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Understanding biointerfacial processes is crucial in various fields across fundamental and applied biology,

but performing quantitative studies via conventional characterization techniques remains challenging

due to instrumentation as well as analytical complexities and limitations. In order to accelerate

translational research and address current challenges in healthcare and medicine, there is an outstanding

need to develop surface-sensitive technologies with advanced measurement capabilities. Along this line,

nanoplasmonic sensing has emerged as a powerful tool to quantitatively study biointerfacial processes

owing to its high spatial resolution at the nanoscale. Consequently, the development of robust biological

interfacing strategies becomes imperative to maximize its characterization potential. This review will

highlight and discuss the critical role of biological interfacing within the context of constructing

nanoplasmonic sensing platforms for biointerfacial science applications. Apart from paving the way for

the development of highly surface-sensitive characterization tools that will spur fundamental biological

interaction studies and improve the overall understanding of biological processes, the basic principles

behind biointerfacing strategies presented in this review are also applicable to other fields that involve an

interface between an inorganic material and a biological system.
Introduction

Understanding biointerfacial processes has broad implications
across various biological-related elds.1–4 Against this backdrop,
extensive research has been dedicated to unravel the
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mechanism behind a wide range of biomacromolecular inter-
actions occurring at the solid–liquid interface.5–7 This has been
accomplished with the aid of conventional surface-based char-
acterization techniques such as surface plasmon resonance
(SPR),8,9 attenuated total reection Fourier-transform infrared
(ATR-FTIR) spectroscopy,10,11 and atomic force microscopy
(AFM).12,13 However, while these techniques are undoubtedly
capable of extracting qualitative physicochemical insights
related to a particular biointerfacial process of interest, they still
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present several limitations when performing real-time quanti-
tative measurements due to instrumentation, data processing
and analytical complexities.

In the SPR technique, measurements are typically conducted
in the Kretcshmann conguration, which requires focusing
a monochromatic polarized light beam onto a thin gold lm
through a glass prism.8 Biomolecular binding events on the
gold lm are tracked based on changes in intensity of the re-
ected light with respect to the angle of incidence. The tech-
nique is particularly sensitive to changes in bulk refractive
index and the response signal is therefore susceptible to envi-
ronmental perturbations. Likewise, in the ATR-FTIR technique,
the chemical structure and conformation of biomolecules
adsorbed onto the ATR crystal are determined based on inter-
action with an infrared (IR) beam.10 The instrument setup
generally requires an IR source, a series of xed and movable
mirrors, a beam splitter, and an optically dense ATR crystal to
achieve multiple internal reections. While multiple internal
reections result in stronger IR interaction with the adsorbates,
it can adversely affect the output signal due to signicant light
scattering. In addition, strong light absorption by water at
certain regions of the IR spectrum (e.g., 3000–4000 cm�1) can
also diminish the response signal. In the AFM technique, which
is widely employed for direct visualization and height proling
of adsorbed biomolecules, the instrument setup generally
comprises a laser source, a probe cantilever, a piezoelectric
scanning unit, a photodetector, and a feedback controller.13

Aside from instrumentation complexity, one of its main limi-
tations is the long acquisition time for each AFM image due the
raster scanning process, resulting in poor temporal resolutions.

To overcome these limitations, nanoplasmonic sensing has
recently emerged as a promising tool for biointerfacial science
investigations.2,5,14 Besides simple instrumentation that
promotes miniaturization and portability,15 nanoplasmonic
sensing platforms offer exceptional surface sensitivity. While
bulk sensitivity relates to the plasmonic response per refractive
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index change in the bulk medium, surface sensitivity relates to
the plasmonic response per refractive index change in the
immediate vicinity of the plasmonic transducer (e.g., due to
a surface-bound molecular layer), and sensing platforms with
high surface sensitivities facilitate the real-time tracking of
biological processes with good spatiotemporal resolution. The
prevalence of nanoplasmonic sensing platforms within the
context of biointerfacial science has therefore prompted the
development of robust biological interfacing strategies, which
is imperative to maximize the characterization potential of
nanoplasmonic sensors. Recently, it has been established that
the measurement response from nanoplasmonic sensors is
determined not only by the performance parameters of the
sensing platform but also the type of surface modication and
biointerfacing effected on the sensing surface.16 Biological
interfaces should ideally anchor bioreceptors while warranting
a high degree of detection specicity. This is achieved by
minimizing the adsorption of non-target molecules on the
surface, which in turn, along with optimal plasmonic properties
of the transducer, contribute to a high specic signal response.
Conventionally, some form of surface modication is usually
necessary to effectively adhere a biologically active layer to the
surface of the nanoplasmonic transducer (e.g., noble metal
nanostructure).17,18 However, recent works have also demon-
strated the possibility of directly introducing a biological
interface without any surface modication.19,20

