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a b s t r a c t

In this study, we demonstrated that the fiber-optic biosensor based on localized surface plasmon coupled
fluorescence (LSPCF) is capable of detecting alpha-fetoprotein (AFP) in human serum. The sensitivity of
LSPCF fiber-optic biosensor is not only enhanced but also the specific selectivity is improved since the fluo-
rophores are excited by the localized surface plasmon with high efficiency. Experimentally, this fiber-optic
biosensor is able to detect AFP concentration in phosphate buffered saline (PBS) solution from 0.1 ng/mL
eywords:
iber-optic biosensor
old nanoparticle
ocalized surface plasmon
lpha-fetoprotein (AFP)

to 100 ng/mL whereas the linear relationship between the AFP concentrations and the fluorescence sig-
nals is shown. Furthermore, a linear response between the fluorescence signals and the concentrations
of AFP in human serum from 2.33 ng/mL to 143.74 ng/mL is also obtained. As a result, the detection limit
of the LSPCF fiber-optic biosensor on AFP detection is comparable with the conventional enzyme-linked
immunosorbent assay (ELISA). Additionally, the LSPCF fiber-optic biosensor benefits on inexpensive, dis-
posable and simpler optical geometry that can become a high efficient immunoassay comparable with

d rad

t
2
t
d
c
d
a
b
D

s

the conventional ELISA an

. Introduction

To date, the evanescent wave excited fluorescence (EWF) fiber-
ptic biosensor has been widely utilized in immunoassay. It
xhibits near field sensing and real-time measurement abilities,
hich are capable of detecting biomolecules within the interac-

ive region produced by an evanescent wave (Taitt et al., 2005).
n addition, this biosensor shows the advantages of simple optical
eometry, disposable and inexpensive (Wolfbeis, 2006). However,
he EWF fiber-optic biosensor suffers by lower detection sensitivity
hat is compared to conventional methods such as the enzyme-

inked immunosorbent assay (ELISA) and the radioimmunoassay
RIA) (Ao et al., 2006). Recently, the gold nanoparticles (GNPs)
re introduced in the biosensing discipline, which becomes one
f the most efficient ways to enhance the limit of detection in
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ity, Taipei, 112 and Department for Education and Research, Taipei City Hospital,
aipei 145, Taiwan. Tel.: +886 2 28267061; fax: +886 2 28251310.

E-mail address: cchou@ym.edu.tw (C. Chou).

e
s
p
o
e
a
a
N
2
(

956-5663/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2008.08.019
ioimmunoassay (RIA) clinically.
© 2008 Elsevier B.V. All rights reserved.

he biosensors (Chau et al., 2006; Hsieh et al., 2007; Matsui et al.,
005; Mao et al., 2006). For instance, Mirkin et al. proposed that
he method based on GNPs could successfully detect amyloid-�-
erived diffusible ligands (ADDL) in cerebrospinal fluid (CSF) at low
oncentration (<1 pM) able to diagnose early stage of Alzheimer’s
isease in vitro (Georganopoulou et al., 2005). Meanwhile, Martins
nd his colleagues have demonstrated by introducing GNPs in the
iosensors which leads to the ability for detecting tiny amount of
NA (<1 pM) (Martins et al., 2007).

It is known that noble-metal nanoparticles (NMNPs) possess
pecial optical properties. A collective oscillation of conduction
lectrons – called localized surface plasmons (LSPs) – on NMNP
urface is excited when NMNP is illuminated by a laser beam with
roper wavelength which is significantly larger than the radius
f NMNP (Mock et al., 2003; Rechberger et al., 2003; Sonnichsen
t al., 2002). Such a phenomenon results in wavelength selective

bsorption with extremely large molar extinction coefficients and
significant enhancement of a localized electromagnetic field near
MNP surface (Haes et al., 2004a,b; McFarland and Van Duyne,
003). These result in surface enhanced Raman spectroscopy
SERS) and metal enhanced fluorescence (MEF) (McFarland and

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:cchou@ym.edu.tw
dx.doi.org/10.1016/j.bios.2008.08.019
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an Duyne, 2003; Zhang et al., 2005, 2007b). This localized
lectromagnetic field decays exponentially from the NMNP sur-
ace where the 1/e decay length is about 50–60 nm by calculation
Cheng and Chau, 2003; Malinsky et al., 2001). Generally speak-
ng, LSP is strongly dependent on the dielectric constant, size and
hape of NMNP and the surrounding (Kelly et al., 2003; Kottmann
t al., 2001; Kyung et al., 2006). Based on localized surface plas-
on coupled fluorescence (LSPCF), our previously study proposed
novel LSPCF fiber-optic biosensor on protein–protein interactions

