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The novel and burgeoning technique of surfaced-enhanced cellular
fluorescence imaging has tremendous potential in the monitoring
and investigation of intracellular processes at the single-molecular
level, for instance, high-resolution cellular imaging, long-term
in vivo observation of cell trafficking, tumor targeting, and diagnos-
tics. The success hinges on the development and fabrication of
plasmonic nanostructured surfaces with size and shape compatible
with cell interactions because they are crucial to enhanced cellular
imaging. In this review, the mechanism of surface-enhanced cellu-
lar fluorescence imaging is discussed in view of metal-enhanced
fluorescence. The design of nanostructured surfaces with evenly
distributed plasmonic fields suitable for enhanced cellular fluores-
cence imaging such as nanoparticle superlattice coatings, litho-
graphically-based substrates, and alumina-templated surface are
described.
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1. Introduction

1.1. Conventional cellular fluorescence imaging methods and limitations

The history and development of fluorescence and associated techniques is replete with indepen-
dent inventions spanning almost two centuries. In 1845, the first observation of fluorescence from a
quinine solution was reported [1]. To describe the phenomenon and explain the mechanism, George
Gabriel Stokes initially used the term ‘‘dispersive reflection’’ in his article ‘‘On the Change of Refran-
gibility of Light’’ in 1852 [2]. The 20th century witnessed ground breaking discoveries such as excita-
tion spectrum of a dye (1905), fluorescence quenching (1919), fluorescence polarization in a dye
solution (1923), determination of fluorescence yields (1924), direct measurement of nanosecond life-
time (1926), Jablonski diagram (1935), and quantum mechanical theory of dipole–dipole interactions
(1948). These and other studies established the theoretical basis, and being highly-sensitive, specific
and non-invasive, fluorescence techniques have been quickly adopted by scientists and engineers in
many areas of molecular biology, chemistry, geology, gemology and so on. Consequently, related
applications pertaining to analysis, sensing, lighting, equipment, dyes, and biological detection have
been spawned [3–6].

These new fluorescence applications strongly promoted development of basic and applied life sci-
ences including genomics, proteomics, bioengineering, medical diagnostics, and industrial microbiol-
ogy [7–12]. At present, some relatively simple and convenient methods such as fluorescence
resonance energy transfer [13], fluorescence lifetime imaging [14,15], fluorescence polarization-re-
solved imaging [15], and total internal reflection fluorescence [16,17] are commercially viable. These
techniques not only render the detection and monitoring of protein activity in cells possible, but also
provide sensitivity sufficiently high for medical diagnostics and genomics [18–21]. In addition, the
development of fluorescent probes has spurred the studies of protein localization and functions in liv-
ing cells. These fluorescent probes provide convenient markers in the in vivo study of gene expression
and protein targeting in single cells and whole organisms [22]. These and other discoveries have rev-
olutionized cell biology by allowing scientists to monitor molecular activities inside living cells in real
time, that is, cellular imaging.

Cellular imaging is especially useful to non-invasive monitoring of diseases, evaluation of drug ef-
fects, assessment of the pharmacokinetic behavior of drugs, and identification of molecular biomark-
ers for diseases [23]. In order to accurately study the progress, a multi-color biological labeling method
is needed for membrane protein imaging. Cellular fluorescence imaging meets the requirement due to
the large range of fluorophores with distinctive spectral characteristics suitable for clinical practice.
Moreover, it offers the specific, targeted imaging contrast needed for the study of specific cellular
processes. Hence, cellular fluorescence imaging, particularly fluorescence microscopy, is now an
irreplaceable tool in biomedical science. Fluorescence microscopy, which allows the detection of
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single molecules, has good compatibility with living cells and is used in dynamic and minimally inva-
sive imaging experiments. Many different fluorescent dyes can be used to stain various structures or
chemical compounds [24]. One particularly powerful method is to couple a fluorophore such as fluo-
rescein or rhodamine to antibodies in immunostaining. Fluorescent dyes can be chemically bound to
antibodies and coupled to a specific protein in cells thereby providing microscopic contrast with high
specificity [25].

Cellular fluorescence imaging methods can be used to quantify cellular phenotypic changes and
investigate the role of a particular target in in vitro disease studies. Moreover, the advent of fluores-
cence microscopy and other sophisticated techniques has enabled routine studies of dynamic pro-
cesses in living cells. These fluorescence techniques can deliver the necessary resolution to image
certain cellular organelles and track proteins in for example, the nucleus, endoplasmic reticulum,
and Golgi apparatus, and other biomolecules in living cells [26], so that valuable information about
the dynamics of intracellular networks, signal transduction, and intercellular interactions can be ob-
tained. Versatile fluorescence-based techniques, particularly confocal microscopy and wide-field
microscopy, excel in cell imaging due to the flexible resolution and different magnification options
[27]. Specially, methods such as magnetic resonance imaging and optical coherence tomography
can provide real-time cellular imaging but can hardly achieve a resolution of less than �10 lm. By
contrast, electron microscopy can provide almost molecular-level spatial resolution. However, dy-
namic imaging is not available by electron microscopy because this method is invasive. Between these
two resolution extremes, fluorescence microscopy is better suited to cell imaging.

In spite of recent advances, the spatial and temporal resolution of cellular fluorescence microscopy
is limited by traditional organic fluorescent dyes. When using fluorophores as dyes, the signal cannot
be easily discerned [28,29] from the background of autofluorescence, which is natural emission from
biological entities [30]. Autofluorescence can be problematic in fluorescence microscopy due to sev-
eral reasons. First of all, the unwanted signals may interfere with specific fluorescent signals especially
when the latter are very dim. Secondly, the emission lifetime on the order of 2–4 ns is very close to
that of the cell autofluorescence background, and thirdly, organic fluorophores are known to emit sig-
nals with poor stability and strong blinking [31,32]. In many instances, the sensitivity is limited by
autofluorescence from the sample rather than lack of signal. Hence, one of the main challenges is to
improve the sensitivity and photostability.

1.2. Surfaced-enhanced cellular fluorescence imaging: a novel and burgeoning technique for cellular
imaging

In order to further improve the sensitivity, there are continuous attempts to lower the detection
limits. Detection of a fluorophore is usually limited by the quantum yield, autofluorescence from
the sample, and photostability of the fluorophore. In addition, the complex milieu encountered inside
living cells requires substantial adaptation of current in vitro techniques. Hence, in order to enhance
the performance of existing imaging techniques, there is increasing use of metallic nanostructures to
modify the spectral properties of fluorophores and to overcome some of these photophysical
constraints.

