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– Abstract – 
 

 

This doctoral thesis entitled “Dynamic formation of bioelectronic interfaces by self-

organized peptides and 2D materials” describes the effect of electrochemically biased 

environment on the behavior of self-organized peptides on two-dimensional (2D) nano-

materials and development of a new bio-sensing platform to investigate the local molecular 

events at the interface between pseudo-biological environment and electronic semiconductor.  

 

Boundaries between living systems and artificial systems, especially electronic devices are 

regarded as bioelectronic interfaces. One of long-standing scientists’ dreams in this research 

field is realization of bidirectional flow of biological signals by bridging the interface between 

electronic device and bio-modules such as functional proteins and living cells, where not only 

small molecules but also ions play significant roles. To date, primitive but successful 

demonstrations have been reported as exemplified by neuronal field-effect transistor devices 

and a variety of bio-sensing devices which have functional biomolecules responding to bio-

related substances. In reality, surfaces of living cells are decorated with various type of 

functional molecules such as membrane proteins, and the functionalities and surrounding ionic 

environments do not have uniform geometry, which may be attributed to efficient cell-cell 

communications. Besides, such ionically uniform space may offer undulated two-dimensional 

ionic distribution which is difficult to be understood from the viewpoint of the traditional 

electrochemical double layer. However, despite the growing significances, there is still lack of 

the methodology to investigate the biological surface phenomena from the electronic point of 

view. To shed light on this topic, a bioelectronic model for pseudo-biological environment has 

developed, and using optical poperies of the 2D nano-material, ionic behavior and interactions 

between ions and the self-organized peptides at the interface have been investigated. 

 

Firstly, the surface charge effect on surface behaviors of the self-organized peptide is 

discussed in chapter 2. The self-organized peptides have ability to form coherently ordered 

structure on various electronic materials surface and the coherent characteristics have been 

expected to act as molecular scaffolds for functional molecules on the device surface and also 

to offer a platform to study the effect of surface charges (potential) to the surface biomolecules.  

The first question toward understanding the bioelectronic interface is how the surface 

biomolecules behaves under the electrochemical bias and how much their organized structure 

is perturbed. To answer these questions here, an electrochemical cell composed of highly-

oriented pyrolytic graphite (HOPG) and graphite-binding peptides (GrBPs) was made. Using 

this electrochemical cell, the self-organized structure under various electrochemical bias in 

water were investigated by atomic force microscope (AFM). The correlation between the 

amino-acids sequence of peptides and structural stability of organized mono-layer against 

applied electrochemical bias and also the effect of local pH on the peptide-organized structure 

are described. 

Secondly, photoluminescence behavior of molybdenum disulfide (MoS2) under pH-biased 

aqueous solution is described in chapter 3. MoS2 is one of attractive layered materials, which 

belongs to a class of transition metal chalcogenide (TMD). Single layer MoS2 has prominent 
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properties arising from the semi-conductive nature, e.g., strong photoluminescence (PL) and 

tunable electronic conductivity with a field effect transistor (FET) configuration. Large area 

crystal of MoS2 and the PL behavior can be used for the spatial visualization of the complex 

behavior of the bioelectronic interfaces. However, compared to the FET-type MoS2 application, 

optical sensing under aqueous condition application has not been demonstrated although MoS2 

has several advantages such as high sensitivity of optical behavior of MoS2 to surrounding 

solvent and molecular adsorptions. The second questions here are how PL of MoS2 is 

modulated and how MoS2 PL response can be affected by surrounding ions. To address these 

questions, MoS2 PL behavior was investigated by in situ PL measurement. The results revealed 

a large PL modulation by surrounding pH condition. The origin of this pH response was 

systematically studied with various types of MoS2 using X-ray photoelectron spectroscopy and 

electron density analysis by PL measurements and a FET device.  

Finally, using an electrochemical cell consisting of MoS2 optical sensor and a gate 

electrode, time-dependent PL behaviors under various electrolyte solutions are investigated. 

PL was modulated with electrochemical pulse wave modulation. The modulated PL showed 

anomalously long decay behaviors, which is two or three orders of magnitude larger than the 

typical duration of the formation of electrical double layer, and the decay time constants were 

evaluated under aqueous solutions. Functionalization of MoS2 surface with self-organized 

peptides largely affected the decay response to ions. These PL responses and the effects of 

biomolecular functionalization are described in chapter 4. 
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CHAPETR 1. General Introduction 
 

1.1 Bioelectronic interfaces 
 

Bridging the boundary between artificial materials (machinery) world and living 

organism world is one of the most fascinating topics for mankind, not only for scientists. The 

ideas such as communicating living organisms and developing artificial organisms have been 

recognized for a long time and widely prevailed. Interestingly, such ideas have been found 

even in fictional characters, including Golem and Frankenstein.1 What is important for this is 

realization of bidirectional flow of information between living world and artificial materials 

world. The place where the two-way communications occur can be defined as a “bioelectronic 

interface”. To date, utilizing inorganic electronic materials, scientists have been trying to 

realize such communications through electron current, electric fields, and so forth. In the early 

stage of the realization of the vision, relatively large silicon field-effect transistor (Si-FET) 

devices have been employed to monitor neuronal activity of cells (Figure 1).2,3 They have 

successfully demonstrated mono-directional flow of a biological information, a signal-read out 

from a living cell using a man-made device. Such a man-made device reading a signal, flow of 

ions/molecules is usually called a bio-sensing device. 

 

 

 
 
Figure 1. Schematics of neuron-Si FET junction, single action potential measured by a Si FET 

source-drain current, and electron microscope image a neural cell and a FET device. These 

figures are reprinted from ref. 2 with permission from AAAS.  

 

 

 

After a while, the rise of nanotubes and nanowires structure such as carbon nanotube 

and Si nanowire and the establishment of the production methods have encouraged scientists 

to develop noble bioelectronic interfaces. 4 ,5 ,6  Such low dimensional materials have high 

surface-to-volume ratios, which enables high sensitivity compared to the traditional large 

planar devices, such as single molecular sensitivity. Recently, another type of electronic 

material with low dimensionality, i.e., graphene has appeared. Graphene consists of a single-

atomic-layer of sp2-bonded carbon atoms, and the physical properties of graphene electronic 

device have been intensively investigated.78 Graphene devices, of course, have been subjected 
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to the bioelectronic fields. Scientists have demonstrated molecular/ion detection and also 

measured a signal produced by cells.9,10,11,12 Reference 11 evaluated the utility of the graphene 

FET device and concluded that the graphene device has similar sensitivity to that of one-

dimensional materials (Figure 2-(a)). Interestingly, in reference 11, they recorded cell signals 

using graphene FET array and found that the graphene FET array showed a variety of signal 

patterns (Figure 2-(b)). This can be attributed to the variation in the junctions formed between 

cells and graphene due to the existence of spatially dispersed membrane proteins and contact 

points onto the surface. This observation implicates that real bioelectronic interface offers 

undulated environments in terms of cell structure and molecular/ionic flow. In particular, the 

latter one such as the flow of chemical mediators/ions released from cells is considered to 

involve in the cell-cell communications. At such complex interfaces, the ionic distribution or 

kinetic behavior may be affected by not only charged device surfaces but also highly hydrated 

biomolecules/cells and may not follow the traditional electrochemical double layers such as 

