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Summary

During three decades of research since its discovery, bacteriorhodopsin (bR)
has become one of the most attractive biomaterials with great potentials for
various bioelectronic applications. However, further improvement of its
photoelectric and bioelectric properties for practical applications still remains a
great challenge. This PhD research project investigates novel bR-based
assemblies, constructed with functional materials including nanomaterials and
polymers, to obtain enhanced photoelectric and bioelectric properties for
potential bioelectronic applications and explore the fundamental insights in

bioelectronics.

A poly-L-lysine (PLL)/bR-embedded purple membrane (bR-PM) multilayer
film was fabricated by the layer-by-layer (LbL) assembly technique. It was the
first time to use PLL as the assembler in LbL construction of bR-based film.
Various methods were employed to investigate the multilayer construction
process and the photocurrent generated from the PLL/bR-PM film, showing
that PLL is a better assembler in bR-based LbL assembly for enhanced
photoelectric performance in comparison to other polycations utilized as

assemblers previously. The enhancement mechanism was proposed.

Integration of a bR film with a multilayered WO3;°H,0
nanocrystals/polyvinyl alcohol (PVA) membrane was used to improve the

photoelectric response of bR. The photocurrent was significantly augmented with

xii
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the WO3*H,O/PVA membrane by about six fold than bR alone. The mechanism
for enhancement of the photoelectric response is very likely to be the spillover

effect of WO3*H,O nanoparticles that build a stronger local electric field.

The photocurrent of bR was changed from capacitive to stationary pattern
for the first time by construction of a hybrid bR/quantum dot (QD)
bionanocomposite. QDs in the bionanocomposite were discovered as
nanoscaled light sources embedded in the hybrid system to create a modified
photocycle for bR to generate the unusual stationary photocurrent. This study
opens a new horizon to employ bR bioelectronic properties for a possible bio

solar cell application.

The bio-originated dipole moment in bR was discovered to play an
indispensible role in bidirectional mediation of the electric transport in the
bottom-contact TiO, nanowires field effect transistor (FET) to significantly
improve the hole mobility by a factor of 2. The normalized Alp was shown to
decrease as the layer number of bR-PM modified on the FET increased,
suggesting the mediation of the additional electric field generated by the dipole

moment in bR-PM actually boosts the performance of the TiO, nanowires FET.

In a brief, this research project provides various engineering approaches to
improve the bR bioelectronic performance as well as investigates the
mechanisms to explore their scientific insights. The successful construction of a

number of novel bR-based assemblies demonstrates that smart bR biofilms can
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be created by proper incorporation of functional polymers and/or nanomaterials
to obtain enhanced photoelectric and bioelectric properties for various bR
bioelectronic applications. The mechanisms proposed for improved properties
of different bR-based biofilms also fundamentally reveal the interactions

between biomolecules and other materials.

Xiv
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Chapter 1 Introduction

As a fast blooming research area with a focus on the construction of
functional devices integrated by biomolecules and electronic elements (1),
bioelectronics has advanced to the frontiers of biology, chemistry, physics,
electronics and material science (2). In bioelectronics, various biological
elements involve enzymes (3-4), receptors (5-6), antibodies or antigens (6-9),
oligonucleotides or DNA fragments (7-8), some cofactors (molecules with low
molecular weight and high affinity to biomaterials) such as NAD(P)" (9), biotin
(10), etc., while the broad range of electronic elements used include electrodes
(11-14), field-effect transistors (15-16), piezoelectric crystal (17-20), and others
(21-26). As shown in Figure 1-1, the bidirectional interactions of biomaterials

and electronic elements can lead to a variety of important applications.

In nature, many different biological processes are activated by light signals.
The representative light-controlled biological mechanisms are photosynthesis
(27-28) and vision (29-30). Other important light-triggered processes include: 1)
photomovement at different biological levels (31), such as, development of
plant tissues, motion of motile organisms; ii) photomorphogenesis (32-33), such
as, seed germination, flowering induction and chlorophyll synthesis; and iii)
conversion of light energy into chemical energy (34-35), such as, ATP
synthesis, ion-transport, and proton pumps. The common characteristic of all

these systems is the involvement of a chromophore, which acts as a photosensor
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or photoreceptor to trigger sequential chemical transformations upon photon
absorption in the membrane or protein surrounding the chromophore (36).
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Figure 1-1 Integrated systems of biomaterials and electronic elements for bioelectronic
applications (1).

Bacteriorhodopsin (bR), a retinal-containing protein in Halobacterium
halobium, is a representative biomaterial containing chromophore (37). The 11-
trans-retinal chromophore of bR is embedded in the cell membrane of the
bacterium, and upon absorption of photons it starts to pump protons from the
cytoplasmic (CP) to the extracellular (EC) side of the membrane, resulting in a
potential gradient to activate the membrane-bound ATPase for ATP synthesis
and thus converting light energy into chemical energy in vivo; moreover, the
potential gradient arisen from the proton pumping can be converted into electric

energy as a type of capacitive photocurrent in vitro. Due to its capability of
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converting light energy into electric energy in vitro and the inherent dipole
moment, bR plays important role in not only photoelectrics, but also

bioelectrics, which are two important research areas in bioelectronics.

1.2 Motivations

Although bR has become one of the most attractive biomaterials for
bioelectronic applications over the past thirty years, there still exists a gap
between the viable bR applications and its photoelectric and bioelectric
properties. Particularly, although its optical sensing application has aroused
much interest, both the small amplitude and the monotonous pattern of bR
photoelectric response greatly limit us to fabricate practical devices. Therefore
this PhD project is mainly motivated by exploring solutions to significantly
improve bR photoelectric performance or to use bR unique bioelectric

properties to enhance the performance of some electronic device.

To generate in vitro photoelectric current, the immobilization of bR on a
solid substrate is essential because both the orientation to favor the proton
pumping and the contact to render good electric transport between the substrate
and bR can affect its photoelectric response greatly. Layer-by-layer (LbL) has
been employed to immobilize bR previously but the output photoelectric signals
still do not satisfy the requirement from the practical applications with

polycations that used as assemblers previously. Accordingly, there is a great
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need to utilize a novel polycationic assembler that could enhance the

photoelectric responses for the bR LbL assembly.

Besides the improvement in bR immobilization technique, composing
functional components with bR may be efficient approach to ameliorate bR
properties. Protein bR and its inherent dipole moment are of nanometric sizes,
comparable to the dimension of nanoparticles or nanowires. Since
nanomaterials are known to possess unique optical and electronic properties, to
compose some specific nanostructured materials with bR may possibly result in

positive impact on bR bioelectronic responses.

Investigation of the enhancement mechanisms in different bR-based
bioelectronic assemblies is very important. Understanding of the mechanisms
can not only direct the future efforts in further improvement of bR photoelectric
and bioelectric properties for broad practical applications, but also enrich the

fundamental knowledge and scientific insights into bioelectronics.

1.3 Objectives

The objective of this research is to investigate bR-based assemblies and
their unique bioelectronic properties for possible applications. Particularly, the
project focuses on using a novel assembler to LbL construct bR-based
multilayer film for improved photoelectric performance, integrating a unique

nanostructured film to boost bR proton pumping capability, composing
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bionanocomposite to change bR photoelectric response pattern, utilizing dipole
in bR to modify nanomaterial for an enhanced electronic device performance,
and exploring the enhancement mechanisms of the bR bioelectronic properties

in different composed systems.

1.3.1 To Apply Unique Functional Assembler to LbL Construct bR-Based

Film for Improved Photoelectric Performance

To boost the bR photoelectric performance, LbL assembly technique is
applied to construct bR-based multilayer film, in which a good assembler is
very critical. Up to date, the assemblers used to construct bR-based films have
improved the bR bioelectric responses, but new assembler needs to be explored
for more efficient loading capability of bR in the film for further performance
improvement. Thus the biocompatible polycation poly-L-lysine (PLL) is
employed as the assembler in this work and the photoelectric performance of

the bR-based assembly is investigated.

1.3.2 To Fabricate Different bR-Nanomaterial Assemblies for Enhancement

of the Bioelectronic Performance

One important task in this project is to utilize functional nanostructured
material to improve the photoelectric and bioelectric properties of bR-based
assemblies. Various inorganic nanomaterials are known to have unique

physicochemical properties resulted from their small sizes and unique
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nanostructures. By proper composing or assembling technique, specific
nanomaterials are used to integrate with bR for significant improvement of the
bioelectronic properties. Regarding this concern, WO3*H,O nanocrystals, CdTe
quantum dots (QDs) and TiO, nanowires are used to construct bR-based

assemblies and their bioelectronic properties are investigated.

1.3.3 To Study the Bioelectronic Enhancement Mechanisms of bR-Based

Assemblies

To ultimately fulfill viable bioelectronic applications of bR, it is important
to explore the mechanisms for enhancement in various bR-based assemblies,
which can provide scientific insights of bR role in bioelectronics while guide

the future works in important bR applications.

1.4. Organization

This dissertation investigates the improvement of photoelectric and
bioelectric properties of novel bR-based assemblies and the mechanisms of the
performance enhancement. Chapter 1 introduces the topic and provides an
overview of the motivation and objective of this PhD research. Chapter 2
reviews the research pertinent to the bioelectronic properties of bR, including
its unique structure, biological function, bioelectronic applications and the
proposed mechanisms. Chapter 3 describes the experimental approaches,

materials, and instruments used in this study in detail. Chapter 4 presents the
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LbL fabrication of bR multilayer film using PLL as novel assembler and the
improved photoelectric response. Chapter 5 introduces a unique integrated
bR/WO3*H,0O nanocrystals/poly vinyl alcohol (PVA) membrane and the
enhanced photoelectric performances. Chapter 6 discusses the novel hybrid
bR/QDs bionanosystem and the generation of the wunusual stationary
photocurrent. Chapter 7 describes the bidirectional mediation by the dipole in
bR on the performance of TiO, nanowires FET. Finally, Chapter 8 provides a

general conclusion and proposes some perspectives on possible future research.
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Chapter 2 Literature Review
2.1 Overview of bR

bR was first discovered by Oesterhelt and Stoeckenius over three decades
ago (38) in the plasma membrane of Halobacterium salinarum (H. salinarum,
formerly termed Halobacterium halobium and Halobacterium salinarium). H.
salinarum 1is actually not a bacterium but rather a model organism for the
halophilic branch of the Domain Archaea. Breeding halobacteria such as H.
salinarum are responsible for the intense purple color of the saltern basin (37)

shown in Figure 2-1.

Figure 2-1 Salt lakes in Australia appear purple due to the presence of numerous
halobacteria (39).
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H. salinarum flourish in salterns and salt lakes exposed to bright sunlight, in
which the concentration of NaCl can be as high as 5 M, more than 8 times that
of seawater (~ 0.6 M) (40), while the oxygen tension is rather low. Over
millions of years, H. salinarum have adapted to this “autosterile” environmental
niche in which almost no other species can survive. The fresh seawater
occasionally propelled into salterns brings organic substances with relatively
low salt concentrations that are used as sources for nourishment and
propagation by H. salinarum living under oxidative conditions. Once the
limited supply of oxygen is exhausted, H. salinarum must depend on the
alternative mechanism of phototrophy, which it developed while surviving in
specific living conditions during its evolution to utilize sunlight as an energy

source. In the photosynthetic capability of H. salinarum, bR plays a key role.

2.2 Structure and Biological Function of bR

2.2.1 Comparison of bR and Rhodopsin

Oesterhelt and Stoeckenius named the purple protein that they discovered in
halobacteria bR because it contains the chromophore retinal, which is also
found in rhodopsin (Rh), the visual pigment in retinal rod cells from eukaryotes

(41).
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Findlay’s research (42) into the structure of the polypeptide chains in both
bR and Rh led to the discovery that each molecule consists of seven
transmembrane a-helices. A Schiff base is utilized to connect covalently with
the retinal through a lysine residue located approximately in the center of the
seventh helix. In addition, for both molecules, regarding the CP interior, the
amino-terminus is outside as the carboxy-terminus inside. Lanyi et al.’s
research (43) into aligning and superimposing the stereo conformational
structure further confirmed that bR and Rh molecules share similar folding

pattern in the transmembrane region.

Whereas these resemblances in bR and Rh topography are unassailable,
further research has revealed that even though bR and Rh were once closely
related, they have diverged greatly during their evolution. Indeed, from
structure to function, there are substantial differences between these two
seemingly alike molecules. First, regarding overall polypeptide length, bR is
composed of 248 residues while Rh is composed of 348 residues (42). Second,
investigation of retinal conformation has revealed that when it is light adapted,
bR holds all-frans retinal, which is later isomerized to 13-cis retinal during its
photocycle. In contrast, the dark-adapted 11-cis retinal form in Rh is converted
to all-trans retinal once exposed to light. Furthermore, bR is rather simple in
function, acting as a light-driven proton pump (44), while Rh, a member of the
G-protein coupled receptor family, is responsible for both the formation of the

photoreceptor cells and the first events in the perception of light (29, 45). Thus,

10
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whereas Rh is only one among several necessary components needed to
perform a particular physiological function, bR can perform a similar

physiological function independently.

2.2.2 Structure and Properties of bR at Ground State

bR is the only protein component in the plasma membrane of the H.
salinarum. Lipids and bR at a molar ratio of approximately 10:1 together
constitute patches known as purple membrane (PM), which occupy up to 80%
of the cell surface of the H. salinarum (46). Corresponding to this molar ratio,
bR comprises 75% of the mass of PM patches, which are irregular in shape,
with lateral dimensions that range from several hundred nanometers to 5 um,
while the thickness of PM sheets is rather constant at ~5 nm (37). PM patches
are produced naturally in the cell membrane under proper environmental
conditions in the form of repeating elements of the hexagonal two-dimensional
crystalline lattice, which is composed of three identical bR protein chains, each
rotated by 120 degrees relative to the others (47). This unique crystalline nature
not only distinguishes bR from all other retinal proteins that also bearing a
seven transmembrane helix configuration but also makes it possible to
determine the molecular structure of bR at ultra-low temperatures using

electron diffraction (48).

Since the discovery of bR 30 years ago, continuous efforts have been made

to determine its structure at its unilluminated “ground” state and the structure of

11
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any attached molecules related to its function at high resolution, which requires
a level of accuracy equivalent to that achieved for optimum protein structures.
In the process of ascertaining the structure of bR, cryo-electron microscopy,
electron diffraction, and X-ray crystallography have provided many valuable

data, compared with other means of characterization.

The first three-dimensional structure (Fig. 2-2) of bR at a resolution of 7.0
A, which was determined by Henderson and Unwin using electron microscopy
in 1975 (49-50), revealed that it contained seven rod-shaped densities assumed
to be a-helices. As its resolution being improved over the following years, this
model served as the starting point of all studies of the proton transport
mechanism of bR (51). Different crystal forms of PM were then investigated to
ascribe the molecular boundaries. Research of both the orthorhombic form at
6.5 A resolution (52-53)(52-53)(52-53)(52-53)(52-53) and a contracted trigonal
form at 6.0 A resolution (54-55) identified the most important characteristics of
the native p3 molecule and revealed the lipid molecules enclosing the bR
molecules to be highly ordered (54). Subsequently, with the data obtained from
two-dimensional cryo-electron diffraction analysis, Henderson’s group
demonstrated the first interpretable three-dimensional map of PM patches with
a resolution of 3.5 A parallel and 7.8 A perpendicular of the membrane plane
(Fig. 2-3a), not only substantiating the seven-helix structure of bR suggested by
Henderson and Unwin in 1975 (49), but also clearly resolving density peaks for

major aromatic side-chains. By revealing the chemical details of bR for the

12
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Figure 2-2 The first model of a single bR molecule in a PM, viewed roughly parallel to the
plane of the membrane. The top and bottom of the model correspond to the parts of the
protein in contact with the solvent, the remainder being in contact with lipid. The most
strongly tilted o helices are in the foreground (49).

first time, this map made it possible to interpret the structure of bR
comprehensively in terms of the amino acid sequence of the protein via
showing chemical details of bR (56-57), allowing the attribution of the
intrahelical loops as well as many of the important intramembrane residues that
had been poorly resolved in previous structures (58-59). Throughout the 1970s,

the structure of bR at higher resolution had remained unclear, mainly due to the

13
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use of inadequate techniques. During 1980s and 1990s, technique
improvements in conducting the X-ray crystallography of bR led to remarkable
progress in not only preparation of the protein sample into well-ordered three-
dimensional crystals, a requirement for high-resolution X-ray crystallography
(53, 60-62), but also the enhanced resolution of two-dimensional bR crystals
acquired by electron crystallography (52, 55, 63). Consequently, a more precise
three-dimensional structural model at an atomic resolution (2.5 A, Fig. 2-3b)
was obtained (64), providing detailed information on the sites of the water
molecules in the membrane protein essential for bR biological functioning as
well as more precise reconstruction of most of the side chains that had been

previously observed.

A subsequent major breakthrough in crystallizing bR via three-dimensional
crystal growth using the cubic lipid-phase method (65-66) led to significant
increase in the resolution of three-dimensional crystals studied by X-ray
crystallography. Specifically, the structure of bR and the lipid matrix
surrounding it were defined by X-ray diffraction to much improved resolution
(67-68) - as high as 1.43 A (69) - providing extraordinarily extensive data on
the membrane protein and its functioning, including definite determination of
the side-chain positions and more comprehensible recognition on the sites of

bound water and their hydrogen bonding.

