomolecules dissolved in a solvent. In the past decade, various biosensing techniques 

involving solid-liquid interface such as quartz crystal microbalance (QCM),194,195 surface 

plasmon resonance (SPR),196 microcantilever sensors,197 atomic force microscopy 

(AFM),198 and impedance spectroscopy199 have been developed. These techniques which 

use surface immobilized biomolecules require information on conformational changes of 

biomolecules to understand the sensing phenomena on the surface. 

Microcantilevers have attracted attention due to their sensitivity and versatility as a sensing 

platform as well as a label-free detection technique.197,200–203 Several antibody-antigen 

assays investigated using microcantilever sensors suggested that molecular binding-

induced surface stress is a sensitive detection signal that is ideal for liquid environment.203–

210 These signals are basically induced due to molecular binding to receptors or proteins 

which indirectly induces conformational changes in the receptors or proteins. However, to 

develop a cantilever-based biosensor that can provide more quantitative information, one 

needs to understand the basic mechanisms involved in surface stress generation, which 

would receptor specific. To understand the binding-induced stress generation on 

microcantilever systems, it is important to understand the orientation and conformational 
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changes of receptors or proteins which act as binding sites for the target analytes.211–214 

Protein conformational changes have significant implications in the development of 

biosensors. In addition, the surface stress of a microcantilever can also be influenced by 

variations in pH of the solution. The deflection of a bimaterial microcantilever changes as 

a function of pH because of the pH-induced variations in the surface charges of one of its 

surfaces. A microcantilever can be made into a sensitive pH sensor based on surface stress 

change.215–217 

Human serum albumin (HSA) is a widely studied protein that accounts for more than 50% 

of total plasma protein concentration with the molecular weight of 65 kD.117–119 HSA is 

known to undergo pH-dependent conformational isomerization. At physiological pH of 

7.4, the HSA is identified as a heart-shaped molecule existing in normal (N) form. 

However, at pH greater than 9, the transition takes place to basic (B) form, where it is 

believed that the heart shaped structure is changed into an ellipsoid. At acidic pHs below 

4.7, it is believed to exist in fast (F) form.120,121        

Most of the previous studies on conformational analysis of biomolecules, specifically 

proteins, used the indirect methodology to find conformational change.211,213,214 Here, we 

investigated the direct conformational change of protein (HSA) on a microcantilever 

surface by variation of pH. Two complementary techniques, microcantilever array and 

surface plasmon resonance sensing, were used to investigate the conformational change of 

immobilized HSA on the gold surface. 
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4.2 Materials and Methods 

4.2.1 Materials 

Commercially available silicon microcantilevers (Micromotive Co., Mainz, Germany) 

were used in all the experiments. The dimensions of the cantilever were 500 µm in length, 

90 µm in width, and 1µm in thickness. All chemicals used including NaCl, Na2PO4, 1-

ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC), N-Hydroxysulfosuccinimide 

(Sulfo-NHS) and 2-(N-morpholino) ethanesulfonic acid (MES) were purchased from 

Sigma Aldrich. The ligands carboxy-PEG 12-lipoamide (PEG12-CL), and solvents such as 

ethanol were purchased from Fisher Scientific. Deionized (DI) water with a resistivity of 

18.2 MΩ·cm-1 from Milli-Q-water purification system was used in all the experiments. 

4.2.2 Preparation of denatured HSA 

2mg/ml of HSA solution in PBS buffer was heated at 60 ° C for overnight and characterized 

using CD and FTIR spectroscopy (see Appendix).  

4.2.3 Functionalization of the cantilevers and SPR sensor chips 

Silicon microcantilevers were cleaned using piranha (H2SO4: H2O2 (3:1)) for 10 min, 

washed with plenty of deionized water and rinsed with ethanol. After air-drying, the freshly 

cleaned microcantilever was coated with a 5/50 nm Ti/Au layer using an electron-beam 

evaporator. The freshly coated microcantilevers were cleaned using UV-ozone cleaner for 
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3-5 hrs and rinsed with ethanol. Dried cantilevers were passivated with PEG-silane on 

backside. Gold side of the cantilever was functionalized by immersing in 1mM PEG12-CL 

solution in PBS buffer (20 mM Na2PO4, 0.15 M NaCl) at pH 7.4 for 3hrs. After cleaning 

the microcantilevers and removing the excess reagent, activation of the carboxyl group was 

carried out by zero length crosslinking agent EDC and sulfo-NHS. The microcantilevers 

on the array were immersed in 0.2M EDC and 50 mM sulfo-NHS prepared in MES buffer 

(0.1M MES, 0.5M HCl) at pH 6 for at least 30 min and stirred at very low speed. Excess 

of the reagent was removed by washing the cantilevers in the buffer solution. Each of the 

activated microcantilevers was functionalized with HSA or denatured HSA for 2 hours 

leaving the rest of four cantilevers as references (Figure 4.1A). Hydroxyl amine was used 

to block the active sites on the reference cantilevers and unreacted active carboxyl moieties 

on the protein immobilized cantilevers.     
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Figure 4.1 Image of microcantilever array and schematics of the microcantilever deflection 

detection system: A) Four cantilever beams are coated with HSA and the rest of them are 

coated with PEG12-CL as references. B) Schematic drawing of the cantilever deflection 

sensing system:  1) the liquid cell with a cantilever. 2) Buffer injection with a syringe 

pump3) Red diode laser 4) Readout system connected with PSD. 
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SPR sensor chips were functionalized in the same manner. Glass sensor chips with 50 nm 

Au coating were purchased from Biolin Inc. for SPR Navis system. After cleaning with 

piranha (Caution!), sensor chips were functionalized with PEG12-CL to form a self-

assembled monolayer (SAM) and then either native or denatured HSA was immobilized 

on the sensor surface using same chemistry as previously discussed for microcantilevers. 

4.2.4 Cantilever deflection measurements 

Deflection measurements were carried out using a homemade cantilever deflection sensing 

system with a liquid flow cell. The laser beam was focused on the cantilever’s free end and 

the “compressive” (negative deflection, towards silicon side) and “tensile” (positive 

deflection, towards gold side) stresses of the cantilever were measured by monitoring the 

position of the reflected laser beam on a position sensitive detector (PSD). Figure 5.1B 

shows the experimental set-up for the cantilever deflection sensing system. The 

experiments were performed in a stainless-steel flow cell (Scentris, Veeco, Santa Barbara, 

CA). The PBS buffer solution (50 mM NaCl, 20 mM Na2PO4) was set to flow through the 

cell using a syringe pump and the flow rate was set at 5 mL/min. Stoney’s equation218,219 

was used to determine surface stress. 

∆𝜎 =
1

3
(

𝑡

𝐿
)

2

(
𝐸

1 − 𝜈
) Δ𝑧                                                                                                        (5 − 1) 

where L is the effective length, t is the thickness of the cantilever, E is Young’s modulus, 

ν is Poisson ratio of Si, and Δz is the deflection of the cantilever.  
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4.2.5 SPR experiments 

 Conformational change of HSA was measured using a Navi-200 (BioNavis, Helsinki, 

Finland) instrument. SPR was operated at 25 oC in a flow-through mode with a flow rate 

of 10 μL/min. The laser wavelength used is 760 nm. 

4.2.6 Atomic Force Microscopy (AFM)   

Multimode 8 atomic force microscope (Bruker, Santa Barbara, CA) was used for tapping 

mode imaging. The protein was immobilized on a silicon wafer coated with Ti/Au (5/50 

nm). Freshly prepared samples were used for AFM conducted in air. 

4.3 Results and Discussion 

4.3.1 Characterization of surface 

To achieve the required sensitivity and selectivity of a microcantilever sensor, it is very 

important to choose a right ligand to attach the receptor or protein to the cantilever surface. 

It is also important to characterize the functionalized surface to understand the properties 

and effectiveness of surface functionalization. The dithiolated ligand PEG12-CL was used 

for HSA immobilization on the gold coated surface of the cantilever due to bidentate 

interaction mechanism in comparison to monothiolated ligands.220 Moreover, it contains 

the PEG which is known to prevent bio-fouling and is a biocompatible ligand.220,221 The 

characterization of the surface was achieved using AFM imaging. AFM of the self-
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assembled PEG layer on gold surface showed that the SAM was organized with small 

islands on the surface222 as presented in Figure 4.2A.  PEG modified surface showed 

average height ranging from 5 ± 5 nm as shown in the histogram. Native HSA modified 

substrate showed a height up to 17 ± 5 nm (Figure 4.2B) and globular protein molecules 

were arranged in a circular fashion on the surface as shown in the AFM images. The radius 

of the HSA monomer in solution is 27 ± 0.35 Å,223 whereas, the height of small circular 

features is 17 ± 5 nm. This suggests that these features are a cluster of protein molecules 

and not monomers. Denatured HSA did not show globular structures as seen through AFM 

images (Figure 4.2C) indicated by dashed circular marks. Denatured HSA showed 

characteristic features with an average height of 10 ± 3 nm. 

 

Figure 4.2 AFM images of immobilized gold substrate and corresponding histogram 

profiles A) CL-PEG12 modified surface B) Native HSA immobilized surface C) Denatured 

HSA immobilized surface. Dashed circles in the images show specific features observed. 
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4.3.2 pH- dependent conformational change of native and denatured HSA  

To understand the nature of surface stress on a cantilever, it is essential to use a reference 

cantilever for common mode rejection and analyze the signals as a differential deflection 

signal. pH-dependent conformational change of HSA was determined by switching the pH 

from 7 to 3 or 12 and then back to pH 7. Extraction of the differential deflection signals 

was achieved by taking the difference between average deflection signals of cantilevers 

modified with HSA an average deflection signal of cantilevers modified with PEG12-CL 

SAM (Figure 4.3). To confirm the deflection signal is due to conformational change of 

HSA, we also performed control experiments by modifying cantilever array with denatured 

HSA and observed the differential deflection signal with respect to reference cantilevers 

coated with PEG12-CL. Phosphate buffer with the total ionic strength of 0.1M was used 

with a variation of pH. The buffer strength was optimized to 50 mM sodium chloride and 

20 mM dibasic sodium phosphate.  Only a small amount of 0.1 M HCl or 0.1 M NaOH 

was used to decrease or increase the pH, respectively. A flow rate of 5mL/min was 

optimized and used for all the experiments and switching of buffer was done after reaching 

the baseline. 

Figure 4.3A shows the differential deflection signal for conformational change of HSA by 

switching the buffer pH 7 to pH 3. The combination of various factors such as 

intermolecular interactions, electrostatic repulsion, attraction and steric effects results in 

bending of the cantilever as a change of ions or ionic strength.212 Moreover, the orientation 

of protein molecules may alter under the different ionic environments resulting in bending 

of the cantilever. These results clearly demonstrate when the microcantilever array was 



80 

 

exposed to pH 3, due to protonation the charge on the protein surface was changed resulting 

in attractive protein-protein interactions causing the biomolecules to pack together (pI of 

HSA is 5.4).120 The differential signal was approximately 200 ± 50 nm, which corresponds 

to a surface stress of 48 ± 12 mN/m. Switching the pH to 7 again changes the environment 

of the protein molecules and there is a relaxation of stress, which means the biomolecules 

change their orientation and conformation on the surface and try to reorient back to the 

same conformation. The relaxation of surface stress for native HSA takes approximately 

3000 sec for reversing the conformational change. To confirm that this is a genuine change 

of conformation of the protein we performed same experiments with cantilever array 

immobilized with denatured HSA. Figure 4.3B shows the change in differential bending 

signal of denatured HSA with respect to the reference. Upon injecting buffer solution with 

pH 3, we observed a differential signal of 27.9 ± 20 nm that correspond to surface stress of 

6.6 ± 7.2 mN/m.  Relaxation of surface stress was observed in approximately 5000 sec. 

This result shows that cantilever deflection due to acidic pH change was dependent on the 

cantilever immobilization with native or denatured HSA. 