Helmholtz model, Gouy-Chapman model, and Stern model, which have been believed by 

electrochemists and described typically as one-dimensional picture (Figure 3).13,14 The local 

interfacial electrochemical behaviors are worth in-depth research from both fundamental and 

application points of view. To date, various method including optical approaches such as X-

ray/non-linear optics sum-frequency generation and probe microscopic technique, have been 

employed to study water molecules and ions at liquid/solid interfaces.15,16,17 However, despite 

the primitive successes, the surface-specific tools to investigate the molecular/ionic behaviors 

at the bioelectric interface are still limited such as Raman spectroscopy and plasmonic imaging 

due to the spatial confinement.18,19  

 

 

 
 

Figure 2. Graphene FET devices measuring cell signals. (a) compares the utility of nanowire-

based FET and graphene FET and shows biphasic signal recordings by graphene FET. 

Reprinted with permission from ref. 11. Copyright 2011 American Chemical Society. (b) 

shows cell signals recorded by a graphene FET array. Reprinted with permission from ref. 12 

Copyright 2012 Wiley. 
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Figure 3. (a) Schematic illustration of electrochemical double layers according to Helmholtz 

model, Gouy-Chapman, and Stern models. Reproduced from Ref. 13 with permission from the 

Royal Society of Chemistry. (b) Schematics of the ionic distributions at the bioelectric 

interfaces formed with surface biomolecules and cells. 

 
 
 

As for the opposite flow of biological information, one of promising approaches is 

utilizing intrinsic biological functionalities such as membrane proteins and enzymes.20 The 

First step in this field is how to catch the functional bio-modules in action on the electronic 

device surface since sometimes hydrophobic nature of the nanomaterials induces protein 

denaturing. A practical way to construct the bio-modules on the surface of the electronic 

materials in a more natural manner is protein-conjugation via lipid membrane as proposed by 

Steinhoff and co-workers in early 2000s.21 Recently, the several types of protein-conjugation 

on the nanomaterials such as Si nanowires and graphene have been demonstrated by many 

researchers successfully. 22 , 23 , 24 , 25  Despite these initial successes, there still seem to be 

tremendous steps toward efficient control of the bio-modules as living systems always do. To 

facilitate the bridging between the biological world and the artificial, the surface phenomena 

should be understood further from the fundamental aspects. 

 

 

1.2 Focus of this thesis 
 

In this thesis, to understand the complex behavior of the bioelectronic interface from 

the viewpoint of electronic coupling between the device and biomolecules, I have developed 

model bioelectronic interfaces consisting of self-organized peptides and recently emerging 2D 

nanomaterials (Figure 4).  

Proteins/enzymes are often utilized to functionalize the electronic device surfaces to 

establish directed-flow of information from biological world. Although such functional macro-

biomolecules have very fascinating properties, there are still several difficulties in controlling 

surface orientation and functions, which may make the situation more difficult to be understood. 

In stark contrast, the recently developed self-organized peptides are considered to have 

coherently organized surface structure ideally, which enables efficient exploration of the 

electronic (surface) effect from the device to the bio-modules. In chapter 2, by employing an 
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electrochemical cell consisting of the self-organized peptides and a graphite electrode, surface 

structures formed by the self-organized peptides are investigated under electrochemical biases. 

To study the reversely-directed effect from the bio-modules and surroundings to the 

device, optical properties of the 2D material has been employed. In chapter 3, optical responses 

of molybdenum disulfide under electrolyte solutions are explored. Chapter 4 also describes 

optical responses to aqueous ionic environments. In this chapter, an electrochemical cell with 

molybdenum disulfide is developed and optical responses to ions/water are discussed from a 

kinetic aspect under electrochemical biases. Besides, effects of self-organized peptide layer on 

the optical responses are debated. The details about the self-organized peptides and the 

emerging 2D nanomaterials are described below. 

 

 

 

 
 

Figure 4. Schematic illustration of the bioelectronic interface consisting of the self-organized 

peptides and the 2D nanomaterial with a device configuration. The blue and red arrows indicate 

the bidirectional communications between the bio-modules and electronic/excitonic 

quasiparticles. 
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1.3 Self-organized peptides on a solid surface 

 

There is a long and rich research history of the bio-molecular self-assembly, which 

mainly describes “soft” supramolecular structures in a solution phase, including vesicles and 

micelles formed by lipid molecular layer, DNA complexation, and also macroscopic structure 

formation by anisotropic interaction between proteins toward understanding how living 

organisms appear and perform complex functions. 26  At the same time, people have been 

gaining inspiration for the design and the functions of biomolecules from nature, which has 

been creating a variety of hybrid smart structure of the living organisms (Figure 5).27,28,29  In 

these examples, the nature takes advantages of not only the anisotropic feature of the 

biomolecular assembly but also hard characteristics of inorganic materials to create mesoscopic 

to macroscopic objects. These “hard” assemblies (organizations) have been intensively studied 

in the field of biomimetics. 

 

 

 
 
Figure 5.  Electron microscopic images showing the examples of biologically created complex 

structure consisting of soft biomolecules and hard inorganic materials. Reprinted by permission 

from ref. 29. 
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Among the “hard” self-assembly (organization), self-organization behaviors of proteins 

on a solid have been attracting much attention since the discovery of the formation of self-

organized structure with amyloid beta proteins (A) by Kowalewski and Holtzman in 1999 

(Figure 6).30 They expected that some proteins undergo structural conversion from water-

soluble  (alpha)-helix species to insoluble  (beta)-sheet species in a biological condition at 

some point and that the conversion induce the undesired protein aggregation, which may be 

attributed to the cause of diseases such as Alzheimer’s disease and Huntington’s disease.31,32,33 

On this hypothesis, using in-situ atomic force microscope (AFM) measurement, they 

investigated structural conversion of A induced by a solid surface and found the A formed 

highly ordered surface structure reflecting a six-fold symmetric feature of the surfaces, mica 

and highly ordered pyrolytic graphite (HOPG). 

 

 

 

 
 

Figure 6. The amino acid sequence of A protein and AFM images of the self-organized 

structure on graphite surface.30 Copyright 1999 National Academy of Sciences. 

 

 

 

After the demonstration of the self-organization behavior of the A protein, to further 

understand correlations between amino acid sequence and the organization behavior, various 

peptides and proteins have been subjected. 34 ,35 ,36  In particular, GAV-9 peptide having a 

hydrophobic amino-acid sequence of VGGAVVAGV with an amidated C-terminus is one of 

the most studied self-organized peptides.36,37 This amyloid-like hydrophobic peptide showed 

highly-ordered nano-wires in three preferential orientation at 120° to each other. The feature 
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of the organization structure was affected by the hydrophilicity of the substrates. While the 

hydrophilic surface (mica) offered “up-right” orientation of the peptides, the peptides formed 

“edge-on” orientation on the hydrophobic substrate (HOPG) as shown in Figure 7. This 

orientation behavior can be understood in terms of the hydrophobic interactions between the 

peptide and the substrates. 

