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Nanoplasmonic sensors for biointerfacial science
Joshua A. Jackman,i°° Abdul Rahim Ferhant®® and Nam-Joon Cho {2 *a¢

In recent years, nanoplasmonic sensors have become widely used for the label-free detection of biomolecules
across medical, biotechnology, and environmental science applications. To date, many nanoplasmonic sensing
strategies have been developed with outstanding measurement capabilities, enabling detection down to the
single-molecule level. One of the most promising directions has been surface-based nanoplasmonic sensors,
and the potential of such technologies is still emerging. Going beyond detection, surface-based nanoplasmonic
sensors open the door to enhanced, quantitative measurement capabilities across the biointerfacial sciences by
taking advantage of high surface sensitivity that pairs well with the size of medically important biomacro-
molecules and biological particulates such as viruses and exosomes. The goal of this review is to introduce the
latest advances in nanoplasmonic sensors for the biointerfacial sciences, including ongoing development of
nanoparticle and nanohole arrays for exploring different classes of biomacromolecules interacting at solid—liquid
interfaces. The measurement principles for nanoplasmonic sensors based on utilizing the localized surface
plasmon resonance (LSPR) and extraordinary optical transmission (EOT) phenomena are first introduced. The
following sections are then categorized around different themes within the biointerfacial sciences, specifically
protein binding and conformational changes, lipid membrane fabrication, membrane—protein interactions,
exosome and virus detection and analysis, and probing nucleic acid conformations and binding interactions.
Across these themes, we discuss the growing trend to utilize nanoplasmonic sensors for advanced measurement
capabilities, including positional sensing, biomacromolecular conformation analysis, and real-time kinetic
monitoring of complex biological interactions. Altogether, these advances highlight the rich potential of
nanoplasmonic sensors and the future growth prospects of the community as a whole. With ongoing
development of commercial nanoplasmonic sensors and analytical models to interpret corresponding
measurement data in the context of biologically relevant interactions, there is significant opportunity to utilize
nanoplasmonic sensing strategies for not only fundamental biointerfacial science, but also translational science
applications related to clinical medicine and pharmaceutical drug development among countless possibilities.

strategies based on profiling biomacromolecules at solid-liquid
interfaces are compatible with a wide range of surface-sensitive

Improving the realtime detection and characterization of bio-
macromolecules (e.g, viruses,' exosomes,” liposomes,> and
proteins®) represents an important sensing goal with broad implica-
tions for a wide range of applications from healthcare diagnostics®®
and drug discovery'®™* to environmental monitoring™*** and food
safety.'>"® One of the most promising approaches involves detection
of biomacromolecules at solid-liquid interfaces, for which several
ultrasensitive techniques have been established and are leading to
commercial technologies that are capable of molecular detection
down to extremely low analyte concentrations."” Indeed, detection
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measurement techniques and can be coupled with microfluidics
for minimal sample consumption.’®'® The sensor substrate can
also be functionalized through various surface chemistries”*>* in
order to increase detection specificity and sensitivity, either by
promoting specific binding of the target analyte or by preventing
nonspecific binding of interfering molecules based on molecular
or steric features.”>>’ Altogether, the detection of biomacro-
molecules at solid-liquid interfaces is a rapidly evolving field with
a multitude of available sensor technologies.***°

As detection performances continue to improve through various
established surface functionalization techniques and measurement
strategies, there are growing opportunities to develop sensing
technologies that go beyond relatively straightforward detection
and enable more complex, quantitative measurement capabilities
across the biointerfacial sciences. Understanding the dynamic
behavior of adsorbed biomacromolecules at solid-liquid interfaces
has long been recognized as an important goal of biological surface
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science.***

In turn, a vast array of labelfree acoustic and optical
sensing techniques have been developed in order to characterize the
mass and conformational properties of adsorbed biomacromolecules
on a variety of surfaces.>* The most famous example is the surface
plasmon resonance (SPR) biosensor, which was first commercialized
by Biacore (and later acquired by GE Healthcare) and utilizes
optical sensing principles to detect biomacromolecules in funda-
mental and applied research and clinical settings.* From a broader
perspective, both acoustic and optical sensors have strong merits and
provide complementary information about adsorbate properties.
Acoustic sensors such as the quartz crystal microbalance with
dissipation (QCM-D) monitoring detect not only adsorbed bio-
macromolecules but also hydrodynamically-coupled solvent and
can provide comprehensive information about the mass and visco-
elastic properties of an adsorbate, which can to a certain extent be
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correlated with conformational properties.**® However, the
measurement response is sensitive to the coupled biomolecular
and solvent mass, which is not directly proportional to the number
of bound biomolecules.®” Furthermore, hydrodynamic effects prove
challenging for data interpretation,®®*® as reported in numerous
examples of rigid nanoparticles.’** In addition, the conventional
penetration depth of the probing volume for acoustic sensors is
typically quite high (100-300 nm), which is approximately one
order of magnitude greater than the length scale of biomacro-
molecules such as proteins.**** Collectively, these factors lead to
difficulty in resolving the shape and conformational properties of
adsorbed biomacromolecules because there is significant contribu-
tion from water trapped within the interior of the adsorbent
(internal hydration) as well as water coupled externally to the
adsorbate (external hydration) and there is a mismatch between
the length scales of conventional biomacromolecules and the
surface sensitivity of the QCM-D measurement approach.*’

On the other hand, evanescent optical sensors can extract the dry
mass of adsorbates by directly measuring the total number of
adsorbed molecules on planar noble metal surfaces within a rela-
tively large probing volume.*® While this approach may lead to
excellent detection sensitivity, the capability to obtain information
about conformational changes within or shape deformation of
adsorbed biomacromolecules is limited.*”*® This challenge is due
to the measurement principle which relies on refractive index
changes near the metal surface. With a large penetration depth that
typically extends to around 100-400 nm above the metal surface,*°
the recorded shifts in the refractive index may not exclusively
originate from molecules at the interface and, even so, will hardly
be sensitive to the shape of the adsorbed biomacromolecules.>>
Likewise, emerging technologies such as interferometric scattering
can detect and track single particles, but only provide limited
structural information."**>* Collectively, these points highlight
the need for innovative, highly surface-sensitive measurement
approaches that can be utilized for applications across the
biointerfacial sciences.
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Towards this goal, nanoplasmonic sensor devices have demon-
strated strong promise for addressing this need.”>™” The excita-
tion of metallic nanostructures by light can lead to various optical
phenomena, including localized surface plasmon resonance
(LSPR)*®** and extraordinary optical transmission (EOT),*>** in
some cases with tightly confined evanescent fields (<20 nm) that
are highly sensitive to changes in the local refractive index. In the
biosensing field, these features have been widely exploited for
ultrasensitive detection of analytes,®** even reaching down to
the single-molecule level.*>®” At the same time, the capabilities of
surface-based nanoplasmonic sensors beyond conventional detec-
tion schemes are still emerging, with great potential for enhanced,
quantitative measurement capabilities across the biointerfacial
sciences. Indeed, the high surface-sensitivity of nanoplasmonic
sensors couples well with the size of medically important bio-
macromolecules such as viruses and exosomes. With better control
over the fabrication of nanoplasmonic transducer arrays on solid
supports and greater understanding of the corresponding optical
phenomena, there is rich potential for exploiting these measurement
techniques in order to not only interrogate the structure and
function of adsorbed biomacromolecules, but also apply this knowl-
edge to develop improved sensors and diagnostics.

The goal of this review is to introduce the latest advances in
nanoplasmonic sensors for the biointerfacial sciences, including
ongoing developments for different classes of biomacromolecules
and biological nanoparticles (e.g:, viruses, exosomes, and vesicles)
interacting at solid-liquid interfaces. Although there have been
several published review articles discussing the utilization of nano-
plasmonic devices in biosensing applications, most of these articles

Box 1. Why nanoplasmonic sensors?
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principally focus on the design aspects of nanoplasmonic sensing
substrates, including detection sensitivity and integration of
additional functionalities.””**”® A comprehensive review which
discusses nanoplasmonic sensor applications across the biointer-
facial sciences remains elusive, and we seek to fill this gap here. In
particular, we discuss these ongoing developments in the context
of different nanoplasmonic sensing strategies and advanced
measurement capabilities, focusing on not only what has been
achieved thus far but also what is possible to achieve in the near
future. We begin by outlining the measurement principles of
nanoplasmonic sensing based on the LSPR and EOT optical
phenomena, and comparing the merits of these two sensing
approaches. Then, we critically present recent examples of how
nanoplasmonic sensors are being utilized across a wide range of
biointerfacial science topics, including protein binding and con-
formational changes, lipid membrane fabrication, membrane-
protein interactions, exosome and virus detection and analysis,
and nucleic acid conformational and binding analysis. The
scope of these examples includes fundamental scientific inves-
tigations as well as medical and biotechnological applications.
Finally, we discuss the rich potential of nanoplasmonic sensors
in the biointerfacial sciences as well as important needs,
including the development of commercial sensors for widespread
use with standardized outputs and analytical models for data
interpretation in the context of biological systems. Considering
the rapid progress of this field over the past few years, there are
excellent growth prospects for nanoplasmonic sensing strategies
to become a key part of not only fundamental biointerfacial
science, but also translational science applications.

The interaction of light with noble metal surfaces has long been utilized for a wide range of sensing applications.”***”*** When incident light excites a metal surface,

plasmon resonances arise from the collective oscillation of free electrons in the conduction band of a metal. These coherent oscillations are known as surface plasmons
(SPs), and contribute to one or more of several slightly varied optical phenomena depending on the geometty of the sensor surface and related factors.* The SPR technique

was the first example of using SPs for biosensing applications.**** Conventionally, SPR measurements are conducted on thin metal films and excitation gives rise to
propagating SPs, which are electromagnetic waves that are bound at the sensor surface (the metal-dielectric interface) and the corresponding electromagnetic field is highly
sensitive to the refractive index of the surrounding medium.****#* As a result, SPR measurements can detect analytes with very low limits of detection.*® At the same time, as
nanofabrication capabilities improve, there has been further exploration of nanoplasmonic sensors in order to enhance measurement capabilities. While SPR is an excellent

technique, there are some drawbacks. First, SPR excitation requires light coupling mechanisms that often entail specialized laboratory instrumentation and it is difficult to

apply SPR measurement configurations to miniaturized, portable formats. Second, the high sensitivity to bulk refractive index changes makes SPR measurements
susceptible to minor environmental variations (e.g:, temperature fluctuation) and therefore they must be operated in well-controlled environments. Third, while SPR is a
surface-sensitive technique, the decay length of its electromagnetic field—a commonly used indicator of the field’s penetration depth—is typically around 100-400 nm,
which is much longer than the length scale of most biological macromolecules and hence SPR is only faintly sensitive to the orientation and conformation of adsorbed
macromolecules and nanoscale biological particulates. In some cases, as the decay length of the evanescent field depends on the illumination wavelength, SPR

measurements can also be conducted simultaneously at two wavelengths in order to characterize the size of adsorbed particles based on the relative measurement responses

and appropriate formalisms.?”*® In general, SPR is more widely used to study the binding kinetics of biological macromolecules,* especially proteins® and nucleic acids.”
As an alternative option, nanoplasmonic sensors take advantage of the fact that, when the dimensions of metallic nanostructures become smaller than the wavelength of
incident light, additional types of plasmon oscillations other than propagating SPs can be observed, which are locally confined by the nanostructure (nanoparticles or

nanoholes) and collectively termed localized surface plasmon resonance (LSPR).>® In comparison to SPR, LSPR is more highly surface sensitive, with the decay length of the

electromagnetic field typically around 10-30 nm.** At the same time, the sensitivity to bulk refractive index changes is lower so the measurements are more stable and less
susceptible to environmental fluctuations.”® In addition to LSPR, extraordinary optical transmission (EOT) is another related optical phenomenon that can arise from the
interaction of light with periodic arrays of nanoholes and it involves a combination of propagating and localized SPs, sometimes called nanohole SPR. Nanoholes with short-
range order correlations exhibit similar optical properties. One additional benefit of using nanohole arrays is the potential for trapping biological macromolecules and

particulates (e.g., viruses) within the holes as well as additional functionalities such as flow-through sensing. Importantly, nanoplasmonic sensors based on the LSPR and
EOT phenomena do not require complex instrumentation and excitation of the nanostructures can be achieved using conventional laboratory spectrophotometers. As such,

there is growing interest in the development of nanoplasmonic sensors on account of their relatively simple instrumental requirements, measurement stability, and high
surface sensitivity. While the focus of most applications thus far has been analyte detection, one particularly compelling direction that is beginning to emerge for

nanoplasmonic sensors lies in the biointerfacial sciences. This direction is significant because, while there is widespread debate about the sensing performance of SPR
versus nanoplasmonic sensors, the capabilities of nanoplasmonic sensors for studying the biointerfacial sciences are unique and growing.

This journal is © The Royal Society of Chemistry 2017
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2. Nanoplasmonic sensing strategies

This section introduces the two main sensing strategies that are
commonly utilized for nanoplasmonic sensor measurements
at solid-liquid interfaces. The differences between these two
sensing strategies are based on the type of nanostructures
employed and the corresponding optical phenomena that
underlie each strategy. We define these two sensing strategies
based on the different optical phenomena, namely localized
surface plasmon resonance (LSPR) and extraordinary optical
transmission (EOT), which correspond to each strategy. LSPR
arises from the interaction of light with deposited nano-
particles in random, non-interacting arrangements. On the
other hand, EOT arises from the interaction of light with
nanohole voids possessing long-range periodic or short-range
ordering. For the purpose of this review, we focus on these
general LSPR and EOT sensing strategies because they are the
main ones discussed in the biointerfacial science literature and
are the most relevant to broadly exploit the highly surface-
sensitive measurement capabilities of nanoplasmonic sensors
exhibiting localized plasmon modes. A schematic illustration
of the two sensing strategies, including representative nano-
structure architectures and spectral signatures, is presented in
Fig. 1. Both nanoplasmonic sensing strategies are typically
based on a single-spot optical extinction measurement across
a large number of nanostructures on the sensor surface, and
hence the resulting measurement responses are ensemble-
averaged such that biointerfacial phenomena occurring on
each nanostructure provide an individual contribution to the
overall net response. However, the underlying optical pheno-
mena of the two approaches have some differences and analytical
methods to interpret experimental data vary accordingly, as
discussed below in the following sections.

Understanding the different principles and capabilities of
the two sensing strategies is important in order to contextualize
the current state of research in the field as well as to appreciate
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the potential of nanoplasmonic sensors to become a prominent
surface-sensitive measurement approach for the biointerfacial
sciences in general. With respect to measurement applications,
the historical trend in the nanoplasmonic sensor field has been
to optimize sensor performance for analyte detection. Table 1
presents a list of measurement characteristics that are widely
considered for analyte detection and this list is mainly adapted
from the SPR biosensing field. While SPR sensors typically have
higher bulk refractive index sensitivities than nanoplasmonic
sensors, the decay length of the SPR electromagnetic field is
also longer as discussed above. Consequently, the shorter decay
length of the electromagnetic field for nanoplasmonic sensors
in general confers higher surface sensitivity (local refractive
index changes).”®?*% As a result, when an analyte is bound at
the nanoplasmonic sensor surface, a larger proportion of the
evanescent field is occupied by the analyte relative to the
equivalent case for an SPR biosensor.”>*”*® General requirements
of biosensing apply to the nanoplasmonic sensor case too,
including proper consideration of measurement selectivity,
response time, linearity, dynamic range, signal stability, and
reliability. While impressive efforts have been made to increase
detection limits, the general consensus from benchmark
comparisons is that SPR and nanoplasmonic sensors have, at
best, similar performance levels for analyte detection, although
nanoplasmonic sensors do have simpler instrumentation
requirements and reduced susceptibility to environmental per-
turbations (e.g., temperature fluctuations) that make them
particularly attractive for sensing applications. At the same
time, there is growing attention to the wealth of information
that nanoplasmonic sensors can obtain about processes rele-
vant to the biointerfacial sciences, spanning across topics such
as surface adhesion, macromolecular interactions, and confor-
mational changes. Building on the measurement capabilities
developed for detection applications, there is growing interest
in understanding how measurement responses obtained by
nanoplasmonic sensing experiments can be analyzed in order
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Fig. 1 Schematic illustration of the measurement principles, nanostructure architectures, and spectral information obtained from nanoplasmonic
sensors based on the localized surface plasmon resonance (LSPR) and extraordinary optical transmission (EOT) phenomena.
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Table1l Overview of nanoplasmonic sensor concepts relevant to the biointerfacial sciences. Conventionally, nanoplasmonic sensors have been utilized
for detection applications, and traditional biosensor characteristics, broadly defined as measurement capabilities, are important considerations for
optimizing sensor performance. As nanoplasmonic sensors become increasingly utilized in the biointerfacial sciences, these characteristics remain
important while additional scrutiny is placed on outputs which can be obtained from measurement analysis, defined as analytical capabilities. More
detailed technical descriptions of biosensor characteristics can be found in ref. 99 and 100

Measurement capabilities Sensitivity

Primarily refers to local refractive index sensitivity, which influences the probing volume

and sensitivity to macromolecular adsorption.

Selectivity

Detect target analyte in a selective manner while avoiding false signals from similar

analytes or other interfering molecules.

Response time
detection.
Linearity

Time required for the sensor to yield an appreciable response indicating analyte

The dynamic range of analyte concentrations over which the measurement signal is

responsive and linearly proportional to concentration.

Stability

Extent of variation in baseline signal and measurement response, both during a single

measurement and during repeated uses (reproducibility).

Analytical capabilities Adsorbate properties

Measurement responses are sensitive to the mass, thickness, conformation, and shape

(deformation) of adsorbed molecules.

Binding avidity

Measure the binding strength of one (affinity) or multiple (avidity) specific interactions

between analyte and an immobilized molecule(s).

Interaction kinetics

Track changes in adsorbate properties as a function of time during an interaction, either

adsorbate-substrate, adsorbate-adsorbate, or a combination thereof.
Environmental parameters Understand how adsorbate-induced measurement responses depend on environmental
parameters such as solution pH and ionic strength.

to obtain new insights into biointerfacial phenomena under-
pinning the interactions of these macromolecules with sur-
faces, the interactions between macromolecules, and the
influence of environmental parameters (e.g., solution pH, ionic
strength) on the structure and function of adsorbed macro-
molecules. In this regard, the high surface sensitivity of nano-
plasmonic sensors deserves particular attention because the
decay length of the electromagnetic field pairs well with the size
of biologically important macromolecules and particulates,
including proteins, vesicles, exosomes, and viruses. Towards these
goals, the practical utility of nanoplasmonic sensors for studying
the biointerfacial sciences depends less on absolute sensitivity
and more on the nanostructure geometry of sensor arrays and the
short decay length of the corresponding electromagnetic field.
Together with surface coating strategies, these features are open-
ing the door to control the spatial localization of adhering
macromolecules on sensor surfaces as well as enabling quantita-
tive probing of structural and functional properties. Within this
context, details of the operating principles of the LSPR and EOT
sensing strategies are discussed along with a description of
important sensing characteristics as well as an introduction to
different surface functionalization options in the remaining parts
of this section.

2.1. Localized surface plasmon resonance

In this section, we describe the general principles behind LSPR-
based sensing strategies, including the optical properties giving
rise to LSPRs, choices to design sensing platforms, measurement
operation and data collection, and approaches to interpret experi-
mental data. Where possible, we discuss these aspects in the
context of the biointerfacial sciences, especially as they pertain to
unique merits stemming from the high surface sensitivity.

