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Nanostructured and Spiky Gold in Biomolecule
Detection: Improving Binding Efficiencies and
Enhancing Optical Signals

E.E. Bedford,*>“? S. Boujday“?, C-M. Pradier®” and F.X. Gu“?,

Nanostructured gold can improve the ability to detect biomolecules. Whether planar
nanostructured surfaces or nanostructured particles are used, similar principles governing the
enhancement apply. The two main benefits of nanostructured gold are improved geometry and
enhancement of optical detection methods. Nanostructuring improves the geometry by making
surface-bound receptors more accessible and by increasing the surface area. Optical detection
methods are enhanced due to the plasmonic properties of nanoscale gold, leading to localized
surface plasmon resonance sensing (LSPR), surface-enhanced Raman scattering (SERS),
enhancement of conventional surface plasmon resonance sensing (SPR), surface enhanced
infrared absorption spectroscopy (SEIRAS) and metal-enhanced fluorescence (MEF).
Anisotropic, particularly spiky, surfaces often feature a high density of nanostructures that
show an especially large enhancement due to the presence of electromagnetic hot-spots and
thus are of particular interest. In this review, we discuss these benefits and describe examples
of nanostructured and spiky gold on planar surfaces and particles for applications in

biomolecule detection.

Introduction

food
contamination protection, detection of biomolecules (such as

From medicine to environmental monitoring to
bacteria, DNA, or proteins) helps to protect our health and 080
environment. Over the past two decades, biosensor research has
taken off, inspired by the success of the hand-held glucose
sensors used by diabetic patients, but expanding into the
detection of all types of biomolecules using a variety of
transduction methods.! No matter the method of detection, high
sensitivity is one of the constant goals within the field of
biosensor research. Since many methods involve concentrating
biomolecules on a surface for signal transduction, a key
strategy to achieve high sensitivities is to optimize the surfaces
on which probes are bound so that a large number of analyte
molecules can be bound and a sufficiently strong signal
produced.

Affinity-based biosensors harness the specific affinity between
certain biomolecules to detect the presence and quantity of a
biomolecule. These make use of the same interactions that
allow for currently used methods of detecting biomolecules
such as immunoassays, which make use of the affinity between
(ELISA, for
hybridization assays, which make use of the affinity between

antigens and antibodies example), and
complementary nucleic acid strands (Southern and northern

blot assays, for example). By using affinity interactions to

This journal is © The Royal Society of Chemistry 2013

specifically bind an analyte of interest—typically on a solid
surface—they can be detected by various methods of signal
transduction (Figure 1). Biomolecules are small, so harnessing
their specific interactions requires tools of a comparable
scale—a job that nanostructured gold fills well; gold is
biocompatible, chemically stable, and can easily be
functionalized.”?
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Figure 1: General scheme of biosensors. Targets in a biological sample bind
to receptors bound to a substrate. Signal transduction indicates target binding

While electrochemical methods have traditionally been the
most commercially successful biosensing methods, optic,
detection methods have also proved interesting by offering
highly sensitive, label-free detection—a primary example being
the prevalence of surface plasmon resonance (SPR) detection in
R&D.' Optical methods of detection make use of changes in the
optical signal—absorption, luminescence, fluorescence, and
plasmon resonance, for example—that occur upon binding.
Again, nanostructured gold stands out as an interestiigs
material, in this case, because of its interesting optical
properties. Surface plasmons can be excited in metallic
nanoparticles by specific wavelengths of light due to the
confinement of electrons within the small particles.>’ In gold
nanoparticles, this surface plasmon resonance (SPR) frequengyQ
is in the visible range, leading to the characteristic red colour of
gold nanospheres and other colours in gold nanoparticles of
different shapes and sizes. In addition to these distinct colours,
the confined surface plasmons lead to enhanced
electromagnetic fields at the particle surfaces. Anisotropjs
shapes, such as “spiky” tips, lead to particularly strong
enhancements, often referred to as electromagnetic hot-spots.*%
"' In localized surface plasmon resonance (LSPR) sensing,
biomolecule binding leads to a shift in gold nanoparticle
absorbance, which is larger when biomolecules are bound §p
hot-spots compared with other areas of the gold nanoparticle
surface.'”'® Other methods of optical detection, such as
surface-enhanced Raman scattering (SERS),3'%!7  surface
enhanced infrared absorption spectroscopy (SEIRAS),*'®!* and
metal-enhanced fluorescence (MEF)® also show an enhanc@b
signal due to this hot-spot phenomenon that can be harnessed
for biosensing applications.

Extraordinarily innovative methods have been used to form
spiky gold nanostructures that exhibit the above features.

2| J. Name., 2012, 00, 1-3

Methods like electron beam lithography and atomic force
microscopy can make precise structures that are extremely
useful in studying the above phenomena, but the practical
harnessing of these phenomena in biosensing likely requires
simpler methods of nanostructure formation that can be done on
a larger scale or that are more accessible to non-specialized
laboratories.

In this review, we first discuss the benefits of using
nanostructured gold—specifically, the improved binding
efficiencies and enhanced optical signals that can result—
followed by a (non-exhaustive) look at examples of methods
used to nanostructure gold surfaces with a focus on chemical
methods and those requiring less specialized equipment. .

