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ABSTRACT

Plasmonics-based biosensing assays have been extensively employed for
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for the construction of point-of-care (POC) diagnostic methods have been made
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development of cost-effective, sensitive, and rapid strategies for disease diagnostics
KEYWORDS and improving patient healthcare in both developed and developing worlds.
plasmonics, This review highlights the recent advances and applications of plasmonic

molecular assay, technologies for highly sensitive protein and nucleic acid biomarker detection.

point-of-care diagnostics, In particular, we focus on the implementation and penetration of various plasmonic

mobile health, technologies in conventional molecular diagnostic assays, and discuss how such
imaging, modification has resulted in simpler, faster, and more sensitive alternatives
sensing that are suited for point-of-use. Finally, integration of plasmonic molecular

assays with various portable POC platforms for mobile health applications are
highlighted.

1 Introduction

Strategies that can offer accessible and affordable
diagnosis of diseases with high selectivity and sensi-
tivity are highly desired in the past decades. Generally,
clinical diagnostics requires well-trained personnel to
perform complicated assay protocols including sample
collection, reaction, and analysis, all in centralized
and well-equipped clinical settings, which is often
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costly and time consuming. However, in developing
countries or poorly resourced regions, access to timely
and adequate medical assistance may not even be
available [1]. To address these issues, numerous research
efforts have been devoted to the development of
cost-effective and more accessible in vitro diagnostic
(IVD) methods such as point-of-care tests (POCT).
The global IVD market was estimated to be $74.1
billion in 2017 and expected to reach $102.4 billion by
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2022 at an estimated annual growth rate of 6.7% [2].
One of the main driving forces for the development of
POC technologies is the increasing awareness of self-
diagnostics as a complement to doctoral examination
[3]. As more and more diagnostic biomarkers being
discovered, personalized or patient-side detection of
diseases from easily accessible samples such as human
blood becomes possible [4]. Common types of analytical
biomarkers include proteins, nucleic acids, microbes,
pathogens, and cells that can be obtained from various
human specimens, such as blood, saliva, urine, and
other bodily fluids [5]. The ultimate goal for all POC
technologies under development is to provide a
rapid “sample-to-answer” solution for identification
of targeted diseases that requires little or no pre-
preparation steps and human intervention [6].

With the advances in wireless communication
technologies, such as tablet computers, wearable
devices, and mobile phones (especially smartphones),
the concept of diagnosis and prognosis of diseases
by a remote doctor is emerging [7, 8]. Integrated with
POC molecular assays, these consumer digital devices-
enabled remote diagnostic platforms would significantly
simplify the detection procedure, reduce the cost of
detection systems, and improve the accessibility of
medical diagnostics to poorly resourced individuals
to participate in the health care matrix with both
convenience and fidelity. This newly emerging area
is frequently referred to “telemedicine”, or “mobile
health” in more general [9]. Although there is no con-
vergent definition for “mobile health”, it generally
refers to all sorts of emerging POC technologies
that can monitor, track, and transmit health metrics
continuously and in real time. Fundamentally, mobile
health is intended for analysis of samples derived from
the human body to gather information for diagnostic
and treatment purpose, and eventually offer a better
healthcare for the patient [10].

Plasmonics, or surface plasmon resonance (SPR),
has been an active research area of nanomaterials
for decades. Plasmonics is a unique optical property
of metallic nanostructures generated when their
dimensions are smaller or comparable to the wavelength
of incident light. Because of its tunability and large
electromagnetic (EM) enhancement effect, it has
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attracted extensive attention for its promising appli-
cations in biosensing [11-15] and more recently in POC
diagnostics [16, 17]. This review examines the recent
advances and applications of plasmonic technologies
in POC diagnostics especially for protein and nucleic
acid biomarker detection. It is however not intended to
provide a comprehensive overview of various detection
and sensing schemes that plasmonic nanomaterials
can provide. For that, interested readers are referred
to recent review articles elsewhere [11-15]. Rather, we
particularly emphasize the past and on-going research
efforts which try to integrate nanoplasmonics with
conventional molecular assay methods such as protein
immunoassays, nucleic acid amplification tests (NAAT),
etc. to generate a set of plasmonics-modified assays
that are simpler, more sensitive, and more accessible
for translational mobile health applications. We organize
the review with the following sections: In Section 2,
we will introduce the basic principles of plasmonics
and representative plasmonic technologies that have
been used for molecular sensing. In Section 3, we
will focus on how plasmonic technologies have
been penetrating into conventional, “gold standard”
molecular diagnostic methods toward highly sensitive
detection of protein and nucleic acid targets. In
Section 4 and 5, we will discuss the integration of
plasmonic technologies with emerging portable assay
and reader platforms, respectively, representing two
important steps to transform current developments
into POC tests. Finally in Section 6, the current
limitations and challenges of using plasmonic molecular
assays for POC applications will be highlighted and
discussed.

2 Principles of plasmonics and basic
plasmonic technologies for molecular sensing

SPR arises from the collective oscillation of conduction
electrons at the interface of metal and dielectric
materials under the resonant excitation of incident
EM radiation (usually light). Generally, SPR can
be divided into two categories: propagating surface
plasmon polaritons (SPPs) and localized SPR (LSPR)
[13]. SPPs rely on the propagating charge oscillations
on a planar thin metal film when excited by light at a
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specific angle by using prism or grating couplers.
The EM field of SPPs exponentially decreases away
from the metal surface with a penetration depth of
~ 200 nm into the dielectric layer. The SPP signal
(resonant frequency and angle) can be easily modulated
by the change of refractive index of the surrounding
medium, making it an ideal label-free refractive index
sensor for monitoring surface binding events. Different
from SPPs, LSPR is a confined oscillation of conduction
electrons at the surface of metallic nanostructures
such as nanoparticles, nanowires, or nanoholes that
are similar or smaller in size than the wavelength of
incoming light. LSPR is a near-field phenomenon,
where the EM field of LSPR is highly concentrated
around the nanostructures with a much shorter decay
length (typically ~ 10 nm) than SPPs [14, 18].
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Plasmonic materials are usually made of noble
metals (e.g., gold, silver, or alloys) [19, 20]. With
the advance of the nanoengineering technology, the
characteristic SPR properties of nanomaterials can be
fully adjusted by tuning the size, shape, and com-
position of plasmonic materials, as well as the dielectric
properties of surrounding environments [21, 22].
Strategies for functionalization of the surface of these
materials have also been well studied, bringing
in molecular specificity to plasmonic substrates for
selective binding and detection of target molecules
of interest for chemical and biological sensing [23, 24].
Various plasmonic sensing mechanisms have been
demonstrated in recent years, and the basic plasmonics-
enabled sensing technologies are summarized below
(also see Table 1).

Table 1 Representative examples of various plasmonic technologies used for molecular detection®

Biomarker Disease Materials Binding layer Approach LOD Ref.
. Fiber-optic .
Infliximab IBD with Au surface antibody SPR 2 ng/mL [46]
Teu AD Au film Antibody/ SPR 10 tM [47]
aptamer

AP 1-40; 34.9 M
AP 1-42; AD Au NPs Antibody LSPR 26 fM; [48]

T protein 23.6 tM
Salmonella, Listeria, Pathogen Au NPs Antibod Plasmon couplin, 6.7 aM [49]

E. coli 0157 g Y pimg '

DNA HIV Au NPs DNA Plasmon coupling  0.01 zeptomoles  [50]
Enterovirus 71 Virus infection Au NPs Antibody Plasmon coupling 0.65 ng/mL [51]

MERS-CoV; 1.53 nM;
MTB; Infectious diseases Ag NPs PNA Plasmon coupling 1.27 nM; [52]

HPV 1.03 nM
Thrombin — Au NPs and Au film DNA SERS 86 pM [53]
G?,]:jl; Liver cancer Ag NP films Antibody SERS 0.1 pM [54]
DNA HIV-1 Au NPs DNA SERS 0.24 pg/mL [55]
DNA AuNR DNA SEF 10 pM [56]
antibodies SLE Au film Peptide SEF 10 pg/mL [57]

CEA; 0.19 ng/mL;
Cyfra2l-1; Lung cancer Au nanoislands Antibody SEF 0.05 ng/mL; [58]
NSE 0.15 ng/mL

PSA — Au nanoarray Antibody SEF 100 pg/mL [59]

*Limit of detection (LOD), amyloid beta 1-40 (Ap 1-40), amyloid beta 1-42 (AB 1-40), tau protein (t protein), Alzheimer’s disease (AD), inflammatory
bowel disease (IBD), a-fetoprotein (AFP), glypican-3 (GPC-3), carcinoembryonic antigen (CEA), neuron-specific enolase (NSE), systemic lupus
erythematosus (SLE), peptide nucleic acid (PNA), middle east respiratory syndrome coronavirus (MERS-CoV), Mycobacterium tuberculosis (MTB), prostate

specific antigen (PSA), and human papillomavirus (HPV).
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2.1 SPR sensor