Hsieh et al., 2007). Experimentally, we verified that the highest
ensitivity of this LSPCF fiber-optic biosensor was 1 pg/mL when
etecting mouse immunoglobulin G (IgG) interacting with anti-
ouse IgG. To our knowledge, this is the highest sensitivity ever
easured by fiber-optic biosensor on protein–protein interaction.

hen LSPCF fiber-optic biosensor based on sandwich immunoas-
ay configuration exhibits not only on high sensitivity but also on
igh specificity. Besides, the features of conventional fiber-optic
iosensor are included in this fiber-optic biosensor too.

In this study, we applied the developed LSPCF fiber-optic
iosensor on clinical diagnosis alpha-fetoprotein (AFP) detection

n human serum. Generally, AFP is a 70-kDa oncofetal glycoprotein
hich is a tumor marker for hepatocellular carcinoma and germ

ell tumors (Fu et al., 2006; Tsai and Lin, 2005; Xu et al., 2006).
ormally, AFP is produced in the fetal liver while the level is grad-
ally reduced after birth. The blood AFP is barely detectable in the
ealthy adults. Statistically, the AFP concentration in the serum is

ess than 25 ng/mL in a healthy individual (Zhu et al., 2006). The
FP concentration in blood, however, can increase in response to

he induction of hepatomas or teratomas (Chou et al., 2002). In
revious research, different methods were proposed in order to
etect AFP concentration in human serum. Such as the piezoelec-
ric immunosensor (Tsai and Lin, 2005; Zhang et al., 2007a; Zhu et
l., 2006), fluoroimmunoassay (Ao et al., 2006; Ye et al., 2005), mul-
iplexed protein microarrays (Master et al., 2006), messenger RNA
Weiss et al., 2006), biobarcoded nanoparticle probes (Stoeva et al.,
006), electrochemical and chemiluminescent immunosensors (Fu
t al., 2006; Lin and Ju, 2005). Although these methods exhibit their
ensitivity on detecting AFP level in human serum, they require
omplicated operating procedures and special equipment. So far,
LISA and RIA are two popular methods employed to detect AFP
oncentration in human serum clinically (Ao et al., 2006; Zhu et al.,
006). RIA shows ability of high detection sensitivity (<1 ng/mL or
0 pM), however, the usage of radioisotope poses a serious safety
roblem (Ao et al., 2006; Chou et al., 2002). On the other hand, ELISA
resents lower sensitivity (∼9.9 ng/mL or 140 pM) than RIA and also
equires a well-trained technician in order to reduce the error dur-
ng tedious washing process (Ao et al., 2006). In this experiment,

e demonstrate that the LSPCF fiber-optic biosensor has the ability
o detect AFP concentration in a range from 0.1 ng/mL to 100 ng/mL
n phosphate buffered saline (PBS, PH 7.4) buffer. In the meantime,
he LSPCF fiber-optic biosensor can diagnose AFP level in human
erum too.

. Materials and methods

.1. Materials

Capture antibody, bovine serum albumin (BSA), GNP conjugate
rotein A (Au-PA, GNP diameter = 20 nm), phosphate buffer saline
PBS) tablet, ethyl acetate and 2-propanol were purchased from

igma Inc. (St. Louis, MO, USA). The PBS solution (0.01 M phos-
hate buffer, 0.0027 M potassium chloride and 0.137 M sodium
hloride, pH 7.4) was prepared by one tablet dissolved in 200 mL
f tri-distilled water in this study. Target antigen (AFP) and sec-
ndary antibody were purchased from Calbiochem Co. (Darmstadt,

w
b
a

lectronics 24 (2009) 1610–1614 1611

ermany) and GeneTex Co. (San Antonio, TX, USA), respectively.
luorescent labeling kit (DyLightTM 649) was purchased from
ierce Co. (Rockford, IL, USA). Plastic optical fiber (polymethyl
ethacrylate, PMMA) of 1000 �m in diameter was purchased from
itsubishi Rayon Co., LTD. (Tokyo, Japan). Human serums were

btained form Division of Serology & Immunology, Taipei City Hos-
ital (Taipei, Taiwan).

