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This review examines metal enhanced fluorescence (MEF) using gold (Au) nanostructures, with a focus
on biomedical applications of this phenomenon, namely fluorescence biosensing and imaging. The
mechanism by which MEF occurs will be briefly discussed before a thorough review of recent in-
vestigations, particularly surrounding cancer detection and imaging. Work in this field has primarily
focused on substrate-based MEF and more recently has explored solution-based enhancement. There-
fore, this review will examine both the different nanostructured substrates as well as the colloidal
nanomaterials that have been synthesized, along with their interactions with fluorescent molecules. The
potential applications of plasmonic probes for optical imaging, particularly in the near-infrared II (NIR-II)
window, are also discussed. By incorporating MEF into diagnostic and imaging techniques, it is expected
that there will be dramatic improvements to patient survival rates via early diagnosis and efficient
treatment.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One- and two-dimensional plasmonic nanomaterials have
become the focus of intensive research because of their unique
physicochemical properties and their application in a number of
research areas in the biomedical field, such as biosensing, bio-
imaging, and treatment [1e3]. Tailoring of the intrinsic scattering,
absorption, and coupling properties of plasmonic nanostructures
can greatly aid diagnosis and imaging techniques. For example,
designing plasmonic nanostructures with high-scattering and low-
absorption cross sections can enable the use of sensing and imaging
platforms incorporating metal-enhanced fluorescence (MEF) [4]
and surface-enhanced Raman scattering (SERS) [5], while the
reverse, i.e. high-absorption and low-scattering cross sections
facilitate therapeutic techniques such as photothermal [6] and
photodynamic [7] therapies.

Gold (Au) in particular is considered to be one of the primary
building blocks for the next generation of sensing, imaging, and
therapeutic devices [8e10]. It is classed as a plasmonic material.
Other examples include traditional metals such as silver [11],
copper [12], and platinum [13] and non-traditional
Ltd. This is an open access article u
semiconductors such as titanium nitride [14] and copper sulfide
[15]. Nanomaterials composed of Au have the ability, similar to all
plasmonic nanomaterials, to confine and amplify light absorption
and scattering within the volume of their nanostructure because
of the localization and coupling of surface plasmons (an oscil-
lating dipole of free electrons on the nanostructure's surface)
with electromagnetic waves, called localized surface plasmon
resonance (LSPR) (Fig. 1a) [16]. Moreover, these LSPRs are highly
controllable as they are sensitive to features which influence the
surface electron density, such as the structure shape, size, and
dielectric constant (Fig. 1b) [17]. In addition to these optical
properties of Au nanostructures, the ease at which their size and
shape can be controlled [18], their facile surface modification [19],
and biocompatibility [20] make them a preferred material to be
used in the ultrasensitive detection and imaging techniques
needed for the treatment of fatal diseases, such as cancer [20].
Cancer is a disease caused by the uncontrolled growth of cells
and, according to the World Health Organization (WHO e www.
who.int), was responsible for 9.6 million deaths in 2018. In this
review, we summarize the advances in the design of Au plas-
monic nanoprobes as a tool to significantly improve methods for
cancer diagnosis and treatment, with a focus particularly on
enhancing fluorescence-based diagnosis and imaging techniques.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) A representation of the localized surface plasmon resonance (LSPR) of a plasmonic nanomaterial induced by the irradiation of electromagnetic radiation. (b) An illus-
tration depicting the vast array of metallic nanoparticle morphologies currently achievable e republished with permission of Royal Society of Chemistry, from the study by Zhu et al.
[23] copyright (2014). (c) Jablonski diagram showing the pathways through which energy is transferred between energy states when a fluorophore is in the absence or presence of a
metallic nanoparticle.
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2. Metal-enhanced fluorescence

Before we review the variety of plasmonic nanostructures
designed to improve a fluorophore's efficiency, it is first important
to discuss how metallic nanomaterials can interact with a fluo-
rophore through the process, that is, MEF. Once a fluorophore has
been excited, one of two processes will then occur e the fluo-
rophore will release its sudden excess energy in the form of a
photon (light) or as a phonon (vibration), i.e. through either a
radiative or non-radiative transition. The rates at which the radia-
tive decay and non-radiative decay occur are denoted by the terms
G and knr, respectively. It is these two rates of decay that determine
both the quantum yield, Q, and lifetime, t, of a fluorophore.

Q ¼ G
Gþ knr

1

t¼ 1
Gþ knr

2

The quantum yield (Eq. (1)) of a fluorophore, as previously
stated, denotes its emission efficiency, while its fluorescence life-
time (Eq. (2)) is the length of time at which a fluorophore exists in
the excited state before it returns to the ground state. When that
same fluorophore is placed near a metallic surface or nanoparticle,
the interaction between the two materials results in a modified
quantum yield, Qm, and lifetime, tm:

Qm ¼ G0 þ Gm

G0 þ Gm þ Gm;nr þ knr
3

tm ¼ 1
G0 þ Gm þ Gm;nr þ knr

4

where Gm represents the modified radiative decay rate and Gm,nr
the additional non-radiative decay channels introduced by the
presence of the metal nanoparticle (Fig. 1b) [21]. For a fluorophore
to experience enhanced fluorescence, it must be placed within a
‘sweet spot’ distance from the metal nanoparticle (5e20 nm) [22].
It is at this distance that Gm becomes substantially large and Gm,nr

becomes insignificant, giving rise to enhanced fluorescence. Too
close to the particle's surface, however, the Gm,nr term dominates
the equation and the fluorophore experiences quenching. Finally, if
the fluorophore is held at a position too far from the particle, it does
not experience the enhanced electric field and neither Gm nor Gm,nr

have any impact and the fluorophore acts as if it is in free space.
Explaining this in further detail, when a fluorophore is placed in

