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Abstract 

 

Development of Quantitative Detection and Analysis Technology 

of Biomolecular Interactions for Diagnosis of Degenerative 

Diseases using Atomic Force Microscopy 

 

Gyudo Lee 

Department of Biomedical Engineering 
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Yonsei University 

 

 

Mankind has been suffering from various human degenerative disorders 

such as cardiovascular diseases, cancers, Alzheimer’s disease, and Parkinson’s 

disease. These diseases are generally related to abnormal molecular behaviors 

with cascading illness. For example, protein misfolding causes dysfunctions or 

malfunctions of numerous enzymes in metabolism, and subsequently induces 

cancerous cells and amyloidosis. Indeed, understanding intrinsic properties of 

the biomolecules and molecular interactions is critical in diagnosis and cure of 

the degenerative diseases. The key to insight of biomolecular interactions at the 

single-molecule level is multidisciplinary studies with spectroscopy, bio-



xix 
 

imaging, and stimulus-response tests. Recently, scanning probe microscopy 

(SPM) including atomic force microscopy (AFM) and Kelvin probe force 

microscopy (KPFM) is utilized as a versatile toolkit to study biological and 

nanoscale materials. Specifically, SPM is useful in not only sub-micrometer 

imaging of biological samples with their nature in nanoscale structures, but also 

nanomechanical detection of DNA-DNA or protein-protein interactions at sub-

nano newton forces at sub-nano molar concentration. Moreover, it is possible 

that the quantitative mapping of physicochemical properties of biomolecules 

with high resolution and sensitivity. In this study, biomolecular interactions 

related to various human degenerative diseases such as cancer, metastasis, and 

amyloidosis are investigated by SPM. Particularly, enzymatic activity is 

quantitatively measured and analyzed for cancer diagnosis, and protein-protein 

interactions related to amyloidosis are demonstrated. It is shown that SPM is a 

powerful tool for characterizing such various biomolecular interactions, 

ultimately enables early diagnosis of human degenerative diseases at the single-

molecule level. 

 

             

 

Keywords: degenerative diseases, single-molecule, molecular interaction, 

diagnosis, cancer cell, amyloid, scanning probe microscopy, atomic force 

microscope 
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Chapter I   

 

Introduction 

 

 

1.1. Importance of Studying Biomolecular Interactions 

The ageing and death are common characteristics in all organisms evolved and lived in 

the Blue Planet.
1-4

 It was a prolonged period of mystery for a unique primate who got self-

consciousness. Now, most people know that it is natural and an inevitable owing to 

evolutionary process,
5-7

 while some people (maybe all of us) might be still struggling to 

overcome that for their immortality. Since 1953 Watson and Crick unveiled a mysterious 

biomaterial termed DNA,
8, 9

 the most of basic mechanism of life have been come out into the 

open. The central dogma provides insights into life such as birth, ageing, diseases, and death. 

It was a huge stride in mankind because we finally open our eyes to see what biomolecular 

interaction is. We can examine systematically underlying mechanisms of life at molecular 

level. Finally, we are able to seek the better ways to get to our destination, for example, 

characterization of diseases and development of prevention methods and medications. Many 

kinds of biomolecular interactions such as DNA folding-unfolding, DNA-DNA interaction, 

ligand-receptor interaction, protein folding-unfolding, and protein-protein interaction are 

closely related cell’s functions/malfunctions. The studying therefore such biomolecular 

interactions provides further insight into various unsubjugated diseases, and information for 

the prevention of them. Moreover, it offers brilliant ideas to target drugs and therapy based 

on nanotechnology.
10, 11
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Despite substantial recent advances in understanding of such interactions related to 

disease, many of these interactions remain poorly characterized. In this thesis, I demonstrate 

three categories of studying biomolecular interactions for diagnosis of degenerative diseases 

such as cancer and dementia. First, interaction between nanomaterials (Au nanoparticle) and 

biomolecules is discussed. This will be useful in better understanding surface chemistry 

between nanomaterials (here, nanoparticle) and biomolecules, and designing a novel agent 

with such surface chemistry-based technology. Second, amyloidosis – closely related to 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s – derived from abnormal 

protein-protein interaction is demonstrated. Finally, matrix metalloproteinase (MMP) as a 

biomarker of invasive cancer cells is debated for future cancer diagnostics.  

 

 

1.2. Atomic Force Microscopy as a Versatile Toolkit for Studying 

Biomolecular Interaction 

Since 1959 Richard Feynman (1918-1988) anticipated the Nanoworld in his speech,
12

 the 

developing of nanotechnologies has been remarkably achieved. Based on fundamental 

science and knowledge, mankind has been explored more deeply into micro- and nano-scaled 

universe, which could shepherded us to another exciting place in short course. 

In 1986, the development of sub-micro imaging technique named atomic force microscopy 

(AFM) invented by Gerd Binnig (1947~) and his colleagues innovatively accelerates the 

situation.
13

 We could indeed touch most of all materials by just sensing it at the atomic scale 

beyond visualization of Nanoworld. In recent year, through the commercialized AFM, many 

of scientists in various fields of physics, chemistry, biology, and engineering are involved in 

ongoing research to bring new technologies with novel nanomaterials into their practical 

applications.
14-19

 Specially, the use of AFM can exceptionally contribute studying biophysics, 
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biochemistry, and molecular biology. Although nanoscaled AFM probe would be inadequate 

for molecular assembly yet,
20

 it enables a variety of high precision required works such as 

quasi-three dimensional imaging,
21

 high speed and resolution imaging,
22

 structural analysis of 

protein,
23-27

 direct assessment of biological samples’ stiffness
28-32

 and adhesion,
33, 34

 mapping 

the surface charge of biomolecules,
35-37

 and even live cell imaging.
21, 38

 

 

1.3. Chemical Interaction between Nanomaterials and Biomolecules 

In the early 1980s from the beginning of the production of nanocrystalline by Herbert 

Gleiter,
39, 40

 German physicist, the studying nanomaterial had gone through the Big Bang in 

the 1990s. There are a lot of nanomaterials today at least 93 all the way from nanoparticle to 

graphene.
41

 In the first place, nanomaterials, which are very small objects ranging from few 

nm to less than 100 nm (Figure I-1), investigated to characterize their intrinsic properties 

such as structure, conductance, and spectroscopic characteristics. The field of nanomaterials’ 

application has gradually witnessed tremendous growth in interactions between biomolecule 

and the nanomaterials with surface chemistry based on self-assembly monolayers (SAM).
42, 43

 

Nanomaterials (e.g. Au nanoparticle and carbon nanotubes) have mainly been used for a 

bioassay for many of biological samples such as DNA and proteins related disease.
11, 44-46

 In 

addition, it has been attempted to develop well-designed imaging agents or drug carrier, 

based on accumulated knowledge in nanomaterials chemistry (nanocrystal and magnetic 

nanoparticle). 
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Figure I-1. The concept and size of nanomaterials in comparison to other structure of the 

length scale.
47

 

 

Recently, a combination of nanomaterials and biomaterials is critical in development of 

advanced materials having new structure and function (Figure I-2). For example, the 

dopamine is used to develop wet/drying adhesive,
48-51

 and amyloid fibril is utilized in energy 

harvesting
52

 or designing bio-mimicking materials such as bone.
53, 54

 Notably, although 

amyloid fibrils are a representative devastating material associated with degenerative diseases 

such as Alzheimer’s disease,
55, 56

 new perspectives of their advantages (e.g. unique 

mechanical property and biocompatibility) shed light on desire for invention of innovative 

novel materials ranging from medicine to aerospace technology.
53, 57-66

 Among them, 

chemically modified nanoparticles via biomolecules have attracted much attention in material 

science and biomedical industry
57, 58, 67-76

 owing to their excellent biocompatibility. Cheon et 

al. have suggested that monoclonal antibody-conjugated magnetic nanoparticle enables 

enhancing targettability to certain receptors on cell surface and artificial control of cell 

signaling and growth.
74, 75

 Haam et al. has used PEGylation of nanoparticle to develop 

biocompatible, multifunctional nanocomposite for diagnosis and therapy of cancer.
72, 77, 78
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These imply that the bio-conjugation of nanoparticle allow the enhancement of their 

hydrophilicity. 

 

 

Figure I-2. Diverse application of nanomaterials in today’s life.
79

 

 

For the practical use of such novel materials, the stability test of surface chemistry is 

critical to provide quantitative information. Atomic force microscope (AFM) is a good 

alternative to investigate surface chemistry of nanomaterials with biomolecules for 

application of imaging agent or drug carrier. 

 



6 
 

1.4. Amyloidosis: Amyloid Fibrils and Their Characteristics 

In 1639, Nicolaus Fontanus firstly observed and reported the existence of amyloid.
80

 In 

1854, Rudolph Virchow, German scientist, coined the term ‘amyloid’ to indicate some 

peculiar deposited substance.
81

 Amyloidosis is a pathological symptom defined as an 

abnormal deposition of insoluble protein aggregates into the extracellular space of various 

tissues or organs, resulting in the severe dysfunction/malfunction (e.g. Figure I-3).
55, 56, 80, 82-95

 

It has often occurred severe neurodegenerative disorders such as Alzheimer’s and 

Parkinson’s diseases.
55, 56, 95

 Yet, we indeed do not know if it is a cause or a byproduct of 

such disorders.
96, 97

 The current issues indicate a few clues about it.  

The identity of insoluble protein aggregates is a fibril comprising β-sheet structures, 

named amyloid fibril. In specific, the stacking of β-sheets structures composes the amyloid 

protofibrils that are aggregated with a gluey biomaterial, called glycosaminoglycan, and 

deposited in various tissues or organs such as heart, kidney, liver, and eyes (Figure I-4). The 

amyloid fibrils are insoluble and generally resist proteolytic digestion. Specially, the fibrils 

found in brain are hallmark features of various neurodegenerative diseases such as 

Alzheimer’s, Parkinson’s, and Creutzfeldt-Jakob disease. 

The underlying mechanism to explain how the fibril forms is still illusive. The main 

hypothesis proposes that the cause is attributed to malfunction of ubiquitin-proteasome 

system and the corresponding protein misfolding.
55

 Such misfolded proteins would be 

harmful due to structural instability. In human body, self-repair function works to remove 

those proteins. The molecular chaperones try to revise the incompletely folded proteins in the 

endoplasmic reticulum. If this mechanism does not work, ubiquitin-proteasome system 

conducts proteolysis of the misfolded proteins. Specifically, the misfolded protein is tagged 

by ‘ubiquitins’ that is recognizable to ‘proteasome’ that is a kind of protein pulverizer. The 

dysfunction of ubiquitin-proteasome system (e.g., a mistake of ubiquitination of the protein 
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and impairment of proteasome) leads to remain the misfolded protein, resulting in the 

formation of amyloid fibrils. Recently, some proteases such as γ-secretase are involved in 

amyloid.
98

 In specific, some of the cleavage products of amyloid precursor protein (APP) by 

such proteases, can assume a misfolded conformation that causes them to aggregate, making 

oligomers and long fibril-like structure that might be responsible for the harmful effects on 

brain function in patients suffered from neurodegenerative disease such as Alzheimer’s 

diseases. This implicates that quantitative detection of protease’s activity indeed will be 

useful in early diagnosis of various human degenerative diseases including cancer as well as 

dementia. 

 

 

 

Figure I-3. Micrograph showing amyloid deposition (red fluffy material) in the heart (cardiac 

amyloidosis).
99
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Figure I-4. Distribution of organ involvement in 445 Patients with light-chain amyloidosis.
95
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Most of amyloid fibrils have the very similar basic structure as shown in Figure I-5, but 

the real structure of each pathogenic protein is different with respect to the spots where found 

to the fibrils.
23, 82, 95

 For example, the certain proteins comprising amyloid fibrils indicated to 

source of Alzheimer’s diseases are named to Aβ proteins, and the fibrils are also called to Aβ 

amyloid fibrils that are assembled by fragments of such Aβ proteins. Similarly, many kinds of 

amyloid proteins (to date, at least 21 different proteins) have been observed in a variety of 

syndromes, which is summarized in Table I-1. 

Because of the similarity in their ingredients and conformational structure, many scientist 

attempts in vitro synthesis of such amyloid fibrils and characterization of their 

physicochemical properties such as structures (length, diameter, and periodicity), flexibility, 

strength, and even interplay between other biomolecules. To this end, AFM is one of the most 

useful tools. For example, Leonenko et al. suggested that AFM enables time-lapse imaging of 

amyloid fibril in the formation process in liquid.
100, 101

 Specifically, to investigate the 

molecular mechanism of Aβ amyloid toxicity, they performed liquid imaging with AFM of 

amyloid fibril aggregation process on different lipid membranes. Moreover, Mezzenga et al. 

reported that amyloid aggregation can be examined by performing a statistical polymer 

physics analysis of single-molecule AFM images of heat-denatured β-lactoglobulin fibrils.
23, 

24
 Through the AFM analysis, they found that the fibrils have a multi-stranded helical shape 

with twisted ribbon-like structures (i.e. hierarchical structure of amyloid fibrils). 
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Figure I-5. Global structural characteristics. Negatively stained micrographs (A) and cryo-

micrographs (B, C) illustrate definitions of fibril length L, width w, crossover distance d, and 

normal distance δu.
102
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Table I-1. Amyloid proteins and their precursors.
95

 

Amyloid 

protein 

Precursor Distribution Type Syndrome or 

involved tissues 

Aβ Aβ protein precursor Localized 

Localized 

Acquired 

Hereditary 

Sporadic Alzheimer’s 

disease, aging 

Prototypical 

hereditary cerebral 

amyloid angiopathy, 

Dutch type 
APrP Prion protein Localized 

Localized 

Acquired 

Hereditary 

Sporadic (iatrogenic) 

CJD, new variant CJD 

(alimentary?) 