.2. Surface modification of the PMMA fiber

In this experiment, the polymethyl methacrylate (PMMA) fiber
as declad by immersing the fiber in ethyl acetate. Subsequently,

he optical fiber’s declad portion was washed with 2-propanol
o clean the surface. The declad area was 1.4 cm2. A chemical
dsorption method was used by covalent binding force in order
o immobilize the capture antibody on the surface of declad por-
ion. The protocol of chemical adsorption was described previously
Chou et al., 2007; Henry et al., 2000; Hsieh et al., 2007).

.3. Biorecognition molecules and sandwich immunoassay

The fiber-optic biosensor is constructed based on sand-
iched biomolecular complex (capture antibody/target antigen/

econdary-antibody (fluorescence probe)) as shown in Fig. 1. The
apture antibody belongs to the mouse monoclonal anti-AFP (iso-
ype: IgG2a, Clone No.: C3, Sigma Co., St. Louis, MO, USA). It is
mmobilized on the modified declad portion through preceding
hemical adsorption. In order to avoid the non-specific binding of
uorescence probe on the modified declad portion during measure-
ent, fibers are immersed in BSA solution (10 mg/mL), in which BSA

uenches the modified declad portion activation prior to incubating
ith target antigens.

AFP (Calbiochem Co., Darmstadt, Germany) (target antigen) was
repared at the concentrations 0.1 ng/mL, 1 ng/mL, 10 ng/mL, and
00 ng/mL prepared in 1 mL PBS solution. The target antigen solu-
ion with 1 mL was injected into reaction chamber interacting
ith the immobilized capture antibody at 4 ◦C for 1 h to form the

omplex (capture antibody (anti-AFP)/target antigen (AFP)) on the
odified declad portion. To measure the background noise of the

ber-optic biosensor, a 10 ng/mL non-specific BSA solution is added
o the reaction chamber for data recording. In addition, we uti-
ized 0.6 mL of fresh serums instead of target antigen solutions. The
xperimental procedure as described above was followed.

.4. Preparation of the fluorescence probe

The fluorescence probe is composed of fluorophores, which are
abeled with secondary-antibodies connecting to GNP-conjugated
rotein A (Au-PA, diameter = 20 nm, Sigma Co., St. Louis, MO, USA)
s shown in Fig. 1. The secondary antibody fluorescently labeled
tilizing a commercial labeling kit (DyLightTM 649) is mouse mon-
clonal anti-AFP (isotype: IgG1, Clone No.: F1, GeneTex Co., San
ntonio, TX, USA). To produce the fluorescence probe, the flu-
rophore labeled anti-AFP is mixed with Au-PA, which has a
oncentration of 1.25 × 109 particles/mL. In this experiment, the
oncentration of fluorophore labeled anti-AFP was 1 �g/mL, and
ncubation time was 2 h under the condition at 4 ◦C in a dark envi-
onment.

.5. Basic principle and experimental set-up
This fiber-optic biosensor combines LSPCF technique with sand-
ich immunoassay (Hsieh et al., 2007). The sandwich structure is

uilt on the modified declad portion of the PMMA fiber. LSPs which
re excited by evanescent wave produce a significant enhancement
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Fig. 1. (A) Scheme of declad portion and san

f the localized electromagnetic field near GNP surface. There-
fter the fluorophores labeled secondary-antibodies are excited by
nhanced localized field of LSPs.

The experimental set-up is performed as shown in Fig. 2 in
hich a 658 nm diode laser was used as the excitation light source.

o achieve high coupling efficiency of laser beam into multimode
ptical fiber (1 mm in diameter, NA = 0.467), a 20× microscopic
bjective of NA = 0.45 is used. There are multiple modes of laser
eam to propagate in the fiber that is able to produce a uni-
orm intensity distribution of the evanescent wave on the modified
eclad portion surface. In measurement, the fluorophore was
xcited by using laser beam (658 nm) from laser diode. The cen-
ral wavelength of the emission spectrum is 674 nm and the FWHM
f this spectrum is about 70 nm. A narrow band interference filter

hich the center wavelength locates at 680.4 nm and the band-
idth is 11.1 nm is introduced in this instrument for fluorescent
etection via a photomultiplier tube (PMT). In the experiment, a

ock-in amplifier was utilized to increase the signal-to-noise ratio
SNR).

c
1
(
t

Fig. 2. Scheme of experimental set-u
complex. (B) Scheme of fluorescence probe.