proximity to a metal nanoparticle, the particle's effect on the flu-
orophore's emission intensity is twofold, as it modifies the rates of
both the fluorophore's excitation and emission. As mentioned
previously, metallic particles such as gold have an intrinsic, spectral
property called LSPR. Therefore, exciting a particle at its LSPR
wavelength leads to greatly amplified absorption and scattering of
the particle. The increased scattering generates an enhanced near-
field intensity of the electric field surrounding the particle which, if
the fluorophore is placed within this near-field, increases its rate of
excitation and results in higher fluorescence. Second, as the particle
and fluorophore are in such close vicinity to each other, the plas-
mon band of the particle and the dipole of the excited fluorophore
couple together, generating new pathways through which energy
can pass. This coupling enables the non-radiative transfer of exci-
tation energy from the particle to the fluorophore and also the
transmission of the fluorophore's energy as radiation to the far
field. This effect can be visually represented though a modified
Jablonski diagram (Fig. 1c).

In both conditions (in the absence and presence of a metal
nanoparticle), the fluorophore is excited by an electric field, E, from
its ground state, S0, to its excited state, S1. In the presence of the
particle, however, the fluorophore experiences an additional in-
tensity of the electric field, Em. In the free space condition, once the
fluorophore is ready to relax to its ground state, it can only relax
through either a radiative or a non-radiative pathway; however, in
the presence of the metal nanoparticle, an additional radiative
decay path, Gm, is created, allowing the fluorophore to emit a higher
number of photons to phonons than previously possible and thus
enhance the intensity of its fluorescence. This phenomenon can be
exploited to greatly improve a number of fluorescence-based
techniques used in the biomedical field, such as biosensing and
fluorescence imaging.
3. Operating in the near-infrared

Many biomedical fluorescence-based techniques rely on using
light in the UV-visible region of the electromagnetic spectrum.
However, using this region can lead to certain disadvantages which
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negatively impact the intensity of the fluorescent signal, resulting
in indistinct readings or images. These signal-reducing processes
occur as a result of the biological tissue itself and include absorp-
tion, scattering, and autofluorescence [24]. As such, there is sig-
nificant interest in designing fluorescent dyes which both absorb
and emit in the near-infrared I (NIR-I) and near-infrared II (NIR-II)
windows [25] [e] [30] (650e900 nm and 1000e1700 nm, respec-
tively), allowing improved imaging or sensing through biological
media such as tissues or blood. The following paragraphs will detail
the reasons for which NIR imaging can be used to overcome the
signal-reducing phenomena.

Within biological tissue, many vital compounds, e.g. hemoglo-
bin, melanins, reduced nicotinamide adenine dinucleotide (NADH),
and amino acids such as tryptophan and phenylalanine, contain a
conjugated p-bonding system [31,32]. Owing to their high degree
of conjugation, these chromophores display intense absorption in
the UV-visible end of the electromagnetic spectrum (<600 nm).
Along with these compounds, water also contributes to the optical
properties of biological tissue [33], with absorption particularly
strong in the NIR region (~1450 nm). Considering the extinction
spectra of all these light absorbers present in biological tissue, there
exists a wavelength range (700e1700 nm) within which there is
minimal light absorption of both excitation and fluorescence
emission photons (Fig. 2a).

With regards to light scattering, a comprehensive study by
Bashkatov et al. [34] on the optical properties of skin, subcutaneous
tissue, and muscle showed an inversely proportional relationship
between the amount of light scattered by the tissue and the
wavelength of the excitation light. Therefore, to optimize the
signal-to-noise ratio, it is necessary to use an NIR-II probe and light
source, thus reducing the amount of scattering and giving clearer
signals and sharper contrast.

Another phenomenon that inhibits the depth at which light can
penetrate through tissue is autofluorescence. As mentioned earlier,
biological tissue contains many chromophore molecules, such as
flavins and NADH, which are capable of autofluorescence at
wavelengths <600 nm. However, studies have shown that biolog-
ical imaging using longer wavelength light induces a decreased
level of tissue autofluorescence[35]. In fact, at wavelengths above
1500 nm, there is truly no autofluorescence, making imaging in this
region a viable option for high signal-to-noise imaging [36].

As such, by shifting both the excitation and detection ranges for
fluorescence imaging from the visible to the NIR, the processes that
contribute to signal losses e scattering, absorption, auto-
fluorescence, etc. eeither are greatly reduced or become negligible.
Fig. 2. (a) Effective attenuation coefficient vs. wavelength showing that for skin, fat, and oxy
NIR-II windows e reprinted by permission from Springer Nature: Nature Nanotechnolog
biological tissue with respect to its wavelength.
This results in a great improvement in the image resolution and
depth penetration (Fig. 2b), which enables the definition of tissue
structures previously unresolvable. It has been also shown that
images taken in the NIR-II range, as compared even with the NIR-I
range, have far superior resolution (micrometer resolution in
comparison with millimeter) because of the further reduction in
these signal-reducing phenomena [38,39]. A review by Hong et al.
[24] contains a comprehensive list of dyes currently being inves-
tigated as potential NIR-I or NIR-II fluorescent biosensing and bio-
imaging probes, citing their excitation and emissionwavelengths as
well as their quantumyields. It should be noted that the majority of
these NIR dyes listed have distinctly low quantum yields (<10%),
meaning that a large amount of dye would be needed to produce a
sufficiently bright signal which can be imaged without being lost to
background autofluorescence and scattering. Therefore, to apply
these dyes for use in ultrasensitive biosensing and real-time fluo-
rescence imaging, their efficiency must be improved through the
use of plasmonic nanostructures based on MEF.

