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Abstract 

The discovery and identification of biomolecular interactions have improved our understanding of the 

unique functions of biological systems and significantly contributed to the development of 

nanobiotechnology. Due to the poly-functionality of biomolecules, they often employ unique 

combinations of individual interactions and, as a result, can form a strong ensemble of interactions 

with specific molecules or matter (so called specific interaction or molecular recognition). Hence, the 

understanding of the molecular interactions is essential to design new molecules that bind to desired 

molecules and materials. 

There have also been several attempts to rationally design biomolecules with molecular recognition 

capabilities rather than relying on serendipitous findings. However, most conventional studies have 

relied on empirical design rules because of the lack of proper experimental analysis and understanding 

of these biomolecular interactions. Therefore, I investigate the biomolecular interactions and 

techniques. Furthermore, I report the precise measurements of various interaction forces between M13 

bacteriophage (or peptide) and common functional groups. 

In chapter 1, I investigate various biomolecular interactions. In addition, the principles and previous 

research of representative techniques used to measure molecular interactions such as atomic force 

microscopy (AFM), quartz crystal microbalance with dissipation monitoring (QCM-D), and surface 

forces apparatus (SFA) are examined. 

In chapter 2, I select a specific type of genetically engineered M13 bacteriophage with CNT-binding 

polypeptide to investigate phage interactions. The interaction forces between the phage-coated surface 

and five different functionalized self-assembled monolayers (carboxylic, hydroxyl, amine, methyl, 

and phenyl) are directly measured using an SFA. Based on the results, the pH-dependent dispersion 

stability of M13 phage and single-walled carbon nanotubes (SWCNT) complexes was observed. 

In chapter 3, I study the molecular interactions of the peptide sequence (DSPHTELP) that is present 

in the main coat protein (pVIII) of the M13 phage used in chapter 2. The interaction forces between 

the peptide sequence and four different functionalized self-assembled monolayers (carboxylic, methyl, 

amine, and phenyl) were quantified in acidic condition via SFA. 

These studies provide experimental techniques for quantifying the interaction forces between 

biomolecules and functional groups and qualitative information on the molecular interaction 

mechanisms of bacteriophage and peptide. Consequently, I can suggest the direction and utilization of 

versatile platforms based on biomolecules. 
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Lists of Figures 

 

Figure 1.1. Schematic of operating process in atomic force microscopy (AFM). 

 

Figure 1.2. Scheme of measuring interaction force via surface forces apparatus (SFA). a Interference 

fringes can be observed when light passes through two cross cylindrical disks in the SFA chamber and 

arrives at the spectrometer. b Force-distance curve regarding the radius of the disk. It is induced as the 

two cross cylindrical disks in the SFA chamber approach and retract through the double cantilevers 

connected to the lower disk holder. 

 

Figure 2.1. AFM images of the M13 bacteriophages with CNT-binding sequences (i.e., DSPH phage) 

deposited on atomically flat mica surfaces. Prior to their deposition, the mica substrates were treated 

with a 0.1 M MgCl2 solution to replace the surface K
+
 ions with Mg

2+
 ions. The deposited density of 

the DSPH phages could be controlled by varying the concentration of the phage solution: a 6.52 × 10
9
 

pfu mL
-1

 b 6.52 × 10
10

 pfu mL
-1

 and c 2.74 × 10
12

 pfu mL
-1

. Scale bar is 1 μm. 

 

Figure 2.2. Experimental Scheme. a Surface forces apparatus set-up for measuring interaction forces 

between the functionalized SAM layer (top surface) and M13 bacteriophage deposited on mica 

(bottom surface). b Functionalized SAM layer on gold surface. c Molecular structure of five different 

alkanethiols for the formation of the functionalized SAM layers. d AFM image of M13 bacteriophage 

on mica. Scale bar, 1 µm. e Structure of the M1-3 bacteriophage. 

 

Figure 2.3. The wetting properties of the functionalized SAMs and DSPH. Contact angle values of a 

functionalized SAMs and b DSPH-coated surface as a function of pH and/or waiting time. The error 

bars represent the s.e.m. (standard error of mean) where n ≥ 7. 

 

Figure 2.4. Force vs. distance profiles measured at pH 3.0. The interactions force of the DSPH-coated 

surface was measured against SAMs with five different terminal functional groups: a –COOH, b –OH, 

c –NH2, d –CH3, and e –Ph. The empty and solid arrows correspond to the approach and detachment 

of the two surfaces, respectively. The orange and sky-blue curves correspond to the force-profiles at 

contact times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall adhesion energy (Wad) 

of different SAMs at pH 3.0 as a function of contact time. The error bars represent the s.e.m. where n 

= 5 in each group. 
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Figure 2.5. AFM images showing the influence of the terminal functional groups on the molecular 

interactions between the DSPH bacteriophages and the SAMs. a COOH-terminated and b CH3-

terminated SAMs. The concentration of the DSPH phage solution was maintained at 2.74 × 10
12

 pfu 

mL
-1

. Scale bar is 1 μm. 

 

Figure 2.6. Force vs. distance profiles measured at pH 8.5. The interactions force of the DSPH-coated 

surface was measured against SAMs with five different terminal functional groups: a –COOH, b –OH, 

c –NH2, d –CH3, and e -Ph. The empty and solid arrows correspond to the approach and detachment 

of the two surfaces, respectively. The red and blue curves correspond to the force-profiles at contact 

times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall adhesion energy (Wad) of 

different SAMs at pH 8.5 as a function of contact time. The error bars represent the s.e.m. where n = 5 

in each group. 

 

Figure 2.7. Change in the thicknesses (ΔD) of the SAMs before and after contact with the DSPH 

phage-coated surface for 1 h. The observed decrease in thicknesses (ΔD < 0), irrespective of types of 

the terminal functional groups, indicated that rearrangement or reorganization of the coat-proteins in 

the DSPH phage occurred over time. The error bars represent the s.e.m. (n = 5 in each group). 

 

Figure 2.8. Force-distance profiles of Ph-SAM vs. DSPH-coated surface, tc = 1 h. a at pH 3.0 and b at 

pH 8.5 c Instantaneous detachment was observed from ① to ② at pH 3.0, while d gradual peel off 

was observed from ①` to ②` at pH 8.5 until ③` final detachment. 

 

Figure 2.9. Dispersion stability of SWCNT-DSPH complex at different pHs. a Graphical illustration 

showing a list of potential interactions between the DSPH phages and SWCNTs upon their 

complexation. b Photographs of SWCNT-DSPH phage complexes prepared at different pHs: 3.0, 5.0, 

and 8.5. Schematic illustration explaining the observed difference in their dispersion stabilities. c The 

corresponding AFM images of SWCNT-DSPH phage complexes. Scale bar, 100 nm. 

 

Figure 3.1. Analyzed results of the synthesized DSPHTELP peptide sequence analyze. a MALDI-

TOF b HPLC for the purity of refined peptide. c Bio-TEM image of the DSPHTELP peptide on the 

TEM grid. 

 

Figure 3.2. Surfaces for the SFA measurements. a Procedure of preparing the triethoxysilane capped 

DSPHTELP layer on the O2 plasma treated mica. b AFM image the peptide layer on the mica surface. 
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Inner box is the pH 3.0 KNO3 solution contact angle image of the peptide. c. AFM image of the each 

functionalized SAMs. 

 

Figure 3.3. a Experimental Scheme of the SFA measurements. (a-e) Force vs. distance profiles 

measured at pH 3.0. The interactions force of the DSPHTELP layer was measured against 

functionalized SAMs: b –COOH, c –CH3, d –Ph. e -NH2. The orange and navy curves correspond to 

the force-profiles at contact times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall 

adhesion energy (Wad) of different SAMs at pH 3.0 as a function of contact time. The error bars 

represent the s.e.m. where n = 3 in each group. 
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Chapter 1. Introduction of measuring biopolymer interactions 

 

1.1. Previous research of biopolymer interactions 

Biological interactions, which occur as forces between biological molecules, are complex due to the 

hierarchical structure of the organism, from proteins to cells, tissues, organs, and finally the entire 

organism. Among them, protein interactions such as protein-protein, ligand-protein, and protein-

surface are controlled by the complexity of the intermolecular forces
1-3

. In the most representative 

example, the binding of the antibody to the antigen present on the cell surface is mediated by 

hydrogen bonding, van der Waals, hydrophobic interaction, and so on at the binding sites
4
. In addition 

to specific interactions, non-specific interactions such as electrostatic and steric effects need to be 

considered to regulate the interaction of biomolecules. 

 The forces controlling the behavior and physicochemical origin of the biomolecules have been 

indirectly estimated using equilibrium binding and kinetic measurements or calculated by molecular 

simulation modeling
5, 6

. The trials can be applied to small molecules, but biomacromolecules are 

difficult to calculate because of their large size, high complexity, and the exponential increase in the 

number of the interactions between solvent molecules
6
. 

 

1.2. Non-covalent interactions in biopolymers 

1.2.1. Van der Waals force 

Van der Waals (VDW) force is a long-distance interaction caused by changes in the electric dipole 

moment of the molecules. More specifically, the VDW force is classified as Keesom (permanent-

permanent dipoles) interaction, debye (permanent induced dipoles) force, London dispersion force 

(fluctuating-induced dipole). The VDW force between a sphere and a flat surface follow F = -AR/6D
2
, 

depending on the distance
6
. As surfaces get closer, attractive force occurs. In addition, the interaction 

is affected by the type of material due to the Hamaker constant ( 

A) that controls the magnitude of the force between materials. The constant depends on the polarity, 

refractive index, dielectric constant, etc. of the interacting materials. The relationship is summarized 

according to the Lifshitz theory
7
. 

𝐴 =
3

4
𝑘𝑇 (

𝜖1−𝜖2

𝜖1+𝜖2
)

2
+

3𝐼

16√2

(𝑛1
2−𝑛2

2)
2

(𝑛1
2+𝑛2

2)
3
2

 (1.8) 

𝜖 = Static dielectric constants, n = Refractive index, 𝐼 = Ionization potential (~ 2 × 10
-18

 J for most 

materials) 

 

If non-conductive solids or liquids interact in vacuum or air (𝜖1 = 𝑛2 = 1), the Hamaker constant is 

about 5-10×10
-20

J. When interacting in a liquid such as water, it is smaller than 0.5-1.5×10
-20

J 
8
. In 
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order to more accurately calculate the VDW force between individual small molecules, the London 

theory should be used. 