SPR sensing is a sensitive technique that relies on the
measurement of refractive index changes which occur
in the evanescent field of metal-dielectric interfaces
to detect the presence of target molecules [25-28]. In
a typical setup (Fig. 1(a)), a thin metal film is used as
SPR substrate and molecular recognition ligands (e.g.,
aptamer or antibodies) are immobilized on the surface
of the SPR sensor; light excitation is delivered to the
sensor substrate from the backside of the substrate
through a prism to generate SPP. Once a target analyte
is captured on the substrate and the local refractive
index is altered, the SPR sensor detects the binding
event by monitoring the intensity, wavelength, or
angular spectral shifts of the reflected or transmitted
SPR resonance spectra. Therefore, SPR sensing is a
completely label-free technique for probing bio-
molecular interactions without the need of additional
tags or labels [29]. SPR sensing has been extensively
used for characterization and quantification of a
series of proteins, DNA, pathogens, and many other
biomarkers.
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SPR sensing can also be enabled by LSPR generated
from individual plasmonic nanostructures such as
metallic nanoparticles, nanorods, and nanoprisms, or
periodic plasmonic nanoarrays [33, 34]. The detection
principle of LSPR sensors is quite similar to those of
thin-film based SPR sensors as discussed above, but
LSPR sensors have their own advantages. In LSPR
sensors, the resonant spectra can be generated by direct
coupling of light to the sample without the need of a
prism or grating coupler; therefore, the incidence angle
does not need to be precisely controlled. In addition,
LSPR can be excited by using simple broadband white
light. As a result, LSPR sensing can be performed
with low-cost and compact light sources such as light
emission diodes (LED). The refractive index sensitivity
of LSPR, defined as the shifted wavelength per
refractive index unit, or nm/RIU, is highly tunable
and dependent on the size, shape, and composition
of the nanomaterials being used. In general, plasmonic
nanostructures containing sharp features exhibit
higher index sensitivity. For example, gold nanostars
exhibit a large index sensitivity of 703 nm/RIU while
gold nanosphere’s index sensitivity is as small as
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Figure 1 Schematic illustration of various plasmonic sensing approaches. (a) Prism-coupled label-free SPR sensor: binding event (left)

and the corresponding resonance shift (right) (reproduced with permission from Ref. [27], © Elsevier 2007). (b) Schematic representation

of colorimetric Au NP aggregation assay based on plasmonic coupling (reproduced with permission from Ref. [30], © Wiley-VCH
2008). (c) SERS-based DNA detection via probe hybridization (reproduced with permission from Ref. [31], © American Chemical Society
2013). (d) Schematic of SEF: interaction between the dipole of a fluorophore and the confined field of SPP or LSPR (reproduced with

permission from Ref. [32], © Springer Nature 2014).
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44 nm/RIU [35]. Because of much simpler instru-
mentation requirement of LSPR compared to conven-
tional SPR technology and the high detection sensitivity,
LSPR has demonstrated great translational potential
for POC applications. Indeed, various POC LSPR
sensing applications have been demonstrated in
the last decade, ranging from clinical diagnostics to
environmental sensing [36, 37].

2.2 Plasmon coupling sensor

Resonant spectral shift can be modulated not only by
refractive index change but also by plasmon coupling
effect. Plasmon coupling occurs when two plasmonic
nanoparticles approach to each other to a distance of
a few nanometers, where the resonance of individual
particles starts to hybridize, resulting in a red-shift of
the spectra (Fig. 1(b)). Such changes turn the plasmonic
nanoparticles into a colorimetric assay, in which the
degree of color change (spectral shift) can be correlated
to the concentration of analytes (the trigger molecules
of nanoparticle aggregation). Plasmonic colorimetry is
one of the most competitive biosensing technologies
available for POC testing due to its simplicity, sensitivity,
and reliability [38]. For example, Mirkin et al. have
pioneered on this format of assay using oligonucleotide-
functioned gold nanoparticles (Au NPs), which exhibit
a strong red shift upon aggregation in the presence of
target nucleotide [39, 40], allowing rapid and sensitive
readout with the naked eye or by an inexpensive
optical device [41]. In addition to aggregation of
NPs, colorimetric plasmon detection could also be
demonstrated by growth or etching of NPs to
generate colorimetric signal changes [22, 42, 43].

2.3 Surface-enhanced Raman scattering (SERS)

SERS is a surface spectroscopic technology providing
biosensor applications with rich molecular structure
information (Fig. 1(c)). SERS is also a plasmonics-based
technique which relies on nanostructured substrates
to generate concentrated EM field through the
formation of plasmonic hot spots to amplify the
intrinsically weak Raman scattering process [44]. SERS
spectroscopy measures the molecular vibrations to
provide fingerprint signatures of target molecules [45],
and therefore is less susceptible to the interference
of measurement environment compared to the SPR
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technology. Both excitation and scattering wavelength
of SERS can be tailored into the near-infrared biological
transparency window, which greatly suppresses the
background of complex biological samples and thus
improves the detection signal-to-noise ratios (SNR). In
SERS, the spontaneous Raman scattering cross section
can be enhanced up to 10 orders of magnitude when
the Raman tags are adsorbed on rough metal surfaces,
attributed to the combination of an EM mechanism
due to SPR and a chemical mechanism related to
charge transfer between the substrate and the SERS
molecules. As a result, SERS spectroscopic measure-
ment can achieve ultrahigh detection sensitivity down
to the single-molecule level by using densely packed
metal nanostructures (e.g., Au, Ag, and Cu) on a glass
substrate [60, 61].

Various SERS substrates have been demonstrated.
Early SERS assays were performed on roughened
silver electrodes, where single-molecule sensitivity
was demonstrated [62-65]. Silver colloids are the most
widely used SERS substrates due to the large extinction
cross section of silver in the visible spectral region. The
spectral range of silver nanostructures can be flexibly
adjusted by adjusting particle size and shape. Recently,
single-nanoparticle SERS tags are also emerging,
allowing SERS measurement to be performed in vivo
[66]. With the recent advance of portable Raman
spectrometers and commercially available SERS
substrates, this ultrasensitive and noninvasive method
has shown great promise for molecular fingerprinting
in the field, which is extremely useful for forensic
science and a broad range of POC applications [67, 68].

2.4 Surface-enhanced fluorescence (SEF)

Metal-enhanced fluorescence (MEF), or surface-
enhanced fluorescence (SEF), offers an attractive
alternative for amplification of fluorescent signals in
bioassays through the coupling of fluorescence with
surface plasmons (Fig. 1(d)). When a fluorophore is
positioned in a close proximity to a metal film or
nanoparticle, both excitation rate and radiative decay
rate (rate of fluorescence emission) of the fluorophore
are enhanced as a result of enhanced EM field near
the metal surface. The enhancement factor (EF) of
fluorescence signals varies from around 10-fold for
easy-to-fabricate planar metal thin films [69-71] to
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more than 1,000-fold for precisely engineered nano-
antennas [72-74]. Roughened gold-island films or
deposited gold nanoparticle monolayers have shown
a good balance between the simplicity of substrate
preparation and relatively high EF factors (10-100 folds).
Combined with protein microarray technology, these
substrates have recently been explored for enhancing
protein detection in fluorescent immunoassays [75-78].

3 Emerging plasmonic molecular assays
for biodetection

Molecular diagnostics relies on specific detection
of biomarkers which could be extremely low in
abundance. It then becomes a big challenge for
detection by using traditional means. Thus, there is an
immediate need for the development of ultrasensitive
assay methods capable of trace-level biomarker
detection. In this regard, plasmonic biosensors have
shown a great promise. Plasmonic technology has
been engaged in molecular detection in various different
formats: from enhancing end-point signal detection,
serving as alternative optical labels, to recently being
fully involved in the assay process to accelerate,
simplify, and amplify biochemical reactions. This
potentially opens a new branch of molecular assay
technology and POC diagnostics. Here, based on the
types of sensing targets (proteins or nucleic acids),
various plasmonic molecular assays are summarized
and introduced.

3.1 Plasmonic assays for protein detection

Proteins are large biomolecules, playing an important
role in living organisms, including catalyzing metabolic
reactions, replicating DNA, responding to stimuli, and
molecule transportation. Protein detection mainly relies
on specific molecular binding, including immunological
recognition (antibody-antigen interaction), aptamer-
protein interaction, and peptide-protein interaction.
Plasmonics has been extensively applied in protein
biomarker detection to improve detection sensitivity
and specificity in diagnosis and monitoring of a
variety of diseases [18, 79]. We focus on reviewing
the implementation of plasmonics in antibody-based
recognition as an example. The same optical enhan-
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cement methodology in principle can also be applied
to other protein assays based on aptamers and peptides.

3.1.1 Plasmonic enzyme-linked immunosorbent assay
(pELISA)

Enzyme-linked immunosorbent assay (ELISA) is
the most common method used in laboratories for
protein detection and identification since 1971 [80]. In
a conventional sandwich ELISA, the analyte (e.g.,
antigen) is firstly captured by the capturing antibody
immobilized on the substrate, and then targeted with
a detection antibody to form a sandwich structure
(Fig. 2(a)). Afterwards, an enzyme-conjugated secondary
antibody is introduced and binds to the primary
detection antibody for signal amplification. The
biocatalytic reactions then generate colorimetric or
fluorescent signals that can be quantified by a
plate reader or spectrophotometer. The colorimetric/
fluorometric signal is proportional to the number of
enzymes attached to the immunocomplex and therefore
the number of antigens captured.

Colorimetric ELISA doesn’t require complex
measurement instrument using special light sources
and filters, and the results can be easily visible with the
naked eye. Therefore, colorimetric ELISA is attractive
for POC use where expensive and bulky plate readers
are not available [81]. However, one of the main
limitations for conventional colorimetric ELISA is its
relative low detection sensitivity compared with other
detection approaches, such as fluorescent assays or
SERS [82]. When low concentrations of analytes are
present, the color change of solutions will likely be
too subtle to be distinguished from the noncolored
controls [83].