14
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Figure 2-3 (a) A rough atomic model of the overall chain trace of bR in a ribbon diagram at

a resolution of 3.5 A following the backbone of the polypeptide. Helix A, on the left, is
connected to helix B at the top; helix B to helix C at the bottom; helix C to helix D at the
top; helix D to helix E at the bottom; helix E to helix F at the top; and helix F to helix G at
the bottom. The N terminus (nt) is at the bottom at the EC surface; the C terminus (ct) is at
the top at the CP surface. Both diagrams show the retinal and its connection to Lys216(59);
(b) 2.5 A view of the a helices of a bR monomer perpendicular to the membrane plane. The
model derived from X-ray analysis is shown in green; the earlier model from EM (58) is
represented in red. The retinal is not shown. The overall structure of bR is composed of
seven helices [values in parentheses are from the EM model (58)]: A, residues 10 to 30 (9
to 31); B, residues 39 to 62 (39 to 62); C, residues 77 to 101 (77 to 100); D, residues 105 to
127 (105 to 127); E, residues 134 to 156 (134 to 157); F, residues 169 to 191 (166 to 190);
and G, residues 202 to 224 (202 to 226). The backbones superimpose very well in the
helical transmembrane regions, but distinct differences are revealed in loops AB (upper left)
and BC (lower left). N-terminal residues 1 to 6 and C-terminal residues 225 to 248, as well
as loop EF (residues 157 to 166, upper right), are absent in the X-ray structure and the EM
model. Helices C and G deviate from standard a-helical geometry at residues 89 and 216,
respectively. In the EM model, deviations (kinks) are observed in helices B, C, and F for
residues 46 to 49, 87 to 90, and 182 to 185, respectively, but not in helix G. The horizontal
lines delimit the hydrophobic core of bR (64).

15
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2.2.3 Proton Pumping and bR Photocycle

As previously discussed, bR plays a key role in the photosynthesis of
halobacteria (48, 70). When compared with the chlorophyll-based
photosynthetic systems mainly employed by plants, bR photosynthesis is very
simple, as bR is the only protein needed to convert light energy into chemical
energy in the photosynthetic system of halobacteria. The indispensability of bR
as the energy converter in this process originates from its function as a light-
driven proton pump that operates by proceeding through a series of
conformational changes involving both the protein and the retinal chromophore
(71-75). The primary reaction of bR upon the absorption of light (568+70nm) is
its alteration from a dark-adapted form (containing 13-cis retinal) to a light-
adapted form (containing all-trans retinal). Absorption of light by the latter
allows bR to undergo a series of intermediates identified mainly by their

absorption maxima (76-79).

In tandem with this intermediate transfer process, which is called the
photocycle (Fig. 2-4), protons are pumped across the membrane from the CP
side to the EC side, resulting in a pH gradient (ApH=0.2) to generate a driving
force that is then employed by the halobacteria in the synthesis of ATP from
ADP and inorganic phosphate (34). For the proper operation of any membrane

pump, three conditions regarding three specific features must be satisfied (80):

16
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Figure 2-4 The bR photocycle. The different intermediates of the bR photocycle are
represented by their common single-letter abbreviations with their absorption maxima as
subscripts. Upright letters represent all-trans-retinal and slanted letters 13-cis-retinal
containing states. During the L—M transition, the Schiff base is deprotonated and Asp85
becomes protonated. From there the proton moves toward the outer side of the EC part of
the proton channel. During the M—N transition the Schiff base is reprotonated, with
aspartic acid 96 serving as a proton donor for this step. Asp96 is reprotonated through the
cytoplasmatic proton half-channel (37).

(1) There must be a hollow space (binding site) sufficiently large on the
inside of the membrane to accommodate the species to be transported.

(2) There must be two different conformations for the pump so that the
binding site for transported species is accessible from different sides in different
conformations.

(3) Corresponding to the two different conformations, the affinity of the

binding site to the transported species must be different.
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These features must be interpreted by the conformational changes observed

in order to study the bR proton-pumping mechanism.

To obtain comprehensive understanding of bR biological functioning,
simply obtaining structural data regarding the ‘“ground” state of bR is
insufficient. Over the years, kinetic models (48, 81-82) for the photocycle,
which is directly related to the proton pumping, have been generated from
numerous data obtained by diverse means of static and time-resolved
spectroscopy, such as resonance Raman and Fourier-transform infrared (FTIR),
as well as studies of site-specific mutants of bR. With the help of these
experimental results, molecular events underlying the interconversions of the
intermediates termed B, K, L, M, N, and O with dissimilar spectroscopical

properties have been identified (83).

In the bR monomer, the “proton-transport channel” is characterized by
several important amino acids. The retinal molecule forms the covalent link to a
lysine residue roughly in the center of the seventh a-helix via a Schiff base
dividing the “channel” into a CP half and an EC half that are distinguished by
Asp96 and Asp85, respectively, which are two amino acids essential for the
efficient proton transport of bR. There are several features involved in the
adaptation of the maximum absorption of bR to its physiological function,
including the configuration of the retinal; the protonation form of the Schiff

base; and the delicate electrostatic interactions between the Schiff base and
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charges approximately from the dipoles and Asp85, Asp212, and Arg82 in the

bR molecule.

It is commonly accepted that the photocycle can be divided into six steps
related to isomerization, ion transport, and accessibility change or switch. First,
the retinal configuration isomerizes from all-trans to 13-cis upon illumination,
followed by proton transportation from the Schiff base to the proton acceptor
Asp85. Subsequently, a proton is released to the peripheral environment. It is
supposed that the proton-release group is composed of Glu194, Glu204, and
structural waters, although there is still no clear evidence (84-85). In order to
make the vectorial transport of the proton (Fig. 2-5) possible, the accessibility
of the Schiff base must change from extracellular to intracellular before
reprotonation occurs from Asp96 in the CP channel. After the reprotonation
occurs, a thermal reisomerization occurs to the retinal, and then the accessibility
of the Schiff base switches back to extracellular. This description sketches the
minimal number of steps responsible for the vectorial transport of protons in

wild-type bR (48).

Regarding the intermediates in the photocycle, the “primary event” is
ascribed to the phototransformation of bR to K. As the primary photoproduct, K
is important in the photoisomerization of the protonated Schiff base from all-
trans to 13-cis (86-91). Although it has a known precursor called J, K has been
identified as the primary photoproduct because J is extremely unstable. A

controversial hypothesis regarding J posits that J might be a combination of
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species from both the ground state and trapped excited state (92). M is regarded
as the most crucial thermal intermediate in the bR photocycle because its
formation corresponds to the proton pumping (76, 93-99). Many experimental
investigations included Resonance Raman (98, 100-109) and FTIR (97, 110-
116) have confirmed that the Schiff base is protonated in all intermediates but
M (34). De- and reprotonation of the Schiff base must occur from different
sides of the membrane to allow vectorial proton transport. Consequently, at
least two M intermediates with different means of accessibility to the Schiff
base must exist, and are interconverted in a step termed the “switch,” in which
Mec (MH—Mcp (MY), where ec and cp represent EC and CP accessibility,
respectively. It is important to note that while all other transitions between the
intermediates are reversible, the conversion of M' to M" is an irreversible step
(117-118) in the photocycle. During this conversion, the accessibility of the
nitrogen in the Schiff base group changes from the EC to the CP half of the
proton channel (48), guaranteeing a switch in accessibility to the retinal,
making the subsequent reprotonation of the Schiff base from Asp96 on the CP
side possible (119), which corresponds spectrally to the M" to N transition.
Consecutively, Asp96 is reprotonated from the CP side, and the absorption peak
is further red-shifted as the thermal reisomerization of the retinal back to the
all-trans configuration occurs. Finally, when a proton is transferred from Asp85
to the assumed release group on the EC side via Arg82 (120), the ground state

is recovered.
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Figure 2-5 Simplified structure of the protein (a) and the key intermediates in the primary

and branched photocycle (b) of bR. Wavelength maxima (in parentheses, nm) and lifetimes

apply to the wild-type only and are approximate (121).

Since the discovery of bR 30 years ago, a number of biophysical methods
have been used to clarify the precise nature of not only bR at its ground state
but also changes in each step of the photocycle and their relationship to proton-

transport function. Table 2-1 summarizes the essential properties of bR and PM.
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Table 2-1 Properties of PM and bR (122)

Purple membranes Bacteriorhodopsin

contains lipids and bR only molecular weight = 26,784 Da

two-dimensional, hexagonal crystalline 248 amino acids and 1 retinal

lattice of bR trimers (attached to the lysine-216)

buoyant density = 1.18 g/cm’ isoelectric point = 4-5

refractive index = 1.45-1.55 quantum efficiency ®p—> 64%

thickness = 5 nm no refractory period of the photocycle

shape irregular after light absorption occurs

stable towards - all-trans—13-cis isomerization
- exposure to sunlight for years - de-/reprotonation of Schiff base
- temperatures up to 140 °C (dry) - conformational switch of nitrogen

accessibility from extracellular

- pH values = 0-12 to intracellular

sensitive to polar organic solvents

2.3 Bioelectronic Applications of bR

Grown in an extreme ecological niche, bR is rather different from other
proteins that also play a key role in photosynthesis and visual perception. It is
remarkably stable to illumination, oxygen, and environmental factors over a
wide range of pH levels (0-12), temperatures (-196 to 70 °C ), and
concentrations of salt (123) due to its natural occurrence as a two-dimensional
crystal, which renders it both suitable for device applications and amenable to
optimization. Among the few pioneering bR researchers, Russian scientist
Vsevolodov and his colleagues (124) introduced the use of bR as an advanced
functional material in their construction of “biochrom film,” an imaging device

using chemically modified bR.
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2.3.1 Potential Bioelectronic Applications of bR

An attractive characteristic of bR compared to those of other proteins, and
even some conventional inorganic or organic materials used in bioelectronic
applications, is that the photosensitivity and cyclicity to illumination of its
biological proton pump are far beyond that of synthetic materials (37). This in
vivo light-driven proton pumping property is a basis for construction of in vitro
photoelectric devices. In these applications, bR can be modified to a large

extent to serve as a platform for an entirely new class of materials.

Potential applications of bR are determined directly by its basic biological
functions. To illuminate this relationship, Figure 2-6 schematically describes
the basic biological functions of bR and the corresponding physical effects. The
photon excitation of the light-driven proton pump causes a concomitant charge
separation, which accounts for the photoelectric properties of bR. Almost
simultaneously, proton transport through the bR molecule, which relies on the
deprotonation and reprotonation process of the Schiff base linkage in the
photochromic group, causes a substantial blue shift in the bR maximum
absorption of more than 150 nm, and thus distinctly differentiates the M
intermediate from the ground state B. The distinct optical characteristics of the
B and M states allow for bR to be utilized in photochromic applications
Moreover, the simulation of the native function of bR in the photosynthesis of

halobacteria also raises the probability of its conversion of light into chemical
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Figure 2-6 Basic molecular functions of bR. Proton transport is initialized by photon
absorption and a charge separation step on the picosecond time scale. After approximately
50 ps, the deprotonation of the Schiff base leads to the main photochromic shift during the
photocycle. After approximately 10 ms, the proton transport is completed (37).

energy on a macroscopic scale (125). The proposed technical applications of bR

are classified in Table 2-2 (122).

As universal indicators of commercial potential, patents are more likely to
reflect the practical value of new materials and techniques than their
fundamental importance. bR-related patents proposed until 2009 are
summarized in Figure 2-7, in which Figure 2-7a displays the number of patents
during different time spans and Figure 2-7b provides statistics on the patents
ascribed to different categories of the bR technical applications listed in Table

2-2. As shown in Figure 2-7a, the number of patents filed for bR-based
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materials, devices, and applications from the early 1980s to the present has been

continuously increasing, with the greatest rate between 1990 and 1999.

Table 2-2 Technical Applications Suggested for bR (37).

Production
mutant generation
cost effective production
Proton transport
ATP generation in reactors
desalination of seawater
conversion of sunlight into electricity
Photoelectric
ultrafast light detection
artificial retinas
motion detection
Miscellaneous
2nd harmonic generation
radiation detection
biosensor applications

synthetic biology etc. .......

Photochromic

information storage
2-D storage
3-D storage
holographic storage
associative memories

information processing
optical bistability/light switching
optical filtering
signal conditioning
neural networks
spatial light modulators
phaseconjugation
pattern recognition

interferometry

Although it is still too early to conclude which category of bR applications will

which the most patents have been filed, is likely to be the first (Fig. 2-7b).

Regardless of the nature of its first applications, it appears that this biomaterial

first become commercialized, the category of photochromic applications, in
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possessing peculiar properties will be of technological as well as commercial

importance in the near future.

B Proton transfer

| Photoelectric
B Photochromic

| Miscellaneous

42.7%

/A

\d \\\\\\\\\\\\\

\
11.3%

b 467% 16%

Figure 2-7 Statistics on bR-related patents according to records available from the patent
searching database (http://www.freepatentsonline.com) from United States, Europe, and
Japan until 2009 (national patents from European countries, Canada, Russia, China, etc.
have not been included); (a) shows statistics according to year span and (b) shows statistics

according to application category.
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The complexity of the related devices and the demands on the biological
components vary greatly among different bR applications. To obtain the best
performance from bR-integrated technical systems, two issues must be
considered: the structural requirements of the bR in the system and the interface
of bR with the remainder of the integrated system (refer to Table 2-3).

Table 2-3 Main groups of bR applications, their differing microstructural demands, and
the type of interface to the technical system required (37).

microstructural demands photochromic photoelectric proton transport

orientation of PMs none high very high

porosity of the PM layer not relevant low very low

thickness of the PM layer  not relevant few layers monolayer
monolayer

interface optical electrical chemical

2.3.1.1 Photoelectrics

For photoelectric bR applications, it is required to attain the maximal
electric signal with per photon absorbed, thus the key concern is the degree of
the orientation of the PM patches (37). For light-dependent proton motive-force
generation, at least one of the electrodes should be transparent in a bR-based
photoelectric system. In addition, a liquid electrolyte or an embedded
electrolyte-containing layer (126-127) is also needed to support the transition of
the bR proton motive force into the electromotive force of a photoelectric cell.
Applications based on photoelectric effects of bR include high-speed
photodiodes and memories (128-129), artificial neural network (130), motion

detector (127) and color discriminator (131). Although only super-fast
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photodetection (132) were initially investigated, since then much more complex
bR-based motion detection systems (133), and even artificial retinas (128, 134),

have been constructed.

2.3.1.2 Photochromics

Among all bR applications, the technical level for both the structure
requirement of bR in the system and the interface of bR with the rest of the
integrated system is the lowest for photochromic applications (37), which may
be the reason why the greatest number of patents have been filed for optical
processing and optical storage based on the photochromic property of bR.
Orientation of PM patches is no longer a concern here, as just homogeneous
distribution of PM patches in an optically inert matrix material fulfills the
needs. Because the interface needed is an optical one, it is easy to protect the
bR media, which can be completely sealed between protective glass layers. For
these reasons, most of the successful technical applications reported or
patented, which range from methods of long-term data storage to optical and
holographic processors, are based on the photochromic properties of bR (135-

139).

2.3.1.3 Energy Conversion

The natural function of bR as a simple yet integral photosynthesis reaction

center in the H. salinarium that transforms light energy into electrochemical
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energy led to initial suggestions that bR be used in technical applications (37).
However, as of the time of this writing, it has been proven difficult to realize
any practical applications (140-141). Theoretically, bR applications would
require a large PM patch of approximately several square meters large
containing unidirectional embedded bR molecules in a dense arrangement
without any pores or holes that could lead to passive proton flux. However,
such a perfect membrane could hardly be prepared in such large a dimension.
Another challenge is that even if such a membrane were successfully

constructed, any damage to it might cause a short circuit.

2.3.1.4 Other Applications

Besides those discussed above, other bR applications include biosensors

used for anesthetics (142-143) and enzymic reaction analysis (144).

2.3.2 Photoelectric Properties of bR

The photoelectric effect, the general term used to describe the electricity
generated in pigment-containing membranes by the absorption of light, was
first discovered by Tien (145) in an artificial black lipid membrane formed from
an extract of spinach leaves. As a pigment-containing membrane, bR maintains
charge asymmetry on two sides of the membrane, thus generating an electric

potential across the membrane or an electric current through the membrane in
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response to light activation. The photoelectric properties of bR are utilized in

some of its most interesting bioelectronic applications.

2.3.2.1 Underlying Mechanism of bR Photoelectric Properties

It is known that the photoelectric response of bR is related to its light-
induced proton transport, the so-called proton-motive force (122). Two physical
phenomena may result from the bR light-driven proton release and subsequent
proton uptake on the CP side, either of which could result in an electrical
signal: 1) A charge displacement accompanying the translocation of protons
across the membrane may cause an electric potential difference across the
membrane and/or 2) the release and uptake of protons may lower and raise,
respectively, the pH on the CP side, producing a pH change at the interface of
the membrane and the electrode. Accordingly, until now, there is no consensus
regarding the molecular mechanism that accounts for the transient photocurrent

generation.