Figure 4.3C shows the differential signal of native HSA with respect to PEG12 -CL as 

reference upon switching the pH of the buffer solution from 7 to 12. Tensile stress was 

observed with maximum differential bending of 75 ± 30 nm, which corresponds to surface 

stress of 18.0 ± 7.2 mN/m. Upon switching back to pH 7 the biomolecules try to reorient 

back to the same position in approximately 2000 s. Whereas, for denatured HSA (Figure 

4.3D) minimal differential bending was observed at approximately 15 ± 5 nm (resulting in 

the surface stress of 3.6 ± 1 mN/m). An interesting observation was the stabilization of 

deflection signal was faster in the case of native HSA in comparison to denatured HSA.  



81 

 

 

Figure 4.3 Differential deflection signal of HSA immobilized cantilevers with respect to 

reference cantilevers by variation of pH between 7-3-7 A) Native HSA immobilized 

cantilevers.  B) Denatured HSA immobilized cantilevers. Differential deflection signal by 

switching pH between 7-12-7 C) Native HSA immobilized cantilevers. D) Denatured HSA 

immobilized cantilevers.    
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There is a significant reduction in bending signal for denatured HSA in response to pH 

variation in comparison with native HSA. The difference in cantilever bending response is 

most probably due to variations in immobilized native and denatured protein structures. the 

difference in cantilever bending response is most probably due to disparities between 

immobilized native and denatured protein structures. Thermal denaturation of this protein 

has been previously studied using various techniques.224–228 One of the initial studies have 

revealed that thermal denaturation of HSA follows multiple steps: native (N) → extended 

(E) → unfolded (U).227 It has been concluded that during extended form (E) at temperature 

≤55 °C, domains II and I of the protein fall apart but native conformation almost stays 

intact. However, at higher temperature (65-70 °C), unfolded state (U) persists accompanied 

by disruption of domain II, causing irreversible breakdown of the secondary and tertiary 

structure of protein.229 

It has been examined from CD, FTIR, and dynamic light scattering (DLS) experiments 

(Appendix) that HSA underwent N → U state. CD experiments showed that α-helix content 

was dropped from 64% in native (N) state to 44.2% denatured (U) state thus increasing the 

random coil or unordered form in the protein. Similarly, DLS experiments showed that 

hydrodynamic radius (rh) of the denatured protein was increased that is consistent with 

reported data.227 An increase in rh is attributed to equilibrium volume expansion of protein 

due to thermal denaturation. Prior studies have revealed that buried residues in the 

hydrophobic core of HSA get exposed during the N → E → U transition, which can perturb 

the long-range solute–solvent interactions.230 Moreover, both CD and DLS experiments 

provided evidence of HSA in a structurally disordered U state, where some of the 

subdomains break down exposing the hydrophobic residues. 
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Figure 4.4 is a schematic representation of the structure of the native protein (A) and heat 

denatured structure (B).  Most of the hydrophilic residues are located on the periphery of 

the globular native structure (Figure 4.4A), which is a compact conformation. The 

structural perturbation in the U state is linked to a change in the conformation entropy, 

which favors unfolding and is corroborated by the energy cost of S-S bond cleavage.231,232 

It is most probable that same entropic state is not recovered during the refolding process of 

denatured protein (solute) in water (solvent) and results in an improperly folded state with 

exposed hydrophobic protein residues.229 Denaturation may lead to the unfolded state of 

the polypeptide chain and expose the hydrophobic residues on the surface of the protein 

(Figure 4.4B), allowing it to be in an uncompacted conformation.  Switching of pH from 

7 to 3 protonate all the residues on the surface (Figure 4.4C), which would change the 

interactions between the residues and neighboring immobilized native protein molecules 

resulting in significant cantilever bending signal. Similarly, on deprotonation (Figure 

4.4D) of the native protein molecules, there is a change in the orientation of the molecules 

into an ellipsoid structure that results in cantilever bending. However, very low bending of 

the microcantilever immobilized with denatured HSA relative to native HSA may be due 

to exposure of hydrophobic residues, which does not allow the orientation or conformation 

to change significantly. It must be pointed out that denatured HSA indeed shows some 

change which may correspond to change in orientation due to protonation (Figure 4.4E) 

or deprotonation (Figure 4.4F) of the core of the protein. Another possibility is less amount 

of denatured protein molecules immobilized on the surface of the cantilever due to 

variation in their structural properties. This may also lead to lower deflection signal, which 

is evident in our results. 
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Figure 4.4 Illustration of native and denatured protein structures A) Native HSA. B) 

Denatured HSA. C) Protonated native HSA. D) Deprotonated native HSA. E) Protonated 

denatured HSA. F) Deprotonated denatured HSA. 
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Charge-charge repulsions either negative (at pH 12) or positive (at pH 3) in HSA residues 

bound to the microcantilever can appear when the pH is away from pI resulting in expanded 

protein structure.233 Partial unfolding in the protein molecule at pH 12 can lead to decrease 

in helical structure thus less number of amino acids are involved in helix, therefore, there 

will be entropy change which leads to change in Gibbs free energy234, that would in turn 

trigger surface stress change on the surface of a microcantilever. Conformation change in 

the protein structure is a consequence of a change in surface charge on the protein. Hence, 

protonation/deprotonation results in distinct surface charge density on the immobilized 

protein molecules. Consequently, there is a variation in surface charge density on the 

microcantilever surface immobilized with protein. It has to be pointed out that there is 

always ionization of backside of the cantilever due to variation in pH from neutral to acidic 

or basic. This will allow the cantilever to bend up independent of positive or negative 

charge densities. Hence, the bending of the cantilever will be in such a way to increase the 

surface area of charged surface. The net change in deflection may be due to variation in 

charge induced conformational change of protein molecules. Variation in the amount of 

bending for native and denatured HSA can be attributed to the effective change in charge 

on the surface of the microcantilever.  

4.3.3 SPR investigations 

To further examine the conformational change of immobilized HSA at liquid–solid 

interface, we used the SPR technique. Here, the sensor chip coated with gold was 

immobilized with native or denatured HSA and parallel experiments in line with 

microcantilever experiments were conducted. 
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Sensor chip was initially equilibrated by flowing PBS buffer (pH 7.4) and baseline was 

established. It was observed that for the native HSA, the sensorgram signal on injection of 

PBS buffer (pH 3) showed a change in reflectance angle of 80 ± 10 millidegree (Figure 

4.5A). The relative change in resonance signal between PEG12-CL and native HSA 

modified surface is 20 ± 15 millidegree. It has to be pointed out for PEG12-CL, we also 

observe protonation and deprotonation. Clear transition points are seen after injection or 

switching of buffer from pH 3 to 7. The protein molecules appear to revert back to similar 

conformation or orientation after the injection time is over and PBS buffer at pH 7 is 

flowing into the cell. Figure 4.5B shows the transition from pH 7-3-7 for denatured HSA 

and PEG12-CL. The resonance signal for denatured HSA is remarkably low at 35 ± 10 

millidegree as compared to PEG12-CL (100 ± 20 millidegree) and native HSA (80 ± 10 

millidegree). In contrast to native HSA, denatured HSA shows a significant change in 

relative signal between PEG and denatured HSA immobilized sensor chips. For pH 

variation between 7-3-7, the relative change between PEG and protein coated sensor was 

80 ± 20 millidegree for denatured HSA and approximately 20 ± 15 millidegree for native 

HSA.   

Generally, increase in SPR signal reflects the increase in mass density at the sensor surface 

with a subsequent increase in the dielectric character. The water molecules interaction to 

the immobilized protein on the sensor surface may change the dielectric properties and 

consequently the refractive index.235–237 For an unfolded or denatured protein the structural 

orientation is less compact or extended on the surface as observed from AFM images 

(Figure 4.2 C) which may allow the significant decrease in bound water content. Whereas, 
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in the case of native HSA, which is a globular structure there may have significantly high 

content of bound water.  

 

Figure 4.5 Surface plasmon resonance signal by variation of pH between 7-3-7. A) Native 

HSA immobilized sensor chip (blue), PEG12-CL coated surface (black).  B) Denatured 

HSA immobilized sensor chip. Relative resonance response of pH variation between 7-12-

7: C) native HSA and PEG coated sensor chips. D) Relative resonance response between 

denatured HSA and PEG coated sensor chips.   
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Figure 4.5C shows the comparison between native HSA immobilized and PEG12-CL 

coated sensor surface by variation of pH from 7-12-7.  For the pH variation from 7 to 12, 

the change in resonance signal between PEG and native HSA is very low at approximately 

0.1 ± 0. 5 millidegree.  However, transition in reflectance angle was increased to100 ± 10 

millidegree in contrast to native HSA at approximately 80 ± 10 millidegree. A higher slope 

in case of injection of pH 12 indicates that the time period required for achieving 

equilibrium state is longer in the case of pH 12 as compared to injection of pH 3. An 

interesting point to be noted was by reversing the pH from 12 to 7, the protein molecules 

were far above the original reflectance angle value at 50 ± 10 millidegree. This observation 

shows that the conformational change might not be completely reversible, especially when 

treating the protein molecules at pH 12.  

Similar experiments with denatured HSA are presented in Figure 4.5D. The reflectance 

angle for denatured HSA upon transition from pH 12 to 7 was approximately 40±10 

millidegree. Relative change between PEG12-CL and denatured HSA was significant at 

approximately 40 ± 10 millidegree. SPR results for native and denatured HSA compliment 

to the microcantilever bending results, where both native and denatured HSA show a 

difference in the signal. For native HSA, the differential signal is higher in comparison 

with denatured HSA in the case of microcantilever deflection, which is promising prospect 

to develop pH based biomolecular sensors. 
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4.4 Conclusions 

Conformation and orientation of native and denatured HSA at solid-liquid interface were 

investigated by two complementary techniques namely, microcantilever deflection and 

SPR spectroscopy. The surface stress on microcantilever was primarily due to charge 

induced conformational change of native or denatured HSA by variation of pH. We 

conclude from these experiments switching of pH on native and denatured HSA shows the 

variation in nanomechanical bending signal, which may be due to the variation of surface 

charge density on cantilever surface. This result indicates the HSA- 

protonation/deprotonation allow the protein on the surface of the cantilever to become 

more hydrophobic or folded. Since we know in solution there is a significant α-helix loss 

on acidic or basic pH, additional attractive forces may be dominant within the domains 

when HSA is immobilized on the surface.  Complimentary results related to SPR show that 

the relative signal change for immobilized native protein does not show significant change 

when compared to cantilever deflection experiments. However, relative change for 

denatured protein in SPR is more pronounced as compared to deflection experiments. The 

two techniques work on entirely different principles, which reflect that the similar changes 

are observed in both techniques. However, the deflection signal change in case of 

cantilevers for native protein is more pronounced and would help in the development of 

pH based biosensors. Such studies would shed light on developing pH based biosensors on 

microelectromechanical systems (MEMS).  
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Chapter 5. Rapid and Highly Sensitive Detection of 

Dopamine using Conjugated Oxaborole based Polymer and 

Glycopolymer Systems 

"Rapid and Highly Sensitive Detection of Dopamine Using Conjugated Oxaborole-Based 

Polymer and Glycopolymer Systems", Jiang, K., Wang, Y., Thakur, G., Kotsuchibashi, Y., 

Naicker, S., Narain, R., Thundat. T., ACS Applied Materials and Interfaces, 2017, 9(18), 

15225-15231. 
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5.1 Introduction 

Dopamine (DA) is a simple organic chemical in the catecholamine family which plays a 

critical role in the function of the central nervous system (CNS), endocrine system and 

cardiovascular system. Monitoring the concentration level of DA has attracted a great deal 

of attention since c238–240. Much effort has been focused on the development of techniques 

for highly selective and quantitative detection of DA. In the past decades, several analytical 

methods, such as high-performance liquid chromatography (HPLC)241, capillary 

electrophoresis242, fluorescence243 and electrochemical methods244,245, have been 

developed for DA level monitoring, but they require long sample-preparation time and 

well-trained operators. Novel sensors utilizing field-effect transistor (FET)246, 

nanoparticles247 and conducting polymers246,248 have been developed for DA detection, but 

they require complicated sensor surface functionalization and lack long-term stability.  DA 

level in biological samples is in the range of 10-9 to 10-5 mol L-1(M), with an excess of 

epinephrine (EPI), ascorbic acid (AA), uric acid (UA) and other compounds248,249. Thus, 

development of a real-time detection system for DA that is highly specific and sensitive is 

still needed. Although there are many sensitive sensor platforms, they require selective 

receptor layers for obtaining selectivity in detection. 