 

Familial CJD, GSSD, 

FFI 
ABri ABri protein 

precursor 

Localized or 

systemic? 

Hereditary British familial 

dementia 

ACys Cystatin C Systemic Hereditary Icelandic hereditary 

cerebral amyloid 

angiopathy 
Aβ2M Beta2-microglobulin Systemic Acquired Chronic hemodialysis 

AL Immunoglobulin 

light chain 

Systemic or 

localized 

Acquired Primary amyloidosis, 

myeloma-associated 

AA Serum amyloid A Systemic Acquired Secondary 

amyloidosis, reactive 

to chronic infection 

or inflammation 

including hereditary 

periodic 

fever (FMF, TRAPS, 

HIDS, FCU, and 

MWS) 
ATTR Transthyretin Systemic  

Systemic 

Hereditary 

Acquired 

Prototypical FAP 

 

Senile heart, vessels 
AApoAI Apolipoprotein A-I Systemic Hereditary Liver, kidney, heart 

AApoAII Apolipoprotein A-II Systemic Hereditary Kidney, heart 

AGel Gelsolin Systemic Hereditary Finnish hereditary 

amyloidosis 
ALys Lysozyme Systemic Hereditary Kidney, liver, spleen 

AFib Fibrinogen Aα chain Systemic Hereditary Kidney 
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In recent years, interestingly, it has been revealed that the amyloid fibrils have 

outstanding mechanical properties comparable with spider silks and steel (Figure I-6). The 

flexibility and stiffness of amyloid fibrils are analyzed by cryo-microscopy and transmission 

electron microscopy.
102

 Also gigapascal level elastic modulus of amyloid fibrils have 

revealed by single-molecule AFM.
23, 103-107

 These imply that amyloid fibrils might be 

promising to use kaleidoscopic novel materials. Such unique mechanical and flexible 

characteristics are attributed to hierarchical stacking fashion (e.g. torsional property, stacking 

numbers), which is dependent on sequence of amino acids and synthetic condition. In 

particular, as a nanobuilding block for amyloid oligomers and/or fibrils, the sequence of 

peptides has been important for the structure-dependent mechanical property, ligand-protein 

affinity, and cytotoxicity.
87, 92, 108, 109

 Moreover, the synthetic conditions such as pH, 

temperature, incubation time, and heat source, result in the different types of hierarchical 

structure of amyloid fibrils.
24, 110-118

 – e.g. pH is one of the critical factors for formation of 

amyloid into different structure and aggregate regime (Figure I-7). However, the 

physicochemical characteristics of amyloid fibrils have not yet been fully understood and 

remain obscure. For instance, the surface charge of amyloid precursor proteins or peptide 

fragments may contribute in self-assembly of amyloid fibrils as well as the interactions 

between the fibrils and other biomolecules.
63, 119

 Nevertheless, there has been no study to 

unravel the relationship between surface charge and the nano-mechanical property of the 

fibrils. The quantitative characterization of amyloid fibrils is required for not only providing 

insight into diagnosis of amyloid fibrils based on profound knowledge but also seeking novel 

biocompatible materials that possess good flexibility and unique mechanical property.  
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Figure I-6. Mechanical properties of amyloid fibrils in comparison to biological and 

inorganic or non-biological materials.
61

 

 

 

Figure I-7. pH-dependent formation of amyloid fibril. (a) Schematic illustration of molecular 

interactions between amyloidogenic protein monomers (β-lactoglobulin) at variation of pH. 

(b) Optical images of vials containing protein solution after heating in water bath at different 

pH ranging from pH 2 to 7. At pH 3 and pH 5, protein precipitation is observed. Inset: 

magnification of vial containing protein solution of pH 5. (c) AFM images of amyloid from 

each of samples in (b). 
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1.5. Matrix Metalloproteinase Interaction with Other Proteins in 

Extracellular Matrix 

As cancer is one of the most debilitating diseases of lives, many of scientists including 

medical doctors have investigated to understand the underlying mechanism of cancer 

development in the last several decades. Nowadays, through the eye-opening progress of the 

medical industry and nanotechnology, various cancers are reckoned to be conquerable in the 

near future.
72, 75, 77, 78, 120

 However, an unsolved big question still remains obscure: metatasis, 

how a cancer from one organ is spread to another non-adjacent organ (Figure I-8).  

 

 

Figure I-8. The steps of metastasis and opportunities for therapeutic intervention.
121

 

 

Metastasis is closely related to invasive cancer cells (mainly malignant tumor) and 

circulating tumor cells (CTC). The invasive cancer cells enable invasion of the lymphatic 
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system or blood vessels, and spread outside of tissues, which is called CTC (Figure I-9). For 

the early detection of metastasis, it is of highly important in discrimination of such metastatic 

cancer cells or pre-invasive cancer cells from normal cells (or benign cancer cells). 

Generally, the invasive cancer cells show aberrantly high growth and cell division rate 

compared to normal cells because of outstanding extendibility due to the efficient elimination 

of peripheral objects around. 

 

 

Figure I-9. Organ-specific barriers to metastatic infiltration.
122

 

 

To diagnose such metastatic cells, medical imaging by use of imaging agents, has mainly 

been performed. Various nanomaterials (e.g., quantum dot
123, 124

 and magnetic 

nanoparticles
72, 120

) as shown in Figure I-2 have been used to design and develop as agents, 

showing outstanding performance in low-cost, targetability, and high-resolution. Moreover, 

the chance of multifunctional capability has been very attractive in simultaneous diagnosis 

and treatment of cancer (e.g., Figure I-10).
77, 121

 Despite such availability of nanomaterial-
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based imaging agent, the controllability and cytotoxicity still remains unsolved.
125-127

 

Recently, Gimzewski group has reported nanomechanical detection of cancer cells by 

AFM.
128, 129

 They performed the assessment of stiffness of cancer cells compared to normal 

cells from the human. Interestingly, the experimental results explicitly appeared that the 

cancer cell is much softer than normal cells because of the flexibility of cells in division 

(Figure I-11). This implies that it is of important in approach in vitro validation of mechanical 

stiffness of cancer cells, allowing us for new idea and insight into cancer diagnosis. However, 

such method is restricted for i) biopsy beyond invasive exam
130, 131

 and ii) the variable cell 

stiffness in different types and stage of cancer cell; for example, breast cancer shows broad 

stiffness distribution resulting from tissue heterogeneity.
130

 This suggests that it requires more 

intensive study to avoid confusion in cancer diagnosis. To address this issue, many of 

scientists have considered the development of technology to sense the concentration of 

various biomarkers that have usually been used to target nanomaterial-based agents and to 

function as the intended purposes as mentioned above. In general, the biomarkers include 

genetic materials such as DNA and RNA, membrane proteins, and secreted proteins or 

enzymes. The seeking of new biomarkers that are capable of more effective prevention, 

diagnosis, and therapy of various cancers, is still one of the challengeable research topics 

today.
132

 Most of biomarkers are overexpressed on the cancer cell, which is mainly attributed 

to cell-to-cell signaling for cell division and growth. 
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Figure I-10. Nanomaterial strategies from the point-of-view of the cell.
121

 

 

 

 

Figure I-11. Optical and fluorescence images of a cytological sample by BioScope AFM.
128
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The final goal is to make a decision whether someone has cancer or not through a 

minimal invasive measurement (e.g., blood test). That is, if we could discriminate the 

concentration of biomarkers in each sample from individuals (e.g., blood), the early diagnosis 

of cancer can be realized. Measurement of the specific sequences or the concentration of 

nucleic acids such as RNA and DNA associated to cancer seems to be promising because it 

implies something to detect the possibility of cancer development before it does. However, it 

is indeed a major problem in determining the stage of cancer because of the latency of protein 

expression from the target nucleic acids – in other words we cannot avoid error due to a 

chance of failure from DNA to proteins that affect cancer development.
133, 134

 Moreover, this 

complexity needs a cumbersome process of selection and amplification of a certain sequence 

of the target nucleic acids. In comparison, proteins are something more substantial,
132

 so it 

can be a reliable indicator of cancer. If the protein biomarker is enzyme, it is insufficient that 

just assessment of the concentration of the proteins. For more effective diagnosis of cancer, 

the enzymatic activity must be evaluated because mutant enzyme often does not act as a 

devastating role in cancer development.
135

 For instance, when the metastatic cancer cells are 

involved in breakdown of blood vessel for penetration and spread out, some kinds of protease 

expressed on such cells can be a regulator. Especially, matrix metalloproteinases (MMPs) 

expressed on invasive cells plays a key role in the breakdown of extracellular matrix 

(ECM)
136-139

 as shown in Figures I-8 and I-9. MMPs are zinc-dependent endopeptidase that 

affects cell division in normal cell but overexpressed on the surface of invasive cancer cell
114

. 

Such overexpression of MMPs contributes massive breakdown of ECM, implying the excess 

of activated invasive cancer cells (Figure I-12). 
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Figure I-12. Classification of matrix metalloproteinases (MMP).
140

 

 

In particular, the membrane type of MMP (MT-MMP) rather than secreted type of MMP 

has been more restricted in unveiling the characteristics such as mechanism and proteolytic 

activity. Ouyang et al.
141, 142

 tried to visualize the activity and concentration of MT1-MMP 

(membrane type 1-MMP; MMP14) expressed on cancer cells with fluorescence imaging by 

fluorescence resonance energy transfer (Figure I-13). However, the fluorogenic method has a 

limitation for quantitative activity assay because of photobleaching between dyes due to 

physical interaction. To solve this problem, the quantitative assessment of enzymatic activity 

should be needed. In recent year, Kwon et al. reported that the resonant AFM micro-

cantilever has enabled label-free quantitative detection of enzymatic (proteolytic) activity in 

situ.
143

 In principle, the mass of cleft moieties of peptides immobilized on the surface of 

AFM cantilever by proteolytic reaction could be quantitatively measured in real time by 

monitoring of resonant frequency shift of the cantilever. Based on this technology, we 

demonstrate the evaluation of the possibility of early detection of cancer by measuring 

MMP14 activity in physiological condition. 
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Figure I-13. Image-based methods for single-cell enzyme assays. Two FRET pairs permit 

simultaneous measurements of Src kinase and MT1-MMP as a function of time after 

exposure to EGF. The heat maps show the FRET ratio for each pair and reflect enzyme 

activity. Scale bar, 30 µm.
98, 142 
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1.6. Dissertation Structure 

This dissertation introduces the state-of-the-art technologies developed to detect and 

analyze degenerative disease–related biomolecular interactions, which were reviewed 

through Chapter I, using atomic force microscopy (AFM). The remainder of the dissertation 

is organized as follows.  

In the section 1.3, I stated that the stability test of surface chemistry is very important to 

provide quantitative information of the interactions between nanomaterials and single 

functional groups in order to rationally design novel nanomaterials, and AFM is an excellent 

tool to do this. Based on this idea, Chapter II demonstrates that surface chemistry of Au 

nanoparticle with biomolecules (e.g., amino functional groups and catecholamine molecules) 

can be quantitatively validated by AFM combined to various conventional techniques. 

The history of finding and the characteristics of amyloid fibrils, one of the most popular 

and mysterious materials in recent year, were described in the section 1.4. It was shown that 

the electrostatic interaction may play a critical role in the formation of amyloid fibril. In 

Chapter III, I demonstrate the importance of surface charge measurement of the amyloid 

fibrils with respect to protein-protein interaction-based synthesis of the fibrils, and introduce 

novel experimental and analytical techniques for mapping the surface charge of such fibrils.  

In Chapter IV, I propose a useful technique of AFM for characterizing matrix 

metalloproteinases (MMPs) – a biomarker for invasive cancer cell – related to metastasis 

with in situ resonant AFM microcantilever sensor. To the best of our knowledge, this work is 

the first demonstration of MMP14 enzymatic activity with a label-free manner and high 

specificity. In this chapter, I show an AFM-based state-of-the-art technology for evaluation of 

proteases’ activity and the possibility of early diagnosis of cancer toward a clinical 

application. 

In Chapter V, I summarize key results of this study.  
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Chapter II 

 

Quantitative Characterization of Chemical Interaction between 

Nanoparticles and Chemical Functional Groups 

 

 

Abstract 

We report how to quantify the binding affinity between nanoparticle and chemical 

functional group using various experimental methods such as cantilever assay, PeakForce 

QNM, and lateral force microscopy. For immobilization of Au nanoparticle (AuNP) onto 

microscale silicon substrate, we have considered two different chemical functional molecules 

of amine and catecholamine (dopamine used here). It is revealed that catecholamine-modified 

surface is more effective for functionalization of AuNP onto the surface, which is compared 

with amine-modified surface from our various experiments. The dimensionless parameter (i.e. 

ratio of binding affinity) introduced in this work from such experiments is useful in 

quantitatively depicting such binding affinity, indicating that the binding affinity and stability 

between AuNP and catecholamine is ~1.5 times stronger than that of amine. Our study sheds 

light on experiment-based quantitative characterization of binding affinity between 

nanomaterial and chemical groups, which will eventually provide an insight into how to 

effectively design the functional material using chemical groups. 

 

Keywords: Au nanoparticle • dopamine • surface chemistry • atomic force microscopy • 

lateral force microscopy 



23 
 

2.1. Research Background 

 

Surface chemistry has played a critical role in designing functional nanomaterials for their 

biological or medical applications such as drug delivery, molecular therapeutics, and 

diagnostics.
11, 121

 In particular, the surface modification of a nanoparticle is of great 

importance to enhancing functionality in terms of target affinity,
144-146

 imaging contrast,
72, 73, 

144, 145
 and curative power.

