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We developed a biosensor that is capable for simultaneous surface plasmon resonance (SPR)
sensing and hyperspectral °uorescence analysis in this paper. A symmetrical metal-dielectric slab
scheme is employed for the excitation of coupled plasmon waveguide resonance (CPWR) in the
present work. Resonance between surface plasmon mode and the guided waveguide mode gen-
erates narrower full width half-maximum of the re°ective curves which leads to increased pre-
cision for the determination of refractive index over conventional SPR sensors. In addition,
CPWR also o®ers longer surface propagation depths and higher surface electric ¯eld strengths
that enable the excitation of °uorescence with hyperspectral technique to maintain an appreci-
able signal-to-noise ratio. The refractive index information obtained from SPR sensing and the
chemical properties obtained through hyperspectral °uorescence analysis con¯rm each other to
exclude false-positive or false-negative cases. The sensor provides a comprehensive understanding
of the biological events on the sensor chips.

Keywords: Coupled plasmon waveguide resonance; sensing; hyperspectral °uorescence.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 3.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly
cited.

Journal of Innovative Optical Health Sciences
Vol. 7, No. 1 (2014) 1450017 (9 pages)
#.c The Authors
DOI: 10.1142/S1793545814500175

1450017-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
4.

07
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

http://dx.doi.org/10.1142/S1793545814500175


1. Introduction

Surface plasmon resonance (SPR) sensor is the most
commercially successful optical sensor1,2 that could
be utilized in a wide range of ¯elds from funda-
mental researches3,4 to chemical,5 biological6 and
clinical applications.7 SPR uses an optical method
to measure molecular binding events at the metal
surface by recording the variation of resonance
position caused by the change of refractive index
(RI). Based on the SPR-generated exponential
evanescent ¯eld, SPR sensors permit the appli-
cations in chemical or biological researches with
the advantage of labeling free, high sensitivity, low
background disturbance and real-time analysis of
dynamical reaction process.8

The last two decades have witnessed remarkable
progress9,10 in the development of SPR sensors in
the area of both basic concepts and application
¯elds.11,12 However, this technology also demon-
strates the intrinsic limitations13 in sensitivity, res-
olution and penetration depth which is usually
lower than 300 nm. Considerable e®orts have been
taken to substantially enhance the performance of
sensitivity and resolution of the SPR sensors.14–16

One of the promising strategies to improve the
performance of SPR sensors is adding dielectric
layers to form planar waveguide layers for the
generation of guided modes in the SPR sub-
strate.17,18 The resonances between guided light
modes within the waveguide layer and surface
plasmon polarizations (coupled plasmon waveguide
resonance, CPWR) leads to narrower full width
half-maximum (FWHM) of the re°ective curves and
this in turn leads to increased resolution of the
sensors by reducing the uncertainty of the reson-
ance position. Besides, theoretical results indicate
that CPWR also results in better performance no
matter for detection range or for enhanced electro-
magnetic ¯eld19 which is highly suitable for back-
ground excitation of °uorescence to maintain an
appreciable signal-to-noise ratio.

Our work in this paper proposes an implemen-
tation of symmetrical metal-dielectric structure
(MgF2–Au–MgF2Þ to a®ord CPWR as a possible
improvement to conventional SPR systems. Calcu-
lated and experimental results substantiate that
this structure results in better resolution for no
matter °uid or atmosphere analyte.20 To demon-
strate the biomedical applications of symmetrical
CPWR-based SPR biosensor, we functionalize the

sensor surface by coating dopamine ¯lm and a cel-
lular mediator of platelet derived growth factor
(PDGF) presented in human aqueous humor
samples is detected. This symmetrical CPWR bio-
sensor is further advanced by taking advantage of
the strong surface enhanced evanescent ¯eld to
excite °uorescence at a dark background style. The
hyperspectral °uorescence technique is employed to
record the full °uorescence spectra and this in turn
makes it possible for the separation of multiple
°uorescent tags. It is believed that this new bio-
sensor based on CPWR will exhibit enormous po-
tential in the development of optical biosensors.

2. Materials and Methods

2.1. Materials

Glucose powder purchased from Aladdin (China)
was dissolved into deionized water and distilled to
di®erent concentrations for use. Dopamine was also
bought from Aladdin (China). Phosphate-bu®ered
saline (PBS), bovine serum albumin (BSA) and Tris
were acquired from Sigma (USA). The human anti-
PDEF was purchased from R&D Systems Inc.
(USA). Fluorescence tags of Cy5 (absorption/
emission: 649/667nm) and dylight680 (absorption/
emission: 680/715nm) were purchased from Zibo
Yunhui Bio-technology Co., Ltd and the EARTH,
Inc., respectively.