A potential solution is to use plasmonic metallic
nanoparticles instead of organic fluorophores as
reporter molecules, since metallic nanoparticles have
orders of magnitude larger absorption cross section
than organic dyes. Based on this principle, Stevens
et al. have developed a plasmonic ELISA (pELISA)
utilizing analyte-dependent Au NP growth and
therefore the different color of Au NPs as the reporting
signals of the enzymatic assay (Fig. 2(b)) [83-85]. As
shown in Fig. 2(b), pELISA differs from conventional
colorimetric ELISA in the choice of enzyme molecules.
In pELISA, a catalase was conjugated to the secondary
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Figure 2 Principles of different pELISA. (a) Conventional colorimetric ELISA. (b) pELISA based on nanoparticle growth (reproduced
with permission from Ref. [83], © Springer Nature 2012). (c) pELISA based on nanoparticle reshaping (reproduced with permission

from Ref. [92], © Elsevier 2015). (d) pELISA based on nanoparticle aggregation (reproduced with permission from Ref. [93], © Elsevier
2014). (e) Single-molecule pELISA (reproduced with permission from Ref. [96], © American Chemical Society 2011).

antibody which consumes hydrogen peroxide (H,0,),
a reducing agent capable of converting gold precursor
(Au™) into atomic gold to form Au NPs. Increasing
analyte level leads to lower H,O, concentration,
therefore slower growth kinetics of Au NPs, and
eventually aggregation of Au NPs due to poor control
of growth rates. As a result, the assay turns into blue.
In contrast, the color of the assay solution is more
red with lower concentrations of analyte. In proof-of-
concept experiments, pELISA was applied for detecting
prostate specific antigen (PSA) [83], HIV-1 capsid
antigen p24 [83], and HIV-1 protein gp120 [85] in whole
serum or FBS-spiked solutions with a detection limit
in the range of 10¥-10" g/mL, orders of magnitude
lower than the LOD of conventional ELISA (pg—ng/mL
range). Later on, Long et al. reported a plasmonic
ELISA strategy for the detection of hepatitis B surface

antigen (HBsAg) and a-fetoprotein (AFP) using alcohol
dehydrogenase (ADH) catalyzed growth of Au NPs
[86]. In this assay, the antibody-conjugated ADH
catalyzed the reaction between NAD+ and ethanol to
generate NADH and acetaldehyde, and NADH
reduced Au* to Au NPs subsequently. The proposed
method can visually detect protein biomarkers with
the lowest concentration down to 1.0 x 107 g/mL.

In general, the labeling density of enzyme molecules
is limited to one enzyme per antibody. NPs with proper
size on the other side can act as multiple binding site
carriers to increase the loading density of enzymes,
and therefore further amplifies the immunoassay
signal. This strategy has been first demonstrated in
conventional ELISA [87] and recently in pELISA. Chen
et al. reported a quantitative pELISA immunoassay
based on glucose oxidase (GOx)-catalyzed growth of
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5nm Au NPs [88]. The detection antibody was labeled
with a magnetic bead (MB, 1 um in diameter), where
each MB carried around 76,000 GOx molecules instead
of only one enzyme per antibody in conventional
ELISA. As a result, the LOD of PSA of this approach
(93 aM) is more than 4 orders of magnitude lower
than that of commercial ELISA (6.3 pM). In fact, the
use of high surface-to-volume ratio of nanoparticles
as enhancing substrates has been used as a general
strategy to improve the loading densities of various
other components of ELISA, such as capturing antibody
[89], detection antibody, or both [90, 91].

In addition to nanoparticle growth, enzymatic
strategy has also been applied to reshape or aggregate
plasmonic nanoparticles in order to induce spectral
shift for highly sensitive detection. Tang et al. developed
a pELISA to detect PSA by etching silver nanoprisms
from triangles into smaller spherical Ag NPs using
GOx-generated H,O, (Fig.2(c)) [92]. The SPR peak
shift enables the detection of PSA with a LOD of
4.1 fg/mL, more than 5 orders of magnitude better than
that of conventional HRP-based ELISA (1.25 ng/mL).
Jiang et al. reported a pELISA strategy using enzyme-
mediated aggregation of Au NPs for detection of T.
pallidum antibodies [93]. As shown in Fig. 2(d), a serine
protease, AChE, was conjugated to the secondary
antibody, which hydrolyzes acetylthiocholine to produce
thiocholine. The thiol product in turn attacks citrate-
stabled Au NPs to induce NP aggregation. A LOD of
0.98 pg/mL was successfully achieved by this pELISA.

Single-molecule ELISA has been explored in the
past years by employing the digital assay approach,
where ELISA reaction was performed in microwells
and each microwell monitors a single-molecule event
governed by the Poisson distribution [94]. Alternatively,
single-molecule ELISA can also be achieved on a
plasmonic substrate. Kall et al. developed a pELISA
technology by combing LSPR refractive index sensing
and enzymatic reaction with its LOD approaching
single-molecule sensitivity [95, 96]. In their design, an
array of Au NPs with conical or rod shapes were used
as the LSPR substrate. Each plasmonic NP only binds
one or a few HRP molecules that catalyzed a localized
precipitation reaction at the particle surface, resulting
a dramatically amplified plasmonic shift in the resonant
scattering spectra (Fig. 2(e)). Although this method
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may suffer from inhomogeneous sensing properties
of individual NPs, it opens up a brand new avenue
towards single-molecule ELISA by harnessing the
unique properties of nanoplasmonics.

3.1.2  Nonenzymatic plasmonic immunoassays

Different from ELISA that uses enzyme reactions
to generate and amplify the output signals, nonen-
zymatic plasmonic immunoassay refers to sandwich
immunoassays which use nanoparticles or fluorogenic
reporters as labels to generate plasmonics-enhanced
signals for assay quantification in the absence of
enzymatic amplification. It greatly simplifies the assay
protocols by eliminating the enzymatic reaction step.
Plasmonic NPs (e.g., Au or Ag NPs) have been
frequently used as labeling tags in nonenzymatic
protein immunoassays. The most common example
is perhaps the lateral flow assay (LFA, see details in
Section 4.2), where antibody-conjugated Au NPs are
used as color reporters to bind antigen that has been
captured by the immobilized antibody on the paper
substrate. The signaling mechanism is based on the
plasmon-resonant absorption and scattering of Au
NPs to produce distinguishable colorimetric contrast.
To improve the detection sensitivity, the assay can be
followed by silver enhancement treatment where Au
NPs serve as catalysts and nucleation centers for silver
reduction and precipitation [97, 98]. The resulted silver
coating turns the assay spots into black, which is
more easily detectable against the background noise.
Au and other metallic NPs could be excellent signal
enhancement tags for SPR-based protein sensing.
Conventional SPR sensing utilizes a monolayer of
surface-immobilized capturing antibody to detect
specific antigen and generates resonance spectral
shift upon molecular binding. Due to the existing of
the antibody layer, the index sensitivity of the SPR
substrate to the antigen binding is reduced. A solution
to circumvent this issue is to introduce a secondary
antibody labeled with an amplifier Au NP tag to form
a “film-analyte-particle” sandwich structure. The Au
amplifiers interact with the planar Au substrate
to generate plasmon coupling, which significantly
enlarges the resonant shift (Fig. 3(a)) [99]. Natan et al.
demonstrated that antibody-Au colloid conjugates
could result in a 25-fold larger signal than that of free
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Figure 3 Plasmonics-enhanced nonenzymatic immunoassays. (a) NP-enhanced SPR sensing (reproduced with permission from
Ref. [99], © Royal Society of Chemistry 2016). (b) Effect of NP shape and size on SPR signal enhancement (reproduced with
permission from Ref. [101], © American Chemical Society 2012). (¢c) SERS-based NP tags for protein detection (reproduced with
permission from Ref. [102], © Wiley-VCH 2010). (d) Plasmonic substrates for SEF detection of proteins combined with fluorescent tags
(reproduced with permission from Ref. [103], © National Academy of Sciences 2017).

antibody that was 6 orders of magnitude more con-
centrated [100]. Lee et al. reported that nanoparticle-
enhanced SPR is highly dependent on the shape and
size of amplifier nanoparticles [101]. As shown in
Fig. 3(b), three shapes of Au NPs, including nanorods,
nanocages, and quasi-spherical NPs were used in this
study, and quasi-spherical NPs resulted in the greatest
enhancement in sensitivity with a LOD of 1 aM for
thrombin. In comparison, nanorod- and nanocage-
antibody conjugates showed LODs of 10 aM and
1 fM, respectively. These results represent 3 orders of
magnitude improvement compared to the previous
results of using smaller (~ 15nm) Au NPs due to a
combination of improved surface passivation and
proper selection of amplifier nanoparticles. Recently,
Thierry et al. revisited the enhancement mechanism
of the nanoparticle-film hybrid system and found that
the long-range surface plasmon resonance (LRSPR)
had been playing a significant role in enhancing
resonance shift [99]. They demonstrated in both
experimental measurement and theoretical model that
50-fold improvement in sensitivity could be obtained
when using 50 nm Au NP tags in comparison to
tag-free detection of CEA [99]. In addition to SPR,
introducing plasmonic NP tags to the sandwich

immunoassays also opens up other detection possibility
such as SERS. For example, Bazan et al. demonstrated
a SERS-based detection tag consisting of an Ag NP
dimer and a SERS reporter that are functionalized by
probe antibodies (Fig. 3(c)) [102]. A LOD of 100 pM
was demonstrated for detection of human a-thrombin.

Plasmonic nanostructures could also been used
as optically active substrates for enhancing protein
immunoassays via SEF. Compared with other tags,
fluorogenic tags are one of the most widely used
labeling agents for antibody detection because of
its simplicity, high sensitivity, and capability for
multiplexing. However, organic fluorophores suffer
from variations in quantum yield and therefore
detection efficiency. Plasmonic nanosubstrates are the
ideal candidates to enhance the fluorescence signal
intensity especially for low quantum yield dyes through
SEF (see principle of SEF in Section 2.4). For example,
Dai et al. developed a plasmonics-enhance fluorescence
immunoassay using porous gold films with near-
infrared fluorescence enhancement (NIR-FE) of up
to 100-fold for multiplexed protein detection with
femtomolar sensitivity over a broad dynamic range
(Fig. 3(d)) [76, 77, 103]. In this design, the capturing
antibody or antigen was immobilized on a gold
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nanoisland film with abundant nanogaps (~ 10 nm
range). After capturing of target analytes (antigen or
antibody), a NIR fluorophore-conjugated secondary
antibody was added to the substrate to generate SEF
signal. The plasmonic slide was demonstrated to
be compatible with standard microarray scanner for
signal quantification. The system was first tested
for detection of a model cancer biomarker, CEA, at
concentrations down to ~ 5fM [76], and later for
diagnosis of type 1 diabetes (T1D) by detection of
GADG65- or IA2-specific autoantibodies from 2 uL of
human blood [77]. Recently, the SEF nano-gold chip
technology has also been explored for the early
detection of hypertensive heart disease by multiplexed
screening of a panel of 10 cardiovascular autoantibodies
simultaneously [103].