 

 

 
 

Figure 7. Schematic representation of GAV-9 peptide and its self-organization on HOPG and 

Mica substrates, and AFM image of the organization behavior on HOPG. Reprinted from ref. 

36. Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 

In the last decade, aiming to develop nano-bioelectronic devices based on the self-

organized peptides, people made considerable strides on the peptides’ organization on 

graphite/graphene, which can be a promising base material for the electronic/electrochemical 

applications. 38 , 39 , 40 , 41 , 42  The behavior of these peptides on solid surfaces has also been 

investigated theoretically using computational modeling.43,44,45 While many peptides have 

been developed the self-organized peptides de novo (from scratch) or inspired by naturally 

occurring proteins, graphite binding peptides (GrBPs) have been selected by a phage-display 

method. The amino-acid sequence and the self-organization behaviors of the original GrBP 

(GrBP-WT) are shown in Figure 8. The GrBP-WT is also able to self-organize into the highly-

ordered surface structure as other peptides can. The self-organized layer usually shows around 

1nm-thickness, indicating the mono-molecular layer. This peptide has 12 amino acids in their 

sequence, which can be categorized into three parts: (i) hydrophobic part (IMV), (ii) 

hydrophilic part (TESSD), and (iii) aromatic-rich part (YSSY). It was found that these domains 

play important roles in the organization behavior. A modification of the amino acid sequence 

in the aromatic-rich part, e.g., from tyrosine to alanine, weakened the binding affinity to the 

surface, which can be explained by lack of major binding interaction, π-π interaction. 

Interestingly, a substitution of the hydrophobic amino acids with hydrophilic amino acids cause 

disorganization of the surface structure. From this observation, it can be concluded that the 

amphiphilic module consisting of domain (i) and (ii) is indispensable for the formation of the 

well-organized structure.  
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Figure 8. Amino acid sequence of the GrBP wild type and its self-organization behavior on 

graphite surface. Reprinted with permission from ref. 38. Copyright 2013 American Chemical 

Society. 

 
 

Recently, modulation of electrical properties of graphene by the self-organized peptides 

has been demonstrated with a field effect transistor (FET) device configuration.46,47 They 

decorated the surface of a graphene FET with biotinylated GrBP and demonstrated detection 

of a target protein via a specific interaction between biotin and streptavidin as a resistance 

decrease in between two electrodes (Figure 9). Although many demonstrations on FET type 

sensing of biomolecular binding have been performed, the mechanism of the detection is still 

under debate.48 Among several suggested mechanisms, two effects such as electrostatic gating 

and Schottky barrier effects are considered to be dominant.49 In a similar way, it was found 

that the self-organized layer of GrBP itself affected the electrical conductivity of a graphene 

FET (Figure 10). The electrical conductivity can be modulated by a gate applied voltage. After 

the formation of the peptide-organized layer on it, the conductivity modulation showed two 

distinct peaks, namely W-shape response, different from the original V-shape response to the 

gate voltage. The gate response was largely affected by a surface coverage of the peptide layer. 

As the coverage increased, As the coverage increased, the ordered domain became larger. 

Along with an increase in the ordered domain, the W-shape response gradually diminished, 

and the gate response showed the V-shape response finally with a large peak shift, which 

indicates negatively-charged peptide caused hole-doing into the graphene. This observation 

has important implication that the organized structure by GrBP on the device does not impair 

the intrinsic electronic properties. 
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Figure 9. Schematic illustration of GrBP-coated FET device and demonstration of protein-

detection via specific binding with ligand-modified GrBP. Reprinted from ref. 46. Copyright 

2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 
 

Figure 10.  illustration of the formation of the self-organized layer of GrBP on a surface of a 

graphene FET device and modulation of electrical conductivity of the graphene device. 47 
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Interestingly, by applying amino acid variation in the sequence, GrBP variants can form 

the organized structure even on other two-dimensional (2D) layer materials such as 

molybdenum disulfide (MoS2), tungsten diselenide (WSe2), boron nitride (BN), and so forth 

(Figure 11-(a)).47 More recently, it has been reported that other type of peptides also forms the 

organized structure on the MoS2 surface.50,51 One of the MoS2 binding peptides, MoSBP1 

formed highly organized surface structure, which is confirmed by in situ AFM (Figure 11-(b)). 

To date, the spectrum of the self-organized peptide layer has been extending in wide range of 

two-dimensional materials including, metal, semi-metal, semiconductor, and insulator, which 

offer great opportunities for the formation of versatile platform toward the future bio-

electronics. 

 

 
 

 
 

Figure 11. (a, b) AFM images of a variety of solid binding peptides having the self-

organization capability, GrBP series (a)47 and MoSBP1 (b). These figures are reprinted from 

ref. 51 with permission from AAAS. 
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1.4 Two dimensional layered materials 

 

Ultra-thin 2D materials have been gaining much attention as post-Si devices due to their 

unique-optoelectronic properties and also feasibility in fabricating complex structure with a 

large area compared to 1D nano-materials.52,53,54 A boom in the field of 2D layered materials 

have started from the first isolation of graphene, monolayer counterpart of graphite, and 

following findings of a family of 2D materials, which can also be isolated by the tape-

exfoliation method. 55 , 56  The isolated these monolayer materials exhibit extraordinarily 

different properties from those of the bulk counterparts. Among them, MoS2, one of the 

transition metal dichalcogenides (TMDs), has been regarded as the flagship material beyond 

graphene. The bulk MoS2 is an indirect bandgap material with a band gap of 1.29 eV, and 

having a build-up structure comprising of three atom layers of S-Mo-S via weak van der Waals 

interaction.57,58,59 (Figure 12-(a,b)). Very interestingly, when reducing the number of layers, 

MoS2 underwent indirect-to-direct-bandgap crossover gradually due to perpendicular quantum 

confinement, and single-layer (SL)- MoS2 exhibited pronounced photoluminescence (PL) upon 

light excitation (Figure 12-(c,d)).60,61,62,63 In the case of few-layer, MoS2 showed weak PL 

attributed to indirect bandgap transition in the range of 1.4-1.6 eV.  