Benefits of Nanostructuring

Recent work has shown that there are numerous benefits to
nanostructuring  surfaces, including
the position, orientation,
immobilized biomolecules as well as enhancement of optical
transduction methods. Our focus in this review will be on the
geometric benefits and the enhancement of optical detection
methods using nanostructured gold. This covers two different
methods of enhancement: geometric optimization, by
increasing the number of targets available for detection, and
optical detection method enhancement, by increasing the
sensitivity of the technique to a single recognition event.

geometric  benefits

involving and accessibility of

Geometric Benefits

NUCLEIC ACIDS

DNA biosensors the specific interaction between
complementary strands of DNA bound to a surface and the
DNA molecules of interest to detect the presence of a particular
DNA sequence. Hybridization with DNA probes bound to a
surface introduces new challenges compared with standard
hybridization in solution. Hybridization efficiencies are reduced
by electrostatic repulsion and
immobilized strands,
oligonucleotides to the surface.
The idea that working with small biomolecules requires small
tools has led to much research on the differences that occur
between binding oligonucleotides to nanostructured surfaces
and binding to planar ones. In particular, the surface curvature
influences the interactions between bound probes, and
consequently, the number of probes that can be immobilized on
a surface. Researchers have found that the loading density of
thiolated DNA strands on sufficiently curved gold surfaces (for
spherical particles, this means having a diameter less than 60
nm) can be an order of magnitude larger than on planar
surfaces.”>* This may be due to decreased electrostatic
repulsion due to increased deflection angles between strands on
smaller particles.”>?® This theory is supported by the fact that
loading density also depends on salt concentration, where an

use

steric hindrance between

and by non-specific adsorption of
21-24

increase in salt concentrations, up to a point, results in

This journal is © The Royal Society of Chemistry 2012
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increased loadings due to its neutralizing effects on the
negatively charged phosphate backbone of DNA.

While DNA loading is increased on curved surfaces, whether
the highest possible DNA probe loading also results in optimal
DNA hybridization is another question. While high DNA prob
loadings are important in ensuring that a high number of targets
are bound to a surface through hybridization, steric and
electrostatic issues also become factors. On planar surfaces,
optimal probe coverage for target binding involves a balance
between a high number of probes for targets to be bound to afxb
a low enough density that steric and electrostatic issues are not
a problem. Several groups have shown that high probe densities
reduce hybridization efficiencies.?'>® Irving et al demonstrated
that the reduction in hybridization efficiencies that results with
high probe densities can be divided into regimes based on thé
main mechanism of hybridization suppression: an electrostatic
suppression regime at lower salt concentrations and a packing
suppression regime at higher salt concentrations.”

Do the same crowding issues occur on non-planar surfaces? We
know that curved surfaces result in increased deflection angles
between immobilized strands, so it would be expected thab
immobilization on convex surfaces at the same “footprint”
densities as on planar surfaces would result in greater spacing
between the accessible ends of strands, thus reduced
electrostatic and steric barriers. This phenomenon has, in fact,
been demonstrated experimentally. The Kelley lab hd0
demonstrated that detection limits are decreased by several
orders of magnitude when electrochemically detecting DNA
hybridization on nanostructured palladium®’?® or gold***
compared with smooth metal surfaces. Their work supported
the hypothesis that the enhancement is caused by favorabld
geometries for hybridization (Figure 3) by showing that the
greatest enhancements occur with fine nanostructuring (20-50
nm)—a similar length scale to the immobilized
oligonucleotides (5-10 nm)*—and by showing that higher
hybridization efficiencies occurred on nanostructured surfac89

even after surface area normalization.?®

predicted interprobe
deflection angle = 18"

20 nm nanotexturing
on NME surface more
efficient

|.I ii i é hybridlzallon

predlc ted interprobe
deflection angle = 0°

K =

Figure 3: Proposed model of the effect of nanostructuring on DNA bindin,
and hybridization. Nanostructured microelectrodes (NMEs) were used fo
electrochemical detection of DNA hybridization with and without
nanotexturing. Reprinted with permission from ref®. Copyright 2010
American Chemical Society.

no nanotexturing
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Other researchers have also demonstrated improved surface
hybridization efficiencies due to nanostructured surfaces.’
Enhancement of electrochemical DNA hybridization sensors
has been shown using dendritic gold nanostructures,™ gold
nanoflower-like gold-nanoparticle  coated
other roughened gold surfaces,>>*® and chemical
nanostructuring and sub-nanometer structuring using mixed
self-assembled monolayers (SAMS).”

As we can see, much of the work to date involving harnessing
the geometric benefits of nanostructured surfaces on DNA
hybridization has involved electrochemical sensors. There is
good reason to believe, though, that it would exhibit
enhancements in other detection methods as well,
optical or piezoelectric-based transduction methods,
increasing the number of species bound will increase the signal
of any quantitative or semi-quantitative method.

structures,>*
surfaces,35

such as
since

PROTEINS

Like nucleic acids, the surface adsorption of proteins is
influenced by surface nanostructuring. Unlike nucleic acids,
proteins often exhibit a number of functional sites that can be
bound to a surface, making control over their binding
orientation both more difficult and more critical for subsequent
recognition. For example, in immunosensing, involving
recognition between an antibody and its corresponding antigen,
it is required that the antibody be immobilized on a surface in
an orientation that leaves the antigen binding site (Fab
fragment) accessible.®® It is also critical to avoid protein
denaturation or conformational changes when binding proteins
to a surface. ***' There are a number of methods that can be
used to do this, as discussed already in a number of
publications.*®***>* In addition to immobilization in the proper
orientation, it is important to ensure that the density of bound
proteins does not interfere with recognition ability. High
protein densities on the surface can block the active sites of
antibodies or other protein probes, preventing antigen
binding.*>**

Surface nanostructuring can be a good way to ensure suitable
binding densities and protein spacing. Work involving
differently nanostructured arrays prepared by AFM
nanografting of SAMs demonstrates the dependence of protein
binding density and local environment on subsequent protein
recognition; when arrays were designed according to the size of
— antibodies Fab sites, greater antibody recognition occurred®
(proposed model in Figure 4). A number of methods have also
successfully been used to increase recognition efficiencies,
including mixed SAMs giving chemically nanostructured
surfaces,** the use of dendrimers to create nanoscale spacing
between SAMs containing active groups,*® and nanostructured
surfaces created by nanoparticle deposition.*"!