4. MEF for biosensing

Early diagnosis of a disease is a crucial step in the treatment of a
patient. Many diseases present such low biomarker concentrations
during the early, treatable stages, that there is no biosensing
technology sensitive enough to accurately diagnose patients until
said disease has progressed to such an extent that it is oftentimes
not possible to treat. One such example of this is pancreatic cancer.
The 5-year survival rate of pancreatic cancer patients is 8%, because
of the exceptional difficulty in detecting and intervening at the
early stages of the disease [40]. Once finally diagnosed, most pa-
tients are unsuitable to undergo resection surgery as the disease
has advanced to a point at which tumor resection is unlikely to
provide any therapeutic benefit. There is a need, therefore, to
design a system that can accurately detect disease to enable early
intervention and ultimately, curing of the patient. One possible
method through which this can be done is fluorescence biosensing
[9,41,42].

Biosensors utilize biomolecules as recognition elements which
are immobilized to a transducer. The recognition elements (e.g.
antibodies, DNA, enzymes) can be selective to very specific disease
biomarkers that are present in the body fluid, such as antigens
including CA 19-9 [43] or CA-125 [44] for pancreatic cancer and
ovarian cancer, respectively, or disease-specific micro-rnas [45].
The transducer converts the biological response, resulting from the
interaction between the biomarker and the recognition element,
genated and deoxygenated blood, absorption and scattering is lowest in the NIR-I and
y, [37], copyright (2009). (b) Schematic detailing penetration depth of light through
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into a measurable signal. Fluorescence biosensors form part of
optical transducers whereby a fluorescence signal can be emitted,
and the intensity quantified in correlation to biomarker concen-
tration. To be used in a clinical setting, biosensors must meet
numerous requirements, i.e. high accuracy, fast response times,
repeatability, safety, and cost-effectiveness [46]. Methods used to
synthesize these materials include top-down and bottom-up ap-
proaches, giving rise to ordered structures such as nanodisks,
nanotriangles, and nanoholes and disordered nanostructures such
as nanorods and nanoislands, which will be discussed in the
following part of the article (Fig. 3).

Taking nanodisk fabrication as an example of a top-down syn-
thesis method (Fig. 3a), monolayers of polystyrene spheres are first
placed on a plasmonic surface. The uncovered surface is then
etched out by reactive ion species, which, when the polystyrene
template is removed, results in ordered nanodisk arrays. By
reducing the size/increasing the spacing of the polystyrene spheres
through O2 plasma treatment, the resulting morphologies of the
nanodisks can be tightly controlled. This templated lithography
produces substrates which are highly reproducible and thus suit-
able for large-scale fabrication. The bottom-up method of substrate
synthesis (Fig. 3b) usually involves synthesizing the nano-
structures, such as nanorods, either directly onto the substrates or
in solution and then casting them onto functionalized substrates.
This can allow for a wider variety of substrate morphologies to be
used, and although it is possible to create highly ordered substrates
through this method, it is labor-intensive.

A limiting factor in the use of fluorescence biosensing for early
detection, however, is its lack of sensitivity [9]. This is due to the
fact that the intensity of the fluorescence signal being detected is
dependent on the amount of disease biomarker present. Naturally,
patients in the early stages of diseases such as cancer will present
with very low biomarker concentrations in their body fluid,
meaning that the fluorescence signal from the fluorophore-
biomarker conjugates are very low in intensity, making reliable
quantification difficult. When considering biosensing through
biological medium (e.g. blood), there are poor signal-to-noise ratios
which again limit their applicability. Therefore, to lower the
detection limits of these biosensors, their sensitivity needs to be
improved. By incorporating MEF into their design, the
nanostructure-fluorophore coupled system enhances the signal,
Fig. 3. Two schematic diagrams illustrating the methods of
allowing detection even at lower biomarker concentrations (Fig. 4)
[42]. Work discussed in this next section will focus on the design of
MEF-biosensing platforms that operate within the NIR-I and NIR-II
ranges of the electromagnetic spectrum.

Sun et al. [47] designed highly uniform and reproducible pol-
y(methyl methacrylate) (PMMA)ecoated Au@Ag nanorod arrays
(Fig. 5a and b), which achieved fluorescence enhancement of up to
27 times of crystal violet. By creating more order to similar nano-
structures, work carried out by Park et al. [48] showed
nanoparticles-spiked pillar arrays (Fig. 5c and d) affording more
than 270 times fluorescence enhancement using AlexaFluor® 647
as the fluorophore and more than 8.3 � 108 times
SERS enhancement using the Raman-active methylene blue.

Pang et al. [49] investigated the fluorescence-enhancing capa-
bilities of nanodisk arrays (Fig. 6a) on the commercially available
NIR dye, AlexaFluor® 750. By modifying the structural character-
istics of the nanodisk arrays (particle size and interparticle dis-
tance) while keeping the LSPR of the arrays centered around
750 nm, they were able to investigate the role of these structural
characteristics on the magnitude of fluorescence enhancement
achievable. All the nanodisk substrates exhibited significant fluo-
rescence enhancement, with enhancement factors up to 235 times
from the substrates with the largest particle size and smallest
particle separation (~260 nm and 34 nm). Fluorescence lifetime
measurements showed that, in the presence of the gold nanodisks,
the radiative decay rates of the dye were significantly increased,
reducing the lifetimes and increasing the quantum yield to above
90%.

Improving upon this nanostructure, Pang et al. [50] then
developed a three-dimensional array consisting of nanodisks raised
above nanoholes in a gold thin film (Fig. 6b), which, due to their
synthesis via nanosphere lithography, exhibit uniform optical
tunability relating to their disk diameter, pitch length, and thick-
ness of gold (Fig. 7). Based on these parameters, the arrays' optical
features can span in the NIR-I and NIR-II regions, enabling them to
be spectrally coupled to multiple fluorophores for the development
of multiplexed biosensors. In this investigation, the coupled effect
of the array's LSPR and enhanced surface plasmon polaritons (SPPs)
was used to enhance the fluorescence of the NIR dye, AlexaFluor®
790, by up to 400 times. Interestingly though, the computational
electromagnetic modeling of these nanostructures indicates that
top-down (a) and bottom-up (b) substrate fabrication.