 

 

 
 

Figure 12. (a, b) Schematic illustration of typical MoS2 layer structure form side (a) and from 

top (b). Reprinted with permission from ref. 58 and 59, respectively. (c) Calculated layer-

dependent band structures of MoS2. Reprinted with permission from ref. 60. Copyright 2010 

American Chemical Society. (d) PL spectra of MoS2 with different layer thickness. Reprinted 

with permission from ref. 61. Copyright 2010 by the American Physical Society. 
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Due to the bandgap and relatively high carrier mobility, semiconducting 2D materials 

have gained increasing attention as promising channel part for FET device, phototransistor, 

and photodetector since successful demonstrations with SL-MoS2.58, 64 , 65 , 66 , 67  Since the 

emergence of such sensitive FET device with new generation 2D materials beyond graphene, 

MoS2 FET device have been intensively employed for biomolecular detection toward 

bioelectronic applications due to the sensitive electronic nature as well as biocompatibility 

(Figure 13).68,69,70 In reference 68, they fabricated a MoS2 FET and modified the surface with 

dielectric oxide layer. Firstly, they demonstrated pH-sensing based on the 

protonation/deprotonation mechanism of hydroxy groups on the gate dielectric layer, 

modulation of the surface charge depending on the pH in electrolyte solutions. Further surface 

modification with biotin probe via silane coupling and well-known biotin-avidin interaction 

enabled the detection of the target protein in an efficient manner. At the solution pH below the 

isoelectric point (PI) where molecule has net neutral charges, avidin was negatively-charged, 

and the current between the source/drain electrodes decreased. On the other hand, the binding 

of avidin at the solution pH above the PI value increased the current. These changes were 

attributed to shifts of threshold voltage of the transistor, which is consistent with the charge-

nature of the protein. In the case of reference 69, they immobilized probe molecules directly 

on the MoS2 surface to reduce a special distance between MoS2 and charged biomolecules 

since screening of the biomolecules by the ionic environment can deteriorate the device 

sensitivity.71 They also demonstrated biomolecular detections via antigen/antibody interaction. 

These works are successful examples of the detection of the interaction between biomolecules 

and the electronic materials although still the mechanism is under discussion.72 

 

 

 
 

Figure 13. Biosensing MoS2 FET device and current modulation by protein adsorption. 

Reprinted with permission from ref. 68. Copyright 2014 American Chemical Society. 
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Aside from the sensitive electronic applications of TMDs, unique luminescence 

properties are also worth in-depth investigation. As mentioned above, SL-TMDs showed 

pronounced PL due to quantum mechanical confinement. The quantum confinement gives rise 

to tightly-bound excitons (a bound state of one electron and one hole, in other words, an 

electron-hole-pair) with extremely large binding energy, ranging from 200meV to 900meV, 

especially for SL-MoS2.73,74,75,76 This tight-binding phenomenon on the formation of excitons 

causes mismatching between the electronic bandgap and the optical bandgap which is usually 

consistent with the electronic bandgap.  The evidence of the excitonic effects in these ultrathin 

2D materials was provided by the experimental absorption spectrum with sharp resonance 

features as shown in (Figure 14-(a)).60,61 In the absence of the excitonic features, the absorption 

spectrum of 2D materials is generally characterized with a step-like function from the joint-

density-of-state function. 77  Besides, the confined effect further induces higher order of 

excitonic states such as trion (a bound state of two electrons and one hole, or one electron and 

two holes) (Figure 14-(b)).78,79 What is truly intriguing is that observation of the excitonic 

quasi-particles even at room temperature due to that much large binding energy compared to 

the thermal energy (kBT at room temperature) of 25.9 meV. This has been providing many 

possibilities of room-temperature excitonic applications and exploration of 2D physics in 

various fields. 

 

 

 
 

Figure 14. (a) Absorption spectrum of SL-MoS2 at 10 K. The blue line indicates the absorption 

spectrum in the absence of the excitonic feature. (b) Schematic illustration of the excitonic 

states of exciton and trion. Reprinted with permission from ref. 53.  

 

 

The stable excitonic quasiparticles at room temperature have driven many researchers 

to investigate interplays between exciton/trion and charge carriers to pave the way for 

controlling optical properties of TMDs, in particular, MoS2. These investigations revealed that 

the excitonic quasiparticles are highly sensitive to external environmental factors such as 

electric field, molecular adsorption, and surrounding dielectric materials due to the high 

surface-to-volume ratio.78,80,81,82 In reference 78, by inducing charged carrier into SL-MoS2 

with the application of the gate voltage, they found that another excitonic resonance appeared 
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having lower energy in the absorption spectrum under positive gate voltage (electron rich 

condition), and assigned the newly appeared resonance as the higher-order excitonic state, trion 

possessing a large binding energy (~20 meV). The experimentally obtained trion binding 

energy was compatible with estimated trion energy (~1/10 of exciton binding energy).83 The 

PL attributed to these excitonic states were affected by the carrier density (Figure 15-(a)). As 

increasing the carrier density in MoS2, the PL attributed to exciton was suppressed while the 

PL attributed to trion showed constant contribution over the range of the gate voltages, leading 

to the trion-dominant situation in the PL. Importantly, they also reported that the PL modulation 

was not observed at 10K where the dominant PL came from the pre-equilibrium state of exciton 

and trion and claimed that exciton PL originally excited from the trion state at the primary 

stage. In reference 80, they also achieved the PL modulation by chemical doping method as a 

substitute for using complex device structure such as FET configuration. The chemical doping 

is well known to modulate carrier density in the field of graphene.84,85 The idea is based on the 

charge-transfer between dopant molecules and the electronic materials to induce a shift in the 

Fermi level. In this paper, they demonstrated p-type doping with 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) and 

also n-type doping with nicotinamide adenine dinucleotide (NADH) on SL-MoS2 (Figure 15-

(b)). Upon adsorption of p-type chemical dopants, the PL attributed to exciton was largely 

enhanced whereas adsorption of n-type chemical dopant suppressed the PL contribution. 

Similarly to reference 78, the trionic PL intensity was unaltered regardless of increasing the 

number of chemical doping. Both two investigations successfully proved tunability of the 

excitonic and trionic PL in SL-MoS2.  

It is also reported that the PL of SL-MoS2 has substantial correlations with the 

surrounding solvents and dielectric environments. In reference 81, they investigated shifts in 

the PL energy under various solvents. The energy shift in the emission or the absorption by 

surrounding solvents is traditionally called “solvatochromism”, which have been widely 

studied for fluorophores, quantum-dot, and carbon-nanotube. 86 , 87 , 88  This effect, simply 

speaking, is arising from the difference of the solvent molecule arrangement around the target 

materials in the ground-state and the excited state, in other words, different interaction between 

solvent and the dipole moment of the target. The emission energy shift is generally evaluated 

with a relation, ∆E  –(e–g)[f(e)– f(n2)] where e and g are the polarizability of the excited 

state and the ground state, respectively, and f(x) = 2(x-1)/(2x+1) is the Onsager polarity 

function. 89  What they observed is that, as f(e)– f(n2) increased the PL emission showed 

redshifts, which indicates the excited state was more stabilized in polar solvents. However, in 

the case of halogenated solvents, the PL showed blueshifts and a large enhancement in the 

intensity. They claimed that this was attributed to p-type doping effect from the halogen. Also 

reference 82 described the solvent effect from the viewpoint of the dielectric screening as 

shown in Figure 15-(c). Similarly, they investigated the excitonic PL behavior of SL-MoS2 

prepared from chemical vapor deposition against various organic solvents. To avoid the doping 

effects, non-ionic organic solvents such as methanol and toluene were utilized. They found that 

the PL showed blue shifts as a function of the dielectric constant of the solvent and that the 

trion/exciton intensity ratio was largely modulated. They claimed that this can be attributed to 

the dielectric screening of the Coulomb interactions either between electrons and holes or 
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among electrons. Both cases can give rise to modulation of the binding energy of excitons and 

trions or electronic bandgap structures. To explain this effect, they developed a scaling 

relationship between the extracted electronic band structure and the binding energy of exciton 

and trion, which showed good agreement with the idea. Interestingly, they also simulated the 

Coulomb potential distribution of the electron-hole pair in the dielectric/MoS2/dielectric 

structure and found that the Coulomb potential distribution was strongly screened by the 

environmental dielectrics. This dielectric screening may make the exciton Bohr radius smaller 

(MoS2 is predicted to have small Bohr radius of ~ 1nm due to the strong binding energy). 