120
 For instance, magnetic nanoparticles chemically modified with 

chemical functional groups or moieties (e.g., ligand and receptor) have been utilized for high-

resolution MRI, which is useful in cancer diagnostics since the chemical modification using 

chemical functional groups or moieties leads to improved targetability and imaging 

contrasts.
72, 73, 144

 Moreover, gold nanoparticles (AuNPs) functionalized with chemical 

functional groups or moieties have been recently used to enhance photocatalytic 

performance,
147

 to form 3D networks of functionalized AuNPs,
148

 and to sensitively detect 

specific biological molecules (e.g., DNA)
149-151

 and cancerous single cells.
152, 153

 

Dopamine hydrochloride (DOPA) has recently been considered as a chemical linker that 

allows for efficient surface chemistry useful in not only inorganic materials (e.g., 

nanoparticles) but also biological materials (e.g., tissue) due to its excellent adhesive property 

and biocompatibility.
48-50

 In particular, DOPA has been reported as a chemical linker that is 

useful not only in the chemical modification of the surfaces of nanomaterials such as 

nanoparticles,
154, 155

 graphene oxide sheet,
71

 and carbon nanotubes,
156

 but also in improving 

binding affinities such as protein-peptide cross-linking,
157

 cellular adhesion to substrate,
158

 

osteoconduction,
159

 and hemostatic adhesive in segmentectomy.
160

 Despite the broad 

application of DOPA to surface chemistry using mutual interaction between DOPA and 

nanomaterials (e.g., nanoparticle), such an interaction has been poorly understood and not yet 

studied thoroughly. Since the surface modification of nanomaterials using DOPA typically 
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employs a noncovalent conjugation (e.g., coordinate bonding, hydrophobic and electrostatic 

interactions, etc.),
73, 161

 it is essential to establish an experimental framework that allows for 

measuring a weak binding affinity corresponding to such a noncovalent conjugation, which is 

useful in the development of drug carrier due to the fact that noncovalent conjugation enables 

the excretion of waster matter from the human body after the drug carrier completes the 

function of drug delivery or bioimaging.
72, 74, 162, 163

 

In this work, we have quantitatively studied a chemical interaction between nanoparticles 

and chemical functional groups (e.g., DOPA and amine functional group) using experimental 

toolkits such as cantilever bioassay,
164-167

 PeakForce Quantitative Nanomechanical Property 

Mapping (PeakForce QNM),
106, 168

 as well as lateral force microscopy (LFM).
169-172

 In a 

recent decade, cantilever bioassays have been widely utilized for quantitative understanding 

of molecular interactions on the surface by measuring the bending deflection change
173, 174

 

and/or shifts in resonance.
164, 175

 Moreover, a cantilever has been also employed to measure 

physical quantities such as temperature,
176

 quantum state,
177

 and surface stress.
164, 178

 We 

have shown that a cantilever whose surface is functionalized with specific chemical 

functional groups (DOPA or amine functional group) allows us to quantitatively characterize 

the binding affinity between nanoparticles and such chemical functional groups. Furthermore, 

LFM has recently been taken into account for deciphering the molecular interactions by 

estimating a frictional force that occurs due to breakage of such molecular interactions.
169, 172

 

In our study, we have employed LFM enabling the movement of a nanoparticle, which is 

chemically interacting with chemical functional groups on the surface, in order to 

quantitatively understand the binding affinity between nanoparticle and chemical functional 

groups by measuring the frictional forces required to break the binding between the 

nanoparticle and chemical functional groups. In addition, we have also measured the 

adhesion force between nanoparticles and chemical functional groups using atomic force 
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microscopy (AFM), particularly the PeakForce QNM module. We have shown that the 

noncovalent interaction between nanoparticles and specific chemical functional groups can be 

quantitatively studied using the aforementioned experimental techniques (i.e., cantilever 

assay, PeakForce QNM, and LFM) and that catecholamine (i.e., DOPA) is a chemical 

functional group useful in the surface modification of nanomaterials (e.g., nanoparticle) due 

to its excellent binding affinity. 

 

2.2. Methods 

 

2.2.1. Materials and Sample Preparation 

All materials including gold nanoparticle (G1652, approximately 20 nm in size) and 

dopamine hydrochloride ((HO)2C6H3CH2NH2·HCl) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). A silicon (Si) microcantilever (TESP, Bruker, Madison, WI, USA) was 

first rinsed by piranha solution (50% of sulfuric acid and 50% of hydrogen peroxide). The 

cantilever was immersed for 25 min into a 3-aminopropyltrimethoxysilane (APTMS) solution 

(200 μl/ethanol of 5 ml) for amine functionalization and then carefully washed by ethanol and 

pure water. The aminated surface of the cantilever (SA) was immersed into the AuNP 

suspension (approximately 0.01% as HAuCl4) for 30 min for the preparation of AuNP-SA  

(i.e., AuNP attached to amine-modified surface). In the case of DOPA-functionalized surface 

(SD), the aminated microcantilever was treated with glutaraldehyde (GA, 10% in phosphate-

buffered saline (PBS)) for 30 min for surface activation and then immersed into the DOPA 

solution (65 mM in PBS at pH 7.4) for 10 h.
48

 Consequently, the DOPA-functionalized 

cantilever was immersed into the AuNP-dissolved solution for the preparation of AuNP-SD 

(i.e., AuNP bound to DOPA functionalized surface). All experiment was conducted at room 

temperature. 
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2.2.2. Analysis of Surface Chemistry 

Scanning electron microscopy (SEM) imaging was obtained using JSM-6500 F (JEOL, 

Tokyo, Japan). The number of AuNPs in the SEM images was accurately counted by Image J 

software (NIH, Bethesda, MD, USA). X-ray photoelectron spectroscopy (XPS) analysis was 

implemented with Escalab 220i-XL (Thermo VG, Hastings, UK). The sampling area was 5 

mm × 5 mm in a vacuum of 1.0 × 10
−9

 mbar with calibration of C 1 s (285 eV). To measure 

the resonant frequency shift of the cantilever due to AuNP binding onto the cantilever surface, 

the samples were dried overnight in each fabrication process. The resonant frequency of the 

cantilever is measured using the Nanoscope V controller (Veeco, Santa Barbara, CA, USA). 

 

2.2.3. Measurement of Adhesion/Friction Forces 

PeakForce QNM was used to measure the adhesion between AuNPs and chemically 

functionalized surface using the BioScope Catalyst (Veeco). For PeakForce QNM imaging, 

we have used a cantilever, particularly ScanAsyst Air probes (kN = 0.58 N/m; Bruker) in 

22.2 °C and 38% humidity. For LFM imaging, we have employed various AFM cantilever 

tips (i.e., SNL-10, ScanAsyst Air, ScanAsyst Fluid, Bruker) with their stiffness in the range 

of 0.1 to 1 N/m. LFM images were obtained by scanning the sample in contact mode with a 

scan size of 2 × 2 μm
2
, scan rate of 0.5 Hz, and a set point of 1 V. The detached AuNPs from 

the surface was confirmed by using PeakForce QNM imaging. All AFM, LFM, and 

PeakForce QNM images were analyzed with NanoScope Analysis software (Bruker). We 

have prepared the silicon surface onto which the AuNPs were attached using chemical 

functional group (i.e., amine or DOPA), as shown in Figure II-1, in order to study the 

chemical interaction between the nanoparticle and chemical functional group. In particular, 

we have studied such chemical interaction using various experimental tools such as cantilever 

assay, LFM, and PeakForce QNM as described above. 
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Figure II-1. Schematic illustration of AuNP coating procedure on Si substrate and 

characterization regimes for chemical interaction between AuNP and chemical functional 

groups. (I) AuNPs immobilized on aminated surface (AuNP-SA); (II) AuNPs immobilized on 

catecholic surface (AuNP-SD) functionalized with dopamine (DOPA). Each sample is 

quantitatively characterized by experimental toolkits such as cantilever bioassay, PeakForce 

QNM, as well as lateral force microscopy (LFM). 
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2.3. Results and Discussion 

 

2.3.1. Characterization of the AuNPs and Surface Chemistry 

The size distribution of AuNPs that were used in our experiment was obtained based on 

transmission electron microscopy (TEM) images as shown in Figure II-2a. In particular, the 

mean diameter of the AuNPs is given as 19.4 nm, and the standard deviation is estimated as 

2.2 nm. Moreover, we have confirmed the surface chemistry of the substrate, i.e., chemical 

functional groups formed on a silicon surface, by using XPS analysis. Figure II-2b,c shows 

the XPS survey of the formation of -NH2 -Si (panel I in Figure I-1) and DOPA-Si (panel II in 

Figure II-1). The N 1 s signal appeared in the survey spectrum as the -NH2 monolayer was 

being fabricated on the Si substrate. In the following step, the DOPA was chemically 

adsorbed onto the amine-functionalized surface and polymerized to form the dopamine 

layer.
179

 The XPS survey shows N 1 s and C 1 s peaks (Figure II-2c) that are higher than 

those of the -NH2 -Si sample (Figure II-2b). Also, Si 2 s and Si 2p peaks disappeared in the 

DOPA-Si sample because of the thickness of the DOPA film, implying the well-formed 

DOPA layer with self-assembled monolayer.
179-181

 

 

 

Figure II-2. Histogram of AuNP diameters (a) and XPS survey spectra of (b) aminated Si 

substrate (SA) and (c) DOPA functionalized Si substrate (SD). Inset to (a): TEM images of 

AuNPs. 
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2.3.2. Indirect Measurement of the Biomolecular Binding Affinity 

We have investigated the binding affinity between AuNPs and the silicon surface 

chemically modified with a functional group (i.e., amine or DOPA) by measuring the number 

of AuNPs attached on the chemically modified silicon surface. Here, the DOPA-modified 

surface is denoted as SD, whereas we denote the amine-functionalized surface as SD. It should 

be also noted that the AuNPs attached to SD exhibit uniform shape and size, as shown in 

Figure II-3a, b,c. It is interestingly shown that the AuNPs attached to SA were locally 

aggregated, while the AuNPs immobilized on SD were distributed with relatively high 

uniformity (Figure II-3d,e), which suggests that the AuNPs were functionalized as a uniform 

monolayer onto SD. It is attributed to the fact that the local aggregation of AuNPs onto SA is 

highly related to the molecular structure of APTMS, which leads to the formation of amine 

functional group as a disordered layer on the surface and, consequently, the decrease in the 

uniformity of surface functionalization and large variation of surface density of AuNPs.
182

 On 

the other hand, a uniform attachment of AuNPs onto SD is attributed to GA acting as a linker 

molecule between the surface and DOPA such that the linker molecule allows for an ordered 

formation of DOPA on a silicon surface. 

The uniform distribution of the attached AuNPs on the surface is due to the electrostatic 

repulsion between nanoparticles. Meanwhile, the uniformity of the functionalized molecules 

is a critical factor in determining the binding affinity of AuNPs
182

 because the uniform 

distribution of functional molecules is a priori requisite to optimize the binding affinity 

between the surface and AuNPs. Although there are small aggregates of AuNPs locally even 

in the AuNP-SD samples, the binding affinity between the surface and AuNPs is clearly 

shown in the electron microscope imaging assay. The number of AuNPs attached onto either 

SA or SD (denoted as NA or ND, respectively) can be used as a quantity that represents the 

binding affinity. Based on the SEM images of AuNPs attached to either SA or SD, it is found 
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that NA = 503 ± 54 (mean ± standard deviation) per unit area of 1 μm
2
, whereas ND = 798 ± 

75 per unit area of 1 μm
2
 (Figure II-3f). This clearly elucidates that SD exhibits higher binding 

affinity to AuNPs than SA. For quantitative comparison, we have introduced a dimensionless 

measure defined as RN = ND / NA. This RN ratio can be used as a dimensionless quantity 

useful in representing the binding affinity (for more detail, see below). Now, we have studied 

binding affinity using cantilever assay that allows for measuring the total mass of AuNPs 

attached to the surface of the microcantilever. 

For such a study, we have prepared cantilevers whose surfaces are chemically modified 

by an amine group or DOPA, respectively. It is shown in Figure II-3g,h that the surface 

modification of cantilevers using amine group or DOPA reduces their resonant frequencies, 

which is attributed to the weight of the functionalized chemical groups (i.e., amine or DOPA). 

We have observed that the binding of AuNPs onto the amine- or DOPA-immobilized surface 

of the cantilever significantly decreases the resonant frequency of such a cantilever (Table II-

1). The total weight of AuNPs chemically bound to the cantilever can be estimated from the 

measured frequency shift due to AuNP binding to the cantilever. In particular, the 

relationship between the total mass of AuNPs bound to the cantilever and the frequency shift 

is represented in the form Δω /ω0 = (1/2)(ΔM /Mc), where Δω is the resonant frequency shift 

due to AuNP binding onto the cantilever, ΔM is the total mass of AuNPs chemically attached 

to the cantilever, and ω0 and Mc represent the resonant frequency and mass, respectively, of 

the microcantilever whose surface is chemically modified. It is found that the total mass of 

AuNPs attached to the amine-modified cantilever surface is estimated as ΔMA = 488 ± 10 pg, 

while the total mass of AuNPs bound to the DOPA-functionalized cantilever surface is 

measured as ΔMD = 630 ± 27 pg (Figure II-3i). This clearly demonstrates that the DOPA-

modified surface exhibits stronger binding affinity to AuNPs than the amine-modified surface. 