Fig. 4. (aef) Fundamental steps for the design of an MEF-based biosensor. (a) Optimization of a nanostructure. Suitable electromagnetic field enhancements are required for specific
disease biomarker detection. The morphology, materials, and size must be selected accordingly. (b) Platform assembly, nanopattern or solution preparation of the optimized
nanostructure. (c) Choice of fluorophore and spectral region. For increased fluorescence intensity, an overlap between a fluorophore and metallic nanostructure optical properties
must be present. (d) Disease-specific biomarkers identified. Capture agent immobilized on nanostructure. Patient sample (biomarker) added. Dye-conjugated system (e) move
toward multiplexing, allowing for multiple biomarkers to be simultaneously analyzed. (f) Quantification and early diagnosis of disease with enhanced fluorescence intensity.
Adapted with permission of Royal Society of Chemistry, from the study by Fothergill et al. [9], copyright (2018). MEF, metal-enhanced fluorescence; LSPR, localized surface plasmon
resonance.
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the excitation enhancement caused by the increased electric field
should be on the level of three orders of magnitude, as opposed to
the two orders of magnitude observed experimentally. Two
possible reasons for this could be the increased disorder in the
experimental vs. the computational model, as well as the gold film
absorbing a portion of the fluorophore's emissions. As shown in
computational work by Centeno et al. [55], emissions perpendic-
ular to the surface of a plasmonic sphere will be enhanced, while
others will be absorbed. In the case of this nanostructure, emissions
which are normal to the edges of the nanodisks could be absorbed
by the gold film of the nanohole array and vice versa. Further in-
vestigations are needed to optimize this structure for the highest
possible fluorescence enhancement; however, this morphology is
highly promising as a low-cost and reproducible (i.e. colloidal
lithography) means of designing multiplexed NIR-I/NIR-II
biosensors.

Nanotriangles are another nanostructure capable of significantly
enhancing fluorescent dyes (Fig. 6). They are synthesized using
similar techniques to nanodisks and form highly ordered hexagonal
closely packed arrays [56]. Work by Xie et al. has extensively
examined the fluorescence-enhancing effects of both silver [57]
and gold [56] nanotriangles, but for the sake of this review, we will
discuss their results of significant MEF in the NIR-II from a gold
nanotriangle substrate with a quantum dot (QD) fluorophore, Ag2S
[58]. The reason for shifting to the NIR-II is the further reduced light
scattering, absorption, and autofluorescence by biological material,
enabling more sensitive detection and deeper tissue penetration.
This is particularly important to enable the possibility of fluores-
cence diagnostics through blood.

In this investigation, two sizes of QD with emissions at 1100 nm
and 1200 nmwere immobilized onto gold nanotriangle arrays [58].
By tuning their interdistance spacing, the nanotriangles were
fabricated to have LSPR peaks at 1200 nm and above. It was
observed that significant fluorescence enhancement of 103 times
was achieved for the 1200-nm-emitting QD, whereas 11.9 times
enhancement was obtained for the 1100-nm-emitting QD. This has
been attributed to the position of the fluorophore emission peaks
relative to the LSPR of the nanotriangles. Previous work has shown
that molecules emitting at shorter wavelengths than the LSPR
experience more quenching, whereas molecules emitting at longer
wavelengths experience stronger enhancement [56]. Finite-
difference time-domain modeling has been used to calculate the
absorption, scattering, and extinction efficiencies of gold and silver
nanospheres, 80 nm in size. This showed that, while silver particles
exhibited greater scattering efficiencies, the optical properties of
gold particles were absorption-dominant [55]. As it has been
shown that scattering efficiency relates to fluorescence enhance-
ment, and absorption efficiency correlates to quenching [59], it is



Fig. 5. (aeb) Au@Ag nanorod assemblies e reprinted by permission from Springer Nature: Nano Research, from the study by Sun et al. [47], copyright (2018). (a) Schematic of the
synthesis method of Au@Ag nanorod assembly substrates. (b) Scanning electron image of Au@Ag nanorods; the inset shows the electric field intensity at the resonance peak of
614 nm. (ced) Au-spiked pillar arrays e reproduced from the study by Park et al. [48] with permission from John Wiley and Sons: Advanced Functional Materials, copyright (2019).
(c) Schematic of the fabrication procedure of Au-spiked pillar arrays. (d) Scanning electron image of Au-spiked nanopillars; the scale bar in the inset is 100 nm. PET, polyethylene
terephthalate; PMMA, poly(methyl methacrylate); PFDT, perfluorodecanethiol.
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expected that gold nanostructures will display some quenching at
wavelengths less than their LSPR peak. The intense fluorescence
enhancement achievable when the LSPR of the nanotriangle assay
is matched to the corresponding Ag2S QD emission peak; however,
it shows the promise that this MEF platform has in dramatically
improving the sensitivity of biosensing devices in the NIR-II region.