Besides the bright excitonic PL, TMDs are also known to show inter-Valley (optically 

forbidden) dark excitons, which possibly work to reveal a finger print of adsorbed poar 

molecules.90 It is worth emphasizing that, as demonstrated by many researchers, the optical 

properties, strong light-matter interactions of MoS2 has a great potential to sense surface 

specific events and to reveal the spatial distribution of the event.  

 

 

 
 

Figure 15. (a) Electrostatic modulation of the excitonic states of SL-MoS2. Reprinted with 

permission from ref. 78. (b) PL modulation of SL-MoS2 by adsorbed p-type and n-type 

chemical dopants. Reprinted with permission from ref. 80. Copyright 2013 American Chemical 

Society. (c) PL spectra of SL-MoS2 under various organic solvents and Coulomb potential 

distributions of a pair of a positive charge and negative charge in the dielectric sandwiched 

structure. Reprinted with permission from ref. 82. Copyright 2014 American Chemical Society. 
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CHAPETR 2. An Electrochemical Approach to Control the Peptide Self-
Organization Behavior on a Graphite Surface 

 

2.1 Introduction 
 

 Functionalization of solid surfaces with proteins have been widely studied aiming to 

develop biofuel cells,1 biomedical devices for immunoassay,2 drug delivery,3 bio-sensors,4,5,6 

and protein arrays for proteomics.7 Among possible approaches, self-organization of proteins 

on solid surfaces is one of promising candidates for construction of well-designed versatile 

interfaces with tailored structures of proteins. Many proteins have been demonstrated to form 

ordered structures at the nanoscale.8  

As a substitute for using these complex proteins, peptides have recently gained much 

attention as convenient molecular building blocks for controlled formation of the 

functionalized interfaces. 9 , 10  Peptides selected by phage display method have been 

demonstrated to form self-organized structure on graphite, mica, and also gold.11,12,13,14,15  

Among them, graphite-binding peptides (GrBPs), which were originally selected by 

phage display method, have been intensively utilized to understand the long-range self-

organization behavior. Simple replacements of a couple of amino acids in the sequence cause 

major change for its binding and morphology in the peptide nanostructures, e.g., a confluent 

film, nanowires, and nano-islands, that subsequently form on the surface.15 By mutating the 

amino acid sequence, GrBPs gain the ability to form the self-organized structure on various 

two-dimensional nano-materials, such as graphene (semi-metal), BN (insulator), and also 

MoS2 (semi-conductor).16,17 These observations suggest that partial changes in the sequence 

affect the fundamental surface processes of the peptides, i.e., binding, diffusion, and 

interactions among the peptides, leading eventually to the formation of ordered structures.  

While modifications in amino acid sequence has offered fruitful information on the 

surface behavior of peptides as mentioned above, attempts to develop an external way to 

regulate the surface behavior of peptides have rarely been done. On the surface of electronic 

materials, an electrochemical control of the surface charge by an applied voltage appears to be 

a favorable way to control the behavior of the peptides. So far, many studies on protein 

adsorption controlled through the electrochemical approach have been done. 18,19 However, 

there is no experimental investigation for the electrochemical control of the long-range-ordered 

self-organization of proteins or peptides on atomically flat solid surfaces.  

In this chapter, the correlation of peptides sequences with their organization on the solid 

surface in the response on the electrochemically applied surface potential has been investigated, 

aiming to obtain a potential design rule for peptide-functionalized interface. In particular, the 

net charge of peptides and the position of the charged amino acids in the sequence, either in 

the intermolecular interaction domain or in the surface-binding domain, were examined to 

obtain better understanding on the surface behavior of peptides in forming ordered or 

disordered structures.  

 As illustrated in Figure 1, there are two important interactions during the process of 

peptide self-organization on the solid surface to be considered: (1) peptide/surface interaction 

(Ips) for binding and diffusion (regime I) and (2) peptide/peptide interaction on the surface 
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(Ipp) for aggregation or ordering (regime II). The above interactions presumably contain a 

combination of (i) long-range interactions, i.e., electrostatic forces and templating by the solid, 

and (ii) short-range interactions, i.e., van der Waals forces, salt bridges, and hydrogen bonding. 

The question here is how the surface potential affects these surface phenomena through the 

modulation of these interactions by mutating the peptide at specific positions in the sequence.  

 

 

 
 

Figure 1. Schematic illustration depicting possible interactions during the peptide self-

organization process on the solid surface. Regimes I and II show two main processes: (I) 

binding to the solid surface and (II) subsequent diffusion and ordering. 

 

 

 

2.2 Design of amino acid sequence of self-assembled peptides 
 

To address the question mentioned above, I synthesized several variants of GrBP5-WT 

as shown in Table 1. These peptides sequences were rationally designed as below. Both WT 

and M6 peptides are negatively charged in pure water (pH 7) according to expected pKa values 

of glutamic acid and aspartic acid. In the original sequence of WT peptide, two carboxylic acid 

side chains, glutamic acid, and aspartic acid are located in the middle of the peptide sequence. 

The domain containing carboxylic acids is expected to have dominant effects on interactions 

between neighboring peptides. In the sequence of M6 peptide, two acidic residues (negatively 

charged side chains) were moved in between the two tyrosine-aromatic residues near the C-

terminus. Since these tyrosines are attributed to strong binding to graphite surface via π-π 

interaction, I envision enhanced interactions between graphite surface and the charged amino 

acids in between tyrosines. M8 is a positive version of M6. In the sequence of M8 peptide, the 

two carboxylic acids in M6 were replaced with two basic arginine residues (positively charged 

side chains). In the case of M9 peptide, the two acidic residues in the WT peptide were replaced 

with their noncharged amide equivalents (glutamic acid to glutamine, aspartic acid to 

asparagine). Finally, in the N-WT sequence, one acidic residue was replaced with a basic 

residue (glutamic acid to lysine) to be a net-neutral zwitterionic peptide at neutral pH in water.  



