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Chapter 3

Design and Applications

of Nanomaterial-Based and Biomolecule-Based
Nanodevices and Nanosensors

Ke Xu, Mohsen Purahmad, Kimber Brenneman, Xenia Meshik, Sidra Farid,
Shripriya Poduri, Preeti Pratap, Justin Abell, Yiping Zhao, Barbara Nichols,
Eugene Zakar, Michael Stroscio and Mitra Dutta

Abstract This review will highlight recent research underlying the design of novel
nanodevices and nanosensors that incorporate graphene, nanodots, nanowires, and
biomolecules including DNA aptamers and peptides. The emphasis is on models
and theory that guide the design of these nanodevices and nanosensors. In selected
cases, research designed to test the usefulness of these designs is highlighted in this
chapter.

3.1 Introduction

The design considerations and applications of nanomaterial-based and biomole-
cule-based nanodevices and nanosensors vary greatly from one specific nanosystem
to another. Herein, a selection of such nanodevices and nanosensors are highlighted
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and a combination of theoretical considerations and empirical observations are in-
voked to guide the design on a case-by-case basis. Among the nanosystems con-
sidered are: biomolecule-based sensors with active biomolecule elements anchored
on graphene-like surfaces; nanowires with strong piezoelectric interactions in the
presence of depletion regions; systems with quantum-dots in contact with semi-
conductor substrates; nanowire polarizers; indirect bandgap semiconductors bound
to DNA as a means of realizing light-induced cleaving of DNA; and nanosencors
incorporating surface-enhanced Raman scattering. In each case specific design con-
siderations and background materials are discussed.

3.2 Design of Aptamer-Based Sensors with Graphene
and Carbon Nanotube Substrates

Herein, the design of aptamer-based sensors with graphene and carbon nanotube
substrates is surveyed. In order to design such devices, it is necessary to consider the
underlying mechanisms and principles by which these aptamer-based sensors func-
tion. Aptamers are short strands of specific oligonucleic acid sequences containing
about 30-80 oligonucleotides. Aptamers can recognize specific ligands or analytes
and bind to various target molecules ranging from small ions to large proteins with
high selectivity and affinity. In 1990 within a short period of time, three groups inde-
pendently developed in vitro selection and amplification technique for the isolation
of specific nucleic acid sequences able to bind to target molecules with high affinity
and specificity [1-3]. Both RNA and DNA aptamers are found and selected by a
process called SELEX (Selection Evolution of Ligands by Exponential Enrichment)
from vast populations of random sequences. Aptamers are sometimes called syn-
thetic antibodies because they have similar properties in a number of applications.

Biosensors are integrated devices capable of detecting the presence of a target
by using a particular recognition element and then providing quantitative or semi-
quantitative analytical information. Biosensors detect the target analyte by mon-
itoring the mass, optical or electronic signal changes induced by the interaction
between the recognition element and the target analyte. When the recognition com-
ponent of the biosensor is an aptamer it is also called an aptasensor [4]. Aptamer-
based biosensors can takes advantage of the high affinity and tunable properties of
aptamers. Comparing with antibodies, aptamers have a wide range of advantages
such as smaller size, ability to be labeled without affecting affinity, ability to bind
with drugs and toxic substance, etc.

3.2.1 Considerations Underlying the Design of Optical
Aptamer-Based Biosensor

Fluorescent detection is the most used technique in aptamer-based bio-recognition
of optical bioassays. Aptamers can be easily labeled with fluorescent dyes and func-
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tionalized with different fluorophores as well as quenchers. Fluorescent detection
also has the advantage of inherent capability for real-time detection.

One of the first examples of an optical aptamer-based sensor was discovered by
Kleinjung et al. [5] for the detection of L-adenosine. They immobilized a biotinyl-
ated RNA aptamer on streptavidin-derivatized optical fibers. The approach made
evaluation of the association and dissociation kinetic possible and showed the ca-
pability of aptamers for the sub-micron detection of specific analytes. Several other
approaches have been developed for converting aptamers into fluorescent signaling
probes. A frequently adopted method is aptamer-based molecular beacons. A mo-
lecular beacon is a nucleic acids probe that is able to undergo spontaneous con-
formational change when encountering their complementary nucleic acid targets
and translate the conformational change into a change in fluorescent properties.
An aptamer-based molecular beacon is a modified version of traditional molecular
beacon and usually called aptabeacon [6]. It places an aptamer sequence in a mo-
lecular beacon-like hairpin structure, and terminated the ends with a fluorophore
and a quencher, respectively. Theoretically, any known aptamer can be engineered
into a molecular aptamer beacon by adding a small nucleotide sequence to its 5'-
end as well as a small sequence added to its 3’-end [6]. A fluorophore can then be
covalently added to the 5'-end, and a quencher can be attached to the 3’-end. In the
absence of target ligand, the beacon will form into a stem structure, resulting in
the fluorophore and quencher to be close to each other. This time there will be no
fluorescence signal because the fluorophore is quenched by energy transfer to the
quencher. When the ligand is present, the aptamer will bind to the target ligand and
forming a probe. The binding of target is stronger and more stable than the stem and
thus it can disrupt the stem, open the structure, separate quencher from the fluoro-
phore and leading to fluorescence signals that is able to be measured quantitively or
semi-quantitively [7].

3.2.2 Electrochemical Aptamer-Based Biosensor

Typical electrochemical aptamer-based biosensors operate by reacting the aptamer
with an analyte of interest and producing an electrical signal proportional to the ana-
lyte concentration. The electrochemical aptamer-based biosensors can be divided
into three major types based on the assay format and the method of detection. The
first type is sandwich and competition-type assays, in which an electrode-bound ap-
tamer is used to bring a complex composed of the target and some redox-active ana-
lytes to the electrode. The second type involves the use of electrochemical imped-
ance spectroscopy to detect targets adsorbed onto an aptamer-terminated electrode
surface. And the third type utilizes electrochemistry to monitor binding-related con-
formational changes in an electrode-bound aptamer.

In a typical beacon format, Xiao et al. [8] reported detection based on a 3-D
conformational change with thrombin binding where the aptamer undergoes a struc-
tural rearrangement. The conformational change allows thrombin detection with a
beacon that does not require a stem-loop. Thrombin is a proteolytic enzyme which
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facilitates blood clotting by converting fibrinogen into fibrin, which is also used as
a tumor marker in the diagnosis of pulmonary metastasis. The aptamer molecular
beacon was constructed [8] by attaching a methylene blue molecule to one end of
the aptamer and a thiol group to the other end. The thiol group is used as a linker
for its immobilization on a gold electrode surface. Before interaction with thrombin,
the aptamer was elastically able to interact with the electrode surface and trans-
ferring electrons. However, after interaction occurred, a longer electron-tunneling
distance was created, and thus decreasing the signal. A similar aptamer molecular
beacon approach was used by the team for the electrochemical detection of platelet-
derived growth factor in picomolar levels, and demonstrated this aptamer-based
biosensor directly in blood serum [9].

A difficulty with sandwich assays was later removed by Radi et al. [10], who de-
veloped “signal-on” architecture rather than the “signal-off” architecture, in which
the binding of the target analyte resulted in a decrease in the signal. In this case, the
aptamer molecular beacon had a ferrocene label and a shorter spacer. Detection was
carried out using cyclic voltammetry, DPV and impedance measurements. In the
absence of thrombin the ferrocene label is far from the electrode surface and would
not provide any electron transfer to the surface. When thrombin is present, G-qua-
druplex would form leading to the ferrocene label close enough to the electrode
and allowing effective electron transfer as well as signal generation. With the use
of DPV a detection limit of 0.5 nM was achieved with a linear range of 5-35 nM.
Xiao et al. [11] made similar efforts to modify their previous structure and fabri-
cate “signal-on” electrochemical aptamer sensor. They introduced double-stranded
DNA consisted of a short DNA sequence tagged with methylene blue (MB) that can
hybridize with an aptamer, and a sequence complementary to it which contained the
anti-thrombin aptamer sequence. The duplex of DNA maintained the redox label at
“standing” position with a distance from the electrode surface. When thrombin is
introduced to the complex, the complementary sequence would displaced and the
MB tagged single stranded DNA would approaches the electrode surface and pro-
ducing electric current due to improvement of electron transfer.