2.2. Sensor chip

Figure 1(a) shows the 1D implementation of the
conventional SPR (left) and the symmetrical
(MgF2–Au–MgF2Þ CPWR (right) that we utilized
in this paper. Based on multiple re°ectance theory
and Frensnel's formulae, the angular distribution of
re°ectivity [see Fig. 1(b) and 1(c)] and evanescent
¯eld distributions [see Fig. 1(e)] could be calculated
for this dielectric–metal–dielectric slab style for the
excitation of guided waveguide mode. From the
theoretical results given in Fig. 1(b), we can ¯gure
out that the resonance between the surface plasmon
wave and the guided mode that occurs in a small
angular region immediately preceding the critical
angle when the thickness of the second layer of
MgF2 (attached to the analyte) is thick enough to
form a waveguide layer. Besides, with the increase
in thickness of the waveguide layer from 620 to
680 nm, the FWHM of the resonance curve does not
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witness signi¯cant change while the resonance angle
shifts to a bigger position slightly, which is only
about 2� 10�3 degree/nm, this, means the thick-
ness of MgF2 layer is not very critical for the
occurence of CPWR once it is thick enough to a®ord
waveguide modes. It is also the same case for the
¯rst layer of MgF2 (attached to the glass substrate).
Compared with the conventional SPR [shown in
Fig. 1(c)], the symmetrical CPWR shows a much
narrower resonance dip (about one thirtieth of the
traditional SPR dip) which makes it favorable for
the improvement in the accuracy of the extraction

of the resonance angular during practical appli-
cations, thus, leading to improved RI resolution.
Meanwhile, the symmetrical CPWR also shows a
longer propagation depth of about 2�m into the
sensed medium as well as an appreciable enhanced
electromagnetic ¯eld. On accounting for these fea-
tures, CPWR sensors are supposed to improve the
performance of the optical sensors to a large degree
with expended application ¯elds.

In the present work, a glass substrate (the RI is
1.515) coated with three successive layers of MgF2–

Au–MgF2 is prepared according to the theoretical

(a)

(b) (c)

(d) (e)

Fig. 1. 1D implementation of conventional SPR ((a) left) and the symmetrical CPWR ((a) right.) (b) Theoretically calculated
CPWR under di®erent thicknesses of the waveguide layer. Theoretically calculated re°ective curves and electric ¯eld distributions
excited by conventional SPR (dashed curve in (c), (d) and CPWR (solid curve in (c), (e))). The excitation wavelength is 632.8 nm.
Refractive indices for the prism, analyte, magnesium °uoride and gold ¯lm are 1.515, 1.33, 1.38 and 0.3123þ3.146i individually.
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results. MgF2 ¯lm is deposited on the polished glass
substrate by evaporation coating and the gold ¯lm
is prepared by vacuum magnetron sputtering. The
chip then is put in a vacuum evaporation facility for
the preparation of another MgF2 layer. Thicknesses
of the MgF2 layers and gold ¯lm are measured by
Ellipsometry (M-2000 UI, J.A. Woollam Co. Inc.,
USA) and X-ray di®raction (XRD) separately. The
sensor chip is attached to a SF4 prism with RI
matching oil for the Kretschmann excitation of
CPWR. A micro°uidic system is mounted against
the sensor surface for the detection of aqueous
samples.

2.3. Design considerations

and experimental setup

For the excitation of CPWR, an angle-interrogation
method based on the Kretschmann con¯guration is
utilized to measure the re°ective curves as a function
of the incident angle. A cylindrical lens is used to
focus the incident beam into a line at the surface of
the sensor chip and it is useful for simultaneous
detection of the multi-channel micro°uidic system as
the focused line could cover several channels at the
same time. Also, the focused light includes a succes-
sive range of incident angles and reduces the demand
for angle scanning. Meanwhile, the enhanced elec-
tromagnetic ¯elds caused by CPWR propagates
about 2�m into the analyte and makes it possible for
the background excitation of the °uorophores existed
in the micro°uidic system. Hyperspectra technology
is used to record the whole emission spectra of the
°uorescence by using a spectroscopy. This technol-
ogy makes it possible for the simultaneous capture
and identi¯cation of partially overlapped emission
spectra. Combined with the multivariate data al-
gorithm, the ratios of di®erent emission °uorophores
can be determined.