 25 

Table 1. Amino acids sequence of self-organized peptides used in this work 

 

 
 

 

 

2.3 Peptide self-assembly under electrochemical bias and evaluation method of 

electrochemical effects on peptide self-assembly 
 

To investigate the electrochemical effect, a simple electrochemical cell was assembled 

with highly ordered pyrolytic graphite (HOPG) as the working electrode and a Pt wire as the 

counter electrode (Figure 2-(a)). The HOPG substrate (SPI-1) was purchased from the SPI 

supplies and cleaved before the usage to maintain a clean surface for peptide self-assembly. 

Peptide solution was prepared by dissolving a lyophilized peptide powder in Milli-Q water. 

First, a droplet of peptide solution (30 μL) was placed on the freshly cleaved HOPG substrate, 

and a Pt electrode was immediately inserted into the droplet. Then, a constant voltage was 

applied between the substrate and the Pt electrode via a potentiostat. The sample was incubated 

at room temperature for 1 hour under a humidified atmosphere to prevent the evaporation of 

the droplet. After incubation, the droplet was gently removed with nitrogen gas blow, and any 

remaining water was evaporated by continuous blowing with dry nitrogen gas for about 20 s.  

After the HOPG surface were dried up sufficiently, the morphological features of self-

organized peptides on the surface was characterized by atomic force microscopy (AFM). An 

electrochemical window was also investigated with HOPG/water/Pt system. Using cyclic 

voltammetry method, the current between the HOPG electrode and the Pt electrode remained 

±20 nA in the range of -1.0 to +0.5 V (Figure 2-(b)). In this range, the leak current through the 

solution was negligible so that this electrochemical interface possibly works as a capacitor. I 

used this electrochemical window to modulate the surface potential of the HOPG. 

 

 

Name
Amino acid (AA) sequence

MW
Net 

Charge1 2 3 4 5 6 7 8 9 10 11 12

GrBP5(WT) I M V T E S S D Y S S Y 1381.4 -2

GrBP5(M6) I M V T A S S A Y D D Y 1335.4 -2

GrBP5(M8) I M V T A S S A Y R R Y 1417.6 +2

GrBP5(M9) I M V T Q S S N Y S S Y 1379.5 0

Neutral-WT (N-WT) I M V T K S S D Y S S Y 1380.5 0
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Figure 2. (a) Experimental setup for the electrochemical control of peptide self-organization 

on the graphite electrode surface. The setup is composed of freshly cleaved HOPG, a 

potentiostat, and a Pt electrode. (b) Cyclic voltammogram of the HOPG/DI water/Pt system 

with a voltage sweep rate of 10 mV/s. 

 

 

2.4 Investigation on initial binding behavior of self-assembled peptides 
 

Before investigating effects of an electrochemical bias to the self-assembling behavior, 

first the self-organization of each peptide was examined by incubating peptide solution on 

HOPG for 1 hour without connecting the electrode with graphite (Open circuit condition, OC).  

To focus on initial binding of peptides to the graphite surface, I utilized a peptide solution with 

a low concentration of 0.1 μM to limit probable collisions in between peptides on the surface 

as much as possible.  

In the previous report,21 it was found that this low concentration allows the WT peptide 

to form isolated islands or clusters on the surface instead of the ordered nanostructures which 

can be formed at higher concentrations. AFM measurements of HOPG samples incubated in 

0.1 μM of WT, M6, M8, M9, and N-WT reveal surface coverages of 36, 14, 48, 23, and 17%, 

respectively (Figure 3). This indicates a significant effect of the peptide sequences on their 

binding affinity to the surface. Following the open circuit experiment, I performed the 

incubation of peptides with the Pt electrode at zero voltage (closed circuit). The surface 

structure of all self-organized peptides revealed similar morphological features to those 

obtained under OC conditions (Figure 3). The morphological similarities probably arise from 

their similar surface potentials in each case. The OC voltage of the Pt/water/HOPG system was 

−0.23 V, which is close to 0 V (Figure 4). 
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Figure 3. AFM images of the peptide organizations under open circuit (OC) and 0 V conditions 

with a peptide concentration of 0.1 μM in each case. AFM images were recorded under dry 

conditions after blowing with nitrogen. 

 

 

 
 

Figure 4. Time dependence of the open circuit voltage of the Pt/DI-water/HOPG system. 

 

 

It was found that, depending on the net charge in each peptide sequence, the peptides 

showed different response to applied voltages (Figure 5). Based on AFM measurements 

carried out with a low concentration of peptides solution, i.e., 0.1 μM, I derived the surface 

coverage of self-assembled peptides depending on the applied voltage and identified three 

different groups in the trend of the peptide surface coverage against the applied voltage in the 

range of −1.0 to 0.5 V (Figure 6).  While negatively charged peptides, e.g., WT and M6, 

monotonically increase their surface coverage, positively charged peptide (M8) decreases its 

surface coverage. The surface coverages of WT, M6, and M8 were modulated from 12, 6, and 

35% to 24, 24, and 15%, respectively, with the increase in the applied voltage from −1 V to 

+0.5 V.  

On the other hand, two neutral peptides, e.g., M9 and N-WT, show almost constant 

coverage throughout the range of the applied voltage. These results can be simply explained 
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by electrostatic attractive or repulsive forces between peptides and the surface, which can be 

proportionally varied with the change in the surface potential. The charged peptides can be 

largely affected by the surface potential through the electrostatic interaction with the surface, 

which leaded to the variation in the flux of peptides from the bulk solution to the surface. On 

the contrary, the net neutral peptides were not affected by the modulation of the surface 

potential. Interestingly, M9 peptide containing non-charged amino acids bearing amide moiety, 

displays similar morphological features over the applied voltages with an almost constant 

coverage. Although dot like amorphous structures were observed at a voltage of more than 0 

V, under 0V, M9 peptide tends to form linear nanowires. To form nanowires, i.e., long-range 

organized structures, peptides were required to diffuse on the surface sufficiently. The observed 

transition in the surface behavior from nanowire-formation to dot-formation indicated that 

peptide binding to the surface was strongly enhanced by increasing the surface potential more 

than 0 V. 
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Figure 5. AFM height images of peptide organization upon applying voltage from −1.0 to +0.5 

V at a low flux rate (low concentration of 0.1 μM). The color bar range of images is 3 nm. All 

AFM images were recorded under dry conditions. 
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Figure 6. These plots represent the surface coverage of self-organized peptides derived from 

dry-condition AFM images as a function of the applied voltage. 

 

 

 

2.5 Investigation on structural characteristics of self-organized peptides at the 

surface 
 

For further investigation into the peptides’ response to the applied bias in the 

morphological feature, a higher concentration (1.0 μM) of peptides was utilized. Focusing on 

the effect of charges in the sequence, negatively charged peptides (WT and M6) and positively 

charged peptide (M8) were studied here. In contrast to low-concentration (0.1 µM) experiments 

where peptide-peptide interactions via possible collisions among peptides were limited, I 

expected that intermolecular peptide-peptide interactions could have a more significant effect 

on the organization behavior with a higher concentration peptide solution. AFM observations, 

indeed, revealed more complex morphological features in response to the applied voltage than 

the ones with a low concentration peptide in the solution (Figure 7).  
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Figure 7. AFM images of self-organization behavior of the peptides at various applied voltages 

with a peptide concentration of 1 μM. The inset in each image is the FFT pattern corresponding 

to the assembly of the specific peptide under the bias shown. All AFM images were recorded 

under dry conditions. 