J. Name., 2012, 00, 1-3 | 3
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Figure 4: Proposed model of the effect of nanostructuring on protein-
antibody (biotin-IgG) interactions. Feature sizes similar to the size of the
binding domains of IgG result in higher recognition (B, C). Feature sizes that
are too small prevent recognition (A) and those that are too large result in
random orientations (D). Reprinted with permission from ref **. Copyright
2008 American Chemical Society.

Another benefit of nanostructuring is an increased surface area
available for probe binding. Rusling’s group claims this to be a
contributing factor to the extremely low detection limits
achieved in their electrochemical immunosensors featuring
nanostructured surfaces using gold nanoparticles.’®' The
effects of these contributing  mechanisms  of
enhancement—optimal protein density and increased surface
area—can be difficult to separate, but the existing literature
suggests that both play role in increasing analyte binding. 60

two

Enhancement of Optical Detection Methods

The plasmonic properties of gold surfaces and nanostructures
have made them a major focus in current diagnostics research.
Surface plasmons are electron cloud oscillations that occur 66
the boundary between a metal and a dielectric. Waves of
surface plasmons, known as surface plasmon polaritons, can be
excited by photon or electron irradiation. Surface plasmon
resonance (SPR) sensing makes use of changes related to these
surface plasmon waves due to analyte binding for sensifff)
applications including food quality and safety analysis, medical
diagnostics, environmental monitoring, and drug discovery.’>>?
In the case of nanosized and nanostructured materials, the
surface plasmon polariton is confined to a small area, smaller
than the wavelength of the incident light, resulting in 7§
phenomenon called localized surface plasmon resonance
(LSPR). The wavelength for LSPR depends, among other
factors, on the size of the nanostructure; when excited, it leads
to enhanced light absorption and scattering. When these types
of structures are used as substrates in techniques involving 1ig80
absorption and scattering, such as Raman and infrared

4| J. Name., 2012, 00, 1-3
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spectroscopy and  fluorescence detection, they
electromagnetically enhance the detection signal, leading to
phenomena such as surface-enhanced Raman scattering
(SERS), surface-enhanced infrared absorption (SEIRA), and
metal-enhanced  fluorescence (MEF). Another related
phenomenon involves electromagnetic hot-spots created at
sharp tips and in small spaces between nanostructures—
nanogaps—that can enhance optical processes, further
increasing the enhancements seen in SERS, SEIRA, and MEEFE.*
"' While all related phenomena have been used, both
independently and simultaneously in interesting biosensing
methods, the focus in this work regarding enhancement of
optical methods will be on methods that make use of the latter
phenomena—the creation of electromagnetic hot-spots and
their use in diagnostic applications.

Several other reviews cover the general topic of optical
enhancement by nanomaterials for biomedical applications in
more detail. >>*°

can

Figure 5: Simulations of electromagnetic enhancement at a) nanogaps®, b)
sharp tips®’, and c) combined sharp tips and nanogaps (bowtie
nanoantenna)®.

LSPR SENSORS

Localized surface plasmon resonance (LSPR) sensors offer
some of the simplest set-ups in terms of optical methods
making use of nanostructured surfaces. Sensing can require as
little as the human eye, as is the case for colorimetric
biosensing, or for more sensitive detection, a UV-visible
spectrometer. LSPR sensing involves detecting changes in the
refractive index, due to analyte binding, for example; a change
in the refractive index causes changes in the frequencies needed
for surface plasmon resonance. The greatest changes occur
when binding occurs at electromagnetic hot-spots, such as
nanogaps and sharp tips.'>'*

A number of different formats have been used in LSPR sensing.
Most LSPR sensors can be divided into either aggregation
sensors or refractive index sensors.” In aggregation sensors,
analyte presence induces metal nanoparticle aggregation, which
results in a shift in the plasmonic peak of the particles.” ' In
refractive index sensors, analyte presence induces a change in
the refractive index of the dielectric medium at the surface of
the metal, which also results in a plasmonic peak shift. A
change in the refractive index at an electromagnetic hot-spot

This journal is © The Royal Society of Chemistry 2012
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results in especially large shifts. A recent review nambS
preferential binding to these hot-spots as the next step in LSPR
resealrch,54 and to date, some researchers have demonstrated
hot-spot enhancement by preferentially binding biomolecules to
hot-spot structures. Beeram and Zamborini demonstrated this
by of gofD
nanostructures on planar surfaces; the limit of detection when

selectively binding anti-IgG to the edges
anti-IgG was selectively bound to electromagnetic hot-spots
was at least 500 times lower than when not bound selectively.'?
Feuz et al also demonstrated this by selectively binding proteins
to the hot-spot between two nanodisks and comparing thd
signal with binding to single gold disks. When normalized for
surface area and thus signal per molecule, the signal is greater
in nanogaps than on entire disks."?

SPR SENSORS

70
Surface plasmon resonance (SPR) sensors detect changes at a
metal-dielectric interface by measuring changes in the

conditions required to excite surface plasmons.> Previous work
has shown that combining planar gold surfaces with plasmonic
nanostructures can result in stronger signals and highéb

sensitivities.>?

