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a b s t r a c t

Sensitive and selective detection for cancer biomarkers is critical in cancer clinical diagnostics. In this
work, we report a new optical microfiber (OMF) biosensor using gold nanoparticles (GNPs) as
amplification labels for the detection of alpha-fetoprotein (AFP) in serum samples. By combining the
unique optical property of OMFs and the strong optical absorption of GNPs, very high sensitivity and
selectivity can be achieved. Critical parameters namely fiber diameter and GNP size were optimized for
better performance. The limit of detection (LOD) of this sensor for AFP is 0.2 ng/mL in PBS and 2 ng/mL in
bovine serum, which is comparable to conventional assays. The advantages of this biosensor are simple
detection scheme, fast response time, and ease of miniaturization, which might make this biosensor
a promising platform for clinical cancer diagnosis and prognosis.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Detection of trace amounts of target proteins in the presence of
high concentrations of matrix proteins (e.g., serum samples) is of
great significance but remains technically challenging. Existing
immunoassays such as fluorescence assay and electrochemilumi-
nescence assay are challenged by their complicated, time-consum-
ing, and labor-intense procedure [1]. Various fiber-optic biosensors
(FOBSs) are coming into focus as an alternative to traditional
immunoassay owing to their intrinsic advantages such as high
sensitivity, fast response time, small footprint, low cost. However,
very few of these have been applied in cancer biomarker detection
in serum samples due to the strong nonspecific adsorption of sera
proteins [2].

Conventional fiber optic fluorescence biosensors possess good
selectivity, but their sensitivity is not high enough and suffers from
self-quenching [3–5]. Label-free FOBSs based on SPR, LSPR, and fiber
gratings can detect subtle index changes caused by the binding of
target molecules and can achieve very high sensitivity [6–9]. However,
when it comes to clinical samples, the strong nonspecific adsorption of
matrix proteins could easily conceal the specific responses, hindering
the detection of analytes in crude biological fluids. Several strategies
have been developed to increase the specificity of FOBSs. These

includes using mixed self-assembled monolayer to suppress nonspe-
cific adsorption [10,11], and using secondary antibody conjugated
nanoparticles to enhance the specific response [12,13]. Yet FOBSs used
for bioassay in serum samples have seldom been reported. Chang et al.
used GNPs to enhance the sensitivity of fiber optic fluorescence
biosensors and successfully detected AFP in human serum. However,
the problem of self-quenching still remains unsolved [12].

Optical fibers with diameter close to or smaller than the wave-
length of light offer a number of favorable properties for optical
sensing [14–16]. But their fabrication and packaging are always
difficult. Our group has investigated OMF sensors for several years
and has made some progress in fabrication and packaging using an
on-chip and online etching method [17]. In this work, we developed
a simple, highly sensitive, and selective method using OMFs for
cancer biomarkers detection in serum. In this OMF biosensor, a
sandwich assay strategy was used for the detection by using the
biofunctionalized GNPs as the signal amplifier. Compared with
multimode fibers, OMFs have a much larger power portion in the
evanescent field and several studies have shown that OMFs can
realize single nanoparticle detection [18]. Exploiting bioengineered
nanomaterials to enhance the performance of biosensors has become
a new trend [19,20]. GNPs exhibit strong absorption property in the
visible range and have been widely used in many fields, such as
sensing, imaging, and solar cells [21–23]. Compared to conventional
fluorescent molecules, the optical cross-sections of GNPs are typically
4–5 orders of magnitude higher [24]. In addition, they are photo-
stable and ease in bio-conjugation [25]. By combining the unique
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optical properties of both OMFs and GNPs, very high sensitivity can
be achieved. Moreover, using sandwich assay strategy can also
improve the specificity for biodetection in complex media.