2.1.1. Optical properties. LSPR generation occurs due
to the interaction between incident light and discrete
metallic nanostructures, whereby photons induce the collective

This journal is © The Royal Society of Chemistry 2017

oscillation of free electrons in the conduction band of the
metal. As a result, the electromagnetic field near the nano-
structure’s surface is greatly amplified and the maximum
intensity of optical extinction (absorption plus elastic light
scattering) occurs at the plasmon resonance frequency, which
is in the visible wavelength range for noble metals (e.g., gold
and silver)."”" According to Mie theory,'®” in cases where
nanoparticles are appreciably smaller than the wavelength of
incident light (quasistatic approximation), scattering is negligible
with respect to absorption and the extinction cross-section (g) of

an individual metal nanoparticle is described by'**"**

181V ey &i(4)
A [XE Er v W

where Vis the nanoparticle volume, / is the wavelength of light, e,
and ¢ are the real and imaginary components of the metal
dielectric function, respectively, ¢, is the dielectric constant of
the external (medium) environment, and y depends on the
nanoparticle geometry (equal to 2 for a sphere and up to 20 for
high-aspect ratio particles'®®). The intensity () of light at a certain
wavelength that passes through the sample is represented by'**

I =I,exp(—No) (2)

where I, is the intensity of incident light at the same wave-
length and N is the number density of nanoparticles per unit
area. The latter definition is applicable to nanoparticle clusters
on a substrate as considered in this review, and can alterna-
tively be expressed as the number concentration of nano-
particles for solution measurements.'® In addition, the
extinction of light (E) is related to the transmitted intensity as
follows: ' 1%°

E = logyo(1/1y) (3)
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By combining eqn (1)-(3), it follows that, for clusters of sphe-
rical nanoparticles on a substrate, the extinction spectrum,
expressed as E(2), is calculated by'**%”

E() = 24T NG gou/? &i(4)
~ An(10) | (er(4) + 2e0u ) +ei(4)>

4)

where a is the spherical radius. Of note, the metal dielectric
function depends on the light wavelength. Compared to the
incident field, the electromagnetic field of the metal nano-
particle is amplified when the dielectric constant of the metal is
approximately equal to —2¢,,, and this condition is satisfied in
the visible wavelength range for noble metals. The wavelength
at maximum extinction is typically denoted as Amay. Also,
with increasing nanoparticle size, the relative contribution of
scattering to the extinction increases.'®®

As localized SPs are confined to the metallic nanostructure,
the amplified electromagnetic field distribution is highly localized
near the metallic surface and the decay length of the electromagnetic
field is very short, on the order of 10-30 nm.” If a process occurs
near the sensor surface that affects the polarizability of the sensing
material, the LSPR frequency changes slightly, in turn shifting
features in its optical extinction spectrum. Typically, organic
molecules have a greater refractive index than the surrounding
aqueous medium so their presence near the sensor surface
perturbs the local dielectric environment.'® This high surface
sensitivity provides the basis for characterizing biomacromolecular
interactions, not only involving adsorption events but also con-
formational changes and structural transformations that influence
the spatial proximity of an adsorbate to the sensor surface.

2.1.2. Platform design. The general design of a LSPR
sensing platform entails choice of the (i) plasmonic material,
(ii) geometrical properties of the nanostructures (typically
nanoparticles), (iii) fabrication method, and (iv) surface coating.
A wide variety of metals and metal-like materials support
localized SP generation at visible wavelengths, although most
commonly employed systems involve gold and silver. Gold
is the most common material because it is chemically inert
and stable, while silver is generally believed to have superior
plasmonic properties but is prone to oxidation in ambient
conditions.'® Among other options, aluminum has been widely
studied in recent works due to its abundance, low cost, stability,
processing ease, and tunable plasmonic properties."*"''* The
shape and size of the nanoparticles are additional key para-
meters influencing the plasmonic properties. In general, nano-
particles that have higher aspect-ratio features such as nanorods
have greater sensitivity to bulk refractive index changes but lower
surface sensitivity on account of longer field decay lengths.'*?
In some cases, analyte binding is directed to “hot spots” with
highly amplified electromagnetic fields between pairs of nano-
particles.’* When nanoparticles are deposited on a solid support,
often a silica-based material, optical properties such as the electro-
magnetic field distribution and field intensity are strongly influ-
enced by interactions between the nanoparticles and substrate,
in turn influencing LSPR measurement sensitivity.'*> For nano-
particles exhibiting particularly high refractive index sensitivities
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in solution, there can be a significant loss in sensitivity when
attached to a solid support and hence strategies to fabricate and
immobilize nanoplasmonic transducers on solid supports are
important considerations for nanoplasmonic devices.''® This is
particularly true for nanocubes and nanoplates that have large
areas of contact with the substrate, whereas spherical nano-
particles are less affected."'® In general, it is preferable to use
low refractive index substrates and minimize the thickness of
adhesion layers in order to preserve high measurement sensitivity
of immobilized nanostructures.""”

To fabricate LSPR sensing platforms, a wide variety of options
exist based on either wet chemical synthesis of nanoparticles in
solution followed by their deposition onto the substrate, or
fabricating the nanoparticles directly on the substrate. In general,
it is preferable to prepare randomly arranged, noninteracting
nanoparticle arrays where high surface sensitivity is in demand.
For disordered arrays of this kind, scattered fields influence the
scattering and absorption properties of nanoparticles at the single-
particle level in comparison to isolated nanoparticles, however, the
scattering and absorption properties of the nanoparticles at the
array level retain single-particle-like spectra."'® While not further
discussed in this review article, it is also possible to fabricate
periodic arrays of nanoparticles in which diffractive (far-field)
coupling of the LSPR of individual nanostructures increases
bulk sensitivity but decreases surface sensitivity."'® Towards
fabricating random, noninteracting arrays of surface-bound
nanoparticles, one of the most straightforward methods to
prepare substrate-based LSPR sensors is through the deposi-
tion of nanostructures that have been prepared separately
through wet chemical synthesis.'****! Nanostructures with
well-defined shape, size and uniformity can be assembled on
a substrate with controllable surface coverage through simple
immersion or spin-coating of the substrate in a solution con-
taining the nanostructures.'?* To facilitate nanoparticle adhesion,
the substrate is sometimes pre-coated with a self-assembled
monolayer bearing charged or polar functional groups (e.g., amine
or mercapto groups),'*'** a metallic adhesion layer (e.g,
chromium, titanium),"*> or surfactants.'>®

While promoting adhesion is relatively simple, it is often-
times difficult to control the orientation of adsorbed nano-
structures, in turn causing detriment to measurement responses
and interpretation of experimental data. Drop-casting techniques
can sometimes be used to orientate anisotropic nanostructures,
while it is possible to use the Langmuir-Blodgett technique to
obtain a high-density coverage of nanostructures.'>” To obtain
well-defined arrays, nanostructures can be fabricated on the
substrate using nanosphere lithography (NSL)."*® NSL is a process
in which a colloidal monolayer of spherical nanoparticles provides
a mask for the vapor deposition of metal. Although this process is
typically used to generate triangular prism nanoparticles, through
either thermal annealing or variation in the angle of the masking
nanosphere layer, a variety of nanoparticle shapes can also be
formed. In some cases, hole-mask colloidal lithography is also
employed to produce non-uniform surfaces with nanostructures
on top,"”® or embedded nanostructures with some modifications
to the fabrication protocol.** This fabrication technique is
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reminiscent of NSL, but with the addition of a sacrificial layer
and the masking is instead done by a thin film perforated with
nanoholes that define an etching or evaporation pattern. The
film is removed with the sacrificial layer after the etch/evaporation
step, leading to the formation of a deposited nanodisk array on the
target substrate. All of these techniques allow fabrication of a wide
variety of LSPR sensors with complex and varied design features,
from different nanoparticle shapes to varying surface coverages
and arrangements of nanoparticles. Furthermore, simple
immersion-based deposition techniques can easily be modified
or scaled up to allow high-throughput production of sensor
substrates.'*! In addition, suspended nanodisks with improved
measurement sensitivity were demonstrated by Sepulveda and
co-workers by performing an isotropic chemical etch of the
supporting substrate.'*?

One remaining element of the platform design concerns the
option to add a surface coating on top of the nanoplasmonic
sensor. In traditional formats, the metallic sensing element
is exposed to the bulk solvent, a format called “direct” nano-
plasmonic sensing. One advantage of this approach is that the
solid-liquid interface is in the region of highest electromagnetic
field intensity and hence it is the most sensitive measurement
approach. On the other hand, it is possible to add a thin
dielectric layer on top of nanoparticles in order to stabilize the
nanoparticles’® and thereby utilize nanoplasmonic sensing
with other material interfaces.”" The latter approach also
carries the added advantage of improved sensor stability and
hence measurement reproducibility. In this “indirect” nano-
plasmonic sensing case, the resonance conditions for the LSPR
will change slightly (e.g., typically a redshift in the resonance
maximum, Zy,,,) while a portion of the electromagnetic field
penetrates through the dielectric layer, which becomes the
active sensor surface, albeit with some degree of reduced surface
sensitivity due to the lower field intensity at the contacting
surface."** Examples of direct and indirect nanoplasmonic
sensing platforms are presented in Fig. 2. Conventionally, oxide-
based coatings have been utilized although other possibilities are
available, including diamond™*® and amorphous silicon-carbon
alloy thin films"*” as well as embedding nanoparticles in a
dielectric matrix.”***! In addition, topographically flat LSPR
sensors have been reported based on embedding gold nanodisks
in an optical epoxy followed by coating with a silica overlayer."*®
On the other hand, surface functionalization strategies involving
non-fouling polymers, for example, can be introduced in order to
guide analyte binding to certain regions of the substrate while
passivating other regions.'*?

It should also be noted that individual, isolated nanohole
voids also exhibit LSPR properties and behave similarly to
discrete nanoparticles of equivalent dimensions.***'** However,
nanohole arrays typically exhibit EOT-like optical properties. The
details of nanohole fabrication will be explained in Section 2.2.2,
in relation to short-range and long-range ordered arrays of
nanoholes.

2.1.3. Measurement operation. Conventional experimental
strategies in ensemble-averaged configurations involve measure-
ment of the optical extinction spectrum. The most typical approach
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Fused Silica SiO,

Fig. 2 (a and b) Examples of direct nanoplasmonic sensing platforms.
(a) Atomic force microscopy (AFM) image of single layer periodic particle
arrays of Ag nanotriangles obtained via nanosphere lithography. Reprinted
(adapted) with permission from ref. 128. Copyright 2001 American Chemical
Society. (b) Schematic illustration of embedded gold nanodisks in epoxy (top)
and a top view SEM micrograph of 27 nm thick gold nanodisks in epoxy on a
glass substrate. Reprinted (adapted) with permission from ref. 133. Copyright
2013 Wiley-VCH. (c and d) Examples of indirect nanoplasmonic sensing
platforms. (c) Schematic depiction of the nanoarchitecture of an indirect
nanoplasmonic sensing platform (top) and a tilted-view SEM micrograph of a
sensor chip decorated with Au nanodisks coated with a silica layer (bottom).
Reprinted (adapted) with permission from ref. 134. Copyright 2010 American
Chemical Society. (d) A 3D schematic illustration of a topographically flat
nanoplasmonic sensor with an embedded array of plasmonic Au nanodisks
along with a cross-sectional SEM micrograph of the platform. The scale
bar represents 50 nm. Reprinted (adapted) with permission from ref. 130.
Copyright 2016 American Chemical Society.

involves transmission ultraviolet-visible spectroscopic measurements,
obtained by using a standard UV-vis spectrophotometer, in which
light passes through the sample, which is on a transparent
substrate (e.g., glass), and the extinction spectrum is acquired
based on the transmitted light. In addition to planar substrates, it
is also possible to conduct transmission measurements by using
more compact and portable optical fiber platforms, in which case
the fiber tip is functionalized with nanoparticles."***” Alterna-
tively, it is possible to conduct LSPR measurements on non-
transparent substrates by using a reflective geometry, in some
cases with improved sensitivity.'*® In such cases, an optical fiber
bundle is used to excite the nanostructures with incident light as
well as collect light reflected from the sensor surface.*® The
spectral information obtained by measurements in transmission
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versus reflection modes can have some variation because both
absorption and scattering contribute to extinction in transmission
measurements, whereas, in reflection measurements, absorption
is not detected and only back scattering contributes to the
measured extinction.’® In reflection mode, there can also be an
additional contribution to the measurement response from the
reflectance of the substrate such that the reflectance spectrum
exhibits a characteristic wavelength that is close, but not identical,
to the LSPR wavelength.”*® As a result, in transmission measure-
ments, the LSPR wavelength is observed as the maximum intensity
in the extinction spectrum; the relative contribution of absorption
and scattering depends on the nanoparticle size as discussed
above. On the other hand, in reflection measurements, the LSPR
signal is commonly observed as the minimum intensity in the
reflectance spectrum.®*'%" Such measurements are often realized
by UV-vis diffuse reflectance spectroscopy, for example.’*! In some
cases involving optical fiber systems operated in reflection mode,
relatively large nanoparticles have been utilized whereby scattering
contributes significantly to extinction and the maximum intensity
in the extinction spectra is monitored.'*>'>>*%

In general, one benefit of acquiring the entire spectrum is
that detailed analysis of various spectral features can be done
simultaneously with data acquisition or later after the experiment.
Dahlin et al. developed a widely used curve fitting procedure to
improve the spectral resolution to 0.01 nm by reducing the signal-
to-noise ratio of the measurement readout and calculating the
centroid position (interpreted as the LSPR wavelength and inten-
sity) in the extinction spectra™* (also known as high-resolution
LSPR'*®). The most common parameter to analyze is the position
of the LSPR wavelength (/) Or its corresponding intensity."*®
Changes in the full-width-at-half-maximum (AFWHM) are also
possible to obtain from the measurement data,"” and all three of
these parameters are sensitive to the bulk and local refractive
indices. Among them, it has been suggested that the change in
relative intensity per change in refractive index unit is perhaps the
most appropriate metric for evaluating sensitivity'®'*° as the
change in light intensity is the actual parameter that is measured
by the photodetector.””'*® On the other hand, an AFWHM shift is
sometimes observed coincident with an A/, shift for adsorption
events, whereas in other cases, Alnax shifts can occur without
a corresponding AFWHM shift."”” Recently, Chen et al. also
reported that the inflection point at the long wavelength side of
the LSPR peak has higher bulk and local refractive index sensi-
tivities than Alp,ax shifts.*®*

Of note, while there is typically one intensity peak in the
extinction spectra of spherical metal nanoparticles, this is not a
general rule for all shapes of nanoparticles and the extinction
spectra for other types of nanoparticles, such as prolate and
oblate spheroidal nanoparticles, may have more than one
intensity peak and due attention is warranted for picking the
appropriate spectral signature for data analysis.'®* For example,
the plasmon resonance of gold nanorods is split into two modes,
namely the transverse and longitudinal modes along the short
and long axes of the nanorod, respectively.'®® In most biosensing
cases, the longitudinal mode is used when studying nanorods as
it is considered to be the more sensitive mode."**
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While spectroscopic measurements provide a wealth of infor-
mation for detailed analysis, they are typically low-throughput
and there is growing interest to develop high-throughput LSPR
measurement capabilities. One promising approach involves
LSPR imaging, whereby the scattering intensity can be obtained
with high temporal and spatial resolution by a charge-coupled
device (CCD) camera detector.'® In this imaging format, the pixel
count is a sum over all the LSPR peak wavelengths (weighted by
the quantum efficiency of the detector at each wavelength), but
the resulting data lacks spectral details in the conventional
format. To address this gap, a liquid crystal tunable filter has
been used to perform single-wavelength optical measurements,
which were recorded over a series of wavelengths in order to
establish intensity maps from which extinction spectra were
constructed in a multiplexed format.'®® On the other hand,
detection can also be done with angle-resolved spectroscopy,'®”
but this technique is less popular. Reflection-based refractive
index sensing measurements based on measuring both the
intensity and phase of the reflected beam is also possible and can
increase the bulk refractive index sensitivity and corresponding
figure of merit (see Section 2.3 for formal definitions)."**'%® While
not further discussed in this article except where noted in specific
instances of particularly intriguing sensor design, it is noted
that other variations of LSPR-based nanoplasmonic sensing
strategies are also possible, including measurements characterizing
the scattered light of individual nanoparticles via dark-field
illumination.?*"”*'"* One particularly promising example of dark-
field illumination involves hyperspectral imaging whereby a high-
resolution spectrum is acquired for each pixel in an image, thereby
enabling simultaneous spatial and spectroscopic characterization of
the sample.'”>"7>

2.1.4. Data interpretation. Conventionally, LSPR measure-
ment data analysis is based on tracking the wavelength or intensity
shift as a function of time or after a set period of incubation time.
The wavelength shift is typically recorded at the extinction maxi-
mum although it is also possible to measure the intensity at a fixed
wavelength depending on the particular system and measurement
configuration. In general, an increase in the position of the
extinction maximum is associated with the adsorption of
biomacromolecules and the corresponding LSPR-tracked
kinetics are monitored. As LSPR is highly sensitive to the local
refractive index change, a larger measurement response is
understood to be proportional to a greater number of bound
molecules. As such, the kinetic data can provide quantitative
estimates of the association and disassociation rate constants
for binding interactions. Taking into consideration that the
adsorption rate of biomacromolecules is typically limited by the
rate of bulk diffusion, it is also possible to extract the surface
coverage at saturation from the wavelength shift data by
accounting for the time scale of adsorption and defining the
flow conditions in the measurement chamber. While other
surface-sensitive techniques can also provide information
about the adsorption kinetics, LSPR has unique merits due to
its particularly high surface sensitivity and the fact that the
decay length of its electromagnetic field is within the size range
of biological macromolecules.
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From the perspective of characterizing adsorbed biomacro-
molecules, there is also interest in extracting quantitative
information about the mass and shape properties of adsor-
bates. Guiding influences for data interpretation originate from
the SPR biosensing field."® Jung et al. first presented a quanti-
tative mathematical formalism for interpreting SPR measure-
ment responses arising from a uniform layer of an adsorbed
film,'”® as described by

AR=m X (n, — ny) x [1 — exp(—2t/14)] (5)

where AR is the measured sensor response (which can be
defined as either the shift in wavelength or angle of the SPR
minimum in reflected light intensity'’®), n, and n,, are the
refractive index values of the adsorbate and the surrounding
medium, respectively, ¢ is the thickness of the adsorbate, /4 is
the decay length of the evanescent electromagnetic field, and m
is the sensitivity factor which is equal to the bulk refractive
index sensitivity of the chosen measurement response as t
approaches infinity. By applying this formalism, it is possible
to estimate the thickness of adsorbed films in addition to
surface coverages and concentrations of known biomacromo-
lecules in SPR experiments. A similar approach has also been
outlined for analyzing LSPR spectral shifts,**'°" and it has been
quite successful as an approximation, as described by

Almax = m X Ry — ) x [1 — exp(=2¢/la)]  (6)

in the case of tracking a shift in the resonance maximum. At the
same time, there is growing interest to refine the model as it is
recognized that the original formalism was intended to describe
propagating SPs, whereas localized SPs of nanostructures have
more complex electromagnetic field distributions.’”””'”® Indeed,
the decay of the electromagnetic field around metal nano-
particles is of the power-law type, rather than exponential, and
its dependence on coordinates can be complex. For relatively
simple geometries such as nanodisks,"”*"'®" the nanodisk can be
approximated by an ellipsoid and its electromagnetic field is
fairly well-described in analogy with spherical nanoparticles.'®"'5>
By applying these mathematical treatments, it has been possible to
develop sophisticated approaches for estimating the contribution
of adsorbate molecules to A, shifts. To date, the most extensive
efforts of this kind have focused on characterizing the adsorption
of phospholipid vesicles onto solid supports as discussed below,
and estimate the dependence of the measurement responses on
total lipid concentration and vesicle size although the approach is
generalizable to other classes of biological macromolecules as well.
In addition to Ay, shifts, the AFWHM shift is also sensitive to
macromolecular adsorption and its broadening is influenced by
the average number of adsorbate molecules contacting a nano-
particle surface."®

Perhaps the most unique feature that can be obtained from
LSPR measurements relates to probing the shape of adsorbed
macromolecules. As described below, pioneering studies identified
that the LSPR electromagnetic field is sensitive to the conforma-
tion of phospholipid molecules, for example. Specifically, an
increase in the sensor response arises from the spatial proximity
of lipids near the sensor surface, including the possibility to
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distinguish between lipids in adsorbed vesicles and a supported
lipid bilayer. By applying biointerfacial science concepts to inter-
pret LSPR measurement data, it has been possible to further
develop models for interpreting the relative deformation/confor-
mation of adsorbed biomacromolecules. In particular, a wealth of
information can be obtained from analyzing the initial stages
of macromolecular adsorption. Since the rate of adsorption is
typically limited by the rate of bulk diffusion, there is a linear rate
of change in the LSPR measurement signal at low surface
coverages, which is proportional to the diffusion rate. This bench-
mark provides the basis for analyzing the extent of conformational
changes in response to surface adsorption. These measurement
capabilities are particularly useful when comparing macromole-
cular adsorption on different sensor surfaces, in which cases the
relative strength of the adsorbate-substrate interaction varies.
If the adsorbate binds more strongly to one substrate, it is possible
that the adsorbate deforms more greatly and spreads across
the surface (e.g., inducing a conformational change) in order to
maximize interactions with the surface. In such cases, the
measurement response (the rate of change in the LSPR signal)
would be greater for the more-deformed adsorbate because its
molecular mass is, on average, closer to the sensor surface than in
a case where the adsorbate-substrate interaction is weaker. The
key advantage here is that LSPR is sensitive to the shape of
adsorbed macromolecules in the requisite size range, unlike other
common surface-sensitive techniques such as QCM-D and SPR for
which the probing volumes are much larger. Such capabilities can
also be extended to investigate how environmental parameters
(e.g, solution pH, ionic strength, temperature) influence adsorp-
tion processes and corresponding conformational changes in
macromolecules. Indeed, temperature-dependent adsorption
processes can be easily followed by LSPR measurements because
of its relatively low sensitivity to bulk refractive index changes.