 The VDW force is weak relative to ionic, hydrogen bonding, and hydrophobic interactions
8
. The 

force affects molecular and surface structures
9
. If two molecules or surfaces interacting with each 

other are flexible, rearrangement of the molecules or the surfaces occurs to further improve the overall 

binding energy. 

 When modeling interaction energies and binding mechanisms of biomolecules based on VDW force, 

two things should be considered
8
. i) The primary hydration shell (or layer) prevents two surfaces from 

approaching distances less than 0.5 nm. ii) Thermal movement of flexible surfaces and surface groups 

create thermal changes or steric hydration forces to prevent both hydrated surfaces from approaching 

distances less than 0.5-2.0 nm. The considerations reduce the adhesion force or binding energy of the 

particles, making modeling difficult. 

 

1.2.2. Electrostatic interaction 

Electrostatic interaction is one of the main long-distance forces (~5-10 Å ) in biological interactions
10

. 

It is generated when the ionized groups with the same or opposite charges approach. The charge on a 

particle surface in an aqueous solution is balanced by the electric double layer and increases the ion 

concentration between the interacting particles compared to the bulk solution. The energy of the 

electric double layer interaction depends on whether the surface has a constant potential or charge at 

below 1.5 nm 
8
. The mean field equations of the double layer interaction cannot be valid completely at 

short distance range even with constant charge and potential. The phenomenon is induced by discrete 

co-ion effects, finite ion size effects, counterion charge fluctuation, and counterion condensation 

effect based on Poisson-Boltzmann equation
8, 11

. Therefore, the double electric interaction between 

charged surfaces has attractive tendency at short range. 

The VDW and electrostatic interactions are generated together in the aqueous solution. Therefore, 

the net interaction of the interactions is described as Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory
8, 11

. In the theory, primary minimum is energy barrier that need to separate two surfaces, and 

secondary minimum is that the two surfaces are repulsive at all distance or weakly attractive at some 

short distance
8
. 

The ion concentration of the solution decreases at the rate of 𝑒−𝜅𝐷 (κ-1
= Debye screening length)

6
. 

Hence, the electrostatic interaction is calculated by 𝐸(𝐷) ≈ 𝐶𝐸𝑆𝑒−𝜅𝐷 , CES is a constant. In case of 

the neutral molecules, the interaction depends on according to molecular orientation, and the sign 

changes
12

. 
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1.2.3. Hydration and hydrophobic forces 

When liquid molecules are in contact with a surface or trapped in the space between two surfaces, the 

attraction/repulsion, which have periodicity equal to the diameter of the water molecule, oscillate with 

distance
8
. Then, the additional solvation forces are generated between the two surfaces. The short-

range solvation force on a soft surface is smoothly repulsive, while it is smoothly attractive on 

hydrophobic surfaces. 

𝐸(𝐷) ≈ −𝐸0cos (
2𝜋𝐷

𝜍
)𝑒−

𝐷

𝜎 per unit area (1.9) 

𝐸0 ≈ −𝜌𝑘𝑇𝜍 ≈ −𝑘𝑇/𝜍2 (1.10) 

σ = Diameter of liquid, E0 = Final deep primary minimum at contact of two surfaces (D = 0) 

 

 If the solute-solvent or surface-solvent binding is strong, a protective solvent shell (or layer) is 

formed and the primary minimum value decreases. It results in better separation of the two solvent 

molecules, which happens in hydrophilic groups and surfaces in aqueous solutions
8
. The presence of 

primary solvation or hydration shells around macromolecules, ionic groups, and polymeric chains in 

aqueous solutions reduces adhesion strength and increases the volume of solute molecules, enhancing 

the repulsive entropic interaction between molecules
8
. 

 On hydrophobic surfaces, the hydration force is monotonically attractive
8
. It is distance-dependence 

force, and stronger than VDW force between non-polar molecules. However, the force is a kind of 

enhanced VDW force caused by the peculiar dielectric and proton-hopping properties of water
8
. 

Usually, the hydrophobicity of the surface is determined by the water contact angle. Water contact 

angles are partially hydrophobic from 75-90°, strongly hydrophobic from 100-115°, and angles over 

115° are uncommon. 

 

1.2.4. Hydrogen bonding 

Hydrogen bonding is a short-distance force generated by electrostatic attraction between hydrogens 

covalently bonded to elements with strong electronegativity (usually F, O, and N). The bonding can 

inhibit the inter-/inter-molecular hydrogen bonding in aqueous solution because water molecule can 

form hydrogen bond with solute, which is proton donors or receptor. It is stronger than dispersion 

forces, dipole-dipole forces, and dipole-induce dipole interactions, but weaker than ionic and covalent 

bonding. In addition, weak hydrogen bonding is formed by hydrogen atoms bound to sulfur, chlorine, 

and carbon
13

. 

Hydrogen bonding is one of the main bonds that determine the structure in biopolymers. In particular, 

the secondary structure of proteins (α-helix and β-sheet) and the structure of nucleic acids are 

affected by hydrogen bonding
14

. However, helix formation in polypeptides and proteins does not 
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depend completely on hydrogen bonding. The reason is that the nitrogen atom of the residue of 

proline is not covalently bound to hydrogen
15

. 

 

1.2.5. π-interactions 

π-interaction is a non-covalent interaction occurring in a molecule containing aromatic ring. Electron 

rich π aromatic and electron deficient π aromatic interaction with cation, anion, metal, and aromatic 

molecules like electrostatic interaction
16

. Thus, π-interaction include π-π stacking, cation-π, anion-π, 

and metal-π interactions. The configuration of the π-interaction is known to be displaced, edge-to face, 

sandwich, and so on
16, 17

. The displaced, edge-to-face configuration is favorable interaction than 

sandwich configuration due to balance of quadrupole-quadrupole and London dispersion force
17

. 

 The interaction relates to most chemical and biological processes and is particularly important in 

supramolecular assembly and recognition
16

. Cation-π interaction reported that it improves binding 

energy by 2-5 kcal in drug receptor and protein-protein interactions
18

. Hence, the cation-π interaction 

provides structural stability to proteins. Anion-π interaction has not yet been analyzed well in 

biological systems, but it is considered importantly in studies that inhibit enzyme activity
19

. π-

interaction arises mainly between proteins containing phenylalanine, tyrosine, tryptophan, and 

histidine in protein interactions
19

. In case of nucleic acids, DNA double helix structure is stabilized by 

the stacking interactions between DNA bases
19, 20

. 

 

1.3. Techniques of biopolymer molecular interaction 

1.3.1 Atomic Force Microscopy (AFM) 

 

Figure 1.1. Schematic of the operating process in atomic force microscopy (AFM). 
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Atomic force microscopy (AFM) is an imaging technique which has been used to measure the 

interaction between biological molecules. The first result when measuring the interaction using AFM 

is the Biotin-avidin binding
21

. Since then, the interaction between protein-ligand
22

, protein-protien
23

, 

and protein-substrate
24

 have been measured. In AFM, the tip (radius, R~10-100 nm) contacts and 

moves perpendicular to the surface. The molecular interaction is achieved by the rupture force 

obtained when the bond between the molecule on the tip and the surface breaks, resulting in a force-

distance curve. To precisely measure the adhesion between molecules, a cantilever with a spring 

stiffness (Kc) = 0.01 nN
-1

 is used.
8
 The force range of the tip varies in proportion to the radius of the 

tip. Usually, a silicon nitride tip can measure up to 10 pN 
25

. 

∆𝐷 =  ∆𝐷0 − ∆𝐷𝑐 (1.1) 

𝐹𝑎 = ∆𝐹 = 𝐾𝑐∆𝐷𝑐 (1.2) 

Kc = Spring stiffness, ∆D0 = Substrate surface, ∆Dc = Spring deflection, Fa = Adhesion force 

 

Due to the small radius of the tip, the contamination problems caused by particulate rarely occur and 

the fluid dynamics force can be ignored during measuring the interaction force in a solution
11

. 

However, the absolute thickness of the absorbed layer on the surface is not measured
11

. It is difficult 

to measure deformable soft materials such as biological membranes using AFM
11

. Furthermore, it is 

hard to predict which part of the molecule is stretched because the tip scans the surface until an 

interaction occurs between the tip and the surface
8
. 

 

1.3.2 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

Quartz crystal microbalance with dissipation monitoring (QCM-D) has been utilized to study 

interactions at the interface because it can measure mass and viscoelasticity in situ with high 

sensitivity
26-28

. QCM-D is operated by placing a quartz plate between two metal electrodes and 

applying an alternating current (AC). As the AC frequency approaches the fundamental frequency (f1) 

of the quartz sensor, resonance occurs. When the mass of the sensor changes via molecule adsorption 

on the surface, the f1 and multiple harmonic frequency of the sensor also changes. QCM-D measures 

the interfacial interactions in such a way that the resonance frequency is continuously observed
28

. 

 Sauerbrey established an equation in which the frequency change caused by the crystal oscillation is 

inversely proportional to the mass adsorbed on the surface (equation 1.3)
29

. In addition, the thickness 

of the adsorption layer can be determined by the adsorption mass and density. 

∆𝑚 =
𝐶

𝑛
∆𝑓, 𝐶 =

𝑡𝑐 𝜌𝑞

𝑓0
 (1.3) 

n = Overtone number (in the present case n = 3,5, and 7), tq = Thickness of quartz, ρq = Density of 
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quartz (equals ~ 17.7 Hz⋅ng/cm
2
 for a 5 MHz crystal) 

ℎ𝑒𝑓𝑓 =
Δ𝑚

𝜌𝑒𝑓𝑓
 (1.4) 

ρeff = Effective density of adsorbed layer, h = Thickness of adsorbed layer 

 

In order for the Sauerbrey equation to be valid, three assumptions must be satisfied
28

. i) The 

adsorbed mass should be smaller than the crystal sensor mass. ii) The adsorbed mass must be 

adsorbed rigidly. iii) The adsorbed mass should be evenly distributed over the active area of the 

crystal sensor. There are limitations to applying the equation because the frequency change is affected 

by viscous and elastic factors in liquid applications. 