α-Fetoprotein (AFP), a well-known tumor marker with a mole-
cular mass of about 68 kDa was chosen as a model protein in
biodetection. In healthy human serum, the average concentration of
AFP is typically below 25 ng/mL, and an elevated AFP concentration
in adult plasma may be an early indication of some cancerous
diseases including hepatocellular cancer, yolk sac cancer, and liver
metastasis [26]. Using our simple and rapid detection method, AFP
could be detected with high sensitivity and selectivity in both
phosphate-buffered saline (PBS) and bovine serum.

2. Experimental section

2.1. Reagents and materials

Single-mode optical fiber with core and cladding diameters of
8 mm and 125 mm was purchased from Corning Inc. (New York,
USA). Tetrachloro aurate (HAuCl4) and hydrofluoric acid (HF, 40%)
were procured from Sinopharm Chemical Reagents Co., Ltd.
(Shanghai, China). 3-Aminopropyl-triethoxysilane (APTES, 99%),
glutaraldehyde (Grade II, 25% in H2O), phosphate buffer saline
(PBS), and bovine serum albumin (BSA) were obtained from
Sigma-Aldrich (St. Louis, USA). Two different mouse monoclonal
AFP antibodies for different binding sites and AFP antigen were
generously supplied from Wondofo Biomedical Co., Ltd (Guangzhou,
China). Bovine serum were purchased from Hangzhou Sijiqing Biolo-
gical Engineering Materials Co., Ltd (Hangzhou China). Polydimethyl-
sioxane (PDMS) was purchased from Dow Corning (Midland, MI, USA).
All the reagents were of analytical grade. All solutions were prepared
using deionized water (18.2 MΩ cm) obtained from a MilliQ filtration
system (Millipore, USA).

2.2. Experimental setup

The experimental setup is shown in Fig. 1A. A white light LED
was used as light source and the light was focused into the fiber by
a microscope objective. An OMF was fixed in a fluid cell and the
cell was integrated with a PDMS chamber for delivery of sample
solutions. A home-built spectrometer was used as detector and the
data were acquired by a laptop.

2.3. Preparation of OMFs

The preparation of OMFs has been reported in our previous
paper [17]. Typically, a length of 10 mm of Corning standard
single-mode optical fiber was stripped off the buffer coating and
cleaned with acetone. The fiber was then placed in a fluid cell and
fixed by PDMS. Afterward, the etching solution was added, and the
etching process was monitored by a home-made online monitor-
ing system. The fluid cells were fabricated on silicon chips by
MEMS technology and a typical image is depicted in Fig. 1B. The
waist diameters of the OMFs can be controlled precisely by
monitoring the output power. All the OMF have a waist length of
about 6.0 mm because the length of the micro channel is 6.0 mm.
A typical OMF with a diameter of 1.0 mm is shown in the inset of
Fig. 1B. The fluid cell was then integrated with a PDMS chamber
for delivery of sample solutions (Fig. 1C).

2.4. Immobilization of antibodies on the OMF surface

Briefly, the fibers were cleaned for 10 min in a bath consisting
of 1 vol of 30% H2O2 and 3 vol of concentrated H2SO4 to generate
reactive hydroxyl groups. The cleaned fiber was then immersed in

5% solution of APTES in acetone for 2 min and then thoroughly
washed with acetone six times and with water for 30 min
sequentially [27]. To immobilize antibodies on the fiber surfaces,
silanized fibers were first immersed in a 2.5% glutaraldehyde
solution for 30 min and thoroughly rinsed with PBS. Afterward,
the fibers were immersed in an antibody solution with a concen-
tration of 10 mg/mL at 41 overnight [27]. A solution of 1% BSA in
PBS was used to block the unreacted sites to minimize nonspecific
adsorption [28].

2.5. Preparation of GNPs and bio-conjugation

The GNPs used in the present study were synthesized following
a method introduced by Turkevich [29]. The size of the GNPs was
confirmed by SEM images, and the UV–vis absorption spectra were
also recorded by a Lambda 850 spectrophotometer. The mole
concentration of these GNP solutions was calculated according to
the method proposed by Haiss [30]. Antibodies were electrostati-
cally bound to the GNPs following the protocols described by
Hermanson [31].