As a spontaneous emission process, fluorescence involves the interaction between the emitter and
its environment and is thus subjected to external factors [33]. It creates the possibility of tailoring the
fluorescence process to increase the emission intensity [34]. In early studies on fluorophore-metal
interactions in the 1970s [35,36], a fluorophore was used to interact with a smooth silver or gold film
typically about 40 nm thick and the fluorescence intensity and lifetime were not altered dramatically.
However, in contrast to a smooth metallic surface, rough surfaces seem to interact more strongly with
light [37]. The generally accepted view is that intensity amplification arises mainly from the electric
field enhancement that occurs in the vicinity of small (in relation to the light wavelength), interacting
metal particles illuminated with light in resonance or near resonance with the localized surface-plas-
mon (SP) frequency of the metal structure. Silver or gold colloids are typically sprayed onto a substrate
to obtain a suitable surface with the appropriate electromagnetic (EM) resonance or films with silver
islands are produced by chemical means. Depending on the geometry and the distance between the
metal and fluorophore, these surfaces can result in fluorescence enhancement by factors of up to
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1000 [38,39]. Even though spraying silver or gold colloids onto a substrate produces high fluorescence
signals from some local ‘‘hot spots’’, it is not easy to obtain reliable, stable, and uniform signals span-
ning a wide dynamic range from the metal surface due to particle aggregation. Hence, methods that
can produce as evenly distributed nanoscale surface are necessary in order to make sure that different
parts of the sample can have the same degree of amplification and enable the use of surfaced-en-
hanced cellular fluorescence imaging in the study of intracellular processes at the single-molecule le-
vel including high-resolution cellular imaging, long-term in vivo observation of cell trafficking, tumor
targeting, and diagnostics. Nevertheless, although this technique boasts the aforementioned advanta-
ges, many issues are still not well understood and require more research, for instance, reproducible
control of the nanoparticle-surface properties. Furthermore, the variable response of different cell
types, nonspecific serum-protein adsorption on the nanoparticle surface, and different experimental
conditions render systematic studies of surfaced-enhanced cellular fluorescence imaging challenging.
Fortunately, recent advances in nanobiotechnology have made it an achievable and worthwhile goal.
In this review, we discuss the mechanism and applications of surfaced-enhanced cellular fluorescence
imaging and describe the different methods to produce plasmonic nanostructures to overcome the
aforementioned problems. The advantages and limitations of existing techniques are summarized
and ideas about further improvement are presented.
2. Mechanism of surface-enhanced cellular fluorescence imaging

2.1. Surface plasmons (SPs)

Metal-enhanced fluorescence is the major mechanism in surface-enhanced cellular fluorescence
imaging. Studies about the effects of metallic particles and surfaces on fluorescence enhancement da-
ted back to the reports of Drexhage in 1970 [35]. A fluorophore in the excited state has the properties
of an oscillating dipole (Fig. 1) [40] and the excited fluorophore can induce electron oscillations in the
metal. The electric field created by the metal can interact with the excited fluorophore and alter its
emission. This interaction is bidirectional, so that light-induced oscillations in the metal can affect
the fluorophore by offering decay channels. A reduced lifetime is found when the reflected field is
in phase with the oscillating dipole of the fluorophore and conversely, an increase is observed when
the reflected field is out of phase with the fluorophore dipole.

This discovery has spurred many subsequent theoretical and experimental studies on the interac-
tions between the oscillating dipole and metallic surfaces/particles [41–45] and readers are referred to
several excellent review articles for these important developments during this period [46–48]. It was
found that nonradiative energy transfer to a nearby metal surface could be an effective decay channel
for an excited molecule and there could be close connection between the dependence of this transfer
rate and SP modes. More information and details can be found in the literature by others [33,49,50].

A surface plasmon (SP) is a quasi-particle due to quantization of plasma oscillations confined to the
surface. SPs interact strongly with light near a metallic surface resulting in another quasi-particle
called surface plasmon polariton which propagates along the surface of the metal. Sometimes, surface
plasmon polaritons are also called SPs for convenience and we also use this abbreviation for surface
Fig. 1. (a) Fluorophore near a metallic surface. (b) Modified Jablonski diagram including the metal–fluorophore interactions.
The bolder arrows represent increased rates of excitation and emission. Reprinted with permission from [40]. Copyright 2008
the Royal Society of Chemistry.
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plasmon polaritons in the following discussion. SPs at the interface between a metal and dielectric
materials have combined EM wave and surface charge characteristics. The EM wave has a transverse
magnetic characteristic and the generation of surface charge requires an electric field normal to the
surface. These two effects enhance the field component perpendicular to the surface near the surface
and it decays exponentially with distance away from it [46]. The perpendicular field is evanescent or
near-field in nature being a consequence of the bound, non-radiative nature of SPs because the wave
vector of a polariton is normally larger than that of a free photon at the same frequency and prevents
power from propagating away from the surface. Another important effect arising from the interaction
between the surface charge density and EM field is the momentum of the SP mode, ⁄kSP. Solving Max-
well’s equations using the appropriate boundary conditions yields the SP dispersion relationship [51],
that is, frequency-dependent SP wave-vector, kSP, as:
kSP ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
edem

ed þ em

r
:

The frequency-dependent permittivity of the metal, em, and dielectric material, ed, must have oppo-
site signs in order for SPs to be possible at the interface. This condition is satisfied on metals because
em is both negative and complex (the latter corresponding to absorption on the metal). The increase in
momentum is associated with binding of the SPs to the surface, and the resulting momentum mis-
match between the light and SPs with the same frequency must be bridged if light is to be used to
generate SPs. To provide the missing momentum, we may make use of scattering from subwavelength
protrusions or holes on the surface to generate SPs locally [52,53]. A periodic corrugation in the metal
surface can also provide the momentum [54] and some other techniques are also available to solve
this problem [55,56].

We now discuss how SPs propagate on the metal surface. After light has been converted into an SP
mode on a flat metal surface, it will propagate but be gradually attenuated due to losses from absorp-
tion by the metal. The degree of attenuation depends on the dielectric function of the metal at the
oscillation frequency of the SPs. A classical theoretical approach to calculate the relaxation processes
induced by the modified environment presents accurate results on the process in the case of a planar
interface [46,48]. However, if the flat metal surface is changed to a rough or corrugated one, the results
can be difference. Calculation [57] demonstrates that absorption by the metal can be overcome when
the surface is periodically textured on the scale of the light wavelength. This is important to fluores-
cence enhancement because it provides an effective way to maximize radiative relaxation as all relax-
ation channels compete with each other. Besides, silver exhibits the smallest loss in the visible
spectrum and can lead to fluorescence enhancement. When the periodic length of the nanostructure
is smaller than half of the effective wavelength, reduced absorption by the metal is observed together
with strong localized SP resonance [58]. Simultaneously, the electric and magnetic fields can be local-
ized thereby giving rise to an inhomogeneous EM field distribution that can be exploited in local EM
enhancement [59]. The inhomogeneity can also be used to specifically excite a given fluorophore and
constitutes one of the causes of large enhancement when coupled to SPs. All in all, localization of the
EM near metal nanostructures and coupling to propagating modes can increase fluorescence by sev-
eral orders of magnitude [49].