From a design perspective, optimizing the architecture of
the sensor surface for sensing performance is also important
for biointerfacial science applications because appropriate
choice of the decay length of the electromagnetic field can
improve detection of conformational changes in adsorbed
biological macromolecules. Using eqn (6), the decay length
can be estimated by coating the nanodisk surface with varying
thicknesses of a dielectric layer (e.g:, via atomic layer deposition)
and measuring the corresponding changes in the LSPR spectral
properties, including the Al shift.”

2.2. Extraordinary optical transmission

In this section, we describe the general principles behind EOT-
based sensing strategies, including the optical properties giving
rise to the EOT effect, choices to design sensing platforms,
measurement operation and data collection, and approaches to
interpret experimental data. Where possible, we discuss these
aspects in the context of the biointerfacial sciences, especially
as it pertains to unique merits stemming from the geometrical
configuration of nanohole arrays and especially the simultaneous
measurement of spectral features associated with propagating and
localized plasmon modes.
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2.2.1. Optical properties. EOT describes an optical pheno-
menon whereby light transmits through an array of nanoholes
of dimensions smaller than the wavelength of incident light, in
a metallic film at appreciably higher magnitudes than what
classical aperture theory predicts.®' The enhanced transmission is
caused by the interplay of localized modes associated with indivi-
dual nanoholes together with grating-type coupling (Bloch wave) to
propagating surface modes due to the periodicity along with cavity
modes."®* "% As a result, the EOT spectral signatures exhibit
wavelength-dependent transmission enhancement, resulting in
multiple transmission maxima and minima.'®” In this regard, both
localized and propagating SPs influence EOT spectral signatures,
and particular transmission maxima and minima are attributed to
different plasmon modes, which can be sensitive to different
regions of the nanohole geometry as well as possess different
surface sensitivities.'®®

In general, the transmission spectra of nanohole arrays
show at least two transmission maxima (denoted as Agp) and
their spectral positions can be predicted based on the relation-
ship to the lattice constant (periodicity) of the array (p), the
scattering orders of the nanohole array (i and j), and the real
parts of the dielectric constant of the surrounding medium
and the metal (eoy and &,(2), respectively), as described by the
following equation®

p &r(A)€out

Jsplisj) = .
se(i-/) V2 + 2\ &(4) + eou

Of note, the metal dielectric constant depends on the light
wavelength (7). In cases of very high ordering, there is an
additional third transmission peak that is attributed to a cavity
resonant mode.'®'°° Indeed, while EOT is most commonly
discussed for periodic arrays of nanoholes with long-range
ordering, EOT also occurs in short-range ordered nanohole
arrays.’®"'%> As disorder in the periodic structure increases,
the intensities of the transmission peaks decrease and the
FWHM of each transmission peak increases.'®*'** With
increasing disorder approaching randomness, the EOT effect
becomes attenuated although short-range correlations still give
rise to hole-hole interactions that result in different optical
properties between single nanoholes and random arrays of
nanoholes. As such, EOT effects lead to complex spectral
features that provide many sensing opportunities in various
contexts relevant to the biointerfacial sciences. Of particular
interest, in response to local or bulk refractive index changes,
different spectral features can be sensitive depending on the
system, and hence appropriate consideration of the optical
properties is warranted when optimizing sensor performance.

2.2.2. Platform design. As with LSPR-based sensors, the
general design of an EOT sensing platform entails choice of the
(i) plasmonic material, (ii) geometrical properties of the nano-
holes, (iii) fabrication method, (iv) surface coating, and (v) flow
conditions. However, the design and fabrication of nanohole
arrays entails more options and complexities, hence necessitat-
ing a detailed discussion of these factors as they pertain
to biointerfacial science measurements, including additional

)
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consideration of flow configuration in nanoholes versus nano-
pores. Here, we define nanoholes as porous metallic thin films
supported on one side by a continuous, non-porous dielectric
film that is impervious to liquid flow. On the other hand,
nanopores are defined as porous metallic films through which
fluids can flow across two compartments. Examples of the
different EOT-based sensing platforms are presented in Fig. 3.
Typically, nanohole systems are comprised of a thin metal film
on a dielectric substrate, with gold the most popular metal on
account of its optical properties and chemical stability.'®®
Dielectric supports with lower refractive index values are typically
favored because they increase measurement sensitivity over
conventional glass substrates."* Other options include silver'®”

and aluminum; when silver is used, it is generally coated with
a thin layer of a dielectric material in order to prevent its

tarnishing.’®®'*® More complex structures are also possible,
0

including a metal-dielectric double film,>* multiple layers of

Substrate

[ Gold
3 SiN
[Glass

— Hybrid substrate
(SiN + Glass)

Fig. 3 (a) Schematic illustration of large-area smooth Ag nanohole arrays
fabricated via template-stripping (top) along with an SEM micrograph of
the template-stripped Ag periodic nanohole array (bottom). The inset
shows a zoomed-in micrograph of the template stripped Ag nanoholes.
Reprinted (adapted) with permission from ref. 206. Copyright 2011
American Chemical Society. (b) Schematic illustration of AIN/Au/AIN trilayer
pores (top) along with TEM micrograph of the trilayer pores and corres-
ponding diffraction pattern in the inset (bottom). Reprinted (adapted) with
permission from ref. 205. Copyright 2014 American Chemical Society.
(c) Schematic illustration of gold nanohole arrays on hybrid substrate of
silicon nitride and glass. Reprinted (adapted) with permission from ref. 203.
Copyright 2015 American Chemical Society. (d) Schematic illustration
showing the direction of fluid flow through nanopores in a gold-on-
silicon nitride membrane. Arrows depict flow direction. Reprinted (adapted)
with permission from ref. 207. Copyright 2009 American Chemical Society.
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aluminum and aluminum nitride
metal systems,”*” and the optical properties of these systems are
actively being explored. While nanoholes are conventionally
formed on transparent material supports, it was demonstrated
that inclusion of a high refractive index dielectric interlayer
increased measurement sensitivity.”*> For nanopores, the dielec-
tric support is typically a silicon nitride membrane,*** while one
report showed that a thin gold nanopore film could be fabricated
without a dielectric support.”®

Aside from the material composition, the geometrical
dimensions of nanohole arrays are critical determinants of
the optical properties. As mentioned above, the EOT effect is
greatest for nanohole arrays with long-range periodic ordering
and progressively lower as the degree of disorder increases.
Typically, the metallic thin film is less than 100 nm thickness.
Otherwise, in significantly thicker films, propagation of modes
along the aperture is the dominant optical effect'®® and the
films are optically opaque.’®® The optimal film thickness for
well-defined optical properties is around 10-50 nm and is
sufficiently thin to allow light to pass through the film.>%*8%28
Typically, circular nanoholes are around 100 nm diameter in
order to facilitate coupling to plasmon modes.”® On the lower
end, Xiong et al. recently reported the fabrication of short-range-
ordered arrays with 50 nm diameter nanoholes, with greater
sensitivity localized to the interior of the holes whereas the bulk
refractive index sensitivity was unchanged as compared to larger
nanoholes.”® On the other hand, plasmon excitation was not
achieved in smaller holes below 50 nm diameter.**® The specific
wavelengths at which different spectral features manifest
themselves strongly depends on the geometrical arrangement
of the nanoholes and various square, rectangular, and hexagonal
lattices have been explored among other options.>'*!? In a recent
theoretical study,”” it was identified that the hexagonal lattice
contributes to a larger figure of merit (FoM) value than the
conventional square lattice due to a narrower spectral response
as well as a higher surface sensitivity based on a model, thin
dielectric film (for more information and formal definitions of
FoM, see discussion in Section 2.3 below).

To produce nanohole arrays, several top-down fabrication
strategies can be employed, including electron beam (e-beam)
lithography and focused ion beam (FIB). An in-depth discussion
of these fabrication strategies is described in ref. 195 and 213.
E-beam lithography is capable of producing homogenous nano-
holes but is low throughput, expensive, and is not suitable for
pattering large areas. In early generations, FIB was a more
popular option to prepare nanohole arrays based on milling,
but is also low throughput.'** More recently, improved methods
based on nanoimprinting®'* and template-stripping®*® have also
been developed in order to permit fabrication over a wider
surface area in a more high-throughput fashion. Alternatively,
bottom-up fabrication approaches based on colloidal self-
assembly can be employed to produce short-range or long-
range ordered nanohole arrays, and particular examples are
described by Dahlin in ref. 76. In all cases, ultrasmooth
surfaces are preferred as surface roughness and other imperfec-
tions can limit sensor performance.?***'” Aside from chemical
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stability, dielectric overlayers can further enhance sensing
possibilities by applying nanoplasmonic transducing elements
to study biointerfacial processes at other material interfaces;
see, e.g., ref. 206. Nanohole fabrication is also achievable
on optical fibers for EOT-based sensing applications.*'®>2°
In another interesting direction, Peer and Biswas recently
demonstrated that a continuous, corrugated gold film on a
periodically textured substrate can exhibit EOT effects arising
from variations in the gold thickness even though there were no
holes in the film.>*!

While the general features of nanoholes and nanopores are
quite similar, one distinct features of nanopores is their flow-
through geometry and compatibility with microfluidic systems.**>
Indeed, the method of bringing the analyte into contact with the
sensing surface from the bulk solution is an important factor in
determining the time resolution for detection applications.
In most cases, the analyte is suspended within a liquid medium,
which is located above the sensor substrate. However, relying
solely on passive diffusion of the analyte to the sensing surface
results in relatively poor temporal resolution with a strong
dependence on the analyte concentration. One fairly simple
solution in the case of nanopore-based sensors is to place the
sensing surface in a suspended configuration between two layers
of a liquid medium and invoke flow through the nanohole arrays,
thereby actively delivering the analyte to the substrate.””*** With
an increased analyte flow perpendicular to the surface, the time
scale of the measurement response with respect to changes in
analyte concentration is significantly improved, especially in
optofluidic configurations.”>* Another innovation demonstrated
by Barik et al. employs dielectrophoresis (DEP).>* In this case,
a strong electromagnetic field gradient is produced near the
sensing surface in order to attract and trap electromagnetically
polarizable analytes at locations of the greatest local sensitivity,
whereby the rims of each nanohole concentrate charge and
simultaneously act as a DEP electrode and a sensor transducer.
Taken together, EOT-based arrays possess a wide range of tunable
properties in order to design systems that are optimized for various
applications. Of note, the scale of the nanohole geometry is
appropriate for incorporating biological particulates such as vesi-
cles and virus particles into the measurement configurations.

2.2.3. Measurement operation. Conventional experimental
strategies involve the measurement of an optical transmission
spectrum by a conventional spectrophotometer.>*® As light is
incident on one side of the sensor and detected on the other,
the spectral features are analyzed based on the transmitted
light intensity as a function of wavelength. Shifts in the
wavelengths of one or more of these spectral features occur
due to changes in the local or bulk refractive indices, and can
be monitored as a function of time along with intensity and
FWHM changes.>” Of note, the angle of incidence can influence
the dispersion of transmission processes related to SPPs, whereas
processes related to localized SP and cavity modes are expected to
be less affected. As a result, it is possible in some cases to increase
the surface sensitivity (shorter decay length of the electromagnetic
field) by using a larger angle of incidence.*® A 96-well plasmonic
sensing platform based on periodic nanohole arrays was recently
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reported, and the angle of incidence was optimized to increase
measurement sensitivity for detecting refractometric shifts in a
transmission minima.??® It is also possible to perform measure-
ments in reflection-mode, which allows better integration with
other measurement techniques.?****°">*? As an alternative option,
Couture et al. showed that sensing experiments with periodic
nanohole arrays can also be conducted in the Krestchmann
configuration, which increased the decay length of the electro-
magnetic field from approximately 140 nm (in EOT operation) to
200-300 nm, with a nearly seven-fold increase in sensitivity to
bulk refractive index changes.”** The reflection phase and ampli-
tude for a short-range ordered gold nanohole array has also been
measured using an interferometric substrate.>**

Multiplexing capabilities have been actively explored for
periodic nanohole arrays,”” with one of the earliest reports
describing measurements on over one million sensor spots
based on imaging bandpass filter-amplified changes in spectral
intensity after an incubation period.>*” It has also been possible
to develop parallel real-time measurement capabilities for
intensity-based measurements, with reference channels serving
as negative controls to account for fluctuations and a packing
density of 10° sensing elements per square centimeter.>*®
In order to collect more detailed information, an advanced
multiplexed format was developed in which simultaneous
measurements were performed on 50 parallel microfluidic
channels with full-spectral imaging capability.>*” Seiler et al.
recently reported the direct spectral imaging of plasmonic
nanohole arrays by using a CMOS imager chip to measure the
intensity distribution across a wide area without requiring
a microscope or spectrophotometer.”*® Based on a lens-free
computational microscopy approach, Cetin et al. also developed
a hand-held, plasmonic biosensor comprising periodic arrays
of nanoholes,”® and another version that included dual-color
on-chip imaging was capable of real-time monitoring of molecular
binding events as well.**® As such, the operation of EOT-based
nanoplasmonic sensors has largely been aimed at detection while
the full exploration of spectral features in the context of the
biointerfacial sciences is continuing to evolve.

2.2.4. Data interpretation. One benefit of EOT-based sensing
strategies is the rich collection of spectral information that is
recorded in the measured transmission spectra. Indeed, the EOT-
related spectral features correspond to numerous localized and
propagating modes that have varying surface sensitivities and are
sensitive to different interfaces/regions of the nanohole geometry.
From this perspective, periodic arrays of nanoholes with long-
range ordering are desirable because more spectral features are
discernible, including transmission minima as well as the appear-
ance of additional peaks in some cases.”*' However, EOT-based
nanoplasmonic sensing studies typically report only the spectral
feature (either the wavelength position or intensity of a spectral
feature) that yields the highest measurement sensitivity for detec-
tion of a binding event. This approach is justifiable for analyte
detection applications but a deeper understanding of the spectral
responses is warranted for the quantitative biointerfacial sciences.
Indeed, as Dahlin points out,”® some outstanding questions
remain about the relationship between certain spectral features
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and the corresponding plasmon modes as well as how the
optical properties of short-range and long-range ordered
nanoholes fully compare. In one interesting recent study,
Ballard et al. used machine learning approaches to identify
that the highest sensitivity spectral features did not necessarily
correspond to wavelengths at which transmission maxima or
minima occur.”*

In terms of quantifying adsorbate-induced measurement
responses, we recall the discussion in Section 2.1.4 regarding
how an exponential decay model is insufficient to describe the
electromagnetic field surrounding metal nanoparticles. A similar
issue arises for nanoholes and it should also be stressed that
the decay length of the electromagnetic field depends on the
plasmon mode under consideration.'®® For localized plasmon
modes, the decay length is on the order of 20-40 nm whereas the
decay length approaches comparable values to conventional SPR
measurements for propagating plasmon modes (hundreds of
nm). Hence, analyte detection has conventionally used spectral
features that arise from propagating plasmon modes because
they are sensitive to larger probing volumes and therefore have
greater sensitivity to bulk refractive index changes, hence the
name “nanohole SPR”. On the other hand, there is significant
potential for further investigating spectral features that are
sensitive to localized plasmon modes as well as comparing
measurement responses across different spectral features. As
will be explained in the following sections, such information
can provide insight into the location of bound adsorbate
molecules on the sensor surface as well as provide real-time
monitoring of biomacromolecular interactions occurring inside
nanoholes. These findings are just the latest examples of the
unique capabilities of nanoplasmonic sensors to probe topics
within the biointerfacial sciences, and interpretation of the
experimental data obtained remains full of possibilities.

2.3. Sensing characteristics

With the ongoing development of LSPR- and EOT-based nano-
plasmonic sensors to study biointerfacial phenomena at solid-
liquid interfaces, there is growing interest to establish a
measurement framework to define sensing performance, espe-
cially to understand how probing volume influences bulk versus
surface sensitivity. Historically, a defining feature of optical
biosensors has been their performance to measure changes in
the refractive index (RI) of a bulk solution and the corres-
ponding bulk refractive index sensitivity, Sg, is defined as

AR

where R is the measurement response and n is the refractive
index of the medium. In nanoplasmonic sensors, the measure-
ment response can be essentially any parameter that is obtained
from the spectral signature, and is typically either the position of a
wavelength maximum or minimum, or the intensity at a certain
wavelength. Ideally, as expressed in eqn (8), there will be a linear
relationship between AR and An within the tested range of RI
values, i.e., Sp is a constant value. As part of data analysis, different
spectral features can be evaluated in order to identify the
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parameter with the highest Sy and this feature is commonly
analyzed for detection applications. Indeed, the SPR techni-
que is widely known to support sensor configurations with
high S values and hence very small changes in the refractive
index of the bulk solution can be detected. Likewise, many
nanoplasmonic sensors have been developed to have high Sp
values as well. A popular method to quantify detection
performance is the figure of merit (FoM), and its bulk
sensitivity version, FoMg, that is defined as

FoM;g = ﬁ (9)
w

where w is the width of the spectral feature (conventionally
the FWHM) under analysis. While Sy can be difficult to
compare across different systems due to variations in wave-
length and energy scales, FoM normalizes these factors to
facilitate direct comparison of sensing performance.'’” In
general, it is appreciated in the literature that a larger FoMp,
which is reflective of a narrow FWHM, leads to higher
spectral resolution.?** At the same time, as Dahlin et al.
point out,’® the implementation of curve-fitting algorithms
and noise reduction strategies can allow measurement of very
small measurement features from even relatively wide spectral
features."* Furthermore, an important distinction is that sen-
sor systems with large Sg values have large probing volumes,
i.e., the decay length of the evanescent electromagnetic field is
comparatively long. For studying biointerfacial phenomena at
solid-liquid interfaces, it has become increasingly apparent
that a large Sy value can actually result in lower measurement
sensitivity because, when adsorbed biomacromolecules are
only at the solid-liquid interface, the vast majority of the
evanescent electromagnetic field is not occupied by biomacro-
molecules in such cases. A pertinent example is found in
ref. 244 where the sensitivity to changes in local refractive
index due to protein adsorption was inversely related to the
FoMg value of the nanoplasmonic sensor system.