Two groups of researchers have suggested that the bR transient
photocurrent is due to a pH change at the interface of the membrane and the
electrode (146-148). When Robertson and Lukashev examined bR photocurrent
responses from the wild-type and a D96N mutant (146) with a nonprotonable
asparagine replaced the protonable aspartate at position 96, they found that the
substitution of D96N greatly reduced the rate of proton uptake. Specifically,

they found that the photocurrent that resulted from the D96N mutant by turning
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the light off was very low in amplitude and very slow in decay, probably
because the low proton concentration change near the electrode decreased the
proton-uptake rate. When El-Sayed’s group observed the photoelectric
responses of bR on indium tin oxide (ITO) electrodes under both pulsed and
continuous light excitations (147-148), they found that the polarity of the
differential photocurrents by continuous illumination was reversed at a low pH.
They rationalized this phenomenon was aroused by invoking the proton
release/uptake sequence in the bR photocycle, based on the assumption that the
photocurrent originates in the pH response of the oxide electrode (149-150) due

to proton release and uptake of bR.

In contrast, two other groups of researchers argue that the response
mechanism of bR photocurrent does not relate to electron transfer but is
generated electrostatically through charge displacement within the bR
molecules (151-152). Koyama’s group studied the transient photocurrent
generated by randomly oriented patches of wild-type PM (126-127, 153) and
transients produced by highly oriented patches of wild-type PM (151). They
proposed that the bR photoelectric response corresponds to the displacement of
positive charges to the electrode, which is in a direction opposite to that of the
proton translocation. Even after conducting an intensive investigation of bR
photoelectric behavior, Hong’s group concluded that they could not prove that
their explanation based on light-induced rapid charge displacement is universal

(134, 154-164). They argued that although the charge-displacement model had
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been demonstrated to be consistent in their own laboratory and that of many
other researchers, one model alone could not account for the same set of data
(165). However, Hong insisted that the pH change model proposed by
Robertson and Lukashev was less viable as a general explanation of the
differential responsivity of the photocurrent observed in many bR-based
systems lacking an ITO electrode. Nevertheless, Hong commented that the
model could still serve as a minor and complementary model for supplementary
contribution to the transient photoelectric signal because the two mechanisms

are not mutually exclusive when used to explain Robertson’s data alone.

The pH change model was later substantiated by Koyama’s group in its
exploitation of bR photocurrent generation on gold electrodes (166). Koyama
compromised by admitting that the two models could interpret two types of
photoelectric responses reflecting different information regarding bR proton-
translocating processes. Other studies of bR photoelectric responses using LbL.
as the immobilization technique (167-170) provided additional evidence of the
feasibility of the pH change model. Although there is still no consensus
regarding the mechanism of the bR photoelectric response, bR photoelectric
applications remain very promising. Even data processing steps like those
known from the retina can be realized if the bR interface to electrodes is well

designed (122).
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2.3.2.2 Immobilization of bR for Photoelectric Applications

Principles of bR Immobilization

The quality of biomaterials after they are immobilized onto solid supports
for bioelectronic applications must be the same as their quality before
immobilization. In other words, the native structure as well as the inherent
properties of the biomaterials must be properly preserved during
immobilization. To date, the methods used to immobilize bR film onto solid
supports or into solid form have included Langmuir-Blodgett (LB) deposition
(126, 171-173), electrophoretic sedimentation (EPS) (174), self-assembly (175-
176), LbL adsorption (167-170), antigen-antibody molecular recognition (151,
177), sol-gel encapsulation (178-179), and the application of polymers as
immobilizing matrices (180-181). These assembly methods have been proved
successful in retaining the intrinsic structure of bR during immobilization due
to the extraordinary stability of bR, which results from its particular crystalline

structure.

Many of these assembly methods have also been able to render favorable
bR arrangements and bR customization to fulfill the requirements needed for
various applications arising from different bR properties. For example,
photoelectric conversion by a bR-based device could only be efficient when bR
molecules in the film are uniformly oriented because the proton pumping of bR

occurs unidirectionally from the CP to the EC side (151). Thus, for bR-based
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photoelectric applications, the LB, EPS, and LbL methods of immobilization
could be used to realize the bR orientation necessary in the final assembly

(182).

The following sections describe several important bR immobilization

methods used in its photoelectric applications.

LB Deposition

Discovered by Langmuir in 1918, LB deposition is a nanofabrication
technique used to create ultrathin films at the molecular level (183). It has been
employed for multilayer deposition since 1934, when Blodgett found that the
LB deposition process could be reproduced. The LB monolayer is usually
formed by polar molecules containing a hydrophilic head and a hydrophobic
tail. In the fabrication process, amphiphilic molecules are spread on an air-
water interface, compressed and oriented, and then deposited into multilayer
assemblies (184). The LB film forms from the deposition of the surface of a
liquid onto a solid by immersing (or emersing) the solid substrate into (or from)
the liquid. During each step, a monolayer is left, leading to the development of
one large film with the desired thickness after repetition of the appropriate
number of steps. As the thickness of each monolayer is known, the total

thickness of an LB film can determined by simple addition.

Since its discovery, the LB technique has been the preferred technique for

the molecularly controlled fabrication of nanostructured films (185). However,
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this technique is still quite limited in that it only generally applicable to
amphiphilic and water-insoluble molecules (185). Other types of molecules,
especially those comprising water-soluble proteins, cannot be processed into
ordered multilayers using this technique. Hwang et al. made the first attempt
using this technique to fabricate oriented PM films in 1977 (186). For more
sensitive PM fragments composed of protein and lipids, which are known to
denature easily in most organic solvents, the LB technique must be more finely
tuned. In order to reduce the loss in the film formation, mixed solvent systems
of hexane/dimethylformamide and water have been used to retain PM
biological activity and extraneous lipids such as soya-phospholipid added to

improve the homogeneity of the films (127, 171-173).

Because the CP side of the PM was found more hydrophilic than the EC
side at the air/water interface (187), the CP side was expected to face the
subphase during LB monolayer formation (see Fig. 2-8). Early studies reported
that almost 85% of the PM fragments in the LB films were arranged in the same
direction (186). However, further detailed investigations using immunogold
labeling and electron microscopy revealed that the PM orientation is

considerably random in LB films (188).

In 1994, Koyama and his colleagues improved the orientation of the PM in
LB films by applying biospecific antibodies with different antigen-binding sites
for both a phospholipid hapten and a specific side of the bR (151, 177). They

found that by using the phospholipid hapten as a monolayer template at the air-
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water interface, over 85% bR orientation could be obtained. The highly ordered
PM films could be prepared by the antigen/antibody molecular interaction and
subsequently transferred onto solid supports using the LB method. The
resulting photoelectric cells fabricated from these types of films demonstrated
significantly improved photoelectric responses, further confirming that

improved orientation of the PM had been achieved (151, 177).

Over the past 30 years, numerous studies have proven that it is possible to
prepare LB films with high degree of bR orientation as well as a good
photoelectric response. However, the preparation of thick LB films for PM,

whose monolayer thickness is only 5 nm (37), is a rather time-consuming

S=—

Cytoplasmic side

Figure 2-8 Schematic drawing of the preparation of PM film using the LB technique.
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process that requires special equipment (185). Moreover, the prerequisite to
achieve an ideal bR orientation in the LB film requires elaborate adjustments of
the technique, which further decreases the feasibility of fabricating practical

devices using the LB technique.

EPS Method

As biological membranes, PM fragments have a net negative charge on both
their sides that result from the amino acid residues on the bR surface and the C-
terminal and N-terminal of the polypeptide chain, as well as the intrinsically
acidic lipids surrounding the bR molecules (189). However, due to uncertainty
regarding the distribution of the lipids surrounding the bR molecules as well as
the possible presence of cationic effects with a local pH, it is generally difficult
to precisely determine the surface charge density of PM fragments. Although
several different methods based on Gouy-Chapman theory have been
investigated to measure the PM surface charge density, the results have been
inconsistent, spanning a range from 0.5 to 9 negative charges per bR (190). The
current consensus is that the PM is always negatively charged, and the CP side
is more negative than the EC side when the pH is greater than 5 and vice versa
when the pH is less than 5 (190). A permanent dipole moment directed from the

CP side to the EC side results from this PM charge asymmetry (191).
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I
E=20-30V/cm

Figure 2-9 Setup for the fabrication of oriented PM films using the EPS method.

Because of the net electric dipole moment existing in PM, when an external
electric field is applied to an aqueous PM solution, the PM fragments will
arrange themselves in the direction of the external electric field. Moreover,
when two electrodes are inserted into a PM suspension and an electric field of
20 to 30 V/cm is applied, the PM fragments will electrophoretically move and
deposit onto the cathode, forming an oriented PM film (174). Fabrication of
oriented PM films using the EPS method is simple, rapid, and effective, and

allows for control of the side of the PM (EC or CP) that faces the cathode
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(substrate) by simple adjustment of the pH of the PM suspension used (147-
148). Moreover, within the same immobilization parameters, such as electric
field intensity and time applied, the thickness of the PM film can be altered by
applying different concentrations of the PM suspension. Figure 2-9 illustrates

the standard setup for preparing an oriented PM film using the EPS technique.

LbL Technique

The electrostatic LbL approach, which is based on the strong electrostatic
interaction between oppositely charged polyelectrolytes, was first employed by
Decher and co-workers (192) for the alternate layering of oppositely charged
polyelectrolytes and by Rubner (193-194) for the electrostatic layering of
conducting polymers. In LbL assembly, spontaneous sequential adsorption of
polycations and polyanions is performed by placing charged surfaces into dilute
aqueous solutions. Typically, a charged solid support is immersed into an
oppositely charged polyion solution, which results in an electrostatic attraction
between the charged surface and the molecules with an opposite charge in
solution. When the concentration of polyions reaches a certain level, adsorption
occurs until there is a complete charge reversal at the solid support surface.
After being rinsed in water, the support is then exposed to a solution of the
oppositely charged polyion and the process repeated until the desired number of
layers is achieved. When using this adsorption technique, the main concern is

ensuring that complete charge reversal occurs after each deposition into the
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polymer solutions in order to obtain continuous and homogeneous multilayer
film formation. This technique is extremely simple, flexible, and effective for
the assembly of oppositely charged species onto solid supports (185) as well as
extremely versatile, as the structure, components, and thickness of the films can
be controlled through the judicious choice of electrolytes and processing

conditions.

The LbL method has been extended to a wide variety of other charged
materials, including dendrimers, azo polymers, poly (p-phenylenevinylene) (a
polymer used in light-emitting diodes) (195-198), metal and semiconductor
nanoparticles, organic microcrystals (199-201), and inorganic and organic
materials (202-203). The LbL method has even proven effective for the layering
of biomaterials such as proteins, enzymes, DNA, and viruses (204-208). The
LbL method is desirable largely because of its versatility: it can be used to
produce layers of virtually any charged material under the proper conditions. In
the case of biomaterials, the LbL method is also advantageous because the
conditions of deposition may be altered to specifically protect the

biofunctionality of the material of interest.

As previously discussed, PM fragments have an asymmetrical, negatively
charged surface on which the CP side contains more negative charges than the
EC side at pH values above 5 (190, 209), a property that makes PM very
suitable for layering using the LbL method. It appears that the asymmetry of

PM also provides for a high degree of PM orientation, similar to that obtained
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using the EPS method (169-170). Since neither an external electric field nor any
organic solvent is required, LbL deposition is a milder method for the
fabrication of oriented PM assemblies. In addition, the versatility offered by
this technique can integrate bR with other interesting systems to either enhance
bR properties or add additional functionality to the final assemblies for a host of

potential optoelectronic applications.

2.3.3 Development of bR Photoelectric Applications

The most demanding bR-based photoelectric device structure uses the
unidirectional, photocycle-related electric response, which can be obtained only
if the bR in the device has a net orientation. Maintaining a sound environment
beneficial for bR proton translocation, which might be provided by other
functional materials incorporated into the bR, can also aid in the enhancement

of bR photoelectric performance.

2.3.3.1 Improvement of bR Orientation Techniques

Since the uniform orientation of bR onto a solid support ensures a
unidirectional proton translocation across the membrane, thus rendering the
maximum photoelectric response, it has attracted the attention of many
scientists. Among these researchers, Choi’s group spared no effort in trying to
determine the optimal conditions for different bR immobilization techniques,

including EPS (210-212), self assembly (213-215) and LB deposition (216-217).
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He et al.’s initial introduction of the electrostatic LbL technique to the
immobilization of bR (169-170, 218) by employing
poly(dimethyldiallylammonium chloride) (PDAC) as the polycationic
assembler was followed by other researchers’ work using poly(allylamine
hydrochloride) (PAH) (168) and poly(ethylenimine) (PEI) (168) as the
assemblers. Since the LbL technique requires direct contact between the
positively charged assembler and bR, the properties of the assembler must be
taken into account for the enhanced photoelectric performance of the bR-based
multilayer structure, providing prospective for more work to be conducted on

screening more efficient assemblers.

2.3.3.2 Functional Material Integration with bR

Jin et al. claimed that the bR monolayer orientation can be significantly
improved by electrostatic adsorption using vesicle fusion tactics (219-220) or
acetylation of the bR lysines (221). Both processes are consistent with the
concept that modified biological molecules are preferred to native molecules as
possible active elements in bioelectronic devices because the modification may
help to overcome several inherent weaknesses of pure biomolecules, such as

susceptibility to environmental influences.

When Horn et al. (222) attempted to adsorb bR onto nano-black lipid
membrane, they obtained a steady-state photocurrent following a capacitive

spike, indicating that the pattern as well as the amplitude of the photoelectric
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response could be adjusted by external modification of a bR-based system.
When Bromley et al. (223) subsequently composed bio-functional mesolamellar
nanocomposites based on inorganic/polymer intercalation in bR films, they
achieved integrated a bR-based system with improved photoelectric
performance, further proving it is possible to integrate functional materials into

bR to obtain better performance in bioelectronic applications.

2.4 Perspectives on Bioelectronic Application of bR-Based

Assemblies

Over 30 years since the discovery of bR, tremendous efforts have been
made to thoroughly study the amazing biomaterial of its detailed structure,
photocycle and almost every intermediate, biological function and
immobilization techniques. Due to the significance of bR photoelectric
properties that rendering it the ability to convert light energy into electrical
energy, investigation of the possible underlying mechanism has been paid

special attention to, although there is still much debate on this issue.

The unclear mechanism, however, has not hampered attempts to enhance
the photoelectric response of bR. In recent years, the improvement of bR
orientation techniques as well as functional material integration with bR has
become attractive strategies to improve bR photoelectric performance and great

progress has been made by several groups working on bR, as discussed in
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section 2.3.3. Nevertheless, achievement obtained to date is still far from the

requirement of viable applications.

Fortunately, the prosperity in the field of material science, especially the
emerging of novel nanomaterial one after another has brought numerous
chances for original integrations of bR and nanomaterials with specific
physicochemical properties that could result in advances in the development of

bR photoelectric application as well as other bioelectronic applications.
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Chapter 3 Experimental Approaches

3.1 Materials and Equipment

3.1.1 Reagents and Chemicals

Unless otherwise indicated, all reagents and chemicals described below
were used in this study’s experiments without further purification. All H,O used
in the study was ultrapure H,O provided by the MilliQ water purification

system (Q-Grad 1, Millipore, USA).

3.1.1.1 Biological Reagents and Kits

bR (being isolated from the H. salinarum strain S9 as PMs, used as a
control) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich
Co., USA. DNase I was purchased from Roche, Germany. Precision Plus
Protein All Blue Standards was purchased from Bio-Rad, USA. Color Silver

Stain Kit was purchased from Pierce, USA.

3.1.1.2 Chemicals

NaCl; Na,TeOs; CdCl,; L-cysteine; NaBHy; tungsten powder (12 micron,
99.9%); 2-propanol (IPA); H,SO4, HCl (36.5-38.0%); NaOH; PVA (MW
89,000-98,000, 99% hydrolyzed); PLL (MW 70,000-150,000); 11-
mercaptoundecanoic acid (11-MUA); ethanol; acetone; tetraethyl orthosilicate
(TEOS, Si(OC,Hs)4); NH3°H,0, H,0, (30%); phosphate buffered saline (PBS,
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10x); amonium persulfate (APS); and N, N, N,” and N’-tetramethylethylene
(TEMED) were purchased from Sigma-Aldrich Co., USA. Trisodium citratee
2H,0O was purchased from Merck, Germany. KCl and MgSO4*7H,O were
purchased from Fisher, UK. Bacteriological peptone was purchased from
Oxoid, UK. Acrylamide mix (30%), tris base, and sodium dodecyl sulfate
(SDS) were purchased from Bio-Rad, USA. TiO, granules (P25, containing
crystalline phases of anatase and rutile with the ratio of 6:4) were purchased
from Degussa, Singapore. Photoresist (AZ7220) was purchased from Clariant,

Singapore.

3.1.1.3 Buffers and Medium

Halobacteria Culture Medium

250 g NaCl, 20 g MgS04*7H,0, 3 g trisodium citratee 2H,0, 2 g KCl, and
10 g bacteriological peptone were contained in 1 liter of the culture medium.
The pH of the medium was self-adjusted to 7.0 with this recipe before

autoclaving.

Basal Salt Medium

250 g NaCl, 6.56 g MgS04°7H,0, 3 g trisodium citrate® 2H,0, and 2 g KCl,

were contained in 1 liter of the medium.