 

First, WT and M6 showed significant morphological differences regardless of the same 

net charge characteristic. In the range of −1.0 to −0.5 V, WT formed a dendritic structure. 

Although WT and M6 created well-ordered structures in the form of more straight, robust 

nanowires at 0 V, WT peptide lacked linear feature in the self-organized structure and displayed 

wavy structure at positive bias (more than 0V) instead. The M6 peptide, however, tends to form 

well-ordered structures through the voltage range used. 

The M8 peptide exhibited a significantly different morphological characteristics 

compared to those seen with the M6 peptide under these bias conditions. Although well-

ordered structures were seen at large negative bias such as −1 V, this surface structure 

underwent significant changes at −0.5 V bias, and the nanowire structure further broke down 

at 0 V, long-range order disappears. The peptide formed only disordered structure at +0.5 V.  
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These breakdown of the long-range organized structure of peptide is associated fast Fourier 

transforms in the insets.  

It is also interesting that the well-ordered domains have coarser feature in size, that is, 

the domains of M6 are wider and longer than those seen for M8 at -1V. The domain structure 

and the behavior of the long-range-ordered structures of M6 and M8 are understood by 

considering the affinity of the peptides for the surface involving electrostatic interaction, 

especially when the charged amino acids are in the binding domain. Because of electrostatic 

interactions, the increased flux of the peptides to the surface is likely to increase the nucleation 

density of the peptide clusters. Despite the fact that M6 and M8 have oppositely charged nature, 

the electrostatic force between peptides and the surface appears to be increased when an 

electrical bias is applied to HOPG. Furthermore, the peptide is not likely to diffuse on the 

surface, resulting in the formation of many domains with finer dimensions.  

The behavior of M9, the neutral peptide, is quite different from that of all of the other 

peptides, which have positive or negative charges, in the fact that the surface coverage is 

highest among all and the ordered structures with relatively smaller domains survive until the 

bias becomes positive. Contributions of both the flux of the peptide to the surface and its 

subsequent diffusion of the peptides on the surface result in a large surface coverage of the 

organized structure. When the positive bias is applied, the surface coverage is almost complete, 

but without the ordered structure. This may be because the peptides have less opportunity to 

diffuse, refold, and interact properly with neighboring peptides to form solid-induced ordering 

due to too large flux of peptides immobilized on the surface. 

The behavior of zwitterionic charge-neutral N-WT peptide is also characteristic. It is 

interesting that it never forms well-ordered structures on the surface and that the surface 

coverage is slightly increased over the bias range from −1 to 0 V.  When the sign of bias turns 

to positive, the surface coverage of N-WT reaches to a comparable value to the case of M9. N-

WT never shows ordered domains or linear structures but displays randomly oriented short 

wires and curved clusters. The formation of disordered structure by the N-WT peptides 

throughout the whole bias range may be attributed to the zwitterionic nature of the N-WT.  

This tendency has been found in the other type of zwitterionic peptides, which is 

experimentally selected as a gold-binding peptide, AuBP1. This dodecapeptide has also a 

zwitterionic nature in the sequence and does not have the ability to form ordered structures on 

a graphite surface (Figure 8). It is assumed that zwitterionic moieties tends to form 

intramolecular bond, which may reduce the possibility of intermolecular interaction essential 

to form the organized structure. 
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Figure 8. AFM images of self-organization behavior of the gold-binding peptides at various 

applied voltages with the peptide concentration of 1µM. 

 
It is important to reemphasize that the size of the ordered domains and the nanowires 

shows a characteristic tendency responding to the applied voltage in all cases, in particular, in 

the cases of M6 and M8. According to a general concept of surface molecular assembly, the 

size of molecular aggregates/clusters on a surface can be inversely increased to the flux rate of 

the adsorbates: a lower flux rate affords a larger domain/grain size.20 The observation for M6 

and M8 exactly follows this concept, which could result from the variation in the flux rate 

controlled by the applied bias.  

To the best of my knowledge, this is the first demonstration of controlling peptide self-

organization into long-range-ordered structures in an electrochemical manner. The 

electrochemical control of the flux rate can be useful in the formation of nanostructures by self-

assembled peptides, especially in forming long and thin well-ordered nanostructures on the 

electronic materials. 
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2.6 Investigation on surface coverage of self-organized peptides 
 

Next, I obtained the surface coverage of peptide nano-structures from AFM observation 

to evaluate the correlation of coverage vs applied voltage from the AFM observations. 

Obviously, the result with the high concentration did not show a monotonic modulation of 

coverage by the voltage in all cases (Figure 9).  

 

 
 

Figure 9. Plot of the surface coverage of each peptide vs the applied voltage at high 

concentration (1µM).  

 

Here, interestingly, according to the behavior of surface coverage in response to applied 

bias, these five peptides can be identified into three groups: (group i) WT, (group ii) M6 and 

M8, and (group iii) M9 and N-WT.  

The group (i) shows small variations in the coverage over the range of applied voltage. This is 

likely due to the reasons that the binding strengths and surface diffusion rates of the peptides 

do not change but the molecular interactions do change, leading to the differences only in their 

ordering behavior on the surface. While the group (ii) shows high coverage at large voltages 

(−1 and 0.5 V) but low coverage at small voltages (−0.5 and 0 V), the group (iii) shows an 

increase in coverage in the range of positive applied voltages. These tendencies can be closely 

correlated to the net charge of each peptide depending on their local pH in the vicinity of the 

graphite surface.  

Figure 10 shows a plot of the net charge of each peptide at different pH on the basis of 

the pKa value of each amino acid in the peptide sequence.18 The charge of the peptides with 

solution pH clearly shows that there are three types of behavior corresponding to the groups 

discussed above: negative, positive, and neutral peptides in the range of pH from 5 to 9. In our 

experiment, the peptide aqueous solution is under an equilibrium condition in air. Thus, the pH 

value of the bulk solution was most likely estimated to be 5.7 due to spontaneous absorption 

of CO2 into the aqueous solution. Because of the protonation or deprotonation of side chains 
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and termini, all of the peptides can change their net charges in response to the solution pH. The 

local pH on the graphite surface can be varied with the applied voltage through accumulation 

of charged ionic species to the surface. A previous work reported the local pH of water in the 

vicinity of a metal surface and proposed an equation, pH = 7 ± 7.83 V, where V is the voltage 

applied to the metal surface.21 On the basis of this, the local pH controlled in this work is 

roughly estimated to be from −1.73 to 11.4, which covers most of the range in Figure 10. The 

net charge probably affects both the intermolecular interaction among the peptides (Ipp) and 

the interactions between peptide and solid surface (Isp). 

 

 

 
 

Figure 10. Calculated net charge of peptides at various pH values on the basis of pKa value of 

each amino acid. 