3.2.3 Graphene and Graphene-Based FET Structure

Graphene is a two-dimensional network of single layer sp?>-bonded carbon atoms
arranged on a honeycomb lattice. The name graphene is sometimes used to describe
multiple layer graphite. Multilayer graphite can have up to ten layers and still be
called graphene. It should be noted that the variation in properties of graphene is
quite significant when going from one layer to several layers. Ten layers is the limit
where graphene becomes graphite, which is stack of graphene sheets bounded by
weak van der Waals forces.

The atomic structure of graphene gives rise to exceptional electrical, optical,
mechanical and thermal properties [12]. The most interesting electrical properties
of graphene are high electron mobility [13] and ballistic transport of charge carriers
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[14]. The high mobility is caused primarily by the absence of backscattering due to
the pseudo spin nature of the charge carries in graphene similar to the case of the
carbon nanotube (CNT) [15]. Weak electron-phonon coupling, high sound velocity,
and the near defect-free lattice also contribute to the high mobility and high cur-
rent density sustainability of graphene. Graphene can sustain high current density
up to 5x 108 A/cm?, or about 1 uA per atomic row of carbon atoms [16]. Ballistic
transport over sub-micron scales is usually associated with high mobility and the
quantization of conductance in narrow channels [14]. Also, graphene technology
can be easily integrated into the existing planar processing infrastructure, grown on
numerous substrates such as silicon dioxide, and processed by conventional semi-
conductor methods. Due to graphene’s unique electronic properties, ultrafast elec-
tronic devices with operating frequencies up to THz are expected.

These properties of graphene come from its special bank structure. Graphene
is a zero-bandgap semiconductor. In other words, it’s both a semiconductor and a
semi-metal. Theoretically, Wallace [17] first studied the band structure of graphene
and demonstrated its unusual semi-metallic behavior. The lack of a bandgap in in-
trinsic graphene is a major engineering issue. The zero-bandgap means that gra-
phene is difficult to be switched off (from conductive state to non-conductive state).
Graphene nanoribbons or bilayer graphene are good alternatives to circumvent this
problem, both of them can have a band gap and being tuned to meet the require-
ments of a solid state switch. Nevertheless, the zero-bandgap of large area graphene
is not an issue in radio frequency (RF) applications.

Applications of graphene include many fields such as graphene thin film elec-
trodes, using graphene as sensing material, graphene-based nanocomposites and
graphene-based field-effect transistor (GFET) [18, 19]. A field-effect transistor
(FET) is an electronic device normally with three terminals. The conductivity be-
tween two of the terminals known as source and drain can be controlled by the
electric field created by the third terminal known as gate. Gate voltage can be tuned
to modulate the free carrier density in the channel between source and drain, leading
to a current change in the channel controlled directly by gate voltage. This shift of
current can be used as a switch which indicates an “On” state when the current is in
high value and an “Off” state when very low current is in the channel. The semicon-
ductor industry is considering GFET as a possible alternative to replace the silicon
field-effect transistor [20]. Carbon nanotubes offer similar electronic properties as
graphene and had been considered as a replacement for silicon for years. But the
fact that graphene has planar geometry and thus can be processed with more con-
ventional complementary metal oxide semiconductor (CMOS) technology gives it
a significant advantage over CNTs. The structure of a GFET is identical to a silicon
FET.

Figure 3.1 shows a typical current (Ig,)/voltage (V) characteristics of chemi-
cally converted graphene devices. Single layer and bilayer graphene were grown in
collaboration with Army Research Laboratory using low pressure chemical vapor
deposition (LPCVD) and transferred to Si/SiO, substrate. The thickness of gra-
phene was later confirmed with Raman spectroscopy to be consisting of 94 % bi-
layer and 6 % single layer graphene. The FET structure is fabricated with chromium
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Fig. 3.1 Current voltage characteristic of a graphene-based FET structure

and gold as source and drain electrodes. Current between source and drain can be
effectively modulated by gate voltage. When the gate voltage varied from 50 to
=50V, the conductance of the device increased, indicating a p-type semiconductor
under ambient conditions.

3.2.4 Aptamer-Based Sensors with Graphene and CNT
Substrates

Since the first biosensor with Si nanowire was reported in 2001 [21] and the devel-
opment of the chemical sensor using carbon nanotubes in 2000 [22], massive re-
search efforts have been initiated in developing nanowire-based or nanotube-based
sensors. In the case of carbon nanotubes, all constituent atoms are at the surface
and any small change on the surface can lead to a large change in electrical current,
which made possible of developing sensors with exceptional sensitivity.

So et al. fabricated a single-walled carbon nanotube (SWNT) field-effect tran-
sistor to monitor the binding processes between aptamer and protein [23]. SWNTs
behave as p-type semiconductors in ambient atmosphere. The merit of using ap-
tamers in FET-based sensor lies in their small size. Debye length is defined as the
typical distance required for screening the surplus charge by the mobile electric
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Fig. 3.2 Device schematic of a aptamer-based biosensor with graphene-based FET structure

carrier present in a nanostructure. The size of antibodies is about 10 nm, which is
much larger than the Debye length or electrical double layer that is about 3 nm in
10 mM ionic concentration. As a result, the recognition of protein-protein binding
process might occur outside the electrical Debye length and left very weak potential
changes to be observed on the gate. Aptamers, on the other hand, have an average
of 2 nm for 30 bases, which is within the Debye length and can enable the pertur-
bation of gate potential by proteins that link to aptamers. SWNTs were deposited
between source and drain electrodes, and anti-thrombin aptamers were attached on
the CNTs. The binding of thrombin to the aptamer altered conductance between
source and drain, thus enabling detection of the protein.

The applications of SWNTs, however, are often plagued with several problems.
For example, it is difficult to separate metallic nanotubes from semiconducting
nanotubes. Also, when only a few SWNTs are used, it is challenging to manipulate
them for device fabrication because they are too small to interface with large-sized
biomolecules. Graphene, with similar properties as SWNT but comes in a flat struc-
ture, has many advantage in fabricating sensors.

Figure 3.2 is an example of aptamer-based sensor with graphene FET structure
using cocaine as a target. The aptamer is terminated with methylene-blue (MB)
which functions as an electron donor. 1-pyrenebutanoic acid, succinimidyl ester
(merchandise name: P130) as the red dot in the figure is used as linker molecule to
noncovalently bind the aptamer to the graphene surface by the pyrene group in the
linker. Due to the overlapping of n-bonds between aromatic side chains, the pyrene
group which is highly aromatic in nature could interact strongly with the basal plane
of graphite via n-stacking. The cocaine aptamer is about 2-nm in length with 30
bases, which is less than the Debye length. When the target molecule is present, the
aptamer will undergo a conformation change and lead to a closer distance between
the MB and the graphene surface. When the MB approaches the surface, it can pro-
vide excess electrons and cause a shift in the I-V characteristics of the graphene-
FET. It is known that electrical contacts to a graphene surface typically exhibit high
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resistance. This is possibly due to the weak electron conduction on the interface.
The electronic structure and the weak van der Waals binding can cause relatively
small matrix elements for electrons to cross the interface. When conduct the device
characteristic calculations using a p-type MOSFET model, after the formation of
inversion layer the net charge carrier density will reduce due to the external excess
charge. We can assume,

O(Net) =0, -0, (€RY

where Qp is the inversion charge and Q,  is the extra electron charge provided by
methylene blue. At equilibrium, the inversion layer charge in MOS-C will balances
the charge added to the gate when V; exceeds V. Therefore,

0, =0, =-CAV, ==C,(V;-V}). 3.2)

