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Abstract: The surface plasmon resonance (SPR) technique is a powerful method to detect chemical
molecules. Fluorescent spectroscopy is a subject of great interest in the field of material science
and biology. Recently, some optical sensors, based on plasmonic properties of nanomaterial, were
introduced to enhance the investigation of the interaction of molecular while detecting the low
concentration of molecular. The surface plasmon-coupled emission (SPCE) technique is a merit
and accurate method to evaluate the interaction of nanomaterials and molecular. SPCE is based
on fluorescence properties of interest molecule, and the surface plasmon enhances the fluorescence
signal. According to SPR theory, the condition of excitation of fluorophore could be used in obtaining
the SPCE signal. SPCE can be used to detect toxic chemicals and investigate the human molecular.
In this review, the theory, experimental setup, condition of SPCE, and role of metal nanoparticles in
SPCE were reviewed. In the end, the application of SPCE was presented for detection and monitoring
the chemical material, heavy metal, and biologic molecules.

Keywords: surface plasmon resonance; surface plasmon-coupled emission; fluorescence; plasmonic;
nanomaterial; metal nanoparticle

1. Introduction

Surface plasmon resonance (SPR) is a unique phenomenon due to its charge density oscillation at
the interface of metal and dielectric medium. Surface plasmon-coupled emission (SPCE) is a versatile [1]
and powerful technique based on fluorescence and plasmonic properties of the nanostructure,
or nanoplasmonic effect, of metal nanoparticles. The sensors, based on fluorescence, have extensive
application for numerous assays in the biotechnology, medical diagnostics, and biological research.
Fluorescence detection is a highly sensitive technique, and the sensitivity must be enhanced for
detection of particular molecular in small size [2].

The fluorescence can be controlled through a semitransparent thin metal film and a thin layer with
fluorescence property. Fluorophores in an excited state can generate surface plasmon. In turn, surface
plasmon can excite the fluorophores, such as nanomaterial and quantum dots [3]. This technique
is based on highly sensitive sensors, probes, and new devices for the detection and interaction of
molecules with fluorophores. On the other hand, when the molecules bind to fluorophores, there will
be a shift in the energy in the fluorescence spectrum or the surface plasmon wave. This is the basis of
detection of chemical low-concentrations and investigations of biomolecular interaction. In this article,
the plasmonic and fluorescence properties of nanomaterial, SPR theory, the concept of SPCE, and the
sensor application of SPCE using nanomaterial are presented.
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2. Photoluminescence

Photoluminescence is the molecular emission in higher wavelength or lower energy than absorption
of light. This phenomenon is called fluorescence. The molecules are usually excited before emission,
and there is a molecular transfer to the excited state [4]. The occurrence of photoluminescence,
or phosphorescence, is determined by the situation of excited state and time delay. If there is rapid
emission of low photon energy by the molecule, the fluorescence will occur with a radiative life time of
about 1078 s, whereas phosphorescence photon will be emitted later than 1073 s [5].

In the fluorescence process, a molecule absorbs high-energy photons and some molecules exit
from the ground state to the vibrational or rotational excited state, depending on the energy level
structure of the molecule. Sometimes, the electrons of ground state can absorb the energy of photons
and the molecular changes to the electronic excited state. Figure 1 shows the energy level of a molecule.
The emission in the range of UV to visible light corresponds to transition from the electronic excited
state to the ground state, and the emission wavelength in the infrared range is due to transition of
molecule between vibrational and rotational excited state to ground state [5].

Figure 1 shows the Jablonski diagram that depicts the absorption and emission of molecules.
In the photoluminescence case, the molecules absorb the high-energy photon and remain excited from
ground state (Sp) to excited state (51, Sp) during 10715 s (1fs). The molecular transition occurs rapidly
to lower excited state (S;) during 10712 s (1 ps).
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Figure 1. Jablonski diagram showing the processes of fluorescence and phosphorescence.

The procedure of transition to ground state contains two processes as follows [6]: The first process
is fluorescence transition, where the electrons change from excited state to ground state with a constant
electron spin. This means that the electrons transfer between two singlet states during 1078 s (0.1 ns)
with the radiation process defined by radiative decay (k;) parameter (Figure 1). This process can be
gone along by a nonradiative transition defined by nonradiative decay parameter (k) that can be
explained using internal or external quenching mechanism.