3.2 Plasmonic assays for nucleic acid detection

Nucleic acids are essential for all known forms of life.
Deoxyribonucleic acid (DNA) is a molecular that
carries the genetic information and translates the
genetic code into proteins, while ribonucleic acid (RNA)
plays various biological roles in coding, decoding,
regulation and expression of genes. Consequently,
detection of nucleic acids provides considerable infor-
mation for biological and medical diagnostics that
other methods cannot provide [104].

3.2.1 Plasmonics-enhanced polymerase chain reaction
(PCR)

Since its invention in 1983 by Kary Mullis, PCR has
become the most widely used technique for clinical
molecular diagnostics, and is still considered the “gold
standard” for amplification and detection of low-
abundance nucleic acids [105]. A single copy or a
few copies of DNA segments can be amplified into
thousands to millions of copies of DNA sequences
within tens of minutes via the PCR process. However,
thermal cycling of PCR remains a relatively time
consuming and complex process, which makes PCR
not available for rapid POC use in early days. In recent
years, however, many efforts have been devoted
to improving the performance of PCR by either
miniaturizing thermocyclers [106], automating assay
process with microfluidics [107], or developing cost-
effective and field-portable readout platforms [108-110].
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These advancements have substantially improved the
accessibility of PCR.

Plasmonic technologies have been engaged in PCR
assays mainly in two different ways: 1) enhancing PCR
product detection via SPR, SERS, SEF, or plasmonic
coupling approaches, and 2) accelerating the rate
of PCR assays through localized plasmonic heating.
PCR products are conventionally detected by gel
electrophoresis or fluorometry based on intercalating
double-stranded DNA with fluorescent dyes. However,
the former is not possible to quantitatively determine
the concentration of PCR products, and the latter
is limited by detection sensitivity and number of
detection channels for multiplexing.

Alternatively, various plasmonics-based detection
methods have been coupled to PCR assays to quantify
PCR products more accurately and sensitively. Karube
et al. demonstrated the feasibility of using SPR for
sensitive detection of PCR products with picomolar
sensitivity [111]. The method relies on a peptide
nucleic acid (PNA) probe that was immobilized on a
commercially available SPR sensor chip to capture the
sense strands of denatured PCR products. Neutral
PNA probes showed better hybridization efficiency
with PCR products than DNA probes, partially because
neutral PNA probes allowed the application of low-salt
condition, in which both inter- and intra-molecular
structure of PCR products were minimized for more
efficient “probe-target” hybridization. With this SPR
chip, a LOD of 7.5 pmol of the target DNA was
demonstrated. Later, the same group reported a
different strategy to bind PCR products onto the SPR
substrate [112]. In this new approach, two asymmetric
PCR reactions were performed in a single pot to
amplify the sense and antisense strands of the target
DNA, respectively, but with different lengths (Fig. 4).
The two single-stranded products were then annealed
to form double-stranded detection sequences with a
toehold that were captured and detected by oligo-
functionalized SPR sensor. Ding et al. developed an
intensity-based SPR imaging (SPRi) system combining
DNA microarray technology for quantification of
denatured PCR products [113]. This system has been
used for detection of the BCR/ABL fusion gene in
chronic myelogenous leukemia (CML) with a LOD of
10.29 nM.
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Figure 4 Detection of PCR products using SPR (reproduced
with permission from Ref. [112], © American Chemical Society
1999).

PCR products can also be quantified by SEF or SERS.
Knoll et al. demonstrated the detection of denatured
PCR products with SEF by introducing fluorescently
labeled primers in the amplification, and ssDNA
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probe-functionalized gold chip for fluorescence
enhanced detecton [114]. This SEF platform allowed
for real-time monitoring of hybridization processes
with a LOD of 100 fmol on the PNA probe surface
and 500 fmol on the DNA probe surface. Barnes et al.
reported the detection of denatured PCR products by
SERS with a commercially developed PCR-SERS assay
system [105]. Not only being more sensitive to
fluorescence detection mode [115], SERS is also capable
of greatly expanding the throughput of PCR by
multiplexed detection of up to 10 targets per reaction
[105]. Graham et al. implemented a different SERS
detection strategy for PCR [116]. They functionalized
normal PCR primers with SERS probes, a hybrid NP
containing both SERS tag molecules and Ag NPs as
enhancement substrates (Fig. 5(a)). Using SERS primers,
the PCR products were directly available for SERS
quantification.
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Figure 5 Various plasmonic implementations in PCR assay. (a) SERS-based PCR assay using SERS nanoparticle-conjugated primers
(reproduced with permission from Ref. [116], © American Chemical Society 2013). (b) Colorimetric PCR using Au NP-conjugated

primers (reproduced with permission from Ref. [117], © Springer Nature 2010). (c) Colorimetric Au NP labels for asymmetric PCR

(reproduced with permission from Ref. [118], © American Chemical Society 2012). (d) Asymmetric PCR assay based on Au NP

aggregation (reproduced with permission from Ref. [50], © Wiley-VCH 2016).
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Plasmonic NPs with vivid colors have been used as
colorimetric labels for PCR, which eliminate the need
of more expensive, less stable fluorescent dyes, and
therefore enable rapid quantification of PCR results
without the need of complex optical instrumentation.
Wang et al. reported a colorimetric PCR assay where
Au NPs were conjugated directly to the primers [117].
As shown in Fig. 5(b), the extension of Au NP primers
during the PCR process triggered the aggregation
of Au NPs. This provides a convenient solution for
ultrasensitive, real-time detection of PCR products
without the need of post staining. Liang et al. reported
a colorimetric method for rapid quantification of
asymmetric PCR products at picogram detection
sensitivity by labeling the single-stranded products
with oligo-functionalized Au NP probes (Fig. 5(c)) [118].
Pompa et al. demonstrated an improved version of
colorimetric strategy, based on the controlled Au NP
aggregation, for detection of as low as 0.01 zeptomole
of HIV DNA against an excess of human genomic
DNA [50]. In this method, asymmetric PCR was per-
formed to yield predominant single-stranded products
containing a universal tag sequence (yellow sequence
in Fig. 5(d)). After completion of reaction, two sets of
Au NPs functionalized with complementary oligonu-
cleotide probes to different portions of the universal tag
were added. In the presence of amplified targets, Au
NPs were crosslinked by the universal tags, aggregated,
and then color-shifted. The assay has been demons-
trated for sensitive detection of HIV DNA with the
naked eye, showing great promise for use in the POC
settings. More recently, Xu et al. demonstrated that
unmodified Au NPs could also be used for colorimetric
detection of asymmetric PCR products by combining
salt-induced nanoparticle aggregation assay [119]. In
this design, PCR-produced single-stranded products
protected Au NPs from aggregation in the presence
of high salt concentration. In contrast, the absence
of PCR products would induce nanoparticle agglo-
meration and a blue shift of resonance color. Using
this assay, the LOD of viable emetic B. cereus was
reported to be as low as 92 CFU/mL in 0.01 M
phosphate-buffered saline and 340 CFU/mL in milk.
These Au NP based approaches greatly simplify the
readout process, making PCR-based strategies possible
for the POCT applications.
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More recently, plasmonics-generated localized heat,
a process known as photothermal conversion, has
been utilized to speed up the rate of PCR assay. The
concept of using plasmonic heating for PCR amplifi-
cation was first demonstrated in 2012 by Roche et al
[120]. In their study, 60 nm citrate-capped Au NPs
were added directly to the PCR reaction mixture to a
final concentration of 6.6 pM (Fig. 6(a)). The 25 pL
reaction solution was then heated by a 532 nm (2.7 W)
continuous laser and cooled by active airflow. Rapid
heating and cooling rates of 7.6 °C/s and 3.3 °C/s were
obtained, respectively, allowing 30 cycles of amplifi-
cation in less than 10 minutes. The ramp rate of the
plasmonic thermocycler was faster than all commercially
available PCR instruments at that time (1-6°C/s).
Later, Lee et al. reported a novel ultrafast photonic
PCR through plasmonic photothermal heating of thin
Au films (120 nm thick) illuminated by low-cost LEDs
(450 nm wavelength) [121]. As shown in Fig. 6(b), this
thin film-based thermocycler significantly improved
the heating and cooling rates to 12.8 and 6.6 °C/s,
respectively, capable of completing 30 cycles within
5 minutes for a 10 pL reaction volume. However, one
potential limitation of plasmonic thin film is that the
heating range is limited to approximately 100 nm
from the gold surface, limiting its applications toward
bulk solutions. This however has been improved
later by using two layers of plasmonic films to form
an optical cavity as thick as 750 um, within which the
PCR mixture experienced a more uniform temperature
distribution across the cavity [113]. By optimizing the
film thickness of top and bottom plasmonic films,
ultrafast 30 thermal cycles from 68 (annealing/extension)
to 94 °C (denaturation) were achieved within 4-10 min
for reaction volume from 1.3-10 pL. Nucleic acids
(c-MET c¢DNA) at concentrations as low as 10 ng/uL
(two copies per pL) were successfully amplified.
Alternatively, Weizmann et al. demonstrated the
use of gold bipyramid nanoparticles (Au BPs) as
photothermal convertors for ultrafast real-time DNA
amplification analysis. The benefits of using suspended
nanoparticles as localized heating source are twofold:
it not only allows more rapid and uniform heating,
but also provides the clearance for real-time optical
detection of the PCR products (Fig. 6(c)) [122]. The
plasmon-resonant wavelength of Au BPs was chosen
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(c) Photothermal PCR using gold bipyramid nanoparticles (Au BPs) (reproduced with permission from Ref. [122], © American

Chemical Society 2017).

to be located in the near infrared (846 nm) region
which was far away from the excitation wavelengths
of the routine intercalating dyes. The platform was
applied for both real-time PCR (40 cycles within 7.5 min
for 5 pL volume, with a LOD of 1 pg/uL DNA) and
isothermal rolling circle amplifications (RCA). Roche
et al. demonstrated the fastest plasmonic PCR so far
that achieved 30 cycles in 54 seconds using dual-
functional gold nanorods (Au NRs) as both heating
source and refractive index sensor for real-time
monitoring of PCR products [123].