As in the previous paragraph, we have introduced the dimensionless quantity RM defined as 
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RM = ΔMD /ΔMA, which allows for quantitative comparison. It is interestingly shown that RM 

is very close to RN, as anticipated (i.e., RM = approximately 1.3 and RN = approximately 1.6). 

This confirms that the dimensionless quantities RM and RN are useful parameters that allow 

for quantifying the binding affinity between the chemically modified surface and AuNPs. 

 

 

Table II-1. The resonant frequency shift of AFM cantilevers in cantilever assay. Standard 

deviations are derived from three independent measurements. 

 Bare SA SD AuNP coating 

AuNP-SA 300.2 ± 32.3 kHz 299.8 ± 31.7 kHz  298.4 ± 32.6 kHz 

AuNP-SD 279.8 ± 3.5 kHz 279.5 ± 3.8 kHz 276.9 ± 4.0 kHz 274.2 ± 4.0 kHz 
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Figure II-3. Characterization of the surface chemistry of the samples such as AuNP-SA and 

AuNP-SD. (a, b) SEM imaging of microcantilever (TESP, Bruker, USA) functionalized with 

DOPA molecules used in measurement of resonant frequency with the dimensions of 

microcantilever such as stylus height, cantilever length and width. (c) The magnification of 

stylus vertex shows uniformly coated AuNPs on the entire microcantilever. (d, e) SEM 

images of AuNPs immobilized on Si substrate functionalized with amino groups and DOPA 

molecules, respectively. (f) Plot of average number of AuNPs from the SEM images (n = 5). 

(g, h) Resonant frequency shift of microcantilever in every step of the fabrication procedure 

in air (see Table II-1). (i) Plot of average resonant frequency shift and mass of AuNP 

immobilization on the Si cantilever (n = 3). 
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2.3.3. Direct Measurement of the Biomolecular Binding Affinity 

While measurement of the number of attached AuNPs on the surface or mass of the 

AuNPs bound to the surface is an indirect method to quantify the binding affinity between 

AuNPs and chemically functionalized surface, we have taken into account the direct method 

for quantitative characterization of such binding affinity. Here, we have employed a novel 

scanning technique, namely Peak-Force QNM,
104

 that is useful in measuring the adhesion 

force between AuNPs and chemically modified surface. Figure II-4a,b shows the AFM 

topography images of AuNPs attached to either SA or SD. It is shown that the AFM height for 

the AuNPs attached to SD is measured as approximately 14.2 nm, whereas the AFM height 

for the AuNPs bound to SA is measured as approximately 15.5 nm. This is attributed to the 

size of the functionalized molecules such that the chain length of DOPA is much larger than 

that of the amine group.
182

 As shown in Figure II-4g,h, the AuNP is more likely to be 

embedded in DOPA, that is, more number of DOPA molecules (than that of amine molecules) 

is likely to be involved in AuNP binding. This suggests that DOPA molecules may allow for 

establishing the stable, reliable adhesion of nanoparticles. Notably, we found that the width of 

the AuNPs bound to SD (99.1 ± 12.3) in both topology and adhesion map is larger by the 

amount of approximately 7 nm than that bound to SA (92.2 ± 19.7), as shown in Figure II-4a,b. 

This result seems to contradict the fact that the AuNPs in SD are more deeply embedded than 

those in SA. It may be attributed to the fact that AFM indentation may induce the significant 

motion of AuNPs, which may distort the size of the AuNPs. In particular, a previous study
183

 

reports that there is greater energy dissipation at the edge of a nanoparticle than at its center, 

implying that the nanoparticle would be wobbled during AFM indentation, whereas the 

nanoparticle would not be moved during tapping mode AFM imaging. As shown in the AFM 

deformation images (Figure II-4e,f), there is a larger deformation change of AuNPs in AuNP-

SA than in AuNP-SD during PeakForce QNM. This indicates a stronger binding of AuNPs 
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onto SD rather than on SA, which is attributed to the narrow structural dimension of AuNPs 

immobilized on SA in comparison with those on SD. Moreover, we have also considered the 

adhesion map for AuNPs attached to SA or SD. It is found that the adhesion force difference 

between silicon nitride (Si3N4) AFM tip and the surface (i.e., SA or SD) is <5 nN and that the 

adhesion force is not significantly dependent on the type of surface chemistry (i.e., whether 

the surface is functionalized with amine group or DOPA). This indicates that the interaction 

between the Si3N4 AFM tip and the surface is not critical when we measure the adhesion 

force between AuNPs and surface. It is shown that the adhesion force between the Si3N4 

AFM tip and chemically modified surface to which the AuNPs do not adhere is measured as 

approximately 10 nN. Nevertheless, the adhesion force map obtained from PeakForce QNM 

is insufficient to distinguish the binding affinity between AuNPs and SD from that between 

AuNPs and SA, while the AFM height in topology and the width in the adhesion map for 

AuNPs bound to SA or SD allow for the distinction between such binding affinities as 

described earlier.  
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Figure II-4. PeakForce QNM analysis of AuNP immobilized surfaces. (a, b) Topographic 

AFM images of 20 nm of AuNP immobilized on aminated surface and DOPA functionalized 

surface, respectively. (c, d) Adhesion images of the samples show relative adhesion 

interaction between bare Si AFM tip and AuNP or other regions outside of AuNP. All scale 
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bars are 200 nm. The dashed line is depiction of trajectory of AFM stylus. (e, f) AFM 

deformation images show a larger deformation change at near the edge than at the center of 

nanoparticles. (g, h) Schematic diagram of the geometric design depicted AuNP immobilized 

on the substrate differently functionalized with amino group and DOPA molecules. The 

terminology of wtopology and htopology indicate the measured width and height of AuNP in aspect 

of topology (a, b), respectively. 
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Another way to directly measure the binding affinity between AuNPs and chemically 

functionalized surface is to utilize LFM that enables the measurement of friction force 

between the AFM tip and the sample surface (Figure II-5). For LFM imaging, we have 

utilized a triangular-shaped microcantilever whose normal spring constant knorm is in the 

range of 0.16 to 1 N/m, suitable for contact mode AFM imaging. In general, the normal 

spring constant of a cantilever depends on its shape and material.
184

 In our study, we have 

used Si3N4 cantilevers so that the normal spring constant of a microcantilever is determined 

from its shape. The lateral spring constant klat is related to the normal spring constant given 

by the following equation:
169
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    (II-1) 

where θ is the angle between the base arms of the triangular cantilever, v is the Poisson ratio 

for silicon nitride, L is the length of the cantilever beam, and H is the tip vertical height (see 

Table II-2). With the estimation of klat from Equation 1, the lateral force (Flat) can be 

calculated from the measurement of the lateral force signal in LFM analysis such as
170

 

lat lat latF k S V         (II-2) 

Here, Slat is the lateral sensitivity of cantilever defined as Slat = PHSnorm/aR*L,
170

 where P 

is a proportionality factor (≈2.5 for triangular cantilever), Snorm is the vertical deflection 

sensitivity of a cantilever, a is amplification factor of the lateral signal measured, R* is the 

ratio of the beam height to the beam width (R* = 0.5).
170

 ΔV is the measured value in LFM 

analysis, which is extracted from the LFM images. In general, the longer and larger cantilever, 

the lower normal spring constant (i.e., more flexible in normal deflection) does a cantilever 

have, but the larger lateral spring constant (klat). We can control the exerted applied force 

using different spring constant of cantilevers (knorm) under an identical deflection set-point (1 
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V), rather than set-point control with an identical AFM tip in order to avoid a damage of 

samples and a subsidiary frictional noise. 

 

 

Table II-2. The summary of the parameters of triangular microcantilevers (SNL and 

ScanAsyst Fluid) used in LFM study with optical images. 

 

 ScanAsyst Fluid SNL (B) 

L 70 μm 205 μm 

w 10 μm 40 μm 

t 0.6 μm 0.6 μm 

H 8 μm 8 μm 

E 304 GPa 304 GPa 

ν 0.24 0.24 

θ 60° 64.5° 

knorm 0.74 N/m 0.16 N/m 

Snorm 12.57 nm/V 26.30 nm/V 

klat 19.57 N/m 56.16 N/m 

Slat 1.88 nm/V 1.27 nm/V 

L is cantilever length, w is cantilever width, t is cantilever thickness, H is stylus height, E 

is Young’s modulus of Si, v is Poisson’s ratio of Si, θ is the angle between the base arms of 

the triangular cantilever, knorm and Snorm is the measured cantilever’s normal spring constant 

and normal sensitivity, respectively, klat and Slat is the lateral spring constant and normal 

sensitivity, respectively, calculated from the Knorm and Snorm.
169, 170
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Figure II-5. Lateral force microscopy analysis of binding affinity between AuNPs and 

chemically functionalized surfaces. (a, b) AFM topographic images and lateral force images 

of AuNP immobilized on Si substrate individually functionalized with (a) amino groups 

(AuNP-SA) and (b) catecholamine molecules (AuNP-SD) by different normal spring constant 

(kN) of microcantilevers. The inset shows left embankment (indicated a red arrow) due to 

swept AuNPs formed by scanning of the surface in AFM contact mode with kN = 0.7 N/m of 

microcantilever. All scale bars including that of inset are 250 nm. (c) Line profiles indicating 
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a white arrow in each image of (a) and (b) showing the curves of scanner retracting distance 

versus the AuNP lateral displacement and the lateral force versus the lateral displacement, 

respectively. (d) Plot of average lateral force of >100 AuNPs in (a) and (b) (*p < 0.001), was 

extracted and calculated from the line profiles of lateral forces (c). (e) The model illustrates 

the physical interaction between AFM tip and AuNP attached on chemical functionalized 

substrate (i.e. AuNP-SA and AuNP-SD). 

 

 

 

Figure II-6. The PeakForce QNM analysis of the AuNP-SD sample. AFM topographic, peak 

force error, and adhesion images (3 × 3 μm
2
) of the embankments composed of swept AuNPs 

by 2 × 2 μm
2
 scanning of kN = 1 N/m of microcantilever in LFM. 
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For LFM imaging for measurement of friction force between the two surfaces (i.e., 

surface of AuNP and surface of the substrate where functionalized with chemical groups), 

one has to be cautious in selecting a cantilever; in particular, a cantilever with its stiffness of 

<0.16 N/m is too flexible to scan our sample, whereas a cantilever with its stiffness of ≥1 

N/m is too stiff to measure the friction force in our sample. As shown in Figure II-6, AFM 

imaging of our sample with using a cantilever with its stiffness of 1 N/m leads AuNPs to be 

detached from the surface during the imaging, which implies the difficulty in accurate 

measurement of friction force between AuNP and surface (i.e., SA or SD). Figure II-5a and II-

5b show the AFM/LFM images of AuNPs attached to SD or SA. It is shown that during AFM 

imaging using a cantilever with its stiffness of knorm = 0.16 N/m, as shown in Figure II-5a, 

AuNPs are detached from SA (i.e. AFM image shows a scratched pattern corresponding to 

imaged AuNPs), while the detachment of AuNP from SD does not occur. Moreover, it is 

found that AuNPs are still bound to SD even AFM/LFM images were implemented using a 

cantilever with its stiffness of knorm = 0.7 N/m (Figure II-5b). Figure II-5c shows the section 

profile extracted from AFM/LFM images (as indicated by a white arrow). It is shown that in 

AFM height profile, as anticipated, the AFM height of AuNP bound to SA is close to that of 

AuNP attached to SD. On the other hand, in lateral force profile extracted from LFM image, 

we can find the significant differences between durability for two samples, i.e. AuNPs bound 

to SA and SD, respectively. This is attributed to a fact that during imaging of AuNP bound to 

SA, the twist of a cantilever tip is not significant, which leads to low signals in LFM image, 

while binding between AuNP and SD (stronger than that between AuNP and SA) leads to more 

twist of a cantilever tip, and consequently produce a large signal in LFM imaging
171

 (Figure 

5e). Based on LFM images with Eqs. (1) and (2), we have measured the lateral force between 

AuNP and chemically modified surface. It is found that the mean lateral force between AuNP 

and SA is measured as 660 nN, while the mean lateral force between AuNP and SD is 
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estimated to 1.2 N (Figure II-5d). For quantitative comparison, we have introduced a 

dimensionless parameter defined as RF = FD/FA, where FA indicates the lateral force between 

AuNP and SA, and FD represents a lateral force between AuNP and SD. It is interestingly 

found that a dimensionless parameter RF (=1.7) is very close to aforementioned 

dimensionless parameters RN and RM (Figure II-7). This suggests that the binding affinity 

between AuNP and chemically functionalized surface can be quantitatively understood by 

using either of indirect experimental methods such as cantilever assay or direct force 

measurement such as LFM imaging. It should be noted that the binding force between AuNP 

and chemically functionalized surface could be measured using AFM pulling experiments,
169, 

185
 which enables the measurement of normal force required to breaking a chemical bond. In 

general, the normal adhesion force driven by mechanical detachment of AuNP from the 

surface might be much lower than shear adhesion force between AuNP and the surface. It is 

attributed to the fact that a shear force required to breaking chemical bonds is much larger 

than a normal force that leads to breakage of chemical bonds.
186, 187

 This indicates that LFM 

imaging-based measurement allows for estimating the maximum strength of chemical bonds 

between nanostructure and chemical functional group. Moreover, AFM pulling experiment-

based measurement of normal force required to breaking chemical bonds requires a statistical 

analysis (based on repetitive experiments due to effect of thermal fluctuation on force-driven 

bond rupture),
188-190

 while LFM imaging-based measurement of shear force for breaking 

bonds does not required repetitive experiments, because LFM imaging enables the parallel 

measurement of shear forces required to breaking chemical bonds in the scanned area of a 

sample. In other words, LFM imaging enables the simultaneous measurement of shear forces 

(with more than 100 times) required to breaking chemical bonds, which results in an effective 

statistical analysis based on only a single LFM image. 
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Figure II-7. Plot of ratio of binding affinity between AuNPs and chemically functionalized 

surfaces (AuNP-SA and AuNP-SD), comparing the trend in independently quantitative 

characterization of the surface chemistry. This analysis indicates that DOPA molecules are 

~1.5 times stronger than amino groups in their adhesion property for immobilization of 

AuNPs. 