Based on the previous discussion, it can be inferred that near-field coupling between the emitter
and surface modes plays a crucial role in metal-enhanced fluorescence. The near-field components
provide resonant coupling between the fluorophore and metallic surface, resulting in large enhance-
ment in the vicinity of metallic particles when the size is much smaller than the detected wavelength.
By means of near-field transmission imaging and near-field two-photon excitation imaging, investiga-
tion of SPs on metal nanostructures can be conducted [60]. It is noted that plasmons are the results of
quantization of classical plasma oscillations, and so most of their properties can be derived from
Maxwell’s equations. Thus it is possible to design specific surfaces with matching optical spectrum
utilizing calculated results since the surface morphology of the materials determines the types of
SPs [51]. Hence, the main challenge of surface-enhanced fluorescence imaging is thus to control
and design surface structures to maximize the fluorescence enhancement of a fluorophore by adjust-
ing the local electric field.
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2.2. Surface-enhanced cellular fluorescence imaging

Fluorescence is a spontaneous emission process and the rate of relaxation is dictated by the cou-
pling between the excited state of the molecule and vacuum oscillations in the surroundings. This
can be reformulated in classical terms where the probability of photon emission is related to the pho-
tonic mode density [33]. As aforementioned, fluorophore emission can be modified by the EM bound-
ary conditions near the fluorophore and so enhancement of fluorescence partly relies on the ability to
tailor the local environment of the molecule to maximize the radiative relaxation rate compared to the
same fluorophore in free space. This is accomplished by minimizing competitive non-radiative pro-
cesses [49]. In most cases, it results in a reduction of the fluorescence lifetime and increase in the fluo-
rescent intensity of the fluorophore. Several studies have been performed to study this issue [25,61–
65] and it has been shown that the quantum yield is the most important characteristics of a fluoro-
phore. Good coupling between the localized EM field and propagating modes enables successful com-
petition with internal non-radiative decay of the emitter via emission of phonons into the materials
immediately adjacent to the emitter. In this way, the low radiative quantum yield of emission may
be enhanced [66]. The fluorescence quantum yield is defined as the ratio of the number of photons
emitted to the number absorbed. Here, U describes the emission rate of the fluorophore or all the
EM relaxation processes and knr represents the sum of all possible non-radiative decay rates. The
quantum yield Q and lifetime s are given by
Q ¼ C
Cþ knr
and
s ¼ 1
C
:

The presence of a nearby metallic surface can modify the radiative rate of an excited fluorophore.
Supposing that a fluorophore is located at a given distance from a metallic surface and the radiative
rate increase is given by Um, the quantum yield (Qm) of the fluorophore is given by
Q m ¼
Cþ Cm

Cþ Cm þ knr
:

Accordingly
s ¼ 1
Cþ Cm

:

This equation suggests that high quantum yields can be accomplished when Um is comparable to
knr. Furthermore, these effects are larger for fluorophores with lower quantum yields and hence, low
quantum field fluorophores can be enhanced by fabricating metallic particles with a suitable size
and shape. Altering the distance is another important aspect to achieve maximum enhancement
and it will be discussed in the next section. The process is termed radiative decay engineering be-
cause the increased radiative decay rate is perhaps the most unusual effect of a metallic surface [25].
It is unusual because this intrinsic rate which is determined by the extinction coefficient and the
local refractive index is typically constant in a given fluorophore [67]. In radiative decay engineering,
an increase in the radiative decay rate provides a unique way to increase the quantum yield while
the lifetime decreases. It results in useful emission from weakly fluorescent molecules thereby offer-
ing the potential to image fluorophores with intrinsically low quantum yield in cells. By analyzing
the equation shown above, the reduced lifetime is concurrent with increased decay rate. These
changes increase the sensitivity and photostability while interference from unwanted background
emission can be reduced. Relevant applications are thus being developed and the use of metal-en-
hanced fluorescence in cellular imaging, so-called surface-enhanced cellular fluorescence imaging, is
a good example.
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3. Design of surfaces suitable for enhanced cellular fluorescence imaging

3.1. Distance dependence

We have mentioned the first study about fluorescence enhancement was in 1970. However,
researchers got little achievements in the next 20 years. The research on metal-enhanced fluorescence
in this period was overshadowed by the large signal enhancements offered by surface-enhanced Ra-
man scattering. Efficient Raman enhancement requires close contact between the molecules being
studied and metallic surface and the typical distance is less than 2–3 nm. At this short distance, fluo-
rescence of molecules is significantly quenched primarily by energy transfer to the metal surface.
Fluorescence enhancements that are much smaller than those of the Raman signals have been ob-
served [68]. Pockrand et al. [69] used momentum-matching techniques to determine the distance
dependence of the coupling between the emitters and SPs and found a maximum coupling distance
of approximately 20 nm. Knobloch et al. [70] also observed an optimum coupling distance for SPs
using gratings to scatter SPs thus allowing the SPs decay channel to be monitored. In 1997, W. L.
Barnes measured the decay time of a europium (Eu3+) complex positioned at various distances from
a planar silver mirror [71]. They investigated the distance dependence on the emission lifetime of
Eu3+ ions in front of silver mirrors with thicknesses from 13 to 200 nm. The mirrors were coated with
spacer layers of 22-tricosenoic acid using the Langmuir–Blodgett technique [72,73]. By varying the
number of Langmuir–Blodgett layers, the emitter surface separation could be varied in a controlled
way. By conducting lifetime measurements, they found that the spontaneous emission rate of Eu3+

could oscillate with both the distance and thickness of the silver mirror but the lifetime of the thinnest
film displayed a different tendency. The fluorescence lifetime dropped dramatically for small metal -
fluorophore distances [74], implying that spontaneous emission was quenched for small emitter-sur-
face separations. They were also surprised to find that coupling between the emitter and SP mode was
maximum for a small but finite separation between the emitter and surface. They attributed this phe-
nomenon to the competition between the decay channels and surface waves. As the separation was
reduced, the latter decay route became dominant.

A systemic explanation was proposed to explain this phenomenon [33]. Relaxation processes on
flat metallic thin films have already been discussed earlier in this paper. The emitter interferes with
the reflected EM waves and the spontaneous emission rate oscillates with increasing distances [75].
In the experiments conducted by W. L. Barnes, as the thickness of the Langmuir–Blodgett layers
was increased, it was finally able to support a waveguide mode. The waveguide mode, like SPs, is a
resonant optical mode of the system and may provide a new decay route for the excited molecule.
As the thickness of the layer is increased, further waveguide modes may be supported by the structure
thereby adding more decay channels. The coupling between excited molecules and waveguide modes
is important to sensing applications [76], but in surface-enhanced cellular fluorescence imaging, this
causes strong quenching of the fluorophores.