2.6. Detection mechanism of the biosensor

The main mechanism of this biosensor is the selective absorp-
tion of evanescent wave by GNPs when they approach the fiber
surface. The sandwich assay shown in Fig. 2 was used for the
detection of AFP molecules. First antibody was immobilized on the
OMF as the capture antibody. Secondary antibody functionalized
GNPs were used as signal amplifiers. OMFs exhibit a prominent
evanescent field with a depth of about several hundreds nan-
ometers in the surrounding medium [32]. GNPs binding to the
surface through specific interaction can induce great losses in the
output light due to their remarkable absorption property. Thus,
antigens can be detected by this sandwich amplification strategy.

Fig. 1. (A) Illustration of the experimental setup. (B) Image of a sensor cell and SEM
image of a 1.0 mm thick optical microfiber. (C) Schematic diagram of an OFM sensor
device with an integrated PDMS chamber for sample delivery.
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3. Results and discussion

3.1. Optimization of the sensing strategy

In order to obtain good performance, the diameter of the OMF
and size of GNP were optimized through theoretical calculations
combined with experimental considerations. The main underlying
detection mechanism of our sensor involves evanescent field absorp-
tion and scattering by GNPs. A large fraction of power in the
evanescent field is the key point in developing this biosensor.
Normally, the evanescent wave exponentially decays as a function
of radius of the fiber [33]. Thus, ultrathin OMFs should be used to
achieve high sensitivity. Furthermore, the optical cross-section of
GNPs also should be optimized to enhance their interaction with the
evanescent field. Normally, the scattering is negligible compared
with absorption when the GNPs are smaller than 60 nm [24]. Here,
we only consider GNPs range from 15 nm to 50 nm. Thus, the
fraction of evanescent field outside the fiber core and the absorption
ability of the GNPs are the two main factors that determine the
sensitivity of the sensor when the length of an OMF is fixed.

We adopted a model we proposed previously with slight
modifications [34]. Assume the number of GNPs on the fiber
surface of the OMF is n and they are isolated from one another
on the fiber surface. Let P and P0 denote the transmitted power
with and without GNPs on fiber surface; thus

P ¼ P0 expð�ηnCabsÞ ð1Þ
where η is the fraction of power in the evanescent field, and Cabs is
the absorption cross section of a GNP.

The fraction of HE11 modal power in the surrounding medium
(RI: 1.333) of an OMF (RI: 1.450) at 520 nm wavelength with
diameter as the variable is depicted in Fig. 3A. It is clear that the
power fraction in the evanescent field increases dramatically as
the diameter decreases from 3.5 to 0.5 mm and the transmitted
power P will decrease rapidly accordingly. This means the sensi-
tivity for GNPs can be greatly enhanced by thinning the fiber.
Obviously, using nanofibers we can obtain ultrahigh sensitivity.
However, the fabrication of nanofibers is very difficult, and they
are very fragile to handle. Hence, we chose 1.0 mm thick OMFs to
perform the immunoassay based on considerations such as easy
fabrication and relatively high sensitivity.

The optical properties GNPs can be calculated through Mie theory
[35]. Their optical cross-sections are typically 4–5 orders of magnitude
higher than that of conventional dyes [24], indicating the feasibility of
achieving signal amplification using GNPs. As shown in Fig. 3B, Cabs
can be greatly enlarged simply by increasing the GNP size, which will
induce more power loss to the transmitted power P. Thus, the larger
the GNPs are, the more sensitive the senor is. However, consider that
large GNPs about 50–100 nm in diameter are difficult to stabilize and

can easily aggregate [36]. So GNPs of 40 nm in diameter were used to
maintain both high sensitivity and good stability.