Boronic acid is well known for its interaction with molecules having a cis-diol 

configuration to form stable cyclic esters.122 A well-defined copolymer poly(N-

isopropylacrylamide-st-5-methacrylamido-1,2-benzoxaborole) (P(NIPAAm-st-

MAAmBO)) has been synthesized by reversible addition-fragmentation chain transfer 

(RAFT) polymerization by Narain and coworkers.123 Dopamine, due to the nature of the 
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catechol group, was reported to have a binding constant (~18000 K mol-1) over two orders 

of magnitude higher than that of the cis-diol containing compounds (~100 K mol-1), such 

as glucose, fructose, and mannose etc., toward the boronic groups.250 However, due to the 

relatively low physiological level of DA as compared to other chemicals such as 

saccharides239,251, a highly-selective sensing layer is needed for DA detection. It has been 

demonstrated that glycopolymers can form stable structure with boroxol containing 

compounds.123,252 Due to their structural difference, the binding affinity between 

P(NIPAAm-st-MAAmBO) and glycopolymer (poly(2-lactobionamidoethyl 

methacrylamide) (PLAEMA), which has two cis-diol unit in each side-chain, is estimated 

to be lower than that of DA, but higher than that of monosaccharides250. This makes the 

conjugated P(NIPAAm-st-MAAmBO) and PLAEMA layer much less reactive to non-

specific saccharides or other structural analogs, leaving only DA binding to P(NIPAAm-

st-MAAmBO) by the displacing PLAEMA.  

In this work, we describe a highly selective interface for DA detection and we demonstrate 

it in two different sensor platforms, namely surface plasmon resonance (SPR) and 

microcantilevers (MCL). SPR is a sensitive technique for fast and label-free detection of 

chemical and biological analytes.253,254 Microcantilever sensor based on mechanical 

bending, on the other hand, utilizes changes in surface stress due to surface adsorption.255 

However, both the SPR and the MCL sensors require functional coatings for obtaining 

selectivity in sensing. With functionalized sensing layers, both sensor platforms have been 

utilized for sensing and diagnosing applications in solution environments that include 

whole cell recognition, protein interaction, glucose sensing, heavy metal detection, 

etc.97,256,257 The conjugated polymer layer consisted of P(NIPAAm149-st-MAAmBO19) 
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(MAAmBO content: 12 mol%, Mn: 13200 g mol-1, Mw/Mn=1.27) and P(LAEMA21) (Mn: 

10000 g mol-1, Mw/Mn=1.1).123 In addition to the DA detection in buffer solutions, this 

conjugated polymer layer is evaluated for specificity in the presence of cross-reacting 

analytes such as saccharides, EPI, AA and UA. We have investigated the selectivity, 

sensitivity, and the polymer layer swelling of this conjugated polymer system. The possible 

regeneration of the polymer interface has also been evaluated.  

5.2 Experimental Section 

P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) were synthesized following previous 

work.124–126,258 All other chemicals were obtained from Sigma-Aldrich (USA). Phosphate 

buffered saline (PBS, 0.1 M, pH 7.4) is used as a mobile phase solution flowing 

continuously through the gold coated sensor chip surface. All the water used in this work 

was deionized from a MilliQ instrument (18 MΩ cm-1). 

SPR sensor chips were fabricated based on lime soda glass slides. The dimensions were 

fixed as 2 cm×1.2 cm×0.05 cm. The sensor chips were coated with 5 nm titanium (Ti) 

adhesion layer followed by 50 nm gold (Au) using an electron beam evaporator (Kurt J. 

Lesker, USA) at a deposition rate of 0.2 Å sec-1. Same gold coating procedure was applied 

on microcantilever sensors (MicroMotiv Octosensis, 500-µm length, 90-µm width, 1-µm 

thickness, MicroMotiv Microtechnology, Germany).  

The gold-coated SPR and MCL sensor chips were carefully cleaned using piranha solution 

(H2SO4 and H2O2, 3:1 in volume) and rinsed by aliquots of water and ethanol and dried by 

nitrogen before any surface functionalization process. The polymer functionalization was 
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performed in a three-step method. First, P(NIPAAm149-st-MAAmBO19) was immobilized 

to the gold-coated surface of the sensor for forming a self-assembled monolayer (SAM) 

via thiol-Au covalent bond through the dithioester group at the polymer terminal. The 

second layer of P(LAEMA21) was conjugated to the sensor substrate by the oxaborole-diol 

interaction as described previously. After rinsing with PBS, the chip was treated with 

thiolated poly(ethylene glycol) (PEG) to block any uncovered gold surface in order to avoid 

non-specific adsorption. A PEG functionalized chip was used as a reference to eliminating 

noise and other systematic errors (by common mode rejection). SPR reflection angle was 

measured by Navi 200 instrument (BioNavis, Finland) and the mechanical bending of 

microcantilevers was measured by means of a multiplexed optical beam deflection setup. 

SPR sensorgram and MCL deflection signals monitored as a function of time during the 

injection of DA samples. 11B NMR was performed to confirm the DA displacement 

reaction with P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) conjugates. The 

topography of the conjugated polymer functionalized chip before and after DA injections 

was acquired using an atomic force microscopy (AFM) for investigating surface 

morphology evolution due to adsorption.   

5.3 Results and Discussions 

5.3.1 Detection mechanism 

SPR is an optoelectronic phenomenon occurring at the interface between a negative and 

positive permittivity material stimulated by incident light. At a specific incident angle 

(resonance angle), the polarized light can resonantly excite the delocalized electrons 
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(surface plasmon) of the metal film, resulting in a minimum in the reflected light intensity. 

This angle is recorded as the SPR sensorgram. This electromagnetic surface wave 

propagates in a direction parallel to the negative permittivity (metal)-dielectric material 

interface. Since this surface wave is on the boundary of metal and the medium, the 

resonance is highly sensitive to any changes on the surface such as refractive index 

variation1. Surface plasmon obeys the following dissipation relation: 

𝐾𝑠𝑝 =
𝜔

𝑐
(

1

𝜀1𝜇1
+

1

𝜀2𝜇2
)

−1
2⁄

                                                                                            (5 − 1) 

where ε is the relative permittivity, and µ is the relative permeability of the glass prism and 

the metal. The resonance angle strongly depends on the refractive index of the medium in 

close proximity of the metal surface259. Moreover, the local refractive index change is 

synchronous with the surface adsorption/desorption events.  

Microcantilever sensor based on mechanical bending, on the other hand, utilizes changes 

surface stress due to molecular adsorption. As in the case of SPR sensors, microcantilevers 

also require immobilized selective layers for achieving selectivity in sensing. Molecular 

adsorption on the immobilized sensing layer on the microcantilever surface results in 

conformational change, which leads to a change in surface stress. When the sensing layer 

is immobilized only on one of the surfaces of the cantilever, a differential surface stress is 

generated that leads to cantilever bending. The bending (deflection) of the cantilever can 

be measured by reflecting a laser beam form the free end of the cantilever on to a position 

sensitive detector (PSD). The relation between cantilever deflection δ and the surface stress 

differential Δs is described by Stoney’s formula3: 
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∆𝑠 =
𝐸𝑡2

3𝐿2(1 − 𝜈)
𝛿                                                                                                                 (5 − 2) 

where E is Young’s modulus for the substrate (Si, 155.8 GPa), t is the cantilever thickness, 

L is the cantilever length and ν is Poisson’s ratio (Si, 0.28). Besides quantitative 

measurement, microcantilever bending also demonstrates the sensing layer response with 

stimulus which can suggest the mechanisms of target-sensing layer interactions.  
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Figure 5.1 Polymer structures, binding of dopamine to oxaborole residues, SPR and MCL 

sensor platforms. A: Structures of the P(NIPAAm149-st-MAAmBO19), P(LAEMA21) and 

DA; B: a brief equation showing the adsorption-displacement reaction on the sensor 

surface; C: Schematics illustrating light reflection angle change due to the surface plasmon 

resonance change caused by selective adsorption of molecules on gold surface; D: 

microcantilever deflection change due to DA displacement on conjugated polymer surface. 
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Figure 5.1 shows the DA detection mechanism using the covalent interaction between DA 

and P(NIPAAm149-st-MAAmBO19) on both SPR and MCL sensor platforms. The 

structures and schematics of the polymers and DA are listed in Figure 5.1A. The reaction 

process is briefly described in Figure 5.1B where the DA binding to P(NIPAAm149-st-

MAAmBO19) resulting in the displacement of the previously conjugated P(LAEMA21). 

The DA displacement swells the P(NIPAAm149-st-MAAmBO19) on the SPR sensor surface 

changing the local refractive index and the reflection angle. The increase in the reflection 

angle is measured as the sensorgram change for quantitative analysis (Figure 5.1C, see 

detailed information in Chapter 1). Similar experiments were also carried out with 

functionalized MCL sensors with repeated injections with DA. The displacement of 

P(LAEMA21) by DA results in surface stress variation, which causes the microcantilever 

to bend (Figure 5.1D).    

5.3.2 Conjugated polymer system on MCL platform 

Figure 5.2 shows the experimental arrangement and the results for DA detection using 

cantilever arrays. A microcantilever array with 8 cantilevers was functionalized using 

capillary tubes, where the Group I was functionalized with P(NIPAAm149-st-MAAmBO19) 

only and the group III was functionalized with conjugated P(NIPAAm149-st-MAAmBO19) 

and P(LAEMA21). The cantilevers in the Group II were functionalized with PEG and 

served as reference cantilevers. The functionalized MCL array was mounted in a flowcell 

with a constant PBS flow of 5 mL h-1. DA sample with a concentration of 5 nM was injected 

into the flow without changing the flow rate, followed by PBS rinsing. As shown in Figure 

5.2B, the PEG functionalized group had negligible responses to DA injection while the 
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bending signal of other groups of microcantilevers built up over time. After about 3000 

seconds, the bending of the conjugated polymer and P(NIPAAm149-st-MAAmBO19) 

functionalized microcantilevers reached a steady state of about 95 nm and 140 nm 

(correspond to surface stress differential of 27 mN m-1 and 40 mN m-1) respectively. An 

increase in the deflection indicates an increase in the surface stress on the polymer 

functionalized surface, which suggests the DA binding swells the polymers.260,261 

However, deflection change of the conjugated P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21) functionalized cantilevers is slightly less than that of P(NIPAAm149-st-

MAAmBO19) functionalized ones. This is possibly due to the pre-conjugated P(LAEMA21) 

swelling the P(NIPAAm149-st-MAAmBO19) before the DA was injected. Thus, when the 

DA displaced the P(LAEMA21), the swelling effect was less intense. Since the binding 

affinity between P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) is a critical factor for 

achieving enhanced selectivity of the sensor, slightly reduced sensitivity (due to reduced 

swelling) is acceptable.  
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Figure 5.2 Microcantilever sensor array was used to monitor the polymer swelling with 

DA binding. A: schematic showing the MCL array functionalized with 3 different polymer 

layers, I: P(NIPAAm149-st-MAAmBO19) layer; II: PEG layer as blank reference; III: 

P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) conjugated layer; B: MCL bending with 

5 nM DA injection: P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) functionalized 

microcantilevers have an average bending of 95 nm while P(NIPAAm149-st-MAAmBO19) 

functionalized beams bend 140 nm, indicating a larger amount of swelling. However, the 

binding affinity between P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) is one crucial 

factor of the sensor selectivity; C: MCL bending deflection increase with injected DA 

concentration from 50 pM to 50 nM from 15 nm to 240 nm; D: the binding constant (k) 

increases from 50 pM to 5 nM indicating a faster displacement reaction with increased DA 

concentrations, but a decrease of 50 nM sample suggests the saturation of the sensor 

surface.    
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The sensitivity and the limit of detection (LOD) of the polymer assisted MCL sensors were 

determined by injecting DA samples with various concentrations following the similar 

protocol described above. Freshly functionalized MCL sensors were used for each DA 

sample injections. From Figure 5.2C, it is clear that as DA concentration increased from 

50 pM to 50 nM, microcantilever deflection change increased from 15 nm to 240 nm. Since 

the average noise level was ~5 nm, the LOD (for S/N≈3) of microcantilever sensor can be 

estimated as two orders of magnitude lower than the physiologically relevant level.248 The 

P(NIPAAm149-st-MAAmBO19) swelling is enhanced with increasing DA concentration. A 

typical detection time for the MCL sensor is 5000 seconds under the test condition, which 

can be further adjusted by applying different flow rates.  Figure 5.2D shows the variation 

of adsorption rate (k) as a function of different DA concentrations. For DA concentration 

increase from 50 pM to 5 nM, the adsorption rate showed an increase from 0.3×10-3 s-1 to 

1.1×10-3 s-1. This increase in the adsorption rate may be due to the availability of the 

multiple oxaborole units in the P(NIPAAm149-st-MAAmBO19) polymer chain as binding 

sites. However, for 50 nM DA injection, the adsorption rate decreases, which may be due 

to the saturation of the binding sites on the microcantilever surface.   