Several processes can result in fluorescence quenching [77,78]. There are three main physical
quenching mechanisms, all involving excitation of an electron–hole pair [33]. Process A arises from
the bulk and the excitation energy of the molecule is absorbed by the creation of an exciton in the sub-
strate. Process B arises from the surface and the excitation energy is absorbed by the creation of an
exciton in the surface. Process C arises from the spatial variation in the near field, which is related
to the roughness of the nanostructured surface. Besides these mechanisms, fluorophores can form
nonfluorescent complexes with quenchers and can be quenched by attenuation of the incident light
or other absorbing species. A classical model allows one to observe and evaluate quantitatively each
relaxation channel [46]. It implies that depending on the distance, metallic surfaces or particles can
lead to either quenching or enhancement of fluorescence [49]. Commonly, strong quenching occurs
at distances very close to the planar metallic surface, usually less than 10 nm, whereas enhancement
generally occurs at tens of nanometers from the surface and is sensitive to the nanoscale roughness of
the metal. However, it is difficult to predict precisely the optimal distance under a specific condition to
obtain the maximum radiative decay rates because it varies with the type and surface roughness of the
metal [79].



Fig. 3. (a) Upper panel: representative emission intensity images of PM1 cells labeled with Alexa Fluor 680�dextran conjugates
adhered to the cell membranes on a glass slide and on silver island films. Lower panel: corresponding lifetime images of the
intensity images in the upper panel. The scale of the diagrams is 15 � 15 lm2. The resolution is 400 � 400 pixels with an
integration of 0.6 ms/pixel. (b) Upper panel: representative emission intensity images of PM1 cells labeled with YOYO bound in
the cell nucleus on a glass slide and on silver island films. Lower panel: corresponding lifetime images of the intensity images in
the upper panel. The scale of the diagrams is 15 � 15 lm2. The resolution is 400 � 400 pixels with an integration of 0.6 ms/
pixel. Reprinted with permission from [82]. Copyright 2008 American Chemical Society.

Fig. 2. (a) Schematic representation of a corresponding monolayer of the probes deposited on top of inert stearic acid layers on
glass and silver island film surfaces. ‘‘d’’ is the distance between the fluorophore and silver island film surface that can be varied
by the number of inert stearic acid layers at a resolution of �2.5 nm. (b) Emission spectra of NBD-C18/stearic acid monolayers
deposited at various distances from the silver island film surface. The fluorescence spectra of NBD-C18/ stearic acid on a glass
surface are also included (–). Reprinted with permission from [80]. Copyright 2006 American Chemical Society.
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Although these results provide better understanding of the distance dependence of metal-
enhancement fluorescence, the spacing between the fluorophore and metallic surface is usually dif-
ficult to control experimentally. Krishanu Ray adopted an improved method by using the same tech-
nique together with inert amphiphilic stearic acid layers in order to more accurately control the
distance [80]. In this way, the distance between the fluorophore and surface island films can be tai-
lored by varying the number of inert amphiphilic stearic acid layers to a resolution of �2.5 nm. They
also used silver island films as metallic materials and two long-chain nitrobenzoxadiazole derivatives
(NBD-C16 and NBD-C18) as probes. As shown in Fig. 2, a maximum enhancement of 32 folds is
accomplished in contact with the silver surface but the enhancement is reduced to 4 folds when
the probe is 90 nm from the stearic acid layers. The maximum metal-enhanced fluorescence occurs
when the probes are about 10 nm from the metallic structure. The findings suggest that silver nano-
structures can be used to amplify the fluorescent signatures and increase the detection limits in cell
imaging.

Considering the distance dependence, the use of fluorescence cellular imaging is extremely useful
to the study of membrane proteins. The thickness of a cell membrane is typically about 7 nm, which is
close to the optical distance for fluorescence enhancement. Therefore, fluorescence imaging of pro-
teins on cell membranes is available without the worry of interference from signals inside the cell.
It is known that membrane proteins play a key role in the physiology of living cells and carry out a
number of important functions, for instance, energy metabolism, cell-cell interaction, or uptake of
nutrients and ions [81]. Investigation of membrane proteins in the natural environment can provide
more comprehensive results considering that many intricate molecular reactions take place in the
highly dynamic and complex plasma membranes. Considering good biological compatibility and
low background of surface enhanced cellular fluorescence imaging, this technology, which can probe
proteins in the membranes of living cells, has great potential. By comparing the fluorescent intensities
of the cell nuclei and membranes, the distance-dependent phenomenon can also be further verified
[82]. Fig. 3 shows that the ‘‘nucleus labeled’’ cells can be imaged well by confocal microscopy on both
the glass and silver island films. However, in contrast to the ‘‘membrane labeled’’ cells, the ‘‘nucleus
labeled’’ cells on the metal show insignificant differences in both the intensity and lifetime from those
on the glass. It is clear that the fluorophores in the cell membranes are localized within, but the fluo-
rophores in the cell nuclei are beyond the region of metal-enhanced fluorescence. Thus, the metal can
be used to improve the detection sensitivity of intrinsic fluorescent proteins and target molecules on
cell surfaces when they are fluorescently labeled.

3.2. Surface patterns

Experiments have confirmed the importance of overlapping between the localized SP resonance
energy of surface configuration and emission energy [83]. The type, shape, height, and density of
the surface nanostructures determine the degree of enhancement. In order to explore the cause and
mechanism, experiments have been conducted carefully often excluding other possible factors which
may contribute to the enhancement such as reflection from the metallic nanostructures, emission
from the metallic nanostructures themselves, increased absorption of light in photoluminescence
enhancement, and quenching of defect emission. Although the exact mechanism is still debatable, it
is generally agreed that the effects of metallic colloids interacting with fluorophores can be under-
stood by the formation of metal interstitial sites. These interstitial sites, so-called ‘‘hot spots’’ or
‘‘hot junctions’’ in the nanostructures, consist of two or more coupled particles or nanostructured sur-
faces with closely spaced features, and there are highly concentrated EM fields associated with strong
localized SP resonance [58].

Metallic colloids play an important role in surface-enhanced cellular fluorescence imaging.
Although spraying silver or gold colloids onto a substrate leads to a high fluorescence signal from
some local ‘‘hot spots’’, it is not easy to obtain a reliable, stable, and uniform signal with a wide dy-
namic range due to particle aggregation. Popular approaches to remedy the problems such as poor
control of the particle aggregation states include surface immobilization [84], entrapment in stable
matrices [85], and fabrication of complex surface structures (e.g. by means of microfabrication)
[86,87]. For example, silver island films have been produced on glass by reduction of silver nitrate
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[82]. These silver particles having lateral dimensions of 100 to 500 nm and height of 70 nm cover
about 20% of the glass surface. They are protected by the terminal carboxylic acid thiolate ligands
and so exist as metallic silver instead of oxide when cellular imaging is performed by confocal micros-
copy. The T-Lymphocytic cell lines are labeled by Alexa Fluor 680-dextran conjugates on the mem-
branes or by YOYO (oxazole yellow dimer, benzo-1,3 oxazole in place of the benzo-1,3-thiazole, a
common dye used in DNA analysis). The emission intensity from the silver island films is eight times
brighter than that from glass. The overall fluorescence background due to cell autofluorescence is not
affected appreciably by the silver island films but the emission lifetime of the adhered fluorophores on
the cell surfaces is obviously shortened relative to that on glass.