The external charge O, depends on the concentration of cocaine. More cocaine
molecules near the structure will cause more aptamers to make the conformational
change, leading to additional electron charge at the surface. Since the current flow
in the conducting channel is almost exclusively in one direction (taken to be y di-
rection), and since the diffusion current is usually negligible compared with more
numerous carriers at a certain point, the equation can be simplified to

d
J,=qu,pe= —qﬂppd—j. (3.3)

where 1, is the mobility of holes. The effective mobility may be defined as

— x.(»)
r— jo ", (x,v) p(x, y)d. (3.4)
QN(,V)

Integrating /) over the length of channel gives
L -V, —
[ Lody=1,L=-2] " 1,0,d¢ (3.5)

Z/l_p A
I=-— fo 0,d9. (3.6)

where 0, is the positive charge/cm? in the channel. In this model, due to the exis-
tence of excess electron charges provided by methylene blue,

Q,(Net)==C, (Vs =V; =)= Q... 3.7



3 Design and Applications of Nanomaterial-Based and Biomolecule-Based ... 69

where O, is the trapped external charge from MB. From the two equations above,
we obtain the /,,— ¥, relation as

_Zuy,
L

O (3.8

D

Zu C V.,
e} {(VG -V, _%}

Similar structure had also demonstrated by Huang et al. [24] who used large-sized
CVD grown graphene films to configure field-effect transistors for real-time bio-
molecular sensing. Glucose or glutamate molecules were detected by the conduc-
tance change of the graphene transistor as the molecules are oxidized by the specific
redox enzyme (glucose oxidase or glutamic dehydrogenase) which functions as me-
diator to attach to the graphene surface. These results from current aptamer-based
biosensors with graphene-based structure show exceptional electronic response and
the ability to support cell adhesion and growth, which postulates the promising po-
tentials of graphene in nanoelectronic biosensing as well as applications in interfac-
ing with living cells and detecting dynamic bimolecular analytes.

3.3 Design Concepts of Nanoscale Piezoelectric
Structures

Recent advancements in portable and lightweight mobile devices, has led to need-
ing alternate power sources instead of conventional batteries. Batteries are not fea-
sible in many applications because of their lifetime, weight, size, safety and for use
in remote locations. There are emerging applications such as biomedical drug-de-
livery implants, implantable medical electronic devices and wireless micro-sensor
networks, where conventional batteries are impractical because of the difficulty in
replacing the batteries [25-28]. Several energy sources such as solar, thermal and
mechanical energy can be used as sources of energy in self-powered devices. How-
ever, using the mechanical energy has garnered significant attention in self-powered
devices, as such a source is commonly available in small-scale systems. Taking the
forms of irregular air flow/vibration, ultrasonic waves, body movement, and hy-
draulic pressure, mechanical energy is pervasive and accessible from the surround-
ing environment. From this point of view piezoelectric elements are among the best
candidates due to their unique properties such high energy densities and integration
potential which make them promising for the design of self-powered small-scale
devices [28, 29]. The schematic diagram of a vibration energy harvesting system
is shown in Fig. 3.3. The conversion of mechanical energy to electrical energy has
been well demonstrated using piezoelectric cantilever-based microelectromechani-
cal (MEMS) devices working at their resonating mode [30]. However, the large unit
size, large triggering force and specific high resonance frequency of the traditional
cantilever-based energy harvester limit their applicability and adaptability in na-
noscale devices and systems. In this domain, one dimensional (1D) nanostructures
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Fig. 3.3 Schematic diagram of a vibration energy harvesting system

have attracted much attention in the fabrication of nanogenerators. Recently, it has
been demonstrated that nanogenerators (NGs) based on piezoelectric nanowires
(NW5s) have the potential to harvest mechanical energy [29]. The first nanoscale en-
ergy harvester based on ZnO NWs was introduced by Wang et al. [31]. Among the
piezoelectric nanostructures such as lead zirconate titanate (PZT) NWs and Poly-
vinylidene fluoride (PVDF) nanofibers, the piezoelectric semiconductor nanowires
such as ZnO NWs and GaN NWs have been the focus of considerable research.

Because piezoelectric semiconductors can be used to convert mechanical energy
to electrical energy and also since they are semiconductors, they can be used as a
junction device for performing diode and transistor-type functions. These properties
make them strong candidates for use in electromechanically coupled sensors and
transducers [31, 32]. However, due to the presence of free carriers in semiconduc-
tor piezoelectric materials the physics behind the semiconductor nanogenerators
such as ZnO NWs is not well known [33]. Hence, the application of piezoelectric
semiconductor nanowires (NWs) requires a good understanding of their electrical
and piezoelectric properties. Herein, one of the main concepts for design of ZnO
NWs-based nanogenerators (NGs) is addressed.

3.3.1 Fundamentals of Piezoelectricity

The origin of piezoelectricity effect is the displacements of ions in the crystal by an
induced strain. This effect is seen for crystal structures with no center of symmetry.
Since compound semiconductors such as ZnO usually belong to non-centrosym-
metric crystal groups, they are piezoelectric materials. The crystal symmetry of
ZnO is responsible for the different components of the internal polarization, spon-
taneous polarization and piezoelectric polarization. The charge produced by the
piezoelectric effect is a bound charge (polarization or dielectric displacement) and
the piezoelectric strain equations can be described as follows [33, 34].

T=—eE+c":S 3.9
D=¢"E+e:S

where T is the stress, c is the elastic stiffness constant, e is the polarization constant,
E is the electric field, D is the electric displacement, S is the strain and, and ¢ is the
electric permittivity. However, the above equations are valid in the case of an ideal
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insulator, in which the density of free carriers is zero or negligible. In this case, the
generation of the piezoelectric charge might be considered equivalent to the gen-
eration of an electrical field or a potential. Therefore, in the case of a piezoelectric
semiconductor, such as ZnO NWs, the piezoelectric constitutive equations cannot
be applied directly due to the presence of free carriers [33]. In the non-depleted
region of a piezoelectric semiconductor the free carries migrate to the region where
piezoelectric polarization appears to maintain the quasi-neutrality. The migration
time of free carries is on the order of the dielectric relaxation time. However, in the
depletion region of a semiconductor, where the density of free carriers is negligible,
the piezoelectric charges may be added to the ionized impurities (donors or accep-
tors) [35].

3.3.2 Piezoelectricity Effect in 1D Piezoelectric Semiconductor
Nanostructures

In case of 1D nanostructures such as ZnO NWs where the ratio of surface to volume
is high, the surface the adsorbed species such as O, molecules undergo chemisorp-
tion on the surface of the NW by capturing a free electron from the n-type ZnO
result in a surface depletion region [36]. In Fig. 3.4, the schematic representation
of a single nanowire and its band bending is depicted, the radius of non-depleted
region isr, and the depletion region width is d. As discussed above, in the depleted
region of a piezoelectric semiconductor, the generation of the piezoelectric charge
might be considered equivalent to the generation of an electrical field or a potential.
Hence, in the surface depletion region of a ZnO NW where the density of free car-
riers is negligible, the piezoelectric strain equations can be applied. In a detailed
study [37], by considering a non-depleted region and a surface depleted region in a
ZnO NWs and solving the Poisson equation in radial coordinate system, the effect
of induced piezoelectric charges on the surface potential of ZnO NWs have been
investigated. The surface depletion width (d) in 1D structure shown in Fig. 3.2 can
be described as given [37]:

d =7 _ l"z _ 2rphy.s-q2Ditl//0

Pphys s T 7 2\
p(l Lo Dy ] (3.10)
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By solving the Poisson equation in a radial coordinate system, the electrostatic po-
tential in surface depleted region can be expressed as shown below [37]:

l//(r) = y/o 0 <r< rreleu
_ eN, 2
l//(r) - l//o - 4e (r - (rPhys _d) )

(3.11)

eN ) r
+2_;(rPhyx _d) [Ln [}"},hw——d)] relec srs rphyx

Considering a uniform plane wave propagating with an arbitrary angle in the XZ
plane of a wurtzite crystal the radial piezoelectrically induced polarization compo-
nent can be expressed as follows [38]:

ou,

or (3.12)
+ (e}, cos Dsin’ @ + ¢/, cos’ O — e/ sin Psin 20)

p, = (e}, cos’ @+, cos@sin’ @ + ¢ sin Psin 20)
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Since the internal electric field in the surface depletion region of NWs has a radial
direction, the radial piezoelectric polarization component (P ) may result in an in-
crease or decrease of the internal electric field strength. This effect can be modeled
by considering an equivalent density of piezoelectric charges as given [37]:
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Considering this equivalent charge density which will be added to the ionized im-
purities (donor or acceptor), the effect of piezoelectric charges in the surface deple-
tion region of a ZnO NW can be illustrated in Fig. 3.5 which presents the surface
potential of ZnO NW with a radius 60 nm in the presence of different induced
piezoelectric charge densities [37].