3.2.2  Plasmonics-enhanced isothermal DNA amplification

Isothermal nucleic acid amplification is a simple
process that amplifies nucleic acid sequences at a
constant temperature. As an alternative to PCR,
isothermal nucleic acid amplification methods have
been widely used for biomolecular diagnosis, especially
when complicated and bulky thermocyclers are not
available. Generally, these reactions can be divided

into two categories: 1) the enzyme-aided approaches,
such as loop-mediated isothermal amplification
(LAMP), rolling circle amplification (RCA), and cyclic
enzymatic amplification (CEA), and 2) enzyme-
free approaches, predominantly DNA circuit-based
amplifiers such as hybridization chain reaction (HCR)
and catalytic hairpin assembly (CHA). Similar to
conventional PCR, plasmonics has been frequently
integrated with isothermal DNA amplification methods
to improve detection sensitivity or simplify detection
process.

Use of plasmonic nanoparticles as colorimetric
reporters is a common strategy to enable sensitive
and rapid readout with a simple instrument, or even
with the naked eye. Au NP reporters have been used
in many isothermal amplification methods including
CEA [124-126], LAMP [127-129], RCA [130], HCR [131,
132], CHA [133], and other DNA machinery [134, 135].
For example, Liu et al. developed a colorimetric DNA
biosensor through the use of a nicking endonuclease
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assisted Au NPs amplification [126]. The strategy
provided the capability of recognizing long single-
stranded oligonucleotides with single-base mismatch
selectivity and a 10°-fold improvement in amplification
(ca. 10 pm) (Fig. 7(a)). LAMP uses two or three sets
of primers (including a forward inner primer (FIP),
backward inner primer (BIP), and outer primers (F3
and B3)) and a polymerase to amplify target DNA
sequence with excellent specificity at a constant tem-
perature (60-65 °C) in 30-60 min. The LAMP reaction
is consisted of two stages, including the dumbbell
structure-producing step and the cycling amplification
step. Lee et al. developed an ultrasensitive colorimetric
LAMP assay using carboxyl-modified Au NPs as
detection labels (Fig. 7(b)) [127]. 11-mercaptoundecanoic
acid-functionalized Au NPs first formed aggregation
in the presence of magnesium ion (Mg*), an enzyme
cofactor of LAMP, and then dissembled by increasing
concentration of pyrophosphate ion (P,O,*), a bypro-
duct of the amplification process. A LOD of 200 copies
DNA per 20 pL reaction (or 17 aM) was reported. Wang
et al. reported an enzyme-free colorimetric strategy to
detect DNA using Au NP-integrated HCR amplification
[131]. HCR is a process involving cascade recognition

Nano Res. 2018, 11(10): 5439-5473

and hybridization between two sets of DNA hairpin
molecules, leading to the formation of a long double
helix that grows until the hairpins are exhausted. As
shown in Fig. 7(c), in the absence of target DNA, the
two sets of hairpins with auxiliary single-stranded
toehold would adsorb on the surface of Au NPs and
protect them from aggregation in high salt solution.
In contrast, in the presence of target DNA and HCR
reaction was triggered, the double-stranded amplifi-
cation products were less stable on the Au NP
surface without sticky toeholds, therefore resulting
in aggregation. This simple strategy provided a LOD
of 50 pM for instrument detection and 100 pM for
naked eye detection. This format of strategies can be
performed at room temperature and doesn’t need to
modify the Au NPs, which is very suitable for POCT
applications.

In addition to plasmonic colorimetry, SPR is
widely used for real-time quantification of isothermal
amplification products. SPR has been implemented
in LAMP [136], RCA [137], strand displacement
amplification (SDA) [138], RNA transcription-based
amplification [139], HCR [140-143], and many other
nonenzymatic DNA circuit amplifiers [144-146].
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Figure 7 Plasmonic NPs as colorimetric labels for isothermal DNA amplification assays. (a) Nicking endonuclease assisted Au NP
amplification for target DNA detection (reproduced with permission from Ref. [126], © Wiley-VCH 2009). (b) Colorimetric LAMP
assay using 11-mercaptoundecanoic acid functioned Au NPs as detection labels (reproduced with permission from Ref. [127], © Wiley-
VCH 2014). (c) Enzyme-free detection of DNA using Au NP-based HCR amplification (reproduced with permission from Ref. [131],

© American Chemical Society 2013).
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Strategies that can further enhance the SPR sensitivity
include the use of Au NPs as plasmonic coupler or
the design of a nonlinear amplification process. For
example, Ding et al. reported a SPR biosensor for
nonlinear HCR for the detection of two major transcript
subtypes of PML/RARa, diagnostic biomarkers for
acute promyelocytic leukemia (APL) [142]. As shown
in Fig. 8(a), in the presence of target DNA, the cascade
self-assembly process formed dendritic DNA structures
instead of linear products generated by conventional
HCR, which led to a significant enhancement to the
SPR signal.

SEF and SERS could also be powerful in the
detection of isothermal amplification assays. Liu et al.
demonstrated a strategy to perform HCR reaction
directly on a nanostructured gold island film [147].
By labeling the nicking double helix products with
fluorophores, the nanogold SEF substrate greatly
enhanced the fluorescence emission of the HCR
products (Fig. 8(b)). This plasmon-enhanced HCR
(PE-HCR) was able to achieve a LOD of 0.043 fM
(1,300 molecules in 50 uL of sample). Zhang et al.
reported a sensitive RCA assay by performing surface-
initiated RCA on a polycrystal gold electrode and
further labeling the single-stranded products with
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PML/RAR«
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Capture probe
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SERS tag-conjugated Au NPs (Fig. 8(c)) [148]. The Au
NP assembly mediated by the DNA coils formed
a SERS-active substrate for fingerprint detection of
DNA as low as 10 pM, as well as for detection of
single-base mismatch. Zhang et al. developed a hybrid
two-step DNA amplification assay combing cross
SDA and RCA with its end products quantified by
SERS after hybridization with Raman probes [149].

3.2.3 Plasmonic methods for DNA genotyping and
sequencing

The human genome contains nucleotide sequence
variations at an average frequency of 0.1%. Various
forms of sequence variations have been identified and
studied, including single nucleotide polymorphism
(SNP), copy number variation (CNV), short tandem
repeat, and many others. All contribute to the genomic
diversity. Efficient detection of sequence variations
would greatly enhance our understanding of the
correlation between genotype and disease susceptibility,
genetic epidemiology and population genetics, and
improve diagnosis of infectious diseases by accurate
discrimination between two similar disease strains with
different virulence. Current strategies for sequence
profiling including DNA genotyping and sequencing.
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Figure 8 Surface-enhanced plasmonic technologies used in isothermal amplification methods. (a) Schematic illustration of the SPR-based
non-linear HCR (reproduced with permission from Ref. [142], © Springer Nature 2017). (b) SEF-based HCR assay (reproduced with
permission from Ref. [147], © American Chemical Society 2016). (¢) SERS-based RCA assay for DNA detection (reproduced with

permission from Ref. [148], © American Chemical Society 2010).
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The potential of using SPR sensors for DNA
genotyping has been well demonstrated in the last
decade [150, 151]. The basic idea is to create a large
array of ssDNA probes consisted of a library of com-
plementary sequences targeted for different subtypes
on a SPR sensor chip to screen unknown strains in a
flow chamber. The hybridization of perfectly matched
sequences leads to a shifted SPR signal that can be
detected in each microarray spot. Such approach is
sensitive, high throughput, and can be easily multiplexed.
In addition, genotyping of SNP [152, 153], one of the
most frequent genetic variations, is also feasible with
SPR sensing. Ward et al. developed a DNA ligation-
based SNP assay combing SPR sensing for SNP allele
discrimination associated with venous thromboem-
bolism (VTE) [154]. In their design, the capturing
sequences were arrayed on a SPR chip, and target
sequences were hybridized in the presence of a
biotinylated detection probe and a DNA ligase (as
shown in Fig. 9(a)). Ligation of the detection probes to
perfectly matched capturing sequence was visualized
by a subsequent localized enzymatic colorimetric
reaction that led to a color change of the array spot
enhanced by the SPR effect. Various approaches have
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Figure 9 (a) SPR based SNP genotyping (reproduced with
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2003) and (b) SERS for SNP genotyping, coupled with ligation
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been developed to enhance the SPR readout for SNP
detection including the use of Au NPs as the enhancer
[155] as demonstrated previously in protein detection.

SERS is an alternative method for DNA genotyping.
Stevenson et al. reported DNA genotyping with SERS
for multiplexed detection of up to 6 subtypes [156]. In
this study, human papilloma virus (HPV) genotypes
were first amplified by PCR with validated PCR primer
sets and then hybridized with 6 different SERS tag-
conjugated ssDNA probes. After magnetic separation,
SERS probes bound to the present subtypes were eluted
and disposed onto silver NP substrates. Discrimination
of different strain types was then achieved by
identification of characteristic Raman resonance peaks
in the SERS spectra. Batt et al. demonstrated a ligation
detection reaction (LDR) coupled with SERS for
multiplex SNP genotyping of KRAS oncogene alleles
at 10 pM detection sensitivity [157]. As shown in
Fig. 9(b), the Raman tag and enhancer were conjugated
to two separate ssDNA probes and brought together
to generate SERS signals only when fully matched
target templates were hybridized and ligated.