In QCM-D, the Kevin-Voigt model is used to derive mass, thickness, density, viscosity, and storage 

modulus values of the adsorbed layer
30

. The viscoelastic data provided helps characterize the system 

beyond the linear Sauerbrey equation. The Δf and ΔD (dissipation shift) at three different overtones 

of the resonant frequency can be measured in millisecond intervals. Using the overtones, the 

viscoelastic properties of the adsorbed layer with multiple Δf and ΔD were calculated (equation 1.5-

1.7) 

𝐺∗ = 𝐺′ +  𝑖𝐺′′ =  𝜇1 + 𝑖2𝜋𝑓𝜂1 (1.5) 

G
* 
= Complex shear modulus, G‘= Storage modulus, G‘‘= Loss modulus 

 

Δ𝑓 ≈ −
1

2𝜋𝜌0ℎ0
{

𝜂3

𝛿3
+ ℎ1𝜌1𝜔 − 2ℎ1 (

ℎ3

𝛿3
)

2 𝜂1𝜔2

𝜇1
2+𝜔2𝜂1

2} (1.6) 

Δ𝐷 ≈ −
1

𝜋𝑓𝜌0ℎ0
{

𝜂3

𝛿3
+ 2ℎ1 (

ℎ3

𝛿3
)

2 𝜂1𝜔2

𝜇1
2+𝜔2𝜂1

2} (1.7) 

ρ0 = Density of crystal, h0 = Thickness of the crystal, η3 = Viscosity of the bulk liquid, δ3 = Viscous 

penetration depth of the shear wave in the bulk liquid, ρ3 = Density of liquid, ω = Angular frequency 

of the oscillation 

 

 The absorption of proteins on biological surfaces plays an important role in biocompatibility
31

. 

Previous studies have utilized these properties of QCM-D to determine candidates to prevent 

unwanted protein adsorption, such as blood clotting in blood vessels
32

. Not only has QCM-D been 

used to observe the morphological changes (e.g., swelling and hydration) of adsorbed proteins
33

, but 

also measure small molecule-protein interactions and protein-polysaccharide interactions
28

. 

 While most interfacial reactions involving mass changes at the solid-liquid interface can be 

characterized using QCM-D, it is not possible for atoms and small molecules
34

. As a result, QCM-D is 

not suitable for studies that require the adsorption of atoms and small molecules in precise 

concentrations. Additionally, QCM-D cannot be used for non-smooth and non-uniform 
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surface/interface studies like adsorption on porous adsorbents or crystalline minerals
34

. Despite the 

drawbacks, QCM-D observes energy dissipation in situ and is appropriate for simulating adsorption, 

desorption, and dissolution under controlled fluid flows and temperatures
35-37

. Hence, it is good for 

testing the effects of surface chemistry on overall interfacial interactions and for monitoring 

interactions where molecular morphology or adlayer properties are important. 

 

1.3.3. Surface Forces Apparatus (SFA) 

 

Figure 1.2. Scheme of measuring interaction force via surface forces apparatus (SFA). a Interference 

fringes can be observed when light passes through two cross cylindrical disks in the SFA chamber and 

arrives at the spectrometer. b Force-distance curve regarding the radius of the disk. It is induced as the 

two cross cylindrical disks in the SFA chamber approach and retract through the double cantilevers 

connected to the lower disk holder. 

 

 

D

R

Base D0

D

Cantilever spring (K)

F = K Dc

R

D0

Upper disk

Lower disk

a

b

Spring deflection ( Dc)

Solution



19 

 

Surface forces apparatus (SFA) is an equipment that measures surface to surface interactions, 

adhesion, friction, and lubrication force, as well as van der Waals, bio-specific, steric, and 

hydrophobic interactions
38

. Hence, the SFA has been used to measure forces between surfaces with 

different chemical and physical properties. In particular, quantitative information on the magnitude of 

van der Waals, electrostatic, steric, hydration, and hydrophobic interactions between biological 

surfaces have been obtained. 

 The distance resolution of the SFA is 0.1 nm - 1 μm and the force resolution is up to 10
-8

 N 
11

. The 

interactions between surfaces are measured by adjusting the distance between the two cylindrically 

crossed surfaces via the double-cantilever of SFA. By using the multiple beam interferometry (MBI), 

the thickness of the adsorbed layer and the absolute distance between the two surfaces are optically 

obtained from the fringe of equal chromatic order (FECO)
11

. More specifically, a motor connected to 

SFA is used to control the double cantilever that is connected to the dove tailed disk holder in the SFA 

chamber to make contact between the two surfaces. The FECO is monitored in real time to observe 

the ΔD and surface deformation. The shape and position of the FECO change according to the shape 

and separation of the surfaces. In most SFA experiments, a 50 nm thick silver coated mica sheet was 

attached to a cylinder disk
11

. The silver reflects light in a direction perpendicular to the disk surface, 

then the focused light passes through the slit of the spectrometer and was recorded in the video 

camera. Therefore, a force-distance curve is obtained by considering the radius of the cylinder disk. 

The adhesion force between the two surfaces is determined by measuring the distance between the 

contact and Djump (distance after jump). A double cantilever with a different spring constant(k) should 

be selected depending on the adhesion of the material. According to F=kΔD, the higher the spring 

constant, the smaller the ΔD needed to apply the required force. 

SFA has the advantage that the inter-surface distance is measured by the optical interferometric 

technique. As the distance between two surfaces changes, the wavelength of interference fringes shifts, 

and surface separation is determined in situ with a resolution of 0.1 nm 
11

. This resolution is not 

affected by surface deformation or soft material compression. The lateral resolution of SFA is not 

better than that of an optical microscope
8
. With FECO, however, the direct visualization of the contact 

area provides immediate detection of damage to the surface and unwanted particles or contamination. 

Furthermore, it is necessary to supplement SFA with other methods of surface analysis such as AFM, 

XPS, and ESCA to characterize the surface morphology and composition because molecular 

composition and structure are not analyzed by SFA
11

. 
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Chapter 2. Molecular interactions between M13 bacteriophage and 

functional groups using a Surface forces apparatus (SFA)
39

 

 

2.1 Introduction 

M13 bacteriophage (or virus) is a useful biological building block for liquid crystalline structure, 

photovoltaic device and so on
40-45

. Due to its inherent nanostructure, abundant polypeptides present on 

its surface, and modification flexibility through genetic engineering, the M13 bacteriophage has been 

successfully utilized to assemble and fabricate various functional nanomaterials. Examples include 

hybrid materials of carbon nanotubes (CNTs) and TiO2 for photovoltaics
42

, CNTs and inorganic 

materials for rechargeable batteries
46

, and porphyrin and IrOx for solar water splitting
47

. 

I report the precise measurement of various interaction forces between the M13 phage and common 

functional groups using a surface forces apparatus (SFA) to understand the origin of its molecular 

recognition capability. Especially, I measure the interaction forces of the M13 phage with CNT-

binding polypeptides (DSPH) along its filamentous capsid―an amino acid sequence of DSPHTELP 

on pVIII coat proteins―with various functional groups. Among various types of phages, I choose the 

DSPH phage for the following reasons: (1) It has a specific binding affinity towards CNTs, which can 

find diverse applications in various fields, such as catalysis
40

, biomedical engineering
43

, materials 

science
42

, and energy conversion and storage
46

. In addition, the molecular structure of CNTs are very 

similar to that of other carbon materials such as fullerene, graphene, and graphite. Thus, our study can 

provide valuable insights to a broader range of researchers. (2) Because the CNT-binding sequences 

of the DSPH phage were abundantly displayed (~2,700 copies) along its filamentous structure, it can 

provide more reliable measurement for SFA analysis than other types of phages with the CNT-binding 

sequences on pIII (~5 copies). In addition, a high aspect ratio and flexibility of M13 bacteriophage 

make it difficult to study the interaction forces for pIII proteins. (3) Practically, the DSPH phage can 

be more readily prepared in a large scale compared to other types of phage due to its high 

amplification rate in E.coli. Five different types of functional groups are prepared using self-

assembled monolayers (SAMs) bearing different terminal groups: carboxylic (COOH), hydroxyl (OH), 

amine (NH2), methyl (CH3), and phenyl (Ph) groups. Direct and precise measurement of the force vs. 

distance curves with the SFA under various conditions allow the identification of different types of 

interaction forces between the M13 bacteriophages and functional groups. These provide clues to the 

molecular origin of its CNT-binding ability. Our results suggest that histidine and proline moieties 

play critical roles in the binding of the phages to CNTs and aggregate formation in aqueous solutions, 

respectively. These results are further confirmed by the pH-dependent behaviors of the phage 

complexation with the CNTs, indicating that aggregation and precipitation of the complexes can be 

tuned by pH. I believe that this study can provide a versatile platform to characterize various specific 
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biomolecular interactions and enable better understanding and utilization of biomolecules. 

 

2.2 Experimental section 

2.2.1 Materials.  

HiPCo SWCNTs were purchased from Unidym. Unless stated otherwise, all chemicals, including 10-

carboxy-1-decanethiol (95%), 11-amino-1-undecanethiol, hydrochloride (99%), 11-hydroxy-1-

undecanethiol (97%), 1-undecanethiol (98%), and 2-phenylethanethiol (98%), were purchased from 

Sigma-Aldrich. 

 

2.2.2 Preparation of SAMs with different end-functional groups.  

Each alkanethiol was prepared on atomically smooth gold surfaces. The smooth gold surfaces 

(thickness: 45 nm) were prepared on cleaved clean muscovite mica (Grade #1, S&J Trading. Floral 

Park, NY, USA) through electron beam evaporation. The gold layers were attached to the curved 

surfaces of cylindrical glass discs (Radius, R ~ 2 cm) by painting them with an optical adhesive, 

Norland optical adhesive 81 (Norland Products, Inc. Cranbury, NJ, USA), and subsequently UV 

treating the samples for 40–60 min. The discs with gold-coated top surfaces were immersed into 1 

mM alkanethiol-ethanol solution for the formation of SAM structure via gold-sulfur bonds on the gold 

(111) surfaces
48

. After 16–18 h, the discs were sonicated for 30 s, washed with ethanol, and dried by 

nitrogen gas to remove physical impurities and excess SAM molecules from the surfaces. 