5.3.3 Sensitivity of the conjugated polymer system on SPR platform 

Figure 5.3 shows the sensitivity and dynamic range of the functionalized SPR sensor. 

Since the lowest DA concentration in physiological samples is around 10-9 M (1 nM), the 

sensitivity and resolution of the polymer functionalized SPR sensor was determined at 

nanomolar range. The injection of 1 nM DA generated 5.3 millidegree increase in 

sensorgram and the equilibrium was reached at about 800 seconds after injection. The 
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sensorgram evolution with the DA concentration is demonstrated in Figure 5.3A. For each 

DA sample injection from 1 to 10 nM, the corresponding sensorgram change is 5 

millidegree (S/N≈5). The relation between the DA concentration (1 to 10 nM) and the 

sensorgram change is shown in Figure 5.3B. Thus, from 1 to 10 nM, the sensorgram 

exhibits a linear relation with DA concentration with a LOD of 1 nM.  

The DA adsorption rate (k) also varies with the DA concentration. As the concentration 

changes from 1 to 10 nM, the adsorption rate (k) increases from 1.1×10-3 s-1 to 6.5×10-3 s-

1 (Figure 5.3C). As indicated previously, the increased adsorption rate with increasing DA 

concentration can be due to the availability of the multiple binding sites on the 

P(NIPAAm149-st-MAAmBO19) chain. Interestingly, the adsorption rate of the SPR sensor 

is higher than that of the microcantilever sensor, which leads to a reduced detection time. 

The increasing adsorption rate for 1 to 10 nM of DA also suggests that the DA 

concentration can be measured accurately in this range.  
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Figure 5.3 Sensitivity and working range of the P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21) functionalized SPR sensor. A: SPR sensorgram increase from 5 to 50 

millidegree with DA concentration from 1 to 10 nM; B: from 1 to 10 nM, the sensorgram-

concentration presented a linear relationship; C: the DA adsorption rate increase from 1 to 

10 nM due to the reaction kinetics; D: SPR sensorgram increase from 0.005° to ~1.4° over 

5 folds of DA concentration with the conjugated polymer functionalized sensor(red) while 

the sensorgram remained identical with PEG functionalized sensor(green); and resolution 

of the functionalized SPR sensor decrease with the DA concentration.   
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The dynamic range of the polymer functionalized SPR sensor was determined by injecting 

DA samples from 10-9 to 10-4 M. As shown in Figure 5.3D, the sensorgram increases up 

to 300 times from 5 millidegrees to over 1.3 degrees while the DA concentration increases 

five orders of magnitude. It demonstrates that the polymer functionalized SPR sensor has 

a broad working range for DA detection. In contrast, the sensorgram of PEG functionalized 

blank reference chip does not change significantly with DA concentration. However, with 

higher DA concentration, the resolution of the conjugated polymer functionalized sensor 

decreases as shown in Figure 5.3D. The decrease in resolution can be attributed to the 

saturation of the binding sites. DA binds onto the sensor surface through a displacement 

reaction with pre-conjugated P(LAEMA21). However, the conjugated DA will affect the 

orientation of P(NIPAAm149-st-MAAmBO19) which leads to the inhibition of the further 

DA adsorption. Also, when the injected DA samples are concentrated enough, there are 

not enough binding sites for the excess DA molecules; thus, the sensor resolution 

decreases. 

5.3.4 Selectivity and recognition test of the conjugated polymers 

The capability of distinguishing the target analyte of clinical samples is usually the major 

challenge for developing biosensors. The selectivity of the conjugated polymer sensing 

layer was investigated by comparing sensorgram variation caused by different injections 

with 5 nM DA, glucose, AA and UA samples using SPR sensors functionalized with 

conjugated P(NIPAAm149-st-MAAmBO19) and P(LAEMA21); P(NIPAAm149-st-

MAAmBO19) only and PEG as blank control. Recognition tests were performed using EPI, 

AA and UA as the structural analogs and different monosaccharides (glucose, fructose, and 
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mannose) as other potential co-existing molecules with diols of equal or higher 

concentrations of 5, 50 and 500 nM. 

 

Figure 5.4 Selectivity and recognition test for the polymer assisted SPR sensor. A: 

selectivity of polymer sensing layer: with P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21) functionalization, the sensor is selective to DA only; with only 

P(NIPAAm149-st-MAAmBO19), the sensing layer does not show any selectivity to DA; B: 

DA with monosaccharides; C: DA with other potential co-existed molecules and structural 

analogs. The functionalized polymer assay showed higher affinity toward DA than the 

saccharides, AA and UA, however, EPI interfered the sensorgram due to the structural 

similarity. All the tests are based on DA concentration of 5 nM.  
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The selectivity of the sensor was attributed by the conjugated P(NIPAAm149-st-

MAAmBO19) and P(LAEMA21) layer as stated previously. As demonstrated in Figure 

5.4A, PEG functionalized sensor was almost inert to any sample injections. The 

P(NIPAAm149-st-MAAmBO19) showed significant response to 5 nM DA injection and a 

much lower response to AA or UA injections, but it failed to distinguish the glucose sample 

from DA. In contrast, the conjugated polymer layer has little response to glucose injection 

due to the estimated higher binding constant between P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21) than that between P(NIPAAm149-st-MAAmBO19) and glucose. On average, 

one P(LAEMA21) molecule has two cis-diol units on each side chain which lead to a higher 

binding constant to P(NIPAAm149-st-MAAmBO19) than that of glucose.  According to 

previous studies of binding constant,250 the maximum estimated binding constant is lower 

than that of DA. As compared to molecules with aliphatic hydroxyls, the aromatic 

hydroxyls from DA molecules can form more stable cyclic-esters with oxaborole groups. 

In addition, the aromatic groups in DA can further stabilize the cyclic-ester structure. Thus, 

the conjugated polymer functionalized sensor is selective to DA only. However, the 

conjugated polymers and P(NIPAAm149-st-MAAmBO19) functionalized SPR chips 

showed similar response with 5 nM DA sample, which is due to the similar level of 

thickness and surface roughness change caused by DA binding. This effect was further 

confirmed by AFM topography and surface roughness study. In addition, 5 nM DA did not 

saturate the SPR sensor surface, which also lead to similar sensorgram response.  

It can be found in Figure 5.4B that sensorgram of DA slightly increases with the added 

saccharides. Fructose, which has the highest binding constant (~4000 K mol-1) to boronic 

groups among the monosaccharides15, introduced the largest sensorgram increase of about 
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11% when 500 nM of fructose was added. Due to the fact that the conjugated P(LAEMA21) 

has a higher binding affinity than the free monosaccharides, the displacement reaction 

happens when DA presented.  Thus, the conjugated polymer functionalized sensor is 

capable of recognizing DA with coexisting saccharides. As illustrated in Figure 5.4C, the 

coexisting compounds UA and AA do not affect the detection at 100 times higher 

concentration than that of DA in the injected sample mixtures. This demonstrates that the 

sensor is highly selective to DA over UA or AA. However, with 10 times and 100 times 

concentrated EPI mixed in DA samples, the sensorgram level increased to about 15% and 

40%. This effect of EPI was due to the structural similarity of the DA and EPI. Both 

molecules belong to catecholamine family (with catechol groups), which make them able 

to form covalent bonds with oxaborole groups on P(NIPAAm149-st-MAAmBO19) and 

displace P(LAEMA21) from the conjugated polymer. It can be inferred that other molecules 

in catecholamine family (e.g. norepinephrine, NE) or large molecules (e.g. glycoproteins) 

can also interfere the detection results. Yet, comparing with other DA sensors,247,248 this 

polymer functionalized SPR sensor has demonstrated high DA selectivity at nanomolar 

range.      

5.3.5 Detection mechanisms of the conjugated polymer system 

The mechanism of signal generation, changes in surface stress and refractive index, is 

attributed to DA binding induced swelling. We have carried out 11B NMR to characterize 

the DA displacement reaction. Previous studies of 11B NMR showed the 11B chemical shift 

peak move to lower field when electron-withdrawing groups bound to boronic acid.262 As 

illustrated in Figure 5.5, P(NIPAAm149-st-MAAmBO19) revealed a single 11B peak at 19.5 
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ppm. Upon addition of P(LAEMA21) to the solution, two small peaks at 10.9 ppm and 10.5 

ppm were observed, indicating the binding between P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21). Furthermore, when DA was added into the solution, the two peaks at 10.5 

and 10.9 ppm disappeared and a new signal peak was observed at 7.9 ppm, which indicated 

the binding of DA to P(NIPAAm149-st-MAAmBO19) by displacing P(LAEMA21). In 

comparison to the P(LAEMA21), DA, with a catechol group and its aromatic nature, shifted 

the 11B peak to the lower field. It can be inferred that oxaborole group forms a far more 

stable cyclic-ester with the catechol group than with oriented cis-diols. Thus, DA can 

displace the conjugated P(LAEMA21) while the other compounds like saccharides, AA and 

UA can only bind to a minimum extent. 
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Figure 5.5 11B NMR characterization of DA interaction with polymers. Boron peak was 

observed at 19.5 ppm in P(NIPAAm149-st-MAAmBO19).; with P(LAEMA21) bind, two 

more peaks at 10.9 ppm and 10.5 ppm were observed; DA binding to P(NIPAAm149-st-

MAAmBO19) introduced a peak at 7.9 ppm due to the stronger electron-withdrawing effect.   
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We have also used AFM for characterizing the changes in the surface morphology of 

polymer layer due to DA adsorption. A FastScan C probe with a spring constant of 0.8 N 

m-1 was used for imaging. From comparing the topography of an SPR chip before and after 

conjugated polymer immobilization (Figure 5.6A and 5.6B), it can be concluded that 

during immobilization, irregularly shaped aggregates of 20 nm thickness formed on the 

gold-coated SPR sensor chip. Figure 5.6C shows that, after the 5 nM DA injection, the 

polymer layer thickness increased to 25 nm, indicating the swelling of P(NIPAAm149-st-

MAAmBO19) due to DA binding. Also, the surface roughness increases from 4.8 to 5.2 nm 

after the DA displaced the P(LAEMA21), which is also due to the swelling after DA 

binding. The 25 % swelling of the polymer layer thickness increases the local refractive 

index. In addition, the swelling of P(NIPAAm149-st-MAAmBO19) enhances the interaction 

between gold surface and PBS medium, resulting in an increase in the local refractive 

index. As a result, SPR sensorgram shifts due to DA binding to P(NIPAAm149-st-

MAAmBO19) and resultant displacement of P(LAEMA21). In contrast, the SPR chip with 

only P(NIPAAm149-st-MAAmBO19) yields a 28-nm-thick polymer layer, and after DA 

binding it increases to about 35 nm with a roughness increase from 5.5 to 6.8 nm (Figure 

5.6D and 5.6E). Both polymer functionalized sensing layer has a comparable thickness 

with typical synaptic cleft distance (20-40 nm)27, which makes it ideal for DA fast-scan 

detection. This result also confirms the previous selectivity test such that, with only 

P(NIPAAm149-st-MAAmBO19) on the surface, the initial polymer thickness and roughness 

are larger than that with conjugated polymers indicating the binding of P(LAEMA21) 

increased the total coverage on the gold surface. On the other hand, the thickness and 

roughness variation of the conjugated polymer is less than that of the P(NIPAAm149-st-
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MAAmBO19) but only slightly. Thus, the SPR sensorgram response from the conjugated 

polymer functionalized chip is lower than that of P(NIPAAm149-st-MAAmBO19) 

functionalized one. 