The second process is related to the production of the phosphorescence photons that can be
explained by intersystem transition from singlet state (S1) to triplet state (T1). The intersystem transition
causes the variation of the total spin of molecule that the triplet state has lower energy than singlet
states. The triplet state contains sublevels, and the spin of electron o molecule is constant during the
transition with the emission of photon or nonradiative decay. Moreover, the transition from triplet
state to ground state occurs by emission of photon and change in the electron spin.

In the processes of fluorescence and phosphorescence, the energy of emitted photon is lower than
the energy of excited photon. Therefore, the wavelength of emitted photon is longer than excited
photon, which is the Stokes shift.
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Quantum yield and lifetime are the significant parameters for evaluation of fluorescence that
can be derived from Jablonski diagram, and they are based on radiative and nonradiative decays.
Fluorescence quantum yield (Q) can be described by emitted photons and exited photons as follows [6]:

Number of emitted Photon
Number of excited Photon

Fluorescence Quantum yield =

_ k”

N kr + knr
Typically, the fluorescence quantum yield is between 0 and 1. Because the fluorescence process is

the Stokes transition process, the fluorescence quantum yield is always lower than unity.

Q @

Other parameter for the evaluation of the fluorescence emission is the lifetime of the excited state
(7) which is the average time that the molecule remains in the excited state before the transition to
ground state and is defined as follows:

@

3. Plasmonic and Nanoplasmonic

The collective oscillation of the free electron gas (charges) density is plasmon. On the other hand,
plasmon is quasiparticles and a quantum of plasma oscillation. Plasmons can be obtained from the
interaction of light and free charges. The topic, which is related to the application of this issue, is
called plasmonic. Nanoplasmonic corresponds to charges density oscillation in nanomaterial, metal
nanoparticle, metamaterials, and quantum dots. Sometimes, the light beam has an interaction with
the charge density that is distributed on the surface of metal nanoparticles, thereby resulting in the
absorption of light beam (Figure 2). This phenomenon, called localized surface plasmon resonance
(LSPR) [7], is mainly used in explaining the UV-vis spectrum.

When the size of particle is smaller than the wavelength of the light, the charge distributed on the
surface of metal cluster oscillates collectively with the light beam. The LSPR occurs when frequency of
this oscillation is matched with the frequency of photons [8]. In this case, the unique absorption of
UV-vis spectrum and Rayleigh scattering of light are observed in relation to plasmonic effect [9,10].

Dipole momentum
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Figure 2. Metal cluster in electrical field.

As mentioned above, the surface plasmon resonance occurs not only in the boundary of two
materials with different dielectric sign, such as metal (gold or silver) and dielectric (glass), but also
on the surface of metal cluster structure. When light incidents to the metal cluster in nano-size, the
electrical field of electromagnetic wave interacts with free electron of metal cluster. The functions of
the electric field and distribution of potential can be derived from Laplace equation in polar coordinate.
Typically, the potential function is assumed of as follows:
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o(r,0) = Y [Ar + By (*D]Py (cos 0) 3)
=0
where r and Pj(cos 0) are the radius part and angular parts (Legendre polynomials) of solution of
Laplace equation, respectively. According to electromagnetism theory, the coefficient of Equation (3)
will be calculated using boundary condition. To simplify the Equation (3), the potential of outside the
metal cluster and inner one can be written as follows:

¢1(r,0) = Z AlrlPl (cos 0) (4)
1=0
(]52(}’, 9) = Z [Bﬂ’l + CIT_(Z+1)]P1 (COS 9) (5)
1=0

where ¢1 and ¢, are the potential inside and outside of the metal cluster, respectively. If the boundary
conditions are considered, the potential function for inside and outside the metal cluster will be derived
as follows [11]:

3€d
B Em +2¢4

Oin = Egrcos O (6)

Em— &g E0d3cos6

qbout = —E()T cos 0 + e+ ng r2 (7)

The optical properties of metal cluster related to plasmonic effect can be justified in accordance
with the potential of inside and outside of the metal cluster. The optical properties of metal nanoparticle
and semiconductor depend on the plasmons. When the light beam interacts with materials, the
electrical field of electromagnetic wave produces a force on the carrier charges in the material thereby
inducing the dipole momentum in the material. If the particle size is smaller than the wavelength, the
polarizability of the nanoparticle is [7]

Em— &
a=d4ndd—d

_ 8
Em +2¢&4 ®)

where a, d, ey (emr + i€i), €4 are polarizability, nanoparticle diameter, relative permittivity of the metal
and surrounding medium. The optical response of the nanoparticle depends on polarizability. The
strongest mode will be obtained when ¢, is near —2¢4(¢;,, = —2¢4) or the denominator of Equation (8)
is near to zero.