In this review, we discuss recent progress in the development
of biologically interfaced nanoplasmonic sensors with
emphasis on the latest strategies employed for surface modi-
cation and biological functionalization. We begin by describing
the processes involved in the design and fabrication of nano-
plasmonic architectures within the context of biological-related
applications, highlighting notable design features that have
been adopted to facilitate biological interfacing. We then review
relevant surface modication and biological interfacing meth-
odologies on nanoplasmonic architectures including the direct
Nam-Joon Cho is MRS-
Singapore Chair Professor in
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and Engineering at Nanyang
Technological University. A
recipient of the National
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fabrication of biomimetic coatings in the form of supported
lipid bilayers. Finally, we present a series of application exam-
ples in which biologically interfaced nanoplasmonic sensors
have played a pivotal role in resolving biomacromolecular
interactions at the nanoscale. We conclude by highlighting the
vast potential of nanoplasmonic sensing in biointerfacial
science and underscore the importance of continually devel-
oping biointerfaces that continue to push the analytical
boundary of nanoplasmonic sensors.
Sensing platform design

Surface-based nanoplasmonic sensing platforms typically
comprise of a sensor chip housed within a measurement
chamber, which is connected to a visible-infrared light source
and a spectrophotometer (Fig. 1). In laboratory setups, a white
tungsten halogen lamp is typically utilized, and is connected to
the measurement chamber and spectrophotometer via bre
optic cables. In portable systems, a light-emitting diode (LED) is
commonly used in place of the tungsten halogen lamp, and is
usually packaged with the sensor and spectrophotometer in
a single compartment. Regardless of the setup conguration,
the sensor chip represents the most crucial component of the
sensing platform and there are several key considerations
involved in its construction, especially for the purpose of bio-
interfacial investigations. Besides possessing extraordinary
surface sensitivity and displaying high gures of merit (FoM),
which is dened as the resonance shi divided by the resonance
linewidth,21 the transducer nanostructures should be chemi-
cally stable and biologically inert, with strong adhesion to the
support substrate.22 This is necessary to minimize bulk solution
effects (i.e., arising from temperature, pH uctuations, etc.) and
ensure a stable signal readout with reduced noise, especially
when performing measurements in the presence of complex
biological solutions. In addition, the nanostructure
Fig. 1 Overall schematic of the nanoplasmonic sensing platform in
a typical transmission mode configuration with its primary compo-
nents, accompanied by graphical representations of common trans-
ducer nanostructures (shown here as unit structures), which can either
be randomly distributed or arranged in a periodic fashion on nano-
plasmonic sensor chips.

This journal is © The Royal Society of Chemistry 2020
conguration should allow unobstructed ow of the sample
solution and without hampering the diffusion of target mole-
cules to the sensing interface.23,24 This promotes good response
sensitivity and high temporal resolution.

Nanofabrication techniques

Advances in nanofabrication have established a series of litho-
graphic and templating techniques that allow greater control
over the construction of nanoplasmonic transducers.5,25–28 As
a result, many efforts have focused on improving the surface
sensitivity and FoM of the sensor by carefully modulating the
transducer geometry, dimension and arrangement (e.g.,
random or periodic array). Recently established techniques that
have gained popularity within the context of fabricating nano-
plasmonic structures for biosensing applications include hole-
mask colloidal lithography due to its relative simplicity in
generating circular nanostructures29 (Fig. 2A), as well as
template-stripping (following the fabrication of the template via
nanoimprint lithography) for generating periodic nanocavity
and nanohole arrays30 (Fig. 2B). Along this line, there is an
emerging trend of employing DNA templating technologies to
obtain nanostructures with nanometer precision.31,32 In the rst
demonstration, Shen et al. described a DNA-assisted lithog-
raphy (DALI) method based on the combination of DNA origami
and conventional lithography.31 Briey, folded DNA origami
structures with pre-programmed shapes were self-assembled on
the support substrate and served as a template for the
construction of well-dened metallic nanostructures. The
primary advantage of DALI lies in the ability to program arbi-
trary and elaborate shapes, owing to the versatility of DNA
origami. They demonstrated the method for the construction of
three different metallic nanoshapes, which were found to
present exceptional plasmonic properties.