 

Figure 5.6 Atomic force microscopy (AFM) topography images of the SPR sensor chips. 

A: gold coated chips before polymer functionalization; B: sensor chip functionalized with 

P(NIPAAm149-st-MAAmBO19) and P(LAEMA21) conjugated polymer layer; C: 

conjugated polymer functionalized chip after 5 nM DA injection; D: sensor chip 

functionalized with P(NIPAAm149-st-MAAmBO19); E: P(NIPAAm149-st-MAAmBO19) 

functionalized chip after 5 nM DA injection. 
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Compared with previously reported DA detection methods, the conjugated polymer 

functionalized MCL and SPR sensors have at least one order of magnitude improvement 

in LOD for DA detection.263,264 In addition, the conjugated polymer functionalized sensors 

also have a relatively simpler preparation procedure without incorporating enzymes or 

other bio-componants.246,265 The high sensitivity and selectivity of the presented sensor 

systems are due to the combined advantages of optimum binding affinity between 

P(LAEMA21) and P(NIPAAm149-st-MAAmBO19), the DA displacement binding reaction, 

and the sensitivity of MCL and SPR sensor platforms. Compared to MCL sensor results, 

the SPR sensor does not achieve sub-nanomolar detection limit. However, the measured 

LOD at the nanomolar range is ideal for clinical detection. With the sensors as tested, the 

SPR sensor shows much-reduced detection time than the MCL sensor which is an 

advantage in potential clinical applications.  Compared with other DA detection 

methods,266 the conjugated polymer system offers a much simplified and compact sensor 

setup. Also, with a much faster detection and in real-time, in-line detection is possible. 

Usually, surface functionalization is one of the major limits for most of the surface related 

sensing techniques. However, this conjugated polymer system synthesized by RAFT 

method allowed the easy formation of self-assembled layer on gold coated sensor surface 

via the Au-thiol interactions. As shown by both MCL and SPR sensors, this conjugated 

polymer system can potentially be used in other sensor platforms.   

5.3.6 Sensor regeneration and stability 

In this study, we also take the advantage of the reversible covalent interaction between 

diols and oxaborole groups to design potential reusable biosensors. A surface regeneration 
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procedure was performed by washing with pH 4 PBS, and followed by the re-conjugation 

of P(LAEMA21).
123,252 The sensor regeneration was tested over 5 times and evaluated using 

5 nM DA sample. The sensorgram signal showed less than 10% decrease after 5 

regeneration cycles, but it still showed reliable and reproducible results (Figure 5.7A).  

 

Figure 5.7 Sensor regeneration and stability test with 5 nM DA injections. A: SPR 

sensorgram signal reduced less than 10% after 5 times regeneration; B: the functionalized 

sensor remained 95% sensorgram signal within 5 days after surface functionalization and 

90% after 15 days.   

The sensor stability was also evaluated for over 2 weeks under ambient condition. From 

day 1 to 15, the sensorgram change representing 5 nM DA injections decreased about 10% 

(Figure 5.7B). It can be concluded that the polymer functionalized sensor is stable for at 

least 2 weeks.  Comparing with methods using specific DA receptors9, the conjugated 

polymer system provides much improved stability.   
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5.4 Conclusions 

In summary, a conjugated polymer layer consisting of P(NIPAAm149-st-MAAmBO19) and 

P(LAEMA21) was designed for real-time detection of dopamine with high selectivity, 

sensitivity and broad dynamic range. Sensing performance of the conjugated polymer was 

evaluated using MCL and SPR sensor platforms. The SPR sensor achieved a fast response 

time and a wide dynamic range from 10-9 to 10-4 M with a limit of detection of 1 nM, while 

the LOD for the MCL was 50 pM. Due to the optimum binding affinity between 

P(NIPAAm149-st-MAAmBO19) and P(LAEMA21), this conjugated polymer sensing layer 

showed high selectivity to dopamine but little cross-reactivity to coexisting compounds 

like ascorbic acid, uric acid and saccharides. In addition, the sensing layer could be 

regenerated and reused for multiple times and was stable over 2 weeks at ambient 

conditions. Future studies will focus on real clinical sample selectivity and reliability test. 

This conjugated polymer system could be exploited as a unique method for DA detection 

clinically. 
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Chapter 6. Nanomechanical Manifestation of DNA Melting 

in a Microfluidic Cantilever 

 

“Nanomechanical Manifestation of DNA Melting in a Microfluidic Cantilever”, Keren 

Jiang, Arindam Phani, Javix Thomas, Faheem Khan, and Thomas Thundat, manuscript in 

progress. 
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6.1 Introduction  

DNA replication is a fundamental process occurring in all living organisms and is the 

foundation for biological inheritance. Primarily it involves configuration and 

conformational changes.267,268 There has been longstanding interest in understanding the 

DNA replication, and the physiochemical processes associated with it. The four major steps 

of this process include: “replication fork” formation; primer binding; elongation and 

termination.269 Among them, “replication fork” formation is the “unzipping” of DNA helix 

by an enzyme, named helicase, which initiates the replication by breaking the hydrogen 

bonds (H-bonds) between base pairs and then unwinding the two strands. Other factors 

such as pH, presence of chemicals, and temperature can also lead to DNA helix 

dissociation.  

Nucleic acid thermodynamics deals with the effect of temperature on the structure of 

double-stranded DNA (dsDNA).  At melting temperature (Tm), half of the DNA strands are 

in the single-stranded state (ssDNA). Along with multiple other parameters, Tm is mostly 

determined by the length of the DNA strand and its specific sequence. Thus, by analyzing 

the denaturation/melting process, characters of the specific dsDNAs, such as 

cytosine(C)/guanine(G) pair content and sequence differences between two DNA 

sequences can be investigated. It is a simple solution for genotyping, mutation scanning 

and sequence matching.270 Compared to DNA sequencing method, melting temperature 

study is less accurate, but it has much improved time and labor efficiency.  

As thermal denaturation/melting is important in understanding DNA replication process, 

multiple efforts have been made for effective measurement of the melting temperature. 
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Optical absorption spectroscopy is typically used for obtaining DNA melting curve.269 As 

the temperature is increased, the dsDNA begins to dissociate leading to a rise in the 

absorbance intensity. The bases (on the ssDNA) become unstacked and absorb more light 

in the 260-nm wavelength region. Thus, UV-Vis optical density at 260-nm (OD260) is 

widely used for melting curve analysis. Techniques based on fluorescence spectroscopy 

are the most common approach since it can provide a much higher limit of detection 

(LOD).271,272 But generally this method requires the use of fluorescent dyes to achieve 

higher LOD. With the existing commercially available methods, commonly, a sample size 

as much as one-milliliter is required for satisfactory measurement. It also requires sample 

amplification before analysis. The recent development of high resolution melting analysis 

(HRMA)273 based on polymerase chain reactions (PCR)274 methods are faster and less 

expensive approaches, but require well-trained personnel to conduct the tests.  

DNA’s mechanical properties influence many of its biological functions, for example, its 

interaction with proteins and its wrapping around histones.275 Studies also show that many 

biological machines depend on the mechanical properties of dsDNA217,276,277, which can 

be useful in designing of novel therapeutic methods. Traditionally, it has been a challenge 

to study the mechanical properties of DNA, but the advent of micron-scaled devices has 

triggered new approaches to study DNA melting process.36,37,278 Nanomechanical 

biosensors, such as microcantilevers, have demonstrated that they are capable of detecting 

a single base mismatch in oligonucleotide hybridization.37 With dsDNA functionalized on 

microcantilever surface, the DNA melting process can be monitored as changes in surface 

stress due to dsDNA dissociation.36 However, variations in the graft density of immobilized 

DNA strands can result in irreproducibility in the measurements. Attempts to quantify the 
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immobilized DNA mass on the cantilever have been unsuccessful due to the severe 

damping for the cantilever in the solution. Additionally, non-specific adsorption also 

affects the mass sensitivity of the sensor.   

In this study, we have employed a microfabricated microfluidic cantilever for analyzing 

the DNA melting by monitoring the effect of DNA melting on the viscosity of the buffer 

solution confined in the cantilever. The change in viscosity of the confined liquid affects 

the resonance response of the cantilever. Though the resonance frequency does not change 

because of the conservation of confined mass, the Q-factor of resonance shows large 

change due to changes in viscosity. By monitoring the changes in the Q-factor due to DNA 

melting process, the melting temperature Tm can be accurately determined. This technique 

depends on the increased energy dissipation of the cantilever due to unravelling of the DNA 

strands.   

6.2 Experimental Section 

6.2.1 dsDNA samples preparation 

ssDNA samples were purchased from Integrated DNA Technologies (IDT, Iowa, USA). 

ssDNA and their compliment strand were incubated with calculated concentrations of in 

phosphate buffer saline (PBS, Sigma-Aldrich) for hybridization. PBS with varied sodium 

concentration was prepared by add sodium chloride. Formamide was added into PBS with 

calculated volume for comparing the solvent effect.  
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6.2.2 Q measurement 

The microfluidic cantilever (MC-516, Fourien Inc. Alberta, Canada) used for this work is 

500 µm in length, 20 µm in channel width, 3 µm in channel height. The structural material 

of the cantilever is silicon nitride which is quite compatible to bio samples. The sensor chip 

(5 mm × 5 mm) was placed in a vacuum holder and operated at a 10-5 mTorr pressure in 

order to reduce air damping thus increase the Q. In order to apply heat, a restive heater was 

used where the temperature was controlled through proportional integrated differential 

(PID) controller. The resonance of the DNA filled cantilever was measured by a MSA-500 

laser Doppler vibrometer. During the experiment, the resonance frequency, vibration 

amplitude, and Q were measured simultaneously. dsDNA sequences with a variation on 

base pair numbers, composition (G/C ratio) were analyzed using the microfluidic 

cantilever. The viscosity and Q factor relationship can be briefly explained using a Kelvin-

Voigt model. However, in this work, the total Q decrease comes from multiple factors such 

as the stiffness of the cantilever, elasticity and viscosity of the filled solution and the DNA 

melting process.  To avoid the complicity of analyzing the Q change, a solvent sample has 

been used following the same temperature ramping process as a blank sample. By 

monitoring the Q difference (∆Q) between the DNA samples and their solvents (blank), 

the DNA melting process was analyzed. 

6.2.3 OD260 Measurement 

OD260 measurement is performed using a Varian Cary 50 UV-vis spectrometer (Agilent, 

California, USA) equipped with an Isotemp 3016D heated bath circulator (Fisher 
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Scientific, Ontario, Canada). Incubated dsDNA samples were tested using a capped 1-mL 

quartz cuvette. Temperature was ramped according to the estimated Tm. 260-nm absorption 

peak was utilized for quantifying the DNA samples concentration variation during the 

melting process. Tm was determined by taking the maximum of dAbs/dT.  