Hence, it is desirable to develop nanoplasmonic sensors
with shorter decay lengths that have higher surface sensitivities.
Indeed, while a shorter decay length would translate into a lower
Sg value,”*>**® the probing volume would be smaller and hence
highly surface-sensitive nanoplasmonic sensors would maintain
similar signal-to-noise ratios for detecting biomacromolecules at
low analyte concentrations.”>** Formally, the surface sensitivity,
Ss, can be expressed as follows>*

Ss ~ Spexp(—2d/lg)[1 — exp(—2¢/l4)] (10)

where [; is the decay length of the amplified electromagnetic
field, ¢ is the thickness of the layer over which the refractive
index change occurs, and d is the distance of the layer from the
sensor surface. Inspection of eqn (10) identifies that Ss is
correlated with Sy and that /3 is an important factor. The
geometrical properties of the biomacromolecules as well as
its spatial proximity to the sensor surface in the bound state
should also be considered for optimal performance. Recently,
the Van Dorpe group introduced the concept of second-order
surface sensitivity that is calculated as the second-order
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derivative of the wavelength shift, A4, in eqn (6) and described
as follows'”®>*

O*AL 2Sp
anaat - T[exp(_zl/ld)] (11)

The corresponding surface sensitivity version of FoM is labeled
as FoMg, and formally defined as'”®

2B exp(—21/1)
d

FoMg = (12)

W
The inverse dependence on /; in eqn (11) underscores that, for
a fixed Sy value, longer decay lengths result in lower surface
sensitivity. As Li et al. described in their work,’”® the ideal

28
design would encompass the largest possible value of I_B and a
d

lq value that matches the size of the target biomacromolecules
(Fig. 4). For example, a relatively short /y might be preferable for
the detection of small biomacromolecules such as proteins,
whereas a relatively longer l; could be useful for detecting
larger biological particulates such as viruses and exosomes or
detecting biomacromolecules of various kind when the sensor
surface is modified with a passivation coating (as discussed in
Section 2.4 below). Even so, as will be explained below in the
following sections, there are cases in the biointerfacial sciences
where it is preferable to have an [; value that is smaller than
the size of biomacromolecules under investigation (e.g., lipid
vesicles) in order to study shape deformation of the adsorbed
biomacromolecules, for example.

At present, as Spackova et al. described in a recent work,”®
there is limited basis for comparison of FoMg values reported
in the literature due to the lack of methodological standards
and most contributions to this subject have been theoretical
studies.”****® Hence, for biointerfacial science applications,
the main parameter to consider is Iy since it directly affects
the probing volume and in turn influences not only measurement
sensitivity but also the scope of application possibilities. Aside
from directly varying the I value, another important aspect
of nanoplasmonic sensor design is adopting appropriate surface
functionalization strategies so that a large fraction of the evanescent
electromagnetic field is occupied by the target biomacromolecules.

2.4. Surface functionalization

Before proceeding to discuss different examples of how nano-
plasmonic sensors are being applied to study the biointerfacial
sciences, a conceptual introduction to various surface function-
alization strategies that are used within the field is presented.
A detailed description of surface modification for nanoscale
sensor applications in general is provided in ref. 249. Com-
pared to other classes of biosensors with flat, uniform surfaces,
surface functionalization of nanoplasmonic sensors is particu-
larly challenging because the sensor surfaces are often comprised
of more than one material (e.g., gold nanoparticles on a glass
substrate) and have curved geometrical features.”® The selection of
appropriate design choices for surface functionalization is equally
important for LSPR- and EOT-based nanoplasmonic sensors.
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These design requirements also highlight the different needs for
classical detection applications versus emerging applications in the
biointerfacial sciences. To some extent, indirect nanoplasmonic
sensing platforms based on conformal layers of a dielectric coating
as well as topographically flat substrates have simplified these
challenges, and extensive efforts have been placed at achieving the
two complementary goals of suppressing nonspecific adsorption
and selectively recognizing target biomacromolecules with high
sensitivity. One popular approach to achieve these goals in the
biosensor field is to immobilize natural or synthetic biomacro-
molecules on the sensor surface in order to act as recognition
molecules (receptors) that selectively bind to target molecules via
interactions such as antibody-antibody binding and nucleic acid
hybridization.

A conventional route to immobilize biomacromolecules on
a sensor surface involves passive adsorption (termed “physi-
sorption”). While the coating process is simple in this case, the
resulting interactions between the biomacromolecules and
sensor surface are weak (noncovalent) and can cause surface-
induced denaturation and/or conformational changes that alter
the biological activity (e.g., recognition capabilities) of the
adsorbing species.”” For detection applications, such features
are disadvantageous for immobilizing receptors onto sensor
surfaces because they often impair functionality and hence this
modification strategy likely will not meet key measurement
needs such as selectivity and stability. At the same time,
characterizing the passive adsorption of biomacromolecules
onto sensor surfaces is highly relevant to the biointerfacial
sciences and a promising area of research for nanoplasmonic
sensors in its own right, as explained below. Another option to
immobilize biomacromolecules acting as receptors involves
chemical adsorption (termed “chemisorption”) whereby specific
functional groups of biomacromolecules form covalent bonds with
functional groups on the sensor surface.>>® Common functional
groups that are useful for chemisorption include thiols (e.g,
thiolated nucleic acids*®") and sulthydryls (e.g., found in cysteine
residues of proteins™”). Depending on the location of these
functional groups, it is possible to covalently immobilize a

252)
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particular region of the biomacromolecule to the sensor surface
while leaving other biologically active regions accessible to parti-
cipate in binding interactions.

An alternative modification strategy involves the immobili-
zation of a passivation layer such as a polymer, proteins,
or amphiphiles, followed by attachment of the recognition
molecules via interactions with the passivation layer. A popular
example is poly(r-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG)
in which case the positively charged PLL backbone noncova-
lently adsorbs onto negatively charged sensor surfaces (e.g.,
silicon oxide) while the PEG chains prevent nonspecific adsorption
of fouling molecules onto the sensor surface.>>* Some fraction of
the PEG chains can be functionalized with a chemical moiety (e.g.,
biotin or amino groups) to facilitate covalent or noncovalent
conjugation of recognition molecules.”***** Protein adlayers can
also be formed through covalent or noncovalent attachment
schemes® (and sometimes aided by a subsequent cross-linking
step to stabilize bound proteins**®), and one example is streptavi-
din, which can then recognize biotinylated molecules and bind to
them via streptavidin-biotin pairing.>®” Other options based on
amphipathic molecules include self-assembled monolayers and
supported lipid membranes. Self-assembled monolayers are
composed of amphipathic molecules that possess appropriate
functional groups to covalently bond to the sensor surface (e.g.,
sulfhydryl groups that bind to gold surfaces) and self-assemble
to form the monolayer.”>®>*>° The exposed side of these molecules
can possess other functional groups such as carboxylic acids
to facilitate the immobilization of recognition molecules like
antibodies.**® Supported lipid membranes such as conformal lipid
bilayer coatings are another promising option as the lipid composi-
tion can be tuned to incorporate a fraction of lipids with reactive/
recognition headgroups'** whereas other lipids in the composition
are generally resistant to nonspecific adsorption events.?***6>

As with inorganic coatings described above in the preceding
sections, surface functionalization strategies involving biomacro-
molecules, especially passivation layers, inevitably affect sensing
performance as the bound recognition molecules reside within
the region of highest field intensity.>*® Hence, thin coatings are
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preferable in order to keep the region of highest field intensity
accessible to analyte molecules. Another noteworthy point concerns
the fact that, as the nanoplasmonic sensing field expands beyond
detection applications to a broader range of biointerfacial science
applications, the role of surface functionalization will continue
to evolve from preventing nonspecific adsorption of interfering
molecules to achieving spatial control over the location of
functional biomacromolecules on the sensor surface. Indeed,
there is growing attention to orthogonal strategies aimed at
selectively functionalizing parts of the sensor surface based on
advances in lithographic patterning, contact printing, direct
writing, and material-selective functionalization among other
possibilities.?®*

In the following sections, we present the latest advances in
applications of nanoplasmonic sensors for quantitative bio-
interfacial science applications, including important founda-
tion studies and ongoing developments for different classes of
biomacromolecules interacting at solid-liquid interfaces.

3. Protein studies

This section is divided into sub-sections describing trends from
the origins of nanoplasmonic sensor studies for proteins to
recent developments. Table 2 presents an overview of the
relevant nanoplasmonic sensing strategies, including the funda-
mental measurement concepts underpinning sensor design and
experimental outcomes for each study.

3.1. Foundation work

Early work by the Van Duyne group involved the fabrication
of noble metal nanoprisms on a substrate, which were then
functionalized with a variety of protein recognition elements in
order to enable detection of protein binding via LSPR peak
shifts*?47:2657258 (pjo 5a-c). Successful detection of biotin-
streptavidin binding®*” was demonstrated along with protein
binding to sugars,>*® ions**°® and pharmaceutical drugs.>®>
Besides nanostructures that lie on the surface, nanoholes can
also serve as plasmonic transducers. Brolo et al. introduced the
first sub-wavelength holes in gold films for biosensing based on
the EOT effect.”®® The use of nanoholes allowed SPR detection
to be performed in transmission mode. Hence, the optical
arrangement was simplified and provided a smaller probing
area, which led to sensor miniaturization. They showed that
the wavelength of the maximum transmission of normally
incident white light shifted by around 4 nm after the gold
film was modified with mercaptoundecanoic acid (MUA)
and further shifted around 9 nm upon the adsorption of
100 uM bovine serum albumin (BSA). On the other hand,
the addition of cytochrome ¢ (Cyt c¢) resulted in a shift of
around 8 nm. Hence, the detection scheme enabled the first
nanoplasmonic measurements of protein adsorption onto a
nanohole array.

Yang et al. demonstrated real-time monitoring of protein
binding kinetics through the use of small-dimension ordered
arrays of nanoholes perforated on an ultrasmooth gold surface*”°
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(Fig. 5d-h). The arrays enabled multiplexed and real-time binding
affinity analysis. By varying the size of the arrays between 1 to
20 um?, it was discovered that increasing the gold-solution contact
area results in higher plasmonic detection sensitivity. Using 1 pm?
nanohole arrays, the authors analyzed the binding kinetics of anti-
Gluthathione S-Transferase (GST) antibody to immobilized GST.
This work paved the way for quantitative antibody screening,
which has become a major theme in recent years. For example, by
combining nanohole arrays with a 12-channel microfluidic flow
cell and a portable spectrophotometer, Im et al. quantified the
binding kinetics of a family of single-chain variable fragment
(scFv) antibodies that bind to anthrax toxin protective antigen
(PA).>”" By immobilizing PA on the gold surface and injecting the
antibodies through the channels, the instrument was capable of
quantifying binding kinetics at antibody concentrations as low as
1 nM. Antibodies which had similar affinities were easily differ-
entiated because the setup could resolve different dissociation
constants (Kp) ranging from 200 pM to 40 nM and dissociation
rate constants (kq) ranging from 10 > to 10 * s~ . Aside from
antibody-antigen binding, protein-protein interactions can be
investigated via a similar measurement principle. Bhagawati
et al. showed that by immobilizing the ectodomain of the type I
interferon receptor sub-unit IFNAR2 on micropatterned gold
nanopatrticles, rapid association and dissociation with its ligand
IFNo2 could be quantified in real-time by LSPR measurements.>”>
The interaction between protein and sugars can also be monitored
using a similar detection format.>**?*?° For example, Yonzon
et al. tracked conformational changes in concanavilin A (Con A)
immobilized on silver nanoprisms upon interactions with
mannose and galactose via LSPR extinction peak shifts.>6%2%2
Kitano et al. have also utilized LSPR sensing to study the binding
kinetics of Con A binding to mannose-presenting glycopolymer
chains attached in a polymer brush configuration to gold nano-
particles on a glass substrate.””" In another work, Nagatsuka
et al. investigated the respective binding kinetics of ricin, Shiga
toxin, and Cholera toxin with lactose, Gb3 trisaccharide and
GM1, by monitoring changes in the absorbance intensity at a
fixed wavelength from a non-periodic array of deposited gold
nanoparticles.?®® Since the three toxins have different molecular
sizes and subunit structures and recognize different oligo-
saccharides, they showed that it is crucial to control the nano-
particle diameter in order to obtain the optimal response for
each interaction system. As earlier discussed in the previous
section, such optimization is important in nanoplasmonic sensing
in order to match the electromagnetic field decay length of the
plasmonic transducer to the biomacromolecular target of interest.
Hence, while both LSPR- and EOT-based sensing strategies are
capable of detecting protein binding, LSPR is particularly well-
suited for studying protein adsorption on account of the short
decay length of its electromagnetic field.

3.2. Conformational changes

Besides the quantification of protein binding through kinetic
parameters, nanoplasmonic sensors also facilitate analysis of
protein conformational changes in real-time. Chah et al. first
demonstrated the exploitation of LSPR signals arising from
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Fig. 5 (a) Schematic representation of the reversible conformational
changes calmodulin undergoes in response to changing calcium concen-
tration. In the presence of calcium (green circles) calmodulin adopts
a rigid, extended structure. (b) Reversible conformational changes of
calmodulin recorded as LSPR .« Vvariations over time. LSPR response
corresponding to calmodulin conformational changes as a result of
interaction with CutCaM (red trace) is compared to conformational
changes due to interaction with CutCaMCut construct (black trace).
(c) Fitted data (based on first-order kinetics) of CutCaM-induced Amax
changes occurring between 40 and 50 min from the plot in (b). Reprinted
(adapted) with permission from ref. 4. Copyright 2011 American Chemical
Society. (d) Sensing response upon injecting 615 nM anti-GST and subse-
quently the regenerator. (e) Schematic illustration of surface chemistry on
nanohole arrays (drawing not to scale). (f) Sensing response (black plot) of
a 9 x 9 nanohole array (d = 200 nm, P = 540 nm) upon injecting three
different concentrations of anti-GST. Red plot: fitting with a bimolecular
reaction model. (g) Sensing response (black plot) of a 5 x 5 nanohole array
(d = 180 nm, P = 419 nm) upon injecting 615 nM anti-GST and subse-
quently the regenerator. (h) Sensing response (black plot) of a 3 x 3
nanohole array (d = 180 nm, P = 419 nm) upon injecting 615 nM anti-GST
and subsequently the regenerator. Reprinted (adapted) with permission
from ref. 270. Copyright 2008 American Chemical Society.

gold nanoparticles for detection of protein conformational
changes.?® They first covalently attached Cyt ¢ to the surface
of gold nanoparticles. Since Cyt ¢ unfolds at low pH and refolds
at high pH, changes in pH caused measurable shifts in the
LSPR signals obtained via a standard UV-vis spectrophotometer.
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More importantly, the extinction peak shifts were manifested as
changes in the color of the gold nanoparticle solution, allowing
direct real-time monitoring of the folding-related conformational
changes. Similarly, Teichroeb et al. studied the thermal denatura-
tion of BSA adsorbed on gold nanoparticles by plotting the
extinction peak shifts against time when the sample was incubated
at an elevated temperature (60-70 °C).*** By doing so, they were
able to determine the fraction of thermally denatured proteins
after a certain period of duration, and found that the denaturation
kinetics vary depending on nanoparticle size. In addition, as
presented in Fig. 5a-c, Hall et al. demonstrated the detection of
Ca**-induced conformational changes of calmodulin immobilized
on silver nanoprisms.* The conformational changes produced a
detectable and reversible shift in the LSPR extinction maximum,
with a signal-to-noise ratio of ca. 500. The limit of detection for
Ca”" ions was 23 UM in the system.

Recently, nanoplasmonic sensing techniques have been
employed in combination with mass spectroscopy and electro-
chemical techniques for protein sensing, leading to detailed
insights into protein conformational changes. The work by
Anker et al. represents one of the earlier demonstrations of
this kind when they combined LSPR with matrix assisted laser
desorption ionization mass spectrometry (MALDI-MS) to study
the binding kinetics of NU-1 antibody with amyloid-beta
derived diffusible ligands (ADDL).>*® In brief, LSPR provided
real-time detection of the molecular adsorption event while
MALDI-MS enabled identification of the adsorbed molecules.
In a separate contribution, Guerreiro et al. combined LSPR with
circular dichroism spectroscopy (CD) to probe conformational
changes associated with pentagalloyl glucose (PGG) binding to
amylase.?®° Gold nanodisks acted as both LSPR transducers as
well as chiral sensors, which allowed in situ measurement of
conformational changes for bound amylase acquired indirectly
via plasmonically enhanced CD spectroscopy. The chirality
changes were correlated to structural alterations of the amylase
observed upon PGG binding. On a side note, the combination
with CD spectroscopy also enabled investigations into the
differences in structural transformations associated with
PGG-amylase binding in solution versus binding on a substrate.
More recently, nanoplasmonic sensing techniques have also
been combined with electrochemical sensing techniques. For
example, in monitoring the conformational change associated
with the interaction between a-synuclein (as) oligomers and
(—)-epigallocatechin-3-gallate (EGCG), Cheng et al. obtained
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) signals alongside LSPR peak shifts.?° The aggregation
of as oligomers was characterized electrochemically using the
redox probe [Fe(CN)¢]> /47, before being confirmed by the LSPR
measurements. Lazar et al. combined LSPR with electrochemi-
cal impedance spectroscopy (EIS) to study the real-time kinetics
of nonspecific BSA adsorption on nanohole arrays to determine
the association-dissociation rate constants.”®> Through the
combined system, they concluded that the origin of LSPR
signals strongly depends on the surface coverage and can be
specified by simultaneously carrying out EIS measurements.
Hence, there is broad potential for utilizing nanoplasmonic
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sensors to track protein conformational changes in independent
and combined measurement formats.

3.3. Improvements in detection sensitivity

Over the past few years, significant effort has also been invested
to continually improve the sensitivity of nanoplasmonic sensing
platforms for protein detection. Li et al. recently conducted a
fundamental study, which showed that the refractive index of the
substrate plays a central role in determining the measurement
sensitivity of the platform.”** They recommended the use of a low
refractive index polymer coating in order to obtain LSPR spectra
with a narrow FWHM. They also proposed the use of a second-
order derivative model over the conventional exponential decay
length model (see also Section 2.3) in order to explain the
sensitivity of isolated nanostructures. Several enhancement
strategies have also been proposed including the use of nano-
particle-antibody conjugates. By labelling antibodies with gold
nanoparticles, binding to antigens immobilized on plasmonic
nanostructures resulted in an enhancement of up to 400% in
terms of the LSPR peak shift magnitude,*®” as reported by Hall
et al. using a biotin—-antibody pair. This improvement translates
into an increase in binding constant by 2 orders of magnitude
and a decrease in the limit-of-detection by nearly 3 orders of
magnitude. The increase in binding constant is interestingly
due to a polyvalency effect whereby polyvalent antibodies bind
to the antigen with higher affinity than monovalent antibodies.
In this case, it was found that the binding of gold nanoparticles
to the nanostructures is mediated by more than one antibody
molecule. In a similar fashion, Bellapadrona et al. reported
enhancement in the signal-to-noise by using secondary binding
of gold nanoparticle-labelled mannose, during the real-time
monitoring of concanavilin A (which has 4 carbohydrate binding
sites) binding to mannose immobilized on gold island films.>*°
The secondary binding of gold nanoparticles also allowed con-
firmatory visual inspection of the protein-sugar interaction by
electron microscopy. In a slightly different detection format, the
use of gold nanoparticle labelling has also been recently coupled
to a field-effect transistor device by Bhalla et al. in order to study
protein phosphorylation, kinase activity, and inhibition.””® In this
case, the target protein (myelin basic protein, MBP) is directly
bound to the glass substrate instead of a surface-bound metallic
nanostructure. In other words, the gold nanoparticles act as
nanoplasmonic transducers and are introduced only after the
detection is completed to provide an on-off LSPR signal.
Besides nanoparticle labelling, sensitive responses can be
obtained by directed binding of the biomacromolecule of
interest at the most sensitive regions of the nanoplasmonic
transducer such as the tips of anisotropic nanostructures as
well as in the gap between adjacent nanoparticles, otherwise
known as the ‘hot-spot’ regions.?*>>°” The LSPR signal can also
be enhanced by changing the sensing platform architecture,
which alters the dielectric environment around the nano-
plasmonic transducers.’®”?°3% For example, Hiep et al.
reported that placing gold nanoparticles on a porous alumina
resulted in the coupling of plasmon bands with interference
bands, which enhances changes in the LSPR band.”®” They
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referred to this method as interference LSPR (iLSPR) and charac-
terized their platform using the model protein interaction
between biotin-streptavidin, before employing it to study the
interactions between the anti-5FU antibody and 5FU-BSA. They
found that the degree of enhancement can be tailored by control-
ling the thickness of the porous alumina layer. Another advantage
of the plasmonic technique related to the dielectric environment
is the ability for the plasmonic transducers to be coated with an
adsorbing material of interest. This was recently exploited by
Guerreiro et al. to obtain molecular imprinted polymers on gold
nanodisks in order to study the binding interactions of polyphe-
nols with a complex matrix of proteins.>’® An advantage of coating
the nanodisk with the molecular imprinted polymer is the ability
to study interactions from a complex mixture of proteins in
a quasi-three-dimensional format with a potentially higher
measurement response.