. Results

The temporal fluorescence intensity of biomolecular inter-
ction between the fluorescence probe and AFP at different
oncentrations in PBS solution is illustrated in Fig. 3. The concen-
rations of AFP were at 100 ng/mL, 10 ng/mL, 1 ng/mL, 0.1 ng/mL.

fixed concentration of fluorescence probe was arranged by
uorophore labeled anti-AFP (1 �g/mL) conjugated with Au-PA
1.25 × 109 numbers/mL). In order to measure the background noise
f the fiber-optic biosensor, 1 mL non-specific solution (10 ng/mL
SA in PBS solution) was added to the reaction chamber for record-

ng. The unit of fluorescence intensity is an arbitrary unit (a.u.)
efined as the fluorescence intensity normalized by the intensity
f laser beam.
The relationship between the fluorescence signal and the AFP
oncentration (in logistic scale) over the range from 0 ng/mL to
00 ng/mL is linear as shown in Fig. 4. The correlation coefficient
R2) is 0.9868 and the error bar is equivalent to one standard deriva-
ion in this experiment. The fluorescence signal is obtained by

p. PMT: photomultiplier tube.
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Fig. 3. The binding processes of fluorescence probe interaction with different
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Fig. 5. The linear relationship [y = 0.0028 Ln(x) + 0.0010; R2 = 0.9331] of different
human serum versus fluorescent signal. The error bar is equivalent to one stan-
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oncentrations of target antigen. [Square, 10 ng/mL non-specific BSA; diamond,
.1 ng/mL APF; triangle, 1 ng/mL AFP; crisscross, 10 ng/mL AFP; circle, 100 ng/mL
FP]. The uncertainty of the measurement is smaller than the size of data points in

his figure.

ubtracting background level from the fluorescence intensity in
his experiment. A similar relationship between the fluorescence
ignal and a logistic scale of IgG at low concentrations has been
emonstrated (Hsieh et al., 2007).

To demonstrate LSPCF fiber-optic biosensor is suitable for clin-
cal application, human serums are used for detection of AFP
evel instead of AFP-PBS solutions. It has been reported that
uman serums with AFP concentration ranging from 2.33 ng/mL to
43.74 ng/mL are measurable by commercial ELISA system (Archi-
ect i2000, Abbott, Abbott Park, IL, USA). Our result demonstrated
hat a correlation between the fluorescent signals and the concen-
ration range described previously is well performed as shown in
ig. 5. The correlation coefficient (R2) is 0.9331 and the error bar is
efined one standard deviation in measurement. The net fluores-
ence signal is derived by subtracting the background level from
he fluorescence intensity.

. Discussion

There are three parts of the detected signal versus time in Fig. 3
t different concentration. (a) Region I (0–5 s), region II (5–9 s) and
egion III (after 9th second). In region I, we injected fluorescence
robes into the reaction chamber, and then numerous fluorescence
robes rush into the interaction region of evanescent field. This

esults in the fluorescence signal growth so rapidly at beginning.
owever, not all fluorescence probes in the interaction region are
ound with antigen which is captured by immobilized capture anti-
ody. Then, part of those fluorescence probes which are not bound

ig. 4. The linear relationship [y = 0.0025 Ln(x) + 0.0145; R2 = 0.9868] of AFP concen-
ration (in PBS solution) versus fluorescent signal. The error bar is equivalent to one
tandard derivation in this experiment. The error percentages are 0 ng/mL: 114.96%,
.1 ng/mL: 14.04%, 1 ng/mL: 16.71%, 10 ng/mL: 7.63% and 100 ng/mL: 10.50%.
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ard derivation in this experiment. The error percentages are 2.33 ng/mL: 44.84%,
.45 ng/mL: 57.03%, 2.79 ng/mL: 24.16%, 3.73 ng/mL: 34.51%, 16.75 ng/mL: 11.06%,
4.93 ng/mL: 11.18%, 143.74 ng/mL: 6.91%.

y antigen diffuse out of the region of evanescent field that causes
he fluorescence signal decreases apparently as shown in region II.
inally, the fluorescence signal becomes saturated when the bio-
olecular interaction reaches an equilibrium state as shown in the

egion III. In Fig. 3, SNR of different concentrations is SNR > 5 except
he non-specific BSA solution which is defined as background noise.
he mean value over the last 20 data points and the standard devi-
tion of these data points are described as the signal and noise,
espectively.