 

 

2.4. Conclusion 

 

In conclusion, we have demonstrated a quantitative characterization of the binding 

affinity between AuNPs and chemically modified surface using various experimental 

techniques such as SEM image analysis, cantilever assay, PeakForce QNM, and LFM image 

analysis. It is shown that the DOPA-modified surface is an effective conjugation method for 

functionalization of nanoparticles onto the surface when compared with amine-modified 
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surface, as anticipated, from our various experiments. More remarkably, we have shown that 

dimensionless parameters (i.e., RN, RM, and RF) introduced in this work are useful in 

quantifying the binding affinity between nanoparticle and chemical functional groups, and 

that these dimensionless parameters are consistent regardless of experiments, i.e., RN, RM, and 

RF are almost identical to each other, implying that the binding affinity between nanostructure 

and chemical group can be quantitatively studied using either indirect method (i.e., SEM 

image analysis and cantilever assay) or direct method (i.e., lateral force measurement). Our 

study sheds light on how to quantitatively study the binding affinity between nanostructure 

and chemical functional group, which can provide the design principles for nanoparticle-

based systems such as nanomedicine and nanobiosensor. 
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Chapter III 

 

Nanomechanical Mapping of the Surface Charge Distribution and 

Density of Amyloid Fibrils 

 

Abstract 

 

It is of high importance to measure and map the surface charge distribution of amyloids, 

since electrostatic interaction between amyloidogenic proteins and biomolecules plays a vital 

role in amyloidogenesis. In this work, we have measured and mapped the surface charge 

distributions of amyloids (i.e. β-lactoglobulin fibril) using Kelvin probe force microscopy. It 

is shown that the surface charge distribution is highly dependent on the conformation of 

amyloids (e.g. the helical pitch of amyloid fibrils) as well as the pH of a solvent. 

 

Keywords: amyloid fibrils • surface charge • Kelvin probe force microscopy • atomic force 

microscopy • isoelectric point 

 

3.1. Research Background 

 

It is of high significance to quantitatively characterize the electrostatic properties of 

amyloids, since an electrostatic interaction between amyloid and biomolecules plays a key 

role in amyloidogenesis, that is, the formation of amyloid plaques that are frequently found in 

patients suffering from neurodegenerative diseases.
55, 95

 The formation of amyloids by the 
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aggregation of abnormal proteins or peptide fragments depends on physiological milieu (e.g., 

pH, temperature, metal ion concentration, oxidation, etc.); this physiological milieu is 

different in the location of human body (e.g., different organs, vessels, etc.). In addition, the 

physiological milieu-dependent formation of amyloid fibril has recently been found to be 

closely related to human atheroma.
55, 95, 191

 This may suggest that electrostatic interaction 

between amyloid and biomolecules is governed by physiological condition. 

Biological polyelectrolytes such as nucleic acids (e.g., DNA and RNA), nucleotides (e.g., 

ATP, ADP, and AMP), and glycosaminoglycans (e.g., heparin and heparan sulfate) have 

frequently been found to be bound to amyloid precursor proteins so as to form amyloid 

plaques such as neurofibrillary tangles, senile plaques, and Lewy bodies in the brain tissue of 

patients suffering from Alzheimer’s and/or Parkinson’s diseases.
119, 192, 193

 Furthermore, it has 

recently been reported that formation of amyloid plaques is highly correlated with 

cytotoxicity that induces not only cellular dysfunctions or malfunctions, but also cell 

membrane disruption due to electrostatic interaction between amyloid plaque and membrane 

protein.
92, 194, 195

 This observation indicates the necessity to measure the electrostatic 

properties of amyloid plaques and their interactions with proteins for understanding the 

underlying mechanisms of amyloid-driven cellular dysfunction or malfunction. 

Despite recent efforts to characterize an interaction between various charged molecules 

and amyloidogenic proteins,
100, 119

 such efforts are still lacking in quantitatively describing 

the electrostatic properties of amyloids, which is essential for gaining detailed insight into the 

mechanisms of amyloidogensis. Despite a recent study
63

 reporting the electrostatic properties 

of amyloids using electrophoresis, there has not been any attempt to measure the surface 

charge distribution of amyloid. It should be noted that as reported in ref.
63

, electrophoresis is 

unable to quantitatively provide the detailed information of the surface charge distribution of 

amyloids. 
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In this chapter, we have first measured the surface charge distribution of amyloid fibril (here, 

β-lactoglobulin amyloid fibrils) using scanning probe microscopy, particularly Kelvin probe 

force microscopy (KPFM) that allows for visualizing the surface potential distribution of 

biomolecules.
37, 63, 196, 197

 It is shown that the surface charge distribution of β-lactoglobulin 

amyloid fibril is critically dependent on its conformation, that is, the surface charge 

distribution is highly correlated with the helical pitch of amyloid fibril. Moreover, we have 

found that the surface potential distribution is also dependent on the pH of a solvent, which 

leads to estimation of the isoelectric point (pI) of amyloid fibril. 

In recent years, KPFM has been widely employed for imaging the surface charge 

distribution of various biomolecules such as double-stranded DNA,
37

 actin filament 

bundle,
196

 microtubule,
197

 and ligand-bound protein kinase.
35

 The ability of KPFM to image 

the surface charge distribution is attributed to Lord Kelvin,
198

 who first introduced the 

“vibrating capacitance method” to measure the surface potential difference between layer and 

substrate, which constitute the capacitance. Here, AFM cantilever tip acts as a layer, whereas 

sample serves as a substrate. The force (F) exerted in an AFM tip due to the surface potential 

difference is given by 
198, 199
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   (III-1) 

Here, ε0 is the permittivity between AFM tip and sample, R is the radius of AFM tip, Z is 

the distance between AFM tip and sample, Vac is the magnitude of applied ac voltage, ω is 

the resonance frequency of AFM cantilever, ωac is the frequency of applied ac voltage, and Φ 

is the surface potential difference between AFM tip and sample. In principle, as shown in 

Figure III-1a, KPFM technique measures the force, F, exerted in an AFM tip due to surface 

potential difference between AFM tip and sample, and then the surface potential difference 

can be estimated from the force F based on Eq. III-1. 
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Figure III-1. (a) Schematic illustration of imaging the surface charge distribution of a β-

lactoglobulin fibril deposited on Si substrate using Kelvin probe force microscopy (KPFM). 

ΔΦfibril is the surface potential difference (i.e. work function) between amyloid fibril and 

AFM tip (whose radius is ~20 nm). (b) AFM and TEM images of self-assembled amyloid 

fibrils.  
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3.2. Methods 

 

3.2.1. Kelvin Probe Force Microscopy (KPFM) Experimental Details 

The surface potential of an assembled fibril on Si substrate was measured using lift-mode 

KPFM (Figure III-1). In a theoretical model,
199

 the surface potential (i.e., work function, ΔΦ) 

is determined as minimizing the force felt by the vibrating capacitor plate (AFM stylus apex; 

radius ~20 nm). In the proximity of resonant frequency of AFM cantilever, the tip-sample 

force is dependent on DC bias voltage:
37, 199

 

 
0 0sintip sample DC AC

dC
F F V V t

dZ
        (III-2)  

where C is capacitance, Z is distance, ΔVDC and VAC are the D.C. and A.C. voltage between 

AFM tip apex and sample surface, and ω0 is the resonant frequency of the conductive 

cantilever (SCM-PIT, Veeco). Here, an applied D.C. voltage (VDC,App) is adjusted until the 

cantilever amplitude should be zero (Fω0 = 0), 

,DC DC App sampleV V        (III-3) 

All KPFM imaging is performed using a same conductive AFM cantilever (ω0 = 57.3 

kHz) under identical condition such as tip bias voltage (VDC,App) of +4 V, scan rate of 0.5 Hz, 

and lift height of 5 nm, respectively. In KPFM experiment, the tip-sample distance (Z) is 

critical because the measured surface charge (σ) is almost obeyed to coulomb’s law (σ ∝ Z
-

2
).

35, 196
 For imaging the surface potential of amyloid fibrils (whose diameter is given as d ~ 

1.2 - 3.3 nm), the lift height of 5 nm is sufficient to sensitively detect the surface charge of 

amyloid fibril. 
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3.2.2. UV-vis-Absorbance Spectra of Amyloid Proteins and Fibrils 

Figure III-2 shows the UV-vis absorbance spectra of filtered supernatant of β-

lactoglobulin solution as well as heated supernatant, respectively. A maximum absorbance 

for supernatant was recorded at wavelength of 278 nm, while a maximum absorbance of 

heated supernatant was observed at wavelength of 290 nm, which is consistent with the result 

of previous studies.
200, 201

  

 

Figure III-2. Absorbance spectra of the supernatant of filtered β-lactoglobulin (without 

heating) and heated supernatant, respectively. 
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3.2.3. pH-Dependent Surface Potential Distribution of Amyloid Oligomers 

The β-lactoglobulin amyloid fibrils and oligomers prepared in buffer solution solution (1 

wt%) at pH 2 were diluted into another solution (0.02 wt%, pH 3-7) in order to measure the 

pH-dependent surface charge distribution of amyloid fibrils. The surface charge distribution 

of β-lactoglobulin amyloid oligomers is shown in Figure III-3. 

 

 

Figure III-3. Surface charge distribution of β-lactoglobulin oligomers adjusted at different pH 

solution to determine pI value, which is compared with that of β-lactoglobulin fibrils (Figure 

III-7). A relationship between surface charge distribution and pH is fitted to Boltzmann 

sigmoidal curve to determine isoelectric point (pIoligomer ~ 4.7) 
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3.2.4. Materials and Sample Preparation 

In this work, we have synthesized β-lactoglobulin amyloid fibrils as described in 

literatures.
23, 202

 In particular, β-lactoglobulin existed in the form of protein monomer (Sigma-

Aldrich, USA) was dissolved in buffer solution at pH 2 for 1 hr such that the concentration of 

β-lactoglobulin becomes 1 wt%, and then β-lactoglobulin-dissolved buffer solution was 

centrifuged at 20,000 rpm for 30 min. Subsequently, supernatant was filtered with 0.2 μm 

membrane filter and then heated at 85 °C for 6 h. In such condition, buffer solution contains 

both β-lactoglobulin amyloid fibril (in form of protofilament) and β-lactoglobulin 

oligomers
202

 as shown in Figure III-4. We have considered a UV-vis absorbance spectra of 

the filtered supernatants that was either pristine (i.e., without heating) or treated with heating. 

It is shown that the maximum UV absorbance peak was recorded at a wavelength of 278 nm 

for a pristine supernatant, and 290 nm for the heated supernatant, respectively,
200, 201

 which is 

a finger print for the formation of amyloid fibrils (Figure III-3). We have confirmed the 

formation of amyloid fibril using atomic force microscopy (AFM) and transmission electron 

microscope (TEM) as shown in Figure III-1b. Specifically, we have imaged the surface onto 

which amyloids are deposited by dropping the heated supernatant (0.02 wt%) onto the silicon 

substrate followed by rinsing and drying in vacuum. Figure III-1b clearly shows the 

AFM/TEM images of β-lactoglobulin amyloid fibrils whose diameter (d) and length (L) are 

given by d = 1.2 ~ 3.3 nm and L = 1 ~ 5 μm, respectively. 
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Figure III-4. Transmission electron microscope (JEM-2100F, JEOL, Japan) image of β-

lactoglobulin amyloid protofilaments and oligomers. The scale bar is 500 nm. 
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3.3. Results and Discussion 

 

Based on the imaging principles as described above (e.g. see Eq. III-1), we have imaged 

the surface potential distribution of β-lactoglobulin amyloid fibril. AFM image of the fibril 

(in Figure III-5a) suggests that our amyloid fibril synthesized at low pH and high temperature 

is a one-dimensional rod-like structure (with its diameter of ~2 nm and length of ~3.5 μm), 

which may correspond to a single protofilament (rather than amyloid fiber bundle).
118

 As 

shown in Figure III-5b, the surface potential of the fibril is positive (ca. +12 mV) since the 

pH of a buffer solution is lower than the pI of β-lactoglobulin (pI ≈ 5.0).
63, 203

 The surface 

potential profile of the amyloid fibril (obtained from scanning along a transverse direction) is 

shown to be highly correlated with the topographic profile of the amyloid fibril. Moreover, it 

is found that the topographic image of the fibril (along a longitudinal direction) suggests the 

helical structure of the amyloid fibril, which is consistent with previous finding.
118

 In 

particular, the helical pitch of β-lactoglobulin fibril is measured as ~13 nm, which is 

comparable to that found in a previous study.
118

 It is interestingly found that the surface 

potential profile of the fibril (along a longitudinal direction) is critically dependent on the 

diameter of fibril, which implies that the surface charge distribution of amyloid fibril is 

closely related to the conformation of amyloid fibril (see below). In addition, we have also 

found β-lactoglobulin oligomers (whose size is ~2 nm)
200

 that did not involve in the 

formation of the fibril (Figure III-5). The surface potential of oligomers (ca. +11 mV) was 

very similar to that of the fibrils, while the surface charge density of the oligomer is lower 

than that of the fibril due to a low localized electrostatic repulsion.
119

 The resolution of 

KPFM imaging in this experiment is ~3 nm in visualizing a single amyloid fibril and 

oligomer, while the minimum resolution for KPFM imaging in the longitudinal direction of 
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amyloid fibrils is given as ~13 nm (corresponding to helical pitch) due to the interference of 

surface charges. 