6.3 Results and Discussions 

6.3.1 Quality factor (Q) measurement of DNA filled Microfluidic Cantilever 

Miniature size of a microfluidic cantilever makes it an ideal platform for measuring 

changes in specific gravities of picoliters (pL) of confined liquids by continuous 

monitoring of its resonance frequency. In addition to quantifying the mass change (and the 

density) of the confined liquid sample, resonance response can also be used for monitoring 

the quality factor (Q) of the cantilever, a unit less parameter which describes energy 

dissipation in the resonator.279 By monitoring the changes in the quality factor it is possible 

to estimate the changes in the viscosity of the sample present inside the cantilever. Q can 

be defined as follows: 

           𝑄 =
𝑓𝑐

∆𝑓
                                                                                                                          (6 − 1) 

where fc stands for the resonance frequency, Δf is the full width at half maximum (FWHM) 

or resonance width. An increased viscosity of the liquid in the channel leads to higher 

energy dissipation with every resonant cycle, which causes a decrease in the Q. In the DNA 

melting process, the dissociation of the dsDNA results in the dynamic viscosity change of 

the solution inside the microfluidic channel.  
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The microfluidic cantilevers (MC-516, Fourien Inc., Edmonton, AB, Canada) used in this 

work had typical dimensions of 500 µm in length, 20 µm in channel width, 3 µm in channel 

height (Figure. 6.1a and b). The microfluidic cantilever has already been demonstrated 

for various applications such as to measure antimicrobial susceptibility92, to identify 

proteins280 and to characterize drugs.281 During the experiment, the resonance frequency, 

vibration amplitude, and Q were measured simultaneously (Figure. 6.1c and d). DNA 

samples with different base pair numbers and different G/C contents were analyzed using 

the microfluidic cantilever. In this work, the total decrease in Q comes from multiple 

factors such as the stiffness of the cantilever, the viscosity of the filled solution and the 

DNA melting process.  Therefore, we have used a differential approach by analyzing the 

temperature dependent Q change of a buffer sample as blank reference sample. By 

monitoring the difference in the Q (∆Q) between the DNA sample and its solvent (blank), 

the DNA melting process was analyzed.  
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Figure 6.1 Schematics and images of microfluidic cantilever setup and the nanomechanical 

characters measurement. a. A scheme of the microfluidic cantilever setup; b. A white light 

confocal microscopy image of the MC-516 microfluidic cantilever. This cantilever is 500 

µm in length, 20 µm in channel width, 3 µm in channel height. The right insertion is a 

zoom-in image on channel tip; the left insertion is a section height profile from the marked 

position of the microfluidic channel cantilever.; c. a zoomed-in view of DNA melting 

process in microfluidic channel and d. a schematic illustrating the frequency and Q factor 

change during the DNA melting process. 
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A typical dsDNA (DNA-1) melting in a microfluidic cantilever result shows that the Q 

decreases with increasing temperature (Figure. 6.2a). From 35 to 40 °C, the reduction in 

the Q is insignificant, indicating that the viscosity does not change much in this range. 

However, the decrease in the Q is large from over 9000 to less than 8200, in the temperature 

range of 40 to 50 °C, indicating significant changes in the viscosity of the liquid in the 

microfluidic channel. After 50 °C, the decrease in the Q turns negligible again, indicating 

the end of the melting process. In comparison, from 35-50 °C, phosphate buffer saline 

(PBS) blank sample shows a steady Q decrease from 9100 to 8900. Sample of ssDNA also 

shows a limited decrease in the Q from 9100 to 8750 over the temperature range. As 

illustrated in Figure. 6.2a, the frequency of the dsDNA, ssDNA and PBS all showed an 

increase with increasing temperature. These results can be explained as a result of the 

decrease in the density of liquid with increasing temperature. However, these observed 

resonance frequency changes for all the samples were less than 2% of their room 

temperature values. These results show that temperature dependent change of effective 

mass is small for a microfluidic cantilever.  
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Figure 6.2 Q factor decrease as a function of temperature, dsDNA shows a significant 

change while ssDNA shows limited change, PBS buffer is tested as blank reference. a: Q 

decrease with temperature ramping and frequency increase in the same range; b: ΔQ 

change corrected from PBS blank data; c&d: ΔQ and Tm variation with increased DNA 

concentrations. 

  

a 
b

 

c d

 



125 

 

The dsDNA-1 has a ΔQ decrease of about 800 while ssDNA has ΔQ change less than 200 

from 35-55 °C (Figure. 6.2b). Using the same correction method, dsDNA and ssDNA have 

frequency change (Δf) less than 20 Hz, which shows the minimal effect of DNA melting 

on the cantilever frequency. From the ΔQ vs temperature curve, the Tm was determined to 

be about 47 °C. This value shows very good agreement with the Tm from determined from 

UV-vis OD260 (49 °C, see Figure 6.3a).  But compared to the UV-vis spectroscopy method, 

the sample volume used in the microfluidic cantilever sensor is only 100 pL, which is much 

less than the 1-mL needed for the UV-vis measurement. 

The viscosity increase during the DNA melting is mainly caused by the increase in the 

number of DNA molecules. Theoretically, during the process of unravelling of dsDNA into 

ssDNA, the number of molecules are doubled. As the total number of molecules increases, 

the mean free path between molecules inside the microfluidic channel decreases, leading 

to an increase in the viscosity and a resultant increase in the ∆Q. In order to verify the 

changes in ΔQ with changes in DNA concentration, experiments were conducted with 

DNA-1 samples with different concentrations (Figure. 6.2c and d). For concentration from 

200 nM to 5 µM, the ∆Q change due to melting ranges from 350 to over 1500, while Tm 

increases from 46 to 48 °C. Since ΔQ from PBS blank in the same temperature range is 

about 200, it can be inferred that 200 nM is the LOD of this microfluidic cantilever sensor 

system.  
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Figure 6.3 UV-vis OD260 measurement of the DNA samples. a: from 43 to 55 °C, dsDNA-

1 shows sharp absorption increase between 46 to 51 °C, Tm is determined as 49 °C; 

however, ssDNA-1 does not show sharp absorption change with temperature ramping; b: 

Tm of DNA samples with different sequence is also determined by OD260. Tm measured are 

listed in Table 6-1. 

 

 

Table 6-1 Tm variation with DNA sequences (°C) 

 Calculated OD260 Cantilever 

DNA-1 56.1 49 47 

DNA-2 55.5 49 47 

DNA-3 60.5 52 50 

 

  

a b 
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6.3.2 DNA Sequences and Nanomechanical Properties 

The sequence of the DNA also affects the Tm and also the viscosity during melting. As 

illustrated in Figure. 6.4a, DNA-2 shows a similar ∆Q decrease with temperature as DNA-

1, but ΔQ variation is reduced to 500. It can be explained as the result of the sequence 

length difference between the samples. DNA-2, as a 25-mer DNA, has a much-reduced 

length than DNA-1 (45-mer). When the DNA-2 sample melts, the ssDNA is less flexible 

compared to the ones from the 45-mer DNA-1, and therefore, the increase in viscosity is 

less than that due to DNA-1. However, with a G/C content of 28%, DNA-2 shows a similar 

Tm with DNA-1. DNA-3, with G/C content of 48%, has a measured Tm of 50 °C, but a 

similar ΔQ decrease with DNA-2 because of the same sequence length. From the -dΔQ/dT 

variation with temperature (Figure. 6.4b), the Tm of DNA samples can be determined. With 

a specific sequence length, G/C content determines the Tm of DNA samples. For all the 

three DNA samples, drastic decrease in ΔQ and peaks corresponding -dΔQ/dT were 

observed with DNA melting, proving that the Tm could be determined with 100-pL sample 

with 1µM concentration. 

DNA sequence affects Tm due to variation in the number of hydrogen bonds. Each G/C pair 

forms three H-bonds while each A/T pair forms two H-bonds. Therefore, dsDNA samples 

with higher G/C content requires higher energy to melt. A rough estimation for 15-20 

nucleotides primers, known as Wallace method,282 is given by: 

𝑇𝑚 = 2(𝐴 + 𝑇) + 4(𝐺 + 𝐶) ℃                                                                                            (6 − 2)   
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Tm of DNAs with more base pairs can be estimated using nearest-neighbor interaction 

method.283,284  

 

 

 

 

Figure 6.4 Tm varies with DNA sequences. Base pair number and G/C content are the two 

major factors determine Tm of DNA samples. a: ∆Q change with three different DNA 

sequence, longer sequence promotes larger ΔQ change, higher G/C content results in higher 

Tm; b: DNA melting rate change with temperature; ∆Q decreasing rate and magnitude is 

affected by DNA sequence, asymmetric rate change indicates that with higher G/C content, 

DNA melts at a higher rate at higher temperature due to the higher energy required to 

dissociate G/C bonds.  

  

a b

 



129 

 

Longer DNA sequence causes a larger decrease in ΔQ, indicating a higher viscosity 

increase. For the same molar concentration of dsDNA molecules, the initial solution 

viscosity is similar for all DNA samples at helical state. However, after the dissociation of 

the helices, longer DNA chains have a shorter mean free path in their coil state, which 

results in a higher viscosity. In addition, dsDNA has a persistence length of 50 nm while 

ssDNA has a persistence length less than 4 nm,285,286 which means after DNA melting, the 

ssDNA will be in a random coil conformation. Base pair stacking is another major 

contributing factor for the dsDNA stability. Due to its hydrophobic and electrostatic nature, 

base pair stacking is much more prevalent in dsDNA than in ssDNA, providing the 

structural support for the dsDNA.287 As a result, when dsDNA dissociates into ssDNA, the 

“rod-like” structure turns into coil structure and can dynamically wind into “balls” or 

“hairpins”, which increases the total viscosity of the fluid. 

Comparing the three samples, the DNA-1 sample with only A/T base pairs shows a higher 

ΔQ changing rate than the G/C containing sequences of the DNA-2 and the DNA-3 

samples. The DNA-3 melting curves cover a temperature range of over 15 °C while DNA-

1 melting process completes in a 10 °C temperature window. Higher G/C content leads to 

a higher Tm and also a smoother melting curve. The A/T rich region can dissociate at a 

lower temperature while the G/C rich region stays hybridized, leaving the dsDNA in a 

“half-melt” state. This process leads to an asymmetric melting rate with temperature 

increasing. The Tm of the DNA-3 is 51 °C, but the melting process starts at around 40 °C 

and completes at about 55 °C. With higher G/C content, the asymmetric feature is 

enhanced, indicating the G/C rich region melts only at a higher temperature.  
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Comparing with the Tm measured by OD260 (Figure. 6.3b), all three DNA samples have 

similar Tm results from both methodologies. The OD260 result also confirms the reduced 

melting rate with higher G/C content. But the asymmetric melting feature is not observed 

in OD260 since it measures concentrations related light absorption rather than the molecular 

conformation related mechanical property. 