The total cross section is the combination of absorption and scattering cross section as follows:

Em

.2 2
(emr +2Xeq)" + e,

1

w
Cot = Caps + Csca = 9 X ?egﬁv )

4. Surface Plasmon Resonance

According to electromagnetism theory, electrical dipoles can radiate the evanescent wave in the
far field. The amplitude of evanescent field decreases in the distance about the wavelength length
from the source [12]. The evanescent field is observable in the near field. The evanescent wave
can propagate in the medium with the refractive index smaller than that of the source medium.
The excitation of evanescent wave occurs from propagation of light beam in the dense medium at
the particular angle [12,13]. For example, if a gold layer is deposited on the surface of prism and the
light beam passes through the prism, it can excite the evanescent wave and propagate in the layer that
is placed after the gold thin film. Similarly, the evanescent wave will be excited when fluorescence
emitted from the layer is placed at the other side of gold thin film. This phenomenon occurs in the
layer with finite thickness and is SPCE [14].
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For clarification of the mentioned phenomena, a system with three layers is presented in Figure 3,
where the electric dipole is accommodated in the medium with unity refractive index. The gold layer
with 50 nm thickness (14, = 0.15 + 3.27i at the 560 nm wavelength) was coated on the glass slide
(Mprism = 1.515) [15]. The size of fluorescence ring is about 150 nm. The electromagnetic waves have
two polarization modes, p-polarized and s-polarized, which are perpendicular one respect to the other,
and called TM mode and TE mode [16].

SPCE

Fluorescence
v 4]
Y. Jg '/ bead

Propagation field
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Figure 3. Demonstration of surface plasmon-coupled emission (SPCE).

In Figure 4, the transmission coefficient of the light amplitude of p-polarized and s-polarized as a
function of the angle of emission in the glass medium is illustrated. It can be observed that within a
specific angle of the glass medium, a dramatic absorption and emission of p-polarized light occurs,
while the transmission and decay of the s-polarized wave occurs in the metal layer.
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Figure 4. Demonstration of TE and TM mode.

In order for SPCE to occur, there must be a correspondence between the magnitude of incident
wave vector and wave number which can get a surface plasmonic wave excited:

E1°€2
&1+ &2

kspp = kO (10)
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where the wave number within the vacuum is denoted by ky when the wavelength is A and ¢1, €, are
the permittivity of the medium where the dipole is embedded and the metal, respectively. Generally
€1 <0and & < |e1] [12,13], and kspp, the wave number of surface plasma wave, frequently larger than
the wave number within the medium where the dipole is immersed, denoted as k1,

ki = ko Ver (11)

Based on this principle, the surface plasmonic of the metal can only be excited by the evanescent
field is located close to an electric dipole. Therefore, the propagating waves pass under the angle
smaller than the evanescent, whereas the passage of evanescent waves occurs under the angles that are
larger than the anticritical angle O.; the anti-critical angle can be shown as:

0. = sin"1 (L) (12)
n3
where the refractive index of air and glass are denoted by n7 and n3 [17-20]. The SPCE is excited by the
evanescent field, whereas the propagating field simply passes through the metal layer. Thus, in this
situation, the evanescent field will excite SPCE, while the propagating field will simply pass through
the metal layer. Therefore, in this case, the combination of the SPCE wave and ordinary propagating
waves makes the fluorescence [21,22].