Nanostructure-performance relationship

Despite the progress in nanofabrication, predicting the overall
performance of the sensor based on the properties of the
nanoplasmonic transducer remains challenging. This process is
largely iterative and involves several rounds of nanostructure
synthesis, characterization and numerical simulations (e.g.,
nite-difference time-domain, FDTD). To address this limita-
tion, recent efforts have shied towards the utilization of
machine learning, specically deep learning, to establish the
correlation between the physical properties, plasmonic prop-
erties and sensing performances of plasmonic nanostructures.
For example, Malkiel et al. described a Deep Neural Network
(DNN) trained with thousands of synthetic experiments.33 The
novelty of the approach lies in the bidirectional architecture
made up of two networks, namely the Geometry-Predicting-
Network (GPN) and the Spectrum-Predicting-Network (SPN).
The GPN predicts the geometry based on the spectra while the
SPN performs the opposite. In a typical operation, the geometry
predicted by the GPN is provided to the SPN to predict the
spectrum. In a separate work, He et al. successfully employed
DNN to predict far- and near-eld optical properties of Au
nanospheres, nanorods, and dimers (Fig. 3).34
Nanoscale Adv., 2020, 2, 3103–3114 | 3105
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Fig. 2 (A) Schematic illustrating the steps involved in producing
plasmonic nanostructures following the hole-mask colloidal lithog-
raphy technique, which enable the fabrication of uniform nano-
patterns on wafer-scale samples. Reproduced with permission from
ref. 29. Copyright (2019) Elsevier. (B) Schematic for the fabrication of
large-area nanohole arrays following the template-stripping method.
(1) Thermal resist layer spun on a Si wafer is imprinted with a nano-
imprint stamp with circular post patterns; (2) Si wafer is subsequently
etched to be a nanohole template with deep circular trenches. (3)
Metal film is directionally deposited on the Si template. (4) Metal
surface is coated with a thin layer of epoxy and covered with a glass
slide. The Ag film is then peeled off of the template to reveal the
smooth nanohole array made in the metal film. The Si template can be
reused to make multiple identical samples. Reproduced with permis-
sion from ref. 30. Copyright (2011) American Chemical Society.

Fig. 3 Structures of the machine learning model for prediction of
optical properties and designing NPs. Far- and near-field optical data
obtained from the FDTD simulations were used to train three different
machine learning models: far-field spectra and structural information
for (i) structure classification, far-field spectra and dimensions for (ii)
the spectral DNN, and near-field enhancement maps and dimensions
for (iii) the E-field DNN. After training, the machine learning models
can be used to perform forward prediction and/or inverse design. The
solid and dashed red arrows represent the forward prediction and the
inverse design process, respectively. Reproduced with permission
from ref. 34. Copyright (2019) Royal Society of Chemistry.
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Indirect nanoplasmonic sensing

While conventional surface-based nanoplasmonic sensors
typically comprise of bare nanoplasmonic transducers on
a support substrate, the indirect nanoplasmonic sensing (INPS)
concept was later introduced, in which the nanostructures are
further coated with a thin conformal layer of dielectric mate-
rial.35 This offers greater thermal, chemical and physical
stability to the nanostructures as they are protected from the
bulk environment and reduces the tendency for erosion and
peel-off from the support substrate. More importantly, the INPS
format greatly facilitates biological interfacing since the active
sensing surface is now homogeneous and may comprise of
biologically compatible materials such as silicon oxide and
titanium oxide.
3106 | Nanoscale Adv., 2020, 2, 3103–3114
Recent progress in INPS have witnessed the construction
of topographically at nanoplasmonic sensors whereby the
Au nanodisk transducers are embedded within the support
substrate and coated with a at layer of oxide material36,37

(Fig. 4A). This improves the ow of sample solution and
ensures good diffusion of biomacromolecules to the sensing
substrate. Further exploration of the INPS format involves
various types of nanostructures and coating materials. In the
latest development, Nugroho et al. described the construc-
tion of an array of vertically-stacked Ag nanodisks with
different dimensions, separated by a thick layer of silicon
oxide spacer, and conformally coated with a thin layer of
silicon nitride38 (Fig. 4B). They achieved well-separated
localized surface plasmon resonance (LSPR) modes exhibit-
ing two resonance peaks that can be used for optical sensing
in three dimensions (Fig. 4C). Separately, Zhao et al.
demonstrated the fabrication of quasi-one-dimensional Au
nanoribbons with a thin layer of indium oxide coating.39 The
platform exhibits two sets of resonance peaks and dips with
varying bulk and surface sensitivities, which was employed to
distinguish the adsorption of biomolecules with different
sizes.
Biological interfacing strategies

The surface modication and biological interfacing of nano-
plasmonic sensors serve various functions such as anchoring
receptor biomolecules, reducing non-specic biomolecular
interactions, mimicking biological systems, and tuning surface
properties for a particular biological interaction of interest (e.g.,
by modulating surface charge or introducing specic functional
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Schematic depiction of the topographically flat nano-
plasmonic sensor chip with embedded amorphous array of plasmonic
Au nanodisks. The three-dimensional sketch shows the three “layers”
of the device, i.e., the wells in the fused silica substrate, the Au
nanodisks grown inside the wells, and the topographically flat SiO2

