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Graphene, a typical two—dimensional material, has excellent electronic properties and high specific
surface area, and can sense minute environmental changes by controlling its conductivity. Therefore,
graphene is expected to be applied as an active electrode material in field-effect transistor (GFET)-—
type biosensors. Transistor-based graphene biosensors exhibit higher sensitivity than conventional
biosensing platforms such as surface plasmon resonance and quartz crystal microbalance, but it is
still difficult to simultaneously achieve selectivity for any target molecule. Therefore, the
immobilization of bio—probes on these biosensors is an essential element to functionalize the
interface and selectively detect specific target molecules. Non—covalent functionalization or
physical adsorption of bio—probes has been widely accepted as a graphene functionalization method
for biosensing, but there are challenges in maintaining activity and selectivity depending on probe
orientation and position. Therefore, self-assembling peptides were identified as new candidates for
molecular scaffolds to immobilize bio—probes on graphene surfaces. Peptides were found to recognize
the crystalline structure of graphene and spontaneously form a uniform monolayer of thick film with
crystalline properties. The property of peptides to self-assemble into ordered structures on graphene
surfaces has recently attracted much attention as a highly efficient molecular scaffold for graphene
biosensors. Moreover, these self-assembled structures are known to be very stable at electrochemical
interfaces

In previous studies, self-assembling peptides have been treated as homogeneous and invariant
structures, and their electrical signal output is proportional to the amount of adsorbed substance.
It is certain that peptides have a local structure and change their interfacial environment as they
adsorb target molecules. For example, the distribution of ions on the peptide surface changes, the
structure of the bio—probe changes with molecule adsorption, and other factors are possible. Thus

the state of the ionic and molecular structures at the interface is very key to the signal
transduction of the sensor, but there has been no research to understand their structures at the
molecular level and their electronic interactions with graphene in a comprehensive manner.

The purpose of this doctoral thesis was to propose a new theory linking the structure and function
of peptides at the signal transduction interface and to demonstrate the sensor function to further
improve the sensitivity and selectivity of graphene biosensors. By integrating the above four
technologies, ultra—high-resolution surface measurement, molecular dynamics simulation, transistor
precision electrical measurement, and signal processing by multivariate analysis, we attempted to
understand the signal transduction mechanism of the interface at the molecular level and to evaluate
the molecular detection ability of the transistor—-based biosensor using self-assembled peptides as
a molecular scaffold. We also attempted to evaluate the molecular detection ability of transistor—
based biosensors using self-assembling peptides as molecular scaffolds.

In Chapter 2, we attempted to understand the molecular crystal structure of the interface and its
function at the single molecule level. Rationally designed peptides spontaneously form ordered
structures at the electrode interface, which can be modulated by the amino acid sequence design. It
has also been shown in previous studies that differences in the amino acid sequence modulate the
electronic interactions. This chapter consists of the following four sections. First, the structure
of peptides is observed at the single molecule scale by using the super—resolution surface
observation technique. Next, based on the obtained structural information, MD calculations are
performed to obtain time—averaged information on intermolecular interactions and orientations.
Subsequently, we investigate the effect of peptide adsorption on the electrical conduction properties
of graphene using GFET. Finally, classical electrochemical models are used to reproduce the measured
data to better understand the electrochemical parameters that determine the sensor function. By

combining these techniques, our goal is to elucidate the correlation between structure and function




and to understand the signal transduction mechanism. As a result, we have succeeded in observing
the self-assembled structure of peptides at the single molecule level in liquid. Furthermore, MD
calculations based on the structure revealed that there is a correlation between the orientation of
the charged functional groups and the charge response of the peptide membrane

In Chapter 3, we design a molecular scaffold based on the peptide sequences in Chapter 2, and verify
its function as a biosensor using bio—probes. First, we observe the uniform and stable molecular
membrane formed by the self-assembly of the designed peptide molecular scaffolds and confirm its
structure. Then, we measure the changes in the electrical properties of graphene due to the formation
of the peptide crystal structure and confirm that the sensor function is sufficiently secured. As
a result, it is found that the designed GFETs modified with the peptide films have high sensitivity
on the order of pM to the target molecules. In addition, we measured the dynamics of electrical
conductivity during adsorption and desorption of odorant molecules with three different odorant
molecules and performed principal component analysis using the quantity representing the shape of
the signal as an input parameter. As a result, it was revealed that the discriminative ability
against various odor molecules can be controlled by changing the amino acid sequence of the bio—
probe.

% @ BSCEEIEL. 3L 2000 52 & 330 300 34 1O M T 20, b L<IFHEL 800 354 1 fifRH L T 723 vy,
Note : Thesis Summary should be submitted in either a copy of 2000 Japanese Characters and 300 Words (English) or 1copy of 800
Words (English).

R  RSUERE, RLKRV—FURTN (T2R)ICTAU H— Ry MARSNET O T, AR FEERFH O TERL TTES0,
Attention: Thesis Summary will be published on Tokyo Tech Research Repository Website (T2R2).