The Fresnel theory can be used to evaluate the SPR signals. Typically, the fluorophore medium is
coated on the gold layer and the medium with high refractive index, prism or hemisphere glass is
located at the other side of gold layer. The main beam is in the Y-Z plan so the amplitude of reflected
light (A,) and incident (4;) can be expressed as [23]:

Ar = r1234; (13)
where r193 is the amplitude reflection coefficient which depends on thickness (d) as follows:

712 + 123 exp(Zikzxd)
1+ r1a723 exp(2ikoyd)

23 = (14)
where 11y, 123 and ky, are the reflection coefficient of metal dielectric, the reflection coefficient of glass
metal and the phase constant [24], respectively. The k;; and k;, are

2m\? 2m\?
kix = (T) & —k%, k]x = (7) 6]' —k% (15)

where the k; is the propagation constant (ZTRnp sin 63), and r;; is

eikiv —eikjx
= =123 16
rl] é]k,x -l—E,k]x Z/ ] 74~ ( )

The reflectance is R = |r123|2.

5. Surface Plasmon-Coupled Emission

The theory of SPCE is similar to SPR and can be derived from Maxwell and Fresnel
equations [16,25-27] discussed in the previous section. On the other hand, SPCE is the reverse
process of SPR, as seen in the angle dependent absorption of thin metal film and it has numerous
applications in bioscience. SPCE sensors have high sensitivity, and the mechanism related to the
coupling between fluorophores and surface plasmons due to exclusive collection of emitted light
occurs only near the bio-affinity surface.
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The surface plasmons are quantum phenomena due to collective oscillations of electron charge
density at the interface between a gold or a silver layer and medium. The near field wave, which
damps rapidly in the short length at the interface of metal layer and medium is the evanescent waves.
If the gold or silver layer is coated on the surface of high refractive index glass, the plasmons, which
are generated in the metal layer, can couple in the substrate. The strong evanescent field was induced
using surface plasmon wave. It can excite a fluorophore with thickness of about 200 nm placed on top
of gold or silver films in the aqueous solution.

The reverse process is also possible, i.e., the fluorophores that are near the gold and silver layer
can be excited with laser beam. It can couple with surface plasmons in the metal layer and penetrate
to substrate, while appearing at a sharply defined angle p-polarized form. This is SPCE, and it is
closely related to SPR [25,28-31]. The coupling between the field of the excited fluorophore and the
thin gold or silver layers results in the creation of surface plasmons. For a thin gold or silver layer and
the high-refractive index of the glass substrate, the surface plasmons can couple to photons in the glass
substrate and a surface plasmon is converted to light [2].

As mentioned above, two configuration setups for the SPCE suggest an experiment in Figure 5.
The first configuration setup (Figure 5a) is Kretschmann configuration and the incident light passes
through the prism. When the wave number of light and plasmons matches together, the resonance
occurs in the oscillation of surface plasmons near the fluorophores, thereby resulting in the excitation
of the fluorophores by the evanescent wave [32,33]. The second configuration is reverse Kretschmann
(Figure 5b). The fluorophores can be excited directly by laser beam from the fluorophores side, and the
near-field dipoles are coupled with surface plasmon on the metal layer, caucusing the direct emission in
the prism with the wavelength near the excitation wave length, and the emission appears near the SPR
angle with p-polarization. To compare the Kretschmann configuration with the reverse Kretschmann,
the intensity of SPCE is very large and strong in the Kretschmann, since the excitation of fluorophores
depends on the evanescent wave which is strong in the resonance. Typically, direction of emission,
background, polarization of emission and distance of coupling are significant parameters for the
evaluation of the SPCE signal and it depends on optical parameter of fluorophores, concentration of
fluorophores and optical parameters of layers. Sometimes, the calculation of power flow needs to
evaluate the response of fluorophores that must be derived from Sommerfeld identity. Hence, the
power flow was achieved based on Parseval’s equation in the layers system, which was coated on the
prism as follows [34]:

L nd  n?2—n?
P, n* p P . .
— =0.75XRe| — dnp—(a—b)(a +b) 17)
P; 3 |n2 _ n2|
1 1 P
where n, 1, n, are refractive index, refractive indices of first medium, and that corresponding to wave

vector component in z-direction, respectively. P,, P1, a and b are the power flow in z direction, input
power, electrical field coefficient for forward and backward electromagnetic component, respectively.