74 K. Xu et al.

0 . . '
= = mm Npe=0
— Npe=0.25x10% (1/cm?) ,‘
= s == n 8 Npe=0.5x10"% (1/cm?) r 4
- = = w8 Npe=0.75x10% (1/em?) 4
S \ ’
-0 5} m— Npe=10'% (y/an) ¥ 4

Surface Potential (

Fig. 3.5 The potential electric distribution in a ZnO NW with radius 60 nm in presence of different
piezoelectric charge densities

The effect of induced piezoelectric charges on the surface potential of NWs with
different radius is also depicted in Fig. 3.6. As shown the effect of piezoelectric
charges on the surface potential of NWs with a smaller radius is stronger. The simu-
lation results indicate using NWs with a small radius may increase the efficacy of
NGs [37].

3.4 Design Considerations for Systems with Quantum
Dots on Semiconductor Surfaces: Influence,
Characterization and Applications

In many nanodevices, quantum dots (QDs) are in close proximity to semiconductor
surfaces. As a means of designing such devices, the properties of these quantum-
dot-semiconductor structures must be taken into account. Herein, these systems
are characterized as an input to the design of nanodevices based on these systems.
Quantum dots (QDs) are nanocrystalline semiconductor materials whose size
varies on the order of a few nanometers to a few hundred nanometers. They consti-
tute a class of material having properties between the bulk and the molecular forms
of matter (quantum dots) [39] These QDs exhibits discrete size dependent energy
levels where electrons are confined with respect to motion in all three dimensions.
By tuning the size and the composition of the QDs, light wavelengths from the
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Fig. 3.6 The surface potential of a ZnO NWs with different radii as a function of of piezoelectric
charges

ultraviolet to the infrared range can be achieved [40]. The wavelength of emission
bands is dependent on the particle size, temperature and its distribution [41]. Be-
cause of their unique optical and physical properties, they have variety of applica-
tions in, semiconductor lasers [42—44], biomedical imaging [45, 46], optoelectronic
devices [47, 48], photovoltaic and solarcells [49].

3.4.1 Core Shell Quantum Dots

Compared to plain core quantum dots (QDs), core/shell QDs offer an enhanced
stability and tunability of the optical and electronic properties [50]. These core/shell
quantum dots consisting of one material buried in another material with a larger
band gap have received much attention due to their ability to improve the photo-
luminescence quantum yields by passivating surface nonradiative recombination
sites [51]. The purpose of the shell material is to passivate surface trap sites and to
energetically confine the electron and hole. Compared to the organically passivated
dots, these coreshell structures poses higher tolerance to processing conditions that
are required for integrating into solid state structures and thus more useful for opto-
electronic devices [51]. Some of the examples of core-shell quantum dot structures
reported earlier includes CdSe/ZnS [52], ZnSe/CdSe [53], PbSe/CdSe [41], CdS/
CdSe [54], ZnS/CdS [55].
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3.4.2 Quantum Dots on Semiconductor Surfaces

Due to the high surface to volume ratio, energy relaxation and recombination dy-
namics in QDs strongly depend on surface passivation conditions [56]. Not much
of the work has been done to investigate the effects of quantum dots on surfaces of
different substrates. Also the study of heterojunctions formed between the deposited
material and substrate is highly motivated due to their applications in varied fields
for example InAs QDs grown on Si substrate with good luminescence will benefit
the integration of Si electronics with high-speed, low-power optoelectronic functions
and permits the fabrication of large-scale optoelectronic integrated circuits [57].

In case of CdSe/ZnS core/shell QDs the fast initial relaxation dynamics has been
usually explained in terms of carrier trapping at the interface (or surface related)
defect states. However the origin of these states is not understood yet. Thus the
optical as well as the interface state study in CdSe/ZnS core-shell QDs needs to be
done and is under investigation.

a- Luminescence properties of Quantum Dots and Zinc Oxide nanowires on
Surfaces of Different Substrates For getting an insight on the behavior of QDs
deposited on semiconductor surfaces, CdSe/ZnS core/shell QDs is deposited on
the surfaces of different substrates such as Gallium Arsenide (GaAs), Silicon (Si),
glass and Indium tin oxide (ITO). In order to explore the effects of substrates on the
optical properties of these quantum dots, photoluminescence (PL) measurements
using a continuous wave He-Cd laser having an excitation wavelength of 325 nm.
The room temperature PL spectra of CdSe/ZnS quantum deposited on the GaAs, Si,
Glass and ITO coated glass are shown in Fig. 3.7. As it is seen for all the samples,
the PL spectra have a peak value at a wavelength of about 582 nm with different PL
intensities. Quantum dots deposited on the GaAs have the highest PL intensity and
quantum dots on the ITO coated glass shows the lowest intensity [58].
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For more investigation the experiment was repeated by replacing the CdSe/ZnS
quantum dots with the as grown ZnO NWs. ZnO nanowires were grown by the
vapor liquid solid (VLS) method inside a horizontal quartz tube at atmospheric
pressure at a growth temperature of 900-910°C with a constant flow (350 sccm)
of Ar for 30-50 min with a source consisting of zinc oxide powder mixed with
graphite in a weight ratio of 1:1 with Au deposited as a catalyst. After the growth
process, ZnO NWs were drop casted on the same substrates that were used for ana-
lyzing quantum dots surface properties that are GaAs, Si, ITO and glass. Figure 3.8
represent the PL spectra of ZnO NWs on GaAs, Si, ITO and glass.

The experimental results indicates that the PL intensities order for ZnO NWs de-
posited on substrates are similar to the PL intensities order for CdSe/ZnS quantum
dots on the same substrates. This results shows that the degree of PL intensities of
both samples, deposited with quantum dots and NWs, is dependent on the type of
substrate being used and not on the material being deposited on them [58].

b- Heterojunction effects It has also been shown that the PL intensities order
variations are not a function of the contact formed between the deposited material
and the substrates. This was investigated by doing analysis at the junctions of the
ZnO and ITO, GaAs and glass substrates and drawing energy band profiles for each
material as shown in Fig. 3.9.

The comparison of energy barriers at the interface of junctions shows that the
energy barrier seen by electrons at the interface of ITO and ZnO is minimum show-
ing a negative energy barrier value, while the energy barrier between glass and
ZnO is the highest, which is in contradictory with the experimental results. The
heterojunction analysis indicates that the observed PL intensities differences is not
a function of the contact formed between the deposited material and the substrates
and electron transferring from substrate to the conduction band of ZnO NW cannot
be responsible for the observed PL intensity difference.
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Fig. 3.9 (a) Energy band
diagram of ZnO-GaAs
heterojunction, where @,
and y, be the work func-
tion and electron affinity of
GaAs and @, and y , be the
work function and electron
affinity of ZnO respectively.
(b) Energy band diagram of
ZnO-ITO heterojunction,
where . is the electron affin-
ity of ZnO; @ be the work
function of ZnO and ¢ _-work
function of ITO. (¢) Energy
band diagram of ZnO-glass
heterojunction, where ¢_

and y, be the work function
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3.4.3 Biological Applications of Quantum Dots as Mode
for Designing Devices