Buffers for SDS- Polyacrylamide gel electrophoresis (PAGE)

- 5x loading buffer
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10% wiv SDS

10 mM Dithiothreitol, or beta-mercapto-ethanol
20 % vIv Glycerol

02M Tris-HCI, pH 6.8

0.05% wiv Bromophenol blue

- 1x running buffer

25 mM Tris-HCI

200 mM Glycine

0.1% (wlv) SDS

- 1x stacking gel solution

H,O 2.1 ml

Acrylamide/Bis-acrylamide

500 pl
(30%/0.8% w/v)
1.0 M Tris-HCI, pH 6.8 380 pul
10% (w/v) SDS 30 pl
10% (w/v) APS 30 pl
TEMED 3ul

- 1x separating gel solution (12%)
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H,O 3.3 ml

Acrylamide/Bis-acrylamide

4.0 ml
(30%/0.8% wiv)
1.5 M Tris-HCI, pH 8.8 2.5ml
10% (w/v) SDS 100 pl
10% (w/v) APS 100 ul
TEMED 4l

3.1.2 Other Consumables

3.5K MWCO SnakeSkin Pleated Dialysis Tubing was purchased from
Pierce, USA. A gold-coated glass sensor disk for surface plasmon resonance
(SPR) was purchased from Echo Chemie B.V., Netherlands. A Pt electrode was
purchased from CH instruments, USA. A silicon tip for atomic force

microscope (AFM) was purchased from Veeco, USA.

3.1.3 Equipment

The bacterial inoculation and initial bR isolation processes were conducted

in a biological safety cabinet (BH class II series, Gelman, Singapore).

All sterilization was performed by autoclave (HICLAVE™ HV-50,

HIRAYAMA, Japan).
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All bacterial cultures were prepared in the orbital shaking incubator (S300,

Firstek Scientific, Singapore).

Nanomaterial synthesis was partly completed in the universal oven

(UNB500, Memmert, Germany).

The solvent remove was completed using a rotary evaporator (LABOROTA

4000, Heidolph, Germany).

The bR purity was examined by SDS-PAGE (Powerpac™ power supply

and electrophoresis cell, Bio-Rad, USA).

The topology was characterized by atomic force microscopy (SPM 3100,
Veeco Instruments Inc., USA).

The surface morphology was examined by field-effect scanning electron
microscopy (FESEM, JEOL JSM-6700F FESEM, Japan).

The distribution of specific elements was detected by energy dispersive X-
ray spectroscopy (JEOL EX-23000BU EDX Thermal Analyzer, Japan).

The microstructure was investigated by high-resolution transmission
electron microscopy (HRTEM, JEM-2100F, Japan).

The crystal structure was characterized by X-ray powder diffraction (XRD,
Bruker AXS X-ray diffractometer, Germany).

The thermal properties were determined by thermogravimetric analysis
(TGA, Perkin Elmer Pyris Diamond thermogravimetric analyzer, USA).

The ultraviolet-visible spectroscopy (UV-Vis) was conducted using the U-
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2800 spectrophotometer (HITACHI, Japan).
The fluorescence of thin film was scanned and recorded by a 2-D proteomic

imaging system (ProXPRESS, Perkin Elmer, USA).

The photoluminescence intensity was determined using a spectrofluorimeter
(HORIBA Fluolog-3, UK) with a xeon lamp as the light source and a
photoncounting photomultiplier tube detector luminescence spectrometer

(Aminco Bowman II, Thermo Electron, USA).

The light sources for the photoelectric investigation were an LD-pumped
532 nm laser (Fengyuan Optoelectronics Co. Ltd.) and the Polychrome V

system (Till photonics, Germany).

The SPR spectrometry was obtained using the Autolab SPRINGLE system
(Echo Chemie B.V., Netherlands), in which the light source was produced by a
monochromatic p-polarized laser (4=670 nm) and directed through a
hemicylindrical glass prism (n4=1.518 at 25 °C) onto the gold film. The
incidence angle (fspr) was obtained by measuring the intensity of reflected light
with a photodiode detector among a dynamic range of 4000 m° (4°) at a

frequency of 1 Hz.

All electrochemical measurements were made using an Autolab

potentiostat/galvanostat (PGSTAT30, Echo Chemie B.V., Netherlands).

Thin metal films were deposited onto Si wafers using an electron beam

evaporator (BOC Edwards A306, UK).
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The electronic parameters for DEP alignment of nanowires onto the FET

devices was controlled by the HP 4284 Precision LCR meter (USA).

The output and transfer characteristics of devices were characterized using
an Agilent 4157B Semiconductor Parameter Analyzer System (USA) with a

probe station (Summit 11751B-6 system, Cascade Microtech, USA).

3.2 Methodology

3.2.1 bR Growth and Purification

The purity and the concentration of bR can be better controlled by
preparation in lab to meet the requirement of my research. To ensure the quality
of bR used in this study, the isolation and purification of bR-embedded PM

(bR-PM) is critical.

3.2.1.1 Halobacteria Culture

Because it is believed that the expression of bR in the H. salinarum strain
S9 is not physiologically controlled but rather constitutively activated, this
strain is considered a mimic of the anaerobic, illuminated state of
Halobacterium cells (224). Due to its superior capacity to overexpress the wild-

type bR (225), strain S9 was employed in all experiments.
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The procedure for the growth of strain S9 was partially modified according
to the protocol established by Oesterhelt and Stoeckenius (226). After
inoculation, the bacteria-containing medium was cultured at 40 ‘C with
continuous illumination as well as proper shaking for 120 hours so that the

optimal yield of PM could be obtained.

3.2.1.2 Isolation of the bR-PM

Because no intracellular membranes are present in the H. salinarum cells,
the cell membranes can be easily isolated. The only challenge in obtaining pure
PM is removing other components, such as red membrane, from the cell

membrane preparation.

Bacterial cells were harvested by pelleting the 1-liter cell culture of H.
salinarum S9 at 13,000 g for 15 minutes and then resuspending the cells in 100
ml of a basal salt medium, with 1 mg DNAse 1 added before the overnight
dialysis against 2 L of 0.1 M NaCl solution. This dialysis not only lysed the
cells but also prevented the product from developing an excessive viscosity that
might have resulted from the release of the DNA. The resulting solution was
centrifuged at 40,000 g for 40 minutes and the combined reddish purple
sediment then washed twice with H,O by centrifugation at 54,000 g for 1.5
hours until the supernatant appeared colorless or only faintly purple. The final
sediment was resuspended in the proper amount of H,O and applied over a

linear sucrose gradient of 30% to 50% density before 17 hours of centrifugation
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at 100,000 g to remove the red membrane. The purple bands that appeared in
the middle of the sucrose gradient were collected and the sucrose removed by
dilution with H,O and at least two episodes of centrifugation at 100,000 g. The
final PM pellets were then resuspended with H,O to obtain the desired
concentration for further experimentation. All centrifugation processes were

conducted at 4 C (Fig. 3-1).

.

]

.

Figure 3-1 Main steps in PM isolation process: (a) bacterial culture, (b) bacterial cell

pelleting, (c) cell suspension dialysis, and (d) final PM product.

3.2.1.3 Characterization of the isolated bR-PM

SDS-PAGE Analysis

The gel plate consisted of 12% separating solution and stacking solution.

By the SDS-PAGE bands generated by different samples shown in different

columns, the purification process was confirmed to have been successful.

53



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Moreover, the isolated bR was proved to be of high purity, even when

compared to the commercial product (Fig. 3-2).

Figure 3-2 Silver staining result of the SDS-PAGE gel. C1. protein standard; C2.
commercial bR; C3. pure bR product; C4. crude product before sucrose gradient
centrifugation; C5. crude product just after dialysis.

UV-Vis Spectra

Because bR-PM has the characteristic absorption maximum at around 570
nm, by conducting UV-Vis spectra measurement, the concentration of isolated
bR can be calculated according to its peak optical density (OD) value, with the

suspension of the commercial bR of known concentration serving as control.

According to the Lambert-Beer's law: A=alc, it could be calculated from the

OD reading shown in Figure 3-3 that the original concentration of the isolated
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bR was approximately 28.23 mg/ml, indicating that the modified isolation
procedure could produce a sample of high concentration with high purity and.
The UV-Vis result of the isolated bR also revealed that the absorption ratio of

Aogonn/As7onm Was below 1.7, confirming that the PM product was of high

quality.
2.0
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Figure 3-3 UV-Vis spectra of isolated bR and commercial bR.

AFM Image

As shown in Figure 3-4, the isolated bR had the same topology as that
reported in the literature, which, together with the UV-Vis measurements and
SDS-PAGE analysis, confirmed the quality of the isolated bR for further

application.
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Figure 3-4 (a) AFM image of isolated bR and (b) that reported in the literature (37).

3.2.2 Photoelectric Measurement

An LD-pumped 532nm-laser (Fengyuan Optoelectronics Co. Ltd.), with the
output power density at 20 mWecm,” and the Polychrome V system, with the
output power density at 6.5 mWecm™ at 570 nm of illumination and at 7
mWecm™ at 410 of nm illumination, were used as the light sources during
different parts of study. The photoelectric responses of pure bR as well as bR-
based bionanosystems and the materials serving as controls were examined with

potentiostats.

Amperometric and potentiometric chrono measurements at open circuit
were conducted for the photocurrent and photopotential response, respectively.
Gold assembled with bR or bR-based film was used as the working electrode
and Pt wire was used as the counter electrode. The distance between the two
electrodes in the photo-electrochemical cell was 8 mm with 0.1 mol/L. PBS

(pH=7.4) as the electrolyte.
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Chapter 4 Fabrication of Oriented PLL/bR-PM Multilayer

Structure for Enhanced Photoelectric Response *

4.1 Introduction

In previous studies, PDAC (169-170, 227), PAH (168) and PEI (228) were
reported as polycationic assemblers in LbL deposition of bR-PM. Since the
assembler plays critical role in determining the bR amount immobilized in the
LbL multilayer film and thus affecting the photoelectric performance, there is a
need to explore more efficient assembler in the LbL immobilization of bR-PM
for photoelectric response improvement.

As a positively charged amino acid polymer, PLL is well known for not
only its good biocompatibility (229) but also its easy conjugation with bioactive
molecules (230-231). The most common application of PLL is as a nonspecific
attachment factor in tissue cultureware coating to promote cell adhesion onto
solid substrates by increasing the available positive charge (232-233). This

polycation is also broadly employed as a linker or constructing element in the

* Reprinted from Journal of Colloid and Interface Science, 344(2010), Li, R., X. Q. Cui, W. H. Hu,
Z. S. Lu and C. M. Li, Fabrication of oriented poly-L-lysine/bacteriorhodopsin-embedded purple
membrane multilayer structure for enhanced photoelectric response, 150-157, Copyright (2009), with
permission from Elsevier.
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establishment of a DNA condensation and delivery system (234-235), as well as
for conjugation with alginate in microencapsulation (236-237), microarray glass
slide coating (238-239), tissue engineering (240-241), and LbL assembly of
DNA (242) and some negatively charged proteins (243-244). However, prior to
this study, PLL had never been used to assemble a bR-PM-based multilayer
structure for improvement for enhancement of the bR photoelectric response.
For the first time in this study, PLL was used to LbL construct a PLL/bR-PM
multilayer structure by alternative adsorption of PLL and the bR-PM via
electrostatic attraction between PLL and the negatively charged CP side of bR-
PM (190, 209).

The effect on the photoelectric performance of the assembly by several
fabrication parameters, such as PLL and bR-PM concentration, bR-PM
suspension pH, and the adsorption time in the bR-PM suspension, as well as the
optimal assembling conditions, were determined. The multilayer growth was
monitored by UV-Vis, SPR, and AFM. Among these characterization methods,
SPR was employed for the first time to provide quantitative data regarding the
LbL adsorption of bR-PM. The photoelectric results indicate that the PLL/bR-
PM multilayer assembly can generate a higher photocurrent than a bR-PM-

based LbL structure utilizing other polycations.
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4.2 Preparations and Measurements

4.2.1 bR-PM Suspension Preparation

The bR-PM fragments were suspended in water by ultrasonication for about
120 s to form suspensions with different concentrations. The suspensions were
then adjusted to different pH levels using 0.1 M NaOH and 0.1 M HCI to
determine the effect of concentration and pH on the photoelectric response of

the PLL/bR-PM assembly.

4.2.2 Preparation of the PLL/bR-PM Multilayer Assembly onto Gold and

Quartz

PLL was dissolved in Milli-Q H,O to prepare different concentrations
(pH=7.2) to determine the effect of its adsorption concentration on the
assembly’s photoelectric performance. The PLL/bR-PM composite films were
deposited onto different solid supports for characterization and investigation,
including quartz slides for UV-Vis absorption measurements, gold-coated glass
sensor disks for SPR, and gold-sputtered (400-nm thickness) Si wafers for AFM
and photoelectric performance measurements. The quartz supports were
pretreated in a Piranha bath (a mixture of concentrated sulfuric acid and 30%
hydrogen peroxide (3/1, v/v)) at 80 °C for 40 minutes, followed by
ultrasonication in acetone and ethanol, respectively, with a thorough rinse with

Milli-Q H,O after each step. Commercial bare gold-coated glass disks and
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freshly gold-sputtered Si wafers were pretreated only by ultrasonication in
acetone and ethanol, respectively, with a thorough rinse with Milli-Q H,O after
each step. After treatment, the solid supports were stored in Milli-Q H,O prior
to use. The pretreatment procedure aimed at removing any possible impurities

on the surface of the substrate.

To render a net negatively charged surface for subsequent PLL adsorption,
the gold-sputtered Si wafer was immersed into a freshly prepared 1 mg/ml 11-
MUA ethanol solution overnight, and their surfaces then rinsed with ethanol to
remove non-covalently bonded MUA before use. The construction of the
PLL/bR-PM assembly onto the gold surface is schematically illustrated in

Figure 4-1. The MUA-modified negatively charged planar-gold surface was

MUA modified gold PLL adsorption PM adsorption

/ Gold substrate

MUA
® @

® < @
> PLL

PM

Figure 4-1 Schematic drawing of PLL/bR-PM alternate assembly employing a negatively

charged gold surface.
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immersed into PLL in which the adsorption concentration would be optimized
for a monolayer growth of the polycation. After rinsing with Milli-Q H,O for 2
minutes and then drying it gently with compressed air, the modified substrate
was placed into a bR-PM suspension in which the adsorption concentration,
assembly pH, and adsorption time would be optimized; rinsed with water of the
same pH as the bR-PM suspension for 2 minutes; and dried gently with
compressed air. This process, which resulted in the formation of the first
PLL/bR-PM bilayer, was repeated until the desired number of bilayers of
PLL/bR-PM had been obtained. All the adsorption procedures were carried out

at room temperature (approximately 25 °C).

PLL

PEI modified quartz PM adsorption

Quartz substrate

©99e9e®  PEI

L5 L,

PM

Figure 4-2 Schematic drawing of PLL/bR-PM alternate assembly employing a positively
charged quartz surface.

The procedure used for the fabrication of the PLL/bR-PM ultra-thin

composite assemblies onto a quartz surface consisted of the same steps as those
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used for immobilization on the gold surface except that PEI rather than
negatively charged MUA was employed to make the quartz surface positively

charged in the first step (Fig. 4-2).

4.2.3 In-Situ SPR Measurements

The cleansed gold-coated glass disk was immersed in 11-MUA ethanol
solution overnight to make the surface negatively charged and then rinsed with
ethanol. The baseline of the SPR binding curve was measured after injecting
100 zd of Milli-Q H,0. After the baseline became stable, 100 ul of PLL was
added to replace the Milli-Q H,O (indicated by arrow 1 in the binding curve in
Figure 4-7 in section 4.4.1). After recording the binding curve, the PLL was
replaced by Milli-Q H,O (indicated by arrow 2 in the binding curve), and the
bR-PM suspension was then injected to replace the Milli-Q H,O (indicated by
arrow 3 in the binding curve). Again, after measuring the binding curve, the bR-
PM suspension was replaced by Milli-Q H,O (indicated by arrow 4 in the

binding curve). All experiments were conducted at room temperature.

4.3 Effects of Assembly Parameters on the Photoelectric

Responses

4.3.1 Effect of PLL and bR-PM Concentration on PLL/bR-PM Assembly

To assemble the PLL/bR-PM structure, a fixed concentration of bR-PM
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Figure 4-3 a) Photocurrent profile of PLL/bR-PM bilayer with different concentrations of
PLL used; b) Peak light-on photocurrent at different PLL concentrations.

suspension (pH=7) at 5 mg/ml with a fixed adsorption time of 10 minutes was
used to study the effect of PLL concentration on the photoelectric response. As
shown in Figure 4-3a, the amplitude of the photocurrent generated by the
PLL/bR-PM bilayer initially increases as the PLL concentration increases.
When the PLL concentration rises to 1 mg/ml, the photocurrent reaches a

maximum level that it maintains despite further increases in PLL concentration,
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indicating that PLL-saturated adsorption on MUA via electrostatic attraction
between the MUA carboxylate and the lysine ammonium groups occurs at a
PLL concentration of 1 mg/ml, resulting in the maximum bR-PM adsorption
and a photoelectric response plateau (Fig. 4-3b). Thus, 1 mg/ml PLL was used

as the assembly concentration in all the following experiments.

al_
150 l nght on | CbR =5.0 mg/ml
g C,.=3.0 mg/ml
<
g C =2.0 mg/ml
= pi—2-0 mg/m
: V
E | C =1.5 mg/ml
S aremn e e N e
s ‘
i - i C,.=1.0 mg/ml
' i C,.=0.5 mg/ml
L
f Light off
a Time (ms)
60
55 4

50- %_§ 1
. §/

o/

Photocurrent (nA/cmz)
-
=
[

— T T
b 0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
bR-PM concentration (mg/ml)

Figure 4-4 (a) Photocurrent profile of PLL/bR-PM bilayer at different bR-PM suspension
concentrations. (b) Peak light-on photocurrent at different bR-PM suspension
concentrations.
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The effect of bR-PM suspension concentration on the photoelectric
response of the assembly was also investigated. As shown in Figure 4-4a, the
amplitude of the photocurrent generated by the PLL/bR-PM bilayer increases
until the bR-PM concentration reaches 2 mg/ml, at which point a plateau
photocurrent is maintained despite further increases in the bR-PM
concentration. It has been reported that in the electrostatic LbL assembly
mediated by PDAC (170), the adsorbed bR-PM is actually the monolayer.
Because it appears that the maximum coverage of the bR-PM monolayer on the
positively charged PLL surface can be achieved at a 2 mg/ml concentration of

bR-PM, this concentration was used for the multilayer PLL/bR-PM assembly.