capping layer. Reproduced with permission from ref. 36. Copyright
(2017) American Chemical Society. (B) Artist's rendition of the 3D
nanoplasmonic sensor architecture. Two Ag nanodisks of different
diameter and thickness optimized to maximize spectral separation of
their LSPR are vertically separated by a thick SiO2 spacer layer. Tilted
SEM image of a single and quasi-random array of a 3D sensor meta-
surface. Scale bars are 200 nm. (C) Experimental and FDTD-simulated
optical extinction spectra of 3D sensors. Also shown are the extinction
spectra of a sensor with only top disk (green) and sum of the extinction
of the sensor with only bottom disk and sensor with only top disk
(cyan). Reproduced with permission from ref. 38. Copyright (2020)
American Chemical Society.
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groups). Undoubtedly, there are plenty of well-established
surface modication and biological functionalization
approaches to choose from, including, but not limited to, self-
assembled monolayers (SAM),40–42 layer-by-layer (LbL) assem-
blies of alternately charged polymers,43–45 polymer brushes,46–48

and hydrogel coatings.49–51 While these approaches have been
successfully adopted across a wide range of biosensing systems,
and proven effective in hosting receptor biomolecules as well as
preventing non-specic biomolecular interactions, not all are
suitable for nanoplasmonic sensing.
This journal is © The Royal Society of Chemistry 2020
Key considerations

There are several prerequisites for selecting a surface modi-
cation or biological interfacing strategy within the context of
nanoplasmonic sensing. Firstly, it is important to recognize that
nanoplasmonic sensors have effective sensing depths that are
signicantly lower than most commonly used surface-based
measurement techniques.52,53 For example, the effective
sensing depth, or penetration depth of the evanescent wave, in
prism-based SPR is around 200 nm.54 Likewise, the effective
sensing depth, or penetration depth of the shear wave, in QCM-
D is around 60–250 nm – the exact value depends on the
fundamental frequency of the quartz crystal, which is the lowest
frequency at which the crystal can be excited to resonance.55 In
contrast, the evanescent plasmonic eld decay lengths in
nanoplasmonic sensing platforms have been precisely deter-
mined using atomic layer deposition (ALD),56,57 and found to be
in the order of 5–30 nm. Hence, the thickness of the biointer-
face should be below this range to ensure that biomolecular
interactions occur well within the nanoplasmonic eld and be
adequately detected.58 In addition, the biointerfacing layer
should not induce a huge change in refractive index in the
immediate vicinity of the nanoplasmonic transducer (i.e., not
optically dense). This is to maintain the resonance wavelength
position and linewidth of the transducer and ensure that its
surface sensitivity is preserved. The biointerface should also be
robust to tolerate pH uctuations and surface charge variations
in the presence of complex biological solutions and withstand
harsh ow conditions without delamination.
Lipid membrane models

Lipid membrane model systems represent an ideal candidate
for the biological interfacing of nanoplasmonic sensors.59,60

They are largely planar with a uniform thickness of �5 nm, are
not optically dense, and can be conformally coated on nano-
structured surfaces to mimic key biophysical and architectural
features of cellular membranes. Several methods have been
established for the attachment of these biomimetic membranes
to the sensor surface,61 which can be categorized into three
main congurations namely hybrid bilayer membrane (HBM),
tethered bilayer lipid membrane (tBLM), and supported lipid
bilayer (SLB). Briey, HBMs consist of a lipid monolayer formed
over a self-assembled monolayer (e.g., alkanethiol) on a support
substrate, while tBLMs consist of a lipid bilayer which is
anchored to the underlying support substrate through a teth-
ering unit. Both HBMs and tBLMs require an intermediate
surface modication step. On the other hand, SLBs oat solely
on a thin hydration layer �1 nm above an unmodied support
substrate.

On conventional nanoplasmonic sensors comprising of
uncoated transducers, the fabrication of HBMs, tBLMs and
SLBs is challenging due to different reasons. In the case of
HBMs and tBLMs, the difference in material between the
transducer and support substrate necessitates multiple surface
modication steps. For SLBs, which is commonly fabricated via
vesicle fusion, lipid vesicles do not rupture on the transducer
material (i.e., Au and Ag), hence hampering the formation of
Nanoscale Adv., 2020, 2, 3103–3114 | 3107
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Fig. 5 (A) Schematic comparison of the vesicle fusion, SALB, and bicelle methods to form supported lipid bilayers. (Left column) The vesicle fusion
method involves vesicle adsorption, deformation, and eventual rupture on a solid surface. The SLB formation process critically depends on vesicle–
substrate interactions, which must be sufficiently strong to induce rupture via vesicle–substrate and/or vesicle–vesicle interactions. Typically, this
method works only on a narrow range of material surfaces, particularly silica-based ones. (Middle column) The SALB method is based on depositing
long-chain phospholipids in a water-miscible organic solvent, followed by a solvent-exchange step with aqueous solution. Initially, the phospholipid
molecules in organic solvent self-assemble into invertedmicelles and/or remain in themonomeric state and attach to the surface in an equilibriumwith
bulk lipids. During the solvent-exchange step, the bulk liquid transitions from predominately organic solvent to fully aqueous solution. Consequently,
phospholipid molecules within the system begin to form lamellar-phase structures, leading to SLB formation on the surface. (Right column) Bicelles
contain long-chain (yellow) and short-chain (red) phospholipids and are disklike nanostructured assemblies in aqueous solution. If there is an attractive
bicelle–surface interaction, then bicelles adsorb onto the surface and then can fuse with one another. Provided the total lipid concentration is suffi-
ciently low, long-chain phospholipid molecules remain attached on the surface and form an SLB while short-chain phospholipid molecules leave the
surface asmonomers. The outcome is a complete SLB consisting of long-chain phospholipids, and the entire fabrication process occurs under aqueous
conditions. Reproduced with permission from ref. 65. Copyright (2020) American Chemical Society. (B) In the left panel, fluorescence recovery after
photobleaching (FRAP) images of SLBs formed at 20mol% input cholesterol in eachmethod. All scale bars are 20 mm. In the right panel,molar fraction of
cholesterol in SLB as a function of input cholesterol fraction. Reproduced with permission from ref. 69. Copyright (2019) American Chemical Society.