 

 

 

Figure III-5. AFM and KPFM images of β-lactoglobulin amyloid fibrils. In each image of 

AFM topology (panel (a)) and surface potential (panel (b)), white arrow shows a single 

amyloid fibril. A blue arrow indicates the location of amyloid fibril, at which the transverse 

profile of surface potential and topography were obtained. In the profiles of both topography 

and surface potential at longitudinal direction, the pitch (corresponding to peak-to-peak 

distance) of amyloid fibril is estimated as ~13 nm, which is consistent with a previous 

study.
118
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As described above, the surface potential distribution of amyloid fibril along its 

longitudinal direction is highly correlated with the surface roughness of amyloid fibril, which 

is an indicative of the helical structure of amyloid fibril. In other words, as shown in Figure 

III-6a, the surface potential of amyloid fibril is correlated with its diameter d(x), where x is 

the coordinate along the longitudinal direction of amyloid fibril. Figure III-6b shows the 

distribution of the diameter of amyloid fibril. The distribution of amyloid’s diameters shown 

in Figure III-6b clearly elucidates that amyloid fibril exhibits the helical conformation. As 

shown in Figure III-6b and III-6b, it is interestingly found that the distribution of measured 

surface potentials for amyloid fibril is correlated with that of amyloid’s diameters. This 

implies that the measured surface potential of amyloid fibril is critically dependent on the 

conformation of amyloid fibril. We have considered the surface charge density per unit 

length, ϕ(x), defined as ϕ(x) = σ(x)/(πd(x)), where σ(x) is the measured surface potential and 

d(x) is the diameter of an amyloid fibril. As shown in Figure III-6a, we have found that point 

charge density (x)  σmax(x)/dmax(x) = 6.23 mV/nm at pH 2. This suggests that a surface 

charge density ϕ(x) (per unit length) for an amyloid fibril is almost uniform such as ϕ(x) = 

(x)/π. 
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Figure III-6. (a) Surface potential (σ) distribution for amyloid fibril as a function of its 

diameter is measured when amyloid fibril is prepared in buffer solution at pH 2 (sampling 

number, n = 75). Inset shows an AFM image for β-lactoglobulin amyloid fibril, which 

possesses the helical conformation, scanned along the longitudinal direction of amyloid fibril. 

Here, a scale bar indicates 200 nm. (b) Probability distributions of the diameter of β-

lactoglobulin amyloid fibril. (c) Probability distribution for the measured surface potential of 

β-lactoglobulin amyloid fibril. 
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In order to further understand the electrostatic property of amyloid fibrils, we have 

measured the surface potential distribution of amyloid fibril as a function of the pH of a 

buffer solution. It is shown that a parameter α related to the surface charge density for β-

lactoglobulin amyloid fibril is varied with respect to pH, and that α becomes zero at pH 4.7, 

indicating that the pI value of β-lactoglobulin is given as pI = 4.7 (Figure III-7a). It is also 

shown that the pI value of β-lactoglobulin oligomer is identical to that of β-lactoglobulin 

fibril (Figure III-3). This suggests that once β-lactoglobulin oligomer is formed as a seed, a 

growth mechanism may not significantly affect the electrostatic properties (i.e., pI value) of 

amyloid fibril (in the form of protofilament). It should be noted that the measured pI value of 

β-lactoglobulin fibril in our study is different from that obtained in a previous study
63

 using 

electrophoresis; in particular, the pI value of β-lactogloublin fibril is suggested as pI ≈ 5.18. 

The discrepancy between pI values of our work and previous study may be attributed to fact 

that electrophoresis uses a buffer solution that may contain conformationally diverse amyloid 

fibrils as well as amyloid oligomers, whereas KPFM allows for directly measuring the 

surface potential of a specific single amyloid fibril (i.e., protofilament in our study). Here, it 

is noted that amyloid fibril can exhibit diverse conformations such as splitting, thinning, or 

bundling.
23, 202

 This provides that it has to be cautious to determine the pI value of amyloid 

fibrils due to their possible diverse conformations. Moreover, a relationship between α and 

pH (shown in Figure III-7a) can be empirically fitted to Boltzmann sigmoidal curve given 

by
204, 205
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     (III-4) 

Here, A is a fitting parameter (A = 0.25). Since the surface charge distribution represented 

as a Boltzmann sigmoidal function given as Eq. III-4 is governed by two fitting parameters A 

and pI, the effect of conformational diversity on these fitting parameters will be considered 
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for future work. Furthermore, we have investigated the role of pH on the electrostatic 

interaction between amyloid fibril and amyloid oligomers. For a case of pH < pI, we have 

observed pristine β-lactoglobulin protofilaments. On the other hand, for the case of pH > pI, 

we have found the β-lactoglobulin protofilaments onto which β-lactoglobulin oligomers are 

attached (Figure III-7b), even though an ionic strength is very small (i.e. <0.55 mM); in 

general, ions play a vital role in the formation of amyloid fibrils.
198

 This finding indicates that 

the electrostatic interaction dependent on the pH of solvent determines the binding affinity 

between amyloid protofilament and amyloid oligomers, implying that electrostatic interaction 

(between amyloid fibril and protein oligomer) may play a key role in the formation of large-

scale amyloid fibrils (e.g., amyloid fiber bundles or amyloid plaques); the electrostatic 

interaction may determine the underlying mechanism of nucleation and oligomerization, 

which results in formation of amyloid plaques.
206, 207
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Figure III-7. (a) The surface charge distribution of amyloid fibril as a function of the pH of 

buffer solution in which amyloid fibril is prepared. The isoelectric point (pI) value of amyloid 

fibril is determined in such a way that the pH value, at which surface charge distribution 

becomes zero, is identical to pI value.
84

 The azure region indicates measuring efficiency <5% 

from pI of oligomer (Figure III-3). (b) AFM topology and surface potential images of β-

lactoglobulin amyloid fibrils when they are prepared in buffer solutions, whose pH values are 

pH 3 and pH 6, respectively. All scale bars are 250 nm. 
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3.4. Conclusion 

 

In conclusion, we have studied the electrostatic properties of amyloid fibrils using KPFM 

enabling the visualization of the surface charge distribution of a single amyloid fibril. It is 

shown that the surface potential of an amyloid fibril is critically dependent on its structural 

conformation (i.e., helical pitch). Moreover, we have found the surface charge distribution of 

an amyloid fibril, which depends on the pH of a solvent. It is remarkably observed that the 

pH-dependent electrostatic property of amyloid fibril is responsible for the binding affinity 

between amyloid oligomer and amyloid fibril. Our study sheds light on KPFM-based single-

molecule imaging of amyloids for gaining detailed insight into not only the mechanism of 

amyloid formation, but also an interaction between amyloid fibril and proteins such as 

membrane protein, which is a key parameter in amyloid-driven cellular dysfunction. 
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Chapter IV 

 

Real-Time Quantitative Monitoring of Proteolytic Activity for a 

Protein Cancer Biomarker 

 

 

Abstract 

 

Characterizing proteolytic activity of proteases as a tumor biomarker is essential to the 

development of a prognostic model for cancer patients. It also enables the detailed 

understanding of characteristics of cancer cells in physiology and clinicopathology. In 

particular, there are recent efforts that have been made to characterize the expression level of 

membrane type-1-matrix metalloproteinase (MT1-MMP) due to its functional role in cancer 

cell proliferation and metastasis. Nevertheless, until recently a direct measurement method 

for proteolytic activity of MT1-MMP is rarely reported. Here, we report a label-free 

microcantilever-based characterization of not only the proteolytic activity of MT1-MMP, but 

also the small molecule-mediated inhibition of MT1-MMP activity. The measurement of 

frequency shift for a microcantilever due to MT1-MMP activity allows the insights into the 

kinetics of MT1-MMP concentration-dependent proteolysis with sensitivity up to 1 nM that is 

clinically relevant. Moreover, it is remarkably shown that a microcantilever sensor is able to 

quantitatively characterize the proteolytic activity of MT1-MMP on the surfaces of various 

cells including invasive cancer cells and/or genetically engineered cells, which suggests the 

potential of microcantilever assay for future diagnostic applications, particularly cancer 
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prognostics. Our study sheds light on the nanomechanical, label-free, ex vivo microcantilever 

bioassay for its future implications in cancer diagnostics. 

Keywords: cantilever bioassay · MT1-MMP · proteolytic activity · cancer diagnosis · atomic 

force microscope 

 

 

4.1. Research Background 

 

Characterizing proteolytic activity of proteases as a tumor biomarker is essential to the 

development of a prognostic model for cancer patients, and to detailed understanding of 

cancer cells in physiology and clinicopathology.
208, 209

 In particular, there are recent efforts
136, 

138, 139, 141, 210, 211
 to characterize the expression level of membrane type-1-matrix 

metalloproteinase (MT1-MMP) due to its functional role in cancer cell proliferation and 

metastasis.
136, 138, 211

 The mechanism of extracellular matrix (ECM) breakdown due to MT1-

MMP is quite dependent on cell type; for instance, a tumor cell will experience the different 

ECM breakdown mechanism from that of a normal cell, which is highly related to the 

metastasis
211, 212

 and/or abnormal cell division.
213

 This may be attributed to not only the 

expression level of MT1-MMP but also the proteolytic activity of MT1-MMP expressed on 

an invasive cancer cell surface; in general, a cancerous cell exhibits the over-expressed and 

highly activated MT1-MMPs on its surface.
137, 214-219

 This indicates that for early diagnosis of 

cancers, it is essential to quantify the proteolytic activity as well as acute expression level of 

MT1-MMP on an invasive cancer cell surface. 

One of conventional assay tools, which are able to characterize the expression level of 

proteinases, is an immunoblot assay, whereas this assay does not allow for understanding the 
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kinetics of proteolytic activity of MT1-MMP. To overcome this limitation, for a couple of 

decades, there have been attempts to characterize the proteolytic activity of matrix 

metalloproteinases (MMPs) using fluorogenic nanosensors.
78, 141, 220, 221

 However, because of 

photobleaching (or photo-quenching) and/or light interference, fluorogenic bioassay is 

restrictive in deciphering the kinetics of MT1-MMP-driven proteolysis. This indicates that 

the fluorogenic method is inappropriate in a quantitative diagnosis of proteolytic activities of 

invasive cancer cells. Herein, we report a cantilever assay to decipher the kinetics of MT1-

MMP activity for various invasive cancer cells. A cantilever bioassay enables not only highly 

sensitive detection but also quantitative depiction of biomolecular interactions due to 

mechanical signal transduction.
164, 222-225

 Cantilever-based label-free, real-time detection of 

proteolytic activity of the MT1-MMP of invasive cancer cell can be a useful addition to 

conventional assay (e.g., immunoassay), which may lead to early diagnosis of cancer at 

molecular level. For specific measurement of proteolytic activity, we functionalized a 

cantilever surface with specific peptide sequence
226

 that is able to selectively interact with 

MT1-MMP (Figure IV-1a). Here, the peptide chains functionalized on a cantilever surface 

can be specifically snipped by MT1-MMP (Figure IV-1b). The functionalization of a 

cantilever reduces its resonant frequency by the amount of 9.4 ± 2.8 kHz due to the mass 

loading of functionalized molecules onto a cantilever (see Table IV-1 and IV-2). After 

functionalization of the cantilever, it was mounted on a liquid cell, into which the solution 

containing MT1-MMP was injected in order to observe the MT1-MMP-driven proteolysis. 

Our detection principle is the direct transduction of MT1-MMP-induced proteolysis into the 

resonant frequency shift of a cantilever due to a decrease in the effective mass of a cantilever 

driven by proteolysis (Figure IV-1c). 
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Figure IV-1. (a) Preparation of peptide-functionalized cantilever for bioassay. (b) Chemical 

structure of peptide sequence with cleavage site highlighted in yellow. (c) Experimental setup 

and sensing mechanism. 
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4.2. Methods 

 

4.2.1. Preparation of PEGylated Peptide 

A peptide (Peptide 2.0 Inc., VA, USA), whose sequence is given by Gly-Pro-Leu-Pro-

Leu-Arg-Ser-Trp-Gly-Leu-Lys-Fmoc,
226

 was chemically linked to PEG chain. This 

PEGylation was performed to improve water-solubility and drastic mass change due to 

peptide cleavage.
143

 In particular, the N-terminus of the peptide was conjugated with the 

carboxyl group of methoxy PEG succinimidyl carboxymethyl ester (M-SCM-5000, JenKem 

Technology, TX, USA) by esterification reaction. The mPEG-NHS (2.0 µmol) and 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide (EDC, 2.1 µmol) were dissolved in phosphate 

buffered saline (PBS; 1.0 ml, pH 7.4, 10 mM). After incubation of the mixture for 1 hour at 

room temperature, the peptide (2.0 µmol) was additionally dissolved in the solution. The 

PEGylated peptide solution was incubated for 24 hours. 