Microcrystalline and nanostructured semiconductors are promising materials for
different technological and biological applications such as quantum dots that are rap-
idly being applied to many emerging and existing technologies. These applications
arise from their unique properties, such as tunable emission spectra, high bright-
ness, simultaneous detection of multiple signals and long-term stability. Also the
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crystalline quantum dots are useful in biomedical applications because they glow
brightly in different colors (depending upon their atomic structure and size) and of-
fer valuable applications in image-guided surgery and light-activated therapies, as
well as highly sensitive diagnostic tests. Compared to core type quantum dots, the
core-shell type nanoparticles are more desirable for biological applications as the
core being passivated by the shell that improves fluorescent properties and prevents
leaching [40]. Not only in the bioimaging, these quantum dots are also used in the
in solar cell construction, LEDs, and even quantum computing. Some of the major
biological applications of these quantum dots are discussed in the following section.

a- Cancer Diagnostic and Therapeutic Applications Bioconjugated QDs can be
used to identify potential molecular biomarkers for cancer diagnosis, treatment and
prognosis. They may allow the surgeon to map sentinel lymph nodes and perform a
complete surgical resection. Their unique optical properties make them ideal donors
of fluorescence resonance energy transfer (FRET) and photodynamic therapy stud-
ies. Multifunctional QDs have become effective materials for synchronous cancer
diagnosis, targeting and treatment [40, 59, 60]. Serum assay is most commonly used
for detection of prostate cancer besides other detection probes like protein, specific
DNA, mRNA sequences [61] but cancer diagnostic from serum samples only can
only be possible through specific biomarker probes for which quantum dots not
only serves as biosensitive probes but also used for the detection of thousands of
molecules simultaneously [62].

b- Fluorescence probes for cellular proteins Quantum dots have been readily
adopted by the bioscience community as fluorescence probes for biomolecular
applications because of their unique optical properties, broad absorption, narrow
emission spectra, high quantum yields and photostability [63, 64]. These QDs can
be used as fluorescence probes for labeling cellular proteins where preservation
of enzyme activity is desirable [65]. QDs that were coated with Streptavidin were
used to label individual isolated biotinylated F-actin fibers. However, compared
with Alexa488 (an organic fluorophore), a smaller proportion of labeled filaments
were motile and intracellular labeling of these filaments has also been shown to
be possible [66]. QDs have also been used to label mortalin, and p-glycoprotein,
molecules that are important in tumor cells [67, 68]. Labeling with QDs was much
more photostable than with organic dyes, with a 420-fold increase over the organic
fluorophore. Also the photostability and advantageous signal-to-noise ratio achiev-
able with QDs proves that they could be ideal probes for single molecule tracking
studies [69].

c- Multiplexed biological detection and imaging Colloidal QDs possess excel-
lent fluorescence properties including high emission quantum yields at room tem-
perature and tunable emission wavelength [70]. Bioconjugated QDs have been used
in DNA hybridization [71], immunoassay [72], receptor-mediated endocytosis [71],
and time-gated fluorescence imaging of tissue sections [73]. Nanocrystals are also
emerging as a new class of fluorescent labels for in vivo cellular imaging. An impor-
tant advantage is that the extremely high photostability of QDs allows real-time
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monitoring or tracking of intracellular processes over long periods of time. Another
advantage is the ability to use multicolor nanocrystals to simultaneously image mul-
tiple targets inside living cells or on the cell surface. Furthermore, with an inert layer
of surface coating, the nanocrystals are believed to be less toxic than organic dyes.
Also conjugated luminescent QDs is used to transfer an iron transport protein anti-
bodies that recognize cancer biomarkers, and folic acid (a small vitamin molecule
recognized by many cancer cells). In each case, it was found that receptor-mediated
endocytosis occurred and the nanocrystals were transported into the cell [74].

3.5 Nanodevices for DNA Cleaving

Herein, design considerations are presented that enable the fabrication of nanode-
vices that undergo photo-production of electron/hole pairs in indirect bandgap
semiconductors; as will be discussed the holes produced in this process can be filled
by electrons from an electron-rich DNA molecule bound to the indirect bandgap
semiconductor. The physics underlying the design of these nanodevices for cleav-
ing DNA sheds light in important design consideration for the nanodevices.

In semiconductors, recombination can occur if both energy and momentum are
conserved.

After the generation of an electron/hole pair, recombination can occur if both en-
ergy and momentum are conserved as illustrated in Fig. 3.10. This is easily achieved
in a direct band gap material because the electrons and holes possess the same
momentum, and the energy difference resulting from the recombination is released
in the form of a photon. In an indirect band gap material, however, the electron and
hole momenta differ, making it necessary for the electron to participate in a momen-
tum-chasnging process before recombining. Because recombination is less favor-
able in indirect band gap materials, they are often used to generate current flow.

TiO, has an indirect band gap of 3.2 eV [75]. When exposed to light of en-
ergy greater than the band gap, electon/hole pairs are formed, which then have the
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potential to oxidize surrounding species. If the oxidation potential of the TIO,/do-
pamine is more positive than the redox properties of the attached DNA, which is
generally the case, the holes are transferred to the DNA from TiO, [75, 76]; dopa-
mine is used as a surfactant since it has energy level that facilitate charge transfer
as discussed in Ref. 76. This charge transfer was determined to occur via multi-step
hopping, where a charge is propelled from one base to the next via thermal fluctua-
tions [77, 78]. Accumulation of holes in one location can results in DNA cleavage.
Out of the four DNA nucleosides, guanosine has redox potential most conducive to
hole transfer, and, consequently, it was found that guanine (G) undergoes hydroxyl-
ation in DNA-TiO, complexes after exposure to light [79]. Kanvah et al. studied the
cleavage of DNA bound to anthraquinone derivative (AQ) photosynthesizer, which
functions similarly to TiO, in that it modifies DNA bases to their radical cation form
upon exposure to light. It was confirmed that the reaction most frequently occurs at
guanine, resulting in its conversion to 8-oxo-7,8-dihydroguanine. In addition, ad-
jacent guanines have a lower relative potential energy than isolated guanines. This
means that holes are more likely to accumulate in and cleave at regions of DNA
with several adjacent guanines. A correlation also exists between the likelihood of
cleavage and distance from the particle where the electron/hole pairs are generated.
GG sites closest to AQ react and cleave at a much higher rate than those further
away. The hopping model of charge transfer attributes this phenomenon to the rate
constant for reversible hopping (khop) and the rate constant for irreversible trapping
(ktrap). When khop > ktmp, all trapping sites in the sequence have an equal probability
of reaction. When khop < ktmp, the reaction is more likely to occur closer to the site
of initial oxidation. The surrounding bases also influence the reactivity of guanines;
it has been shown that adjacent cytoxine (C), thymine (T) and, in the case of RNA,
uracil (U), all decrease the reactivity of G [78].

Using this information, one can create a nanocomposite for cleaving DNA [80,
81]. In Paunesku et al., TiO, particles 4.5 nm in diameter were created by first
synthesizing TiO, colloids via dropwise addition of titanium(IV) tetrachloride to
cooled water. Oxygen was removed by bubbling with nitrogen, and the particles
were suspended in glycidyl isopropyl ether. This provides a coating for TiO, and
prevents unwanted reactions between hydroxyl groups on the TiO, with phosphodi-
ester groups on the DNA oligonucleotides. The nucleotides were synthesized with
a carboxyl group on the 5’ end, which was then used to bind to an amine group
on a dopamine molecule. When exposed to TiO,, the dopamine replaces glycidyl
isopropyl ether coating the TiO, particles, resulting in the binding of TiO, to DNA
via dopamine. The ratios used were such that there were approximately 50 DNA
molecules per TiO, particles. The oligonucleotides were then hybridized to compli-
mentary strands to obtain double stranded DNA bound to TIO,. Vasudev et al. con-
firmed that binding in achieved by performing Raman spectroscopy measurements
on the resulting compounds. The spectra contained characteristic DNA peaks in the
800-1,500 cm™ range, as well as a TiO, peak around 190 cm™ ([82], Fig. 3.11).

Paunesku et al. demonstrated that these nanocomposites can be used to cleave
DNA at the guanine sites. Gel electrophoresis analysis of the nanocomposites after
0, 8 and 10 min of UV light exposure indicated a higher percentage of cleaved
DNA for longer exposure times [80]. UV light also causes cleavage at G-rich sites
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Fig. 3.11 Synthesis of DNA-dopamine-TIO, nanocomposites. Diagram not to scale

in TiO,-DNA composites with three DNA strands that form a T-shaped three-way
junction [83, 84].