4.3.2 Effect of bR-PM Suspension pH on PLL/bR-PM Assembly

The pH effect of the bR-PM suspensions at the PLL and bR-PM
concentrations described above on the photoelectric response was studied to
identify the PLL/bR-PM assembly that would provide the best photoelectric
response. As shown in Figure 4-5a, the photocurrent amplitude of the PLL/bR-
PM bilayer continues to increase as the pH increases from its initial acidic
range, with the maximum photocurrent obtained at a pH of 9, at which point it
sharply decreases when pH is further increased. Within the range of pH 9 to 12
(the pH tolerance limit of bR-PM, refers to Table 2-1), this decreasing trend
continues. Figure 4-5b, which depicts the change of peak light-on photocurrent

vs. the pH adjustment, shows that the amplitude of the photocurrent of the
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bilayer structure is determined only by the adsorbed amount of bR-PM.
Absorbance maxima of the assembly at 564 nm, the characteristic UV-Vis
absorption peak of bR-PM, are plotted vs. different pH of bR-PM suspension in
Figure 4-5c, reflecting the adsorption amount of bR-PM in the PLL/bR-PM
assembly, which strongly accords with the photoelectric response change and
indicates that the optimal assembly pH is 9. Since the PLL/bR-PM assembly
relies on electrostatic attraction, the assembled amount of bR-PM should be
greatly dependent on the surface charge.

In accordance with previous studies (245-246), the charge variation of the
assembled component vs. pH can be used to explain the effect of pH of the bR-
PM suspension on the photoelectric response. The isoelectric points (PIs) of
bR-PM and PLL are from pH 4 to 5 and 9.7, respectively (37, 247). With an
increase in the assembly pH from 5 to 9, the negative charge of the bR-PM
should increase and the positive charge of the PLL decreases accordingly. The
results in Figure 4-5b and c reveal that the charge of bR-PM determines the
assembly pH to be less than or equal to 9, possibly due to the fact that the
charge of PLL is relatively higher than that of the bR-PM from pH 5 to 9, even
during its decreasing mode, which is why the adsorbed bR-PM increases with
an increase in its pH. However, when the pH gradually exceeds the PI of PLL
(9.7), it is no longer positively charged, leading the bR-PM adsorption to
decrease and consequently resulting in a decrease in the photocurrent of the

PLL/bR-PM bilayer.
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Figure 4-5 (a) Photocurrent profile of PLL/bR-PM bilayers with bR-PM suspensions of
different pH levels used. (b) Peak light-on photocurrent with bR-PM suspensions of
different pH levels used. (c) Absorbance maxima at 564 nm with bR-PM suspensions of

different pH levels used.

4.3.3 Effect of bR-PM Adsorption Time on PLL/bR-PM Assembly
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Figure 4-6 (a) Photocurrent profile of PLL/bR-PM bilayers at different adsorption times in
bR-PM suspension. (b) Peak light-on photocurrent at different adsorption times in bR-PM

suspension.

The effect of bR-PM adsorption time on the photocurrent when both the

PLL and bR-PM suspensions were at the optimal concentrations and pH was

68



ATTENTION: The Singapore Copyrigh

oplies to the use of this document. Nanyang Technological University Library

investigated. The experimental results in Figure 4-6 show that the photocurrent
sharply increases with an increase in the adsorption time until 5 minutes, when
it becomes almost constant, clearly indicating that the bR-PM adsorption
achieves full coverage after 5 minutes for the maximum current. As shown in
Figure 4-7, which depicts the adsorption process studied by in-situ SPR, there is
no further angle shift in SPR after 5 minutes adsorption, demonstrating a
maximum coverage monolayer has been formed at that point, which strongly

accords with the results shown in Figure 4-6b.

4.4 Construction of PLL/bR-PM Multilayer Assembly

The optimal adsorption conditions were applied to construct the multilayer
PLL/bR-PM LbL assembly. To generate a high photoelectric response, it is
critical to construct a monolayer of oriented bR with no passive pores that could
cause short circuits upon illumination (37). Thus, the construction process of
the multilayer film was monitored in situ using various methods and the

photoelectric responses of the built multilayer were investigated.

4.4.1 In-Situ SPR Study

The shift in the SPR angle upon adsorption is often studied in situ to
monitor adsorption process and performance (248-251). This study conducted
an in-situ investigation of the assembly process of the PLL/bR-PM multilayer

to obtain data on the coverage and the adsorption of the bR-PM in the
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multilayer assembly. Due to the limited linear range of SPR measurements

(252), only the first bilayer was investigated.

Figure 4-7 shows the SPR angle shift caused by each step of the first
PLL/bR-PM bilayer formation in the LbL assembly. After measurement of the
baseline, a rather small angle shift occurs with the addition of PLL on the
substrate at only approximately 100 m° due to the comparatively low molecular
weight of PLL. However, the addition of bR-PM leads to a dramatic change in
the SPR angle shift (A6 = 926 m°) because the bR-PM patch has much larger
size (up to Sum) (37) than PLL. Assuming a continuous film is produced, the
theoretical Af can be calculated using the Fresnel equation for a four-layer
system (prism/gold film/PM film/solution) (253). The PM patch is known to
have a constant thickness of 5 nm (37). With the known refractive indices (254)
of nl (glass) = 1.518, n2 (gold film@670 nm) = 0.1372 + 3.7852i, d2 = 50 nm,
n3 (PM) = 1.532 (255), and n4 (aqueous solution) = 1.334, the theoretical Af is
calculated to be 1040 m°. Compared with the theoretical Af calculated from an
ideal full-covered immobilization of bR-PM, i.e., 100% coverage, the actual

coverage of bR-PM in the LbL process can be estimated as:

actual A@
coverage = — — = 89.04%

theoretical A@

For large patches such as bR-PM, which has lateral dimensions of up to 5
pm (37), approximate 90 percent is quite high coverage in the LbL. method,
indicating that PLL is a good polycationic assembler for the LbL film
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Figure 4-7 In-situ scanning SPR binding curve (solid line) and Langmuir adsorption

kinetics fitting curve (circles) of the first PLL/bR-PM bilayer adsorption.

construction of the multilayer bR-PM.

Generally, the adsorption behavior of species from a solution of

concentration [7] onto an unfilled surface can be expressed in terms of
6(1) =0, (1—e I

where ¢ is time, 6, is the equilibrium value for 6 at a particular bulk

concentration, K, is the adsorption coefficient, and k4 is the desorption
coefficient (256). Thus the SPR angle shift caused by the adsorption of bR-PM
during the bilayer assembly is fitted as shown in the circle curve in Figure 4-7.

Comparison of the fitted result with the original in-situ SPR response reveals
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that the bR-PM adsorption dynamics of the PLL/bR-PM multilayer assembly is

well in agreement with the Langmuir adsorption kinetics.

The density of adsorbed bR-PM in the PLL/bR-PM multilayer assembly
were calculated in terms of increases in the SPR angle between two buffer
phases at a ratio of 1 ng/rnm2 per 120 m° (249). From the SPR angle shift Af =
926 m° caused by the bR-PM addition, the adsorbed density of bR-PM is
estimated to be 7.72 ng/rnrn2 per bilayer. The SPR result discussed above
quantitatively characterizes the bR-PM immobilization process by LbL

technique.

4.4.2 AFM Characterization

Evolution in the surface morphology during the PLL/bR-PM multilayer
assembly construction was depicted by AFM images. Before polyelectrolyte
adsorption, the MUA-modified gold electrode surface (Fig. 4-8a) is rather
smooth, with sputtered gold nanoparticles spread uniformly across the surface.
After the formation of two PLL/bR-PM bilayers (Fig. 4-8b), dispersion across
the whole surface can be observed as large patches with lateral dimensions of
approximately 0.5-2 um, which is in agreement with the reported size of the
bR-PM structure (37). The high bR-PM coverage is also consistent with the
SPR results. When the number of bilayer increases to 4, 6 and 8, as shown in
Figures 4-8c, d and e, respectively, the patch structure of bR-PM becomes more

obvious, while small particle structures always appear on the bR-PM patches, a
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4 6

Number of bilayer

Figure 4-8 AFM topography images of (a) MUA modified gold surface; (b) two bilayers, (c)
four bilayers, (d) six bilayers, and (e) eight bilayers of PLL/bR-PM film adsorption with
the bR-PM as the outer layer, respectively (all images are of size 5.0 pmx5.0 pm and the
maximum z-range is 80 nm). (f) The relationship between roughness and the number of
bilayers.
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finding consistent with the reported PLL profile resulting from other LbL
process (257). The distribution of the PLL dots also illustrates the strong
electrostatic attraction between the two polyelectrolytes. RMS changes
introduced by growth of the PLL/bR-PM multilayer are plotted in Figure 4-8f,
showing that the roughness of the top surface of each multilayer assembly,
apparently caused by the patch structure of bR-PM, increases almost linearly as
the number of bilayers increases. The linear relation of roughness vs. number of
bilayers may indicate that each assembled bR-PM monolayer structure is very
reproducible in the multilayered film. Each AFM sample was carefully
preserved without any damage after the morphology examination and directly

used to conduct the photoelectric measurements.

4.4.3 UV-Vis Analysis

Figure 4-9a shows the different views on the quartz before and after
PLL/bR-PM multilayer assembly. Compared to the nearly transparent blank
quartz on the left, the quartz on the right exhibits a light purple color, indicating
the presence of bR-PM. Figure 4-9b shows the UV-Vis spectra for sequentially
assembled PLL/bR-PM multilayer (curves from bottom to top show the
absorption spectrum of 2, 4, 6 and 8 bilayers, respectively), indicating both
absorption peaks at 278 and 564 nm, the characteristic absorption peaks for bR-
PM, the increase of which vs. the number of assembled bilayers is linear (inset

of Figure 4-9b), clearly displaying that the adsorbed bR-PM quantitatively
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Figure 4-9 (a) Quartz before (left) and after (right) the PLL/bR-PM multilayer assembly. (b)
UV-Vis spectra of PLL/bR-PM immobilized quartz (black, red, green and blue curves
represent the absorption spectrum of 2, 4, 6 and 8 bilayers, respectively). Inset shows the
absorbance at 564 nm and 278 nm, respectively, vs. the number of bilayers.

increases proportionally with the assembled bilayers increases. The UV-Vis
result strongly demonstrates that the spontaneous PLL mediated bR-PM
adsorption by the LbL technique not only effectively and reproducibly assemble
an equal amount of bR-PM onto each bilayer, but also retain its original
conformation in terms of the consistent characteristic absorption peaks of bR-

PM in different multilayer, a result that strongly agrees with the AFM images.
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The absorbance for each bilayer of PLL/bR-PM at 564 nm was calculated to
be 1.25x107 from the slope of the linear fitted result shown in the inset of
Figure 4-9b. This absorbance directly reflects the amount of bR-PM adsorption
in one bilayer because PLL contributes no absorption in this wavelength range.
In comparison to the bR-PM adsorbed through LbL using other polycationic
assemblers that has been reported in other studies (168, 170, 228), the
absorbance reading of per bilayer obtained in this work is much higher,
indicating that PLL can act as a highly positive charged monolayer for better

adsorption of bR-PM than those polycationic assemblers reported.

4.5 Photoelectric Response of the PLL/bR-PM Multilayer

Assembly

The photocurrent generated from bR-PM under illumination is an important
and desirable property for its use in bioelectronic device applications. The
typical photoelectric responses of the 2, 4, and 8 bilayers of the PLL/bR-PM
assembly are shown in Figure 4-10a. The capacitive photocurrent produced
from the PLL-assembled multilayer film in this measurement exhibits the
feature identical to those reported in previous studies (127, 146-148, 258). The
negative peak (light-on photocurrent) corresponds to turning on the light, while
the positive peak photocurrent (light-off photocurrent) corresponds to turning
off the light. The result shows that the photocurrent almost linearly increases

with an increase in the number of assembled bilayers in the growth of the first
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eight bilayers. This indicates that the physiological activity of the bR-PM in the
PLL-assembled multilayered structure is well preserved, and thus the
photocurrent is simply dependent on the total amount of bR-PM adsorbed in the

assembled multilayer film.
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Figure 4-10 (a) Photocurrent response generated by the 2, 4, and 8 bilayers of the PLL/bR-
PM assembled under optimal parameters. (b) Peak light-on photocurrent at different
bilayers of PLL/bR-PM LbL assembly.
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However, as the number of bilayers adsorbed surpasses eight, the
photocurrent starts to decline (Fig. 4-10b). Previous studies have explained that
the increased resistance of other polycation-assembled multilayer films with the
increase in the number of bilayers results in a decreased photocurrent (168, 170,
228). There might be another reasonable explanation that the decrease in
photocurrent after reaching a certain thickness is caused by the increased
diffusion resistance of protons, as the capacitive photocurrent is generated from
the built proton gradient by the proton pumping of bR-PM under illumination,

which is directly related to the proton diffusion process.

The photocurrent generated by a bR-PM multilayer film constructed using
the LbL technique could reach 420 nA/cm® when the number of PLL/bR-PM
bilayers increases to eight, which is higher than the photocurrent generated
from LbL bR-PM films assembled by other polycationic assemblers in previous
reports (168, 170, 228) (data corresponding to incident green light of a power
density at 20 mW/cm? are compared in Table 1). This result, together with the

results regarding the amount of adsorption derived from UV-Vis spectra (refer

Table 4-1 Comparison of the maximum photocurrent generated by bR-PM/polycation
multilayer assembly with different polycationic assembler used.
Polycations used in the assembly PDAC PAH PEI PLL

Maximum photocurrent (nA/cm?®) ~ 116 ~ 10%* ~293 ~ 420

* Only the power density of white light was provided in the literature.
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to section 4.4.3), indicates that PLL is a superior assembler in LbL construction

of a bR-PM based multilayer film with high photoelectric response.

4.6 Conclusion

This chapter described the successful construction of a well-oriented
PLL/bR-PM multilayer film through electrostatic adsorption using the LbL
assembly technique. The UV-Vis absorption spectrum demonstrates that the
natural conformation of bR-PM is properly preserved after its construction into
a multilayer structure and confirmed that the assembling process of each
PLL/bR-PM bilayer is highly reproducible, with the amount of bR-PM
adsorption linearly increasing as the number of bilayers increased. The in-situ
SPR monitoring reveals that in the multilayer film growth, the amount of bR-
PM adsorption strongly accords with Langmuir adsorption kinetics, and verifies
that the coverage of the bR-PM monolayer in the multilayer film could reach as
high as 90%. The amount of bR-PM adsorbed in the film is also calculated from
the SPR results. AFM characterization proves that the patch structure of bR-PM
remained well in the PLL/bR-PM multilayer and that its roughness linearly
increases with an increase in the number of bilayers. The results of the
optimization of various LbL assembly parameters indicate that PLL functions
as a favorable polycation for the electrostatic LbL assembly of bR-PM that

significantly enhances the bR-PM photoelectric response.

79



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Enhancement of bR Photoelectric Response
Using Multilayered WO;H,O Nanocrystals/PVA

Membrane ”

5.1 Introduction

Enhancing the photoelectric response of a bR-based system is essential for
bR bioelectronic applications, but has proven very challenging. Various
methods, such as chemically induced enhancement (221) and LbL enhancement
(259) have been investigated. Nanomaterials possess unique properties due to
their small size that may prove very beneficial in bioelectronic applications
(260-261). Several nanomaterials have been incorporated into bR to either
increase the amplitude (262) or change the pattern (263) of its photoelectric

responses.

Due to their spillover effect, WO3°H,0O nanocrystals have been recently
employed to improve the performance of the proton exchange membrane in fuel
cells (264). However, application of WO3*H,O nanocrystals in a biomolecule-

based system had never been investigated before. Since the photoelectric

® Reproduced by permission of The Royal Society of Chemistry.
http://www.rsc.org/publishing/journals/CC/article.asp?doi=b923354
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response of bR originates from the protein’s unique proton translocation, it
would be expected to be enhanced by the effective proton spillover of
WO3°H,0 nanocrystals. The challenge is how to build integrated membrane
and have the effective spillover process. In this work, the precursor of
WO3¢H,0 nanocrystals was incorporated into a PVA matrix to form a mixture
that can ensure the WO3*H,0 nanocrystals distribution as well as their contact
with bR and the effect of the WO3*H,O/PVA membrane on the bR

photoelectric response was subsequently investigated.