 

2.2.3 M13 bacteriophage cultivation.  

The genetically engineered M13 bacteriophage (DSPH phage) was obtained from Prof. Belcher‘s 

group at Massachusetts Institute of Technology. Cultivation of M13 bacteriophages was performed 

using Escherichia coli strain ER2738 from New England Biolab. First, 10 mL of Luria Bertani (LB) 

medium was mixed with 10 μL of TET (antibiotic) and a single colony of ER2738 cells and incubated 

overnight. For large scale amplification, 1 mL of TET, 10 mL of the overnight culture, and about 10
11

 

pfu of the DSPH phage were added to a freshly prepared LB medium (25 g of LB medium and 1 g of 

MgCl2.6H2O in 1 L of distilled water). Thus, around 10
14

 pfu mL
-1

 of bacteriophages were produced. 

Finally, the culture was incubated in a 37 °C shaker at 225–250 rpm for about 6 h. 

 

2.2.4 Bacteriophage purification.  

First, 500 mL of the culture was poured into each large centrifuge tube and centrifuged at 7,800 rpm 

for 30 min. After centrifugation, 70 mL of PEG/NaCl (200 g of PEG and 146 g of NaCl in 1 L 

deionized water) was added to a 420 mL of supernatant, and the mixture was left overnight at 4 °C. 

The solution was centrifuged again at 8,140 rpm for 30 min, the supernatant was discarded, and the 
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solution was centrifuged at 8,140 rpm for another 5 min. The white phage pellets in the centrifuged 

solution were dissolved completely in a 30 mL TBS solution. The solution was centrifuged at 10,000 

rpm for 5 min to remove residual impurities, after which 5 mL of PEG/NaCl solution was added to the 

solution and mixed until the solution became homogeneous. Finally, the phage solution was 

centrifuged at 11,000 rpm for 30 min, the supernatant was discarded, and the solution was centrifuged 

again at 11,000 rpm for 5 min. The resulting phage solution concentration was determined by the 

amount of the white phage pellets that were obtained just before centrifuging to dissolve the 1 mL 

TBS solution (pH 7.2). 

 

2.2.5 Preparation of monolayer M13 bacteriophage surface.  

An atomically smooth mica surface was treated with a 0.1 M MgCl2 solution to replace K
+
 ions with 

Mg
2+

 ions on the surface of the mica before the deposition of the phages.
49

 The mica substrate was 

subsequently treated with an M13 solution (pH 5.0) to deposit a monolayer of M13 bacteriophages 

through electrostatic attractions between the positively charged mica and negatively charged M13 

phages. An appropriate concentration of the M13 bacteriophage solution for the preparation of a 

monolayer M13 phage film for SFA analysis was 2.74 × 10
12

 pfu mL
-1

 (Figure 2.1), according to 

morphology investigations with a Veeco multimode V_AFM in standard tapping mode. A drop (80 μL) 

of the M13 bacteriophage solution was loaded on the MgCl2-treated mica surface and left for 1 h. 

Finally, the surface was rinsed with deionized water and dried with nitrogen gas. The number density 

and coverage of the M13 bacteriophages on the mica substrate were analyzed using the freeware, 

ImageJ. 

 

 

Figure 2.1. AFM images of the M13 bacteriophages with CNT-binding sequences (i.e., DSPH phage) 

deposited on atomically flat mica surfaces. Prior to their deposition, the mica substrates were treated 

with a 0.1 M MgCl2 solution to replace the surface K
+
 ions with Mg

2+
 ions. The deposited density of 

the DSPH phages could be controlled by varying the concentration of the phage solution: a 6.52 × 10
9
 

pfu mL
-1

 b 6.52 × 10
10

 pfu mL
-1

 and c 2.74 × 10
12

 pfu mL
-1

. Scale bar is 1 μm. 

a b c
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2.2.6 Contact angle measurements.  

Wetting properties of the M13 bacteriophages and alkanethiol compounds were investigated using a 

DSA-100B-basic contact angle analyzer (KRÜ SS GmbH, Germany). First, 4 μL of 3 mM KNO3 

solution (pH 3.0 and pH 8.5) was dropped on each SAM surface. The contact angle values were 

obtained in tangent 1 fitting mode. In the case of the M13 bacteriophage-coated surface, a sample was 

placed in an acryl box with wetted tissues and left for 10 min to achieve air saturation, after which a 4 

μL droplet of 3 mM KNO3 (pH 3.0 and pH 8.5) was placed on the phage surface. The measurements 

were recorded as a video clip for 10 min to investigate the contact angle profile over time. Every 

measurement was repeated at least four times. 

 

2.2.7 Measurement of interaction forces using an Surface forces apparatus (SFA).  

Molecular interactions and the absolute separation distances between two surfaces were measured in 

an asymmetric system with the Surface Forces Apparatus 2000 (Surforce LLC, Santa Barbara, CA, 

USA). A freshly cleaved back-silvered mica and gold surface were glued onto each cylindrical glass 

disc (Radius R, ~2 cm) using an optical adhesive, Norland optical adhesive 81 (Norland Products, Inc. 

Cranbury, NJ, USA). The SAMs deposited on the gold layers were placed onto the upper discs. The 

DSPH phage layer on the back-slivered mica was placed on the lower disc. The two opposing surfaces 

were arranged with a cross-cylindrical geometry in the SFA chamber, and 50 μL of a 3 mM KNO3 

solution (pH 3.0 and 8.5) was injected between the surfaces. The SFA chamber was thoroughly sealed 

and maintained for 30 min after the injection of each solution to achieve equilibration. The contact 

time (tc) effects were also investigated by taking measurements first at tc = 5 s and followed by at tc = 1 

h. All measurements were conducted at room temperature (T = 23 °C). 

Force vs. distance profiles were measured at a constant rate of 5 nm s
-1

. The normal force F was 

calculated as a function of the absolute surface separation distances D as follows: ΔF(D) = k (ΔDapplied 

- ΔDmeans), where k is the double cantilever spring constant of 1225.8 N m
-1

. The distances D were 

confirmed from fringes of equal chromatic order (FECO) by using multiple bean interferometry (MBI) 

in real time. The forces were normalized by their radii (R ~2 cm) as Fcurved(D) R for the cylindrical 

discs. The normalized force F/R was converted to the interaction energy per unit area W between the 

two flat surfaces based on the Derjaguin approximation, Wflat(D) = Fcurved(D)/2π √R1R2 = 

Fcurved(D)/2πR, with R1 = R2. The adhesion energy was obtained using the Johnson-Kendall-Roberts 

(JKR) model, which is useful for soft materials with large deformations, Wad = 2Fad/3πR 
50

. Each 

experiment was repeated, at least three times at the same contact point to investigate hysteresis effect, 

and at least at three different contact points under the same conditions for reproducibility and 

repeatability. 

 



24 

 

2.2.8 SWCNT-DSPH phage complexation.  

Before complexation with the DSPH phages, SWCNT (HiPCo
TM

, diameter: 0.8−1.2 nm, length: 

100−1,000 nm) dispersions were prepared using a 2 wt% sodium cholate surfactant based on a 

previous report.
42

 The DSPH phage and SWCNTs were mixed at a molar ratio of 5:1 

(SWCNTs:DSPH phage) with a final concentration of DSPH phages of 1.0 × 10
12

 pfu mL
-1

. The 

SWCNT-DSPH solution mixture was first dialyzed against water (10 mM NaCl) at pHs of 3.0, 5.0, 

and 8.5 for complexation. Dialysis was conducted overnight with frequent solution changes. 

 

2.3 Results 

2.3.1 Experimental set-up and contact angle measurements.  

A monolayer of M13 phage (DSPH phage) and functional terminated SAMs were prepared for SFA 

analysis (Figure 2.2). Atomically flat nature mica substrate was coated with DSPH phage after 

replacing surface potassium ions with magnesium ions and exposing the substrate to the phage 

solution (see Methods section for details). AFM confirmed the monolayer deposition of filamentous 

the DSPH phages with uniform lengths (880 nm) and diameters (6.6 nm) (Figure 2.1), as reported 

previously
41

. The deposition density of the phage was controlled by varying the concentration of the 

phage solution. For the SFA analysis, the number density was adjusted to be ~30 per μm
2
, because it 

led to the highest coverage (82%) of the mica surface by the phage without the formation of phage 

multilayers and aggregates, which can hinder the precise measurement of the interaction forces. In the 

case of the SAMs, each of the five different end-functionalized alkanethiols was deposited on a 

molecularly smooth gold surface (Figure 2.2, see Methods section for details). 

 Prior to the measurement of the interaction forces, the wetting properties of the DSPH phage and 

the five different functionalized SAMs were investigated as a function of the pH and/or waiting time 

(t) because of their pH-dependent physicochemical properties (Figure 2.3.; see Methods section for 

more details). Considering the pka values of the functional groups (Table 2.1) and side-chain 

functional groups of amino acids in DSPH phage (Table 2.2), as well as the isoelectric point (pI) value 

of the latter (~5.3)
42

, contact angles were measured at pH 3.0 and 8.5, respectively. 
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Figure 2.2. Experimental Scheme. a Surface forces apparatus set-up for measuring interaction forces 

between the functionalized SAM layer (top surface) and M13 bacteriophage deposited on mica 

(bottom surface). b Functionalized SAM layer on gold surface. c Molecular structure of five different 

alkanethiols for the formation of the functionalized SAM layers. d AFM image of M13 bacteriophage 

on mica. Scale bar, 1 µm. e Structure of the M13 bacteriophage. 
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Table 2.1. Properties of the SAMs tested in this study
51-57

. 

Functionalized SAMs pKa Density (molecules/cm
2
)  Thickness (nm)  

10-carboxy-1-decanthiol 

(COOH-SAM) 
5.5 

4 × 10
14

 

1.25 

11-hydroxyl-1-

undecanethiol 

(OH-SAM) 

16-18 2.41 

11-amino-1-

undecanethiol, 

hydrochloride 

(NH2-SAM) 

7.5 1.43 

1-undecanethiol 

(CH3-SAM) 
- 0.91 

2-phenylethanethiol 

(Ph-SAM) 
- 4.65 × 10

14
 0.85 
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Table 2.2. The pKa values of the amino acids in the surface-exposed pVIII protein of the DSPH 

phage
58

. 