3.6 SERS Nanosensors

Surface-enhanced Raman spectroscopy can be used to determine the biological
composition of a sample by detecting the unique vibrational signature of specific
molecules. In order to obtain these vibrational signatures, a nanosensor needs to be
designed [85].

An example of a nanosensor is Apt-a, B, adsorbed to a silver nanorod (AgNR)
SERS substrate [86]. Apt-a, B, is a 85-base long RNA molecule generated for bind-
ing to a cellular membrane protein called a, B, integrin. This integrin normally in-
teracts with the RGDV peptide, a process which is amplified in cancerous cells. By
binding to this integrin, Apt-a, 8, blocks the binding site, possibly hindering cancer
progression [87]. Obtaining the Raman spectrum of this potentially useful molecule
would help in its further studies.

Apt-a,B, (exact 5' to 3’ sequence: GGGAGACAAGAAUAAACGCUCAAUU-
CAACGCUGUGAAGGGCUUAUACGAGCGGAUUACCCUUCGACAGGAG-
GCUCACAAACAGGC) with an amine modifier at the 5’ end was suspended in
water and placed on a patterned multiwall AgNR SERS chip [88] in nitrogen for
24 h. The substrate was then washed, removing the access RNA and leaving only
the RNA adsorbed to the nanorods. The SER spectrum obtained with a 514 nm laser
contained peaks consistent with previously-published spectra of DNA and RNA
bases [85, 89-91]. In addition, the substrate enhanced the signal by as much as 58
times compared to standard microRaman [86], demonstrating the effectiveness of
the AgNR substrate in nanosensor design.
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3.7 Design of Nanowire Polarizers

Recent progress in the synthesis of semiconductor nanowires has enabled the test-
ing of quantum confinement effects and developing nanodevices based on these
materials. However, isolating and manipulating the free-standing tangled nanowires
still remains a challenges. Great interest has been shown in research focused on
growing nanowires on a substrate in a controlled fashion, so that little or no post-
processing device applications. The polarization anisotropy can be explained in
terms of the large dielectric difference between these freestanding nanowires and
surrounding environment. This property of polarization anisotropy is considered
here as it relates to polarization sensitive nanoscale photodetectors that can be use-
ful in integrated photonic circuits, optical switches and interconnects, near-field
imaging, and high resolution detectors [92].

Before considering the theory underlying the design of such nanowire polarizers,
it is instructive to consider relevant details of the fabrication process. In order to
achieve free standing nanowires, large periodic arrays of semiconductor nanopo-
rous structure needs to be fabricated that will allow (i) the size and composition to
be varied, (ii) flexibility to use a variety of substrate materials, and (iii) compat-
ibility with various fabrication processes. Porous alumina templates have the best
attributes for growing uniform pores of nanowires or nanotubes due to their high
aspect ratio. They are durable and can withstand high temperatures (up to 800 or
1,000°C) [94, 97]. The length and diameter of the pores can also be controlled by
changing the experimental conditions [93-97].

Advantages of using an insulating alumina matrix is that it allows us to (i) easy
to perform annealing treatments without losing nanocrystallinity, and (ii) study a
single nanoscale heterojunction inside the pores. With such a template we have (i)
uniform regular distribution of nanopores of the order of a few nanometers, (ii) ar-
rangement of vertically directed pores with high aspect ratio, (iii) ability to control
diameter of cells and pores by changing electrolyte composition and electrochemi-
cal processing parameters, and (iv) high reproducibility of the film structure.

Confinement of materials like CdS nanowires inside these templates have a
unique advantage of increased band gap energy due to quantum confinement. Thus
making nano-structured CdS a better window material than bulk CdS [98]. Hence,
the alumina matrix is the best template for growing free standing nanowires and the
alumina template can be dissolved leaving behind only the nanowires.

3.7.1 Theoretical Model

The polarization anisotropy in PL measurements between the free standing nanow-
ires and its surrounding environment can be modeled by treating the nanowire as an
infinite dielectric cylinder in a vacuum, since the wavelength of the exciting light is
much greater than the wire diameter. When the incident field is polarized parallel to
the cylinder, the electric field inside the cylinder is not reduced. But when polarized
perpendicular to the cylinder, the electric field amplitude is attenuated according to
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where E; is the electric field inside the cylinder, E_ the excitation field, and ¢ is the
dielectric constant of the cylinder (vacuum) (100) and ¢ is the dielectric constant
of the surrounding material. For £>¢, the probability of optical transitions in a
nanowire depend on light polarization, acquiring maximal values for light with po-
larization parallel to the nanowire axis whereas illuminating with unpolarized light
creates a high frequency electric field in the nanowire in the direction of polariza-
tion parallel to the nanowire axis. These polarizations exhibit a strong dependence
on the absorption coefficient, &, both inter- and intraband, on the light polarization
for a system of parallel wires. The ratio of absorption coefficient, £, for the two light
polarizations is given by the Eq. (3.15)

kil (e+e,)

KL 2e, (3.15)
This absorption coefficient, k, ratio is more than 30 for free standing nanowires hav-
ing air with g | =1 otherwise, it is 4.7 for nanowires in an Al,O, matrix which has
£, =73 [100]. Due to the dielectric constant difference between the nanowires and
their surrounding, huge polarization anisotropy is manifested in photoluminescence
(PL) measurements. The PL spectra [101] can be recorded from a number of indi-

vidual wires as a function of excitation or emission polarization [1]. On average, the
excitation and emission polarization ratio is given by equation:

I =1L

T+ L (3.16)
with the intensities parallel (I,) and perpendicular (I, ) to the wire being measur-
able with PL measurements at different angles of orientation.

Polarization anisotropy in quantum wires is caused by the mixing of valence
bands due to quantum confinement. This quantum mechanical effect results in
smaller polarization ratios (p<0.60) which are reported [102—104]. The large polar-
ization response is due primarily to the large dielectric contrast between the nanow-
ire and its air or vacuum surroundings. With the increasing excitation power density,
the photoconductance (PC) of nanowires is increased in a reproducible and revers-
ible manner with respect to the excitation power. The photoconductive response
results from direct carrier collection at the nanowire—metal contact interface versus
population of surface traps. The photoconductivity anisotropy ratio is given by the
following equation:

_ GII_GJ—

= 3.17
G,+G, ( )
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Fig. 3.12 Flowchart for the fabrication of CdS nanowires a 200 nm of Aluminum layer (yellow)
deposited on ITO coated glass substrate. b After anodization of Al layer leading to formation of
nanopores of 40—100 nm. ¢ CdS nanowire array after the DC electrodeposition growth

where G and G, are the conductances with parallel and perpendicular excita-
tions respectively. To summarize the nanowire is modeled as an infinite dielectric
cylinder in a vacuum with the light polarizations causing the electric fields. The
electric field intensities calculated from Maxwell’s equations imply that the field
is strongly attenuated inside the nanowire for the perpendicular polarization, E
whereas the field inside the nanowire is unaffected for the parallel polarization, E,.

3.7.2 Implementation of Design Concepts

Nanopores were produced in Anodized Aluminium Oxide (AAO) nanoporous tem-
plate layer coated on ITO-coated (indium tin oxide-coated) glass using a two step
anodization process in 0.3 M oxalic acid solution. The procedure for fabricating an-
odized aluminum oxide consists of an electro chemical cell with the aluminum sub-
strate as anode, platinum plate (1”x 1") as cathode at 5 °C. The anodized substrate
is then rinsed with DI water and dried in nitrogen. The grown AAO layer has pores
of 40-60 nm but it also grows with a barrier layer of oxide at the interface of the Al
and AL, O, which can be removed by dipping the substrate in 50 % phosphoric acid
(H,PO,) for 2-4 min.However, due to poor adhesivity of Al layer to the ITO/glass
substrate, a thin layer of titanium (Ti) or titanium dioxide (TiO,) is deposited prior
to anodization. CdS nanowires are grown by DC electrodeposition. The electrolyte
for CdS deposition is 0.055 M CdCl, and 0.19 M elemental sulfur, dissolved in
50 ml dimethyl sulfoxide (DMSO) at 120 °C with a constant current density supply
of 7.5 mA c¢cm 2 for 7 s. The estimated growth rate was 30 nm s™!. The flowchart for
the electrodeposition is given below in Fig. 3.12:

The bottleneck lies in growing the cadmium sulphide (CdS) nanowires in a re-
producible fashion. The non uniform thickness of the aluminum oxide barrier layer
leads to these problems which include: template cracking at the electrolyte/air inter-
face during anodization, low filling ratio of nanorods/nanowires, and large variance
in the length of nanorods/nanowires [105].