3108 | Nanoscale Adv., 2020, 2, 3103–3114 This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (A) Refractive index distributions (top) and FDTD simulations of
the electric field distributions (bottom) for SLB-coated sensing plat-
forms, with bilayer-substrate separation distances of 0, 2.5 and 5.0 nm.
(B) Relationship between LSPR Dlmax shifts and SLB separation
distance for titania- and silica-coated sensor surfaces according to
FDTD simulation results and analytical calculations. Reproduced with
permission from ref. 74. Copyright (2018) American Chemical Society.
(C) SEM images and AFM profile of a typical gold nanoantenna array on
CaF2 substrate with L ¼ 1.05 mm, P ¼ 1.37 mm,W ¼ 0.2 mm, and t ¼ 0.1
mm. (D) Experimental (solid lines) and simulated (dashed lines) reflec-
tance for nanoantenna array (L ¼ 1.05, P ¼ 1.37 mm) in dry (gray) and
aqueous (black) environment. The spectral regions associated with OH
stretching (water) and CH2 symmetric and asymmetric stretching
modes (lipids) are indicated by light blue-shaded region and orange
lines, respectively. (E) Schematic illustration (not in scale) showing the
fluidic chamber and experimental configuration during the measure-
ments. Yellow and red phospholipid headgroups indicate the DOPC
and Texas RED DHPE, respectively. Reproduced with permission from
ref. 75. Copyright (2016) American Chemical Society.
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a uniform layer on the sensor surface. The introduction of INPS
enables the direct formation of SLBs on a silicon oxide over-
coating, which induces the spontaneous rupture of lipid vesi-
cles. Consequently, several works have successfully fabricated
biologically interfaced nanoplasmonic sensors by fabricating
SLBs on silicon oxide-coated substrates via vesicle fusion. Along
this line, our group has performed a series of works using
This journal is © The Royal Society of Chemistry 2020
vesicles with different lipid compositions and under different
treatments to understand the interaction of lipid bilayers with
the underlying substrate.62–64
Novel lipid bilayer fabrication methods

Despite its popularity, there are several limitations associated
with the vesicle fusion method.65 In particular, the spontaneous
rupture of lipid vesicles upon adsorption can only be achieved
on a limited selection of material surfaces.66 The incorporation
of biological components also hinder the rupture process,
which in turn restricts the formation of SLBs with realistic cell
membrane compositions. Furthermore, the formation of high-
quality SLBs require precise control over the size and unifor-
mity of the extruded vesicles. These limitations motivated the
development of the solvent-assisted lipid bilayer (SALB)
method,67 which relies on the self-assembly of lipid molecules
on the support substrate upon switching from an organic
solvent to an aqueous buffer solution (Fig. 5A). The process is
simple, quick and efficient, and feasible on a wide variety of
material surfaces including Au and inorganic oxides (e.g., SiO2,
TiO2 and Al2O3). Most importantly, it provides a bottom-up
approach for the fabrication of realistic biomimetic platforms.

More recently, our group has rigorously optimized and
promoted another alternative approach for the fabrication of
SLBs using lipid bicelles.68–70 Lipid bicelles are quasi-two-
dimensional lamellar disks comprising of a mixture of long-
and short-chain phospholipids.71 The bicelle-mediated formation
of SLBs follow the adsorption and subsequent rupture of bicelles
onto the support substrate, analogous to the vesicle fusion
method. However, due to its relatively at geometry and shorter
residence times of the short-chain phospholipids, the quality of
the resulting SLBs is signicantly higher than those obtained via
vesicle fusion. In addition, the use of bicelles instead of vesicles
also offers greater possibility of biomolecular incorporation,
including for cholesterol enrichment69 (Fig. 5B). Compared to the
SALBmethod, the minimum required lipid concentration for the
bicelle-mediated approach is 5–10 times lower. More impor-
tantly, it can be executed in a fully aqueous environment, which
is advantageous for the incorporation of proteins.
Applications of biologically interfaced
nanoplasmonic sensors
Assessing membrane–surface interactions