Figure 2 shows the schematic of the experimental
setup. A light emitting diode (LED) with an electric
power of 3W is used as the light source. A 10�
objective lens is used to focus the light onto a
aperture. The light is then passed through a colli-
mation lens and a band-pass ¯lter (E, Thorlabs
FL632.8-10, with a central wavelength of 632.8 nm
and bandwidth of 10 nm). A polarizer is used to
produce p-polarized light for the excitation of
CPWR. p-polarized light goes into a cylindrical lens
(f ¼ 50mm) and is focused into a line at the surface
of the sensor ¯lms. Fluorophores that existed in the
range of surface enhanced electromagnetic ¯elds are
excited under CPWR and the °uorescence emitted
from the line-illuminated area are focused by an
imaging lens into a spectroscopy. A long-pass ¯lter
(98% re°ection at � ¼ 633 nm) is used to further
eliminate the scattered and re°ected background
light. An area charge-coupled device (CCD) is used
to record the whole spectra corresponding to each
point in the focused line.

3. Results and Discussions

3.1. Characteristics of the sensor
system

RI resolution(�n) and sensitivity (SnÞ are two im-
portant factors for SPR sensors. Resolution rep-
resents the minimum change in the bulk RI that
could be detected and it is de¯ned as:

�n ¼ �O=Sn; ð1Þ
where �O is the standard deviation (std) of the
sensor output (positions of the resonance angle for
angular SPR interrogation).

In our present work, a series of glucose solutions
with di®erent concentrations (0.3, 0.6, 0.9, 1.2,
1.5 g/L) are used to demonstrate the sensing cha-
racteristics of the CPWR sensor. It has ever been

Fig. 2. Schematic of a sensor suitable for simultaneous detections of CPWR and hyperspectral °uorescence analysis.
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reported21 that, the RI of glucose solution could be
expressed as a function of its concentration:

n ¼ 1:325þ 1:515� 10�4 � C; ð2Þ
where C refers to the concentration of glucose sol-
ution in grams per liter.

Figure 3(a) shows the demonstration of data
processing. A two-channel °ow cell is mounted
against the surface of the sensor chip and the upper
channel is ¯lled with deionized water to work as a
reference channel. Glucose solutions with di®erent
concentrations are pumped into the second channel
at a °ow rate of 0.5mL/min. Figure 3(b) exhibits
the resonance angular image captured directly by
the CCD. The horizontal pixels respond to the
angular distributions of the re°ected spectra (the
linear relationship between the angular and pixel in
this work is approximately 1:62� 10�3 degree/pixel)
while the vertical direction represents vertical lo-
cations of the sensor chip responding to the illumi-
nated line shown in Fig. 3(a). From the relationship
between the resonance positions and concentrations

given in Fig. 3(c), it shows an excellent linear re-
lationship between the resonance positions and the
concentrations as expected. According to the de¯-
nition and Eq. (1), a sensitivity of 1:31� 105 pixels/
RIU(212 degree/pixel) can be acquired while the RI
resolution of this system is 5:22� 10�7 RIU. This
symmetrical CPWR also shows a wide detection
range with an appreciable RI resolution for both
°uid and atmosphere analyte.20

3.2. Biomedical applications

For a dielectric layer that is used as the surface of
the CPWR sensor instead of metal ¯lms, traditional
surface modi¯cation methods are not available. In
this paper, we refer to an e®ective way to modify the
magnesium °uoride layer with polydopamine ¯lm
for biological applications.22 Dopamine is a catecholic
(1,2-dihydroxybenzene) compound with a primary
amine functional group and it has been proven to be
the main composition that responses to the adhesive
characteristic of mussels. By immersing substrate in

(a) (b)

(c)

Fig. 3. Sensing characteristics of the system. (a) Structure of the two-channel system. (b) Re°ective image captured directly by a
CCD. (c) Responses of the resonance angles to glucose solutions with di®erent concentrations (refractive indices). Error bar shows
the standard deviation of 100 measurements.
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alkaline dopamine solution, adherent polydopamine
¯lm will be formed through self-polymerization. The
polydopamine ¯lm could serve as a multifunctional
adhesive layer for a variety of applications.

To demonstrate the biomedical application po-
tential of this system, PDGF, present in human
aqueous humor, is detected in this section. PDGF
which maintains pericyte viability has been impli-
cated in vessel remodeling in vivo and proven to be a
potential therapeutic target in the treatment of age-
related macular degeneration (AMD).23 Aqueous
humor sample taken from the same patient su®ering
from AMD are examined to ¯nd the variation of
PDGF before and after medical therapy treatment
in our experiment.