Although the use of silver island films demonstrates the large potential of surface-enhanced cellu-
lar fluorescence imaging, the location of these hot spots on the silver island films is unpredictable, and
the fluorescence intensity changes dramatically from one hot spot to another even on the same sample
due to the irregular geometry. This is a major obstacle hampering practical applications and pattern-
ing the metallic surface with periodic corrugations may be a good alternative. We have fabricated pat-
terned silver nanocap arrays by a simple coating technique using porous anodic alumina templates
[32]. Silver is deposited directly on the porous anodic alumina substrate using direct-current magne-
tron sputtering. Since the porous anodic alumina templates have small protrusions along the surface
of the pore wall, the silver nanocaps grow on the protrusions of the porous anodic alumina templates.
As shown in Fig. 4(a), which depicts a representative SEM image of the sample surface, the silver nano-
caps cover the alumina protrusions and a periodic hexagonal arrangement can be observed. The struc-
tures have a uniform size (D = 50 ± 5 nm) due to the similar shape of the alumina protrusions and
Fig. 4. (a) SEM image acquired from the patterned silver nanocap arrays. The inset in (a) shows large-area patterned silver
nanocap arrays with a size exceeding 3 cm2. (b) Surface-enhanced Raman map of a 20.0 � 20.0 lm2 area of the patterned silver
nanocap arrays. The map is obtained from the integrated intensity of the 612 ± 10 cm�1 band of 10�5 M rhodamine 6G adsorbed
on the substrate. Representative confocal images of AG1522 cells labeled with P-FITC adhered to the cytoskeleton protein f-
actin on the (c) glass slide and (d) patterned silver nanocap arrays excited by the 488 nm laser line. The scale bar is 20 lm.
Reprinted with permission from [32]. Copyright 2010 American Chemical Society.
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same sputtering time. Ortho-, meta-, and para-cap gaps can be observed and the ortho-cap gap is less
than 10 nm. The size of each protuberance and inter-particle gap are controlled to around 100 nm and
less than 10 nm respectively, which are necessary for big fluorescence enhancement. The homogeneity
of the patterned silver nanocap arrays is evaluated by 2D point-by-point surface-enhanced Raman
mapping of rhodamine 6G molecules and the results are exhibited in Fig. 4(b). The relative surface-en-
hanced Raman mapping peak intensity of the collection spots has a narrow range, and the spot-to-spot
relative standard deviation is 5%. The data indicate that the substrate homogeneity is quite good and
strict control of the preparation conditions can ensure good reproducibility among different batches.
Ag1522, a normal human fibroblast culture derived from foreskins of 3-day-old male, and Chinese
hamster ovary cells are labeled by phalloidin-fluorescein isothiocyanate on the cytoskeletons and
the fluorescence signals from the fluorophores bound to the cell cytoskeletons on the patterned silver
nanocap arrays are enhanced by 8 folds compared to those on glass used in conventional imaging, as
illustrated in Fig. 4(c) and (d). In addition to the intensity enhancement, the photostability is improved
dramatically. Thus the use of patterned silver nanocap arrays is a good means to improve the sensi-
tivity and stability in cellular fluorescence imaging.
4. Nanostructured surfaces with evenly distributed plasmonic fields compatible with enhanced
cellular fluorescence imaging

The practical success of enhanced cellular fluorescence imaging depends on the production of sub-
wavelength nanostructures with evenly distributed plasmonic fields that can yield a high average
enhancement factor. A properly designed substrate has many advantages over glass slides, but in spite
of extensive research to produce a highly ordered metallic structure and develop different methods to
micro-pattern metallic surfaces, nano-scale fabrication with good tunability is still challenging. The
common techniques/materials and their potential are described and compared in this section.
4.1. Nanoparticle superlattice coatings

As new synthetic techniques are developed to produce metallic nanoparticles with a narrow size
distribution, new fundamental questions akin to nanoparticle assembly into ordered arrays or nano-
particle superlattices have been raised [88]. If a nanoparticle is viewed as an ‘‘artificial atom,’’ then a
superlattice of nanoparticles is an ‘‘artificial solid’’ and there are several examples of metallic nanopar-
ticle-based assemblies [89–92]. Nanoparticle superlattices can be obtained by slowly evaporating the
solvent, which contains the monodispersed nanoparticles. The spacing between nanoparticles in the
solids can be adjusted by modifying the capping materials such as alkanethiols with variable chain
lengths.

Our group has recently fabricated passivated silver nanocrystals in bulk quantities via a conven-
tional hydro-thermal method which provides a convenient nanotechnique to assemble noble metals
with the superlattice structure [93]. The hydro-thermal method is based on the general phase transfer
and separation mechanism occurring at the interfaces of the liquid, solid, and solution phases during
synthesis. Fig. 5 depicts the bright-field transmission electron micrographs and corresponding elec-
tron diffraction patterns. The near-complete monolayer silver nanocrystals with a relatively narrow
particle size distribution (5.0 ± 0.3 nm) can be clearly observed. Using as-grown passivated silver
nanocrystals as the building blocks in conjunction with self-assembly, superlattice materials with con-
trollable size and shape can be synthesized. The core size of the particles can be adjusted by temper-
ature. The alkyl chains absorbed on the surface of the silver nanocrystals also provide interparticle
bonding, which enhances the structural stability and maximum temperature the materials can with-
stand. By controlling the length of the alkyl chains (substituting with another fatty acid and sodium
stearate for linoleic acid and sodium linoleate), the gap between two coupled silver nanocrystals
can be tailored thus giving rise to the tunable properties. The silver nanocrystal superlattice can serve
as a universal functional coating for molecular sensing in surface-enhanced Raman spectroscopy [94].
This coating exhibits a high Raman signal enhancement factor due to a very high density of both silver
nanoparticles (�1.8 � 1012 cm�2) and hot junctions (�5.4 � 1012 cm�2). It is believed that this



Fig. 6. SEM images of three gold nanodisks with diameters of 60, 100, and 200 nm and gratings of 100, 150, and 250 nm,
respectively. The heights of all nanodisks are 50 nm. Reprinted with permission from [96]. Copyright 2008 American Chemical
Society.