Amino acid pKa1 (-COOH) pKa2 (-NH3
+
) pKR (R group) 

Aspartate (D) 1.88 9.60 3.65 

Serine (S) 2.21 9.15 - 

Proline (P) 1.99 10.96 - 

Histidine (H) 1.82 9.17 6.00 

Threonine (T) 2.11 9.62 - 

Glutamate (E) 2.19 9.67 4.25 

Leucine (L) 2.36 9.62 - 
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Figure 2.3. The wetting properties of the functionalized SAMs and DSPH. Contact angle values of a 

functionalized SAMs and b DSPH-coated surface as a function of pH and/or waiting time. The error 

bars represent the s.e.m. (standard error of mean) where n ≥ 7. 

 

There was not significant different between the contact angles measured at pH 3.0 and 8.5 for most 

the SAMs (Figure 2.3a). The Ph-/CH3-SAM and OH-/NH2-SAM remained hydrophobic and 

hydrophilic, respectively, regardless of the pHs. On the other hand, the COOH-SAM showed 

significant differences between the contact angles at pH 3.0 (θ = 44.6 ± 1.3°) and 8.5 (θ = 19.9 ± 1.4°). 

Due to its pka value (~5.5)
53

, it could be deprotonated and become more hydrophilic at pH 8.5. It is 

noteworthy that the NH2-SAM should also be pH sensitive (pka ~7.5), but it exhibited a negligible 

difference in the contact angles upon pH changes
52

. The observed difference in the pH-dependent 

wetting properties of the COOH- and NH2-SAMs can be attributed to the differences in their 

molecular conformations. The NH2-SAM can form hydrogen bonding networks with surrounding 

water molecules, regardless of its protonation state
59, 60

. However, the COOH-SAM can form 

intermolecular hydrogen bonding between end functional groups only when they are protonated, 

leading to the decrease in the hydrophilicity with the pH
61, 62

. 

 The wettability of the DSPH phage coated surface was measured as a function of the pH and 

waiting time (t) after contact with the solution to determine the rearrangement/reorientation of the 

coat-proteins of the phage on the mica surface (Figure 2.3b). The contact angle at pH 8.5 gradually 

decreased from θ = 59.1 ± 3.8° (t = 0 s) to θ = 27.1 ± 0.6° (t = 10 min). The contact angle at pH 3.0 

a
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was relatively insensitive to the waiting time, showing a slight decrease θ = 66.3 ± 1.7° (t = 0 s) to θ = 

60.4 ± 1.1° (t = 10 min). Considering its pI value (~5.3), the positively charged DSPH phage at pH 3.0 

could interact more strongly with the negatively charged mica surface than with water molecules, 

resulting in a slightly high contact angle and a negligible change over time. However, significant 

amounts of negatively charged amino acids (e.g. aspartic acid and glutamic acid) in the DSPH phage 

could reorient and become exposed to the DSPH phage-water interface, increasing the hydrophilicity 

with time. In addition, swelling of the DSPH phage (which was deducted by SFA experimental part, 

as presented in a later section) could increase the rotational degrees of freedom, which may have 

accelerated the rearrangement process
63, 64

. 

 

2.3.2 Interaction force measurements.  

In addition to evaluating the hydrophobicity/hydrophilicity of DSPH phage and the five different 

functional terminated SAMs, the interaction forces between the DSPH phage and the five different 

SAMs were measured using SFA (Figure 2.4 and 6). Force vs. distance profiles were measure upon 

approach and detachment of DSPH phage- and SAM-modified surfaces to determine the adhesion 

force and energy (Wad) under various conditions : pHs of 3.0 and 8.5 and contact times (tc) of 5 s and 

1h. 

 The interaction forces at pH 3.0 was measured firstly. The adhesion energy between the COOH-

SAM and DSPH phage increased from Wad = 0.23 ± 0.02 mJ m
-2

 at tc = 5 s to Wad = 2.32 ± 0.40 mJ m
-

2
 at tc = 1 h (Fig. 3a). The OH-SAM increased from Wad = 3.08 ± 0.75 mJ m

-2
 at tc = 5 s to Wad = 5.32 

± 0.26 mJ m
-2

 at tc = 1 h (Figure 2.4b). The similar contact angles of the COOH - (θ = 44.6 ± 1.6°) and 

OH-SAMs (θ = 43.1 ± 2.3°) at pH 3.0 suggest that should they have similar magnitudes of hydration 

repulsion or hydrophobic attraction. Despite the expected similarity in the origin of adhesion for both 

SAMs (e.g. hydrogen bonding), the measured adhesion energy of the COOH-SAM was ~30–50% 

smaller than that of the OH-SAM. This quantitative discrepancy is attributed to the differences in the 

molecular conformation of their terminal functional groups in aqueous solutions. As mentioned in 

previous part, the protonated carboxylic head group (-COOH) at pH 3.0 can partially form a hydrogen 

bonding with a neighboring group (-H with -O-) or a dimer (-H with =O)
61

. It suggests that the DSPH 

phage may have fewer changes to form hydrogen bonding with the protonated COOH-SAM than with 

the OH-SAM at pH 3.0, which also coincides with a molecular dynamics simulation study
65

. 

 The adhesion energy between NH2-SAM and DSPH phage (Wad = 4.30 ± 0.29 mJ m
-2

 at tc = 1 h) was 

comparable to that between the OH-SAM and the phage despite the positive charges of them at pH 3.0 

(Figure 2.4c). It was expected that hydrogen bonding would occur between the NH2-SAM and DSPH 

phage, as both are rich in hydrogen bonding donors and acceptors. Moreover, it was predicted that 

additional interactions would be present because the measured force vs. distance profile indicated that 



30 

 

electrostatic repulsion between them was negligible compared to the adhesion forces. It is well known 

that protonated primary amines can have cation-π interactions as a cationic donor with aromatic 

moieties, such as histidine of the pVIII protein. Assuming that half of the pVIII proteins from the 

deposited phages participated in these interactions, the adhesion force per pVIII protein would be 

roughly 15.3 kcal mol
-1

 (~26 kT). It suggests that there could be multiple cation-π interactions per 

pVIII protein because the strength of the cation-π interaction was estimated to be ~5.5 kcal mol
-1

 in 

water
66

. 

The adhesion energy between the CH3-SAM and DSPH phage layer was significantly higher (Wad = 

7.00 ± 0.10 mJ m
-2

) compared to those of the COOH-, OH-, and NH2-SAMs (Figure 2.4d). The origin 

of the strong attraction between the DSPH phage and CH3-SAM was most likely due to the strong 

hydrophobic interactions, as evidenced by the contact angle value, indicating that the CH3-SAM was 

very hydrophobic (θ = 101.0 ± 0.8°). The approach curve indicates that any types of repulsive forces 

were completely overwhelmed by the strong adhesion until the surfaces became closer than their 

steric wall distance, Dsw (Figure 2.5d)
11

. A simple DSPH phage adsorption experiment on the CH3- 

and COOH-SAM perfectly corresponded with the SFA result, which describe the deposition of a 

significantly denser DSPH phage layer on the CH3-SAM compared to the COOH-SAM (Figure 2.5). 
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Figure 2.4. Force vs. distance profiles measured at pH 3.0. The interactions force of the DSPH-coated 

surface was measured against SAMs with five different terminal functional groups: a –COOH, b –OH, 

c –NH2, d –CH3, and e –Ph. The empty and solid arrows correspond to the approach and detachment 

of the two surfaces, respectively. The orange and sky-blue curves correspond to the force-profiles at 

contact times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall adhesion energy (Wad) 

of different SAMs at pH 3.0 as a function of contact time. The error bars represent the s.e.m. where n 

= 5 in each group. 
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Figure 2.5. AFM images showing the influence of the terminal functional groups on the molecular 

interactions between the DSPH bacteriophages and the SAMs. a COOH-terminated and b CH3-

terminated SAMs. The concentration of the DSPH phage solution was maintained at 2.74 × 10
12

 pfu 

mL
-1

. Scale bar is 1 μm. 

 

Among all the tested functionalized SAMs, the Ph-SAM exhibited the highest adhesion energy 

against the DSPH phage at pH 3.0 (Wad = 8.08 ± 0.82 mJ m
-2

 at tc = 5 s and Wad = 12.24. ± 0.50 mJ m
-2 

at tc = 1 h) (Figure 2.4e). If the strong adhesion between the phage and Ph-SAM was solely caused by 

hydrophobic interactions, the adhesion energy between them should be lower compared to that 

between the phage and CH3-SAM, as the CH3-SAM was more hydrophobic, as shown in Figure 2.3. 

Hence, the strong interactions between the DSPH phage and Ph-SAM can be attributed to the π-π 

stacking (as hypothesized from other work), cation-π, and hydrophobic interactions. The high 

proportions of histidine (H) and proline (P) in the surface-exposed portion of the pVIII protein 

(DSPHTELP) for the DSPH phage (~12.5 and ~25%, respectively) were closely correlated to these 

results. It was reported that even though proline is not a π conjugated system at pH 3.0, it can 

favorably interact with the π-electron-rich phenyl aromatic face and induce the aforementioned 

interactions, minimizing the steric penalty
67

. 

 

a b
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Figure 2.6. Force vs. distance profiles measured at pH 8.5. The interactions force of the DSPH-coated 

surface was measured against SAMs with five different terminal functional groups: a –COOH, b –OH, 

c –NH2, d –CH3, and e -Ph. The empty and solid arrows correspond to the approach and detachment 

of the two surfaces, respectively. The red and blue curves correspond to the force-profiles at contact 

times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall adhesion energy (Wad) of 

different SAMs at pH 8.5 as a function of contact time. The error bars represent the s.e.m. where n = 5 

in each group. 