5.2 Preparation of the Integrated Membrane

5.2.1 WO3*nH,0 Nanocrystal Precursor Preparation

The preparation of the WO3;°nH,0 nanocrystal precursor was based on a
protocol slightly modified from that reported by Habazaki (265) and Yang
(264). 5 ml H,O, 10 ml 30% H,0;, and 5 ml IPA were combined to render a
uniform solution before 1 g of tungsten powder was mixed with the solution.
The reaction solution was kept steadily until the tungsten powder completely
dissolved. Excessive H,O, was removed by dipping a platinum black-coated Pt
foil into the solution to prevent further oxidation, and excessive IPA was removed
by vacuum distillation at room temperature with a rotary evaporator to prevent

possible harm to bR components during integrated membrane preparation.
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5.2.2 Integrated Membrane Electrode Preparation

A 5 mg/ml suspension of bR-PM was prepared before use. EPS method
(146-148) was used to uniformly immobilize the bR-PM with favorable

orientation on a piece of gold electrode.

2 ml of the as-prepared WO3*nH,O nanocrystal precursor was mixed with 6
ml of the 66.67 mg/ml PVA solution, and then spin-coated on a freshly
prepared bR-modified electrode. The thickness of the WO3z*nH,0
precursor/PVA layer was tailored by repeated spin-coating, followed by one
hour of heating at 60 ‘C to allow formation of the integrated
bR/WO3nH,O/PVA membrane. WO3znH,O/PVA membrane and bR/PVA

membrane were also prepared as controls.

5.3 Characterization of the Integrated Membrane

5.3.1 Surface Morphology Characterization

Figure 5-la shows that the surface morphology of the as-prepared
WO3°nH,0O/PVA membrane examined by FESEM is smooth with no obvious
protuberances. The cross-section of the WO3;*nH,O/PVA membrane prepared
by 12 episodes of spin-coating (Fig. 5-1b) illustrates that the thickness of the

WO3nH,O/PV A membrane is relatively consistent.
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Figure 5-1 SEM micrographs of (a) the surface and (b) cross-section of the
WO;3nH>O/PVA membrane.

5.3.2 Determination of Element Distribution

The distribution of the tungsten element across the WO3z;enH,O/PVA
membrane was investigated. The EDX mapping corresponding to the surface of
the membrane (Fig. 5-1a) is presented in Figure 5-2a and the EDX spectra

corresponding to the measured points shown in the membrane cross-section
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(Fig. 5-1b) is shown in Figure 5-2b. These results together demonstrate that the

tungsten element uniformly distributes across both directions of the

WO3nH,O/PV A membrane.
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Figure 5-2 (a) EDX mapping along the surface and (b) EDX spectra along the cross-section
of the WO;enH,O/PVA membrane.
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5.3.3 Microstructure Examination

HRTEM was conducted to study the microstructure of the WO3enH,0
embedded in the PVA membrane. Figure 5-3a clearly shows that WO3enH,0O

nanocrystals with diameters of 3~5 nm were spatially stacked in the PVA

Figure 5-3 HRTEM image at (a) low magnification and (b) high magnification, and the (c)
SAED pattern of the WO3;*nH,O/PVA membrane.
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membrane. As shown in Figure 5-3b, the crystal lattice spacing of WO3z*nH,0
is measured to be d=0.27 =0.01 nm, corresponding to the interplanar spacing of
(040) plane of the standard WOs3 hydrate (JCPDS, card No.: 20-1806). The
selective area electron diffraction (SAED) pattern in Figure 5-3c displays non-
continuous rings composed of diffraction spots, which further confirms the

poly-crystalline nature of the nanocomposite membrane.
5.3.4 Identification of Crystal Structure

The crystal structure of the WO3enH,O/PVA membrane was characterized
by XRD. Figure 5-4 shows three relatively sharp peaks in curve II, two of

which (20=25.63° and 20=33.44°) can be indexed to (111) and (040) reflection,
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Figure 5-4 XRD patterns of (I) the standard values of tungsten oxide hydrate (JCPDS 20-
1806), (II) WO3°nH,O/PVA membrane, and (IIT) plain PVA membrane.
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respectively, of the tungsten oxide hydrate (I, JCPDS, card No.: 20-1806),
suggesting that the hydrate of WO;3; forms during the preparation of the
membrane. Another prominent peak (20=19.42°) could be ascribed to the PVA
component, which shifts slightly from the main peak (26=20.22°) in the XRD
pattern of PVA (curve III) due to the change in concentration. As no
characteristic peaks of impurities are observed, the prepared membrane is
confirmed to be a PVA/WO3; hydrate hybrid. Using the Scherrer Formula (266),
the crystallite size of the WO3 hydrate is calculated to be ~3.0 nm, which is

highly consonant with the previous HRTEM observation.

5.3.5 Determination of Thermal Properties

The thermal properties of the WO3°nH,O/PVA membrane was determined
by TGA. The TGA profile for the WO3*nH,O/PVA membrane in Figure 5-5
shows an weight loss of ~7% at approximately 200 C, which is due to the
evaporation of the occluded water, followed by a second sharp weight loss of
~5% at approximately 250 ‘C, which is likely due to the loss of chemically
combined water in the WOs hydrate. The TGA curve section of PVA (inset) is
rather flat between 200 ‘C and 300 C, indicating that there is no decomposition
of the polymer in that temperature range. The third sharp weight loss of ~6%
occurs between 250 C and 440 “C, which is consistent with the obvious weight
loss of ~83% between 320 ‘C and 550 C in the TGA curve of PVA (inset),

demonstrating the decomposition of the PVA component in the

WO3nH,O/PVA membrane.
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From the TGA result, the number of the chemically combined water
molecules is calculated to be 1, indicating that the WO3 hydrate should be
denoted as WO3*H,O. The abundant water in the hydrated WO; has great
significance in maintaining the moisture of the integrated membrane to attain
higher stability (264) and a better proton transport environment (267) in the

integrated membrane.

100 —
80-
-
=
€ 604
95 - £
?_/ 204
= 90- 0 .
=) 0 100 200 300 400 500 600
§ “ Temperature (°C)
854 !
80

T v T ¥ T v T v T v
100 200 300 400 500 600
Temperature (°C)

Figure 5-5 TGA curves of the WO3nH,0/PVA membrane. Inset shows the TGA curves of
the PVA membrane.

5.4 Effects of Preparation Conditions on the Photoelectric

Response

Utilizing the WOs3*H,O proton-spillover effect to obtain an enhanced
photoelectric response from the integrated bR/WO3*H,O/PVA membrane is the
ultimate goal of this study. To attain this objective, it is necessary to investigate

related factors that might have a significant effect on the photoelectric response.
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This section describes the preparation time of the WO3*H,O precursor, the ratio
of the WO;3*H,0 precursor used in the membrane preparation, and the formation
time of the WO3*H,0O nanocrystals used to optimize the membrane composition

and thus obtain the highest photoelectric response from the integrated

bR/WO3*H,O/PVA membrane.
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Figure 5-6 Effect of the preparation time of the WO3*H,O precursor on the photocurrent of
the integrated bR/WO;°H,O/PVA membrane.
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5.4.1 Effect of WO3°H,O Precursor Preparation Time

The photocurrent of the integrated bR/WO3*H,O/PVA membrane containing
one layer of WO3*H,O/PVA coating was investigated at the WO3*H,O precursor
preparation times of 6, 9, 12, 15, and 18 hours, respectively. Figure 5-6 shows that
12 hours can be regarded as the critical point of the preparation time, at which the
dissolving of tungsten powder has been completed thoroughly and no more
WO;°H,0 precursor will be generated even the preparation time is longer; at
preparation times longer than 12 hours, the amplitudes of the photocurrent
generated by the integrated membrane containing the WO3;°H,0 precursor do not
increase at all, while the amplitudes attained at preparation times shorter than 12

hours are insufficient for application.

5.4.2 Effect of WO3*H,O Precursor Ratio

The ideal ratio of the WO3*H,O precursor to PVA for obtaining the best
photoelectric performance from the integrated membrane was investigated. The
results of using a series of ratios of the integrated membrane with one layer of

WO3H,0/PVA coating and the resulting photocurrents were investigated.

As shown in Figure 5-7, when the ratio of the WO3*H,0 precursor to PVA
is 1 g (calculated by the original mass of the W powder) to 6 ml, the final
photocurrent of the integrated membrane is the highest among all the samples.
This finding indicates that having too few WO3*H,O nanocrystals in the
membrane insufficiently enhance the photocurrent while too little PVA might

cause non-uniform or unstable membrane formation, leading to a lack of WO3*H,0
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Figure 5-7 Effect of the ratio of WO;*H,0’s precursor to PVA on the photocurrent of the
integrated bR/WO;*H,O/PVA membrane.

nanocrystal integration with other components in the integrated membrane so that
the photocurrent could not be enhanced so obvious as that when the formation of
the membrane is well controlled under an optimal ratio of WO3;*H,O precursor to

PVA at 1g to 6 ml.
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5.4.3 Effect of WO3*H,0O Nanocrystals Formation Time

Although bR is known to be more thermal-resistant than normal proteins, it
is not recommended to expose bR to temperatures higher than 50 ‘C (the

temperature of its ecological niche) unless necessary. However, the formation
of WO;H,O nanocrystals from their precursors requires heating at a

temperature of at least 60 ‘C, which makes the heating time a very important

parameter in making an integrated membrane that retains bR activity and
biological functions. Another reason why the heating process must be
considered is that transparent WO3*H,0 nanocrystals can be accelerated to form
non-transparent tungsten bronze by high-temperature environment, which might
later block the irradiation onto the bR component, and thus affect the

photoelectric performance of the integrated membrane.

Using the same ratio of WO3*H,0 precursor to PVA (1 g: 6 ml), a formation-
time dependent study of the photocurrent of the one-layer WO3*H,O/PV A-coated
bR integrated membrane was conducted. Figure 5-8 shows that formation time of
either shorter or longer than 60 minutes result in smaller amplitudes in the
photocurrent of the integrated membrane. During the brief time in which the
WOsH,0 nanocrystals are in the process of formation, the enhancement of the
photocurrent are less than that obtained from sufficiently formed WO3*H,O
nanocrystals after 60 minutes of heating. Both the reasons mentioned above
might play a role in the decrease in photocurrent for formation times longer
than 60 minutes, which is determined to be the optimal WO3*H,O nanocrystal

formation time.
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Figure 5-8 Effect of the formation time of WO3*H,O nanocrystals on the photocurrent of
the integrated bR/WO;°H,O/PVA membrane.

5.5 Photoelectric Responses of Integrated Membrane with

Different Compositions

The effect of the number of WO3*H,O/PVA layers on the photoelectric
responses of the integrated bR/WO3*H,O/PVA membrane are illustrated in

Figure 5-9. Initially, both the photocurrent (Fig. 5-9a) and photovoltage (Fig. 5-
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9b) responses of the integrated bR/WO3;*H,O/PVA membrane increase
proportionally with the increase in the number of coated WO3*H,O/PVA layers
on top of the bR layer. However, after the photoelectric response reaches the
maximum at ~20 ym thickness of the multilayered WO3*H,O/PVA membrane,
which corresponds to 12 spin-coated single layers, it decreases with a further

increase in the number of modified layers.

The photoelectric responses of the integrated bR/WO3*H,O/PV A membrane
demonstrate a capacitive nature (signal II in Fig. 5-10) identical to that
generated by pure bR (signal I in Fig. 5-10) due to the proton-pumping effect
(263). Figure 5-10a and 5-10b depict the typical responding photocurrent and
photovoltage profiles for membranes consisting of different components,
showing that both the photocurrent and photovoltage responses of the integrated
bR/WO3°H,O/PVA membrane (signal II in both figures) are enhanced to be
approximately six times more than that of pure bR (signal I in both figures).
However, the PVA/bR membrane without the WO3;°H,0O component (signal III
in both figures) does not generate obvious enhancement of the bR photoelectric
response (signal I) in comparison to the integrated bR/WO3*H,O/PVA
membrane with the same thickness (signal II). In addition, the WO3*H,O/PVA
membrane without bR cannot produce any photoelectric response under the
same experimental conditions (signal IV in both figures). All these results
clearly indicate that the WO3*H,O nanocrystals in the integrated
bR/WO3°H,O/PVA membrane are the only factor that dramatically boost the

bR photoelectric response.

94



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

600

500 -

400 -

300 -

(]
K

HH

FH

3]

K

FH
FH

N

3]

1]

2 |

200 -

HH

Photocurrent (nA/cm?)
-

100 +

i

L) L L) e L) L 1 o L] ] L]

- e —
0 2 4 6 8 10 12 14 16
Layer number

=
=
1
Il

X
0.3 4 3

=
(%)
[
=
=

Photovoltage (mV/cm?)
&
fod

0.0 4

L) L I i ! 3 L) 7 L = L) & L) b4 L) k L]

b 0 2 4 6 8 10
Layer number

Figure 5-9 Effect of the layer numbers of WO3;*H,O/PVA on the photocurrent of the
integrated bR/WO;°*H,O/PVA membrane.

The photoelectric responses of the integrated membrane exhibit a
significantly longer decay time (Fig. 5-11) than that of the pure bR film,
suggesting that the longer neutralization time of the polarization is caused by
the larger proton gradient formed by the proton transport in the integrated
system (146-148).
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Figure 5-10 Photoelectric responses of the bR/WO;*H,O/PVA membrane. (a) Photocurrent
and (b) photovoltage of (I) pure bR, (II) bR integrated with 12 layers of WO3;*H,O/PVA
component, (II) bR integrated with 12 layers of PVA component, and (IV) 12 layers of
WO;*H,0O/PVA membrane alone.

5.6 Mechanism for Photoelectric Enhancement

To understand the fundamental insight of the photoelectric enhancement is

very important. It is known that WO3*H,O can perform hydrogen spillover to
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Figure 5-11 Decay time comparison of photocurrents generated by pure bR and
bR/WO;3°H,0O/PVA integrated membrane.

produce protons (268-269), during which the color of WO3*H,O changes from
light yellow to dark yellow showing the formation of hydrogen tungsten bronze,
which is the direct index of the hydrogen spillover (269). In this work, the color
change of WO3*H,O/PVA membrane in photoelectric experiment with the bR
presence was much faster than that without bR, possibly evidencing that bR-

introduced electric field could strengthen the hydrogen spillover process.

A mechanism based on the light-driven proton pumping of bR associated
with the hydrogen spillover of WO3°H,O nanocrystals is therefore proposed, as
shown in Figure 5-12. When green light irradiates the integrated membrane,
protons in the interface between the bR film and the gold electrode are pumped
out by bR molecules to produce capacitive current while build a local electric
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field vertical to the membrane to trick the hydrogen spillover (268) of
WO3°H,0 nanocrystals and produce protons, which would move away from the
electrode in the same manner as the protons pumped out from the bR. This
larger amount of moving protons increases the potential gradient in the double

layer structure of the electrode for a higher photoelectric current. Due to this

Electrolyte

0 0 00 0 0 0 ©

Figure 5-12 (a) Model of the photoelectric response generation of the integrated
bR/WO;3*H,0O/PVA membrane, (b) monolayer of bR-PM, and (c) monolayer of
WO;°H,0/PVA component.
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reason the photoelectric response is proportional to the number of
WO;3H,0O/PVA layers in the integrated membrane within a certain range.
However, when the number of WO3;*H,O/PV A layers increases to above 12, the
photoelectric response decreases, possibly due to increased resistance in the

thick film (Fig. 5-9).

5.7 Conclusion

Construction of a multilayered WO3*H,O/PVA membrane on bR increases
the bR photoelectric response approximately six fold. The mechanism behind
the photoelectric enhancement may be the WO3;*H,O hydrogen spillover
process. This finding may lead to the development of a method of significantly
enhancing the bR photoelectric signal in bioelectronic devices, rendering a

promising proton-exchange membrane for biofuel cell applications.
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Chapter 6 Stationary Current Generated from Photocycle

of a Hybrid bR/QDs Bionanosystem ©

6.1 Introduction

Due to its direct relevance to bR photoelectric properties, the bR photocycle
has been studied extensively over the past 30 years. UV-Vis (270), FTIR (75),
resonance Raman spectroscopy (271), solid-state NMR (272), and x-ray
crystallography (273) have been employed to contribute detailed information
regarding the structural changes in and provide insight into the mechanism of
the photocycle. Several studies (274-275) have characterized individual
intermediates in the photocycle (274-275)(274-275)(274-275)(274-275)and
investigated the photoelectric signal of wild-type bR and different genetically
engineered bR mutants under different types of illumination (127, 276). Among
these studies, stationary photocurrents have been obtained with addition of
protonophore 1799 into several of bR mutants with blue-light illumination
(277). However, due to the fixed photocycle of wild-type bR, no stationary
current excited by only one wavelength external illumination has been produced

to date.

¢ Reprinted in part with permission from [Li, R., C. M. Li, et al. 2007. Appl. Phys. Lett. 91:223901]
Copyright [2007], American Institute of Physics.
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QDs are photostable, color-tunable semiconducting nanocrystals with a
wide absorption spectrum and a narrow emission peak. CdTe nanocrystals with
different sizes have tunable emissions from green to red due to quantum
confinement (278). When the diameter of CdTe QDs is 2 to 3 nm, they can emit
fluorescence of around 530 nm by excitation from light source with higher
energy. For example, if a 410 nm light source is applied to excite them, CdTe
QDs can emit 530 nm of fluorescence. These two wavelengths just correspond
to the absorbance maxima of the two most important intermediates in bR
photocycle, the protonated ground state Bs;p and the deprotonated bleached

form My, (279), respectively.