Fig. 5. Bright-field transmission electron micrographs of a self-assembled monolayer of silver nanocrystal superlattice. The
inset shows the high-resolution image of a typical silver nanocrystal. Reprinted with permission from [94]. Copyright 2006
American Institute of Physics.
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nanoparticle superlattice coating constitutes a potential nanostructured surface with evenly distrib-
uted plasmonic fields that can enhance cellular fluorescence imaging, but more work is needed prior
to large-scale adoption.
4.2. Lithographically-based substrates

Lithography is a common method to produce materials with a feature size of less than 100 nm. A
typical lithographic system consists of the following components [95]: (1) a mask that contains the
patterns to be transferred and tools to ensure precise pattern transfer, (2) an energy source (for exam-
ple, a light source) to transfer the pattern from the mask to substrate, (3) a photoresist or resist to re-
cord the patterns on the substrate during exposure, and (4) procedures for reliable detection of pattern
defects, which clearly become more challenging as the critical dimensions diminish. However, most
optical lithographic techniques do not have sufficient resolution to produce small enough and tightly
spaced plasmonic geometries. In comparison, electron beam lithography, which utilizes electrons in
lieu of photons has been successfully used to produce sub-10 nm structures due to the better spatial
resolution and larger depth of focus compared to conventional photolithography. Yu, et al. have per-
formed a systematic study on surface-enhanced spectroscopy of gold nanohole arrays with diameters
between 40 and 520 nm and edge-to-edge distances between 60 and 120 nm. The materials are fab-
ricated by electron beam lithography and the results are compared to those obtained from gold nano-
disk arrays with comparable geometric parameters [96]. Fig. 6 shows the SEM images of three gold
nanodisks with diameters of 60, 100, and 200 nm and gratings with sizes of 100, 150, and 250 nm.
The height of the nanodisks is 50 nm. The tunable optical properties originate from the difference
in the localized SP resonance modes that are most efficiently excited in the nanohole and nanodisk
arrays. The large tolerance on dimensions and the empty space confined by the nanoholes suggest that
they can be used as a functional component in enhanced cellular fluorescence imaging.
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Although electron beam lithography offers high resolution and can delineate extraordinarily fine
patterns, it has a small sample throughput and so alternative techniques have been proposed. One
example is nanosphere lithography which has many desirable characteristics as a laboratory-scale
nanofabrication tool [97]. Nanosphere lithography is relatively inexpensive while offering parallel pro-
cessing and high throughput and can produce 2D periodic arrays of many types of nanoparticles on a
variety of substrates. Nanosphere lithography has been demonstrated to produce size-tunable peri-
odic silver nanoparticle arrays that are plasmonically active nanostructures by selecting the appropri-
ate nanosphere diameter and/or thickness [98–101] (Fig. 7).
4.3. Alumina-templated surface

In comparison with conventional lithographic techniques, the use of porous anodic alumina mem-
branes as templates to fabricate plasmonic nanostructured surfaces for enhanced cellular fluorescence
imaging is promising considering the easy fabrication, excellent reproducibility, modest cost, and
large area production capability. Moreover, the technique has the following advantages: (1) the ability
to optimize periodic plasmonic geometries and tune the ‘‘hot junction’’ in the sub-10 nm regime and
Fig. 7. (a) Schematic illustration and (b) representative atomic force microscopy image of the single layer periodic particle
array. The ambient contact mode atomic force microscopy image is captured from a single layer periodic particle array
fabricated with D = 542 nm nanospheres and dm = 48 nm thermally evaporated silver after 3 min sonication in methylene
chloride. Reprinted with permission from [101]. Copyright 2001 American Chemical Society.

Fig. 8. A series of SEM images acquired from the silver coated porous anodic alumina membranes formed under different
constant direct-current voltages: (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 V, respectively. Scale bar: 100 nm. The silver sputtering
time is 10 min. Reprinted with permission from [115]. Copyright 2009 American Institute of Physics.
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(2) creation of long-range uniform plasmonic structures with cm dimensions. Porous anodic alumina
membranes are formed due to the self-organizing property when an Al foil is used as an anode in an
electrolytic cell. The resulting densely-packed nanopore array has diameters varying from several to
hundreds of nanometers. The formation mechanism and self-organization properties have been stud-
ied and several models have been proposed to describe the evolution of the nanopores in the porous
anodic alumina membranes [102–104]. From both the commercial and technical viewpoints, porous
anodic alumina membranes with highly ordered nanopore arrays have many advantages and so efforts
have been made to improve the pore patterns [105,106]. In addition to experimental conditions such
as temperature, electrolyte concentration, and applied anodic voltage, different pre-texturing pro-
cesses have been developed to initiate pore growth on the Al surface and enhance the order of the
resulting patterns [107,108]. With careful optimization, a defect free region with an area of several
square centimeters has been produced [106]. In fact, the use of porous anodic alumina membranes
as templates has been studied extensively and they can be used to fabricate various types of low-
dimensional nanostructures including nanodots [109], nanowires [110], and nanotubes [111]. Metals
and semiconductor materials can also be embedded into the porous anodic alumina membranes by
electrodeposition [112], chemical vapor deposition [113], and other physical or chemical methods.

A convenient nanotechnique has recently been reported to fabricate highly ordered hemispherical
silver nanocap arrays templated by porous anodic alumina membranes as optical nanoantenna sys-
tems to support localized SP resonance at optical frequencies [114]. On account of the periodic hex-
agonal arrangement and precise gap control between the nanostructures in the sub-10 nm regime,
a high density of ‘‘hot spots’’ can be produced to yield enhanced fluorescence [115]. As shown in
Fig. 8, the surface structure can further be modified to optimize the enhancement factor by porous
anodic alumina fabrication and silver deposition. The use of porous anodic alumina membranes as
templates to produce optical nanoantennae is especially promising considering the flexibility when
spectrally tuning the SP resonance and controlling the ratio of the scattering to absorption cross
sections.
5. Major applications of surfaced-enhanced cellular fluorescence imaging

Surface-enhanced cellular fluorescence imaging is one of the most exciting surface-sensitive meth-
ods to study and analyze biomolecular interactions. It offers many advantages such as surface-sensi-
tive response, label-free detection, real-time measurement capability, possibility of single-molecule
detection, and super-resolution imaging [6,116,117]. Several interesting and inspiring applications
are described in this section to illustrate the broad scope and impact of this technology.
5.1. Single molecule detection (SMD)

SMD is usually performed on surface-immobilized molecules with a diffraction-limited volume
using confocal optics to suppress the background from the sample and instrument. In order to detect
a single molecule, the fluorescence sensitivity must be increased by modifying the spectral properties
of the probes, enhancing the detection efficiency of the instrument, and amplification methods. Sur-
face-enhanced fluorescence cellular imaging can deliver such performance because the amplification
of fluorescence is a nanoscale phenomenon with a sharp distance dependence, which is ideally suited
for the monitoring of bio-recognition reactions. By accurately controlling the distance between the cell
and metal, the fluorescence signal from the targeted area within the enhancing distance can be ampli-
fied while others remain the same or are quenched.