At the most fundamental level, biologically interfaced nano-
plasmonic sensors have been used to quantitatively assess the
inuence of lipid composition on the interaction between lipid
membranes and a contacting surface.39,62,72 Of note, the narrow
effective sensing depth of the nanoplasmonic sensor has been
exploited to study the effect of lipid charge on SLB spatial
proximity to the underlying substrate.73 Differences in spatial
proximity were resolved down to the sub-nanometer range. The
study was later expanded to compare the interaction of lipid
vesicles and SLBs on different oxides surfaces, with respect to
changes in lipid composition74 (Fig. 6A and B). In a separate
work, Limaj et al. employed an infrared plasmonic biosensor
Nanoscale Adv., 2020, 2, 3103–3114 | 3109
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comprising of a silicon oxide-coated gold nanoantenna array to
monitor in real time the kinetics of SLB formation by capturing
the vibrational ngerprints of lipid molecules75 (Fig. 6C–E).
Taken together, the series of insights from these works
contribute towards achieving greater control over the SLB
fabrication process, which is crucial in the development of
realistic biological interfaces.
Fig. 7 (A) The continuousmonitoring of the peak shift generated fromMi
buffer (blue line). The formation of a supported membrane over the part
protein system (green line, inset right side with MinD in green, MinE in re
The wave amplitude Dl* (dashed lines) is extracted for further analysis. (B
changed by varying the size. The oscillation amplitudeDl* shows amaxim
oscillating (dA) and static (dB) layers on top of the particle (inset center). If
larger than dA + dB, the observed oscillation amplitude Dl* is reduced (in
SLB separation distance for titania- and silica-coated sensor surface
Reproduced with permission from ref. 80. Copyright (2018) American Ch
microscopy stage. (D) Real-time LSPR signals during the multiplexed cyto
PBS. Reproduced with permission from ref. 81. Copyright (2018) Royal S
interactions with supported lipid bilayers that are conformally coated on n
the respective sensing platforms (bottom). Reproduced with permission

3110 | Nanoscale Adv., 2020, 2, 3103–3114
Tracking biomolecular–membrane interactions

Biologically interfaced nanoplasmonic sensors have been
successfully employed to investigate various biomolecular
activities at the membrane interface involving proteins,76

peptides,77 and ionic liquids.78 Of note, the group of Sönnichsen
explored the use of lipid membrane coated gold nanorods to
nDE binding from of every nanoparticle as a function of time, starting in
icles (pink line, center inset) and the transient adsorption of the MinDE
d, the lipid membrane in gray, and the particles in gold) was observed.
) The sensing distance dS of the nanoparticle sensor was systematically
umwhen the sensor's sensing distance dS matches the thickness of the
the particles' sensing distance (symbolized by the blue area) is smaller/
set left/right, respectively). Relationship between LSPR Dlmax shifts and
s according to FDTD simulation results and analytical calculations.
emical Society. (C) Schematic of LSPR signal detection on a dark-field
kine detection. The gray area shows the LSPR signal after washing with
ociety of Chemistry. (E) Schematic illustrations of membrane–peptide
anodisk and nanowell arrays (top). Accompanying SEMmicrographs of
from ref. 82. Copyright (2018) American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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study the molecular dynamics of an oscillating biological
system using the MinDE protein from Escherichia coli (E. coli) as
an example.79 They monitored the attachment and detachment
of the protein from the lipid membrane for over an hour and
extracted a precise wave prole exhibiting four phases. They
also observed a strong inuence of membrane composition and
local curvature on the oscillation behaviour80 (Fig. 7A and B).
Studies involving biomolecular interactions can also be per-
formed on a chip-based format. For example, Zhu et al. inte-
grated an antibody-conjugated nanoplasmonic barcode
biosensor with a biomimetic microuidic ‘adipose-tissue-on-
chip’ platform to measure pro- and anti-inammatory cytokines
secreted by adipocytes and macrophages in a highly multi-
plexed fashion81 (Fig. 7C and D). This paves the way for the
development of high-throughput measurement platforms,
which can be adopted for clinical applications.