The enhancement is thought to be due to
coupling between surface plasmon polaritons (SPP) of the
planar surface and localized surface plasmon resonance (LSPR)
of the nanostructures.’>®> While the greatest improvements
have been seen using gold nanostructures as labels®%+% (as t&0
presence or absence of coupling is dependent on analyte
binding), modest improvements have also been observed when
gold nanoparticles are incorporated into the substrate.®*073
Nano- and micro-hole arrays offer another example of this
coupling phenomenon.”® Holes in gold surfaces produ&5
localized plasmons (similar to the nanogap enhancement
observed between particles) and these are coupled with surface
plasmons that propagate across the sample surface.
SERS 90
Surface-enhanced Raman scattering, widely known as SERS,
uses electromagnetic fields in metallic nanostructures to
enhance the intensity of the signal in Raman spectroscopy.
SERS results in a signal enhancement of many orders of
magnitude, inspiring many potential applications due to BS
fingerprint specificity. In the case of biosensing applications,
detection could involve directly measuring the spectra of the
analyte, but more often, detection involves measuring the
spectra of a Raman reporter molecule combined with a metallic

the Rarl 10

spectroscopy allows a multiplexing approach through the use of

nanostructure; fingerprint  specificity  of
different reporter molecules. Much of the enhancement due to
thought to be

electromagnetic enhancements caused by SPR. To briefly

metallic nanostructures is because of
discuss, incident light excites surface plasmons, creatind Qb
strong electromagnetic field on the surface. The Raman modes
of molecules close to the surface are consequently enhanced.
Further enhancement occurs when the Raman mode is the same
as the plasmon resonance wavelength. Chemical enhancement

based on the interaction between bound molecules and 1H&

This journal is © The Royal Society of Chemistry 2012
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metal surface is also thought contribute to the observed
enhancement.'®"’

Many different structures and set-ups have been used for SERS,
ranging from the initial discovery of the phenomenon using a

roughened silver electrode,”

to spherical and anisotropic
nanoparticles free in solution or deposited on surfaces, to
periodic arrays of metal nanostructures.

Based on numerous experimental and theoretical studies,
evidence suggests that the electromagnetic field enhancement
needed for SERS is particularly prominent in two general types
of nanostructures: nanogaps and sharp tips, together called hot-
spots. Nanogaps as hot-spots are commonly seen when using
solution-based SERS, using metallic (usually gold or silver)
nanoparticles®’**°. The SERS intensity varies with interparticle
distance and is greatest when the particles are close together;
both experimental and theoretical demonstrations of dimer
plasmons show this phenomenon.''®!#* Nanostructures with
sharp tips feature strong electromagnetic enhancement at the
tip.'%#>8¢ The SERS signal of molecules bound at or near the
tips can be enhanced by many orders of magnitude.’” Gold
nanostars, featuring a sphere-like core and branches of various
this

and often

10,57,88,89
purpose.

numbers sizes, are investigated for
One of the main challenges in SERS is reproducibility of the
substrate. Small changes in the substrate, such as the size of or
distance between nanostructures, result in large changes in
signal, which makes the synthesis of reproducible substrates
challenging. As this continues to be a hurdle in bringing SERS
into more general use, the reproducibility issues are discussed
in detail in other reviews.'®*® While extremely high SERS
enhancement has been shown—as high as 10" for single
molecule measurements—these enhancements can be attributed
to the hot-spot phenomenon, occurring in only a small part of a
measurement. When measurements are averaged over a larger
area and time, enhancements tend to be on the order of 10* to
107.'® Nanoparticle solution-based methods often suffer from
low reproducibility as the presence of hot-spots requires the
molecule of interest to be in a nanogap between two or more
particles; well-dispersed sols therefore often show weak SERS
signals.” A common method is to deposit the sol on a solid
substrate, which results in much greater enhancements, but still
suffers from reproducibility issues due to surface
inhomogeneity.'¢

Using SERS substrates that make use of a sharp tip hot-spot can
avoid some of these reproducibility issues resulting from the
difficulty in ensuring molecules are trapped within nanogaps.
Rather than immobilizing molecules in gaps between gold
nanostructures, molecules can be immobilized on anisotropic

surfaces. A common example of this is the use of gold

nanostars for SERS. Nordlander’s group modeled gold
nanostars by the finite-difference time-domain method,
showing that the tips generate electromagnetic field

enhancements that are increased by the nanostar core, which
acts like a nanoscale antenna; the resulting plasmons thus result
Gold
nanostars show greater SERS signals than spherical gold

from hybridization of the core and tip plasmons.”’

J. Name., 2012, 00, 1-3 | 5
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nanoparticles due to this tip-based enhancement, without the

need for particle aggregation to create nanogaps.'%%°192

SEIRAS

Surface enhanced infrared absorption spectroscopy (SEIRASH
is another example of nanostructured metals providing
electromagnetic enhancement. The effect is similar to SERS but
with enhancement occurring in the mid-infrared region and
lower enhancement factors compared with SERS, on the order
of 10 to 10°."%" As in SERS, nanostructured metals lead &
greater enhancements, although the type of nanostructures and
mechanism of enhancement differs.”> *Substrates that exhibit
both SERS and SEIRAS—gold nanoshells, for example—can

allow for the complementary use of both techniques.®®*

65
MEF
Fluorescent labels are the most common labels used in the life
sciences for detection of biomolecules. Increasing the signal
intensity of these methods would be of definite benefit. Metal
enhanced fluorescence (MEF) makes use of the plasmoni®
properties of metal nanostructures to amplify the light emitted
by fluorophore excitation. In addition to increasing the quantum
yield of fluorophores, metal nanostructures can also improve
the photostability of fluorophores.?*** As observed in other
b

electromagnetic hot-spots results in signals orders of magnitude
95-97

optical  detection methods, fluorophore binding

greater than without electromagnetic enhancement.