DNA sequencing on the other hand requires the
detection of the base order of a nucleotide chain at the
single-base resolution, which has imposed a significant
challenge for both molecular assay technology and
detection. DNA sequencing technologies have evolved
from early Sanger sequencing to currently dominant
next-generation sequencing (NGS) [158-161]. The
advancement of nanotechnology is further changing
the landscape of DNA sequencing by providing
new alternatives with single-molecule sensitivity and
real-time sequencing capability. Two of the leading
third-generation sequencing technologies include
nanopore sequencing and single-molecule, real-time
sequencing (SMRT).

Solid-state nanopore platforms are being extensively
utilized in the growing field of rapid DNA sequencing.
The nanoscale pores provide a highly confined space
within which single strand nucleic acid can be analyzed
at high throughput through the changes of ionic [162]
or tunneling currents [163]. SMRT [164, 165] on the
other side still relies on optical detection of fluorescent
events similar to NGS but aims to increase sequencing
speed and throughput (Fig. 10). At the heart of the
SMRT technology is a dense array of plasmonic
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nanowells that work as zero-mode waveguides (ZMW)
[166] for single-molecule imaging. In this regard,
nanoplasmonics again has been playing a key role.
ZMW utilizes the metal wall as the cladding and the
nanohole as the core of the waveguide, which blocks
the propagation of light into the waveguide above
the cut-off wavelength (Fig. 10(a)). It then creates a
highly confined illumination volume of the incident
light in a 10-20 nm thickness at the bottom of each
nanowell (zeptoliter volume), allowing single-molecule
observation even at high concentrations. In SMRT,
polymerase was immobilized at the bottom of ZMW,
and the reversible incorporation of fluorescently labeled
nucleotides on the template was monitored in real
time by single-molecule spectroscopic measurement
(Figs. 10(b) and 10(c)) [164, 165].

New plasmonic technologies for DNA sequencing
are also emerging. Deckert et al. attempted to directly
scan the sequence of a single RNA strand by using
tip-enhanced Raman scattering (TERS) based on the
characteristic Raman signatures of different nucleotides
(Fig. 11(a)) [167]. The limitations are however the
throughput and the lateral resolution to resolve single
bases due to the relatively large size of scanning tips.
Ju et al. proposed a different strategy of sequencing
DNA using SERS [168]. Similar to fluorescently labeled

nucleotides routinely used in NGS, they synthesized
SERS tag-labeled reversible terminators by attaching
an azido moiety (N;), an intense Raman report, to
the 3’-OH group of individual nucleotides. The cyclic
incorporation and cleavage of Raman tag-labeled
nucleotides into the DNA template was successfully
detected by monitoring the SERS signal (Fig. 11(b)). By
using 4 different Raman tags in future, fully automated
DNA sequencing with a SERS detector is highly
possible. Faramarzi et al. investigated the possibility
of DNA sequencing with SPR sensing by simulating
the different SPR shift of plasmonic substrates in the
presence of different nucleotides when illuminated
by ultraviolet (UV) light [169]. As shown in Fig. 11(c),
the SPR properties of nanopore, bowtie, and bowtie-
nanopore compound nanostructures consisted of a
range of materials including graphene (Gr), chromium
(Cr), aluminum (Al), and, rhodium (Rh) were simulated
by discrete dipole approximation (DDA). The bowtie-
nanopore hybrid nanostructure made of Cr showed
the highest selectivity to discriminate all four
nucleotides (A, T, C, G) by displaying distinguished
wavelength shifts for the four different nucleotides.
Although the proposed method still requires thorough
experimental validations, it may shed light on new
methods for DNA sequencing in future.
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Figure 11 DNA sequencing by (a) scanning TERS (Reproduced with permission from Ref. [167], © Wiley-VCH 2008). (b) SERS
(reproduced with permission from Ref. [168], © Royal Society of Chemistry 2014), and (c) SPR (reproduced with permission from

Ref. [169], © Optical Society of America 2016).

4 Integration with field-deployable assay
platforms

As the research of plasmonics-enhanced biomolecular
analysis expands, the translation of laboratory
plasmonic molecular assays into point-of-care tests
(POCT) has become one of most promising appli-
cations. A complete POCT system would consist of
minimally three components: the assay, chip, and
reader. Here, the term “chip” refers to any simple,
compact, field-deployable supporting matrix in which
that the molecular assay can be contained and run to
completion automatically. Two common “chips” are
microfluidic and paper devices. The “reader” refers
to miniature imaging and sensing devices that will be
discussed in Section 5. They are portable, low-cost,
easy-to-use, sensitive, accurate, and capable of rapid
quantification of assay signals in the POC settings
without the need of bulky benchtop instrumentation.
Recent developments in microfluidics, smartphone-
based microscopes, and wearable sensing technologies
have paved the road for pushing plasmonic molecular
assays from the lab to the patient side.

4.1 Plasmonic microfluidic devices

As one of the typical POCT platforms, microfluidics
or lab-on-a-chip is widely acknowledged as an essential

technology for POC applications due to the following
merits: portability, cost-effectiveness, minimum sample
requirement, high analytical throughput, and integrated
function for assay automation. The synergistic
integration of plasmonics and microfluidics (also
termed as plasmofluidics) is emerging as a powerful
biosensing strategy, and has become an essential step
to turn benchtop plasmonic molecular assays into
field-applicable tests.

The most common example of integrating nano-
plasmonics with microfluidics is perhaps the
microfluidic SPR sensor. By combining immunoassay
chemistry (see Section 3.1.2) or DNA hybridization,
microfluidic SPR devices allow for real-time, continuous,
and parallel detection of a panel of targets simul-
taneously on a single chip. Microfluidic SPR sensor
can be easily fabricated by binding conventional PDMS
channels onto metal-coated SPR chip substrates. For
example, Sonntag et al. developed a SPR-based (Au
coated) microfluidic chip for detection of miRNA-93
[170]. This microfluidic SPR sensor enabled parallel
analysis of three linear spot arrays, and the output
signal was amplified by two different strategies, either
by introduction of an enhancer antibody which bound
to the RNA-DNA complex, or a Poly(A) polymerase
that elongated the target miRNA by nucleic acid
synthesis. Tokel et al. reported a microfluidic SPR
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device for the detection of Escherichia coli (E. coli) at
concentrations ranging from ~ 10° to 3.2 x 10 CFUs/mL
[171]. As shown in Fig. 12, the bacteria were captured
by the antibodies immobilized in the microchannel
with an Au-coated SPR chip, resulting in a local
refractive index change due to the binding event.

Microfluidic integrated SPR platform
(a)

Control circuitry

(b)

CMOS sensor Prism  Light emitting dicde

Anti-LPS
Antibody

Proten G
EDCNHS

MUA

Light source CMOS sensor

Microfluidic chip with gold coating r—
Figure 12 (a) Photograph of the SPR-based microfluidic system
for pathogen detection, and 50-nm Au-coated glass substrate along
with the microchip is shown below. (b) The electronic setup of
this SPR detection system. (c) Schematic of the SPR detection
mechanism. The refractive index was changed when the antibody
captured the pathogen, providing a signature on the reflected light,
which could be recorded by the sensing system. Reproduced with
permission from Ref. [171], © Springer Nature 2015.
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Applications of microfluidics for other plasmonic
detections, such as LSPR [172], SERS [173-176], and
SEF [177] have also been extensively studied. For
example, Quidant et al. reported a parallel LSPR-based
immunoassay chip for the real-time detection of AFP
and PSA down to concentrations of 500 pg/mL in
50% human serum [172]. In this device, periodic gold
nanorod (Au NR) arrays were fabricated on a glass
substrate and separated into 8 independent microfluidic
channels by PDMS with totally 32 multiplexed sensing
sites on a single chip. Zhong et al. reported a SERS-
based immunoassay in microfluidic chips for the
detection of CEA [178]. Upon the bioconjugation of
the target and SERS nanotags, the nanotags were
magnetically trapped on a specific spot within the
microfluidic channel, enabling an enrichment of “hot
spots” for the SERS detection with a LOD of 0.1 pM.
Choo et al. employed droplet microfluidic platform
for SERS analysis of specific antigen fraction 1 (F1) in
Yersinia pestis (Fig.13) [174]. The polyclonal F1
antibody was modified on the surface of 40 nm Au
NPs, while the monoclonal F1 antibody was con-
jugated on the surface of a magnetic bead. Through the
sequential droplet generation, transport, and merging,
SERS nanotages and F1 antigens were mixed with
magnetic beads to form sandwich immunocomplexes.

Splitting

He=Ne laser
(632.8 nm)

Separation

SERS
’Vl.signal

Reaction

Figure 13 (a) Schematic design of the integrated SERS-based microdroplet platform: (i) droplet was generated from the shear force,
(ii) first immunoreaction by droplet mixing, (iii) droplet merging with the magnetic beads (iv) second immunoreaction, (v) droplet
splitting, and (vi) Raman detection of unbound SERS nanotags. (b) Extended images for (i) droplet generation, (iii) droplet merging for

the formation of magnetic immunocomplexes, and (vi) droplet splitting. Reproduced with permission from Ref. [174], © American

Chemical Society 2017.
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SERS detection was realized via magnetic droplets
splitting with a LOD of 59.6 pg/mL (Fig. 13). This
microfluidic chip is highly automated and integrated,
though, precise flow operation is needed to obtain
the results with good reproducibility.

4.2 Plasmonic paper devices

Over the last two decades, cellulose paper has been
demonstrated as an ideal substrate to construct
extremely low cost and disposable microfluidic devices
for use in POC diagnostics. Paper devices are generally
biocompatible, flexible, easy-to-fabricate, and support
a broad range of assay chemistry with high surface
areas [179, 180]. Paper flow channels can be demarcated
by the hydrophobic barriers, such as wax, printing ink,
and photoresist [181]. Different from conventional
microfluidics, paper-based microfluidics drive the
sample fluid by capillary action without need of valve
and pumps, which greatly simplifies the ways to
operate these devices.