To increase the performance of the nanoplasmonic sensing
platform based on the nanohole format, Cetin et al. recently
developed nanohole arrays on a SizN,—glass hybrid substrate.>**
By having Si;N, as a high refractive index interlayer between the
nanohole array and glass, the plasmonic resonances become
more well-defined and easy to track. Indeed, using the high
refractive index substrate led to higher RI sensitivity and
contributed a useful design strategy for periodic nanoholes in
general. Specifically, the inclusion of this layer minimized
interfering plasmonic modes, which is a common challenge
when using typical low refractive index, transparent materials
in conventional nanohole platform designs as discussed above.
They utilized it to study the IgG-A/G protein-protein interac-
tions and demonstrated real-time monitoring of the binding
interactions at sub 1 ng mL ™" levels. In another approach,
Lindquist et al. designed Bragg mirrors surrounding isolated
nanohole arrays to reduce signal interference and cross-talk,
and demonstrated, through real-time interactions between
biotin and streptavidin, that the response sensitivity is main-
tained even when the size of the arrays is varied.”®* The interior
of the nanoholes can also be decorated with nanoparticles. This
format was utilized by Zhang et al. to observe the binding
of olfactory binding proteins (OBP) to B-ionone in a high-
throughput manner.?®" They observed synergistic LSPR effects
between the periodic array structure and nanoparticles deposited
within the nanoholes, resulting in a bulk sensitivity of ~10* nm
wavelength shift per refractive index unit change. With respect to
sensor miniaturization, identifying optimal ways to utilize simple
and reliable instrumentation is another important consideration
alongside designing systems with excellent detection capabilities.
Along this line, Escobedo et al. reported the use of a dual color
LED light source illuminating a nanohole array structure.”®® The
responses from the two sources move in opposite directions
during the detection of a protein binding event resulting in the
elimination of drift and bulk scattering effects.

3.4. Biological applications

Another emerging application of protein binding on nano-
structure arrays is the spatial and temporal mapping of protein
secretion from cells. Conventional methods use fluorescent
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Fig. 6 (a) lllustration of an antibody-secreting cell in registry with two nanoplasmonic arrays. The chip is loaded onto an inverted microscope and the

fact that the majority of the substrate is transparent glass allows for live cell imaging using transmitted light and fluorescence microscopy in parallel with
the LSPR-based imaging technique used to measure the secretions. (b) Overlay of LSPR and transmitted light images with the cell visible next to Array A as
a result of the transmitted light illumination, whereas the nanoplasmonic arrays are illuminated in LSPR mode. (c) Real-time variations in normalized LSPR
image intensity of Arrays A—D. Reprinted from ref. 273. Copyright 2013, with permission from Elsevier. (d) Schematic representation of plasmonic core—
shell nanoparticles on a sensor chip fabricated by annealing low-aspect-ratio truncated Au nanocones into faceted sphere-like particles and by
subsequently coating them with a thin SiO, layer. Each of the core—shell hanoparticles serves two functions; as a nanoplasmonic sensing element and a
mimic of dielectric engineered nanomaterials in bulk solution. (e) Real-time responses during the adsorption of BSA to the core—shell nanoparticles of
different size and subsequent buffer rinse. The average response and standard deviation are indicated after 20, 40, 60, and 80 min. Each experiment was
repeated three times. (f) Schematic of BSA adsorbed to flat and curved regions of the nanoparticle surfaces. Reprinted (adapted) with permission from

ref. 276. Copyright 2016 American Chemical Society.

and colorimetric probes with time resolution ranging from
several hours to days, hampering investigations on shorter
time scales. Raphael et al. demonstrated the label-free, real-
time mapping of antibody secretions from single hybridoma
cells®”® using a methodology they earlier developed'®’ (Fig. 6a—c).
In brief, secreted anti-c-myc antibodies are detected when they
bind to c-myc peptides conjugated to plasmonic gold nano-
structures. This method enabled the determination of fractional
occupancy of binding sites as a function of time based upon
LSPR kinetic measurements from an array of nanostructures.
These measurements were performed based on the principle that
the plasmon resonance of a metallic nanostructure exhibits both
a redshift and an increase in scattering intensity when an analyte
binds to the surface. When imaged on a charge-coupled device (CCD)
camera, these signatures appear as an increase in brightness—
therefore, the higher the fractional occupancy, the brighter the
image. Changes in image brightness allowed protein secretions to
be measured in real-time with a recording frequency limited only
by the exposure time of the camera (typically 250-400 ms).

3634 | Chem. Soc. Rev., 2017, 46, 3615-3660

Beyond their significance for important biotechnology and
clinical applications, proteins have also served as a useful
model system to validate the measurement capabilities of
nanoplasmonic sensors before extending to more complex
systems involving larger biomacromolecules and self-assembled
aggregates. Very recently, Frost et al. reported an experimental
LSPR study of protein corona formation on a sensor chip
surface®”® (Fig. 6d—f). This work was achieved by preparing gold
core-silica shell nanoparticles of different sizes on a fused silica
substrate. The approach enabled the in situ monitoring of both
corona formation as well as possible changes in the adsorbate
properties upon incubation in biological
Compared to studying corona formation in the liquid phase
(i.e., in suspension), the LSPR approach allowed measurements
to be conducted under controlled flow conditions. An important
implication is the convenience and efficiency for nanoparticle
surface modification. Unlike in solution, the nanoparticles do not
have to be subjected to a purification step post-modification,
which can itself affect the corona formation process. In turn,

environments.
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these advantages allowed Frost et al. to discover the importance
of facet-to-edge ratios in corona formation on nanoparticles of
different sizes as well as the effectiveness of silanization in
preventing BSA adsorption. This approach has also been extended
to comparing the adsorption kinetics of BSA and IgG as well as
protein adsorption in more complex biological fluids.””” It was
found that the initial rate of IgG adsorption increased with larger
nanostructure size (greater flat/curved area ratio), whereas this
size-dependent effect was not observed with BSA. Xiong et al. have
also shown that, with decreasing nanohole diameter, the sensi-
tivity to Neutravidin binding within the nanohole became greater
even though the bulk refractive index sensitivity was unaffected by
the nanohole diameter.”*’

3.5. Multiplex capabilities

With regards to the use of nanoholes, a comparison between
flow-through and flow-over configurations was performed by
Escobedo et al.?** They found that the flow-through nanohole
format significantly increased the flux of analytes to the sensing
surface. This leads to flow-through nanohole arrays offering
around 10-fold improvement in response time for conventional
types of binding kinetics and analytes. In a follow-up work,
flow-through nanohole arrays were subjected to an applied
electric field in order to actively concentrate analytes prior to
sensing.”** This is achieved through a combination of electric
field gradient focusing (EFGF) as well as a bulk pressure-driven
flow bias. They used this scheme to detect the binding of
bovine serum albumin (BSA) on the sensing surface and found
that the time to reach equilibrium is 10 times faster compared
to a control experiment (i.e., without applied potential).
In addition, the magnitude of the plasmonic peak shift also
increased by 5-fold. The detection of protein binding inside the
nanoholes was also explored by Ferreira et al, in which
attomolar sensitivity was achieved.>”*

Recent efforts have also been aimed at developing multi-
channel arrays with integrated microfluidics capable of high-
throughput and multiplex sensing,'¢23¢:275289,301-304 The fact
that nanoplasmonic transducers can be easily fabricated or
deposited on glass or polymeric substrates implies that they
can be conveniently adapted in currently established auto-
mated imaging platforms such as the plate reader. For example,
He et al. demonstrated the integration of the nanoplasmonic
sensing platform with microfluidics by adhering PDMS over
nanostructures on glass and also fabricated a customized
wall-less 96-well plate that is compatible with a conventional
plate reader.”®® The platform was capable of simultaneously
detecting a variety of proteins. Taking a step further, Couture
et al. recently developed a multiplex plasmonic sensing platform
for protein detection and drug screening, which consists of a
custom 96-well plate with periodic nanohole arrays as well as a
custom plate reader designed to analyze the nanohole arrays at
high incident angles for increased sensitivity”*® (Fig. 7). Such
capabilities are relevant both for pharmaceutical as well as
diagnostic applications, specifically for the development of min-
iaturized biosensor platforms capable of point-of-care detection.
A relevant example of the latter within the context of this review
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Fig. 7 (a) Design of the custom multiwell plate. From top to bottom:
plexiglass slide, top aluminum part, PDMS spacer, sensors, and bottom
aluminum part. (b) SEM image of the nanohole arrays. (c) Schematic of the
multiwell plate reader. (d) Excitation of the multiwell plate in transmission
with an incident angle of 50°. Reprinted (adapted) with permission from
ref. 229. Copyright 2016 American Chemical Society.

is the work by Cappi et al., which addresses end-point detection,
biointerfacial kinetic analysis as well as instrumentation
miniaturization.>®> They developed a palm-sized transmission
LSPR platform for the detection of the antibiotic tobramycin
from serum using aptamer-functionalized gold nanoislands on a
glass substrate. Besides obtaining the concentration dependent
response, they also demonstrated the real-time monitoring of
the association and dissociation of tobramycin recognized by
the aptamer. Collectively, the findings point to continually
advancing progress in the use of nanoplasmonic sensors for
protein binding studies across both LSPR- and EOT-based
measurement schemes.

4. Lipid membrane studies

Table 3 presents an overview of nanoplasmonic sensor studies
that involve lipid membranes, including vesicle adsorption and
rupture leading to supported lipid bilayer (SLB) formation as
well as vesicle adsorption without rupture. Collectively, these
studies highlight the capabilities of nanoplasmonic sensors to
probe the dynamics of soft matter adsorbates.

4.1. Supported lipid bilayer formation

Aside from protein studies, another popular subject involves
studying the formation of lipid membrane coatings on nano-
structures. The design of supported lipid membrane platforms
on nanoplasmonic sensors requires a delicate approach due to
the geometrical and material properties of the sensing platform.
The most common way to fabricate supported membrane platforms
is the adsorption and spontaneous rupture of lipid vesicles after
reaching a critical surface coverage.*® Typically, lipid vesicles
adsorb but do not rupture on noble metal surfaces and also
require a critical coverage of adsorbed vesicles.*** In the earliest

Chem. Soc. Rev., 2017, 46, 3615-3660 | 3635


http://dx.doi.org/10.1039/c6cs00494f

View Article Online

Chem Soc Rev

Review Article

‘[9AS] WIU T NS 3Y3 0} UMOP PIZLIIOBIRYD 3] UBD JeIISqns

1€ pue 12e[1q Usam)aq 2oUeISIp UoeIedas oy} UI SUOIIBIIBA  SSB[3 UO YSIPOUBU NY Pajeod-cQIs a1mydnui a[o1saA snoauejuods pia UOLIEULIO) TS 4TS 03 J[OISIA
*sa[o1s9A pidif Jo
9SBD 9y} UI UONBWIOJIP SUIPN[OUT ‘UOTIBZI[IqBISIP SUBIqUIIUT sse[d uo sIp UOIBWIOJIP [OISIA
0ze pue saueiquiaw pidip payroddns 03 Surpuiq [ paAIasqO -OUBU Ny Pajeod-CQLL pue QIS poonpur-(11) pinbiy oruor pue uondiospe [o1sdA JoeIUT S9[OIS9A JoBIUT
*90BJINS YIOOWS UO UBY) IOMO[S Ing ‘d[qIsedy ST safonted sse[3 uo
61¢ -OUBU NY P3je0d-1edI[IS JO I9AL[OUOW UO UOIBULIO} gTS saontedoueu Ny pajeod-a3edIIs armydnui 9[o1saA snosuejuods pia UOTIEULIO} TS SI[OISaA JoBIUT
*s9[o1s94A 30BIUT JO Uondiospe urnp UOHBWIOP
8TE J[OISAA PUE SID9J9 d119)S Uaamiaq uonnadwod jo uondidsag  ssefd uo YSIpoueu ny pajeod-cOLL, uondiospe 3[o1504 108IUT SI[OISAA J0BIUT
"UOTIBWLIOY
4TS pue armydni 9[o1s9A 3ulInp Y[ng 03 193em punoq jo UOneWIo] q71S 01
LT€ 9sed[a1 939[dWI0d pue UONBWIOY g'TS 10§ SI[BIS W) JUSIIPIJ  SSB[3 U0 YSIPOURU NY Payeod-COLL g1S poonpur-apndad Hy pue uondiospe 9[dIS9A J0BIUT  SI[OISIA B SI[DISIA JOBIUT
‘saporsaa pidif
aseyd-[o3 jou Inq ‘sapoisaa pidi] aseyd-pinfj 10§ uonIBWIOOP ayess aseyd aueIquIaW JO ddUAN[FUI ‘DInssaid drowso
91¢ 901594 sasearour aInssaid opowso aanIsod 19381  SSEL3 UO MSIPOUBU NY PIje0d-CQLL dursearour Jo aouasaid ay ur uondiospe J[d1SaA JoeIU] S9[OISaA JoeIU]
*9PIXO WINIUR)} PUB IPIXO UODI[IS YI0q UO SI[OISIA sse[d uo sip suoned
GTE PIGIOSPE JO UONBWIOIP Pasea1dul aowolid Suoned Judrealq -OUBU Ny Pajeod-?QLL Pue -“QIS JudeAIp Jo dduasaid ay) ur uondiospe ad1SIA JoeIUT S9[OISaA JoeIU]
*9PIXO WINTUEBII) SNS.Ld IPIXO UODI[IS UO UOIIBULIOJOP sse[3 uo sIp
$IE 9[DISIA JO JUIIXD A} JO JUSWAINSEIW dANRIIUBNY) -OUBU Ny Pajeod-CQLL pue QIS SajenIsqNs JUaIdPIp uo uondiospe 9[dIsaA 10vIUL S9d1SaA JoeIU]
*S9[OISOA PAQIOSPE JO UOIBULIOJDP UO 303§ d[qL3I[3au ayess aseyd sueiquiow
€1¢ aAey 10 1opury ‘ajowoid Aewr ainyeradura) Surseardu]  SSe[S UO SIPOUBU NY Pajeod-cOlLL juapuadap-arnyeradwa) ‘uondiospe ad1SaA JoeIUL SI[OISaA J0BIUT
*sowIrdal1 23e19400 JuaIayIp ur uondiospe
€8T 9[JISIA UO IZIS J[OIS9A PUB UONBNUOUO0D PIdI[ JO dUIN[JUI  SSB[3 UO NSIPOUBU NY Pajeod-tOlLL, uondiospe 3[o1s04 10€IUT SI[OISAA J0BIUT
armydni a[orsaa
‘uone[NWNIOE ssew pidi[ JO UOIIBIO] PUE dINID) sse[3 uo YsIpoueu paonput-apndad Hy pue ainydni 9[o1s9a snoauejuods q71S 01
483 -IYDT8 QUBIqUIAW AQ PIOUIN[FUI I8 SIUSWDINSBIW YdST ny pajeod-¢QLL pue -°QIs ‘oreqg D14 UOBWLIO} 1S pue UondIOoSpe J[OIS9A JOBIUT  SIIISIA R SI[OISIA 10BIUT
*AIIADISUS 90BJINS UO $399§39 SUIpn[oul ‘SaInjoninsoueu 3uneod
0€T durpnnoid pue pappaquid YIim uoneuwoy gTs paredwion OIS YIm YSIPOURU NY pappaquig armydnui 9[o1saA snoauejuods pia UOTIRULIO} TS 4TS 03 SI[OISIA
“gurpurq urayoxd
3O 3upoen YJST 21LI[I0r] JeY) SAINIONIISOURU PIppaquIa 3uneod ?o1s yum Axoda
€T 3 saoeyIns edlfrs Jeyy Ajresryderdodoy uo sgr1s wiioy ue) [edndo ur qSIpouBU Ny pappaquuiy armydnui 9[o1saA snoasuejuods via UOTIRULIO} TS 4TS 03 SI[OISIA
‘Ke1re
ySIpoueu uo 21n3dni J[JISIA JO 319SUO Y3 YIIM PIIeIOSSE
IT€  SITeudIs ¥dST oY} ul uonerrea [exodwal ay) Ul Jup| arnjeudIS  SSe[3 U0 MSIPOUBU Ny PAL0d-°QOlS armydnui 9[o1saA snoauejuods via UOTIRULIO} TS 4TS 03 SI[OISIA
“[UR] UoneIa[adoe ay) 03 dIYSUOne[aI pue SI[IISIA
0TE PaqIospe Jo 93810400 90BJINS [EONLID AY) JO UONBUIWINDG WY NV Ul d[0YoUueU PAL0d-OIS armydnui 9[o1saa snoauejuods via UOTIRULIO} TS 4TS 03 SI[OISIA
‘Teudis YdST 9y} ur uonerrea reiodws) a3 jo wyy 3y
60¢ odeys onsLaloBIEYD B YSNOIY) 9[qeI09)9p sodueyod [BINIONIIS  pUB NV Ul 9[0YOURU PIJe0d-CQIS a1mydnui a[o1saA snoauejuods pia UOLIEWLIO) TS 4TS 03 SI[OISIA
wilj 9PLIIU UODI[IS 2IMPNIISOURU PIJL0d UIPIARIdaIS-S3[D1SaA PajejAunoIq
80¢ *SO[OIS9A 10BIUT PAYDEIIE JNOCE UOIIBULIOJUI [BUOIISO ul SIIUIWOURU NY PIPPIquIH U29M)9(q UOTIOBIAIUI D1 SI[IISIA [UIS JO UOTIBZI[BI0T S9[01Sa4A JoeUl ‘O3Uls
*9[OYOUBU JO W0330( J& UONBWLIO} IS WO} Uey) apIxo duipuiq puens vNd Areyuswa[dwod
£0€ O[OYOUBU dPISUI JUIWIYILIIE J[IISIA J[3UIS WOIJ [BUIIS JoMOT UODI[IS UO W[IJ NV Ul J[OYOUBN I SI[IISIA PAI9Y32) S[3UIS JO UONBZI[IOWWIT dATIOI[IS-IIIS S9[01SaA JorUl ‘D3UlS
"UOTIB[NWNIOE SSBW apIxo 1S 03
90¢ pidi] 03 asuodsal 2AISUSS JSOW sap1aoid S[OYOURU JO WONOg UODI[IS UO W[ Ny Ul I[0OYOUEBN uonippe 8D 4q uonewioj g1s pue Suidder S]oIs9A  SIOISIA B SAOISIA JOBIUL
‘Jou ursuas oruowse[doueu woiy syydisur Aoy wiojye[d 19onpsueI) dIUOWSE[d JU2A9 [BIOBJISIUIOIG 2In3dNNS

sueiquiow prdry

uonedliqe) suelquuaw pidi] YIm pajeidosse SUoieulIosuel} 1ednidniys Bulioyuow Jo) SIoSuUas dluowse|jdoueu paseq-adepns SAJ0AUL Jey3 SHIom paybnybiH ¢ aqel

"INV £2:TE:6 6T0Z/8T /¥ Uo Aisiealun featbojouyos | BuedueN Ag pepeojumoq “2TOZ |14dy 90 UO paus!iand

This journal is © The Royal Society of Chemistry 2017

3636 | Chem. Soc. Rev., 2017, 46, 3615-3660


http://dx.doi.org/10.1039/c6cs00494f

Published on 06 April 2017. Downloaded by Nanyang Technological University on 4/18/2019 9:31:23 AM.