Investigating inuence of membrane curvature

An important aspect of biomolecular interactions that is oen
difficult to systematically study is the inuence of membrane
curvature. In this regard, advances in nanofabrication have
permitted the construction of nanoplasmonic transducers with
well-dened geometry, which can serve as templates to precisely
control membrane curvature at the same time offering
advanced sensing capabilities. Our group has investigated the
curvature dependency of an amphiphatic a-helical (AH) peptide
by introducing the peptide to SLBs fabricated on silicon oxide-
coated gold nanodisk and gold nanowell arrays82 (Fig. 7E). In
particular, the nanowells afforded SLBs with highly positive
(i.e., on the rim) and negative (i.e., in the interior) curvatures,
Table 1 Representative list of nanoplasmonic transducers used in recent
the respective plasmonic properties including bulk refractive index sens

Nanoplasmonic structure,
arrangement

Coating
material
(active layer)

Plasmonic
feature,
l

(nm)
SB (nm
RIU�1)

Au nanodisk, random ensemble SiO2 Peak, 720 110

TiO2 Peak, 750 130

Au nanoribbon, periodic array In2O3 Dip 1, 503 510
Peak 1, 559 Not

reported
Dip 2, 581 Not

reported
Peak 2, 649 60

Au nanorod, single particle None Peakb, 670 183

Au nanowell, random ensemble SiO2 Peak 1, 675 136
Dip 1, 835 220

a The bulk FoM values were not provided in the original works and are t
extinction and scattering spectra. b This is a peak from a darkeld scat
taken from extinction spectra based on measurements conducted in tran

This journal is © The Royal Society of Chemistry 2020
which would otherwise be difficult to achieve using a non-
templated approach. Our study quantitatively conrmed the
preference for AH peptide to bind and disrupt the membrane at
positively curved membrane regions above a threshold
concentration. Similarly, Emilsson et al. used nanowells with
conformally coated SLBs to determine the preferential binding
of the insulin receptor tyrosine kinase substrate protein
(IRSp53) I-BAR domain to negatively curved membrane
regions.83 In another work, the group employed plasmonic
nanopores functionalized with nucleoporin domains to mimic
the nuclear pore complex.84 They were able to track selective
protein binding inside pores down to 50 nm in diameter.

Probing nanoparticle–membrane interactions

Besides biomolecular interactions, biologically interfaced
nanoplasmonic sensors can also be utilized to study the inter-
action of inorganic nanoparticles with cellular membranes. For
example, we introduced negatively-charged silica nanoparticles
to an SLB-coated nanodisk array and discovered a slight varia-
tion in the nanoparticle–SLB interaction depending on the
composition and effective charge of the SLB.85 The interaction
was tracked in real-time and an uneventful, monotonic
adsorption of the nanoparticles was observed on zwitterionic
SLB. Interestingly, on positively charged SLB, lipid transfer from
the SLB to the nanoparticle surface occurred shortly prior to
adsorption. The lipid transfer process was detected by the
transient change in spatial proximity of the lipid molecules, as
indicated by a decrease in the LSPR-tracked nanoparticle
adsorption rate. This work clearly demonstrates the benet of
high spatiotemporal resolution in identifying short-lived
ly developed biologically interfaced nanoplasmonic sensors, along with
itivity (SB) and figure or merit (FoM), as well as the sensor applications

FoMa

(RIU�1)
Biological
interface Demonstrated application Ref.

2 SLB Assessing membrane–surface
interactions

74

Investigating effects of membrane
curvature

82

Probing nanoparticle–membrane
interactions

85

2 Lipid vesicles Assessing membrane–surface
interactions

74

10 Lipid vesicles Assessing membrane–surface
interactions

39
—

—

0.8
3 SLB Tracking biomolecular–

membrane interactions
80

1 SLB Investigating effects of membrane
curvature

82
1.2

herefore presented herein as estimated values based on the published
tering spectrum; all other peaks and dips presented in this table are
smission conguration.
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processes that would otherwise be missed on conventional
surface-based measurement platforms.

Taken together, it is important to understand the relation-
ship between nanostructure geometry and plasmonic property,
and appreciate how certain geometries employed in combina-
tion with a range of coating materials and biological interfaces
are benecial for a particular set of applications (Table 1).

Outlook

The successful implementation of surface-based nano-
plasmonic sensing platforms to study a broad range of bio-
interfacial processes highlights the vast potential of biologically
interfaced nanoplasmonic sensors as an advanced biophysical
characterization tool. At the same time, the opportunity to
enhance their quantitative performance and bioanalytical
capability becomes limitless. In this regard, renements in
sensing platform design and nanoplasmonic transducer fabri-
cation need to be accompanied by improvements in biological
interfacing, and a concerted effort along both fronts rely upon
a solid understanding of biophysicochemical interactions at the
sensing interface.

Recent advances in nanofabrication technology have paved
the way for the construction of plasmonic nanostructures with
intricate geometries and using materials beyond the traditional
gold and silver. The introduction of plasmonic transducers with
exceptionally high aspect ratio, high curvature and sharp edges
prompts the need to reassess the robustness of existing surface
modication and biointerfacing strategies that have been
effective on largely at surfaces and of which may suffer from
reduced adhesion and conformity on highly curved structures.
There is also increasing demand to explore new surface chem-
istries to cater emerging plasmon-active materials such as
aluminium,86–88 copper,89,90 graphene91–93 and highly-doped
semiconductor nanocrystals.94–96 Along this line, the INPS
conguration would be advantageous in conferring chemical
stability, especially to materials that are reactive or prone to
oxidation such as aluminium and copper.87,90 Conversely, the
rapid formation of native oxides necessitates the INPS over-
coating step to be performed as part of overall nanostructure
fabrication process to ensure that conformal overlayers can be
attained controllably on newmaterials without the formation of
undesired intermediate oxide layers. Ultimately, it is important
to ensure that biointerfacial processes occur within the region
of high nanoplasmonic eld intensity. Considering that it is
challenging to experimentally measure the nanoplasmonic eld
intensity, systematic evaluation and optimization of bio-
interfacing on sensors with new geometries and materials
therefore need to be supported by rigorous theoretical and
simulation works. Such efforts would greatly facilitate the
transference of previously established biointerfacing strategies
to nanoplasmonic sensors with novel transducer congurations
and expedite their utilization in biointerfacial science
applications.