With regard to SMD in whole blood, the autofluorescence is problematic but it is possible to in-
crease the signal-to-noise ratio by reducing the sample volume. A recent experiment was carried
out on metallic nanostructured surfaces to detect single surface bound Cy5-labeled DNA oligomers
in diluted blood serum [118]. It is commonly accepted that in fluorescent signal-molecular detection,
the probed volume has to be about 1 fL in order not to overwhelm the signal from background emis-
sion and Raman scattering [119]. By enhancing the fluorescence signal in the presence of metallic
nanostructures, the signal-to-noise ratio of Cy5 in serum is increased four to ten times in the focused
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mode, making it possible to access a volume of 1 pL in which the background from undiluted blood
serum is approximately equal to 2700 Cy5 molecules. It implies the possibility of detecting a single
fluorophore in a larger focused volume in a sample with a high background. The results also suggest
the possibility of clinical assays based on SMD in blood serum and perhaps whole blood. The increased
signal-to-noise ratio near the metallic nanostructure can obviate the need for the diffraction-limited
volume and enhance the ability to conduct in situ single molecule detection.

These high backgrounds appear to preclude the possibility of SMD of Cy5 molecules. However, the
signal-to-noise ratio (SNR) in high background samples can be increased dramatically by reducing the
volume. Single surfacebound Cy5-labeled DNA (Cy5-DNA) oligomers can be detected from the diluted
blood serum with an SNR near 40. We have also examined freely diffusing Cy5-DNA in blood serum.
Single Cy5-DNA molecules can be detected even from the undiluted serum. We have further investi-
gated the SNR on silver island films and found that the fluorescence signal is greatly enhanced in the
presence of metallic nanostructures showing a larger SNR in the application tested. These results sug-
gest the possibility of clinical assays based on SMD in blood serum and possibly whole blood. The in-
creased SNR near the metallic nanostructure can probably overcome the need for diffraction-limited
volumes and enhance our ability to perform in situ SMD.

Intrinsic emission from the DNA bases is extremely weak and it is possible to increase the intrinsic
base emission from DNA by adopting metallic nanostructures. To avoid complex amplification steps,
pare costs, and accomplish detection of a single DNA molecule or nucleotide during sequencing, the
sensitivity of DNA detection must be increased. Metallic surfaces can increase the sensitivity of fluo-
rescence and brightness of the single labeled oligonucleotides because of coupling between the fluo-
rophores and SPs on the metallic surface. The effects of porous silver membranes on fluorescently
labeled DNA oligomers have been studied and a 100 fold enhancement in the fluorescence emission
has been observed from a porous silver substrate [120]. The porous silver membranes have a large
specific surface area available for the fluorescent probes giving rise to big emission amplification.
Additionally, the metallic substrates provide the flow-through format for both single molecules and
many molecular DNA assays and it is possible to increase the intrinsic emission, which is extremely
weak in general. There are extensive ongoing efforts to achieve high-throughput and low-cost DNA
sequencing. One of the methods is to employ an exonuclease to sequentially remove DNA bases from
a single strand of DNA [121].

Metal probes have recently been used to bind to cell surfaces to monitor the emission intensity or
lifetime. The emission signals from the metal probes can be isolated and counted from the cell images,
especially lifetime images [122]. An approach to use these metal probes to quantify the number of tar-
get molecules on the cell surfaces in single cell images has been proposed [123]. In this study, Cy5-avi-
din conjugates are covalently bound onto 20 nm silver particles as the molecular imaging reagent
[124]. Relative to other fluorescence applications, the avidin-metal complexes on the cell surface dis-
play stronger emission signal, shorter lifetime, and better photostability [125]. When the cell surfaces
are biotinylated at a low level, the avidin-metal complexes bound to the cell surfaces can be identified
as isolated emission spots distinct from cellular autofluorescence. A way to quantify the amount of
target molecules on the cell surfaces by monitoring the cell intensity and lifetime images at the single
cell level has also been suggested. As the lifetime over the entire cell images is significantly altered by
the amount of biotin-sites on the cell surface, a quantitative regression curve between the amount of
avidin-metal complex on the cell surface and the emission lifetime over the entire cell image can be
obtained. The regression curve is used to infer the number of target molecules on the cell surfaces and
the relative error is about 30%. Because a larger avidin-metal complex amount on the cell surface may
make it difficult to count the closely spaced probes, the regression curve may not be accurate because
the linear relationship is simply by approximation. Hence, further improvement is required. In spite of
imperfections in the method, it is indeed progress for SMD by providing an idea to detect or count
molecules in cell membrane with high accuracy. By modifying the dying conjugates, adjusting exper-
imental conditions, and improving the model for counting, better results may be possible [126,127].

In spite of exciting progress, more work is still needed to conduct SMD on metallic surfaces in prac-
tice, for example, detection of single miRNA in lung cancer cells [128], detection of fluorescence green
proteins [129], and SMD of biological macromolecules [130]. Nonetheless, results published so far
demonstrate the potential of plasmonic nanostructured surfaces. In conclusion, SMD of a fluorophore
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near silver particles allows direct observation of various fluorescence characteristics of individual mol-
ecules and imparts detailed information about the emission from a single fluorophore and its interac-
tion with interfaces. Further development of fluorophore-metal interactions for SMD requires defined
structures and ordered nanostructures with evenly distributed plasmonic fields may further improve
the detection precision.
5.2. Long-term imaging with high resolution

Current research activities focus on the improvement of the spatial resolution in order to realize
video-rate imaging of living cells with molecular resolution. The use of a silver coated plain glass as
gratings in high-resolution fluorescence microscopy has been demonstrated using standard commer-
cial optical fluorescence microscopes without additional accessories [131]. Silver coated gratings with
the tailored duty ratio and depth and periodical pitch of 400 nm are designed and implemented. The
grating structures are fabricated on quartz by dual-beam interference followed by silver sputter coat-
ing. The gratings with the designed depth and duty ratio are investigated experimentally and theoret-
ically to identify the optimal conditions for the highest fluorescence enhancement. Based on the
reflectivity curves, the best SP resonance response, a minimum reflectivity of 1%, is obtained on grat-
ings with a duty ratio of 0.43 (0.50 after coating) at a depth of 20 nm. The interpretation these results
is consistent with the explanation produced in a recent study on grating-assisted prism-coupled SP
resonance by Giannattasio et al., in which the profile of the grating corrugation is expressed in terms
of Fourier expansion [132]. At each optimum duty ratio, the SP coupling and fluorescence enhance-
ment for different grating depths are investigated and a grating with a depth of 20 nm is found to yield
Fig. 9. Microscopic observations of Cy5-labeled cells on different substrates: (a) Bright field images, (b) Fluorescence images
under same intensity scale, and (c) Fluorescence line profiles taken from the images in (b). Reprinted with permission from
[131]. Copyright 2010 John Wiley & Sons, Inc.