After the growth of CdS nanowires, the alumina matrix is usually dissolved in
1 M sodium hydroxide solution leaving behind the free standing nanowires.

For these designs, the PL and PC polarization anisotropy is expected to be near-
ly wavelength-independent for energies larger than the nanowire band gap. For
these designs it is possible to realize devices that simultaneously measure inten-
sity and polarization and use them as optical photodetectors [106—108]. The ability
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synthesize nanowires out of any group IV, III-V, or I[I-VI semiconductor material
like InP, CdS, GaN, etc. facilitates the creation of a wide range of detectors and
high-resolution detector arrays for different spectral regimes.

3.7.3 Sensing Elements on Graphene-Based
and Carbon-Nanotube-Based Substrates

The design of biosensors with molecular sensing elements on graphene-based and
carbon-nanotube-based substrates is sensitive to the nature of the bond between the
molecular sensing element and the substrate. In particular, it is important that the
binding be accomplished in a manner so as to leave the transport properties of the
carbon-based substrate unaffected. Non-covalent functionalization may be accom-
plished effectively, as it does not create atomic scale defects, which are disruptive.
Herein, the functionalization of carbon nanotubes and graphene using peptides is
considered in the context of designing these nanobiosensors.

3.7.4 Peptides that Bind to Graphene

Kim et al. [109] presented findings on the preferential binding of peptides to the
graphene edges and planes. The peptides EPLQLKM and HSSYW YAFNNKT have
been found to preferentially bind to graphene edges and surfaces, respectively. This
critically helps in defining the electronic and mechanical properties of graphene
and is attributed to the n- @ interactions. EPLQLKM interacts with the positively-
charged hydrogen-terminated edge of the graphene through the negatively-charged
glutamate residue, E, while the graphene plane binding peptide does so through n-n
stacking [110] of the aromatic rings of the H-Y-W-Y-F residue [111].

Lu et al. [112] have used pyrene moiety (1-pyrenebutyric acid) attached to N-
terminus of peptides to bind to graphene oxide layer to monitor protein-peptide
interactions. Peptides used are pyrene-GGGRKRIHIGPGPAFYTT and pyrene-
GGGNSWGCAFRQVC. Pyrene-based fluorophores re-emit light upon excitation
and the number of times a specific event occurs per photon adsorbed is very high,
hence making it a good choice for an optical contrast agent in molecular beacons
[113, 114]. Also, pyrene reacts noncovalently with carbon nanotubes and graphene
due to m bonds present [115]. Due to the proximity of graphene oxide layer to py-
rene, the fluorescence of pyrene is quenched but owing to the adhesive properties
of pyrene [112], when the peptide binds to the protein, there is competition between
pyrene and target-protein for the graphene oxide layer, leading to desorption and
dequenching of pyrene, which aids in detecting target protein.

Self-assembling peptide sequences are made use of by So et al. [116] to bind
to graphene surfaces. Among the biocombinatorially selected sequences, one of
the peptides—IMVTESSDYSSY, designated as wild type is used. Using AFM,
the capability of the peptide to form highly ordered structures over graphite was
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determined and a high level of symmetric formation observed. This is likely due
to the molecular recognition of the hexagonal structure of the graphite. A very high
correlation was observed between the sequence of the peptide and the formation
of the self-assembled structures. Also, the process of formation of a peptide over
graphene involves a transition between the amorphous state to an orderly state and
further analysis has shown that the aromatic, hydrophilic and hydrophobic domains
of a peptide correspond to the binding ability, diffusion and the self-assembly of the
peptides [116].

Katoch et al. [117] have made use of the peptide GAMHLPWHMGTL, previ-
ously known to bind to graphene [118] to observe its structure on binding. It has
been observed that the peptide formed a helical structure on binding with the gra-
phene surface and the structure was much different than that of an a-helical struc-
ture. Further, Raman spectra were analyzed to determine if incubation of the peptide
had any effect on the binding but no significant difference was observed. Also, it
has been shown that tryptophan is an essential amino acid required for binding to
graphene [117].

3.7.5 Peptides that Bind to Carbon Nanotubes

Wang et al. [119] have used phage display technique [119] to determine one of the
possible sequences of peptide that can be used to bind to carbon nanotubes. In this
method, the bacteriophage is infused exteriorly with different peptide sequences
and suspended in a detergent solution, in the presence of nanotubes. This mixture
is then incubated for about an hour at room temperature which was then followed
by centrifugation. This resulted in the elution of bound phage particles. The binding
was stronger when the number of plaque forming units (PFU), a measure of bind-
ing phage concentration, was higher. To further establish the binding, phage clones
were loaded onto microspheres and incubates with SWNTSs. The specific peptide se-
quences were determined by using a single crystal graphite and one such sequence
is WPHHPHAAHTIR. Also, the middle region of the peptide sequence seem to be
reacting more with the nano tube than the ends and W and H seem to play an impor-
tant role in stronger binding [119].

Dieckmann et al. [120] has developed reversible cyclic peptides, based on the
cyclic peptides synthesized by Ghadiri and co-workers [13]. These RCPs have alter-
nating L and D chiralities, have the ability to adopt a planar formation due to all the
side chains pointing radially outward, leaving the middle open, where the SWNT is
infused. The presence of open cysteine bonds instead of being introduced into the
backbone, makes it easier to synthesize as well as helps in closing of the peptide,
by wrapping itself around the carbon nano tube of appropriate diameter. This also
prevents aggregation of CNTs in solution due to hydrophobicity [120].

Wang et al. [122] used fluorescent-labeled p21WAF-1 (cyclin-dependent kinase
inhibitor 1) derived CBM peptide probe, FITC-HAKRRLIF to bind to graphene ox-
ide, synthesized by a modified Hummers method [123] and carbon nanotubes. The
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interaction between the phenylalanine residue present at the end of the peptide and
the a-bond shows binding between the amino acid residues and graphene, further
demonstrated by the steady increasing curve of graphene in the Stern-Volmer plot
[124]. This setup is used to detect Cyclin A,, an important indicator of early-stage
cancer by the process of quenching of the peptide by Graphene oxide and detection
is possible at the nano scale, 10 fold better than SWNTs and 1200 fold better than
the Tb3* chelating macrocycle [122].

Pantarotto et al. [125] makes use of peptides binding to CNTs to devise vac-
cines. Fragment condensation or chemical ligation is employed in this process.
While the former method involves coupling of peptide fragments and has the
disadvantages of racemization and the presence of excess concentration of the
coupling fragment, the latter operates through a chemoselective reaction of de-
protected peptides to give rise to a unique reaction product that binds to the CNT.
A pentapeptide is used in fragment condensation while a peptide isolated from
a Foot and Mouth disease virus is used in chemical ligation. As confirmed by
ELISA and surface plasmon resonance test, the FMDYV peptide retained its anti-
genic properties. Characterization of the peptide bound was performed by TEM
and NMR spectroscopy. Thus, this paper discusses that the peptide isolated from
the FMDYV virus induces an immune response that can be made use of by making
vaccines [125].