As noted in Supplementary Table 1, all the DNA samples have much higher calculated Tm 

than the measured Tm values from both experimental techniques. It is possibly related to 

the formation of self-hybridized structures, such as a hairpin structure (Figure. 6.5), which 

leads to a much lower Tm than the fully hybridized dsDNA. For example, the DNA-3 has 

a calculated Tm of 60.5 °C. However, a possible existing hairpin structure with only two 

A/T bond formation at base number 10/17 and 11/16 can largely reduce the Tm of the 

dsDNA. Other small variation such as nucleic acid mismatch can also cause a decrease in 

Tm.37 Similar situations apply to the other DNA samples used in these studies. Comparing 

the experimental results with the calculated values of Tm for many synthetic DNA 

sequences can provide insight into thermodynamics of DNA configurations.  However, for 

real samples or naturally existing dsDNA samples, the sequences are usually much larger 

than the ones studied here. Thus, further study is needed for identifying the dynamic 

process of the melting.    
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Figure 6.5 A possible self-hybridized hairpin structure of DNA-3. The H-bonds forms 

between A/T at 10/17 and 11/16, lead to a large decrease in Tm from the theoretical 

estimation Tm. 
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6.3.3 Effects of Ionic Strengths and Chemicals on DNA Melting 

DNA melting point can be affected by other parameters such as ionic strength. The dsDNA 

samples in different concentrations of Na+ were analyzed using microfluidic cantilevers 

(Table 6-2). From theoretical estimation, the DNA-1 sample for Na+ concentration from 

50 to 200 mM, the Tm increases from 49.5 to 61 °C. The Tm measured from the microfluidic 

cantilevers showed a similar increasing trend with Na+ concentrations. However, the Tm 

values measured from cantilever sensors are much lower than the estimated Tm, which is 

similar to the previous results from different DNA samples, indicating other possible 

existing self-hybridized structures. The OD260 measurement also proves that the Tm increase 

with Na+ concentrations (Figure 6.6a) and is in good agreement with the values from 

cantilevers. From Figure 6.7a, the ΔQ also varies with Na+ concentrations. For Na+ 

concentrations from 50 to 200 mM, the Tm increases from 43 to 50 °C (Figure. 6.7b). From 

helix state (dsDNA) to coiled state (ssDNA), ΔQ increases from 500 to 800 with Na+ 

concentration increase. The phosphate groups, which form the backbone of DNA strand, 

are negatively charged at physiological pH (PBS, pH=7.4). Cations can stabilize the DNA 

duplex structures via decreasing the local negative charge density.288–291 With higher Na+ 

concentration, the viscosity variation is larger after melting, indicating a reduced mean free 

path between the molecules after DNA melting. One possible explanation is that with 

higher Na+ ions concentration, the repulsive force between the strands decreases. As a 

result, the ssDNA molecules have a reduced mean free path and can possibly form other 

cross-binding structures. Na+ also affect the base pair stacking290 and elasticity of DNA 

molecules292, which also contribute to the overall viscosity change.  
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Figure 6.6 OD260 measurement of the DNA samples with variation in Na concentration 

and formamide (FA) fraction. a: from 36 to 55 °C, dsDNA-1 with increasing Na+ 

concentrations, Tm increases; Tm measured are listed in Table 6-2; b: Tm of DNA samples 

with different FA fraction in PBS is also determined. Tm measured are listed in Table 6-3. 

OD260 results agree with the Tm determined from cantilever measurement.  

 

Table 6-2 Tm variation with Na+ concentration (°C) 

Na+ Conc. (mM) Calculated OD260 Cantilever 

50 49.5 45 43 

100 56.1 49 47 

200 61.9 54 50 

 

Table 6-3 Tm variation with FA fraction (°C) 

FA% (v/v) Calculated OD260 Cantilever 

0 56.1 49 47 

10 50.3 43 43 

20 44.5 38 37 

a b 
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Figure 6.7 Ionic strength and solvent content also affect DNA melting process. A: ∆Q 

decrease as a function of temperature with varied Na+ concentrations; b: ∆Q and Tm 

increase with higher Na+ concentration; c: ∆Q decrease as a function of temperature with 

varied formamide fraction; d: ∆Q and Tm decrease with higher FA fraction in solvent. 
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d
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The effect of the presence of chemical on the DNA melting process is also evaluated. 

Formamide (FA, H2NCHO) is one well-known compound which destabilizes the dsDNA 

by forming H-bonds with base pairs.293 As listed in Table 6-3, FA fraction (v/v) increasing 

in PBS buffer leads to a decrease in the Tm of the DNA-1 sample. These results also show 

a lowering of the measured Tm value compared to the estimated Tm (~0.7 °C/ FA%) 

values.294,295 Fig. 4c and d show that ΔQ is lower with higher FA fraction, which is also 

related to the destabilizing effect caused by FA. The formation of H-bonds and possibly 

complex structures with ssDNA also lead to an increase in the mean free path between the 

molecules. Thus, the ΔQ decreases with higher FA fractions. Similar to the ionic strength 

effect, OD260 measurement gives the Tm change, but not the other mechanical information 

(Figure 6.6b). It can be concluded that the measurement of DNA melting using hollow 

channel microcantilevers can provide thermal, dynamical and micromechanical 

information of DNA melting. It is also possible to measure the Gibbs free energy change 

during the melting process. This concept of using viscosity changes for characterization 

can also be used in other applications including protein folding, drug delivery and so on.   

6.4 Conclusions 

Energy dissipation in a resonating microfluidic cantilever varies sensitively due to 

configurational changes in the DNA and can provide new understanding of the 

nanomechanical processes associated with DNA replication process. Viscosity, which is a 

measure of energy loss in the samples confined in the microfluidic microcantilever sensor 

offers new platform for biosensing of picoliter volumes of samples. Compared to other 

micro/nano arrays applied for biosensing such as nanoparticles10,35, SPR295–297, and plane 
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cantilevers36,37, the microfluidic cantilever measures the dynamic process and the 

mechanical properties involved in the bioprocesses without the need for surface 

immobilizations. This concept can also be used for dissipation based samples analysis in 

multiple fields. By observing the nanomechanical property change, novel understanding 

and discovery in biological processes and reactions will be achieved. 
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Chapter 7. Conclusions and Future Work 

In this thesis, we focused on developing fast-scan, label-free biosensing systems with high 

specificity, sensitivity, and reliability. This specificity is achieved by applying target 

specific sensing layer molecules including antimicrobial peptides (AMPs), proteins, 

conjugated smart polymers and so on. By optimizing the sensing layers, the functionalized 

sensors are capable to detection targets from whole cells to small molecules. The highly-

sensitive, fast-scan detection is achieved by utilizing microcantilever sensor platforms, 

which is capable of detecting analytes to picomolar range. Compared with other sensor 

platforms, the MCL sensors monitors the nanomechanical interactions of the biological 

process. With the help of microfabrication techniques, sensor chips dimensions are 

minimized to micro/nano scale, which enhance the detection performance and reduce 

sample volume. These types of micro/nano sized sensors can lead to the application of lab-

on-a-chip technique in food and water monitoring, water screening, and clinical diagnostics 

and evaluations.  

7.1 Conclusions 

In chapter 3, we designed and screened the short peptide fragments from Class IIa 

bacteriocins as recognition elements for L. monocytogenes detection. MCL sensor platform 

is utilized as a tool for screening and validating high binding peptides. This work 

highlighted the short peptide fragments with a similar binding affinity with full sequence 
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bacteriocin, which is a more optimum sensing layer with reduced cost and improved 

stability.  

In chapter 4, we investigated the pH-dependent conformational isomerization of human 

serum albumin (HSA) using microcantilever sensing platform. Native and denatured HSA 

proteins were immobilized on cantilever surfaces to understand the effect of pH on 

conformational changes caused by the effect of buffer pH. We demonstrated that the 

protonation and deprotonation of amino acid residues on proteins play a significant role in 

generating charge-induced cantilever bending. This protonation and deprotonation process 

was also monitored using SPR sensor. This detection methodology can be applied in 

disease detection related to protein misfolding or other conformational changes.  

In chapter 5, we focused on detection of the small target using microcantilever and SPR 

sensors. A conjugated polymer interface consisting of an oxaborole containing polymer 

and a glycopolymer was used for achieving very high selectivity in dopamine (DA) 

detection. The optimum binding affinity between the polymers promotes the selectivity to 

DA through a displacement mechanism while remaining unaffected by other structurally 

related analogs and saccharide derivatives. Using the conjugated polymer sensing layer, 

the SPR biosensor was capable of detecting DA in the concentration range of 1×10-9 to 

1×10-4 mol L-1 while the MCL sensor showed a limit of detection (LOD) of 50 pM. We 

find that the sensing mechanism is based on DA-induced reversible swelling of the 

conjugated polymer layer and this allows regeneration and reuse of the sensor multiple 

times. Also, we conclude that SPR is a suitable sensor platform for DA in-line detection at 

clinical level considering the detection time and stability, while MCL can achieve a much 
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lower LOD. This study gives perspectives about sensing layer design and transducer 

selection for different applications. The different sensing mechanisms of transducers will 

affect the LOD, working range and detection time, efficiency in sensor development.  

In chapter 6, we used the microfluidic microcantilever for monitoring DNA melting 

process. A resonating microfluidic cantilever, with DNA solution confined in it, has been 

used for mechanically detecting the melting process. By real-time monitoring the 

temperature dependent variation in the cantilever resonance response, the thermodynamic 

and nanomechanical variations of the DNA melting process have been analyzed for 100-

picoliter volumes of the samples with varied oligomer lengths, ionic strengths, and 

existence of different chemicals. These nanomechanical variations in the DNA sample 

provide a better understanding of the melting process and provide complementary 

information to the traditional UV absorption measurements. This methodology opens up 

new avenues for mechanical monitoring of biological reactions and processes. 

In conclusion, we have developed multiple MEMs based biosensors targeting whole cell 

recognition, protein conformational change, and small molecules such as neurotransmitters 

detection. By designing and optimizing the sensing layers-target interfaces, highly specific 

biosensors are developed for label-free pathogen detection in food and water samples with 

significantly increased specificity and stability. By utilizing the nanomechanical property 

variation during the biological process, analytes can be detected and quantified per 

requirement. By creating effective sensing layer-transducer interfaces, fast-scan detection 

was achieved with a limit of detection comparable or beyond the clinical-relevant level. 
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Future biosensors can be designed accordingly for each specific target with the knowledge 

and principles developed in this thesis.        

7.2 Future Work 

In a foreseeable future, production of transducers with a much-reduced scale will be 

achieved. Thus, the sensitivity and limit of detection of the sensors can be increased to a 

level that can satisfy most of the biosensing applications. The challenge of biosensors 

developing still lies in selectivity development, sensing system scaling down, reliability 

and regeneration optimization and detection time and efficiency improvement.  

One future direction is developing multichannel sensors. In real samples, there are usually 

multiple cells or molecules coexisting. It is beneficial if multiple targets/biomarkers can be 

quantified in one batch of detection. To achieve that, sensors with multiple channels are in 

demand. For example, the current MicroMotiv Octosense MCL array has 8 microcantilever 

beams which can be functionalized with 8 different sensing layers. Potentially, it can be 

developed as a sensor detecting 8 targets at the same time (we demonstrated it can detect 

4 targets simultaneously). With the new design of sensor arrays parallelly, a biosensing 

system will be capable of detecting multiple analytes in real time, which will increase the 

diagnostic efficiency and accuracy.  

Another important aspect is to continue studying the interfaces between different 

components in order to enhance the selectivity. We have explored the specific binding 

between AMPs and different bacteria strains and proved its specificity on various sensor 
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platforms. Comparing with widely used antibody sensing layer, these peptides have much-

improved stability in harsh environments that increase the shelf life of the biosensors. Also, 

the fragments of AMPs have been proved to be active against the strains as well, which 

lead to further simplification of the sensing layer molecules. By screening and building the 

library of active peptide fragments, most effective sensing layer can be determined. As a 

result, biosensor stability and efficiency will be improved. In chapter 6, we discovered the 

polymer functionalized sensors have higher stability than peptide functionalized sensors. 

In the future, by studying the binding mechanism between AMPs and bacteria strains, it is 

possible to design biomimicry polymers which will have similar binding activity with 

AMPs. Thus, they can be widely used on label-free pathogen sensor productions.   

Searching for novel targets/biomarker and their corresponding sensing molecules is 

another urgent task for biosensor development. As we developed sensors for circulating 

tumor cell (CTC) detection, the challenge still lies in as the low CTC amount existing in 

the circulation system. As one key factor for cancer treatment is early-stage-diagnosis, 

sensors targeting other cancer markers are needed. Researchers have been using other 

biomarkers such as metabolites, proteins for cancer detection and diagnosis. Exosomes, as 

cell-derived vesicles with a size less than 100 nm have recently attracted lots of attention. 