Chem Soc Rev

View Article Online

Review Article

'Si02 - Si02
8 a
NAAquioz
- 130 Si0,
=
x 4 vesicle
» d H
o g
< X
w 2 NAAu 5 \,,
(:H2 ‘ DNA /

0 CH, ¢ )

0 20 40; (min)B0 80 100 . A sia
Bufeamsaxediu Auf JA i s,

Si02 -
S r—
e —

4
"é 3 | . 0.03 - -
x : r=
22 E "0
< 15bp sSDNA -
w 4 ! L ]

‘ 5 ; 0 2 4 & 8 10
O~ wleinlriaini it e : 200 400 600
0 40 50 time/min

Fig. 8

(a) Temporal variation in extinction measured at the longer wavelength inflection point (725 nm) of the LSPR peak upon addition of NeutrAvidin, (NA,

0.3 uM). In both cases, Au is modified with biotin—BSA. In one case, biotin-modified SPB patches cover the SiO, regions (NAAU+5i02), while in the other, bare SPB
patches cover the SiO, regions (NAa,). After SPB formation, EDTA (10 mM) was added to remove Ca®* prior to subsequent addition steps. (b) Addition of cholera
toxin (CT, 0.5 uM) to GM1-modified (5 wt%) SPBs. The inset shows a magnification of changes in extinction versus time upon addition of a 15-base long
noncomplementary (0.2 uM, blue) and a fully complementary strand (0.2 uM, red) to SPB patches modified with a DNA construct carrying two cholesterol
moieties at its one end and a 15-base-long single strand available for hybridization at the other. Reprinted (adapted) with permission from ref. 306. Copyright
2005 American Chemical Society. (c—e) LSPR data of DNA-hybridization mediated vesicle binding to nanoholes. (c) Schematic of a vesicle bound inside a
nanohole. (d) Thiol-PEG specifically makes Au inert to vesicle binding while lipid bilayer patches can be formed (using smaller vesicles) on the bottom of the
nanoholes. Cholesterol-modified DNA sequences were then used to bind vesicles to bilayers inside holes through hybridization. (e) LSPR response (peak shift)
when DNA-modified vesicles (400 pg mL™%, ~100 nm diameter) were added to a functionalized nanohole surface. In red is shown the response for vesicles with
noncomplementary DNA, added at t = 3 min, followed by rinsing at t = 8 min. Response from ~100 nm vesicles with complementary DNA (just introduced at

t = 0) is shown in blue. Reprinted (adapted) with permission from ref. 307. Copyright 2008 Wiley-VCH.

report of its kind, Dahlin et al. demonstrated the formation of
supported lipid bilayers within nanoholes in a thin gold film on a
glass substrate®*® (Fig. 8a and b). As part of the design strategy,
the lipid vesicles were directed to adsorb inside the nanoholes by
first blocking the gold surfaces with BSA protein while leaving
exposed the silicon oxide surface. One challenge with the nano-
hole design was that only one vesicle could reside inside the hole,
thereby restricting the possibility for vesicle-vesicle interactions
to trigger vesicle rupture. To overcome this challenge, the team
added Ca®" ions as a fusogenic agent to promote vesicle rupture
and bilayer formation. Several successful examples of macro-
molecular binding, including proteins and nucleic acids, to
functionalized variants of the supported lipid bilayer were
demonstrated.

Going one step further to demonstrate site-selective immo-
bilization of single, tethered vesicles inside the nanoholes,
Dahlin et al. employed a thiol-functionalized polymer in order
to coat the gold surface and strictly block vesicle adsorption
outside the nanoholes®” (Fig. 8c-e). In this case, a DNA-

This journal is © The Royal Society of Chemistry 2017

functionalized supported lipid bilayer was formed on the
silicon oxide substrate at the bottom of the nanohole. Then,
lipid vesicles functionalized with complementary DNA strands
were tethered to the supported lipid bilayer through passive
adsorption and complementary DNA strand binding. This
platform established the successful immobilization of intact,
single lipid vesicles inside nanoholes, thereby demonstrating
that either supported lipid bilayers or intact vesicles can be
controllably formed inside nanoholes. Kumar et al. have also
introduced dual-mode plasmonic sensing arrays for lipid mem-
branes by embedding asymmetric gold nanomenhirs within a
silicon nitride matrix.>°® The asymmetric structure gave rise to
multiple plasmon modes and each one amplified the evanescent
electromagnetic field in different regions of the nanomenhir
structure, with one mode sensitive to the bottom and walls of
the nanocavity and the other mode sensitive to the top and center
of the nanocavity. As a result, the platform was able to localize the
attachment of biotinylated vesicles to the tip of the streptavidin-
coated nanomenhir. Positional sensing was demonstrated by a
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large redshift in the excitation peak at the tip compared to a small
blueshift at the base.

In order to overcome the challenges of working with lipid
vesicles on noble metal surfaces, there has also been extensive
effort to fabricate thin, conformal layers of silicon oxide on top
of the nanoplasmonic sensing substrates as described above.
Silicon oxide is typically chosen because it promotes sponta-
neous rupture of adsorbed vesicles. Using a shallow nanohole
configuration fabricated from gold or silver thin films, Jonsson
et al. demonstrated the successful formation of a supported
lipid bilayer across the entire silicon oxide-coated nanoplasmonic
substrate in both cases.’® A very interesting aspect of their work
was a notable acceleration in the rate of change of the peak shift
increase which was tracked in real-time during the vesicle adsorp-
tion process. Considering that the rate of vesicle adsorption is
limited by bulk diffusion, the authors attributed the observed rate
acceleration to vesicle rupture whereby the average net mass of
adsorbed lipids moved nearer to the sensor surface which has a
higher sensitivity. This result was the first demonstration of a
nanoplasmonic sensor detecting a structural transformation in
a macromolecular assembly. In a follow-up study, Jonsson et al.
developed an integrated system for simultaneous nanoplasmonic
and QCM-D measurements.*'® This combined platform identified
that vesicle rupture simultaneously occurs inside the nanoholes
and on the planar surface between the nanoholes, and also
enabled measurement of the critical surface coverage of adsorbed
vesicles. These findings were uniquely observed with the nano-
plasmonic sensor on account of its high surface sensitivity.

Similar approaches involving conformal layers of silicon
oxide have also been devised for tracking vesicle adsorption and
rupture on gold nanodisks. Using hole-mask colloidal litho-
graphy, Larsson et al. fabricated an array of well-separated
deposited gold nanodisks on a glass substrate, followed by
coating with a thin silicon oxide layer.** Vesicle adsorption
could be tracked in real-time and an acceleration in the rate of
the LSPR signal increase was observed during vesicle rupture,
indicating vesicle rupture and bilayer formation. While most
nanoplasmonic sensor substrates have complex surface topo-
graphies, Jose et al. creatively developed topographically flat
substrates based on embedded nanoplasmonic transducers.***
This nanoplasmonic sensing platform was achieved by using a
template-stripping technique whereby metallic nanodisks are
embedded in an optical epoxy layer, which is ultimately coated
with a thin silicon oxide layer by atomic layer deposition.
A supported lipid bilayer was formed on the topographically
flat substrate and the formation process was tracked by
changes in the LSPR peak shift signal. Comparison of bilayer
formation on silica-coated surfaces with embedded versus
protruding gold nanodisks has also been recently reported
and the results showed larger measurement responses asso-
ciated with bilayer formation in the case of protruding
nanostructures.”*® The difference was attributed to the lower
sensing volume afforded when the nanostructures are
embedded. Based on the aforementioned collection of studies,
there are extensive capabilities available to fabricate supported
lipid membranes on nanoplasmonic substrates. However, to

3638 | Chem. Soc. Rev., 2017, 46, 3615-3660

View Article Online

Chem Soc Rev

date, application of these measurement platforms for func-
tional studies on lipid membranes has remained largely limited
beyond protein binding studies. Nevertheless, there is excellent
potential for utilizing nanoplasmonic sensors to study
membrane-related processes occurring at interfaces, in part
due to the highly surface-sensitive measurement techniques
that offer superior analytical capabilities over competitor tech-
nologies. Towards this goal, our group and others have recently
conducted several studies that show the potential of nanoplas-
monic sensors for lipid membrane studies in a variety of
contexts as described in the rest of this section.

4.2. Probing vesicle deformation

As explained above, most lipid membrane-related studies have
entailed fabricating silicon oxide-coated nanoplasmonic sub-
strates in order to form supported lipid bilayers. While this
approach is perfectly suited to form high-quality lipid mem-
branes for biosensing applications, there are also additional
possibilities to utilize the materials science of nanoplasmonic
sensors to fabricate other types of lipid membrane platforms.
Goh et al. investigated the adsorption of lipid vesicles onto
noninteracting, bare gold nanodisks on a glass substrate as well
as equivalent platforms coated with conformal layers of silicon
oxide or titanium oxide.*'? While silicon oxide promotes vesicle
adsorption and rupture, titanium oxide and gold typically promote
vesicle adsorption without subsequent rupture, instead leading
to the formation of an adsorbed, intact vesicle layer.*** Taking
advantage of these possibilities, it was demonstrated that the
materials-selective chemistry of lipid vesicle adsorption onto solid
supports can be exploited to form either supported lipid bilayers or
adsorbed vesicles on the nanoplasmonic substrates. Interestingly,
a heterogeneous lipid membrane architecture could be achieved
on the bare nanodisk substrate. It was comprised of single lipid
vesicles on top of the gold nanodisks, which were surrounded by a
supported lipid bilayer on the glass substrate. This unique archi-
tecture was confirmed by adding to a membrane-active AH peptide
to induce vesicle rupture, whereas a negligible response was
observed when the same peptide was added to a supported lipid
bilayer. Another important development stemming from this work
was the first detailed analysis of the rupture kinetics by analyzing
the time derivative of the LSPR peak shift, which provided deeper
insight into the two-stage process observed for bilayer formation as
well as opened the door to quantitative studies of vesicle adsorp-
tion. The study also provided a useful comparison to see how
the measurement responses, namely the A4, shifts associated
with vesicle adsorption and bilayer formation, depended on the
presence of a dielectric coating as well as the material composition
of this coating. A clear dependence on the material properties of
the coating were observed with respect to the LSPR measurement
responses and correlated well with the bulk refractive index
sensitivities of the different sensing platforms ranging from
around 80-200 nm per RIU.

Following this line, Jackman et al. investigated the adsorp-
tion of lipid vesicles onto a titanium oxide-coated gold nano-
disk array and the nanodisks had similar dimensions in this

case."®® One key motivation of this work was to study the role of
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vesicle shape deformation in the adsorption process because
LSPR is more highly surface-sensitive than other measurement
techniques which are commonly used to study vesicle adsorp-
tion (e.g., QCM-D and SPR). The effects of vesicle size and lipid
concentration on the adsorption kinetics were experimentally
scrutinized. Importantly, an extended theoretical treatment
describing how vesicle adsorption is expected to affect the LSPR
signal was also developed in order to derive scaling laws.
Comparison of the observed experimental results with the
theoretical predictions yielded new information about the
vesicle adsorption process, including evidence for a multiple-
stage process whereby the extent of vesicle deformation increased
with greater vesicle size and at higher concentrations. Overall, the
study demonstrated the utility of LSPR biosensing measurements
for soft matter adsorption studies at solid-liquid interfaces.
Oh et al further extended the measurement capabilities of
LSPR biosensing to study vesicle deformation on titanium
oxide-coated gold nanodisk arrays in the context of temperature-
dependent membrane phase transformations.** While LSPR
biosensing at solid-liquid interfaces has been sparsely applied
to temperature-dependent studies,* there is a particularly useful
benefit for adsorption studies being that the LSPR signal exhibits
high temperature stability and is only sensitive to the well-
established, temperature-dependent change in the refractive
index of the solution. Depending on the particular lipid com-
position and corresponding membrane phase state at different
temperatures, it was discovered that increasing temperature
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can promote, hinder, or have negligible effect on the deforma-
tion of adsorbed vesicles. Another important contribution of
this work was that general equations were developed in order to
explain the effect of vesicle deformation on the LSPR signal.
While measuring vesicle deformation on one substrate is
advantageous, another possibility of these LSPR measurement
capabilities emerges to compare the extent of vesicle deforma-
tion on multiple substrates. Indeed, one long-standing ques-
tion in vesicle adsorption studies is clarifying why adsorbed
vesicles rupture on silicon oxide, but remain intact on titanium
oxide when theory predicts the opposite.*** One experimental
challenge has been directly measuring the extent of deforma-
tion of adsorbed vesicles in the course of the vesicle-to-bilayer
structural transformation. To address this problem, Jackman
et al. reported a nanoplasmonic ruler method in order to
compare the deformation of adsorbed vesicles on silicon oxide-
versus titanium oxide-coated gold nanodisk arrays®'* (Fig. 9).
In order to compare the LSPR signals on the two substrates,
the surface sensitivity of each sensor substrate was carefully
considered through experimental measurements of the bulk and
local refractive index sensitivities as well as 3D finite-difference
time-domain (FDTD) simulations. Based on this approach, a
normalization procedure was established to directly compare
measurement responses across different sensing surfaces. It
should be stressed that the fundamental nanodisk geometry
was identical in each case and only the dielectric coating was
varied. Vesicle adsorption experiments were conducted using a

b 0.04
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Fig. 9 Nanoplasmonic ruler to measure lipid vesicle deformation. (a) Comparison of LSPR peak shifts as a function of time upon 0.1 mg mL~* POPC lipid

vesicle addition. (b) Normalized LSPR peak shifts from panel a according to
derivative of the normalized peak shift from panel b. (d) Calculated variation

the experimentally determined bulk Rl sensitivity of each substrate. (c) Time
in contact radius of adsorbed vesicles on silicon oxide versus titanium oxide.

Reproduced (in part) from ref. 314 with permission of The Royal Society of Chemistry.
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single batch of lipid vesicles on the two substrates and the
resulting adsorption kinetics were compared. Because the vesicle
adsorption process was identically conducted on both sub-
strates, the diffusion flux was equivalent in both cases and
any differences in the LSPR signal during the initial vesicle
adsorption stage before rupture commenced were attributed to
varying degrees of vesicle deformation. These measurements
identified that adsorbed vesicles on silicon oxide undergo
greater deformation than adsorbed vesicles on titanium oxide
on account of a greater rate of change in the signal response
during this initial stage, offering the first direct experimental
evidence to support membrane tension-based models of vesicle
rupture. A key element of the sensor design was that the decay
length, l4, was shorter than the length scale of the adsorbed
lipid vesicles, thereby rendering the measurement platform
sensitive to different extents of shape deformation.

Having established methodologies to utilize LSPR biosen-
sing for the purpose of observing vesicle deformation on solid
supports, more sensitive experimental parameters such as
the type of divalent cation have also been investigated in the
context of tracking the kinetics of vesicle adsorption and
rupture. Dacic et al. explored the adsorption of zwitterionic
lipid vesicles onto silicon oxide and titanium oxide-coated gold
nanodisk surfaces in the absence and presence of magnesium,
calcium, and strontium ions.*'®> For this case, QCM-D experi-
ments were performed alongside LSPR experiments in order to
extract information about the viscoelastic properties and effec-
tive thickness of the adsorbed vesicle layers. While the QCM-D
data provided strong initial evidence suggesting that divalent
cations have significant effects on the deformation of adsorbed
vesicles, it was challenging to quantitatively characterize the
relative extent of vesicle deformation. In contrast, quantitative
interpretation of LSPR data can directly infer the relative extent
of vesicle deformation."®**'* The results revealed that divalent
cations increase the deformation of adsorbed vesicles on
silicon oxide and titanium oxide but the effects on both vesicle
deformation and rupture were modest and subtle. Nevertheless,
the high surface-sensitivity of the LSPR measurements provided
the first direct experimental evidence that calcium ions induce the
greatest vesicle deformation, and enabled a quantitative comparison
of the relative deformation of adsorbed vesicles in the presence
of different divalent cations (calcium > magnesium > strontium
in terms of enhanced vesicle deformation). In separate work,
the quantitative profiling of nanoscale vesicle deformation was
validated by comparing LSPR measurements for fluid-phase,
soft vesicles versus gel-phase, rigid vesicles, demonstrating the
utility of this measurement approach for studying soft matter
adsorbates.>'® Under varying osmotic pressure conditions, it
was observed the fluid-phase lipid vesicles exhibited different
extents of deformation based on the measurement responses,
whereas gel-phase lipid vesicles had identical adsorption
kinetics in different osmotic pressure conditions. In addition,
LSPR measurements are capable of detecting more subtle
(~1 nm) variations in the distance between supported lipid
bilayers and underlying silica oxide surfaces.**" Such variations
were probed by varying the membrane composition of supported
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lipid bilayers vis-a-vis electrostatic surface charge, thereby
modulating the bilayer-substrate interaction strength (degree of
electrostatic attraction/repulsion) and corresponding separation
distance. With decreasing separation distance between the
bilayer and sensor surface, the peak shift increased because
the phospholipids in the bilayer membrane were, on average, in
a region of higher field intensity, demonstrating the high
surface sensitivity of the LSPR measurement approach on even
such short length scales. Collectively, all the presented findings
demonstrate that both nanodisks and short-range ordered nanohole
arrays are suitable for detection of structural transformations
associated with vesicle adsorption, deformation, and rupture
on dielectric-coated plasmonic substrates.

Most recently, the combination of LSPR with a conventional
QCM-D instrument was demonstrated in order to track vesicle
adsorption and rupture on titanium oxide-coated gold nano-
disks.>"” In particular, the difference in penetration depths
between the two techniques enabled structural transformations
associated with vesicle rupture to be tracked with high tem-
poral and spatial resolution. The platform was also utilized to
study the size dependency of intact vesicle adsorption on
titanium oxide and found that the maximum vesicle-surface
contact area occurs for intermediate-size vesicles on account of
a competition between vesicle deformation and steric hindrance
during the adsorption process.>'® In another related application,
the interaction of ionic liquids with adsorbed lipid vesicles was
probed using a similar measurement approach (dielectric-coated
gold nanodisk array) and revealed insights into vesicle deformation
and membrane destabilization based on the same measurement
principles.**® In a separate contribution with regard to combining
nanoplasmonic platforms with other techniques to characterize the
process of lipid membrane fabrication, Chen et al. characterized
vesicle-surface interactions by using LSPR combined with SALDI-
MS.*" Instead of using nanodisks or nanoholes, they deposited
gold nanoparticles followed by the formation of an ultrathin silicate
coating on the nanoparticles via the calcination of sodium silicate
and monitored in real-time both intact vesicle adsorption as well as
SLB formation. While surface functionalization is an important
part of nanoplasmonic sensing strategies, especially in the context
of detection applications, the studies in this section highlight the
wide range of research opportunities that are available in the
biointerfacial sciences and do not necessarily require classical
surface functionalization strategies. Rather, a key design concept
behind the aforementioned studies in this section is the capability
to coat nanoplasmonic transducers with thin dielectric layers
in order to study biomacromolecular interaction processes on
different solid supports. Hence, there is a wide range of surface
functionalization strategies that can be employed depending on
the application.

5. Membrane protein studies

Taking advantage of emerging abilities to fabricate supported
lipid membranes on plasmonic nanosensors, one of the most
promising areas has been the integration of lipid membrane

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6cs00494f

Published on 06 April 2017. Downloaded by Nanyang Technological University on 4/18/2019 9:31:23 AM.