 

 

Previous studies showed that the magnitude of the π-π stacking energy mediated by protonated 
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histidine is stronger than that of deprotonated histidine
68

. In biological systems, the positively charged 

histidine has been known to be an important cationic source in cation-π interactions for regulating 

protein folding and reactivity
69

. Considering that histidine is always protonated under acidic 

conditions (pH 3.0), cation-π interactions would be one of the major contributors to the interactions 

with the Ph-SAM. Furthermore, all the amino acids‘ α protons could interact with the Ph-SAM via 

CH/π interactions, regardless of the pH conditions
67

. 

All the adhesion energies measured at pH 3.0 were higher at tc = 1 h compared to those at tc = 5 s. 

The increase in adhesion with tc is a typical sign of structural rearrangements or reorientation of 

biological macromolecules
50, 70

, indicating that the adhesive bonds (physical interactions including 

van der Waals, H-bonding, and hydrophobic attraction in this study) developed favorably while the 

functional groups and DSPH were in contact. The decrease in Dsw during contact also supports that 

molecular rearrangement occurred (Figure 2.7). 

 

 

Figure 2.7. Change in the thicknesses (ΔD) of the SAMs before and after contact with the DSPH 

phage-coated surface for 1 h. The observed decrease in thicknesses (ΔD < 0), irrespective of types of 

the terminal functional groups, indicated that rearrangement or reorganization of the coat-proteins in 

the DSPH phage occurred over time. The error bars represent the s.e.m. (n = 5 in each group). 

 

In general, the adhesion energies at pH 8.5 were much lower than those in the acidic condition (pH 

3.0) were, regardless of the opposing functional group (Figure 2.6). The increase in the hydrophilicity 

of the DSPH phage-coated surface (as shown in the contact angle measurements) and the larger Dsw 

between the two opposing layers indicate the existence of strong steric- and hydration-repulsion 

caused by the swelling of the phages on the mica surface. 
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Consequently, for the COOH-, OH-, and NH2-SAMs, repulsive forces dominated over all the other 

adhesive forces, yielding purely repulsive force vs. distance profile. On the other hand, for the CH3- 

and Ph-SAM, the adhesive forces were still stronger than the repulsive counterparts were, even 

though significant decreases in the adhesion energies were observed at pH 8.5. The adhesion energies 

between the Ph-SAM and DSPH phage layer (~2.64 ± 0.70 mJ m
-2

 at tc = 5 s and ~5.23 ± 0.55 mJ m
-2

 

at tc = 1 h) were still the strongest (Figure 2.6e), indicating the dominance of π-π interactions due to 

the histidine and CH/π interactions induced by proline in the DSPH phage
67

. The plateau before the 

‗jump-out‘ upon the detachment of the Ph-SAM (Figure 2.6e) at pH 8.5, which was absent at pH 3.0, 

may indicate that highly hydrated residues of the DSPH phage were ‗peeled-off‘ before detachment 

(Figure 2.8.). 

 

 

Figure 2.8. Force-distance profiles of Ph-SAM vs. DSPH-coated surface, tc = 1 h. a at pH 3.0 and b at 

pH 8.5 c Instantaneous detachment was observed from ① to ② at pH 3.0, while d gradual peel off 

was observed from ①` to ②` at pH 8.5 until ③` final detachment. 

 

The adhesion energy per virus can be calculated based on the number density of DSPH phage on the 

MgCl2 treated mica surface (calculated from AFM images) and the measured Wad. Compared to the 
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known dimension of DSPH phage (diameter ~6.5 nm)
43

, adsorbed DSPH phage in AFM image 

(Figure 2.2) seems to be in a ―compressed cylinder‖ shape (lateral thickness ~20 nm) rather than a 

normal cylinder. Thus, 50% is a reasonable upper bound of the pVIII protein fraction directly 

involved in adhesion. Especially, the adhesion energy per DSPH phage on the Ph-SAM was ~4.2 × 

10
-16

 J (at pH 3.0 and tc = 1 h), which corresponds to ~10
5
 kT at room temperature. Considering the 

number of pVIII proteins per M13 phage (~2,700 copies)
71

, with the assumption that about 50% of the 

pVIII proteins were involved in the adhesion, the adhesion energy per pVIII protein was ~74 kT. It is 

noteworthy that this value is significantly higher than the adhesion energy of well-known mussel foot 

proteins; the adhesion energy between a 25-mer-long mussel foot protein-3s and the hydrophobic 

surface was estimated to be ~34.7 kT by replica-exchange molecular dynamics (REMD) simulations.
72

 

Using the same assumption, the adhesion energy of one pVIII against the Ph-SAM was calculated to 

be ~32 kT at pH 8.5. 

 

2.3.3 Complexation and dispersion of SWCNT using DSPH phage.  

Based on the result that DSPH phage strongly interacts via π-π interaction, I investigated the pH-

dependent properties of single-walled carbon nanotubes (SWCNT) and DSPH phage complexes. The 

DSPH phage was reported to strongly bind with SWCNT and maintain a stable dispersion state 

without re-bundling
42, 43

, enabling diverse applications including in vitro and in vivo bioimaging and 

synthesis of CNT-based hybrid materials in aqueous solutions. However, the underlying mechanisms 

for their complexation and dispersion stability is less known. However, little is known about the 

underlying mechanism for their complexation and dispersion stability, especially at high CNT 

concentrations. The complexation was conducted through the dialysis of a surfactant-assisted SWCNT 

dispersion in the presence of the DSPH phage at three different pHs (pH 3.0, 5.0, and 8.0). 

Possible interactions between the DSPH phage and SWCNTs are described in Fig. 5a as a function 

of pH. It was anticipated that π-π stacking and hydrophobic interactions were always present, 

regardless of the pH values. At a low pH, cation-π and electrostatic interactions may be additionally 

present. Due to the presence of only attractive interactions at pH 3.0 and 5.0, the dialysis of the 

complexing solution resulted in the formation of hazy aggregates (Figure 2.9b). It seems to be 

contrary to previous studies that found the formation of stable SWCNT-DSPH complexes under 

similar conditions
42, 43

. Note that I have used a much higher concentration of DSPH phage and 

SWCNTs for their complexation than previous studies; their high concentrations can decrease the 

separation distance and help overcome (repulsive) kinetic barriers to achieve thermodynamic 

equilibrium, allowing the facile acquisition of the (aggregated) global minimum state. However, the 

formation of any aggregates for the sample prepared at pH 8.5 could not be observed. The resulting 

SWCNT-DSPH complex solutions remained stable over six months without any noticeable 
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precipitation or change. The observed high dispersion stability of the SWCNT-DSPH complexes was 

attributed to the presence of additional electrostatic repulsive interactions between the complexes. The 

repulsive interactions can rise from negatively charged amino acids on the DSPH phage (e.g., 

glutamic acid and aspartic acid) and dominate over other short-range attractive interactions (e.g., π-π 

stacking and hydrophobic interactions). The complex solutions were analyzed by AFM to observe the 

morphology of the SWCNT-DSPH complex in detail (Figure 2.9c). AFM imaging and cross-section 

analyses showed severe aggregation of the DSPH phages and SWCNTs at pH 3.0. It suggests that π-π 

stacking and hydrophobic interactions were the main driving forces for the binding of the DSPH 

phages with the SWCNTs, which correlated well with the SFA results. At higher pHs, the phages 

became negatively charged due to the deprotonation of glutamic acids and aspartic acids in the pVIII 

protein, increasing the electrostatic repulsion between the phages and phage-bound SWCNTs. Hence, 

the degree of repulsion was a major factor that affected the dispersion stabilities of the SWCNT-

DSPH phage complexes. Consequently, the aggregate formation and dispersion of SWCNTs can be 

simply tuned by the pH conditions when using the DSPH phages as a dispersant. 

 

Figure 2.9. Dispersion stability of SWCNT-DSPH complex at different pHs. a Graphical illustration 

showing a list of potential interactions between the DSPH phages and SWCNTs upon their 

complexation. b Photographs of SWCNT-DSPH phage complexes prepared at different pHs: 3.0, 5.0, 

c

b
pH 3.0 pH 5.0 pH 8.0

pH 8.0
a

pH 3.0 pH 5.0
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and 8.5. Schematic illustration explaining the observed difference in their dispersion stabilities. c The 

corresponding AFM images of SWCNT-DSPH phage complexes. Scale bar, 100 nm. 

 

2.3.4 Discussion 

Although the highly logical and reliable results, a few issues that should be addressed in the future 

studies remain. First, I cannot completely exclude the possibility that another portion of the DSPH 

phage (e.g. pIII or pVIII) other than the exposed pVIII sequences participated in the interactions with 

the SAMs. Second, it would be useful to measure the interaction forces of various point-mutated 

phages for a more straightforward and systematic investigation of the origin of the molecular 

recognition capabilities. More ideally, solid phase synthesized short peptides can apply rather than the 

whole phage. Nevertheless, I believe that the present study can provide insights and solid foundations 

for studies on specific interactions of biomolecules. 

 

2.4 Conclusion 

Using a model biomolecule (e.g. pVIII peptides sequence on M13 phage) and the functionalized 

SAMs, the possible interaction forces and strengths precisely identified and qualified. I found that 

histidine and proline moieties may perform a critical role in the molecular recognition of SWCNT by 

the DSPH phage though their engagement in attractive π-interactions, as expected previously, and 

additionally through hydrophobic interactions. The measured strength of each identified interaction 

was comparable to previously reported values
42

. It is thought that a much higher abundance of pVIII 

protein at the phage surface compared to other proteins allowed the SFA analysis with adequate 

reliability. In addition, I experimentally demonstrated that DSPH-SWCNT complexes can be 

stabilized at high pH through electrostatic and hydration repulsion. 

 The interaction origin of M13 bacteriophage (DSPH phage) was investigated by directly measuring 

interaction forces against the functionalized SAMs (-COOH, -OH, -NH2, -CH3, and -Ph). The overall 

results indicated that the DSPH phage exhibited the highest and lowest adhesion energy with the 

phenyl and carboxylic acid group respectively, indicating that the phages strongly interacted via π-π 

stacking and hydrophobic interactions, while the H-bonding interactions remained relatively weak. 