Figure 6 shows the penetration depth of evanescent field. A penetration depth of evanescent wave
is a significant parameter for evaluating and designing the sensing layer in SPCE. The penetration
depth is a function of incident angle and it is proportional to wavelength of incident light beam as

follows [4,35]:
d= A (18)

271 4/ (11 sin 0)% — n%

where 11 and n, are the refractive indices of first and second medium, respectively. d is the depth of
evanescent wave in second dielectric medium [35].
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Figure 5. The surface plasmon-coupled emission set up is presented in two configurations:
(a) Kretschmann configuration with direct excitation of surface plasmon, the light beam generates the
surface plasmon wave and surface plasmon wave will excite the fluorescence; (b) revers Kretschmann
configuration, the surface plasmon is exited using the fluorescence emitted from molecules and it
excites the surface plasmon wave.

Hemi-sphere prism

Sensing Layer

Evanescent Wave

Figure 6. Scheme of surface plasmon wave and penetration depth of evanescent wave.

Consequently, SPCE occurs in the interface between molecules and thin metal film and it is the
outcome of the interaction in near field of radiating with biomolecule, chemical molecule and metal
cluster. Hence, SPCE has been a subject of research in sensor and biosensor.

6. Physical Interaction of Surface Plasmon and Fluorophore

The cross-section of plasmonic-enhanced fluorescence from metal nanoparticle is opgr(Ar, A, dao ).
It depends on the emission of wavelengths (1), the excitation wavelengths (1;) and the average distance
of molecular fluorophores from the gold thin layer (d;,). The cross-section of plasmonic-enhanced
fluorescence is as follows [36-38]:

OFL OFL
opEF = IMem|* X | = M1 > X Mo x ——= (19)

M2 IMyI?

where Mgr, M and M; are the total enhanced fluorescence factor, enhanced fluorescence corresponds
to evanescent wave and molecular fluorescence emission, respectively. ory is cross section related to
fluorophore in air. In SPCE, it was observed that there was a rapid energy transfer between fluorophore
and gold thin layer that is defined with M. Equation (19) expresses that a balance in the increase of
excitation rate and radiative decay rate during the procedure of SPCE was achieved. Moreover, the
quenching effect of nonradiative energy from fluorophore to gold layer is in equilibrium with transfer
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energy to gold layer. These parameters depend on penetration of evanescent wave or the distance
between the gold thin layer and the fluorophore [38,39].

7. The Effect of Nanomaterial in SPCE

Briefly, SPCE signals were obtained by inducing the surface plasmon resonance in the metal
layer due to fluorescence emission of fluorophores. SPCE is used in microscopy and sensing the
chemical and biochemical molecules. The SPCE response depends on fluorophore emission and the
fluorescence emission enhancement is a subject of great interest in sensor and biosensing with high
sensitivity. Nanomaterials such as gold nanoparticle, silver nanoparticle, zinc oxide nanoparticle,
graphene quantum dots, and carbon quantum dots have the potential of enhancing the fluorescence
emission of fluorophores. Gold and silver nanoparticles enhance the fluorescence via the interaction
between the induced localized surface plasmon with excited state of fluorophores during two main
processes [38,40]. First, the nonradiative emission occurs, and the excited state of fluorophores will be
coupled with the localized surface plasmons, increasing the electrical field due to polarization of charge
density on the surface of metal cluster. Second, the photon absorption of fluorophores located in gold
or silver, is enhanced with electrical field around the nanoparticle [41,42]. Consequently, the population
of excited state increases and the intensity of fluorescence emission is enhanced. This phenomenon is
called metal-enhanced fluorescence (MEF).

8. Application of SPCE for Detection of Molecules

Fluorescence-based sensor is a significant and sensitive instrument for the detection of chemical
material and biomolecules [41]. The SPCE-based sensors are devices that work by the interaction of
surface plasmon and emission from fluorophores. Monitoring of biological interaction, display of
the diagnostic signal, detection of glucose, oxygen, carbon dioxide, DNA, and toxic chemical are the
subjects in the area of sensing and biosensing. The significant parameters are sensitivity, selectivity,
response time and repeatability. The advantages of SPCE-based sensors include small volume for
detection of chemical and biochemical materials, low background noise, and high-sensing limitations.
Thus, a combination of fluorescence and SPR can provide a significant method of overcoming the
limitations of other methods used in sensing the biomolecules and toxic chemicals. The SPCE was
used to detect the oxygen using ruthenium dye, and the response time was about 100 ms. The sensor
was inexpensive and highly sensitive for the detection and recognition of the low concentration of
oxygen [43]. In 2012, Liu et al. used SPCE to detect the heavy metals and found that the SPCE of
semiconductor quantum dots (QD), such as CdTe-QD, is adequately sensitive to recognize the mercury
ions. They used the synthesis of the CdTe-QD in solution form attaching it to a gold layer and the limit
of detection was 0.23 nmol L1 [44]. In 2013, Mulpur et al. utilized the silver-a nano alumina thin film
hybrids as a sensing layer for detection of heave metals. They arranged the reverse Kretschmann setup
and exited the fluorophores using laser at 532 nm, and succeeded in measuring 1 M concentration of
Cd?* [45].