 

 

Finally, to explain the morphological feature of the peptide organization and the 

coverage observed for each of the peptides over the range of applied voltages, Figure 11 is 

provided. The schematics shows my hypothesis on the interactions of the three categories of 

the peptides at various surface potentials.  
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Figure 11. Schematic illustration showing charge-states of peptides at various applied voltages. 

Red and blue arrows indicate intermolecular interactions between the peptides (Ipp) and the 

peptide/surface (Ips) interactions, respectively. 

 

 

Here, I focus on the kinetics of peptide self-organization on the HOPG surface. The 

coverage of peptides or the growth rate of the peptide nanostructures can be related to the 

relative values of Ipp and Isp, where, generally speaking, larger Ipp and Isp contribute to a 

higher coverage. The difference between groups (i) and (ii) can be explained by the position of 

charged amino acids. For the original WT, the first eight amino acids have an amphiphilic 

nature, and they have been considered to play an important role in the intermolecular 

interactions between peptides (Ipp), which leads to the long-range ordered structure of the 

peptides. On the basis of this concept, it is reasonable to assume that Ipp may be suppressed 

for the WT-peptides at high voltages as a result of a repulsive Coulombic force due to high net 

charges in peptide sequence induced by local pH modulation. Interestingly, WT is the only 

peptide that does not show a clear increase in coverage at high voltage. 

 On the other hand, M6 and M8 peptides have charged amino acids in the binding 

domain. Thus, these peptides are likely influenced in the Isp term, which is highly related to 

the final coverage, where the net charge varying with the local pH has repulsive or attractive 

force, respectively, on the graphite surface depending on the surface charge. At 0.5 V, the pH 

may reach the point where both tyrosines and the N-terminus can be deprotonated to induce 

negative charges. This charge regulation process probably causes too strong binding to the 

surface, resulting in a high coverage without linear well-ordered nanostructures.  
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Although peptides in group iii do not have a net positive or negative charge at pH7, the 

coverage increases at 0.5 V as well. It is worth mentioning that all of the peptides start losing 

their ability to form well-ordered structures at 1.0 V (Figure 12), although some (M8, M9, and 

N-WT) reach this at 0.5 V. This disorganization behavior may be caused by the hydrolysis of 

peptides under such a strong alkaline condition. In the discussion above, we considered the 

kinetics of the system without taking into accounts the possible variations of the local pH due 

to the existence of charged peptides on the surface. The local pH can vary self-consistently by 

the presence of the bound peptide nanostructures on the surface with a high coverage density. 

For further understanding, it will be necessary to establish a self-consistent computational 

approach in the future. 

 

 

 
 
Figure 12. AFM images of self-organization behavior of the peptides at the applied voltages 

of 1 V with the peptide concentration of 1 µM. 
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2.7 Conclusion 
 

In conclusion, the tuning of the morphological features of peptide self-organization on 

a graphite substrate has been successfully demonstrated by adjusting the electrochemically 

applied bias. At a low concentration of peptides in a solution (0.1 μM), the surface coverage of 

charged peptides (WT, M6, and M8) was monotonically modulated by the applied bias. On the 

other hand, Charge-neutral peptides (M9 and N-WT) were mostly unaffected to the applied 

voltage in the surface coverage. At a high concentration (1.0 μM), self-organized peptides 

formed well-ordered structures. The size of the peptide nanostructures has been controlled by 

the applied bias, probably resulting from the modulation of the flux rate of peptides by the 

surface potential of graphite, which has significant effects on both the surface nucleation rate 

and the growth rate. However, N-WT peptides with a zwitterionic nature exhibited only shorter 

featureless linear aggregates without the ability to form long-range ordered structures. To gain 

a deep insight into the surface process of peptides, further experimental and computational 

modeling studies at the molecular level will be required. The molecular conformation can be 

tightly correlated to the surface potential, which likely induces large changes in surface 

phenomena including the binding, diffusion, and self-organization of peptides into various 

nanostructures and their morphological feature. The electrochemical control presented here 

could allow one to design and construct peptide-based nanoscale biomolecular scaffolds on the 

graphite surface for future biosensing and bioelectronics applications.  

In this chapter, the effect of surface potential on the organization behavior was mainly 

discussed to gain the insight on how the electronic states of the substrate affects the bio-

molecular organization in an aqueous solution. In the following chapters, opto-electronic 

properties of MoS2 as a potential substrate of bio-sensing device will be discussed. 
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CHAPETR 3. Photoluminescence of MoS2 modified by pH and Ions in 
Aqueous Solutions for Potential Biological Sensing  
 

 

 

 

  
This chapter is not open because this chapter includes unpublished data. 
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CHAPETR 4. Anomalously Slow Optical Response of MoS2 to Various 
Electrolyte Solutions at the Bioelectronic Interfaces Revealed by 
Electrochemical Pulse Modulation of Photoluminescence 
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CHAPETR 5. Summary and Outlook 
 

In the present thesis, to understand the interaction between biomolecules and quasi-

particles, e.g., electron, hole, and electron-hole pair, which can be seen in optoelectronic 

materials under aqueous conditions, surface characteristics and optoelectronic properties of a 

system composed of self-organized peptides and two-dimensional layered materials has been 

investigated. 

In chapter 2, the modulation of peptide-self-assembling behavior on a graphitic surface 

has been demonstrated by applying electrochemical biases. The self-assembling behavior 

involves binding to a surface, diffusion, and organization processes on the surface. To 

investigate the electrochemical effects on the initial binding behavior of peptides, peptide self-

assembly was carried out using a low concentration peptide aqueous solution under various 

electrochemical biases. AFM measurement of the graphite surface revealed that, under these 

conditions, the surface coverage of charged peptides (WT, M6, and M8) was monotonically 

modulated along with the applied voltage. On the other hand, non-charged (net neutral) 

peptides (M9 and N-WT) were mostly insensitive to the electrochemical biases in terms of the 

surface coverage. To gain further insights on the organization behavior, self-organized 

structures grown with a high concentration peptide solution were investigated. The size and 

morphological features of peptide nanostructures were controlled by the design of amino acid 

sequence and the applied electrochemical bias, which was probably arising from the 

modulation of the peptide flux from bulk solution to the surface. The flux modulation by the 

electrochemical bias should have significances on both the nucleation and the growth of the 

nanostructures. The electrochemical control demonstrated here could allow one to design and 

construct peptide-based nanoscale biomolecular scaffolds on the graphite surface for future 

biosensing and bioelectronics applications. 

 

 

 

 

Investigation on the bioelectronic interfaces consisting of the self-organized peptides 

and 2D nano-materials from the point of view of peptides and electronic materials suggests the 

existence of unique surface phenomena involved with the complex interplay among water, ions 

and, biomolecules. These surface phenomena will play prominent roles in the rational 

construction of the functional surfaces and the understanding of that will pave the way for the 

development of new kind of optoelectronic devices.  

 

 

 

The chapter 3 is not open because this chapter includes unpublished 

data. 

The chapter 4 is not open because this chapter includes unpublished 

data. 