Moreover, I confirmed that DSPH phages interacted strongly with the SWCNTs in acidic conditions 

via the physical interactions mentioned previously. Hence, pH-responsive tuning of the M13 

bacteriophage-SWCNT complexes is possible. The obtained results can be used as a fundamental 

database in bacteriophage-based applications to enhance the performance of future phage-based 

templates. Furthermore, the utilized measurement protocol, using functionalized SAMs as opposing 

surfaces, can be applied to study the molecular interaction mechanisms of various bio and synthetic 

materials. 
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Chapter 3. Investigation of adhesion mechanisms in CNT-binding peptide 

3.1 Introduction 

Many identified diseases are induced at the protein level, so most medicines are developed to detect 

target proteins
73, 74

. It is essential to understand protein-ligand and protein-protein interactions for 

effective drug development
1, 75, 76

. The interactions play important roles in tracking disease states in 

biological systems
77

. Hence, if protein functions and signaling network analysis are understood, it is 

possible to design molecules that promote or inhibit specific interactions between biomolecules, and 

thus discover effective disease treatment and prevention methods. 

 One typical application for specific protein detection is a biosensor
78, 79

. Biosensors have been used 

in a wide range of fields such as medicine, environment, and food due to their ability to selectively 

detect and react with specific chemicals. However, in the meantime, detecting biomaterials requires 

lots of samples and complex analysis steps including inputting analytes, generating signals, and 

amplifying signals. Recently, research on biosensor devices that can detect small amounts of 

chemicals have been conducted to overcome the difficulties
80

. The most representative research is a 

carbon nanotube (CNT) based biosensor that detects chemicals through electrochemical changes in 

CNT bonded biomaterials
81

. The CNT has electrical and structurally stable properties that are useful 

for use in biosensors
81

. Additionally, CNT has the advantage of not requiring labeling and allowing 

the reaction to proceed in aqueous solutions without modifying the protein
82

. 

 In this work, the interactions of the DSPHTELP peptide sequence, known as a CNT-binding peptide 

sequence, was measured and quantified by using SFA. Then, the effects of each amino acid on the 

DSPHTELP sequence are analyzed in interactions with three functional groups (carboxyl, methyl, 

amine and Phenyl). Based on the results, it is possible to derive and establish the peptide sequence 

that reliably binds with CNTs via non-specific interactions (non-covalently functionalized CNT) for 

CNT-based biosensors to detect the desired biomolecules. Therefore, it suggests the interaction factors 

for designing the CNT-based biosensors which detect specific peptides or proteins. 

 

3.2. Experimental section 

3.2.1 Material 

SWCNT powder were purchased from Sigma Aldrich (≥89% carbon basis (≥99% as carbon 

nanotubes)). The functional terminated alkanethiols, including 10-carboxy-1-decanethiol (95%), 1-

undecanethiol (98%), 11-amino-1-undecanethiol, hydrochloride (99%), and 2-phenylethanethiol 

(98%), were purchased from Sigma-Aldrich. 
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3.2.2. Synthesis of peptide 

Short peptide sequence (amino acid sequence : DSPHTELP) was synthesized by the standard 9-

fluorenylmethoxycarbonyl solid-phase peptide synthesis on a 0.106 mmol scale. Fmoc-Asp(OtBu)-

OH, Fmoc-Ser(tBu)-OH, Fmoc-pro-OH, Fmoc-His(Trt), Fmoc-Thr(tBu)-OH, Fmoc-Glu(OtBu), 

Fmoc-Leu-OH was used to synthesize peptide sequence. Each amino acid were treated with 1 O-

(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate(HBTU)(500 µmol) in 

presence of diisopropyl ethyl amine (DIPEA, 500 µmol) and allowed to stir at room temperature for 2 

h in DMF. Fmoc group was removed with 3-4ml of 20% piperidine in DMF. The resin was collected 

by filtration and washed with dimethylformamide (DMF) to remove unreacted chemicals. The product 

cleaved from the resin with cleavage cocktail (TFA/Water/Tri isopropyl amine mixture (9.5: 0.5: 0.5)) 

and products were precipitated in cold ether. The crude products were purified by high-performance 

liquid chromatography (HPLC, Agilent Technologies, USA) with a C18 reverse column in 

ACN/Water mixture and confirmed by mass analysis using MALDI-TOF/TOF. 

 

3.2.3. Synthesis of triethoxysiloxane capped peptide 

The structure of triethoxysilane capped DSPHTELP peptide was adopted in order to form the peptides 

layer on the mica surface. The triethoxysilane induce condensation with hydroxyl group of the O2 

plasma treated mica surface. Therefore, increase attachment ability for mica surface can be achieved 

by using the siloxane capped DSPHTELP peptide. The synthesized DSPHTELP peptide sequence 

(50mg, 0.056mmol) was dissolved in dry DMF (1mg/mL). 3-(Triethoxysilyl)propyl isocyanate 

(13.85mg, 0.056mmol) was added to above solution. After stirring at room temperature for overnight, 

the mixture was filtered and the residue was purified by size exclusion chromatograph. 

 

3.2.4. Preparation of peptide layer on mica surface 

For pre-surface treatment for SFA experiments, freshly cleaved muscovite mica layer (Grade #1, S&J 

Trading. Floral Park, NY, USA) was prepared to a cylindrical glass disc (Radius, R ~2cm) by an UV 

glue, NOA 81 (Norland Products, Inc. Cranbury, NJ, USA) followed by UV treatment for 1 h. 

To prepare the triethoxysiloxane capped peptide surface, the mica surface was treated oxygen plasma 

process at 100 W, 50 x 10
-1

 Torr for 3 min. And then, the plasma treated mica was immersed into 20 

mL of DMF solution. The 50 μL of peptide/DMF solution diluted from 1 mg/ml to 0.005 mg/mL was 

dropped into the DMF solution at 700 rpm for 1 h. After condensation reaction (Figure 3.2), the 

surface was rinsed with DMF solution to remove unbound molecules and dried with nitrogen gas. The 

reaction was performed in nitrogen bench where the humidity is 10-20%. 
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3.2.5. Preparation of end-functionalized self-assembled monolayer 

It is equal to section 2.2.2 

 

3.2.6. Measurements of adhesion force using Surface forces apparatus (SFA) 

Molecular interactions and the absolute separation distances between peptide and functional groups 

(or SWCNT) were measured with the Surface Forces Apparatus 2000 (Surforce LLC, Santa Barbara, 

CA, USA). The two opposing surfaces were arranged with a cross-cylindrical geometry in the SFA 

chamber, and 50 μL of a 3 mM pH 3.0 KNO3 solution was injected between the surfaces. The process 

after this is equal to the section 2.2.7. 

 

3.3. Results 

3.3.1. Synthesized peptide 

The molecular weight of the synthesized peptide in section 3.2.2. was confirmed by MALDI-TOF. In 

Figure 3.1, the 916.46 peak is the peak that corresponds to the DSPHTELP peptide sequence. The 

molecular weight of the peptide is 894.94 g/mol, but a sodium ion binds to the peptide when 

measuring the molecular weight via the MALDI-TOF used in this work. The 916.46 peak is much 

higher than other peaks, so the peptide is a major product of the method in section 3.2.2. 

 The purity of the synthesized peptide was measured via analytical HPLC. The peptide peak is at 

11.880 min, and the purity of the peptide was calculated by integrating the peak area (Figure 3.1b). 

According to the process, the purity of the peptide is over 95%. In addition, the peptide morphology 

was identified by Bio-TEM (acceleration voltage:120 kV, JEM-1400, JEOL). The peptides appear to 

have a fibrous form and aggregate with each other without regularity. Hence, it indicates that the 

repulsion between peptides is weak, and they can bind to each other by non-covalent interactions such 

as hydrophobic, hydrogen bonding, and van der Waals interactions. 
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Figure 3.1. Analyzed results of the synthesized DSPHTELP peptide sequence analyze. a MALDI-

TOF b HPLC for the purity of refined peptide. c Bio-TEM image of the DSPHTELP peptide on the 

TEM grid. 

 

3.3.2. Formation of a peptide layer on mica substrate 

The triethoxysiloxane capped DSPHTELP peptide synthesized in section 3.2.3 binds on O2 plasma 

treated mica substrate. The peptides evenly bind on the mica substrate, as observed in the surface 

morphology analysis through AFM (Figure 3.2b). Therefore, the process in section 3.2.4 provides a 

suitable surface for measuring adhesion forces between peptides and functionalized SAMs.  

916.461

894.396

0

500

1000

1500

2000

2500

In
te

n
s
. 
[a

.u
.]

600 800 1000 1200 1400 1600 1800
m/z

a

b

c

Time(min)



43 

 

 The contact angle of the peptide layer on mica was measured with a pH 3.0 KNO3 solution, which is 

used in the SFA measurement. The angle is 17.29 ± 3.52°, and the hydrophilicity of the peptide layer 

surface is caused by the amide groups connected to the N-terminus of the peptide. Unlike the contact 

angle of the DSPH phage, θ = 66.3 ± 1.7° (t = 0 s) to θ = 60.4 ± 1.1° (t = 10 min) (Figure 2.3b), the 

angle of the peptide layer was not affected by the waiting time(t). Hence, the peptide layer does not 

rearrange like the DSPH phage in the pH 3.0 solution.  

 

 

Figure 3.2. Surfaces for the SFA measurements. a Procedure of preparing the triethoxysilane capped 

DSPHTELP layer on the O2 plasma treated mica. b AFM image the peptide layer on the mica surface. 

Inner box is the pH 3.0 KNO3 solution contact angle image of the peptide. c. AFM image of the each 

functionalized SAMs. 
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3.3.3. Adhesion energy measurements via SFA 

Adhesion energies between the DSPHTELP peptide layer and functionalized SAMs were measured 

and quantified via SFA at pH 3.0 (Figure 3.3) as a function of the contact time (tc). In the case of the 

COOH-SAM, the adhesion energy is Wad = 0.64 ± 0.23 mJ m
-2

 at tc = 5 s to Wad = 1.03 ± 0.59 mJ m
-2

 

at tc = 1 h (Figure 3.3b). The adhesion force at tc = 5 s, was stronger than that of the DSPH phage, but 

it is similar at tc = 1 h (Figure 2.6b). The peptide sequence forms hydrogen bonding of similar strength 

to that of the DSPH phage through carboxylic and/or hydroxyl groups from the residue in the 

aspartate(D), serine(S), threonine(T), and glutamate(E). Moreover, it was identified that the repulsion 

between the peptide layer and COOH-SAM has a similar tendency to that of the DSPH phage. It is 

induced by steric repulsion because the COOH-SAM forms dimers by hydrogen bonding with 

neighboring COOH SAM at the interface and also with water molecules in the KNO3 solution
61, 65

. 