 

4.2.2. Preparation of MT1-MMP/GM6001-Dissolved Solution 

To obtain MT1-MMP-dissolved solution (with MMP concentrations of 4.8 nM, 48 nM, 

and 480 nM, respectively, the recombinant catalytic domain of human MT1-MMP (MT1-

CAT, Calbiochem), which is initially dissolved in stock solution with concentration of 0.2 

mg/ml, was diluted in a buffer solution (150 mM NaCl, 50 mM Tris-HCl, 5 mM CaCl2, and 

0.025 % Brij-35, pH 7.5) at room temperature. GM6001 (1 mg/ml, galardin or ilomastat, 

Calbiochem) was diluted in phosphate buffered saline buffer solution (pH 7.4) to acquire 

GM6001-dissolved solution with GM6001 concentrations of 48 nM, 480 nM, and 4.8 M, 

respectively. In addition, we have prepared a buffer solution that contains MT1-MMP 

obtained from whole cell lysate (1 ml). The details of cell culture and western blot analysis 

are specified in 4.2.6 section in this material. 
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4.2.3. Preparation of Functionalized Cantilevers 

We have used a commercially available microcantilever (TESP, Veeco, Santa Barbara, 

CA, USA), whose dimension was given as 40 × 4 × 125 µm
3
 (width × thickness × length) 

with a force constant of ~42 N/m. The fundamental resonant frequency of a cantilever was 

measured as f = 341.0 kHz, which is consistent with a continuum beam theory such as Euler-

Bernoulli beam theory. To functionalize a cantilever surface, PEGylated peptide chains were 

immobilized to an aminated cantilever.
143

 In detail, the cantilever surface was chemically 

customized by 3-aminopropyltrimethoxysilane (200 µl) in deionized water (40 ml) at 85 °C 

for 24 hours. After chemical reaction, aminated surface was purified by excessive deionized 

water and ethanol. The amine-functionalized cantilever was immersed in the PEGylated 

peptide solution for 24 hours at room temperature after adding EDC (3 µmol). After 

PEGylated peptide immobilization, the cantilever was rinsed by excessive buffer solution and 

dried out for 24 hours in desiccator. 

 

4.2.4. Cantilever Bioassay 

We have utilized Nanoscope V controller (PicoForce, Veeco, Santa Barbara, CA, USA) 

to estimate the resonant frequency of a cantilever and frequency shift induced by MT1-MMP-

driven proteolysis. In particular, a software Nanoscope v7.0 (Veeco, Santa Barbara, CA, 

USA) provides the frequency-amplitude curve, in which the sharp peak indicates the 

fundamental resonance (Figure IV-2). For in situ monitoring of proteolysis, a microcantilever 

functionalized with peptide chains was mounted on a liquid cell with its volume of ~50 µl. At 

room temperature, MT1-MMP solution with three different concentrations (4.8 nM, 48 nM, 

and 480 nM) was injected into the liquid cell in order to evaluate the proteolysis-induced 

frequency shift. Subsequently, the resonant frequency of a cantilever immersed in a buffer 

solution was monitored for every 1 min after injection of MT1-MMP-dissolved buffer 
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solution. Moreover, we have measured the frequency shift due to MT1-MMP for a cantilever 

in both air and liquid (see Tables IV-1 and IV-2) in order to quantify the mass of cleft 

peptides and the change of hydrodynamic loading effect due to hydrophilicity change induced 

by proteolysis.
143

 The kinetic rate of proteolysis is measured from Langmuir kinetic model 

that can be fitted to a measured frequency shift due to proteolysis (for details, see Ref.
143

). 

For inhibition bioassay, a buffer solution containing MT1-MMP (48 nM) and GM6001 (48 

nM, 480 nM, or 4.8 M) was injected to a liquid cell, where a functionalized cantilever was 

mounted. In the similar manner, the frequency shift for a cantilever due to small-molecule-

mediated proteolysis is measured for every 1 min. 
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Figure IV-2. The resonant frequency of microcantilever measured in dry air in response to 

peptide immobilization and MT1-MMP-driven proteolysis. The frequency of a bare 

cantilever is shown as dark gray curve, and the frequency behavior of a cantilever in response 

to peptide immobilization is dictated by pink curve, while the frequency response to MT1-

MMP proteolysis is depicted by cyan curve. It is shown that peptide immobilization reduces 

the resonance of cantilever (due to increase of overall mass) whereas MT1-MMP-driven 

proteolysis of peptides increases the resonance of a cantilever (arising from the decrease of 

the effective mass of a functionalized cantilever due to the mass of cleft peptides). 

 

 

 

 

 



70 
 

Table IV-1. The measurement of resonant frequency of microcantilevers in dry liquid. 

Resonance of bare cantilevers, cantilevers after peptide immobilization, and such peptide-

immobilized cantilever after exposure to protease with MT1-MMP concentration of 4.8 nM, 

48 nM, and 480 nM, and protease (48 nM) with small-molecule inhibitor (48 nM, 480 nM, 

and 4800 nM), respectively, were measured in dry air or liquid. 

 

Cant. 

# 

MT1-MMP 

(nM) 

ω0 

(kHz) 

ωI 

(kHz) 

ΔωI 

(kHz) 

ΔmI 

(ng) 

ωI
L 

(kHz) 

ωP
L 

(kHz) 

ΔωP
L 

(kHz) 

ΔmP
L 

(ng) 

in air in liquid 

1 4.8 349.6 334.9 -14.7 3.25 143.4 143.8 +0.45 1.20 

2 48 326.9 318.4 -8.5 1.90 144.2 145.5 +1.31 3.44 

3 480 344.0 334.4 -9.6 2.16 158.9 161.0 +2.00 4.83 

 
*[MT1-MMP] 

: [GM6001] 

  

4 1 : 1 334.5 325.5 -9.0 2.02 149.7 150.9 +1.28 3.26 

5 1 : 10 345.1 335.8 -9.3 2.08 160.9 162.0 +1.00 2.38 

6 1 : 100 346.2 334.5 -11.7 2.61 160.6 160.9 +0.34 0.81 
*[MT1-MMP] = 48 nM.    ΔωI = ω0 - ωI ,  ΔωP

L 
= ωP

L
 - ωI

L
 

 

 

 

Table IV-2. The measurement of resonant frequency of microcantilevers in dry air 

Cant. 

# 

MT1-MMP 

(nM) 

ω0 

(kHz) 

ωI 

(kHz) 

ωP 

(kHz) 

ΔωI 

(kHz) 

ΔωP 

(kHz) 

ΔmI 

(ng) 

ΔmP 

(ng) 

ΔmP 

/ΔmI 

(%) 

7 4.8 357.2 347.4 347.9 -9.8 +0.5 2.18 0.11 5.04 

8 48 317.1 309.1 310.2 -8.0 +1.2 1.80 0.27 15.00 

9 480 313.9 306.7 308.4 -7.2 +1.7 1.63 0.39 23.92 

 
*[MT1-MMP] 

: [GM6001] 
 

10 1 : 1 336.5 330.0 330.8 -6.5 +0.8 1.37 0.17 12.40 

11 1 : 10 318.7 305.3 306.5 -13.4 +1.2 3.00 0.28 9.33 

12 1 : 100 313.1 308.6 308.7 -4.5 +0.1 1.02 0.02 1.96 
*[MT1-MMP] = 48 nM.     
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4.2.5. Analysis of AFM Images 

The AFM height images for specific peptide hydrolysis due to MT1-MMP-driven 

proteolysis or inhibition test is quantified by comparing surface roughness defined as root 

mean squared value Rq =   2

1

1/
n

i

i

n y


 . 

 

4.2.6. Cell Culture and Western Blot Analysis 

HT1080, human colon cancer cell line, and HEK293, human embryonic kidney cell line, 

were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), streptomycin (100 g/ml) and penicillin (100 units/ml) at 37 °C with 

5.0% CO2. Western blot analysis of MT1-MMP is employed from whole-cell lysates (1 × 10
5
 

cells/ml) using tubulin as a loading control. Cells were lysed in a buffer composed of 50 mM 

Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM sodium orthovanadate, 1 

mM PMSF, and protease inhibitors. Equal amount of protein extracts was subjected to 

electrophoresis on SDS-polyacrylamide gels and then transferred to polyvinylidene fluoride 

(PVDF) membranes. The following antibodies were used: MMP14 (ab3644, Abcam, 

Cambridge, UK), α-tubulin (Oncogene Science, Cambridge, MA, USA). Secondary 

antibodies were anti-rabbit IgG peroxidase (Cell signaling). The signals were developed by 

Lumi-Light Western Blotting Substrate (Roche, Indianapolis, IN, USA) according to the 

manufacturer’s protocol. 

 

4.3. Results and Discussion 

Now, we have considered the dependence of MT1-MMP-driven peptide cleavage on 

MT1-MMP concentrations, in order to validate our conjecture that MT1-MMP concentration 

(responsible for the invasion and metastasis for cancerous cells) may significantly affect the 

proteolysis efficacy. To confirm the specific interaction between MT1-MMP and peptide 
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chains functionalized on a cantilever surface, we have performed a few negative control 

experiments (that validate specific interaction between MT1-MMP and peptide sequence) as 

described in Figure IV-3. Based on the frequency shift due to proteolysis, we have found 

MT1-MMP concentration-dependent proteolysis efficacy (Figure IV-4a). It is shown that as 

the concentration of MT1-MMP increases, so does the proteolysis efficacy. Moreover, we 

have taken into account in situ frequency shift measured in buffer solution due to MT1-

MMP-driven proteolysis for gaining insights into the kinetics of proteolysis. As described in 

our previous study,
143

 the in situ frequency shift (Δωp
L
) can be theoretically fitted to 

Langmuir kinetic model, which describes the frequency shift in the form Δωp
L
(t) = Δ

0 
[1 – 

exp(–k
p
t)], which allows for extraction of rate constant for proteolysis, i.e. kp (Figure IV-5a). 

For instance, the kinetic rate of proteolysis at MT1-MMP concentration of 4.8 nM is 

estimated as kp = ~0.088 min
–1

 (Figure IV-5b). It is found that the kinetic rate is strongly 

dependent on MT1-MMP concentration, and that as MT1-MMP concentration increases, so 

does the kinetic rate. The increase rate (R) of the kinetic rate with respect to MT1-MMP 

concentration is estimated as R = 0.16 × 10
-9

 min
–1
M

–1
 (Figure IV-5b). This clearly 

elucidates that the evaluation of the kinetic rate of proteolysis as a function of MT1-MMP 

concentration leads to quantitative predictions on the amount of expressed MT1-MMPs. 

For validation of our strategy toward cancer diagnostics, we have performed a small-

molecule-mediated inhibition of MT1-MMP- driven proteolysis, since such a characterization 

is a priori requisite for understanding the regulation of MT1-MMP expression. We have 

utilized GM6001 as a small-molecule reagent that interrupts MT1-MMP-induced proteolysis. 

In an inhibition assay, we have fixed the MT1-MMP concentration as 48 nM, while GM6001 

concentration ranges from 48 nM to 4.8 M. It is shown that the proteolysis efficacy is 

significantly affected by GM6001 concentration in such a way that as a GM6001 

concentration is increased, the proteolysis efficacy is remarkably decreased (Figure IV-4b).
141, 
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227
 Moreover, we have estimated the kinetic rate of MT1-MMP-driven proteolysis as a 

function of GM6001 concentration based on in situ frequency shifts (Figure IV-5c). It is 

shown that the increase of GM6001 significantly reduces the kinetic rate of MT1-MMP-

induced proteolysis in such a way that a decrease in kinetic rate is proportional to GM6001 

concentration (Figure IV-5d). This result implies that our cantilever biosensor exhibits the 

high detection sensitivity, which may result in effective cancer diagnosis. 

 

 

 

 
 

Figure IV-3. Negative control experiments. (a) Resonance behaviors of cantilever, which is 

functionalized with PEGylated peptide chains, immersed in buffer solution that does not 

contain any proteases, (b) resonant frequency for a cantilever functionalized only with PEG 

chain in response to injection of MT1-MMP-dissolved buffer solution (with MT1-MMP 

concentration of 48 nM), and (c) the frequency behavior of a cantilever when exposed to 

MT1-MMP. These negative control experiments have proved that the vibration of a 

cantilever immersed in buffer solution is stable, that MT1-MMP is unable to unspecifically 

cleave PEG chain, and that non-specific binding of MT1-MMP into a silicon cantilever 

surface is unlikely to occur. The inset figures are not to scale. 
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Figure IV-4. Relationship between proteolysis efficacy, r, and MT1-MMP concentration, 

[MT1-MMP]. Here, proteolysis efficacy, r, is defined as r = ΔmP /ΔmI, where ΔmP and 

ΔmI represent the total mass of cleft peptides and immobilized peptides on the cantilever 

surface, respectively.        
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Figure IV-5. In situ monitoring of MT1-MMP activities and small-molecule-mediated 

inhibition. (a) Resonant frequency shifts (Δωp
L
) and cleft mass of peptide (Δmp

L
) due to 

proteolysis, which are measured in buffer solution with different MT1-MMP concentrations. 