In addition to achieving great enhancement in the NIR-II using
nanotriangular arrays (Fig. 6c), further work by Jawad et al. [51] has
Fig. 6. (aef) Scanning electron microscopy images of substrates for MEF (a) Au nanodisk
copyright (2013). (b) Au nanohole-disk array e reprinted with permission from Pang et
Chemical Society (c) Au nanotriangles e reprinted from Nature Scientific Reports, https://do
with permission from Theodorou et al. [52]. Copyright (2017), American Chemical Society.
Nature: Nature Medicine, from Zhang et al. [53], copyright (2014). (f) Top surface of a highly
https://pubs.acs.org/doi/abs/10.1021/acsphotonics.5b00369. Copyright (2015) American Che
also utilized this nanostructure in the design of an ultrasensitive
immunoassay for the detection of the pancreatic cancer biomarker
CA 19-9, using the NIR-I dye, DyLight800. In this work, a sandwich
protein microarray was incorporated onto a gold nanotriangle
substrate (Fig. 8a). This substrate had been designed specifically to
have its LSPR overlap with the fluorophore's spectral properties.
Using this MEF system, they demonstrated its capability to accu-
rately detect the CA 19-9 biomarker to a detection limit of
s e republished with permission of Royal Society of Chemistry, from Pang et al. [49]
al. [50], https://pubs.acs.org/doi/10.1021/acsami.9b08802. Copyright (2019) American
i.org/10.1038/s41598-017-14688-z, from Jawad et al. [51]. (d) Au nanostars e reprinted
(e) Au nanoislands from a pGOLD™ slide e reprinted with permission from Springer
ordered Au nanorod supercrystal e reprinted with permission from Hamon et al. [54],
mical Society.

https://pubs.acs.org/doi/10.1021/acsami.9b08802
https://doi.org/10.1038/s41598-017-14688-z
https://pubs.acs.org/doi/abs/10.1021/acsphotonics.5b00369


Fig. 7. Cross section of Au nanohole-nanodisk (NH-ND) array, functionalized with self-assembled monolayers of biotinated bovine serum albumin (bBSA), and streptavidin-bound
AlexaFluor® 790 e reprinted with permission from Pang et al. [50], https://pubs.acs.org/doi/10.1021/acsami.9b08802. Copyright (2019) American Chemical Society.

Fig. 8. NIR fluorescence enhancement immunoassay using nanotriangles for the quantification of the pancreatic cancer biomarker CA 19-9 shows far superior detection sensitivity
relative to glass controls. Illustrated here are (a) the schematics for the CA 19-9 ‘sandwich’ protein microarray, which, when performed on gold nanotriangle substrates, show
fluorescence enhancement of up to two orders of magnitude compared with glass control substrates and (b) calibration curve for CA 19-9 quantification (red circles), showing
biomarker detection at ultralow concentrations e reprinted from Nature Scientific Reports, https://doi.org/10.1038/s41598-017-14688-z, with permission from Jawad et al. [51]. NIR,
near-infrared. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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7.7 � 10�7 U mL�1 (shown in Fig. 8), significantly lower than the
lower limit of 35 U mL�1 currently used in the clinical setting [43].
Further work is ongoing to optimize this assay on different sub-
strates, to further increase the sensitivity and to incorporate as part
of a multiplexed assay to detect multiple markers associated with
pancreatic cancer.

Au nanostars, consisting of a spherical core with several pro-
truding branches, possess very strong LSPRs in the NIR-I/NIR-II
region, with particularly enhanced (several orders of magnitude)
electric field enhancements at the ends of their sharp tips and
edges [60] and thus greatly concentrate the light surrounding the
particle (Fig. 6d) [61]. They are highly promisingMEF tools owing to
the ease at which their optical properties can be modified across
the NIR-I to NIR-II. In addition to this, their extinction spectra have
been shown to be dominated by their photon scattering cross
sections rather than absorption cross sections [62], which is key in
generating far field radiation and thus enabling significant fluo-
rescence enhancement. In work carried out by Theodorou et al.
[52], using an Au nanostar substrate with an LSPR spanning from
700 to 1200 nm, fluorescence enhancements were achieved for
fluorophores spanning from the NIR-I to the NIR-II. Over 190 times
enhancement for AlexaFluor® 750, over 320 times enhancement
for AlexaFluor® 790, and over 45 times enhancement for 1200-nm-
emitting Ag2S QDs were observed. These plasmonic Au nanostar
substrates show great promise for the future development of ul-
trasensitive MEF biosensor platforms.

Extensive work on Au nanoisland films (Fig. 6e), known as
plasmonic Au (pGOLD™) slides by Tabakman et al. [64], has shown
its usefulness as a versatile substrate to greatly enhance fluores-
cence emission by NIR-I dyes over a broad wavelength range. Early
research into this substrate showed its potential to, when incor-
porated into multiplexed protein microarrays, decrease the detec-
tion limits by three orders of magnitude down to the femtomolar
scale (Fig. 9). This simple-to-fabricate substrate has since been used
as a component in the ultrasensitive fluorescence-based detection
of numerous analytes, such as lung cancer biomarkers [63], car-
diovascular autoantibodies [65], diabetes biomarkers [53], toxo-
plasma [66], and Zika virus [67]. These assays have all
demonstrated very low limits of detection, and as such, very little
biological samples (as little as 1 mL of serum or whole blood) [68]
are needed to produce a clear result. This plasmonic nanostructure,
with its scalable synthesis, reproducibility, and high sensitivity
could be the next step in high-throughput screening of a whole
range of diseases, including various cancers.
5. Fluorescence imaging

In medical textbooks, to aid the readers' understanding of the
anatomy of the human body, different tissues are color-coded (e.g.
nerves in yellow, veins in blue). However, in surgery under white
light e as is the case in the operating room e the internal tissues of
a patient are substantially harder to differentiate, with colors
ranging from shades of pinks (nerves and muscle) to reds (blood
vessels) to deep reds (organs) [69]. As surgery is still the primary
treatment for many types of cancers, one of the greatest surgical
challenges today lies in determining exactly where healthy tissue

https://pubs.acs.org/doi/10.1021/acsami.9b08802
https://doi.org/10.1038/s41598-017-14688-z