As has been reported, if My, is illuminated by blue light during its lifetime,
it is photoconverted back to bR (280), and its proton rebinding is enhanced by
the blue light (281). The current study was the first to use QDs as subsidiary
near-field light sources to accelerate the bR photocycle in a hybrid bR/QD
bionanosystem. The resulting stationary photocurrent of the hybrid system
under external blue illumination verified the capacity of QDs to serve as

embedded light sources.
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6.2 Preparation and Measurement

6.2.1 CdTe QDs

To obtain the green-fluorescence emitter, the CdTe QDs in this study were
synthesized by using the one-pot aqueous method (278). First, 4 ml of 0.04
molel’! CdCl, was diluted to 50 ml in a beaker, then 100 mg of trisodium
citrates 2H,0, 4 ml of 0.01 molel”" Na,TeOs, 70 mg of MSA, and 50 mg of
NaBH; were added and continuously stirred until the color of the solution
turned green. The solution was then transferred into the autoclave and heated at
180 C for the length of time necessary to obtain the CdTe QDs of the desired

size.

The CdTe QDs were formed according to the following reactions:
4 TeO5” +3BHy —4Te” +3B0, +6H,0 (1)

CdL+Te*—CdTe+L, where L=MSA )

During reaction (1), NaBH,4 reduces TeO32' to Te,z' then in reaction (2), the
fresh Te” reacts with Cd** to yield CdTe. Citrate must be added to avoid the

deposition of cadmium tellurite (CdTeOs3).

6.2.2 Preparation of bR/QD Hybrid-Based Electrode

The concentration of the as-prepared CdTe QD solution was concentrated to
0.25 mol/l. The prepared bR-PM fragments were then suspended in Milli-Q

H,O to form a 5 mg/ml suspension of pH 7.4 before use. The bR suspension
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and QD solution were then mixed together at a 9:1 ratio and resuspended to
achieve a homogeneous mixture. EPS was conducted according to Wang et al.’s
protocol (148) with a minor modification to immobilize the bR/QD mixture

onto a gold electrode, forming the desired bionanosystem.

6.3 Characterization of the Hybrid Membrane

6.3.1 UV-Vis Spectra and Fluorescence Intensity Curves of bR/QDs

Mixture

Figure 6-1a shows the fluorescence of the bR/QD mixture, the BSA/QD
mixture, and the Milli-Q H,O/QD mixture, respectively, under excitation of 410
nm illumination. As can be observed by comparing the bR/QD mixture to both
the BSA/QD and Milli-Q H,O/QD mixture, the latter two of which serve as
controls, the addition of bR into the QD solution decreases the fluorescence
intensity dramatically - to less than 5% of that of the original intensity. This
difference in the fluorescence intensity between the bR/QD mixture and the
other two mixtures is evidently due to the role of bR. It is well known that the
maximum absorbance of bR at its ground state is 570 nm (Fig. 6-1b), a fact that
can explain the reduction of fluorescence intensity of QDs after their
combination with bR. Clearly, a large proportion of the fluorescence emitted by

QDs (537 nm) must have been absorbed by bR.
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Figure 6-1 (a) Fluorescence intensity curves of bR/QDs mixture, BSA/QDs mixture and
Milli-Q H20/QDs mixture (mixed at a ratio of 9:1, respectively) and (b) UV-Vis spectra of
bR suspension and QDs solution.

6.3.2 Fluorescence Intensity of the bR/QD Thin Films

Figure 6-2b, which shows the fluorescence of the bR and bR/QD thin films
under excitation of 460 nm light source, demonstrates that pure bR emits very
weak fluorescence, while the bR/QD bionanosystem can give off strong

fluorescence. Both the optical images (Fig. 6-2a) and the fluorescent images
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(Fig. 6-2c) also show the remarkable differences between the two thin films.
Both the morphology and fluorescence intensity data reveal that EPS deposition
is efficient for immobilization of the negatively charged bR/QDs, of which the
QDs are negatively charged due to the -COO™ group from MSA and bR has a

high density of negative surface charge (169), with the fluorescence well
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Figure 6-2 (a) Optical image of bR-immobilized gold surface (left) and bR/QD
bionanosystem-immobilized gold surface (right). (b) Fluorescence intensity curve for bR-

(c)

immobilized gold surface (left peak) and bR/QD-composite-immobilized gold surface
(right peak). (c) Fluorescence images for bR-immobilized gold surface (left rectangle) and
bR/QD-bionanosystem immobilized gold surface (right rectangle), which correspond to the
peaks in (b).
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reserved. This result also proves that QDs can be added into the bR
photoelectric response system as incorporated nanoscaled light sources that can

completely physically intermingle with bR without introducing any impurities.

6.4 Photoelectric Response of the Hybrid Membrane

Figure 6-3 shows the photoelectric responses of the bR/QD bionanosystem.
With QDs serving as the subsidiary light sources, the bR/QD bionanosystem
generates a stationary photocurrent pulse when excited with 410 nm of
illumination (Fig. 6-3a). The shape of the photocurrent pulse is completely
different from those generated by both a bR/QD bionanosystem under 570 nm
of illumination (Fig. 6-3b) and pure bR under 410 nm of illumination (Fig. 6-
3¢), although the magnitude of the three are all approximately 45 nA/cm?. It is
noteworthy that the phenomena discovered in this work are specific to the
bR/QD bionanosystem under excitation of 410 nm of illumination because the
photocurrent shape of pure bR excited with 410 nm of illumination also two

spikes in opposite directions.

Generally, application of only 570 nm of illumination can initiate the
deprotonation of the Schiff-base linkage, which is located at the bR binding site
of the retinal component, thus transforming bR from Bs;o to M4j2. The
formation of the My, intermediate that leads to an increase in proton

concentration at the electrode/electrolyte interface due to bR proton release
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Figure 6-3 Time profiles of the photocurrent of the (a) bR/QD bionanosystem under 410

nm of illumination, (b) bR/QD bionanosystem under 570 nm illumination, and (c) pure bR

under 410 nm illumination.
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produces the light-on photocurrent; in contrast, the decay of the
Mrintermediate back to Bsyg, the rate-limiting step in the photocycle (282) that
results in a decrease in proton concentration at the interface due to bR proton
uptake, contributes to the light-off photocurrent (169). As this process takes
place, the photocycle is completed, with both the light-on and -off

photocurrents behaving as transient spikes.

Blue light illumination, on the other hand, can reconvert the M state to the
initial Bsyo state within only several hundred nanoseconds (283-286). It can also
translocate protons but in the opposite direction; that is, from the EC to the CP
side (287). As reported by Nagy (279), Uehara et al. (288), and He et al. (289),
if a wild type bR sample is initially irradiated with green light and then also
exposed to blue light illumination, the blue light could cause an opposite effect
to that of the green light illumination. As a result, the photocurrent excited by

green light would be partly counteracted by that excited by the blue light.

6.5 Mechanism for the Stationary Photocurrent Generation

This study proposes a model for the bR/QDs bionanosystem in which the
bR and QDs retain their respective specific functions to provide a platform that
incorporates both a current generator and a light source, as shown in Figure 6-4.
Since Bsyo and M4j> have much longer lifetimes than other intermediates in the

bR photocycle (290-291), only Bs;o and My, and their corresponding excited
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states are considered in the model. In this experiment, although only 410 nm
illumination is externally applied, the CdTe QDs incorporated into the
bionanosystem act like many nanoscaled light sources uniformly distributed
and embedded among the bR molecules to generate fluorescence at 537 nm.
Thus, blue light and green light irradiate the bR component in the system while
simultaneously affects Bs;o and Ma4j,, respectively. As shown in Figure 6-4a, at
its initial exposure to 410 nm of illumination, the bR in the system becomes
light-adapted, i.e., the bR returned to its ground state (Bsjo). Then, the
fluorescence at 537 nm emitted by the QDs immediately irradiates the adjacent
bR molecules, which causes a steep drop from their baseline (proton releasing).
Besides exciting QDs, the 410 nm illumination also directly affects the bR by
accelerating the decay of its recently formed My, intermediate (proton
uptaking). As Nagy pointed out (279), when blue light is applied in addition to
green light, the transmitted proton does not truly reach the extracellular surface

of the PM, allowing the bR molecule to regain it, thereby shunting the proton

pump.

In this experiment, two wavelengths of illumination are superimposed on
each other during the entire process when the light source is on. Hence,
although proton release and uptake repeatedly occurred inside the PM, the
proton never truly reaches the EC space, thus generating a stationary
photocurrent. Only when the external blue light is turned off and the green

fluorescence of the QDs thus extinguishes, the proton could be pumped to the
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EC side, which, accompanied by the decay of the M4, intermediate, results in a
decrease in proton concentration at the interface due to bR proton uptake and

produces the light-off photocurrent (169).
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Ec 11 o A
:: : decay
TERE :
PG I v
E N I

(b) ' QDs Bs7o

Figure 6-4 Model of the stationary current generation of bR/QDs bionanosystem as (a)
photochemical cycle and (b) equivalent level diagram of the photochemical cycle.

From the view of energy change (Fig. 6-4b), upon blue light illumination,
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QDs are pumped to the excited state and then emit green light. As a result of the
absorption of green light, bR molecules are excited from the Bsy( state to the
My, state. At the same time, the blue light pumps My, to its excited state ME,
which photochemically decays to the initial Bsjo state in a shorter time
(approximately in nanosecond scale) compared to the normal thermal relaxation
of several milliseconds. Therefore, the photocycle could operate more rapidly
than the situation with illumination of only 570 nm, and thus generates the

stationary photocurrent.

6.6 Conclusion

In this work, a novel hybrid bR/QD bionanosystem is constructed. In the
hybrid QDs play a role as subsidiary incorporated nanoscaled light sources.
With the assistance of QD fluorescence, single wavelength blue light
illumination can induce the hybrid bionanosystem to produce a stationary
photocurrent. This bR/QD bionanosystem has great potential in the fabrication

of new types of optical devices and bio solar cells.
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Chapter 7 Bidirectional Mediation of TiO, Nanowires Field

Effect Transistor by Dipole Moment from PM *

7.1 Introduction

One-dimensional (1D) inorganic nanostructures (nanotubes, nanowires and
nanorods), possessing unique physical and chemical properties derived from
their various size, shapes and constitutions are of great importance in both
theoretical research (292-293) and practical applications (294-295). Currently,
the study of metal oxide semiconductors with 1D nanostructures intrigues many
research groups, primarily due to their potential applications in electronic and
optoelectronic devices such as solar cells (296), nanosensors (297), and

nanolasers (298).

Among numerous materials in this category, TiO, nanostructures have been
extensively studied in electrochemical sensors (260), photovoltaic cells (299),
and lithium batteries (300). Besides their inherent physicochemical properties,
TiO; nanostructures have low toxicity and high biocompatibility (261), which

make them superior candidates for applications, especially for uses associated

4 Reproduced by permission of The Royal Society of Chemistry.
http://pubs.rsc.org/en/Content/ArticleLanding/2010/NR/BO9NRO0375D
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with biomaterials (301). To date, only few demonstrations of TiO, nanowires
based field effect transistors (FETs) including single-nanowire FET (302) and
Co-doped TiO; nanowire FET (303) have been reported. However, it remains a
great challenge to improve the charge transport properties, particularly by an

external mediation in the electrical transport of the TiO, nanowires FET.

One notable characteristic of bR-PM closely related to its proton pumping
function is the permanent dipole moment (191), pointing unidirectionally from
its cytoplasmic (CP) side to the extracellular side (EC). Considerable efforts
have been made in theoretical studies of this bio-origin dipole (191, 304-305).
Bradley et al. conducted a pioneering study to locate the dipole in the PM by
studying its interaction with a carbon nanotube (CNT)s-based nanodevice
(306). Although properties of the bR dipole remain unclear, the dipole moment
of 3.3X 107 Com per bR monomer (307) is believed to result from a charge
asymmetry on the two sides of the bR-PM (308). Such a dipole moment appears
too small to have any noticeable impact on bulk materials, but it is highly
possible to play a critical role in nanoscale interactions, and thus may have a

significant effect on nanomaterials.

In this work, a unique TiO; nanowires FET was fabricated by aligning and
connecting the TiO, nanowires with source and drain electrodes under
dielectrophoretic (DEP) force, and then was further modified with bR-PM

before the effect of bR-PM on the FET performance was investigated.
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7.2 Device Preparation and Measurement

7.2.1 TiO, Nanowires Preparation

Hydrothermal synthesis method (309), rendering high pressure and high
temperature environment, is used to fabricate TiO, nanowires (310). In brief,
200 mg commercial TiO, granules were mixed with 40 ml 10 molsL"' NaOH
solution and then placed into a Teflon-lined autoclave. Under autogenous
pressure, the autoclave was maintained at 180 °‘C for 24 h and then allowed to
cool naturally until it reached room temperature. All the liquid in the product
was decanted before the sample was washed with 1 moleL" of HCI aqueous
solution repeatedly, allowing ion exchange from Na® to H" to form H,Ti;05,
and then washed with Milli Q water and absolute ethanol, sequentially, for
several times. The sample was dried at 70 ‘C for 6 h to obtain a soft, fibrous,
white TiO, powder. TiO, nanowire suspensions at different concentrations were
prepared in absolute ethanol by 5 minutes of ultrasonication for the

optimization of concentration in the electric field assisting alignment process.

7.2.2 Patterning

Heavily n-doped silicon (Si) wafers with a 100-nm thick top oxide layer
(S102) were patterned using photoresist (311). After patterning, the wafers were
introduced to an electron beam evaporator, and thin metal films (1 nm of Ti and

50 nm of Au) were deposited on them under a 1x10° Torr vacuum. After the
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deposition, the patterned photoresist was lifted off the wafers by immersion in

acetone assisted by gentle sonication to finalize the electrode patterning.

7.2.3 Device Fabrication

The silicon wafer and its surface SiO, layer (100 nm), which had a unit area
capacitance of 34 nF/cm? (312), was employed as the gate electrode and gate
dielectric, respectively. For all devices, the channel length and width were 2 pm
and 1800 um, respectively. The electrode-patterned wafers were briefly cleaned
by sonication in acetone before use. The LCR meter was used to conduct the
alignment of TiO, nanowires across the electrode pair, employing DEP forces
in an alternating electric field to make the nanowires align in a direction parallel
to that of the electric field. The alignment parameters were optimized before
further experimentation in order to contact both ends of most nanowires across

the electrode pair.

After characterization and measurement of the TiO, nanowires FETSs, the
EPS method was employed with a minor modification (263) on the protocol of
Wang et al. (148) to immobilize the bR-PM (2 mg/mL, neutral pH) onto the

FETs for mediation of their performance.

7.2.4 Electric Characterization

The output as well as transfer characteristics of devices with and without

bR-PM were characterized using a semiconductor-parameter analyzer system

115



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

with a probe station under conditions of controlled relative humidity (RH) and

nitrogen atmosphere unless stated otherwise.
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Figure 7-1 Structure of the TiO, nanowires FET device. (a) Side view and (b) top view of
the schematic structure; (¢) AFM image of bR-PM (image size of 3.0 um x 3.0 um); (d)
XRD spectrum of TiO, nanowires, lower part shows the standard diffraction peaks of
anatase TiO, (JCPDS No. 89-4921); (e) TiO, nanowires alignment across the channel of
electrodes under microscope (top view) and (f) SEM image of single TiO, nanowire

aligned across the channel.
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7.3 Device Structure

The schematic structure of the bottom-contact device with gold as the
source and drain electrodes is illustrated in Figure 7-1a. The approach utilized
to fabricate the TiO, nanowires FET device is actually an alignment process
using DEP force in an alternating electric field, as that used to align various
nanostructures such as DNA molecules (313), gold nanowires (314), CNTs
(315-316), metal/semiconducting nanoparticles, and nanorods (317-318). In this
study, for nanowires deposition across a pair of electrodes, the DEP assisted
alignment is chosen because the external applied electric field induces
polarization and thus generates a temporary dipole moment along the nanowires
for an energetically favorable orientation, i.e., an orientation parallel to the
direction of the electric field (318). In addition to facilitating the parallel
alignment of multiple nanowires across the two electrodes, the method allows
electrical contact of the nanowires with the two electrodes to construct the

nanowires FET device.

To ensure both ends of the nanowires are in good contact with the paired Au
electrodes, the nanowire concentration and parameters of the electric field for
the alignment such as frequency and voltage were optimized (Fig. 7-2),
resulting in the optimal experimental conditions of 0.5 mM of TiO; nanowires,
15 kHz and 2 V, respectively, as shown in Figure 7-2h. With these optimized
conditions used, analysis of all microscopic images revealed that each

fabricated FET device was composed of approximately 200 single TiO;
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nanowires. The image in Figure 7-1e shows that multiple TiO, nanowires were
parallelly aligned and vertically across the two electrodes. In Figure 7-1f, a
representative SEM image for a single TiO, nanowire in the device clearly
illustrates its good alignment across the two electrodes, with an average length
and width of 4.68 um and 277 nm, respectively. The chemical composition of
the as-prepared nanowires was confirmed by X-ray diffraction (XRD) analysis
as shown in Figure 1d. All the identified peaks of the XRD patterns can be
unambiguously assigned to anatase TiO, (JCPDS card No. 89-4921). The bR-

PM was characterized by UV-Vis spectroscopy in the previous work (263).