Plasmonic nanomaterials have been utilized to
integrate with cellulose paper devices for POC sensing
applications [182]. Lateral flow assays (LFAs), also
commonly known as “dipstick tests”, have been the
predominant POC tests in the past decades [183].

Nowadays, LFAs are commercially available for a
variety of diagnostic applications (e.g., pregnancy, HIV,
infectious diseases, etc.). For example, in 2012, Au
NP-based HIV LFA test using oral fluid was approved
by Food and Drug Administration (FDA) [184].
LFAs are inexpensive, portability, rapid, and ideal
for sample-to-answer applications without external
instrumentation [185]. In a typical LFA, the biological
fluid, such as blood, is added to the sample pad and
mixed with pre-loaded detection probes (e.g., antibody/
DNA-conjugated Au NPs). Then the mobile phase
will wick through the stationary phase by capillary
action. When it passes through the test zone, the target
will be captured by immobilized antibody or DNA
probe. Au NP-conjugated detection antibody will be
accumulated at the test line by forming the sandwich
antibody-target-antibody complex.

To improve the analytical sensitivity and detection
range of the Au NP-based LFA, Bischof et al. inves-
tigated the effect of different size of Au NPs (30, 60,
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and 100 nm) on the performance of LFA devices [186].
They found that the sensitivity was significantly
dependent on the optical properties of Au NPs and
their binding efficiency. The larger size Au NPs (100 nm)
which possessed larger excitation cross section
and higher binding affinity improved the detection
sensitivity by 256-fold and expanded the detection
range from 3 log to 6 log. Gehrke et al. have
investigated other plasmonic NPs than Au NPs as
labeling agents for LFA [176]. Using resonant silver
nanoplates, they developed multiplexed LFAs that
could simultaneously detect dengue virus (DENV),
yellow fever virus (YFV), and Ebola virus (Zaire strain,
ZEBOV) with a LOD of 150 ng/mL for viral protein
biomarkers of each disease. Xia et al. used dual-
functional Au NP-Pt core-shell nanoparticles (Au@Pt
NPs) as LFA labels which produced more sensitive
color change catalyzed by the Pt layers. The Au@Pt
NP imbedded LFA assay showed greatly enhanced
detection sensitivity by 2 orders of magnitude com-
pared to conventional Au NP probes [187]. Although
LFA is currently still considered a simple yes/no
diagnostic test, commercialization of above demons-
trated ultrasensitive plasmonic nanoprobes in LFA is
currently on the way. For example, gold nanoshell-
enabled LFA with 20-fold increases in sensitivity
is now available via nanoComposix [188]. There is a
reason to believe that the performance of LFA will be
continuously improved to be competitive to other
molecular assays in future.

Paper-based SERS sensors provide a new option to
perform Raman measurement in the POC settings.
Plasmonic NPs can be integrated with cellulose fibers
through seeded growth, adsorption, self-assemble, or
in situ synthesis [189]. To date, various clinical samples
including serum, tear, and whole blood have been
detected through SERS on the paper substrates, which
show great potential to be used for POC diagnostics
[190, 191]. For example, Wu et al. reported a paper-
based SERS assay for detection of Neuron-Specific
Enolase (NSE) in blood plasma with a LOD of
0.86 ng/mL [191]. Schifferli et al. reported a gold
nanostar (Au NS)-based LFA platform (Fig. 14), with
the SERS limit of detection of 0.72 ng/mL of ZIKV
NS1 and 7.67 ng/mL of DENV NS1 [192].
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Figure 14 Schematic of dipstick sandwich immunoassay.
Sandwiches formed by each antibody pair, NS1 and Au NS—Ab
conjugate, for both ZIKV and DENV NSI, at the test line.
Reproduced with permission from Ref. [192], © American
Chemical Society 2017.

5 Integration with portable readout devices
5.1 Miniature imaging devices

Imaging and sensing tools are indispensable for
biomedical detection and analysis. The field of optical
microscopy is undergoing a profound transformation.
The price and size of image sensors, light sources, and
optical components have been significantly reduced.
Device fabrication and prototyping is becoming
increasingly inexpensive and faster than ever with
3D printing. With these trends, various cost-effective,
field-portable, and miniature imaging and sensing
tools are emerging, including lens-based [193-195] or
lens-free on-chip microscopes [196], miniature fluore-
scence microscopes [197], and optical fiber microscopes
[198]. Plasmonic sensing and measurement can now
be readily performed on palm-size devices, pro-
viding a timely solution for individuals to monitor
personalized tests in a real-time and continuous fashion.
For example, Ozcan and Altug et al. developed a
handheld plasmonic biosensor by coupling plasmonic
Au nanohole arrays with lens-free on-chip holographic
imaging system for screening of biomolecular binding
events for POC use (Fig. 15) [199, 200]. This lightweight
device utilized a CMOS imager chip to record the
diffraction patterns (holograms) of the plasmonic
microarrays excited by low-cost LEDs, with a minimum
detectable refractive index change of ~ 4 x 107 RIU.
More recently, a machine learning-based computational
sensing framework was also developed, which could
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LED
illumination

Transmission of the
plasmonic chip

Figure 15 Handheld plasmonic biosensor based on lens-free
imaging and Au nanohole array. (a) Photographs of the portable
plasmonic reader device. (b) Schematic of the computational
lens-free imaging system. (c) SEM image of the Au nanohole array.
(d) FDTD simulation of the near-field intensity enhancement
distribution for the nanohole array. Reproduced with permission
from Ref. [199], © Springer Nature 2014.

be used to help select the most sensitive illumination
wavelengths for designing cost-effective plasmonic
reader devices [201]. Mirkin et al. reported a microarray
format scanometric assay for the detection of protein
and DNA. This strategy is based on the use of DNA
microarray on glass slides and SNA-AuNPs to capture
target DNA in a sandwich format [202]. Silver enhan-
cement was further applied to enhance the signal via
increasing the scattering intensity of assay spots. In
1997, this system was approved by FDA and now has
been commercialized by Verigene System [203].

5.2 Smartphone microscopes

Roughly after four decades since the introduction
of the first mobile phone, the global mobile phone
subscription number has already reached more than
7 billion in 2017, and nearly 80% of these mobile
phones are being used in developing countries [204].
Furthermore, mobile phones have been experiencing
massive advances in their carried-on optical camera
system, processing power, global positioning system
(GPS), and wireless internet network, which all facilitate
the use of such platforms for advanced biomedical
measurements [205-208]. Various smartphone-based
platforms have been explored for monitoring and
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diagnosis of diseases utilizing imaging modalities
ranging from bright field [208, 209], scattering [210],
to fluorescence [211]. Integrated with disposable assay
chips, these field-portable and wirelessly connected
devices provide a unique all-in-one platform for
detection, data analysis, and remote reporting without
the need of external computers.

Smartphone-based fluorescence microscopy is one
of the predominant methods of smartphone sensing.
The detection sensitivity of smartphone fluorescence
microscopes has been significantly improved in the past
few years, enabling detection of single nanoparticles
as small as 100 nm [211], individual viruses [212],
and single DNA molecules [213]. Recently, we have
demonstrated a strategy to further improve fluore-
scence signals by implementing SEF in the smartphone
microscopy [204]. As shown in Fig. 16, this smartphone-
based SEF microscope used a silver thin film as
fluorescence enhancement substrate and a glass
hemisphere coupler to deliver the excitation light to
the metal surface to generate SPPs. By optimizing the
film thickness, spacer distance, illumination angle,
and excitation polarization, a maximum fluorescence
enhancement of ~10 fold was achieved, enabling
detection of single fluorescent particles as small as
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Figure 16 Plasmonics-enhanced  smartphone
microscopy. (a) and (b) Schematic illustration of the smartphone
attachment and illumination optical path, respectively. (c) and (d)
Photographs of plasmonic silver substrate placed in the sample
holders. (e) and (f) Photographs of the actual plasmonics-enahnced
smartphone fluorescence microscope. Reproduced with permission
from Ref. [204], © Springer Nature 2017.
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50 nm in diameter. A sensitivity limit of ~ 80 fluoro-
phores per diffraction-limited spot was estimated by
using fluorescently labeled DNA origami nanobeads
as brightness standards.

Smartphones have also been employed as optical
readers for various types of plasmon-resonant sensors
such as coupling sensors, SPR, and LSPR sensors for
use in the POC settings. Using its sensitive bright-field
imaging mode, smartphones can be turned into
miniature photometers for quantification of light
absorbance of coupling-based colorimetric assays
[214-216]. Moreover, a smartphone-based LFA assay
reader has recently been commercialize by Cellmix
[217]. To further improve the detection accuracy of
colorimetric assays, ratiometric intensity quantification
using two different color LEDs was demonstrated in
a recent example [218]. This enabled the smartphone
device to detect as low as ~ 3.5 ppb level of mercury
contamination in water using an aptamer Au NP-based
colorimetric assay. Filippini et al. demonstrated the
first smartphone-based SPR refractive index sensor
which is integrated with a microfluidic SPR sensor
chip [219]. The smartphone camera was used to
monitor the intensity change of the SPR signal after
being reflected from the Au thin film. A LOD of
0.1 pg/mL of (3, microglobulin ((3,M) was demonstrated.
Since then, various SPR refractive index sensing
substrates have been coupled with smartphones,
including optical fiber sensors [220, 221], gratings [222],
and plasmonic nanoarrays [223, 224]. For example,
Wang et al. developed a grating-based SPR and a
smartphone sensing system for lipopolysaccharides
(LPS) detection with a LOD of 32.5 ng/mL in water [222].
This SPR sensing system relied on the smartphone’s
flash light as illumination source and an Au grating
or compact disk (CD) as the spectral dispersive unit.
Liu et al. demonstrated a smartphone-based SPR
imaging platform (SPRi) for colorimetric biochemical
sensing by combining a nano Lycurgus cup array
(Fig. 17(a)) [223].
colorimetric biochemical assay was enhanced by

The optical absorbance of the

matching the SPR wavelength of the chip with the
chromophore’s absorbance peak wavelength. Such
a sensing mechanism improved the LOD of BSA
to 0.01 mg/mL. Dana et al. demonstrated another
smartphone-based SPRi platform using metal-coated
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Figure 17 Smartphone-based SPR sensing platforms. (a) Smartphone-based SPR sensing platform using a nano Lycurgus cup array
(nano LCA) (reproduced with permission from Ref. [223], © American Chemical Society 2017). (b) Au grating-enabled smartphone
SPR sensor (reproduced with permission from Ref. [224], © Elsevier 2017).