Types of Gold Nanostructuring

There are an extraordinary number of methods that can be used
to create gold nanostructured surfaces. Nanomaterial synthesis
is traditionally divided into bottom-up or top-down techniques,
where bottom-up refers to building nanomaterials from smaller
components and top-down refers to building nanomateriaésj
using larger equipment to etch or deposit nanoscale features.
The emphasis in this paper will be on bottom-up approaches to
gold nanostructuring and hot-spot formation, which tend to take
inspiration from classical chemical synthesis and less often
require specialized equipment. 9
Different methods of biosensing will benefit from different
types of surfaces. While biosensors using nanoparticles in
solution have the benefit of large surface areas, planar surfaces
often offer better control over signal reproducibility. In all
cases, compatibility with the sensing method is the decidilégj
factor.

Planar Surface Nanostructuring

SELF-ASSEMBLED MONOLAYERS

“Self-Assembled Monolayers of Thiolates on Metals as a FE0
of Nanotechnology”, a well-known review by Love et al of the
Whitesides group,”® excellently describes how self-assembled
monolayers—SAMs—can be involved in nanostructuring
surfaces. SAMs have become a necessary tool in biosensor

research, with uses that include both enabling interactionl 8P

6 | J. Name., 2012, 00, 1-3

nanostructured surfaces with biomolecules and creating
nanostructured domains of functional groups that can be used to
selectively bind nanostructures or biomolecules directly.
Self-assembled monolayers of alkanethiols are commonly used
for biomolecule attachment on sensor surfaces because they can
easily be formed and their functionality can be easily controlled
by choosing suitable alkanethiol head groups. By using, for
example, amine or carboxylic acid head groups, proteins can be
covalently bound to SAMs on gold surfaces.

9194 On crystalline surfaces under controlled vacuum
conditions, well-ordered SAMs form in which the molecules
the

hydrocarbon backbones.”®!%> On surfaces featuring deviations

align due to van der Waals interactions between

from perfect crystallinity—through defects or intentional
nanostructuring—chains have been shown to align differently,
further enhancing how a defect is “seen” by a biomolecule.
Polycrystalline gold surfaces are common substrates for
biosensing applications; alkanethiolate SAMs on these surfaces
show areas of order and disorder, with areas of disorder often
corresponding to areas of gold grain boundaries, impurities, and
defects such as steps and vacancies.”

For certain applications, the defects can be harnessed and used
to their advantage. Place exchange reactions occur more easily
in these areas of disorder because of lower intermolecular
interactions, chemical

allowing for nanostructuring by

controlling areas of order and disorder of the substrate.”®!%
Defects can also result in “cage-like” sites, meaning that a
biomolecule at a defect will encounter a geometry allowing it to
contact more functional groups at once.'®*

Research involving alkanethiol monolayers on gold has shown
that when two or more different alkanethiols are used (different
head group or alkane chain), rather than creating monolayers
with an even distribution of alkanethiols, they tend to phase
separate and, under certain conditions, form nanostructured
domains. While precise control is difficult, the average size and
number of these nanostructured domains can be controlled by
changing the ratio between components in the deposition
solution.'?7108

The size of these nanostructured domains is often similar to the
size of many proteins (10-50 nm?), which makes them
interesting in biosensing applications where control over
biomolecule density and prevention of non-specific binding are
important factors.'9*!%!"! Mixed monolayers can also include
diluting thiol-tagged oligonucleotides with an alkanethiol that
prevents non-specific binding and increases spacing between
bound DNA strands for hybridization-based sensing.''>!'!*
When more precisely defined domains are desired, SAMs can
be patterned using classic nanotechnology methods, such as
using AFM for dip-pen nanolithography or nanografting, soft
lithography methods like microcontact printing, or patterning
using energetic beams.*>#7:98:16

In addition to linking biomolecules to gold surfaces, SAMs are
also used to link nanostructures synthesized separately and
planar surfaces, as shown by several of the examples given in

the following section.

This journal is © The Royal Society of Chemistry 2012
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NANOPARTICLE AND LARGE MOLECULE BINDING

When nanostructures involving more than just nano-sized
domains of functional groups are desired, a common method is
to bind previously synthesized nanostructures to the surface.
Nanostructures at similar scales to the biomolecule of interest
can help control the biomolecule density. When the
nanostructures are gold or another plasmonic material, they can
also exhibit plasmonic enhancement effects.

Many researchers have investigated gold nanoparticles bound
to gold surfaces primarily for the potential optical detection
enhancement that can arise.’*>""!!>!¢ These surfaces have
shown SPR enhancement which is the subject of a previous
review.”” The quest for reproducible SERS substrates is another
application of this type of nanostructured gold surface. In this
case, the goal is controlled spacing—or at least controlled
average spacing—between gold nanoparticles to avoid the
issues of reproducibility that plague the SERS literature.
Strategies to achieve this include binding the nanoparticles to
groups on a gold or other surface (often —SH or —NH,).'"” The
average interparticle spacing can be controlled by the
nanoparticle concentration, deposition time, and other
experimental factors. When averaged over a large enough lasgp
spot size, the resulting signal can be reproducible. Very
monodisperse nanoparticles will even assemble into ordered
arrays with small, controlled spacing between particles that can
be tuned by varying the length of stabilizing molecules.”''®
Other molecules on the same size scale as biomolecules can
also be used to nanostructure surfaces. The primary goal in thisg
case is for geometrical considerations—controlled spacing

between biomolecules. Researchers have made nanostructured
48,119 120

surfaces using dendrimers, polyoxometalates, TiO,
nanoparticlc::s,49 and carbon nanotubes.'?!