The surface morphology of the bR-PM (Fig. 7-1c) depicts the patch
structure of the monolayer bR-PM, indicating that the orientation of bR-PM
should be uniform to induce unidirectional dipoles in order to maximize the
possible effect of bio-origin dipoles on the FET. Thus the EPS method was used
to deposit bR-PM on the top of the TiO, nanowires FET to render the optimal
orientation of every bR molecule, i.e., with its CP side facing to nanowires and
its EC side facing outside. In such a way, the permanent dipole in each bR
molecule could be vertically oriented to the PM surface, and thus the electric
field (Ewr) generated points vertically from the surface of the bR- PM to the

TiO, nanowires FET.
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Figure 7-2 Optimization of the alignment parameters. Sets of frequency, voltage, and TiO,
concentration are shown in each figure.

7.4 Effect of bR-PM on the Electric Transport of the TiO,

Nanowires FET

The effect of bR-PM modification on the output (/p-Vp) characteristics and

the transfer (Ip-Vg) characteristics of the TiO, nanowires FET are shown in
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Figure 7-3 and Figure 7-4, respectively. Clearly, the modification of bR-PM on
TiO, nanowires raises the drain current in n-channel operation (Vg, Vp < 0,
Figure 7-3a) whereas reduces the drain current in p-channel operation (Vg, Vp
> 0, Figure 7-3b). The corresponding Ip-Vp changes after bR-PM modification
are presented in Figure 7-3c and d, respectively. The transfer characteristics
demonstrate the same trend in Figure 7-4a and 7-4b. The on/off ratio rises from

approximately 9 to 12 for the TiO, nanowires FET after bR-PM modification
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Figure 7-3 Effect of bR-PM on the output (/p-Vp) characteristics of the TiO, nanowires
FET in the negative gate voltage region (a) without and with PM deposition and (b) the
difference caused, and within the positive gate voltage region (c) without and with PM
deposition and (d) the difference caused.
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Figure 7-4 Effect of bR-PM on the transfer (/p-V) characteristics of the TiO, nanowires
FET within the (a) negative gate voltage region and (b) positive gate voltage region.

by changing the gate voltage from O to -25 V. Both the output and the transfer
characteristics clearly indicate that bR-PM modification has a bidirectional

mediation effect on the TiO, nanowires FET under different directions of the
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gate electric field and that, especially when the gate voltage is negative, bR-PM

modification can enhance the transfer and output characteristics of the FET.

Device mobility («) in the linear regime under negative gate bias was

extracted following the equation (neglecting contact resistance) used by Cai. et

al. (311)

(Vps<<Vgs-V1): Ips = Vps C; u(Vis- V) WIL

where Ips, C;, Vgs, and Vr are the drain current, the capacitance per unit area of

the gate dielectric layer, the gate voltage, and the threshold voltage,

respectively.
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Figure 7-5 Mobility of the TiO, nanowires FET before and after bR-PM modification.

From our experimental results in Figure 7-5, with imposed negative bias,

the mobility of the bare TiO, nanowires FET is 5.14x107* cm?eVleg!
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(corresponding to a carrier concentration of 5.67x10° Cecm™), while after bR-
PM modification it increases by a factor of 2 to 9.93x10™ cm?sV'es™!
(corresponding to a carrier concentration of 9.08x10° Cecm™), indicating that
bR-PM modification can greatly enhance the hole mobility in TiO, nanowires

FETs, a finding consistent with the transfer and output characterization results

shown above.

7.5 Mediation Mechanism

Because TiO, is very sensitive to humidity (319-320), any modification of
bR-PM from an aqueous suspension could introduce moisture on the TiO, FET
structure that yields a high leakage current for an increased drain current. To
exclude this possibility as the reason for the production of the current, the effect
of RH on the bR-PM-modified FET was investigated. The Ip-Vp curves of the
FETs measured at a series of levels of RH (Fig. 7-6) exhibits an increased drain
current, with an increase in RH for FETs both with and without the bR-PM
modification. However, although the increase caused by RH for both FETs with
and without the bR-modification is of almost the same magnitude, it is
insignificant in comparison to the enhanced drain current by modification of the
bR. In addition, since the Ip-Vp measurement of the FETs are conducted under
low RH (< 30%), the effect of RH on the drain current of the bR-modified FET

could be ignored.
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Figure 7-6 Effects of the RH change on TiO, nanowires FET without and with bR-PM
modification.

The electric field induced by the permanent dipole of bR-PM is very likely
to contribute to the enhanced performance of the bR-modified TiO, nanowires
FET under negative gate voltage. The EPS method employed in the bR-PM
modification ensured an orientation of the membrane favorable to generating
unidirectional Eyr on the FET surface by the inherent dipoles of bR molecules.
Regarding this assumption, the intensity of the Ewr could be theoretically
estimated. Other researchers have found the value of the dipole to be
approximately 3.3 X 102* Cem per bR monomer (307), and it is known that

bR-PM patches have a constant thickness of 5 nm (37).
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The following formulas were used for dipole moment calculation and

electric field calculation, respectively:

p=q*d (1)

where p, g, d, and r are the dipole moment, the charge amount, the
displacement vector pointing from the negative charge to the positive charge,
and the distance from the particle with charge g to the electric field evaluation
point, respectively. Because the bR-PM directly contacted the TiO, nanowires
in this study, the electric field at the bottom surface of the bR could be used to
represent the electric field exerted on the surface of the TiO,. If it is assumed
that the electric field in the bR layer produced by the inherent dipoles is
uniform, r can be replaced with d. Since k is a constant equal to 8.987 X 10°
Nem?sC™?, Eyg can be calculated to be approximately 2.37 X 10N C! (equal to

237X 10" Vem™) for a monolayer of bR-PM.

The electric field generated by the gate voltage, here termed Eg, was

calculated by using the formula:

E.=V,ld @)

where d is the thickness of the SiO; layer (100 nm). For Eg =0~16.67 X 10" Ne
C! when Vg = 0~-25 V, which is comparable to Epr, indicating that the

assumption that that the Epg can affect FET performance is reasonable.
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The relationship between the number of modified bR-PM layers and FET
performance was investigated to determine if a relationship existed between
increased FET performance under negative gate voltage and the characteristics
of the dipole’s effect. For the modification by oriented multilayer bR-PM on the
TiO, nanowires FET, as the number of layers increases, the neutralization of
opposite charge located on adjacent surfaces of the membranes will take place,
making the overall value of Eyr generated by the deposited multilayer bR-PM
decreased, and thus a diminishing trend in the augment of the Ip being resulted
in. By varying the concentration of the bR-PM suspension, bR-PM with
different layer numbers could be deposited on the TiO, nanowires FET to adjust
the electric field generated from the bR dipoles. Figure 7-7 shows the
relationship between the normalized Al (normalized Alp = (Ip (with bR-PM) - ID
(without bR-PM)) / ID (withour bR-PM)) VS. the gate voltage after modification by
depositing different numbers of layers of bR-PM. A reduction in Alp vs. the
gate voltage can be observed as the number of layers of bR-PM deposited onto

the TiO, nanowires FET increases.

My previous study (259) indicated that, one patch layer of bR-PM
corresponds to an approximate optical density in express of ODsgy = 0.0256.
Thus, the layer number of bR-PM deposited on the FET device can be directly
monitored by the ODsqp of the modified multilayer membrane, and the
relationship between the concentration of the bR-PM suspension and the optical

density of the deposited multilayer membrane established. With a bR-PM
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Figure 7-7 Effects of the deposited bR-PM of different layer number on the normalized Alp
of the TiO, nanowires FET at Vp = -5V. Inset depicts the relationship between the
percentage of the Alp at the maximum gate voltage and the reciprocal of the square of the
number of bR-PM layers modified.

suspension of 2 mg/ml and a deposited amount of 1 pl, ODs6=0.256 of the
resulting bR-PM membrane could be obtained, indicating that approximate 10
layers of PM patches could be deposited on the FET surface. Therefore, the
number of bR-PM layers could be adjusted by applying a series of dilution
factors in the 2 mg/ml bR-PM suspension. The relationship between the change
of normalized Alp in express of percentage at the maximum gate voltage (in
this case -25 V) vs. the reciprocal of the square of the modified number of bR-
PM layers is shown in the inset of Figure 7-7. Theoretically, the effects of

modification at a dilution factor of 1, 2, 5, and 10 in the 2-mg/ml bR-PM
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suspension should correspond to 10, 5, 2, and 1 layer bR-PM membrane
deposited on the of the FET, respectively. If the electric field generated by
dipole moment from monolayer bR-PM is regarded as Eyr, the electric field
generated by dipole moment from 2, 5, and 10 layers of bR-PM are 1/4 Eg,
1/25 Evg, and 1/100 Eyg, respectively. The quantitative trend shown in the inset
of Figure 7-7 accords well with the theoretically calculated Eyr change,
indicating that the drain current change is roughly in inverse proportion to the
layer number of deposited bR-PM, which again confirms the assumption that
the TiO, nanowires FET can be influenced by dipole moment from the modified

bR-PM.

The unidirectional permanent dipole existing within bR molecules is
proposed here to account for the observed mediation in performance of the TiO,
nanowires FET, as schematically shown in Figure 7-8. When negative bias is
applied (Fig. 7-8a), Eyr produced by the permanent dipole of the bR is in the
same direction of Eg does, the electric field produced by the gate voltage. Thus,
bR-PM modification can enhance the entire electric field applied on the TiO,
nanowires FET to generate a significantly larger drain current. However, when
a positive gate voltage is applied (Fig. 7-8b), the Epr is in the opposite direction
to that of Eg, weakening the entire electric field applied to the TiO, nanowires
FET and thus decreasing the drain current. These approach may have universal

significance to enhance the performance of FETs based on other nanowires.
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Figure 7-8 Schematic drawing of the relationship between the Ewyg and Eg when (a)

negative gate voltage and (b) positive gate voltage is applied on the TiO, nanowires FET.

7.6 Conclusions

In this study, bR-PM modified bottom-contact TiO, nanowires FETs are
fabricated and the dipole bio-originated from bR-PM is employed to tune the
FET performance. It is found that with negative gate voltage, both the transfer
and output characteristics of the TiO, nanowires FETs improved, with the hole

mobility improved by a factor of 2 after bR-PM modification. By varying the
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concentration of the bR-PM suspension used in the modification, the number of
layers deposited onto the FET surface is adjusted and it is found that
normalized Alp decreases as the number of bR-PM layers modified on the FET
increases, providing evidence that the electric field generated by the dipole
moment from the bR-PM enhances the hole transport in the TiO, nanowires
FET. This bidirectional mediation of bR-PM on FET performance provides a

novel platform for bR-PM bioelectronics application.
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Chapter 8 General Conclusion and Outlook
8.1 General Conclusion

This dissertation thoroughly reviews the research of bR, especially on the
photoelectric properties related to converting light energy to electric energy in
vitro. After introducing the fundamental structure and biological functions of
bR, it summarizes potential bioelectronic applications proposed for bR over
past 30 years. The development and limitations of reported bR-based
photoelectric devices are discussed, and the motivations/objectives are brought

forth accordingly.

As one of my accomplishments, a new strategy using PLL as the assembler
to construct well-oriented PLL/bR-PM multilayer film by LbL technique
through electrostatic adsorption has been successfully established. Through
investigations on the respective effect of concentrations, pH and adsorption
time on the photoelectric response, various LbL assembly parameters were
optimized and chosen to fabricate the optimal multilayer structure. Different
characterizations were employed to monitor the multilayer construction
process. The UV-Vis absorption spectrum demonstrates the natural
conformation of bR-PM is properly preserved in the assembled multilayer
structure and confirms that the assembly process of each PLL/bR-PM bilayer is
highly reproducible with a linear relationship of the adsorption amount of bR-

PM versus the bilayer number. The in-situ SPR monitoring reveals that the
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adsorption of bR-PM in the multilayer film growth is well in agreement with
the Langmuir adsorption kinetics and verifies the coverage of bR-PM
monolayer in the PLL assembled multilayer film could reach as high as 90%.
The adsorbed amount of bR-PM in the film is also calculated from the SPR
results. AFM characterization proves that the patch structure of bR-PM remains
in the PLL/bR-PM multilayer and the roughness linearly increases with the
increased bilayer number. As the assembler plays critical role in determining
the amount of bR assembled in the LbL multilayer film and thus the
photoelectric performance, the photoelectric performance of PLL/bR-PM
multilayer was compared with those generated by bR film assembled with other
polycations as reported in literature. The result demonstrates that PLL is an
excellent assembler for the LbL assembly of bR-PM to significantly enhance

the photoelectric responses.

A unique integrated bR/WO3;*H,O/PVA membrane retaining the bR
biological function as a proton pump and the specific spill-over effect of
WO3°H,;O nanocrystals was fabricated. In the integrated film, WO3*H,0
nanocrystals were pre-incorporated with PVA matrix to form a membrane
followed by being laminated on top of the oriented bR film. It has been verified
that such integrated film boosts photoelectric response of bR by around six fold.
The enhancement mechanism is possibly due to the hydrogen spillover process
of the WO3*H,0. This work could render a promising proton exchange

membrane in bio fuel cell applications.
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A novel hybrid bR/QDs bionanocomposite was fabricated to synergy the
unique properties from both components. The excitation and emission
wavelengths of the QDs, 410 and 532 nm, just correspond to the absorbance
maxima of the two most important intermediates in the photocycle of bR, the
protonated ground state Bs;o and the deprotonated bleached form My;,, making
it possible for QDs to play the role as subsidiary near-field light sources in
nanoscale. With the involvement of QDs, externally applied single-wavelength
blue light illumination (410 nm) can cause green fluorescence in the hybrid
system so that simultaneous effects of blue and green illumination are exerted
on bR photocycle to make it accelerated, thus inducing an unusual stationary
photocurrent in the hybrid bionanosystem. The bR/QD bionanosystem would
have promising applications in fabricating new type of optical devices and bio

solar cell.

The inherent dipole moment in bR-PM was also applied to modify the
bottom-contact TiO, nanowires FET and produce a bidirectional mediation
effect on the FET performance. In the bR-modified nanowire transistor, it is
found that with negative gate voltage, both transfer and output characteristics of
the TiO, nanowires FETs are improved with the hole mobility increased
apparently by a factor of 2. By varying the concentration of the bR-PM
suspension used in the modification, the layer number deposited onto the FET
surface was adjusted. Results reveals that the normalized Alp decreases with

layer number of bR-PM increases, proving that the electric field generated by
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the dipole moment from the bR-PM actually enhances the hole transport in the
TiO, nanowires FET. The bidirectional mediation of bR-PM on the
performance of the FET provides a novel platform for the bioelectronic

application of bR-PM.

The accomplishment of this project not only provides new approaches to
improve bioelectronic performance of bR for viable applications but also

expands in-depth fundamental knowledge in bioelectronics.

8.2 Outlook

For the improvement in LbL immobilization of bR, screening more high-
efficient assemblers with great biocompatibility that can help to immobilize
more bR into the LbL multilayer film and thus generating higher photoelectric
response could be a good direction of research. Moreover, it is worth
investigating how to overcome the increased resistance as layer number grows
in the multilayer film so that the photoelectric response can be further

improved.

In the view of nanomaterials selection for construction of bR-based
assemblies, more attempts with newly developed nanostructured materials can
be made. When it comes to the bR/QD hybrid bionanocomposite, it is of high

importance to further improve the amplitude of the stationary photocurrent by
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the construction of various bionanocomposites that might make a bR-based bio

solar cell come into being.

For the bidirectional mediation on electrical performance of TiO, nanowires
FET by bR, further study could be carried out to optimize the assembly,
particularly, to significantly reduce the leakage current by the improvement in
the modification structure and device fabrication techniques. In addition, a bR-

enhanced single nanowire FET device will be very attractive in future work.

Regarding that bR is naturally light-sensitive and possesses very similar
structure to rhodopsin, the mammalian retina protein, by using advance
assembly techniques and nanocomposing of bR with superior functional
materials, enhancement of the photoelectric response of bR-based assemblies
could ultimately lead to the success in construction of artificial eyes based on
bR. This is definitely exciting and very challenging research project in the

future.
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Abbreviations

bR: bacteriorhodopsin

PM: purple membrane

bR-PM: bacteriorhodopsin-embedded purple membrane

Rh: rhodopsin

H. salinarum: Halobacterium salinarum

CP: cytoplasmic

EC: extracellular

PLL: poly-L-lysine

PVA: poly vinyl alcohol

IPA: 2-propanol

11-MUA: 11-mercaptoundecanoic acid

PBS: phosphate buffered saline

TEMED: N, N, N’, N’ -tetramethylethylene

SDS: sodium dodecyl sulfate

PAGE: polyacrylamide gel electrophoresis

APS: amonium persulfate

QD: quantum dot

UV-Vis: ultraviolet-visible spectroscopy

AFM: atomic force microscope
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EDX: energy dispersive X-ray spectroscopy

SAED: selective area electron diffraction

BSA: bovine serum albumin

DEP: dielectrophoretic

RH: relative humidity

FET: field effect transistor

LbL: layer-by-layer

PDAC: poly(dimethyldiallylammonium chloride) (169-170, 227)(169-170,
227)(169-170, 227)(169-170, 227)

PAH: poly(allylamine hydrochloride)

PEI: poly(ethylenimine)

EPS: electrophoretic sedimentation

LB: Langmuir-Blodgett

SPR: surface plasmon resonance

ITO: indium tin oxide

CNT: carbon nanotube

FESEM: field emmission scanning electronic microscopy

FTIR: Fourier transform infrared

HRTEM: high-resolution transmission electron microscopy

XRD: X-ray powder diffraction

TGA: thermogravimetric analysis
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