In order to modify PDGF antibody on the sen-
sor surface, polydopamine ¯lm is ¯rst prepared by

dissolving 2mg dopamine powder in 1mL tris of
10mM, pH 8.5. The sensor chip is then immersed
into the dilute aqueous solution for about 3 h to form
a 15nm polydopamine ¯lm at a dark environment.
Polydopamine ¯lm on the glass side is washed o® and
the sensor substrate is attached to a BK7 prism with
RI matching oil. A °ow cell is then fabricated against
the sensor ¯lms. Anti-PDGF with a concentration of
10�g/mL is pumped into the °ow channel for 1 h
and the unbound molecules are then washed away
by a PBS bu®er for 20min. About 0.5% BSA °ows
through the chamber for an incubation time of
30min to block the nonspeci¯c sites. About 15�L
aqueous humor is then injected into the °ow channel
and the interaction process between the PDGF and
anti-PDGF is monitored by recoding the shifts of the
resonance angles. It can be seen from Fig. 4(c) that

(a)

(b)

(c)

Fig. 4. Biomedical application experiments based on CPWR sensor. (a) Surface modi¯cation of the sensor chip by depositing
polydopmine ¯lms on the MgF2 layer. (b) Biological procession for the detection of PDGF in aqueous humor samples. (c) Time
evolution of the sensing signals (shifts of resonance positions) responding to the binding procedure between PDGF and anti-PDGF.
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after a moderate binding process of about 2min, the
samples with medical treatment show bigger binding
amounts than the raw sample within the same time
frame. The PDGF is believed to be a bene¯cial factor
for the therapy of AMD, hence, it is supposed to
exhibit an increased amount after positive treatment
and this is consistent with the experimental results.
This experiment demonstrates the application ap-
proach of our system by providing label-free and real-
time detection for medical specimens.

3.3. Hyperspectral °uorescence

analysis

By taking advantage of the strong surface enhanced
electromagnetic ¯eld with longer propagation depth
generated under CPWR, °uorophores con¯ned in
the range of evanescent ¯led can be excited. By
combining the surface plasmon enhance °uor-
escence technology with the CPWR sensing cha-
racteristics, sensitivity of the traditional sensors
will be improved by the acquisition of additional

chemical information. These two technologies also
can con¯rm each other to exclude false-negative
or false-positive cases exited in the experimental
process.24,25

Di®erent concentrations of Cy5 solutions are
used to test the dark ¯eld °uorescence excitation
ability of this system. A He–Ne laser with a wave-
length of 632.8nm and a power of 40mW is emplo-
yed as the light source for the su±cient excitation of
°uorescence. Figure 5(a) shows the data processing
model and the spectrally resolved image captured
directly by CCD as shown in Fig. 5(b), corres-
ponding to the illuminated line region in Fig. 5(a).
The upper channel is full of Cy5 solution while the
second channel is ¯lled with Dylight680 solution.
Figure 5(c) shows the normalized °uorescence spec
tra against two di®erent concentrations and it can
be ¯gured out in Fig. 5(d) that the °uorescence
intensities exhibit a linear relationship with the
concentrations. Meanwhile, by using the hyper-
spectra technology, °uorescence tags with overlap-
ping but distinct emission spectra detected at the

(a) (b)

(c) (d)

Fig. 5. Hyperspectral °uorescence analysis excited by CPWR. (a) Illustration of the °uorescence excitation model. (b) Raw
spectrally resolved image captured by CCD, corresponding to the irradiated line region, the horizontal direction refers to distri-
butions of °uorescence spectra while the vertical direction represents the vertical positions of the °ow channels. (c) Fluorescence
spectra of Cy5 solutions with di®erent concentrations. (d) Relationship between concentrations and °uorescence intensities acquired
by integrating °uorescence spectra at a wavelength range from 650 to 677 nm. (e) Hyperspectral detection and multivariate analysis
of the solution mixed with Cy5 and Dylight680. Error bar shows the standard deviation of ¯ve measurements.
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same time can be distinguished [see Fig. 5(e)] and
this in turn leads to increased throughput.

4. Conclusion

In this paper, conventional SPR sensor is advanced
by adding dielectric layers on both side of the gold
¯lm for the excitation of CPWR. This symmetrical
CPWR-based sensor exhibits a high resolution and
an extended detection range with appreciable RI
resolution. Through a facile approach by depositing
polydopamine ¯lms to modify the surface of the
dielectric layer, the sensor shows its ability for
practical biomedical applications with label-free and
real-time detections. Meanwhile, sensitivity of the
CPWR sensor can be further improved by using
the surface enhanced electromagnetic ¯eld and the
longer propagation length (compared with conven-
tional SPR) for °uorescence excitation at a dark ¯eld
manner. Combined with hyperspectral technology,
di®erent °uorescence emission sources detected
simultaneously can be distinguished and throughput
ability of the system can be largely enhanced. On
account of these features, CPWR sensor is believed
to be a promising platform for the comprehensive
understanding of biological events on sensor chips.
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