Meanwhile, the growing trend of fabricating supported lipid
bilayers as biomimetic coatings without any form of surface
modication has led to a paradigm shi in biosensor
3112 | Nanoscale Adv., 2020, 2, 3103–3114
functionalization. While simplied model membrane coatings
with various lipid compositions have been directly fabricated on
nanoplasmonic sensors to probe their interactions with the
underlying surface, such investigations have so far been limited
to lipid bilayers with minimal biomacromolecular insertions
and procedures for the construction of more realistic biomi-
metic coatings need to be established. The methods should
preferably be universal and easily implemented across a wide
range of metal and oxide surfaces such that various combina-
tions of sensor conguration and model membrane can be
adopted in a plug-and-play format. This would offer a wide
selection of biologically interfaced sensors from which the most
ideal option can be identied to study a particular bio-
macromolecular interaction of interest.

Regardless of the approach (i.e., with or without surface
modication), it is crucial to understand the impact of the
biological interface on the measurement response of the
nanoplasmonic sensor, especially when research efforts are
shiing toward the utilization of biologically interfaced nano-
sensors for more application-based studies. In other words, it
becomes increasingly important to establish an analytical
framework for interpreting nanoplasmonic responses arising
from biomolecular interactions occurring at the sensing inter-
face. These concerns need to be addressed through both
experimental and simulation works, which can unravel and
predict the inuence of biointerfacing on the measurement
response of the nanoplasmonic sensing platform. Such
predictions can be further rened with the aid of articial
intelligence and deep learning techniques. With a signicant
knowledge database and understanding of interactions that
occur across different facets of the sensing platform, we can
attain greater control over its overall design process and
continue to push the analytical boundary of biologically inter-
faced nanoplasmonic sensors.
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42 E. Reimhult and F. Höök, Sensors, 2015, 15, 1635–1675.
43 J. J. Richardson, J. Cui, M. Björnmalm, J. A. Braunger,

H. Ejima and F. Caruso, Chem. Rev., 2016, 116, 14828–14867.
44 P. T. Hammond, Adv. Mater., 2004, 16, 1271–1293.
45 A. Baba, M.-K. Park, R. C. Advincula and W. Knoll, Langmuir,

2002, 18, 4648–4652.
46 J. O. Zoppe, N. C. Ataman, P. Mocny, J. Wang, J. Moraes and

H.-A. Klok, Chem. Rev., 2017, 117, 1105–1318.
47 G. Emilsson, K. Xiong, Y. Sakiyama, B. Malekian, V. Ahlberg

Gagnér, R. L. Schoch, R. Y. H. Lim and A. B. Dahlin,
Nanoscale, 2018, 10, 4663–4669.

48 A. Hucknall, S. Rangarajan and A. Chilkoti, Adv. Mater.,
2009, 21, 2441–2446.

49 J. Tavakoli and Y. Tang, Polymers, 2017, 9, 364.
50 M. Toma, U. Jonas, A. Mateescu, W. Knoll and J. Dostalek, J.

Phys. Chem. C, 2013, 117, 11705–11712.
51 Y. Wang, C.-J. Huang, U. Jonas, T. Wei, J. Dostalek and

W. Knoll, Biosens. Bioelectron., 2010, 25, 1663–1668.
52 A. J. Haes, S. Zou, G. C. Schatz and R. P. Van Duyne, J. Phys.

Chem. B, 2004, 108, 6961–6968.
53 A. V. Whitney, J. W. Elam, S. Zou, A. V. Zinovev, P. C. Stair,

G. C. Schatz and R. P. Van Duyne, J. Phys. Chem. B, 2005,
109, 20522–20528.

54 J. M. Brockman, B. P. Nelson and R. M. Corn, Annu. Rev.
Phys. Chem., 2000, 51, 41–63.

55 M. C. Dixon, J. Biomol. Tech., 2008, 19, 151–158.
56 H. Im, N. C. Lindquist, A. Lesuffleur and S.-H. Oh, ACS Nano,

2010, 4, 947–954.
57 F. Mazzotta, T. W. Johnson, A. B. Dahlin, J. Shaver, S.-H. Oh
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