Fig. 9. (a) Schematic of the triple lung cancer biomarker (CEA, Cyfra21-1, and NSE) detection on a pGOLD™ slide. (b) Fluorescence images showing only one row of brightly
fluorescing spots, produced upon incubating a multiplexed antibody chip in a solution containing a mixture of the three antigens, followed by incubation with only one of the
corresponding detection antibodies. (c) Calibration curves comparing the detection limits and dynamic ranges of the three lung cancer biomarkers on pGOLD™ chips, glass, and Au
slides e reproduced from the study by Liu et al. [63] with permission from John Wiley and Sons: Advanced Functional Materials, copyright (2016).
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ends and cancerous tissue begins [20]. Overcutting tumors can lead
to the unnecessary removal of healthy tissue, leading to potentially
drastic results, while undercutting leaves cancer cells behind,
resulting in tumor recurrence over time. Multiple studies have
shown that positive margins (presence of tumor cells at the edge of
removed tissue) are closely linked with increased local recurrence
and indicate a poor survival rate in most cancers, including breast
cancer [70], colorectal cancer [71], prostate cancer [72], and non-
small-cell lung cancer [73].

As a result of this, to facilitate the operating surgeon in achieving
the best outcome for the resection surgery, a series of preopera-
tively taken scans and images are used. These computed tomog-
raphy (CT), magnetic resonance imaging (MRI), and/or positron
emission tomography (PET) scans allow the surgeon to estimate the
amount of tissue to be removed [74]. These scans are limited to the
detection of tumors which have reached a certain threshold in size,
i.e. several millimeters or approximately 10 million cells [20],
meaning that many tumors remain undetected. Although sub-
stantial advances have been made in these imaging techniques in
recent years, allowing them to produce comprehensive images
which can greatly aid surgeons, they are unfit to be used in a real-
time surgical procedure as they are plagued by a number of limi-
tations: use of ionizing radiation, large machinery requirement,
time-consuming image construction, high cost, and need for a
specialist operator [75].

In comparison with these bioimaging modalities, fluorescence
imaging has a number of distinct advantages, not least the fact that
the equipment necessary is relatively low cost and portable, mak-
ing it possible to be incorporated as a real-time imaging tool during
operation [76]. It is a much safer alternative to CT and MRI, i.e. it
uses non-ionizing radiation and has far superior resolving power
(~100 mm) [77], making it possible to clearly define tumor bound-
aries and improve the rate of successful resection. By using highly
specific fluorescent probes, it is possible to ‘light up’ the tissues of
interest, be they cancerous tissues to be removed or vital nerves to
be preserved in surgery [78].

Similarly to the biosensing advances discussed in this review,
the focus of this section is on the design of ultrabright probes that
both absorb and emit in the NIR to improve image resolution and
also to increase the tissue penetration depth, giving surgeons a
more comprehensive view of the site of surgery. There are two
methods by which these fluorescent probes can target cancerous
cells, thereby enabling sensitive and accurate imaging. These
methods are passive targeting and active targeting [79,80]. Passive
targeting relies on the enhanced permeability and retention of
cancer cells and thus is dependent on the size of the particle, with
particles between 30 and 200 nm showing good cell uptake effi-
ciencies [81]. In active targeting, nanoprobes are conjugated to li-
gands such as antibodies and RNA, which selectively attach to
antigens or receptors either on the surface or within the cancer
cells [82]. It is not a design requirement that fluorescent nanop-
robes be capable of being internalized by cancer cells but that they
can attach to the cells, either internally or on their surface. As all the
nanoprobes discussed here rely on active targeting for selective
imaging, only their efficacy as fluorescence enhancers will be
discussed.

Currently, many designs of materials enabling fluorescence
enhancement in the NIR-I/II regions have been reported; however,
these have predominantly focused on gold or silver nanostructured
surfaces or particles immobilized on solid substrates. To date, few
reports have been published regarding NIR fluorescence enhance-
ment using colloidal nanoparticles, and of those reported, there are
still a number of issues limiting their further development for
widespread application [20,83].

As previously discussed, the magnitude of fluorescence
enhancement is highly dependent on a number of factors, one of
which being the spectral overlap between the LSPR of the metal
nanoparticle and the excitation and emission wavelengths of the
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fluorophore [84]. To achieve this spectral overlap, it is necessary to
be able to tune the LSPR of the metal nanoparticle to match the
spectral properties of the dye. Theodorou et al. [85] have investi-
gated the design of imaging probes comprised of gold nanostars
conjugated to either a NIR-I dye (DyLight800 or IRDye 800 CW) or a
NIR-II dye (Ag2S QDs) (Fig. 10). Substrate work based on this design
showed the great promise nanostars have for greatly enhancing the
fluorescence of long-wavelength dyes, owing to their broad LSPRs
in the NIR, their high-scattering cross sections, and their sharp,
branched structure (Fig. 10b and c) creating intense electromag-
netic ‘hot spots’ at their spike tips [52]. In their recent work, two
types of nanostars e ~50 nm and ~250 nm ewith controlled LSPRs
in the NIR-I and NIR-II regions were used. Significant single-particle
fluorescence enhancement of up to 30-fold was obtained for the
NIR-I dyes, while up to 4 times enhancement was achieved for the
NIR-II QDs (Fig. 10def). The enhancement factors obtained using
the smaller nanostars were slightly lower than those from the
larger nanostars e 20-fold vs. 30-fold e however, owing to their
much smaller size, they show more potential for in vivo imaging
applications.

Ayala-Orozco et al. [86] reported fluorescence enhancements of
the NIR-I dyes Cy7 and IR800 by ~16 times, using an Au@SiO2@Au
multiple shelled structure, dubbed a nanomatryoshka (Fig. 11). The
plasmon resonances of the Au core and Au shell strongly interact
with each other and create hybridized modes in the NIR. When the
dyes are placed in between this Au core and shell, they experience
intense near-field enhancement of the excitation light, leading to
substantial fluorescence enhancement.