Via different proteins and DNAs, exosomes carry information of its origin cells. Thus, it is 

an ideal target as a cancer biomarker. Biosensors based on exosomes have been developed 

and being further improved. Keeping discovering and designing new sensing layer is one 

key factor to push biosensors evolution.  
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Mechanical interaction is one of the fundamental physical properties of biology. 

Microfluidic cantilever platform has been demonstrated to be ideal for studying the 

nanomechanical and thermodynamic properties variation during biological processes. 

These properties can be quantified with microfluidic cantilever platform. Statistical 

mechanic theories can be applied to explain these property variations, which will lead to 

breakthroughs in physical biology. It will also bring in new insight in sensor design and 

development. 

Integration current sensor platforms with other techniques (e.g. spectroscopy) can also lead 

to new breakthroughs.  For example, mid-infrared (MIR) spectroscopy gives “fingerprint” 

information about molecular vibration which is widely used for molecular recognition. 

Using a MIR laser, it is possible to excite the molecules adsorbed on the sensor surface and 

produce a thermal induced signal. Thus, molecular recognition can be achieved by this 

additional technique without the requirement of surface functionalization. However, 

further effort is needed for recognizing large molecules or even whole cells. By integrating 

MIR with bi-material microfluidic cantilevers (BMC), molecular recognition can be 

achieved in finite sample volume, with low sample concentration.      

Besides all the possible future work in biosensing area, the knowledge, experience, and 

understanding from this thesis can be applied in multiple other areas. With new designs of 

sensing layer, physical transducers and so on, there are many possible fields that the 

principle and knowledge of the sensor interfaces development can be applied. Here, as an 

example, we have employed MEMs sensor to study the stress and anode material expansion 

in battery charge/discharge process. 
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7.2.1 Exploring the sodium storage mechanism in few-layers molybdenum disulfide 

from the stress 

The emerging of electrical vehicles and powerful hand-held personal data devices has 

provoked the intensive research in high-capacity electrode materials for both Li-ion and 

Na-ion batteries. MoS2 possesses a well-known 2D structure, with a large interlayer space 

of 6.15 Å, is one of the anode materials which attract great attention from researchers.298. 

The persistent challenge in high capacity anode materials is the large volume fluctuation 

during ion intercalation/extraction, which eventually leads to the electrode failure. Despite 

the fact that some nanoscale engineered electrode structures show promise in handling the 

volume fluctuation, it remains critical to understand the real-time intrinsic chemical and 

physical changes in the electrode, which provide guidelines for future electrode 

design.299,300 Various in situ characterization technologies have been developed for this 

purpose.301–303 In situ TEM reveals the volume expansion and pulverization of these high-

capacity electrode materials in charge/discharge process.304,305 In situ AFM provides 

additional mechanical information of electrodes, such as the formation of solid-electrolyte 

interface (SEI) layer and Young’s modulus of both electrodes.306,307 However, both 

techniques provide a limited quantified understanding of the stress.  

With the ultrahigh sensitivity, microcantilever can be utilized to solve one problem in 

sodium (Na)-ion batteries (SIB): the stress induced in few-layers MoS2 upon the 

intercalation and extraction of Na. The MoS2 thin film was deposited on microcantilever 

surface with basal plane parallel to cantilever surface, which makes the system particularly 

sensitive to the stress in basal plane. For 2D materials, it is critical to understand the stress 
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in the basal plane since these materials often interact with substrates with their basal plane 

and stress in basal plane is directly applied on the substrate.  

MoS2 thin films will be deposited on silver coated MCLs via pulsed laser deposition (PLD). 

The deposited MoS2 thin film will be characterized by multiple approaches such as: X-ray 

diffraction, Raman spectroscopy, Scanning helium ion microscopy (HiM) and atomic force 

microscopy (AFM). The electrolyte will be 1 M NaClO4 in ethylene carbonate/diethyl 

carbonate (1:1). Galvanostatic charge-discharge cycling will be performed on a Solatron 

1470E Multichannel Potentiostat/CellTest System. The cantilever will be mounted in a 

homemade liquid cell with pre-fixed platinum (Pt) electrodes (Figure 7.1). Cantilever 

deflection will be monitored using a homemade system with NI DAQ and LabView based 

software for data acquisition following similar methods mentioned in Chapter 3, 4 and 5. 

The surface stress on cantilever will be calculated according to Stoney’s formula.219 
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Figure 7.1 The schematic illustration of the microcantilever system to detect the sodiation 

/desodiation induced stress in few-layers MoS2;  

This work will provide fundamental insights into the stress evolution in various 

charge/discharge stages of the MoS2 thin film. With ideal electrochemical environments, 

the microcantilever platform is sensitive enough to distinguish the stress generated in few 

layers MoS2 from the impact of the electrical double layer. The protocol developed in this 

work can be readily adapted to resolve the stress in wide-range of electrode materials and 

gain additional insights into the charge storage mechanism. The fundamental 

understanding of stress will pave the road for long life battery design.  

7.2.2 Summary 

To sum up, by optimizing and designing new sensing layers and combining them with 

MEMs sensor platform with high sensitivity, there are multiple novel biosensors can be 

developed. Using nanomechanical sensor for monitoring biological processes can bring 
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new insights for fundamental biology research and sensor development. By further 

understanding the physics and chemistry between the analytes, sensing layer, physical 

transducer, and their interfaces, MEMs/NEMs sensors can be designed to inquiries and 

applied in multiple fields.  

Biosensing is a topic with urgent demand and huge market. Developing highly-sensitive, 

highly-specific, low-cost sensors will benefit not only the scientific research, but the 

improvement of human life. Nanomechanical sensing technique is one promising platform 

for fundamental researches and practical applications.    
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Appendix 

Appendix 1 Peptide Synthesis 

Materials and Methods 

Materials 

1-hydroxybenzotriazole (HOBt), HCTU and the Fmoc amino acids were purchased from 

NovaBiochem (San Diego, CA) while CyQUANT and FITC dyes were obtained from 

Invitrogen (Eugene, Oregon, USA). Amino-PEG500 cellulose membrane derivatized with 

a polyethylene (PEG) purchased from (Intavis AG, Germany). N,N′-

Diisopropylcarbodiimide (DIC), N,Ndimethylformamide (DMF), 1-Ethyl-3-(3-

dimethylaminopropyl)-carbodiimide) (EDC), Nhydroxysuccinimide (NHS), N-methyl 

morpholine (NMM), trifluoroacetic acid (TFA), dimethyl sulfoxide (DMSO), piperidine 

and all other reagents were purchased from Sigma-Aldrich. All reagents and solvents were 

purchased analytical grade and used as received with no further purification. All 

experiments with bacteria were performed in biosafety level II cabinet. 

Peptide Array Synthesis 

Synthesis of peptides on PEG500 derivatised cellulose membrane was started by attaching 

first β-alanine residue (linker) to the cellulose membrane and subsequently peptides 

synthesized from the C-terminus. Fmoc protected amino acids (0.25 mM/mL) activated 
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with HOBt and DIC were spotted on the membrane in 60 nL aliquots per spot by a robotic 

syringe, yielding a peptide loading of 0.4 μmol/cm2. After coupling of the Fmoc amino 

acid, the membrane was removed from the platform of robotic system and treated with 

acetic anhydride (2%) to cap any free remaining amino groups. Deprotection of Fmoc of 

coupled amino acid was done by 20% piperidine in DMF. After deprotection, membrane 

was washed with DMF and IPA, air-dried and carefully repositioned on the robotic system 

to repeat the coupling cycles in order to complete the peptide sequence. At the end, all 

peptides were N-terminally acetylated. The final removal of side chain protecting groups 

was performed by treating the membrane with a cocktail of reagents, comprised of TFA 

(15mL), DCM (15 mL), triisopropylsilane (0.9 mL), and water (0.6 mL), for about 3 h. 

After extensive washing with DCM, DMF, and ethanol, the membrane was dried with cold 

air. Next, the cyclization of cysteine containing peptides was performed to form the 

disulfide bond. The membrane was incubated with 20% DMSO in water for 24 h at 4 °C, 

and finally overnight at room temperature. Subsequently, the membrane was washed with 

ethanol (3 ×3 min), dried, and stored in a sealed bag at -20 °C until use. 

Peptide Array-Cell Binding Assay 

Overnight grown bacterial culture was washed one time with PBS (50 mM Phosphate 

Buffer Saline) and diluted to 0.5 O.D utilizing the same buffer. Bacteria were labeled by 

taking diluted culture (100 L, 0.5 O.D) and incubating with CyQUANT dye (40 L, 1X) 

in dark and at room temperature for two hours. The cells were washed with PBS two times 

to remove free dye and re-suspended into 10 mL of same buffer. Before performing cell 

binding assay, peptide array membrane was incubated for 1 min in ethanol to avoid any 
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kind of hydrophobic aggregation, washed with PBS (2 times for 5 min each) and incubated 

again in PBS for 30 min. The peptide array membrane was incubated with the labeled 

bacterial cells (10 mL, 0.05 O.D) for 2 h in the dark color box with gentle shaking condition 

at room temperature. Subsequently, the peptide array membrane was washed extensively 

(3x or more with PBS, each washing 10 min) to remove loosely bound or unbound cells to 

the membrane. The net fluorescence intensity of each peptide spot was quantified using 

Kodak Molecular Imaging Software Version 4.0. An external standard 

peptide was used to calibrate the fluorescence intensity between scans performed on the 

same day and on different days. The results are presented as average fluorescence intensity 

of two duplicate peptide spots, two scans, and two different experiments. Membrane was 

regenerated after each cell-binding experiment. For membrane regeneration, the bound 

cells were removed by first washing with ethanol for 5 min, followed by treatment with 0.1 

N HCl for 20 min. The peptide array membrane was then washed with DMF (4 × 20 min), 

ethanol (3 × 3 min), and finally dried in air. Each cell-binding experiment was repeated 

twice for same bacterial species. 
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Appendix 2 Characterization of HSA 

CD Spectropolarimetery: The CD spectra were measured on an OLIS DSM 17 Circular 

dichroism instrument (OLIS Inc., Bogart, GA). Quartz cell of 0.02 cm path length was used 

to contain sample. The spectra were recorded in the far-UV region with wavelength 

between195 and 275 nm. The spectrum was recorded with five scan accumulations. The 

data was analyzed using CD pro software. 

Attenuated total internal reflection –Infrared Spectroscopy (ATR-IR): A NEXUS 670 

ATR-IR equipped with ZnSe crystal (Thermo Nicolet, Madison, WI, USA) was used. IR 

was equipped with mercury-cadmium-telluride detector cooled using liquid nitrogen. 

ATR-IR for the HSA was taken after putting the 2ml of 0.2 mg/ml sample on the ZnSe 

crystal and dried under nitrogen. The resolution was 4 cm-1 in total of 200 scans. 

Dynamic Light scattering (DLS): DLS experiments were conducted on commercial 

apparatus ALV/CGS-3 compact Goniometer system (ALV, GmbH, Germany) at an angle 

of 90°. JDS Uniphase 22mW He-Ne laser, functioning at wavelength 632.8 nm was 

equipped with aALV-5000/EPP multi-tau digital correlator with channels. ALV/LSE-5003 

light scattering electronics unit was used for stepper motor drive and for the limit switch 

control. Autocorrelation functions were collected 3 times for each sample solution and 

were examined by the CONTIN routine using the software provided by the vendor. 

Toluene was used as standard corrector for temperature and scattering.    
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Figure A1. CD spectra of native and denatured HSA 

 

Figure A2. ATR-IR spectra of A) native HSA and B) denatured HSA. 
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Figure A3. A) CD spectra of native HSA at pH 3, 7 and 12. B) ATR-IR spectra of native 

HSA atpH 3, 7 and 12. 

 

Figure A4. DLS spectra of native (blue) and denatured (red) HSA samples. 

 

 