The detection limit of this proposed LSPCF fiber-optic biosensor
n AFP detection is 0.1 ng/mL (1.4 pM) in PBS solution. However, in
uman serum, it is able to detect AFP concentration at 2.33 ng/mL.
his sensitivity is comparable with other methods (Ao et al., 2006;
u et al., 2006; Tsai and Lin, 2005; Ye et al., 2005; Zhu et al., 2006) on
etection AFP in human serum. Additionally, this detection limit of
SPCF fiber-optic biosensor is also comparable with conventional
LISA (Ao et al., 2006). In case of a tapered optical fiber is con-
idered in this LSPCF fiber-optic biosensor, the field of evanescent
ave is enhanced (Leung et al., 2007), so does the sensitivity of

SPCF biosensor. In the mean time, the V number mismatch of
he optical fiber will decrease the efficiency of fluorescence sig-
al return back to fiber as well. Therefore, the fluorescence signal
etected besides the optical fiber is setup enabling to result high
ollection efficiency. Then, to integrate tapered optical fiber into
his LSPCF biosensor ensures high detection sensitivity. Finally,
he LSPCF fiber-optic biosensor not only presents the advantages
f inexpensive and disposable, but also provides a simple optical
eometry. This makes LSPCF fiber-optic biosensor becomes easier
andling and faster response on human serum detection compared
ith ELISA and RIA.

According to our previous study (Hsieh et al., 2007), the high
ensitivity of LSPCF fiber-optic biosensor has been demonstrated
ased on two features. (1) The fluorescence is excited and enhanced
y the LSPs on GNP efficiently. (2) The fluorescence signal is ampli-
ed because each of fluorescence probe contained 40 fluorophores
hich are excited simultaneously. However, the loss of fluorescence
ue to the metal-induced quenching effect reduces the perfor-
ance of the LSPCF fiber-optic biosensor (Yu et al., 2004). To

ircumvent this problem, protein A conjugated on GNP is neces-
ary that the quenching of fluorescence by GNP is avoided. Then,
rotein A not only plays as a linker to the secondary antibody but
lso as a spacer that is able to avoid the fluorescence quenching

ffectively.

As far as bio-specificity is concerned clinically, the LSPCF fiber-
ptic biosensor shows high specificity on detecting target antigen in
uman serum. First, the LSPs on the GNP surface are excited by the
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vanescent wave, thereby producing a strong localized electromag-
etic field near GNP surface within 50–60 nm in distance (Cheng
nd Chau, 2003; Malinsky et al., 2001). The electromagnetic field
s more localized than a planar surface plasmon wave of which the
ecay length is approximately 150 nm (Yu et al., 2004). The local-

zed specificity of antigen–antibody interaction is then improved.
his indicates that the fluorescence signals from the fluorescence
robes which are captured by antigen properly. In Fig. 3, the fluo-
escence intensity at zero concentration (non-specific BSA solution)
s invariable during the measurement that verifies this predication.
his experiment demonstrates that the non-specific binding can be
gnored since only a few non-specific antigens exist in the region
f LSP field. Second, the modified declad portion was quenched by
se of BSA prior to incubating with the target antigens in order
o prevent the modified declad portion from directly interacting
ith the target antigens or fluorescence probe during the measure-
ent. Finally, this LSPCF fiber-optic biosensor is based on sandwich

mmunoassay, the target antigens caught by the capture antibodies
re detected by the report antibodies (fluorescence probes). This
eans that the target antigens have two specific interactions with

he antibodies (capture and report antibody) in this immunoas-
ay. As a result, the specificity of the sandwich complex becomes
uch higher than other immunoassays such as direct labelling,

ingle-capture antibody experiments (Kingsmore, 2006).

. Conclusions

In this study, we have successfully demonstrated that the LSPCF
ber-optic biosensor is able to detect AFP concentration in human
erum directly. LSPCF fiber-optic biosensor integrates a sandwich
mmunoassay with LSPs on the surface of GNP to improve speci-
city and sensitivity, simultaneously. In the experiment, a linear
elationship between the fluorescence signal and the concentration
f AFP in buffer solution is observed from the zero concentration
0 ng/mL) to 100 ng/mL (in logistic scale) experimentally. In the

eantime, the concentration of AFP in human serum ranging from
.33 ng/mL to 143.74 ng/mL (in logistic scale) is also seen. Both cor-
elation coefficients are 0.9868 and 0.9331, respectively. Potentially,
he LSPCF fiber-optic biosensor can be extended into multiplexed
etection as well on clinical applications.
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