The SPCE is a merit method to evaluate an antigen or an antibody as immunoassay. Immunoassay
based on fluorescence spectroscopy is highly interesting method in biosensing [46,47] and medical
diagnostics [37]. Immunoassay based on fluorescence is a sensitive and accurate method, but it has high
background fluorescence and interaction with the signal [48]. The SPCE is an approach to overcome the
interference of fluorescence signal with background fluorescence. In 2004, Matveeva et al. presented a
biosensor based on SPCE and improved the SPCE sensor for immunoassay based on two wavelengths.
They detected simultaneously two antibodies with different labels [34]. The SPCE was used to perform
the fluorescence immunoassay method in human samples such as human serum and human blood
using anti-rabbit immunoglobulin G (IG) on the surface of metallic thin layer including gold or silver
films [2]. Recently, graphene oxide (GO) was used to enhance the fluorescence signal in immunoassay
based on fluorescence sensor. The GO was coated on the surface of metal thin layer and the SPCE signal
enhanced about 20 times compared to SPCE without GO layer. The reverse Kretschmann configuration
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was used to measure the human IgG with sensitivity of about 0.006 ng/mL [49]. The SPCE is a versatile
physical technique for investigating DNA and human gene. DNA hybridization was measured using
SPCE that depends on interaction of fluorophore and surface plasmon. When DNA hybridization
occurs, the angle of SPCE signal will be changed and it monitors the interaction of DNA with another
DNA biomolecule [50].

Recently, the grating surface plasmon couple emission was considered as a highly sensitive
analytical tools to recognize the biological molecules. The basic concept is the same as SPCE based
on prism coupling. Figure 7 shows a grating SPCE structure that the grating was used to excited the
surface plasmons at the interface of metal and dielectric medium [51]. Many researchers were focused
on the application of the grating SPCE to recognize the biological molecule. Wood et al. used the
plasmonic grating to obtain the image single molecules [52]. They enhanced the emission intensity of
fluorescence using surface plasmon resonance. The SPR excitation was used from a high-description
digital grating frame to recognize different fluorophores by angular emission of biomolecules [52].
Gold grating SPCE sensor was considered to evaluate and detect some biomolecular. Yuk et al. used
the gold grating SPCE to measure the human serum Ig using anti-mouse IgG as a receptor antibody.
They were able to show incorporation of SPR and SPCE. The SPCE was a sensitive optical tool to
analysis the biomaterial to compensation the sensitivity of SPR [51].

SPCE emission SPCE emission

Hemi-sphere prism

Substrate

Figure 7. Scheme of SPCE based on grating.

Essentially, SPR and SPCE sensor-based prism-coupling have advantages and disadvantages,
such as being label-free and enzyme-free, being in real-time, high cost of suitable prism, and limitation
in sensitivity. The plasmonic gratings are the appropriate and convenient candidate to improve the
sensitivity of sensor and overcoming the mentioned disadvantages. Phase-interrogation technique
based on nanostructure were presented to optimize and improve the SPR sensor response [53].
This method can be applied in a microfluidic chamber and is suitable for plasmonic sensor in a
lab-on-a-chip platform and is easy for detection of procedures without any limitation to measure the
volume [53].

9. Conclusions

The surface plasmon-coupled emission is based on excitation of fluorescence and enhances the
surface plasmon wave. The SPCE signals were emitted by excitation of surface plasmon and interaction
of surface plasmon with fluorophore in Kretschmann configuration or reverse one. The significant
parameters are the distance between fluorescence bead and the gold layer and penetration depth of
evanescent wave and the SPCE can be explained using surface plasmon resonance theory. The SPCE is
used to detect heavy metal, investigate the DNA, and evaluate the antigen or antibody. Consequently,
the SPCE is a versatile method for the evaluation of chemical and biomolecules.
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