60
NANOSPHERE LITHOGRAPHY
Unlike the previously discussed approaches, nanosphere

lithography is a top-down approach to nanostructuring, but one
that is more easily applied in a non-specialized laboratory than
traditional lithography techniques. In nanosphere lithography gt
layer of near-monodisperse nanospheres is deposited on a
substrate and used as a mask for further deposition or etching
steps (Figure 6). Under the right conditions, the nanospheres
will form an ordered array. The Van Duyne group first
introduced this method in 1995'%* using a polystyreryg)
nanosphere array as a mask for evaporated metal, forming
nanotriangles. Later work uses the same method to prepare
silver nanotriangle arrays of controlled size and spacing for
LSPR'?* and SERS'* sensing surfaces. The size and shape of
the formed nanostructures can be varied by changing the sizg
and number of layers of nanospheres used to form the mask.

This journal is © The Royal Society of Chemistry 2012
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Deposit particle monolayer
on surface

Evaporate
gold

Remove porﬂclf/

Nanostructured gold surface
Figure 6: General scheme of nanosphere lithography

ELECTROCHEMICAL DEPOSITION

Electrochemical deposition of nanostructures on planar gold
electrodes has resulted in biosensing surfaces with high sensing
efficiencies.**® Applying a potential to the electrode in the
presence of a gold salt solution results in various morphologies
of gold nanostructures (Figure 7). Using a similar method but
with platinum instead of gold, the Kelley group was able to
control the on electrodes,
demonstrated that finer nanostructuring resulted in higher
hybridization oligonucleotides.?®*
biosensing, this method has most often been used with

size of nanostructures and

efficiencies  of In
electrochemical sensors where only geometrical enhancement
plays a role, but in other areas, electrochemically deposited
surfaces have proven to also provide optical enhancement, in
their use as SERS substrates for example.
synthesized dendritic gold structures'® and nanoflowers

Researchers
126
using electrochemical deposition and were able to detect
rhodamine 6G at concentrations as low as 10> M. Another
approach used a mask similar to that used in nanosphere
lithography to synthesize organized nanoflower arrays by
electrodeposition and also exhibited SERS enhancement.'”’
Gold deposited in this way likely exhibits multiple hot-spots at
the tips of the structures'? as well as in nanogaps between the
structures.'”” It may be of interest to further investigate the use
of electrochemically synthesized gold nanostructures as
templates for biomolecule detection using optical methods like
SERS.

J. Name., 2012, 00, 1-3 | 7
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Figure 7: SEM images of gold nanostructured surfaces formed by
electrodeposition for different times: (A) 20 s, (B) 100 s, (C) 300 s, and (D55
600 5.

Particle Nanostructuring

ANISOTROPIC GOLD NANOPARTICLES

Easily the most well known form of nanostructured gold usg(p
in biosensing applications is the gold nanoparticle. Gold sols
have been used in various forms for cc::nturies,128 but only in the
past half a century has their use in diagnostics been
investigated. As the main interest lies in exploiting their size-
dependent optical properties, the ability to synthesi
controlled, monodisperse, stable sols is critical to their use.
The most commonly used methods of synthesis involve
reduction of a gold salt in the presence of a stabilizing ligand;
citrate reduction of HAuCl, is useful when a loose shell of
ligands is desired, and the Brust-Schiffrin method, using thio
as stabilizing ligands, is useful when more monodisperse and
stable particles are needed.'*'*°

More recently, interest in nonspherical gold nanoparticles has
grown, largely due to the interesting optical phenomena the
exhibit. Gold nanorods, nanostars, nanocubes and oth 15
particles of different shapes and sizes (see Dreaden et al® for
further examples) often feature multiple plasmon bands and
bands that reach into NIR wavelengths. These alternative
shapes, particularly those with high aspect ratio features like
nanostars, can result in electromagnetic hot-spots that c
enhance optical signals (as discussed in the section on
electromagnetic enhancement).

The most common method used to synthesize both gold
nanorods and nanostars is a seeded approach."*'"'** Gold seeds
are synthesized then added to a solution containing gold salt,
reducing agent, and various shape-directing agents.
Alternatively, a one-pot approach can be used in which gold
nuclei form and are grown into larger structures in the same
solution.'** One common method uses an aqueous solution of
ascorbic acid as reducing agent and CTAB and AgNO; gp
shape-directing agents. Other shape directing agents used for
anisotropic gold nanoparticle synthesis include

8 | J. Name., 2012, 00, 1-3
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polyvinylpyrrolidone (PVP)*®!3% and 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethane-sulfonic acid

(HEPES) buffer."*

In the following sections, we look at how interest has grown out
of solid gold particles into particles with more complex
featuring multiple hot-spots
multifunctionality, and their potential use in expanding our

nanostructures, and

abilities to detect biomolecules.

GOLD NANOSHELLS

The first syntheses of gold nanoshells,"*® involving gold shells
covering cores of a dielectric material, are credited to Zhou et al
for their synthesis of Au,S/Au core/shell particles'*’ and later,
to Oldenburg et al for their synthesis of silica/Au core/shell
particles."' The significance of the latter synthesis was that it
could be applied to particles of various sizes and compositions,
thus opening up the study of the diagnostic potential of gold
nanoshells. The synthesis involves binding gold seeds to a silica
surface functionalized with amine groups, then adding the
seeded particles to a solution containing gold salts to grow the
seeds into a complete shell. By changing the core/shell ratio,
the optical properties can be tuned.

In a recent work, Sauerbeck et al demonstrated that a partial
shell results in greater second harmonic scattering (SHS) than a
full shell, suggesting that the electromagnetic fields that lead to
enhancement are greater when gold islands are present rather
than a complete shell.'** This effect may be due to the nanogaps
between gold islands; as the spacing between islands decreases,
the electric field in the gap increases until the gap closes and
enhancement drops.