(b) Kinetic rate, kp, for proteolysis with respect to MT1-MMP concentration. (c) Resonant 

frequency shift due to small-molecule-mediated inhibition of proteolysis. (d) Rate constant 

for small-molecule-mediated inhibition of proteolysis. 
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For verifying interaction between MT1-MMP and target peptides as well as small-

molecule-mediated inhibition, we have utilized tapping mode AFM (tmAFM),
35, 228

 which 

can visualize the cantilever surface on which MT1-MMP-driven proteolysis occurs (Figure 

IV-6a-d). The immobilization of peptides onto a cantilever surface increases both the AFM 

average height and roughness of a cantilever surface (Figure IV-6b), while MT1-MMP-

driven proteolysis decreases the AFM average height as well as roughness of a cantilever 

surface (Figure IV-6c). An increase in surface roughness due to peptide immobilization is 

attributed to peptide aggregation. A decrease in surface roughness induced by proteolysis 

may be ascribed to hypothesis that proteolysis may cleave the most moieties of peptides. The 

surface profile clearly validates the interaction between MT1-MMP and peptides 

functionalized on a cantilever surface. Moreover, we have corroborated the small-molecule-

mediated inhibition of MT1-MMP-driven proteolysis based on surface morphology. The 

decrease in AFM average height for cantilever surface due to GM6001-mediated proteolysis 

is less than that due to only MT1-MMP-driven proteolysis (Figure IV-6d-f). This suggests 

that GM6001 effectively prevents MT1-MMP from cleaving the peptide chains on a 

cantilever surface. 
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Figure IV-6. AFM tapping-mode images (10 × 10 μm
2
) of cantilever surfaces in different 

states. (a) A bare cantilever surface is very flat (Rq = 0.19 ± 0.01 nm), (b) a cantilever surface 

functionalized with peptides (Rq = 14.5 ± 2.5 nm), (c) a functionalized surface exposed to 

MT1-MMP (Rq = 6.1 ± 0.9 nm), and (d) a functionalized surface exposed to both MT1-MMP 

and GM6001 (Rq = 13.4 ± 0.6 nm). (e) Root-mean-squared height Rq for cantilever surfaces 

in different states and (f) Gaussian distribution of cantilever surface roughness in each state. 
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To evaluate the potential of our sensor for cancer diagnostics, we have taken into account 

the cantilever-based detection of proteolysis activity driven by MT1-MMPs extracted from a 

live cancer cell membrane. Specifically, in a cantilever assay, a buffer solution containing 

various proteins obtained from whole cell lysate of fibrosarcoma HT1080 cell lines
227

 was 

injected into a liquid cell, in which a cantilever vibrates. The expression of MT1-MMP on 

HT1080 cells (and HT1080 treated with GM6001) was validated by western blotting analysis 

(Figure IV-7a), which enables the understanding of small interfering RNA (siRNA)-based 

regulation of MT1-MMP expression,
211, 229

 while it cannot provide an insight into small-

molecule-mediated regulation of MT1-MMP activity. This limitation of western blotting 

analysis for studying proteolytic activity of MT1-MMP can be overcome using our cantilever 

sensor. We have observed resonant frequency shift due to MT1-MMP-driven proteolysis of 

peptides as well as GM6001-mediated regulation of such a proteolysis (Figure IV-7c). It is 

shown that a frequency shift induced by peptide cleavage due to MT1-MMP (extracted from 

the invasive cancerous cell, i.e. HT1080) is estimated as 0.3 kHz, which is equivalent to the 

frequency shift of 1 nM of MT1-MMP solution and the mass of cleft peptides of ~0.9 ng 

(Figure IV-8), whereas the frequency shift of a cantilever exposed to both MT1-MMP 

(obtained from whole cell lysate) and GM6001 is <0.1 kHz (equivalent to the cleft mass of 

~0.12 ng). In addition, based on Langmuir kinetic model, the kinetic rate for proteolysis 

driven by MT1-MMP expressed on HT1080 is found as kp = ~0.066 min
–1

, while GM6001-

mediated inhibition significantly decreases the kinetic rate of proteolysis due to MT1-MMP 

(i.e. kp = ~0.023 min
–1

). This clearly suggests that a cantilever sensor is able to effectively 

detect the small-molecule-mediated regulation of enzymatic activity,
211, 229

 implying that our 

cantilever assay may be useful for drug-screening with high sensitivity. 

To further confirm the diagnostic potential of our sensor, we have considered HEK293 

that is genetically transfected with MT1-MMP or mutant MT1-MMP. Here, three different 
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kinds of cells – original HEK293 (N/C), HEK293 transfected with MT1-MMP (WT), and 

HEK293 transfected with mutant MT1-MMP (E/A)
210

 – are used for cantilever bioassay, and 

these cell types (i.e., N/C, WT, and E/A) were confirmed by western blotting analysis as 

shown in Figure IV-7b. When a solution obtained from whole cell lysate of WT is injected 

into a liquid cell, the frequency shift of a cantilever was observed, which is attributed to 

peptide cleavage due to MT1-MMP extracted from upregulated HEK293. However, the 

frequency shift of a cantilever, when it is exposed to MT1-MMP obtained from cell lysate of 

N/C and E/A, is measured as <0.1 kHz (Figure IV-7d), indicating that peptide cleavage is 

unlikely to occur. Interestingly, in this experiment, we could validate the proteolytic ability of 

mutant MT1-MMP (293-E/A). Despite an expression of MT1-MMP for E/A cells as shown 

in western blot analysis, cantilever bioassay reveals that the proteolytic activity of MT1-

MMP was forfeited, suggesting that the mutation of MT1-MMP affects its enzymatic activity. 
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Figure IV-7. Quantifying MT1-MMP concentration in whole cell lysate of invasive cancer 

cells. (a) Western blot analysis of MT1-MMP from whole-cell lysates of HT1080 using α-

tubulin as a loading control (*N/C: negative control-normal HT1080 cell; **GM6001 

concentration is 20 μM). The treatment of siMT1 inhibits the expression of MT1-MMP in a 

cell, whereas GM6001 does not. (b) Expression of MT1-MMP from HEK293 cells (*N/C: 

negative control-normal HEK293 cell; **WT: up-regulation of MT1-MMP expression; 

***E/A: mutant MT1-MMP expression). (c, d) Resonant frequency shift due to peptide 

cleavage by MT1-MMP acquired from HT1080 and HEK293 whole cell lysates (~1 × 10
5
 

cells/ml). Injection volume of lysate into liquid cell is 50 μl and GM6001 (20 μM) is 

identically treated in all bioassay. 
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Figure IV-8. In situ measurement of resonant frequency shift of microcantilever in MT1-

MMP 1 nM solution, in compare with HT1080 whole cell lysate (~1×10
5
 cells/ml). 
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4.4. Conclusion 

 

In conclusion, we have quantitatively described the proteolytic activities of MT1-MMP 

(acquired from an invasive cancer cells and also genetically engineered cells) using a 

resonant microcantilever. The label-free detection of the activity of MT1-MMP extracted 

from invasive cancer cells is based on the measurement of both the mass of cleft peptides due 

to MT1-MMP and the kinetic rate of MT1-MMP-driven proteolysis. It is shown that our 

cantilever bioassay exhibits the detection sensitivity of <1 nM for sensing MT1-MMP-driven 

proteolysis (see Supporting Information), which is mostly higher than other methods such as 

fluorogenic probes
141, 220, 221

 except a method using nanoporous film
230

 for detecting MMP 

activity. Our study sheds light on a cantilever assay for quantifying enzymatic activity (for 

cancerous cells) as well as regulation of such an activity. For future applications in cancer 

diagnosis, our cantilever sensor will be taken into account based on more realistic samples 

such as various cancerous cells in different metastasis or different stage of cancer 

development.
230-232
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Chapter V 

 

 

Summary 

 

 

In this thesis, I have demonstrated AFM-based the current state-of-the-art technologies 

and analytic methods have been developed for quantitative characterizing biomolecular 

interactions associated with degenerative diseases such as cancer and dementia. Specifically, 

the developed experimental and analytical technologies have exhibited a wide range of 

potential applications, ranging from the study of nanoparticle-biomolecule interaction to 

observation of peptide-peptide interaction or enzymatic interaction, in particular 

chemical/biological sensing and detection.  

In Chapter II, I have shown that the usefulness of AFM-imaging based stability test of 

surface chemistry of gold nanoparticles with chemical functional groups such as amino 

functional groups and catecholamines (e.g., dopamine). The main finding that the binding 

affinity between dopamine and nanoparticle is approximately 1.5 times stronger than that of 

amino functional groups may be useful in rational design of nanoparticle-based new materials 

for the development of more efficient drug delivery system (e.g. targeted therapeutic agents) 

as well as regulating the concentration of dopamine
233

 in the brain as the purpose of 

individual therapy for neurodegenerative disorders.  

In Chapter III, I have demonstrated a discovery of significant roles of mapping surface 

charge of amyloid fibrils in order to gain insights into the formation mechanism of amyloid 

fibrils as well as the interaction with other biomolecules. The main finding is the fact that the 

measured surface charge depends on the structural conformation of amyloid fibrils, which 
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may be helpful in a deep understanding of stacking mechanism of β-sheets and in elucidating 

the density and structural change of such fibrils. 

In Chapter IV, I have described the current state-of-the-art in nanomechanical resonator-

based in situ detection of proteases’ activity for the development of early diagnosis of cancer. 

It was shown that the reaction kinetics of proteases (e.g. MT1-MMP) can be extracted from 

the interaction between the proteases and specific peptides as a function of the concentration 

of proteases, which provides further understanding of the relationship between the role of 

proteases and the behavior of the metastatic cancer. Moreover, the whole-cell lysate-based 

detection with drug test that have been challenged implies the possibility of clinically 

relevant early diagnosis in the near future.  
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Epilogue 
 

As the order exists within the chaos, the emergence of energy has created biology from 

chemistry. In enormous repetition of contingency and necessity, hierarchical structures 

appear, function, and interact with each other. Although all organisms behave systematically 

and automatically, the huge chances to be unprecedented events in nature are still unrepealed. 

The fact that such chances are indeed not only the driving force behind evolution but also the 

outbreak of new diseases is of great significance. In other words, most of human degenerative 

diseases such as cardiovascular diseases, cancers, Alzheimer’s disease, and Parkinson’s 

disease are closely associated to abnormal molecular behaviors. Therefore, understanding 

intrinsic properties of the biomolecules and underlying mechanism of the molecular 

interactions are critical in diagnosis and cure of the degenerative diseases.  

This thesis dealt with the following three biomolecules-related human degenerative 

diseases: firstly, dopamine as a neurotransmitter related to Parkinson’s diseases or 

schizophrenia, secondly, amyloid fibrils formed from protein misfolding governed by 

electrostatic interactions, and finally metastatic cancer biomarker based on protease-substrate 

interaction. Here, I have demonstrated that the development of state-of-the-art technologies 

based on AFM for quantitative detection and analysis of such biomolecular interactions could 

shed light on studying biomolecular behaviors as well as novel findings in their 

physicochemical properties. Through the mapping of the surface charge of amyloid fibrils, 

the underlying mechanism of amyloid formation has remained mysterious might be 

demonstrated by comparing the structural conformation of the amyloid fibrils formed from 

different synthetic conditions. It will allow of comprehensive study for the effect of amyloid 

aggregation on disruption of cell membrane and interplay among other biomolecules such as 

DNA, ATP, and heparin sulfate.
119
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Moreover, the quantitative assessment of enzymatic activity of cancer biomarkers (e.g., 

MT1-MMP) by using a resonant AFM microcantilever will enable antedating early diagnosis 

of cancers before metastasis.
164

 This technology may offer new physicochemical insight into 

estimation of the activity of other biomarkers such as MMP family (Figure I-12) and insulin 

from pancreatic β-cells. Undoubtedly, I believe that when we constantly focus on studying 

the molecular interactions, especially biomolecular interactions, much better life will be 

unfolded in the future. 
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Abstract (in Korean) 

 

원자힘 현미경을 이용한 퇴행성 질환 관련 생체분자 

상호작용의 정량적 검지 및 분석을 위한 기술 개발 

 

이규도 

의공학과 

연세대학교 대학원 

 

생명현상의 근원이 되는 뇌 신경(cortical neuron)과 심장의 운동 등은 모두 

전자기력이 그 바탕이고, 소화기능을 비롯한 물질대사를 주관하는 이론은 모두 

화학적으로 전자의 교환에 대한 제반 현상으로 설명된다. 인간이 이러한 생체 

기전의 복잡한 현상들을 이해하고 논리적으로 설명할 수 있기까지 자연현상의 

원인에 대한 근본적인 연구가 매우 중요했다는 것을 알 수 있다. 퇴행성 질환은 

암, 치매를 포함하는, 생명체의 노화에 따라 발병하는 질병을 일컫는 것으로, 

인류의 보건 및 복지를 향상시키기 위해서 반드시 극복해야될 과제이다. 특히 

단분자(single-molecule) 수준에서의 이러한 질환들에 대한 근본적인 특성 규명은 

추후 질병 진단, 적절한 치료 시기 및 치료 방법 등을 모색하는 것에 있어서 

매우 중요하다. 본 연구에서는 암 또는 치매와 관련된 생체분자들의 물리적, 

화학적 특성을 규명하기 위해 암세포 혹은 단분자 수준에서 생체분자들(e.g. 

amyloid)의 거동 특성 및 생체분자간 상호작용을 정량적으로 검지하는 기술들에 

대해 논의한다. 특히, 원자힘 현미경(atomic force microscope)을 이용하면, 

생체분자의 외형적 구조 뿐만 아니라, 기계적 특성, 전기적 성질, 그리고 분자간 

상호작용을 관찰하기에 매우 용이하다. 이를 통해 획득된 다양한 생체단분자간 

상호작용에 대한 결과들을 이론 기반의 수치해석과 통계적 분석을 통하여 단분자 

수준에서의 새로운 거동 특성 및 물리적, 화학적 성질을 규명해낼 수 있다. 본 

연구 결과는 현재 임상 의학에서 수행되고 있는 다양한 시료 분석 방법들과 
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더불어 상호보완적인 역할을 할 수 있을 것이며, 향후 퇴행성 질환에 대한 분자 

수준에서의 질병 진단 및 치료 방법 모색에 대한 연구에 큰 도움이 될 것으로 

사료된다.      

 

               

핵심되는 말: 퇴행성 질환, 생체단분자, 분자간 상호작용, 진단, 암세포, 

아밀로이드, 원자힘 현미경 
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