Fig. 10. Fluorescence image of the same area of labelled COS-7 cells (using TAT functionalized Au-fluorescein nanoparticle)
under continuous blue excitation for 0, 5 and 10 min. The fluorescence does not bleach, indicating the long term fluorescence
stability of the plasmonic fluorescent gold nanoparticle. Reprinted with permission from [146]. Copyright 2009 American
Chemical Society.
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higher fluorescence enhancement than those with depths of 10 and 30 nm. Their potential in cell
imaging is explored by observing the transfected GFP cells binding with the antibody–Cy5 conjugation
on a commercial fluorescence microscope without hardware modification. As shown in Fig. 9, the fluo-
rescence image from the silver-coated grating is much clearer than that from the flat silver and bare
glass surfaces on the same fluorescence intensity scale. The profiles across the cells in Fig. 9(c) show
the enhancement effect of the coated grating substrates. The background subtracted fluorescence
intensities observed from the three substrates are about 240, 30, and 10 counts per unit pixel, respec-
tively, demonstrating the potential in high-resolution fluorescence microscopy.

Besides the use of metal surfaces as gratings for long-term imaging with high resolution, another
trend is to fabricate plasmonic-fluorescent composite nanoparticles as alternative molecular imaging
probes [133–140], for example, Au/Ag nanoparticle-organic fluorophore-based and Au/Ag nanoparti-
cle-quantum dot composites. The basic idea is to create metal-fluorophore complexes in which the
metal particle increases the brightness of the bound fluorophores. This can be accomplished by coat-
ing metal particles with fluorophores. The theoretical prediction is that fluorophores in the metal
shells can be 100-fold brighter than isolated ones, even after considering the transfer efficiency of inci-
dent light into the shell and radiation out of the shell [141,142]. In order to minimize fluorescence
quenching, a separation distance of more than 5 nm should be maintained between the Au/Ag particle
and fluorophore/quantum dot [143–145]. This requirement increases the overall diameter of the com-
posite particle to >50 nm, which often decreases the water solubility and cellular entry thereby lim-
iting cell labeling applications. Recently, smaller diameter (20–30 nm) plasmonic-fluorescent
nanoparticles composed of Au/Ag nanoparticles and fluorescein have been prepared [146]. These par-
ticles are composed of 3–6 nm diameter Au/Ag cores and fluorescein-incorporated polymeric shells.
They have bright, stable, and tunable properties and can be made into functional nanoprobes.
Fig. 10 illustrates an example of using TAT functionalized gold nanoparticles to label COS-7 cells.
The positive surface charge and multiple TAT functionality on each particle induce strong interactions
with cell membranes and so a nanomolar concentration of the particles is sufficient to produce label-
ing effects under a fluorescence microscope. The probe stability has been investigated and fluores-
cence images acquired from the same area of labeled COS-7 cells under continuous blue excitation
for 0, 5, and 10 min have been compared. The fluorescence does not bleach and so the long term fluo-
rescence stability of plasmonic fluorescent gold nanoparticles is verified. This method is similar to
imaging methods with quantum dots. Since silver films are expected to have low cytotoxicity than
QDs and it is possible to obtain long-term dynamic images using these novel fluorescent probes.
6. Conclusion and future challenges

While researching wireless telegraphy in 1917, Jonathan Zenneck analyzed the propagation of EM
waves over extended metallic surfaces [147] and 50 years later, SPs were recognized [148]. At that
time, probably few people would have expected the tremendous interest in SPs today, spanning quan-
tum optics and data storage to spectroscopy and medicine. In fact, even in the early 1960s, SPs were
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mainly of academic interest until researchers realized that the intense EM fields associated with SPs
generated in the vicinity of a metal interface could be used to sense small dielectric-constant changes
associated with adsorbed molecules on the surface. To researchers working in optics, one of the most
attractive aspects of SPs is the way in which they concentrate and channel light using these subwave-
length structures. Concentrating light in this way leads to an electric field enhancement that can be
used to manipulate light–matter interactions and boost non-linear phenomena. The enhanced local-
ized EM field near the metallic surface gives birth to surface-enhanced Raman scattering [149] and
modern nanofabrication and characterization techniques have made it possible to structure metallic
surfaces to steer and control the flow of SPs and to map the flow with unprecedented details [150–
153]. A number of physicochemical effects related to the behavior of fluorophores in complex dielec-
tric and metal environments have been brought into focus by the emergence of the field of plasmonics.
The interactions between fluorophores and plasmons suggest that the novel optical absorption and
scattering properties of metallic nanostructures can be used to control the decay rates, location,
and direction of fluorophore emission.

Applications of metal-enhanced fluorescence continue to proliferate covering exciting topics in bio-
logical, medical, and physical sciences thanks to the unique surface sensitivity, label-free detection,
and real-time measurement capability. However, although substantial progress has been made on
the mechanism of fluorescence enhancement, there are still many challenges and some important
ones are discussed here.

(1) Distance measurements: Distance measurements in the range from 10 to 200 nm offer important
insights to the design of the optimal surface configurations in enhanced cellular fluorescence
imaging. Fluorescence resonance energy transfer and certain electron paramagnetic reso-
nance-based experiments can be used to measure the distance in the nanometer range without
restriction by the size of the biomolecule [154]. Distances ranging from macroscopic to about k/
2, typically 300 nm, can be determined by confocal, multiphoton, and/or laser scanning meth-
ods [155,156]. It should be noted that the distance between the fluorophore and metal is not
measured in most experiments and there have only been recent attempts to identify the opti-
mal distance. Additional studies are needed to determine the range of distances that can be used
in surface-enhanced cellular fluorescence imaging.

(2) Surface fabrication: It is challenging to prepare uniform nanosurfaces using existing techniques.
Although a nanostructured surface with evenly distributed plasmonic fields has been produced,
there is room for further optimization. Reproducible aggregation of solution-phase nanoparti-
cles is hard to achieve and fabricating periodic structures with an interparticle gap of less
than 2 nm (necessary for intense enhancement) is also challenging. Moreover, surface defects
are inevitable due to experimental randomness and environmental factors. Improved parame-
ters and reaction conditions as well as new fabricating methods to reduce defects must be
explored.

All in all, we have reviewed succinctly recent advances pertaining to surface-enhanced cellular
fluorescence imaging and discussed the associated mechanisms and future challenges. The technique
plays an important role in the study of intracellular processes at the single-molecular level. It is par-
ticularly useful to high-resolution cellular imaging, long-term in vivo observation of cell trafficking, tu-
mor targeting, and diagnostics. Although research in surface-enhanced cellular fluorescence imaging
is still in the early stage, much progress is expected in the near future due to the tremendous potential
and versatile applications.
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