Huan et al. [126] make use of a Multi Walled Carbon Nanotube with a sens-
ing layer of polyalinine, a polymer with high electrical conductivity, to bind to a
peptide sequence of HKHAHNYRLPASGGKK, a peptide sensitive to Antharax
protective antigen (PA) [127]. Detection was possible at concentrations as low
as 0.4 pM. The polyalanine was formed on glassy carbon electrode using cyclic
voltammetry while the MWCNT is modified to have a COCI group by suspend-
ing in HNO; and SOCI,. This COCI group helps in binding with the peptide by
forming a CON bond, releasing HCl. Square wave voltammograms (SWVs) of
peptide immobilized MWCNT-PANI with different concentrations of PA ranging
from 20-100 pM were collected. The sensitivity, correlation coefficient, sensing
area and limit of detection were measured for every different concentration us-
ing regression analysis, selectivity was measured by observing the SWVs of a
mixture of Bovine Serum Albumin (BSA) and PA and the longevity of the sensor
was measured over a span of 6 days, with a signal drop of 60 % on the sixth day.
High sensitivity and electrochemical signal of this sensor shows good promise in
devising similar sensors for a wide range of diseases by using peptides that bind
to disease-specific markers.

Mirzaei et al. [128] demonstrated that peptides that bind to carbon nanotubes
have specific configurations and preferences, based on various parameters obtained
from Density Functional Theory (DFT) calculations. Different models of (5,0) zig-
zag CNTs functionalized with a (Me),CONH peptide through the tip or sidewall
were assessed. The most favorable structure, determined from binding energy val-
ues was observed when the nitrogen of the peptide group attached to the tip of the
CNT while the bonding environment of the carbonyl carbon was kept unaltered.
Another parameter, the quadrupole coupling constant (C,), was evaluated at the
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oxygen and nitrogen sites of the peptide bond and significant decrease in their val-
ues was observed when compared with their original values which possibly sug-
gests that electrons are shared between these atoms and the CNTs, critical for the
bridging property of the peptide with other molecules.

3.8 Design Considerations for SERS-based Nanosensors
for Biomolecules

The use of surface-enhanced Raman scattering (SERS) in the design of nanosensors
present unique features in terms of designing the nanosensors for optimum perfor-
mance. Herein, the basic properties of such SERS-based nanosensors are consid-
ered as the basis for optimizing the design of these nanosensors.

Surface-enhanced Raman scattering (SERS) is a phenomenon used to enhance
the signal produced by Raman scattering. Raman spectroscopy is a useful tool for
sensor development with potential for remote sensing. Raman spectra provide infor-
mation on the vibrational modes or phonons, between and within molecules. There-
fore, you can produce a unique spectral fingerprint for single molecules. SERS is
accomplished through the use of substrates with nanometer scale geometries made
of metals with many free electrons, such as silver, gold, or copper. Silver is the best
choice for frequencies in the visible range and has the lowest damping rate when
compared to Au, Cu, and Al [129]. These metals produce surface plasmons, which
are oscillating electrons, when excited with a laser. The predominant theory on why
SERS causes large enhancements of Raman signals is mainly explained by the elec-
tromagnetic properties of nanostructures [130]. The strong localized surface plas-
mons produced on the surface of the metal by laser excitation enhance the Raman
scattering of the molecule near the metal surface. This enhancement is important
because Raman cross sections are between 1073 and 1072° cm?/molecule, compared
to fluorescence cross sections which are up to 107'® cm?*/molecule. Furthermore,
the Raman signal is proportional to the Raman cross section, the excitation laser
intensity, and the number of molecules in the field of detection. Therefore, by en-
hancing the signal via SERS, fewer molecules are required for a sufficient signal
to be produced.

From Pre-lim: Progress in the use of SERS is illustrated by the fabrication of
SERS substrates using silver [131-133]. Moreover, SERS has been considered as
a possible basis for chemical and biological nanosensors [134]. Furthermore, the
fundamental role played by plasmons in the SERS process has been considered
by a number of authors including Ref. [135]. Techniques for enhancing Raman
signals through substrate fabrication include: (a) nanosphere lithography to pro-
duce a silver film over nanospheres (AgFON)(Van Duyne ref and milana’s paper)
[136], (b) silver nanorod (AgNR) arrays fabricated with the Oblique Angle De-
position (OAD) technique at University of Georgia—Athens [131] and used to
detect trace levels of viruses by Shanmukh et al. 2006 [137], (c) optical antennas
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[138], (d) metal doped sol-gels [139], and (e) gold core with silver shell nanopar-
ticles [140, 141].

AgNR arrays produce enhancement factors of 10 without the formation of “hot-
spots” [131] Chen et al. showed how an array of silver nanoparticles or AgFON,
has much greater enhancement where defects occur in the array (108 compared with
10%), but these spaces only account for 0.3 % of the excited area [136]. The more
homogenous surface of the AgNR substrate in terms of enhancement, allows for a
more reproducible substrate to be fabricated. Oblique angle deposition is a physical
method using a modified E-beam evaporation system. The substrate was created by
first applying a titanium adhesion layer, followed by a 200 nm Ag-film base layer
onto a glass slide. In order to form silver nanorods, the substrate was positioned
such that it formed an oblique angle (4°) relative to the incident vapor. This caused
the surface normal of the substrate to be almost parallel with the incident vapor
direction. While in this arrangement 2,000 nm of Ag was deposited to produce the
nanorod array. This process allows for the length and diameter of the nanorods to
be controlled, which in turn means the aspect ratio of the nanorods is controlled.
A higher aspect ratio will produce a stronger enhancement effect [131, 142]. The
enhancement factor is also influenced by the lateral arrangement of the nanorods.
The more overlap there was between nanorods, the greater the SERS signal [131,
142, 143]. This distance dependent effect, due to the coupling of surface plasmons
between nearest-neighbor nanorods, has also been shown with Ag nanoparticles by
Schatz et al. [144].

Brenneman et al. used the AgNR array substrates for the detection of single
stranded DNA sequences with a Renishaw microRaman system with an Ar*-ion la-
ser (514.5 nm wavelength) [145]. Figure 3.13 shows the spectrum obtained for a se-
quence of 15 thymine bases. A solution of the DNA was applied to the substrate and
allowed to incubate overnight to allow adsorption of the target to the nanorods. The
substrate was then rinsed with Milli-Q water to leave only a monolayer for analysis.
This spectrum illustrates modes that are characteristic of thymine oligonucelotides,
including multiple ring breathing modes at 610, 788, 1,007, and 1,230 cm™! [146].
The sharp peak at 1,293 cm™' was attributed to ring distortion and anti-symmetric
bending of N3-H and C6-H [147]. A vibration form the sugar-phosphate backbone
was also identified at 1,184 cm™. In addition to the detection of thymine, the vi-
brational modes also provide information regarding the adsorption of the mole-
cule to the substrate. The presence of a line for stretching of the single bond C2-O
(1,331 em™) coupled with the absence of a line for the double bond C2=0 indicates
that thymine is adsorbing to the nanorods through that atom.

A second sequence, known as the thrombin binding aptamer (TBA), was also
evaluated using the AgNR SERS substrate. The TBA contains thymine and guanine
bases and the SERS fingerprint is below in Fig. 3.14. There are several peaks attrib-
uted to guanine that are not scene in the poly-thymine spectrum. The TBA sample
has a sharp peak at 805 cm™', which has been shown to be a SERS mode for guanine
[89]. The SERS spectra collected for these two different sequences using AgNR
arrays demonstrate how a spectral fingerprint can be used to distinguish between
samples. It could also identify or detect targets with known SERS signatures.



3 Design and Applications of Nanomaterial-Based and Biomolecule-Based ... 91

Poly Thymine DNA on Silver Nanorod Array
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Fig.3.13 SERS spectrum of single stranded poly-thymine oligonucleotides on AgNR array. Upper
left is thymine and the ribose sugar and phosphate group, which comprise the DNA backbone
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Biosensing can be accomplished using Raman spectroscopy through the use of
SERS substrates like the AgNR arrays fabricated with the oblique angle deposi-
tion technique discussed above. Moreover, it can be done using very low sample
concentrations, which is useful in biomedical applications where samples can be
expensive as well as in detecting harmful toxins.
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