Xu et al. [87] developed a novel ‘turn-on’ MEF nanoprobe for in
situ visualization of telomerase activity in live cells. This probe
consisted of Au nanobipyramids functionalized with Cy5.5-labeled
Fig. 10. (a) Schematic showing the ultrabright fluorescence obtained from the nanostar ME
transmission electron microscopy images of the two different nanostar morphologies inves
(e) IR800, and (f) Ag2S quantum dots conjugated to small and large nanostars, measured
background correction e republished with permission from Royal Society of Chemistry, f
photoluminescence.
DNA sequences, which achieved fluorescence enhancement of over
10 times and enabled the distinction between healthy and
cancerous cells, which exhibit low and high telomerase activity,
respectively.

Work by Sun et al. [88] on MEF cell imaging involved the
detection of micro-RNA biomarker expression levels in live cells.
This was done using an Au nanocross/Au nanorod conjugate,
functionalized with the dye Cy5, which would turn on upon
attachment to micro-RNA-21 (Fig. 12). An enhancement factor of
over 10 times was obtained, which allowed the ultrasensitive
detection of micro-RNA biomarkers in living cells, with a detection
limit of 0.03 fM. Luo et al. [89] designed a turn-on fluorescent
nanorod conjugate for intercellular and extracellular H2S detection,
with 5 times fluorescence enhancement of the porphyrin dye used.
Sensitive detection of H2S in solution as low as 17 nM, as well as in
situ H2S imaging in living cells, was achieved using this plasmonic
nanoprobe.

Another on-off fluorescence nanoprobe design by Yu et al. [90]
allowed detection limits orders of magnitude lower than what is
currently available (on a micromolar level) for the biomolecule
adenosine triphosphate (ATP). Au nanorods were functionalized
with a polyethylene glycol (PEG)emodified DNA sequence, upon
which IRDye 800 CW was attached. In the absence of ATP, the DNA
sequence would self-hybridize and fold in on itself, bringing the
dye in such close proximity to the gold nanorod that quenching
would occur. However, in the presence of ATP, the DNA self-hy-
bridization would be interrupted, thus moving the fluorophore
further from the Au nanorod surface and into a position where
maximum fluorescence enhancement could occur. This resulted in
fluorescence enhancement of the IRDye CW by up to 235 times and
a resulting detection limit of ~0.6 nM. The sensitive intracellular
F probes in comparison with free fluorophores in solution; (bec) schematic showing
tigated; (def) graphs showing photoluminescence emission spectra of (d) DyLight800,
against equivalent amounts of free fluorophores, with deionized water (DI) used for
rom Theodorou et al. [85], copyright (2018). MEF, metal-enhanced fluorescence; PL,



Fig. 11. (a) Schematic demonstrating the particle morphology over the course of the synthesis, from an unfunctionalized Au sphere, to a coating in APTES-doped silica, to an
Au@SiO2 core-shell particle decorated with small Au colloids, to a seeded precursor nanoparticle doped with fluorescent dyes and finally an Au nanomatryoshka with fluorescent
dye in the silica spacer. (b) Photoluminescence emission spectra of (i) Cy7, (ii) IR800, and (iii) Cy5 dyes confined inside the nanomatryoshka (NM), compared with the dyes
conjugated to the corresponding seeded precursors (SPs). Reprinted with permission from Ayala-Orazco et al. [86], https://pubs.acs.org/doi/10.1021/nl501027j. Copyright (2014)
American Chemical Society.

Fig. 12. (a) Transmission electron microscopy image of the Au nanocross decorated with nanorods. (b) Schematic of the off/on fluorescent switching system for the detection of
miRNAs in living cancer cells. (c) Confocal fluorescence images of Au nanorod/nanocrosses in HepG2 cells, showing the presence of miRNA-21. Left to right: bright field, red field,
blue field, and merged images. Scale bar: 20 mm. Adapted with permission from Sun et al. [88]. Copyright (2018) American Chemical Society. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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detection of ATP levels could help determine cell health and thus
provide vital information for disease diagnosis [91].

Significant fluorescence enhancement using Au nanocubes was
obtained by Xu et al. [92]. In this work, nanocubes of ~45 nmwere
conjugated to sulfonated aluminum phthalocyanine, a clinically
approved photosensitizer for photodynamic therapy of cancer,
which fluoresces at 680 nm. By adjusting the ratio of fluorophore to
plasmonic particle, enhancement factors of over 60 times were
achieved, with 5 mM of fluorophore to 50 pM of Au nanocubes
producing an enhancement of 150 times in water. Incorporating
these particles into fluorescence imaging of HeLa cells afforded a
300 times fluorescence enhancement. Not only does this nanop-
robe design show promise as a cancer-imaging agent but also as a
theranostic agent, owing to the photosensitizing properties of
sulfonated aluminum phthalocyanine.
In recent research by Theodorou et al. [93], gold nanostar sub-
strates similar to ones discussed in Section 2 were used to replace
standard glass slides as mounts for cell imaging. In this work, two
nanostar substrates were prepared via the bottom-up approach,
where in-house synthesized gold nanostars of either small
(~50 nm) or large (215 nm) sizes were fixed to a glass substrate.
Then, cervical cancer HeLa cells e which overexpress folate re-
ceptor alpha (FRa)ewere labeled with the FRa polyclonal antibody
and subsequently counterstained with AlexaFluor® 680. These
stained cells were then fixed to both the gold nanostar substrates
and to bare glass, and confocal microscopy was performed on the
samples (Fig. 13). What was found was that the fluorescence signal
of the AF680 from the surface of the HeLa cells was significantly
higher on the small and large nanostar arrays (approximately 9 and
19 times, respectively) than from the cells on the plain glass. This