Chem Soc Rev

platforms with membrane proteins for functional studies, as
summarized in Table 4. Since membrane-associated proteins
regulate key functions in living cells such as signaling and
transport, an in-depth understanding of a variety of interactions
between proteins and the cell membrane is a high priority. As
described above, one of the earliest examples was demonstrated
by Dahlin et al which investigated the interaction between
biotinylated lipids and Neutravidin. Specifically, they functiona-
lized the SLB with 1% biotinylated lipids and subsequent addition
of 10 pg mL ™' Neutravidin resulted in a shift of ~1 nm, with
a signal-to-noise ratio of 500. Furthermore, by combining the
nanoplasmonic sensing platform with QCM-D measurements,
the setup enabled determination of the effective thickness of the
protein film as well as the optical mass of bound protein.?'%*2°

Nanohole arrays and other nanoplasmonic sensing platforms
have also been utilized extensively by the Oh group in order to
study membrane-protein interactions."**>%%?37326332% 1n one of
their earlier works, they demonstrated the use of surface plasmon
enhanced light transmission (based on the EOT effect) through
periodic nanohole arrays in order to monitor the real-time
binding of streptavidin to biotinylated lipids in supported lipid
bilayers.>*” The addition of 300 nM streptavidin resulted in a
shift of 4 nm as recorded at the transmission dip. Interestingly,
when recording the change in transmitted intensity at a fixed
wavelength, the periodicity of the nanoholes was shown to affect
the measurement response associated with streptavidin binding
kinetics and this was attributed to the slope of the transmission
resonance peak at the chosen wavelength. In the same report,
the authors also introduced a free-standing lipid membrane
nanohole array sensor as a more advanced biomimetic platform
as both sides of the lipid bilayer can be accessed. Indeed, the
configuration is designed so that the lipid membrane spans over
suspended nanopores that are exposed to microfluidic reservoirs
on both the top and bottom sides. From a design perspective,
important advantages of this measurement setup include the
ability for proteins to be introduced from both sides as well as the
ability to insert transmembrane proteins without compromising
their functionality. In continuing work, the team also showed
that the insertion of the transmembrane protein o-hemolysin
(e-HL) in pore-spanning lipid membranes resulted in a redshift
of the minima in the transmission spectrum®*® (Fig. 10a and b).
A further redshift was observed when biotinylated anti-o-HL was
added implying the occurrence of a binding event. Besides using
synthetic lipid bilayers, the Oh group also demonstrated the use
of natural cell membranes in recessed micro- and nanowells in
order to study membrane-protein interactions.**® They developed
myelin and neuronal lipid raft microarrays and used the platform
for detection of ganglioside GM1 via cholera toxin (CTX) binding
and antibody recognition of cell-specific membrane antigens.
They also employed nanohole SPR in order to measure the
association and dissociation rate constants of natural auto-
antibodies O1 and 04 binding to their lipid antigens.*** All of
these works related to the determination of antibody binding
kinetics and affinities motivated the development of a high-
throughput sensing module. This was developed by Lee et al.
through the utilization of large-area (~cm?) metallic nanohole
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arrays as nanohole SPR sensing substrates integrated with
50 parallel microfluidic channels.>®” The ability to quantify
a wide range of biomolecular interactions was demonstrated
by simultaneously measuring the binding of cholera toxin b
sub-unit (CTX-b) to ganglioside GM1 receptors under varying
conditions such as different CTX-b concentrations. Similar
capabilities have also been demonstrated for LSPR measurements
whereby the formation of GM1-containing supported lipid
bilayers on silicon oxide-coated nanodisk arrays, which were
prepared by hole-mask colloidal lithography followed by sol-gel
spin-coating of the oxide layer, enabled quantitative measurements
of the binding affinity of CTX-b to membrane-embedded GM1
receptors.®*

Another approach to elucidate membrane-protein interactions
was developed by Groves and co-workers who utilized membrane-
coated silver nanocubes®**** (Fig. 10c-e). The choice of the
nanocube architecture was important because its edges and
corners show particularly strong electromagnetic field intensities.
In their first demonstration, the silver nanocubes were immobi-
lized onto a glass substrate and modified with an alkanethiol
self-assembled monolayer (SAM).>*" Even after SAM coating, the
nanocubes exhibited a bulk refractive index sensitivity around
165 nm per RIU, which is comparable to bare gold nanodisks
described above in the preceding section. This scheme allowed
phospholipid bilayers to form over the bare glass parts of the
substrate and phospholipid monolayers over the functionalized
nanocubes. Molecular binding/unbinding events were recorded
as shifts in the LSPR peak (Amn.) of the absorbance spectra
originating from the silver nanocubes. They showed that non-
specific binding of BSA yielded a minute shift of 0.03 nm, which
indicated that the nanocubes are fully coated with lipid
membrane for a stable sensing platform that prevents non-
specific adsorption, as expected for lipid bilayer coatings.”®"
Then, by utilizing DOGS-NTA-Ni lipids which bind to a hexa-
histidine tag at the C-terminus of yellow fluorescent protein
(YFP), they demonstrated real-time monitoring of the unbinding
of YFP from a DOGS-NTA-Ni functionalized membrane based on
the LSPR peak shift. Interestingly, the LSPR peak position in these
experiments was fitted by a polynomial function, which enabled
sensor detection down to a 0.02 nm resolution, and the surface
functionalization strategy enabled a very low noise level (high
signal-to-noise ratio) with minimal nonspecific binding events.***
In another conceptually related work, they employed silica-coated
silver nanocubes in the solution phase.***> The nanocubes were
simply added to a vesicle suspension in order to promote
supported lipid bilayer formation on the nanocube surface.
This subsequently allowed the binding of proteins to be
detected via LSPR peak shifts acquired through a standard
laboratory spectrophotometer. This platform was developed
into an assay to determine how membrane composition affects
the lipid binding of Ste5, a prototypical mitogen-activated
protein kinase (MAPK). This was achieved by measuring tem-
poral shifts in the LSPR peak position as well as its dependence
on Ste5 concentration, for membranes with and without
-a-phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,). They obtained
equilibrium dissociation constants (Kp) of 0.49 + 0.33 uM and
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Fig. 10 (a) A free-standing nanopore array chip supporting pore-spanning lipid membrane integrated with microfluidic channels. (b) Transmission

spectra change before (black line) and after the formation of pore spanning lipid membrane (red line), after the formation of a-HL pore on the lipid
membrane (green line), and after the binding of anti-a-HL (blue line). Reproduced (in part) from ref. 326 with permission of The Royal Society of
Chemistry. (c) Schematic of nanocubes with edge length d embedded in the membrane substrate. A supported bilayer exists over glass, while a
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Society.

1.6 £ 0.45 puM for PI(4,5)P,-containing and PI(4,5)P,-free bilayers,
respectively. A similar approach was exploited by Castellana et al.
in order to study the capture of lipophilic drug Ampothericin B
and lipopeptide myristoyl-Lys-Arg-Thr-Leu-Arg by lipid mem-
branes tethered on the surface of gold nanorods.*** In this case,
the longitudinal LSPR peak was used for sensing purposes on
account of its particularly high sensitivity and analyte binding
caused a redshift, as confirmed by mass spectrometry measurements.
Messersmith et al. also used thiol-anchored lipid-coated spherical
gold nanoparticles (AuNPs) to study protein binding via changes
in multiple features of the LSPR spectral signature.'®” The authors
added oleate, phosphotidylcholine (PC) as well as alkanethiols
propanethiol (PT) and decanethiol (DT) to citrate-capped gold
nanoparticles in order to form a hybrid membrane surrounding
the nanoparticles. When C-reactive protein (CRP) was added,
instead of just observing LSPR peak shifts, they observed changes
in three characteristic parameters of the LSPR signal, namely the
FWHM, the resonant wavelength and the optical density, allowing
the binding of CRP to the PC membrane to be quantified in
a more detailed manner. As a result, they could temporally

This journal is © The Royal Society of Chemistry 2017

distinguish the CRP-membrane binding event from the CRP-
induced membrane rearrangement event. This distinction
would be beneficial in terms of gaining insights into
the kinetics of conformational changes associated with
membrane-protein interactions, including towards more
applied research topics. Another important point concerns
the nanoparticle shape. In the study, the SAM-coated sphe-
rical gold nanoparticles had a bulk refractive index sensitiv-
ity around 38 nm per RIU. While this detection sensitivity
was sufficient to achieve the measurement goals, it is
about 5-times lower than the sensitivities reported for
SAM-coated silver nanocubes described in ref. 331, high-
lighting the connection between nanoparticle structure and
sensing possibilities.

6. Exosomes and viruses

Table 5 presents an overview of nanoplasmonic sensor studies
for virus and exosome detection applications, as well as for

Chem. Soc. Rev., 2017, 46, 3615-3660 | 3643
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biophysical investigations of virus binding and antiviral drug
evaluation.

6.1. Detection applications

An emerging topic in nanoplasmonic biosensing applications
is clinical diagnostics, with recent work demonstrating strong
potential in the areas of virus and exosome detection. Virus
infections call for rapid and sensitive diagnostic measures in
order to treat the infection and prevent pandemic outbreaks.**
Likewise, exosomes are small particles secreted in large quan-
tities by cancer cells and carry molecular information about
tumors that can be obtained without the need for invasive
biopsies.**® Conventionally, these kinds of biological specimens
are profiled by molecular biology techniques such as an enzyme-
linked immunosorbent assay (ELISA), which identifies antigens
(e.g., surface proteins) based on antibody binding, or the
polymerase chain reaction (PCR), which detects nucleic acid
fragments. However, such techniques require extensive sample
preparation and processing, and may take several hours to
perform. As an alternative, a label-free nanoplasmonic sensor is
feasible because exosomes and many types of virus particles are
in the range of 50 to 150 nm diameter which is suitable for
detection.

Yanik et al. reported the first nanoplasmonic sensor to
detect virus specimens in biological media.**” The sensor took
advantage of the EOT effect, and was comprised of plasmonic
gold nanoholes which were functionalized with antibodies that
recognize surface proteins of specific virus types. From a fabri-
cation perspective, another interesting aspect of the platform
was that a lift-off free nanofabrication technique®**® combining
positive resist e-beam lithography and direct deposition of
metal coatings was utilized, thereby enabling a narrow FWHM
(15-20 nm) and high FOM (~ 40) for improved sensing perfor-
mance. When a virus attaches to the antibody-functionalized
surface, a wavelength shift in the transmission maximum
was recorded enabling highly sensitive and rapid detection.
The sensor platform was tested for three viruses, vesicular
stomatitis virus, Ebola virus, and vaccinia virus, and yielded
promising results. A three order-of-magnitude dynamic range
over clinically relevant virus concentrations was identified, and
the redshift at high virus concentrations was large enough
(~100 nm) for visual detection. Interestingly, the spectral shifts
recorded for viruses of different sizes was similar, suggesting
that enhanced electromagnetic fields are highly confined to the
surface and only virus material near the surface influences the
sensor response. In biological media, virus detection at low
concentrations was also demonstrated, and the recorded shift
was three-fold higher than a reference sensor. From this proof-
of-concept study, there are two areas of improvement that can
be suggested. First, an incubation time of 90 min was needed
due to the slow diffusion of viruses. In order to improve mass
transport properties in this sensing format, Huang et al. intro-
duced an actively controlled fluidic system with a suspended
nanohole array.>*® This design significantly improves mass
transport of analytes because the flow passes through the
nanoholes, yielding a one to two order-of-magnitude reduction
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in measurement response time. Second, surface passivation of
the nanohole array was achieved by protein blocking, although
some nonspecific adsorption of serum proteins was detected.
This issue could be addressed by employing an optimized
surface passivation strategy, as discussed below.

Motivated by the potential of nanoplasmonic sensors for
virus detection in point-of-care settings, Inci et al. demonstrated
that the approach is suitable for identifying HIV subtypes
in unprocessed blood samples obtained from patients.**’
To establish this system, plasmonic gold nanoparticles were
deposited on a substrate that was pre-coated with poly-r-lysine
(PLL) at an optimal concentration (0.05 mg mL ™" PLL) to yield a
high extinction coefficient that resulted in the highest recorded
amount of gold nanoparticle binding to the PLL-coated surface.
As a result, the deposited nanoparticles achieved a high surface
coverage and were functionalized with Neutravidin before adding a
biotinylated HIV-specific antibody, which recognizes the gp120
envelope protein on the HIV virus surface. When virus specimens
in whole blood were incubated for 1 hour on the sensor surface, a
statistically significant shift in the extinction maximum of the
LSPR signal was measured, as compared to a control blood sample
without virus. Depending on the HIV subtype, a limit of detection
down to 98 £ 39 copies per mL was achieved. A repeatability
parameter of between 56% and 90% was also obtained, which indi-
cates that the sensor performance is accurate and reproducible.

Impressively, quantitative detection of HIV viral load in patient
samples showed a correlation with real-time PCR measurements,
with the added benefits of simpler instruments, minimal processing,
and faster response.**’ In another related report, Lee et al. demon-
strated label-free LSPR detection of HIV-1 virus-like particles (VLPs)
based on tracking the shift in the absorbance maximum.**® The
signal arises from the binding of HIV-1 VLPs to gold nanodots
(i.e., the LSPR sensing component) functionalized with gp120 mono-
clonal antibody fragments, on indium tin oxide (ITO)-coated glass
substrates. A detection limit of around 200 fg mL ™" was achieved
with a dynamic range between 200 fg mL ™' to 125 pg mL . The
latter has a correlation coefficient of 0.990, proving the robustness
of the LSPR platform to produce linear concentration-dependent
responses over several orders of magnitude, even at very low
concentration ranges. A similar label-free LSPR sensing format
relying on antigen binding to immobilized antibodies on depos-
ited gold nanostructures have likewise been earlier exploited for
the detection of avian influenza (AI) virus.>*! In related work,
Yu et al. have also demonstrated the high-sensitivity detection of
adenovirus particles based on the locally amplified electro-
magnetic field afforded by randomly arranged silver nanoislands
in a total internal reflection configuration.**> Altogether, these
studies illustrate the possibilities of nanoplasmonic sensors for
virus detection.

Nanoplasmonic sensors have also demonstrated strong
merit for label-free detection of exosomes. There have been at
least four reports on the subject, including two studies®**®
involving conventional SPR systems based on total internal
reflection and one study*** by Im et al. which employed an
EOT-based periodic nanohole array (Fig. 11). Here, we focus our
discussion on the latter study as there were several particularly
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Fig. 11 (a) A representative schematic of changes in transmission spectra showing exosome detection with the nanoplasmonic exosome
(nPLEX) sensor. The gold surface is pre-functionalized by a layer of polyethylene glycol (PEG), and antibody conjugation and specific exosome
binding were monitored by transmission spectral shifts as measured by nPLEX. (b) SEM indicates specific exosome capture by functionalized
nPLEX. (c) A photograph of nPLEX chip integrated with a multichannel microfluidic cell for independent and parallel analyses. (right)
Transmission intensities of 12 x 3 nanohole arrays were measured simultaneously using the imaging setup. (d) Ascites-derived exosomes
from ovarian cancer and noncancer patients were evaluated by the nPLEX sensor. Cancer exosomes were captured on EpCAM and CD24-
specific sensor sites, which led to intensity changes in the transmitted light. Reprinted by permission from Macmillan Publishers Ltd: ref. 344,

copyright 2014.

impressive components of the work with regards to nano-
plasmonic sensor design. The transmission setup utilized a
miniaturized, high-throughput system, based on measurement
strategies previously established in ref. 236 and 349, for parallel
detection of exosome attachment to various antibodies that
identify specific proteins on the exosome surface. As the exo-
somes were measured to be around 100 nm diameter, the EOT
sensing platform was designed to have nanoholes with 200 nm
diameter and 200 nm height (within gold film on glass sub-
strate) based on simulation studies that indicated the amplified
electromagnetic field intensity in this particular design best
overlapped the exosome size, which is line with discussion
points raised in Section 2.3 about optimal [; values. Furthermore,
the platform’s detection sensitivity was optimized by systematically
adjusting the periodicity to be 450 nm between holes. Spectral
shifts and intensity changes were proportional to the amount
of target protein, and the entire array could be imaged simulta-
neously. The limit of detection was around 3000 exosomes,
demonstrating two orders-of-magnitude improved sensitivity
over ELISA while also requiring lower sample quantities. Impor-
tantly, exosome samples obtained from cancer patients and a
control group could be screened in the multiplexed array and
the levels of two exosome proteins were significantly higher in
the cancer patient samples. Based on this finding, it was
recommended that the two proteins need to be further inves-
tigated as potential biomarkers for ovarian cancer. While
further testing is required to validate the clinical utility of the

3646 | Chem. Soc. Rev., 2017, 46, 3615-3660

nanoplasmonic sensor system, the massively parallel capabilities
lend strong potential to the refinement of these technologies for
next-generation microarrays. Indeed, as recently reported, exosome
capture onto antibody-functionalized glass slides followed by
labeling with antibody-conjugated gold nanospheres and nano-
rods, enabled direct quantification of pancreatic tumor-derived
exosomes from very small (~1 pL) plasma samples.>*® Taken
together, the recent progress in virus and exosome detection
platforms is evidence of how nanofabrication, sensor design,
and clinical motivation can come together to achieve state-of-
the-art advances for clinical diagnostics to detect nanoscale
particulates as well as larger bacteria.**°

6.2. Bioanalytical platforms

Most recently, there have been growing efforts to explore new
applications of nanoplasmonic sensors for virus analysis beyond
detection, using virus-like and virus particles as macromolecular
models to investigate new analysis strategies for nanoplasmonic
sensing. Together with the Oh group, we recently reported the
development of a transmission mode EOT-based plasmonic nano-
hole sensor in order to selectively immobilize single lipid vesicles
and virus-like particles in a periodic configuration that is suitable
for molecular binding and membrane rupture analysis®** (Fig. 12a
and b). In the work, a periodic gold nanohole array with suitable
size dimensions to host virus-like particles was fabricated and
coated with a passivating poly(ethylene glycol) spacing layer on
the top surface between the nanoholes and on the nanohole

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 (a and b) Selective adsorption of virus-like particles into functionalized nanoholes. Nanohole SPR experiments were performed on (a) mPEG-SH-
functionalized nanohole arrays. Spectral shifts as a function of time were recorded for three transmission peaks. The baseline signal corresponds to
aqueous buffer solution. Then, 0.3 mg mL™? virus-like particles were added (denoted by arrow) and the particle rupture process was tracked. (b) SEM
image obtained at 40000x magnification demonstrate that single virus-like particles adsorbed into individual nanoholes on the mPEG-SH-
functionalized nanohole array. Arrows indicate the three cases: (i) no particle in the nanohole; (i) one particle partially inside the nanohole; and
(iii) one particle predominately inside the nanohole. Aside from the nanohole positions, nonspecific adsorption of virus-like particles was not observed on
the mPEG-SH-functionalized gold surface. Reprinted (adapted) with permission from ref. 343. Copyright 2016 Wiley-VCH. (c and d) VLP binding to
nanowells and the influence from surface diffusivity and multivalency. (c) Kinetics (dip and peak) of different concentrations of virus capsids binding to a
membrane with glycosphingolipids following the contour of silica coated nanowells. The VLPs are introduced by an injection and binding monitored with
stagnant solution. (d) Scatter plots of peak and dip shifts for binding of avidin-coated particles, avidin and VLPs (40 ug mL™%). (e) lllustrations of the
measured interactions using silica-coated nanowells. Reproduced (in part) with permission from ref. 177 with permission from The Royal Society of
Chemistry.

sidewalls, but not on the bottom surface of the nanoholes. particles only inside the nanoholes. One key advantage of this
As such, this passivation scheme enabled the passive and approach is that it permits analysis of lipid vesicles and virus
selective immobilization of cholesterol-enriched model virus particles in isolation, bypassing potential measurement artifacts
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arising from crowded populations where membrane-membrane
fusion events can occur. At the same time, the nanoplasmonic
sensing platform is label-free unlike other related single-particle
approaches and does not require specific attachment chemistries
for immobilizing vesicles or viruses on the surface. Due to the
combination of these benefits, the single-particle approach
proved advantageous for evaluating the performance of a
membrane-active antiviral peptide that ruptures enveloped
viruses.*” When the peptide interacted with individual model
virus particles, a clear rupture signature was detected based on
a negative peak shift corresponding to the loss of lipid mass
from the sensor surface. As previously mentioned, kinetic
analysis in EOT-based measurements is challenging due to
the complex spectral features and different transmission peaks
and minima which correspond to the Bragg resonance orders at
various interfaces of the nanohole geometry.>'> While changes
in the bulk reflective index arising from exchange of graded
glycerol-water mixtures were most sensitive at the gold-substrate
interface, membrane rupture was most sensitively detected at the
gold-water interface, offering empirical insight into how different
features in the spectral signature can be utilized for measurement
analysis.

Other improvements in measurement analysis for nano-
plasmonic sensing have been reported by the Dahlin group which
studied the binding of norovirus particles to glycosphingolipid
receptors in lipid bilayer-coated nanoholes'”” (Fig. 12¢ and d).
The approximately 100 nm diameter nanoholes were formed
by mask-on-metal colloidal lithography*® in double-layer gold
(30 nm thick) and niobia (Nb,Os; 200 nm thick) films. The
nanohole array exhibited short-range ordering and was coated
with a thin layer of silica in order to facilitate bilayer formation.
Of note, it was remarked that the walls of the nanoholes were not
vertical, but rather had an increasing degree of negative surface
curvature towards the bottom of the hole, which likely aided
formation of contiguous bilayers following the surface contour.
Based on the spectral characteristics of the silica-coated
plasmonic nanoholes in the study, an analytical method was
developed in order to determine if analyte binding occurs on
the top surface of the substrate and/or inside the nanoholes.
Specifically, supported lipid bilayers on the top surface exhibited
a planar geometry while the bilayer coating the nanohole walls
possessed negative membrane curvature. Hence, selective binding
to one region or the other would offer insight into membrane
curvature preferences of macromolecules. The key sensing
element behind this measurement capability is that the plasmonic
nanowells have an asymmetric resonance with one peak and dip in
the extinction spectrum. The peak is more sensitive to binding
events on the top surface, whereas the dip is more sensitive to
binding events inside the nanohole. The ratio of the peak shifts at
the two spectral positions could be compared in order to deter-
mine the relative binding preference for different membrane
curvatures. Using this platform, it was determined that norovirus
particles prefer binding to negative membrane curvature, which
was attributed to multivalent interactions between glycosphingo-
lipid receptors and viral proteins. Overall, these two recent inves-
tigations highlight how geometrical features of nanoplasmonic
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sensor design can be utilized for answering important biological
questions, and the potential of surface functionalization strategies
for conferring selective binding of target macromolecules on the
basis of particle size or molecular interactions.