Blu-ray discs as sensing substrate (Fig. 17(b)) [224]. A
compact integrated imaging platform was developed
using 3D printing, and refractive index sensitivity as
low as 4.12 x 10° RIU was demonstrated.

5.3 Wearable and flexible sensors

Wearable sensor technologies have been widely
explored in the past few years for offering a
comfortable and convenient way to continuously
monitor an individual’s physiological activities [225].
ultrathinness, light weight, and easy integration with
clothes [226], wristband [227], and even artificial
skin [228]. The coupling of plasmonic components on
flexible, stretchable, and biocompatible substrates has
attracted great attentions for wearable devices due
to the unique optical sensing capability enabled by
plasmonics. For instance, Song et al. fabricated a highly
stretchable Au nanodisk array on a PDMS substrate
using a simple transfer printing method. Its plasmonic
resonance could be greatly shifted by stretching this
flexible device, providing promising potential for use
as soft optical sensors [229]. Zhou et al. developed a
wearable colorimetric device based on LSPR nano-
structures of nanowire clusters. This flexible plasmonic
film could act as a humidity sensor to monitor sport
sweating conditions, showing a sensing threshold
of 0.028 mg/cm? and the sensor was demonstrated
to be very robust for accurate measurement against
various wearing conditions (such as bending, twisting,

and stretching of the device) [230].

Graphene-based plasmonics is of particular interest
in the field of wearable devices, partially because of
its tunability and potentially low damping rate [231].
In a recent work, Xia et al. developed a transparent
plasmonic film based on graphene/insulator stacks [232].
Compared with single-layer graphene, this multiple
graphene layer-based sensor effectively enhanced
the plasmonic resonance frequency and magnitude
sensitivity of carrier concentration. Implement graphene
materials in wearable devices would also enable
sensitive SERS detection. Compared with traditional
metallic SERS substrates, hybrid graphene-metal NP
substrates have shown as much higher SERS activity.
Nam et al. developed a 3D crumpled graphene-Au
NPs hybrid nanoplasmonic structures for amplified
SERS sensing. This 3D hybrid structure can be easily
generated on a PS substrate by heat treatment alone
and shows higher Raman enhancement of at least
an order magnitude than that of conventional flat
graphene-Au NPs structures (Fig. 18) [233].

6 Limitations and challenges

Plasmonics-based POC molecular diagnostics has
been well demonstrated as a cost-effective, sensitive,
and specific detection strategy. The results of plasmonic
assays can usually be quantified with field-portable
reader devices or even the naked eye. These approaches
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Figure 18 (a) Schematic illustration of 3D crumpled graphene—Au
NPs hybrid structure for SERS sensing. (b) Process chart for sensor
fabrication. (c) The photo of the 3D crumpled graphene—Au NPs
hybrid nanoplasmonic structure (square-shaped dark region).
Reproduced with permission from Ref. [233], © American
Chemical Society 2015.

are therefore ideal for use in resource-limited settings,
where rapid, cost-effective, portable, and reliable detec-
tion is highly desired. Despite that, few plasmonics-
based diagnostic techniques have been used in clinical
diagnostic laboratories or commercialized so far.
Lateral flow immunoassays based on Au NPs and
single-molecule DNA sequencing based on plasmonic
nanowell substrates (SMRT) are among the few
successful examples. From the translational perspective,
plasmonic molecular assays are still at their infancy
stage although being successful in laboratory demon-
strations. There remains a long way to go before
taking those novel approaches from the lab bench
to real clinical applications. In particular, for POC
applications, there are several limitations and challenges
of plasmonic molecular assays that need to be
addressed before practical implementations.

6.1 Sample preparation

POC applications are different from laboratory testing
where dedicated benchtop instrumentation is available.

Nano Res. 2018, 11(10): 5439-5473

This require molecular detection methods intended
for POC use to be simple, self-contained, automated,
and standalone. Conventional bioassays such as ELISA
however require multiple washing and separation
steps, making the detection process labor intensive,
time consuming, and sometimes more susceptible
to operational errors. Plasmonic technologies have
significantly simplified the assay format in this regard.
In the past, implementation of nanoplasmonics in
bioanalysis enables the development of numerous
label-free methods such as SPR and SERS, as well as
washing-free protocols such colorimetric Au NP assays
and turn-on fluorescence probes. This has reduced or
completely eliminated the washing, purification, and
separation steps in many diagnostic assays to allow
continuous operations.

What has not been intensively explored yet is
however the application of plasmonic technologies
to facilitate sample preparation. Sample preparation
refers to any necessary processing steps need to be
taken for a raw biospecimen such as human whole
blood before a molecular assay can be performed.
Typical sample preparation steps may include cell
lysis, DNA extraction, DNA fragmentation (for NGS),
protein separation, purification, concentration, or a
combination of several of them. Nanomaterials due
to their large surface areas will be excellent candidates
to promote molecular binding, targeting, and separa-
tion. Plasmonic nanostructures on the other hand
would bring in new opportunities for rapid sample
preparation schemes such as photothermal lysis of
cells or bacteria due to their unique optical properties.
Therefore, development of plasmonics-enhanced sample
preparation methods will be likely a new focus for
POC diagnostics, which will eventually lead to fully
automated “sample-in, result-out” detection platforms.

6.2 Uniform, cost-effective plasmonic substrates

While the price of colloidal plasmonic nanoparticle
solutions has been significantly reduced due to the
tremendous improvement of synthetic methods in the
past decades (e.g., > 95% yield), a piece of millimeter-
size plasmonic substrate containing high density or
well organized nanostructures could still be costly.
Even a commercially available metal thin film-based
SPR chip (10 mm x 10 mm size) still costs a few dollars

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(10): 5439-5473

per piece. More complicated nanostructured substrates
requiring clean room-based nanofabrication would
expect to cost even more. On the other side, bottom-up
wet chemical synthetic approaches are economic
alternatives to more expensive top-down fabrication
methods. However, plasmonic enhancement substrates
prepared by bottom-up methods (e.g., self-assembled
monolayer nanocolloidal films or nanoporous metallic
substrates) are frequently subject to less control on
the size and distribution of plasmonic enhancement
hot spots, ununiform signal enhancement across
the substrate, chip-to-chip variation, and therefore
low reproducibility for quantitative measurements.
Therefore, there is a growing need for nanomaterials
quality control for various applications, but only few
standard quality control methods have been developed
to date. Many existing nanoanalysis methods such as
particle size analysis and optical spectroscopic mea-
surement are limited by throughout and scalability,
and are not suitable for continuous monitoring.
Significant more efforts are thus needed in the area to
develop scalable, in-line sensing technologies to assure
the quality of nanomaterial production in a real-time
fashion.

With the recent advance of 3D printing technology,
it however provides a new route for cheap fabrication
of functional plasmonic substrates with better control
over the product quality. Due to the rapid improvement
of 3D printing resolution, plasmonic substrates can
be potentially prepared by either direct printing of
nanoparticle-loaded ink or creating a high-resolution
3D-printed template for subsequent metal deposition
[234, 234]. Nevertheless, 3D printing-based fabrication
of plasmonic substrates is still at its infancy, and
more research effects should be devoted to this area
to develop a lower-cost, more uniform, and scalable
fabrication solution to highly demanded plasmonic
materials and substrates.

6.3 Field testing and clinical validation

The increase in awareness of human health and
preventive diagnosis among the population in both
developed or developing countries is anticipated to
rapidly increase the POCT market. However, there is
no short path from the lab bench to commercialization
for a POCT system. With the recent development
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of various plasmonics-enhanced diagnostic methods,
more field testing and clinical validation studies will
be needed to move the technology forward beyond
the proof-of-concept laboratory demonstration. This
requires a deep collaboration between research groups
across the disciplines to perform well-designed field
tests and pilot studies. For example, detection of bio-
markers in spiked samples in the laboratory setting is
totally different from detection of the same targets
in complicated real sample matrix in the field. The
stability and robustness of newly developed POCT
will need to be thoroughly tested under different
operational conditions (temperature, humidity, etc.).
Therefore, extensive clinical validation and comparison
studies are needed, which will constitute an important
step to meet the requirement of the stringent government
rules and regulations to be commercialized eventually.

7 Conclusion and outlook

In this review, we summarized the recent development
of plasmonics-based biomolecular assays by surveying
emerging applications for protein and nucleic acid
biomarker detections. Utilizing the unique surface-
enhanced properties of plasmonic nanomaterials,
including but not limited to SPR, plasmonic coupling,
SERS, and SEF, these sensing strategies have shown
great potential to be integrated with traditional, “gold
standard” molecular diagnostic methods such as ELISA
and DNA amplification to improve detection sensitivity,
simplify procedure and readout mechanism, shorten
assay time, and reduce sample volumes. Furthermore,
integration of plasmonic molecular assays with portable
platforms, such as microfluidics, wearable devices,
and mobile phone readers has greatly accelerated
the transformation of conventional benchtop assay
protocols to become powerful POC tests for disease
diagnosis. While several challenges still remain for
POC implementation of plasmonic assays, we expect
these systems to play an increasing important role in
biomedicine and mobile health in the near future.
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