In the first cases of gold nanoshells, the core was used primarily
as a template—a surface allowing for growth of a thin shell that
exhibited interesting optical properties and a biocompatible
surface for integration in diagnostic systems. Researchers
quickly recognized, though, that using multiple materials could
also be used to impart multiple functionalities. Since then, core-
shell type particles with gold surfaces have been made
incorporating properties such as magnetism, fluorescence, and
Raman sensitivity.'*
Multifunctional particles that include both a magnetic
component and a plasmonic component have been investigated.
These can be useful in situations where both particle movement
and desired, purification
characterization of a biomolecule. Gold coating of small iron

sensing are such as and
. . . 144,145 . .

oxide particles is a common method, since iron oxide

particles than 35 exhibit

superparamagnetism.'*® The gold shell protects the iron oxide

less nm in diameter
core and makes for simple functionalization chemistry, but
more importantly, allows the particles to be used in applications
that make use of the optical properties of nanogold, such as in
vivo applications like contrast agents or applications combining
magnetic separation and detection of biomolecules.

Gold shells have also been used to create nanogaps of a
controlled size. Lim et al synthesized particles with a
controllable interior gap by forming gold shells around gold
cores using DNA to facilitate the formation of a nanogap

This journal is © The Royal Society of Chemistry 2012
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between the core and the shell."*’” By inserting Raman dyes into
the ~1 nm nanogap, the researchers achieved quantitative and
controllable SERS signals.

ANISOTROPIC GOLD NANOSHELLS 60
Particles with nanostructured surfaces are a next step in gold
nanoparticle and nanoshell synthesis. In this section, the focus
is on anisotropic and spiky particles with cores other than single
small spherical gold seeds—the nanoparticles most commonly
known as gold nanostars. As previously discussed, usifob
alternative cores can infer new properties to the particles such
as magnetism and fluorescence. Anisotropic shells can be
formed on particles of different shapes and sizes; particles
featuring multiple size scales can also lead to interesting new
properties. In general, syntheses involve growing a gold shelD
around a core particle using variations of methods used to
exhibit
interesting optical properties as the anisotropic points on the

synthesize anisotropic particles. These particles

particles can create electromagnetic hot-spots, as described
75

Similar methods can be used whether the core particle is gold,

previously.

iron oxide, or other. Solid gold nanostructured particles are
formed by growing branched structures on gold seeds or other
gold nanoparticles. Alternatively, core-shell type particles can
be nanostructured by either first forming a solid gold sh&0
around a core of another material, or by binding gold seed
particles to the core particle.

The most common strategy for anisotropic, spike growth is to
reduce gold salts in the presence of a structure-directing agent.
One common method involves reduction of HAuCl, wi8b
ascorbic acid in the presence of CTAB and AgNO;, which are
involved in anisotropic structure formation. By varying the
parameters, a number of different particle shapes can be
formed—a similar method is in fact commonly used to form
gold nanorods. Branched nanostructures are formed when tB0
ratio of seeds to gold ions is lowered.'*®

Small iron oxide particles have been coated with gold using this
method to form gold nanostars with iron oxide cores.'*!3!
Synthesis typically involves forming superparamagnetic iron
oxide nanoparticles, followed by either the growth of a th®b
gold shell or gold seeding, then growing the shell using
methods similar to those used to form anisotropic gold
particles. This type of synthesis was reported where the
researchers formed ultrathin gold shells (<2 nm) on Fe;O,
nanoparticles in organic solvents, followed by anisotrap®
growth using a CTAB-based solution.'*'>® These anisotropic
particles, with a final diameter of about 100 nm, were used for
gyromagnetic imaging, which uses a rotating magnetic field
gradient to vary the NIR scattering intensities; for applications
such as contrast agents for biomedical imaging, this can redidb
in images with less noise and thus better contrast.'*>!'*" In
another example, researchers bound THPC-stabilized gold
seeds to mercaptoundecanoic acid (MUA) terminated Fe;O4
NPs, then used the CTAB-based method to grow spiked gold
nanostars with iron oxide cores.'>! The resulting particles wkid
used as recyclable catalysts for the reduction of K;Fe(CN)g.

This journal is © The Royal Society of Chemistry 2012
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A CTAB-based growth method was also used to form spiky
gold shells on larger particles, specifically block copolymer
assemblies and polymer beads.*!5® They first formed silver
nanoparticles on the surface then used these as seeds in
CTAB/Ag-solution based gold shell growth. This formed
spiked shells with light adsorption reaching into the NIR range
that varied with spike size. These were shown to give a single
particle SERS signal with a low standard deviation compared
with typical nanoparticle aggregates.

The sensitivity of the particle structure to the reagents is shown
by researchers who used cetyltrimethylammonium chloride
(CTAC) instead of cetyltrimethylammonium bromide (CTAB)
and obtained nanoflowers with a different nanostructure than
what has been seen using a CTAB-based method.'** These gold
nanoflowers were used as SERS tags in the detection of
antigen (CEA)
nanoparticles as supporting substrates.

carcinoembryonic along with magnetic
Another procedure used to form nanostructured gold particles
uses gold salts and polyvinylpyrrolidone (PVP) in DMFE.?!!%%
57 In this case, PVP acts as structure-directing agent and DMF
is both solvent and reducing agent. The procedure has been
used to grow spikes on gold nanowires,'*® gold nanorods,® and
magnetite nanoparticles.””’ In the case of the magnetite
particles, gold seeds were first grown on the surface, followed
by spiked gold shell growth. All types of particles showed
SERS enhancement. In the case of the gold/magnetite core-
shell
magnetically concentrating the particles led to the creation of
SERS hot-spots as well.'>’

In most cases, spike growth is random and limited in the size of

particles, used for protein magnetic separation,

spikes that can be formed. Pedireddy et al demonstrated control
over spike length using a PVP-based growth method on
octahedral silver particles.'” Spike length could be tuned
between 10 and 130 nm by controlling the amount of gold salt
and its injection rate throughout growth. Using electron energy
loss spectroscopy (EELS), the researchers found that different
spike lengths exhibited different optical responses.