https://pubs.acs.org/doi/10.1021/nl501027j


Fig. 13. (a) Schematic illustration of the fluorescence-enhanced cellular assay using gold nanostars. (b) Photoluminescence (PL) emission spectra of monolayers of AlexaFluor® 680
formed on biotinated bovine serum albumin (bBSA)ecoated glass slides and on small and large nanostar arrays. (c) Images of DAPI (4'6-diamidino-2-phenylindole) (cyan)-labeled
and AlexaFluor® 680 (magenta)elabeled HeLa cells, as well as their merged signals on glass, small and large nanostar substrates. Adapted with permission of Royal Society of
Chemistry, from Theodorou et al. [93], copyright (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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indicates that, bymodifying the strength of the electric field around
the nanostars through changing their morphology, cellular imaging
with increased fluorescence contrast can be achieved. Moreover,
owing to the strong dependence of the nanostar LSPR on the shape
and size of the particles, substrates can be developed with field
enhancements over a range of wavelengths, allowing amultitude of
cell stain intensities to be improved upon for novel multicolor and
multiplexed imaging platforms.

As previously mentioned in section 4, pGOLD™ chips (Fig. 6e)
have the capability of greatly enhancing the fluorescence of NIR-I
dyes and, as such, have been investigated as highly sensitive bio-
sensing materials [53,66e68]. Similar to Au nanostar substrates,
these Au nanoisland substrates have also shown great promise for
cell imaging [94]. Work by Koh et al. [94] has shown ~3 times
fluorescence enhancement for the visible stains Cy3 and Cy5 and
roughly 30 times enhancement for the NIR-I stains IRDye 680 and
IRDye 800, enabling multicolor cell imaging and protein detection
with high signal-to-background ratios over a wide range of
500e700 nm. This work and work on the Au nanostar substrates
[52] highlight the potential of plasmonic chips to enable high-
performance multiplexed biological imaging with both research
and diagnostic applications.

6. Particle toxicity

As described earlier, Au nanostructures showpromise to be used
not only in fluorescence-based biosensors for disease diagnosis but
also for fluorescence imaging in the biologically transparent NIR
windows. Nonetheless, it is necessary to also consider the potential
side-effects of using these plasmonic particles in patients.
Numerous studies have investigated the cytotoxicity [95], bio-
distribution [96], and retention time [97] of Au nanoparticles, as
well as the effect particle size and shape had on these parameters.
However, many published articles appear to challenge each other.
Surface charge, for example, is regularly reported as being a key
factor in the toxicity of Au nanoparticles, with positive particles
exhibiting more toxic effects than negative or neutral particles [98],
yet elsewhere it has been found that neither negative nor positive
Au particles possess toxicity to cells [99,100]. The correlation be-
tween particle size and toxicity is another instance in which there
are conflicting results. Where one study quotes that larger, 50-nm
Au particles show higher toxicity to breast cancer cells than smaller,
13-nm particles [101], another contradicts this, showing that it was
the smaller, 8-nm Au particles that were more cytotoxic to hepatic
cells than larger, 37-nm particles [102]. These inconsistencies are
due to the unique physicochemical nature of nanoparticles, and as
such, there is no single standardized assay which can be applied to
test the toxicity effect of all nanoparticles [20].

As of yet, there are no clinical trials concerning Au nanoparticles
as fluorescence imaging enhancers in the NIR region; however,
there are numerous ongoing clinical trials involving Au nano-
particles as a means of treating cancer either by means of drug
delivery or through photothermal therapy in the NIR window. For
example, the Nanospectra project, Aurolase®, is currently in clinical
trials for the laser-assisted photothermal ablation of prostate can-
cer cells. This Au nanoparticle consists of a silica-Au nanoshell
coated in PEG and exhibits an LSPR in the NIR-I [103]. The latest
published data on this nanostructure show that 12 months after
Aurolase® treatment, 89% of patients presented with no cancer
within the ablation zones [104].

Although this Au nanostructure is being used as a photothermal
treatment and not a fluorescence imaging agent, the positive re-
sults of this trial could pave the way for future trials involving Au
nanoparticles as cancer-imaging probes. In particular, with regards
to surgical guided imaging, the Au-based probes could be intro-
duced intravenously and allowed to accumulate predominantly on
or in the cancerous tissue. Then the majority of the particles could
be removed along with the excised tumors, meaning that the only
trace amounts of the particles would remain in the body (in the
liver and spleen, for example, [105,106]), potentially having mini-
mum potency. Interestingly, Li et al. [107] recently demonstrated
the high clearance rates (over 90% excreted 72 h after injection) of
liposome-coated, lanthanide-based fluorescent particles. These
particles, although above 70 nm in size, were cleared via the
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hepatobiliary route, clearly demonstrating the potential liposomes
have in addressing potential toxicity and clearance issues many
nanoparticle probes, including Au-based, have. Nevertheless, it is
evident that further studies and investigation into both the long-
and short-term toxicity is required.

7. Conclusion

MEF is an optical process that produces amplified fluorescence,
induced by metallic nanostructures near fluorophores, under spe-
cific conditions. This light amplification may be exploited to
considerably increase detection sensitivity, therefore improving the
performance of fluorescence-based sensing technologies. Mean-
while, the presence of metallic nanostructures could not only
enhance fluorescence but also stabilize fluorophores against pho-
tobleaching, further enhancing their applications in bioimaging.
MEF provides a paradigm shift in the biomedical engineering field.
From the work carried out by the groups discussed in this review, it
is evident that the applicability of MEF technology has great po-
tential to impact ultrasensitive biosensing and super-resolution
bioimaging toward the NIR-I/NIR-II window. Indeed, MEF has a
bright future in biomedical research, diagnosis, and treatment.
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