7. Nucleic acid studies

There is a long and rich history of detecting nucleic acids,
including various types of deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) molecules, with nanoplasmonic sensors,
as extensively reviewed up to 2013 in ref. 352. Most measurement
strategies revolve around hybridization of complementary nucleic
acid strands, and key measurement considerations include
response time, sensitivity, and the capability to detect subtle
discrepancies such as single-base mismatches. While early nano-
plasmonic sensing platforms involved colorimetric responses
caused by hybridization-induced nanoparticle aggregation in bulk
solution, Charrier et al. reported the two-dimensional aggregation
of oligonucleotide-modified gold nanoparticles resulting from
hybridization with complementary single-stranded DNA mole-
cules, as detected by absorbance measurements.>** From the
biointerfacial science perspective, an important design element
of this study was that the nanoparticles were adsorbed onto a
supported lipid bilayer-coated glass beads and hence retained
lateral fluidity. Since then, most surface-based nanoplasmonic
sensing platforms for nucleic acid detection have focused
on measuring changes in the LSPR scattering intensity of
individual, oligonucleotide-modified gold nanoparticles (generally
>40 nm diameter).****® To achieve high sensitivity, dark field
microscopy has often been employed to investigate the plasmonic
responses of individual nanoparticles as well as more complex
events like hybridization-induced dimerization of nano-
particles.>*”%® At the same time, while dark field microscopy
imaging is a promising technique to study nanoplasmonic
phenomena at a very detailed level and has some practical
merits,**® ensemble-averaged nanoplasmonic measurement
capabilities represent a complementary approach with strong
translational potential, and there have been recent advances on
this front, including the design of nanostructures with high
sensitivity and FOM,**° as well as emerging applications that
will be discussed in the rest of this section. While the primary
focus of the following application examples is aimed at LSPR
measurements that are conducted in transmission mode, we
wish to note that certain promising examples of nucleic acids
studied from related measurement approaches (e.g., LSPR
scattering studies by dark field microscopy as well as surface-
enhanced Raman spectroscopy or SERS) are also presented,
including description of surface functionalization strategies
that can be utilized in conjunction with other measurement
strategies. Moreover, to the best of our knowledge, no EOT-
based nanoplasmonic sensing studies have been conducted on
nucleic acid systems. Hence, this section is designed to intro-
duce the latest examples of nucleic acid investigations as well
as motivate future research opportunities aimed at understanding
biointerfacial science aspects of nucleic acids, including confor-
mational changes and nucleic acid origami designs.
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In the presence of monovalent cations, guanine-rich DNA
strands can fold into a four-stranded G-quadruplex structure,
and this transition from an unfolded to folded state is detectable
on the basis of conformational changes in the DNA structure.
Functionally, the folded structure can also bind to nucleolin, and
high levels of this protein are associated with certain types of
cancer; hence G-quadruplexes are also being considered as agents
for cancer therapy. Motivated by these interesting features of
G-quadruplexes, Cao et al. developed a U-shaped metamaterial
sensing platform with a gold coating for transmission measurements,
and the corresponding experiments indicated that there was a
resonance dip corresponding to the electric resonance with a
bulk refractive index sensitivity of 339 nm per RIU, which is
comparable to conventional LSPR biosensors.**® A redshift was
observed upon covalent immobilization of a thiolated guanine-
rich DNA in water and another redshift occurred when the solvent
was exchanged to a potassium-containing buffer solution. Based
on control experiments along with SERS measurements and
circular dichroism spectroscopy experiments, it was verified
that part of the second redshift arose from potassium-triggered
conformational changes in the DNA structure as G-quadruplex
formation, resulting in a local electromagnetic enhancement as
the molecular density of DNA strands became, on average,
closer to the sensor surface. The platform was also able to
measure the binding of a small peptide derived from nucleolin
and the equilibrium disassociation constant of the peptide:
G-quadruplex interaction was determined. Similar capabilities
for probing conformational changes in G-quadruplexes have
been achieved in the presence of different triggers (potassium
ions or hydrogen peroxide) by dark field microscopy for
guanine-rich DNA molecules immobilized via gold-thiol bonding
onto individual, surface-adsorbed gold nanoparticles.*®* In this
case, quadruplex formation again involved potassium-mediated
compaction of the DNA structure, resulting in a redshift as
explained in the previous example. Other recent SERS studies have
investigated G-quadruplexes on nanoporous gold disks for small
molecule sensing (e.g., malachite green analyte;*** in this study,
6-mercaptohexanol was added to the gold nanodisks after DNA
binding in order to block nonspecific adsorption of small mole-
cules in subsequent stages) as well as a breast cancer DNA
biomarker.*®® The importance of the G-quadruplex structure was
supported by additional studies showing that single-stranded and
double-stranded DNA strands have lower sensing performance.***

Recently, Rapisarda et al. conducted LSPR measurements in
transmission mode to study the binding of complementary
DNA strands, including those with a single base mismatch, to
immobilized DNA strands on gold nanodisks that were
attached to a glass substrate.*®® The bulk refractive index
sensitivity of the sensor chip was reported to be 72 nm per
RIU and the corresponding decay length of the electromagnetic
field intensity was estimated to be around 27 nm. Al,a shifts
were recorded and corresponded to around 1 nm shifts for DNA
immobilization and around 0.2-0.6 nm shifts for binding of
complementary DNA strands. Importantly, the adsorption
kinetics of the complementary DNA strand binding were ana-
lyzed in order to determine the hybridization rate constant. The
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rate constant was three-times higher for the perfectly matched
complementary DNA strand as compared to the strand with a
single base mismatch. Hence, even in a measurement configu-
ration with a relatively low measurement sensitivity, the results
demonstrate that the adsorption kinetics of nucleic acid strands
can be quantitatively monitored by the LSPR measurements.

From a biomedical perspective, there has also been interest
in applying nanoplasmonic sensor technologies to study
nucleic acid-drug interactions as well as detecting RNA bio-
markers extracted from biological fluids (Fig. 13). In the first
example, Frolov et al. investigated the interaction between an
antibiotic called neomycin B and an RNA strand mimicking the
ribosomal decoding site to which this particular antibiotic
binds.**® The antibiotic was functionalized with polyethylene
glycol (PEG)-thiol linkers, and the conjugate was then immo-
bilized on gold island films on a glass substrate. The LSPR
measurements were conducted in transmission mode and
demonstrated selective binding of the target RNA molecule
with a Adpax shift around 3 nm. The adsorption kinetics of
different RNA strands binding to the sensing platform were
evaluated in order to understand how RNA structure influences
the binding kinetics and the antibiotic-RNA interaction was
much stronger (as reflected in an order of magnitude higher
binding constant) in the case of the bacterial RNA as compared
to an analogous human RNA construct. This case is particularly
interesting because the recognition element on the sensor
surface was a small-molecule antibiotic and, by utilizing an
appropriate surface functionalization strategy, it was possible
to achieve selective and quantitative detection of the target RNA
molecules, including binding affinity information. In another
series of studies, Joshi et al. developed an LSPR sensing platform
to detect microRNAs (miRs)—a diagnostic and prognostic disease
marker—to detect subfemtomolar concentrations of miRs in
human plasma from cancer patients.**”**® The LSPR measure-
ments were conducted in transmission mode. The platform was
based on thiolated DNA probe molecules (incubated in a 1:1
molar ratio with thiolated PEG molecules to passivate the
sensor surface) that were attached to anisotropically shaped
gold nanoprisms on a glass substrate. With increasing edge
length of the nanoprisms, the limit of miR-10b detection in
human plasma improved from 47.5 to 0.083 fM and this
improvement was attributed to the increase in sensing volume.
Importantly, the sensing platform could precisely quantify miR
concentrations without requiring an extraction step and distin-
guish between patients with certain diseases and normal con-
trols. Hence, there are a wide range of nucleic acid studies that
demonstrate the broad potential of nanoplasmonic sensors for
the biointerfacial sciences, including nucleic acid conformation,
strand hybridization, nucleic acid-drug interactions, and clini-
cally relevant nucleic acid detection applications.

The aforementioned studies reported in this section largely
focus on ensemble-averaged LSPR measurements in transmis-
sion mode and hence embody one of the core focuses of this
review. At the same time, several recent and exciting nano-
plasmonic studies have been reported based on dark field
microscopy experiments on individual nanoparticles (hence,
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Fig. 13 (a) Schematic illustration of antibiotic—RNA binding detection scheme. Part a: self-assembly of antibiotic monolayer on gold island transducers;
part b: RNA recognition; part c: RNA desorption; part d: RNA rebinding. Inset shows a tilted SEM micrograph of a 5 nm (nominal thickness) gold island
transducer. (b) Representative LSPR binding curves for 1 pM RNA binding to antibiotic-functionalized gold transducers. Kinetic data were obtained by
measuring the change in the extinction intensity at a constant wavelength of 560 nm in a micro flow cell. The data correspond to bacterial 16SA-site RNA
(black), mutant bacterial site A-mod RNA (red), G-site RNA (blue), and H. sapiens 18S RNA (gray). Reprinted (adapted) with permission from ref. 366.
Copyright 2013 American Chemical Society. (c) Schematic illustration of the fabrication of mixed -S-PEG6:-SC6-ssDNA-functionalized gold nanoprisms
for LSPR detection of miR-10b RNA from different biological environments. (d) Comparison of concentration-dependent LSPR responses for detection of
miR-10b (red) and miR-10a (blue) RNA. (e) Schematic representation illustrates electron-transport through duplex DNA in LSPR-based sensor which was
fabricated with -SC6-ssDNA-10b:-S-PEG6 in hybridization with miR-10b and miR-10a RNA. Reprinted (adapted) with permission from ref. 368.
Copyright 2015 American Chemical Society.

measuring changes in LSPR scattering intensity) and the scope the thermodynamics of G-quadruplex folding.>*® Indeed, the
of these studies deserves attention with respect to the biointer- progress represented in these studies is a harbinger of what is
facial sciences, including but not limited to detailed studies on  possible for the nanoplasmonic sensor field as a whole and the
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Fig. 14 (a) Schematic illustration of the reconfigurable DNA origami
tripod with gold nanorods. Sets of releasing strands (R) and locking strands
(L) are employed stepwise to change the angle between the DNA arms.
(b) Absorbance spectra of free-DNA-conjugated AuNR (black line), AUNR-
assembled 90-90-90 tripod (red line), and 30-30-30 (blue line) and
60-60-60 (green line) tripods converted from the 90-90-90 tripod with
an absorbance peak shift in comparison to DNA-conjugated AuNR (black
line). (c) Absorbance maxima shifts showing reconfiguration cycling
between the 90-90-90 and the 30-30-30 AuNR-tripods. Reprinted
(adapted) with permission from ref. 370. Copyright 2017 American
Chemical Society.

feasibility and merits of performing similar types of experiments
with ensemble-averaged nanoplasmonic sensor techniques based
on the LSPR and EOT phenomena should be considered. One of
the most interesting recent examples comes from the field of DNA
origami, in which Zhan et al. designed a 3D reconfigurable DNA
tripod nanostructure that exhibited reversible conformational
changes based on the inter-rod angle®”° (Fig. 14). A gold nanorod
was attached to each leg of the tripod and conformational
changes in DNA structure induced a shift in the plasmonic
properties on account of the relative spatial proximity of the gold
nanorods to one another and concomitant effects on near-field
coupling. In addition to dark field microscopy experiments,
ensemble-averaged measurements on the DNA nanostructures
in bulk solution were also carried out by UV-vis spectroscopy
and indicated that the conformational changes induce a Alnax
shift of up to 8 nm.

From a diagnostic perspective, using gold nanoparticles
functionalized with peptide nucleic acid probes, Nguyen et al.
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demonstrated LSPR detection of circulating tumor DNA
(ctDNA)—derived from tumors or circulating tumor cells—as
a noninvasive approach for cancer assessment, including identi-
fication of tumor-specific mutations and methylation with a limit
of detection around 50 fM.*”* Also, in another recent example, Lee
et al. developed a multiplexed LSPR biosensing platform based
on probing antibody-antigen interactions on single gold nano-
particles to detect protein biomarker of various cancers with
detection levels down to ~10 fM for certain proteins in serum
conditions.’”> While the detectable concentrations in these cases
are quite low and likely enabled from the fact that the measure-
ments are carried out on individual nanoparticles, translating
these LSPR sensing technologies into clinical diagnostics
will probably benefit from the ensemble-averaged measurement
strategies discussed above (especially the virus and exosome
diagnostic platforms) as the key detection capabilities will be
distinguishing marker concentrations suggestive of disease from
concentrations associated with normal controls.

In addition to measurements conducted on single nano-
particles, several interesting experiments have been designed
whereby conformational changes in nucleic acid structures
have been detected on the basis of how these conformational
changes influence the gap distance between two nucleic acid-
functionalized nanoparticles and hence affect the plasmonic
response. Morimura et al. utilized this approach to measure
conformational changes in DNA structure associated with
binding to protein transcription factors.’”> Subtle changes in
gap distance have also been detected by studying ionic strength-
dependent changes in DNA structure.’”* Nguyen et al. also
utilized plasmonic coupling to detect RNA splicing events on
account of changes in RNA folding and assembly as well as
pharmacological inhibition of the splicing event.*” In a
particularly intriguing example of biointerfacial science
principles, Chen et al. measured time-dependent fluctuations
in the gap distance between DNA-functionalized nanoparticles
adsorbed onto a fluid lipid membrane in order to determine
how DNA tether properties (e.g., length and number of strands)
affect tether stiffness and conformational flexibility.’’® As
such, there is excellent potential for continuing to explore
nanoplasmonic sensors for biointerfacial science applications
involving nucleic acids.

8. Conclusions and outlook

The recent developments described in this review demonstrate
the growing utility of nanoplasmonic sensors for applications
across the biointerfacial sciences. These capabilities primarily
arise from the small sensing volume and short electromagnetic
field decay length or penetration depth which is on the same
length scale as many medically important biomacromolecules.
This feature makes nanoplasmonic sensors ideal for tracking
shape and conformational changes of deformable mesoscale
biomacromolecules (e.g., lipid vesicles, protein aggregates) at
the sensing substrate. However, despite the apparent success
and attractiveness of nanoplasmonic biosensors in this direction,
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there are several general considerations that must be taken into
account in order to fully exploit the potential of nanoplasmonic
sensors moving forward.

The first issue is the fabrication of nanoplasmonic substrates
towards establishing standardized measurement platforms. It is
clear that nanoplasmonic sensing platforms with well-controlled
fabrication standards and measurement sensitivities would be
advantageous for many researchers, especially those in the
biointerfacial sciences who may not have technical expertise
in nanofabrication. However, at present, most research groups
fabricate their own sensing substrates. While this can be
perceived as an advantage since each group has the flexibility
to develop tunable or customizable plasmonic sensing platforms
with the best sensing performance for specific applications of
interest, it gives rise to great variability between different measure-
ment platforms developed by different groups, both in terms of
sensing format and corresponding measurement readouts. As a
result, quantitative responses from different platforms cannot be
practically compared in many cases. While this is less consequen-
tial in application-specific studies, it is more so in fundamental
studies because developing a general knowledge of biointerfacial
science topics is a largely collective effort that requires the
integration of findings from across different research groups.
Measurement standards for nanoplasmonic sensors would facili-
tate the building of a common knowledge base and stimulate
more active discussion across groups. For example, surface-
sensitive measurement techniques such as the QCM-D instrument
have become largely standardized due to commercial instruments
such as the Biolin Scientific Q-Sense instrument series with
standardized 5 MHz AT-cut quartz crystal sensors that possess
well-defined measurement sensitivities.””” Commercial LSPR
sensors for research applications (Insplorion AB) and point-of-
care applications (LamdaGen) are beginning to emerge so there
is promise in this direction, albeit continued attention is
needed in order to translate this promise into established
measurement standards.””**”® Indeed, a standardized approach
to the fabrication of nanoplasmonic substrates, which produces
sensors of a standard format with clearly-defined sensing
capabilities, is an important factor that could stimulate the
growth of nanoplasmonic sensors for studying the biointer-
facial sciences, in terms of both the number of users and the
range of applications. At the same time, developing scalable
strategies to produce nanoplasmonic sensing substrates remains
an important goal on the materials science side. For LSPR-based
sensors, an optimal strategy will likely involve some combination
of nanofabrication directly on the surface together with colloidal
templating to define the nanoparticle shape. Controlling the
orientation of the immobilized nanostructures is particularly
important in order to ensure well-defined spectral signatures so
relatively simple structures like spheres and disks are preferable.
In order to enhance measurement reproducibility, the presence of
a thin dielectric coating on top of the nanoplasmonic sensing
array is another favorable step to provide physical stability and
also open the door to a wide range of surface functionalization
possibilities. On the other hand, for EOT-based sensors, the key
challenge is to identify a fabrication route that enables large-scale
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patterning at affordable costs. Based on the available methods,
template stripping is probably the most attractive, currently
available method because it enables making a large number of
sensor substrates to be made from a single master template.
Here again, the presence of dielectric coatings on the metallic
nanohole surfaces further enables surface functionalization
and this is emerging as a common theme for both LSPR- and
EOT-based nanoplasmonic sensors—the capability to interface
sensing substrates with biologically relevant surface functional-
ization strategies.

The second issue relates to the collection of nanoplasmonic
sensor data and its interpretation. While nanoplasmonic sensors
have been widely utilized, one growing question involves asking
whether such advanced measurement capabilities are needed or if
a simpler, more conventional measurement approach would
suffice. Indeed, the high bulk refractive index sensitivity of SPR
sensors is commonly cited in this regard and has led to questions
about why one might be interested in using nanoplasmonic
sensors instead. From a detection perspective, such questions
are reasonable but, at the same time, they also fail to capture the
potential that lies ahead for integrating nanoplasmonic sensors
with nanofabrication capabilities and integrated functions such
as flow-through sensing. Moreover, as nanoplasmonic sensor
applications extend beyond detection towards more advanced
applications such as adsorption studies and conformational
analysis, the analytical models used to interpret measurement
data need to be extended. While there has been some progress in
the recent years, more concerted effort in this direction would
greatly aid the field and provide researchers with a set of tools for
not only collecting data but also analyzing data. To this end, the
future prospects for LSPR-based sensors are probably farther
ahead than those of EOT-based sensors due to the differences
in the spectral signatures of the two sensing strategies. On the
whole, the EOT optical phenomenon results in more complex
spectral signatures than the LSPR optical phenomenon, although
this complexity also creates more opportunities for detailed
analysis in the long term. Analytical models that address these
issues would improve our knowledge of biomacromolecular pro-
cesses occurring at solid-liquid interfaces, offering a highly
surface-sensitive optical characterization tool to complement
optical sensor techniques with longer penetration depths (e.g.,
SPR) as well as acoustic sensor techniques (e.g;, QCM-D). Such
promise highlights the potential of nanoplasmonic sensors across
the biointerfacial sciences, including newly demonstrated appli-
cations such as DNA sequencing®® and nucleic acid structural
switches.**

As seen throughout this review article, nanoplasmonic sen-
sors are revealing new insights into the dynamic behavior of
biomacromolecules at solid-liquid interfaces and leading to
innovations for clinical diagnostics and pharmaceutical drug
evaluation. Ultimately, continued progress in this field will be
stimulated by the fertilization of ideas across the biointerfacial
sciences and nanoplasmonic sensor communities, with a key
focus on utilizing these advanced measurement capabilities
to answer scientifically important questions and address key
technical needs.

This journal is © The Royal Society of Chemistry 2017
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