Recent work has shown that surfactants are not necessary to
form nanostructured particle surfaces. The main benefit of these
methods is that the gold surface is relatively bare and can be
more easily functionalized. Researchers used hydroquinone as a

reducing agent to grow branches on gold seeds'”’

and on gold-
coated iron oxide.'® Hydroxylamine can also act as a reducing
agent in forming anisotropic particles when a shape-directing
agent such as silver ions is present.'® Another method uses
triethanolamine in ethylene glycol to form clean gold
nanoflowers, where the viscosity of the solution likely plays a
role in directing anisotropic growth.'®?

Another approach to anisotropic particles involves controlled
aggregation of small particles into larger, anisotropic clusters.
One method uses HEPES buffer as a structure-directing
agent.'**!% The buffer acts as both a weak reducing agent and
particle stabilizing agent, directing the growth of gold first into
aggregates then into anisotropic nanoflowers. The size of the
anisotropic branches can be controlled by varying the HEPES

concentration. Researchers have demonstrated that the particles

J. Name., 2012, 00, 1-3 | 9
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can act as SERS tags with signals several orders of magnitude with a thin gold shell to form the nanoclusters. Hydroxylamine
greater than seen with spherical particles.”*® They have also directs gold reduction on the surface of particles, which then
been functionalized with proteins for potential use as Raman- cluster together into nanoroses with diameters around 30
active tags for in vivo applications.'® Others have used 1) nm.'®*'®S Researchers investigated the use of these particles for
similar approach based on the aggregation of small particles, potential in vivo applications such as imaging, photothermal
but used superparamagnetic iron oxide nanoparticles coated therapy, and drug delivery.

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Table 1: Particles with nanostructured surfaces — method of synthesis and demonstrated application

Reducing agent Structure directing Core Demonstrated application Ref
and/or stabilizing agent
a,b Ascorbic acid CTAB and AgNO3 Fe304 @ Au core-shell NPs Gyromagnetic imaging 149,130
*
c Fe304 NPs with THPC-stabilized AuNP Recyclable catalysts 150
seeds
d Polystyrene beads and block copolymers with ~ SERS 152.133
Ag seeds
e DMF PVP AuNPs, Au nanorods, Au nanowires SERS oL1ss
56
f Fe304 NPs with AuNP seeds Magnetic separation of proteins and 157
SERS
g Galvanic PVP Silver octahedral particles Enhanced electromagnetic properties 158
replacement
h,i Hydroquinone sodium citrate AuNPs, Fe304 @ Au core-shell NPs Enhanced electromagnetic properties 159,160
*
j Hydroxylamine AgNO3 AuNPs Enhanced electromagnetic properties 161
k Triethanolamine  Triethanolamine/ - SERS 162
ethylene glycol
1 Hydroxylamine/  HEPES AuNPs, agglomeration based SERS 1363
HEPES
m HEPES HEPES - non-toxic Raman tags 163
n, o Dextrose/ Hydroxylamine Fe304 NPs Cancer cell targeting, imaging, and 164.165
hydroxylamine therapy *

*Reference corresponding to figure

a

Figure 8: Examples of anisotropic particles from literature. Labels correspond to those in Table 1. All figures used with permission from listed reference

This journal is © The Royal Society of Chemistry 2012
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Conclusions

Nanostructured and spiky gold is a valuable tool in biomolecule
detection. Nanostructuring results in higher surface areas
available for  binding—a  well-known  fact  within
nanotechnology research—but also results in higher recognition
efficiencies  between  biomolecules = immobilized on
nanostructured surfaces and target molecules than biomolecules
immobilized on flat surfaces. As gold structures decrease in
size, interesting plasmonic properties also appear that enhance
signals of many optical detection methods. In particular, sharp
tips and nanogaps act as electromagnetic hot-spots—areas of
locally enhanced electromagnetic fields—that can enhance
optical signals, often by orders of magnitude. Creating these
gold nanostructures has been the subject of much creativity and
effort; methods include chemical and topographical
nanostructuring of planar and particle surfaces, involving
nanogaps, sharp spikes, shells, and experimental and theoretical
demonstrations of their use in biomolecule sensing. Despite the
tremendous work in the area, challenges still remain in moving
towards using these gold nanostructures in biosensing. The
reproducibility issues seen with nanostructured gold SERS
substrates in particular are common to most of the quantitative
detection methods presented here; good solutions use simple
methods of synthesis to make nanostructures with controlled
size and spacing. This is true for both planar and particle
substrates. In the case of anisotropic particle and shell
synthesis, the commonly used gold reduction methods are
notoriously sensitive to multiple factors, making reproducible
syntheses a challenge. Another challenge in these syntheses is
the presence of stabilizing groups that typically must be
displaced before an analyte can be detected. The past few years
have seen many innovative approaches to these challenges and
there is little doubt that continued work will solve them.

Spiky gold is a tool to tackle two of the main challenges
associated with biosensing: ensuring that enough biomolecules
are bound to the surface to be detected and that each
biomolecule bound results in a high enough signal to be
detected. Combining nanostructured gold with materials that
infer other functionalities may provide the means to tackle
others. An example of this is using magnetic cores within spiky
gold shells to combine magnetic separation with biosensing.
This approach may help when trying to detect analytes at low
concentrations; the particles could be dispersed in a larger
volume to bind the analyte then magnetically concentrated
before detecting the analyte.

Continued work on understanding the hot-spot effect, the
optimal structures, and methods to synthesize them simply and

This journal is © The Royal Society of Chemistry 2013
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reproducibly will greatly benefit the field of highly sensitive
biomolecule detection.
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