 The adhesion energy with CH3-SAM showed the highest adhesion energy in all functional SAMs 

(Wad = 10.89 ± 1.44 mJ m
-2

 at tc = 5 s to Wad = 11.63 ± 0.42 mJ m
-2

 at tc = 1 h) (Figure 3.3c). The 

adhesion energy is stronger than that of the DSPH phage. In other words, assuming that the peptide 

has the same surface density as the DSPH phage, the peptide causes more powerful hydrophobic 

interactions per unit area than the phage. 

 However, the adhesion energy between the peptide and Ph-SAM is Wad = 4.49 ± 0.23 mJ m
-2

 at tc = 5 

s to Wad = 4.91 ± 0.50 mJ m
-2

 at tc = 1 h, which is much lower than that of the DSPH phage. Since the 

dominant adhesion energy types involved with Ph-SAM are π-interactions (e.g., π-π interaction and 

cation-π interaction), the π-interactions appear to be weak. The isoelectric point(pI) value of the 

DSPHTELP peptide sequence is 4.1, which is lower than that of the DSPH phage (5.3), meaning that 

the phage has more positively charged amino acids at pH 3.0
42

. Furthermore, the proline that induces 

the π-interaction located in the c-terminus part of the DSPHTELP sequence. The amino group and 

carboxylic group of the proline are in the -NH2
+ 

and –COO
-
 forms at pH 3.0, due to their pkR value

58
. 

As a result, the positively charged amino group of the proline located in the c-terminus interacts with 

the negatively charged carboxylic group of the neighboring c-terminus proline by electrostatic 

interaction, reducing π-interactions with NH3
+
-SAM and Ph-SAM (Figure 3.d-e)

67, 83, 84
. Therefore, the 

DSPHTELP peptide sequence has a weaker adhesion energy with the Ph-SAM due to a weaker π-

interaction than the DSPH phage. 

 The difference in adhesion energy strength may be caused by the following differences. The bulk 

DSPH phage is adsorbed to the mica as a multilayer, and rearrangement occurs when the hydrophilic 

groups of the amino acids on the phage are exposed over time (Figure 2.3b). However, since the 

peptide binds covalently to the mica as a monolayer, the steric distance is thinner than that of the 

phage and the exposed peptides may interact with each other. In addition, the difference in pI value 
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(Peptide:4.1, DSPH phage:5.3) indicates that other proteins (pIII, pVI, pVIII, and pIX) may influence 

the adhesion energy with the functional SAMs. 

 

 

Figure 3.3. a Experimental Scheme of the SFA measurements. (a-e) Force vs. distance profiles 

measured at pH 3.0. The interactions force of the DSPHTELP layer was measured against 

functionalized SAMs: b –COOH, c –CH3, d –Ph. e -NH3
+

. The orange and navy curves correspond to 

the force-profiles at contact times (tc) of 5 s and 1 h, respectively. f Bar-graph showing the overall 

adhesion energy (Wad) of different SAMs at pH 3.0 as a function of contact time. The error bars 

represent the s.e.m. where n = 3 in each group. 
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3.4. Discussions 

According to the measurement of the adhesion energy of the DSPHTELP peptide, it may be assumed 

that the binding of SWCNT, which is mainly responsible for hydrophobic and π-π interactions, will be 

strengthened. By measuring the adhesion energy of the synthesized peptides containing only 

DSPHTELP, I could indirectly deduce the role of the proteins excluding pVIII in the DSPH phage. 

The adhesion energy may change if the position of amino acid is adjusted in the peptide sequence 

because interactions between peptides, such as proline dimer formation, may exist. Moreover, it may 

be necessary to point-mutate the peptide sequence for precise understanding of the role of each amino 

acid in the sequence. The three-dimensional structure of the peptide should be analyzed by technical 

tool such as circular dichroism which could analyze secondary structure of peptide and protein. 

 

3.5. Conclusions 

By focusing on the DSPH phage mentioned in chapter 2 strongly binding to SWCNTs, the 

DSPHTELP peptide sequence was synthesized, and the adhesion energy with functionalized SAMs 

was measured and quantified using SFA. As a result, the adhesion energy with CH3-SAM was the 

strongest, and the hydrophobic interaction was found to be the strongest interaction for the peptide. 

Hydrogen bonding of the peptide, which was weakest based on the adhesion energy, and the existence 

of a relatively strong repulsion energy in COOH-SAM were identified. It corresponds to the result of 

the interaction measurements between the DSPH phage and COOH-SAM in chapter 2. On the other 

hand, the adhesion energy with Ph-SAM is weaker than that of CH3-SAM, thus, DSPHTELP peptide 

showed lower adhesion energy via π-interaction compared the DSPH phage. It indicates that peptides 

excluding the pVIII protein on the DSPH phage have high π-interaction tendencies, and that the 

proline located in the c-terminus of triethoxysiloxane capped peptide may form dimers by electrostatic 

interaction to reduce π-interaction. The DSPHTELP peptide sequence, which strongly interacts with 

hydrophobic and π-interactions, can non-covalently interact with SWCNT like the DSPH phage. 

Consequently, the peptide can functionalize CNTs with non-covalent interactions in CNT-based 

biosensors and provide interaction factors, such as amino acid composition, when CNTs detect 

specific biomolecules. Furthermore, the understanding the biomolecular interactions is expected to 

contribute design the structure of bio-inspired polymer with the desired functionality. 
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Chapter 4. Summary 

In this work, the principles and advantages/disadvantages of AFM, QCM-D, and SFA, which are 

representative technical tools for measuring biopolymer interaction, were investigated. AFM measures 

the tip-to-surface interaction and is not affected by contamination and fluid behavior due to a small 

radius tip, but it is not suitable for measuring interactions between deformable soft materials such as 

biological membranes. QCM-D obtains the mass of adsorbed materials from the frequency change 

caused by the adsorption of molecules onto the surface of the quartz plate between two metal 

electrodes. In addition, the viscoelastic properties of the adsorbed materials can be calculated by 

changes in frequency. However, it is difficult to detect the mass of atoms or small molecules, and it 

cannot be used on non-uniform and non-smooth surfaces or interfaces. SFA measures the surface-

surface adhesion energy directly and obtains the thickness of the material on the substrate at the same 

time. Nevertheless, as the material is applied to the surface, it is vulnerable to contamination like the 

adsorption of unwanted particles. 

 In addition, the characteristics of common non-covalent interactions in biopolymers are identified in 

chapter 1. The most representative interaction is the van der Waals force, which is a long-distance 

interaction and caused by an electric dipole moment change in the molecules. The force is influenced 

by the Hamaker constant, which depends on the properties of the molecules (e.g., dielectric constant, 

refractive index, and ionization potential). A long-distance force other than the van der Waals force is 

the electrostatic interaction. It is induced by the charge of the particles and balance of the electric 

double ionic layer. In aqueous solutions, water molecules surround the surface of the molecule, 

forming a hydration shell. It occurs more likely on hydrophilic groups or surfaces. While the opposite 

tendency can be observed on hydrophobic groups or surfaces, which means the water contact angle 

increases with increasing hydrophobicity. Steric force is generated as the distance between two 

molecules gets smaller. The exact distance dependence of the force is not known, but the decay is 

found to be 1/D
12

. Hydrogen bonding is an interaction between hydrogen atoms that binds covalently 

to electronegative atoms (F, O, and N). It is stronger than dispersion and dipole-dipole forces, but 

weaker than covalent and ionic bonding. Furthermore, hydrogen bonding interaction is one of the 

main interactions that determine the structure of the biopolymer.  

 In chapter 2, the interaction mechanisms between genetically engineered M13 bacteriophage (DSPH 

phage) and functional groups (carboxyl, hydroxyl, amine, methyl, and phenyl) were quantified using 

SFA according to pH conditions. As a result, it was confirmed that the DSPH phage has the highest 

adhesion energy with the phenyl group by π-π and hydrophobic interactions in acidic environment. On 

the other hand, it showed the lowest adhesion energy with the carboxyl group, indicating that the 

hydrogen bonding interactions remained relatively weak. Based on the results, DSPH phage-SWCNT 

complexes were formed at three pH conditions (pH 3.0, 5.0, and 8.0). Hence, the phage interacts 
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strongly with single walled carbon nanotubes (SWCNTs) through electrostatic, hydrophobic, and π-π 

interactions under acidic condition. Therefore, it suggests that histidine and proline on the DSPH 

phage induce strong molecular interactions between the phage and SWCNT through π-π and 

hydrophobic interactions. Furthermore, it is experimentally demonstrated that the DSPH-SWCNT 

complex can be stabilized at high pH through electrostatic and hydration repulsion. 

 In chapter 3, the adhesion energy of the DSPHTELP peptide sequence, which is the peptide 

sequence of the pVIII protein in the DSPH phage used in chapter 2, was identified and quantified. The 

adhesion energy of the peptide is compared to the DSPH phage to analyze the possibility of replacing 

the phage. Triethoxysilane capped peptide was introduced to bind peptide evenly to the mica substrate, 

and the adhesion energy was measured with carboxylic, methyl, and phenyl groups at pH 3.0. The 

hydrogen bonding interaction was weak like the DSPH phage, but hydrophobic interaction is the 

strongest unlike the DSPH phage, which has π-interaction as its strongest. The adhesion energy 

caused by π-interaction of the peptide is weaker than the that of the DSPH phage. Hence, it is 

indirectly confirmed that the proteins on the DSPH phage, other than the pVIII protein, were 

concerned in the interaction mechanisms of the DSPH phage. The effects of structural differences 

between the multilayer of the phage on mica and monolayer form of the peptide were also identified. 

Since CNTs can be combined via hydrophobic and π-interaction, the amino acid composition of the 

peptide used in this work provide the direction and requirements of the peptide sequence for non-

covalently functionalized CNTs. 
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