3.2. Antibody–GNP conjugation

The binding of antibody to the GNPs occurs by displacement of
weakly bound citrate ions on the GNP surface. The optimum condi-
tions required for conjugation and stabilizationwere determined to be
9 mg for 1 mL of the as prepared GNP solution. As depicted in Fig. 4,
spectra analysis of GNPs showed only a slight shift of 5 nm in the
wavelength of maximum absorbance following bio-conjugation. This
red shift resulted from the formation of a dielectric monolayer of
protein around GNPs. This antibody functionalized GNPs solution can
be stored in the dark at 4 1C for several months with no signs of
aggregation.

Prior to the sandwich assay, the antibody functionalized GNPs
solution was tested by an AFP coated OMF. An obvious decline in the
spectra was observed immediately after the injection of antibody
functionalized GNPs solution. This demonstrated the reactivity of the
biofunctionalized GNPs to AFP molecules. Representative absorption
spectra are plotted in the inset of Fig. 4. The spectra are analogous
with the absorption spectra of GNPs solutions and have an absorp-
tion peak at 523 nm, indicating that the power loss was mainly
caused by the absorption of GNPs. This was also confirmed by a SEM
image shown in the inset of Fig. 4. Thus, 532 nm was used as the
detection wavelength to achieve the best sensitivity.

3.3. Detection of AFP in PBS buffer

To fully explore the potential of this ultrasensitive sensor, a
systematic study was carried out by detecting AFP in PBS buffer. AFP
binding was performed by injecting 100 ml of AFP solution in PBS
buffer with concentrations ranging from 0.2 to 1000 ng/mL and
incubating at room temperature for 15 min. For further amplifying
the biding reaction, 100 ml of 1% (v/v) secondary antibody functio-
nalized GNPs solution diluted in 0.25% BSA solution was injected
and incubated for 15 min. The sensorgrams are depicted in Fig. 5A.
While there was no distinguishable response observed when
AFP binds to the fiber surface, the absorption signal significantly
increased when the secondary antibody–GNPs complex were
injected. This indicated that GNPs were bond to the OMF surface
though specific interactions and the increase in absorption signal
was mainly caused by the evanescent power loss induced by strong
optical absorption of those GNPs that came into the evanescent

Fig. 2. Schematic diagram of the immunoassay for α-Fetoprotein (AFP) detection
using GNPs as signal amplification labels.

Fig. 3. (A) Fraction of HE11 modal power in the external of an OMFs at 520 nm
wavelength. The RI of the medium and OMF are 1.333 and 1.450, respectively.
(B) Extinction cross-section of gold nanoparticles at the wavelength of their
absorption peaks.
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field. Clearly, the employment of the secondary antibody–GNPs
complex greatly enhanced the binding signal. The sandwich assay
with GNPs enabled the detection of AFP levels as low as 0.2 ng/mL,
supporting its utility to assay clinical relevant AFP concentrations.
Fig.5B illustrates the calibration curve (black curve) for different AFP
concentrations ranging from 0.2 to 1000 ng/mL. Obviously, the
detection of low AFP concentrations benefits more from the
introduction of the gold enhancement step. Steric hindrance is
possible explanations for the limited enhancement for higher
concentrations of AFP.

Specificity is an important characteristic for biosensors. To
ensure that the enhanced AFP detection is specific, a control
measurement namely injection of 1% (v/v) secondary antibody
functionalized GNPs solution in the absence of AFP was carried
out. The response curve alongside the response curve for the
detection of 0.2 ng/mL AFP is displayed in Fig. 5C. It is clear from
control experiment that the nonspecific adsorption of the second-
ary antibody–GNPs complex was negligible and the response
signals for different concentrations of AFP were from specific

interactions. Thus we can establish 0.2 ng/mL as the LOD for AFP
in PBS buffer.

3.4. Detection of AFP in bovine serum

There is a significant difference in the limit of detection when
clinical samples (serum) are used as the assay media. This change
in the detection limit is mainly due to lower signal to noise ratio
resulting from high nonspecific adsorption of sera proteins to
the sensor surface. This is especially noticeable when label-free
biosensors are employed. In the current study, we first investi-
gated the nonspecific adsorption of bovine serum proteins on an
OMF sensor surface. As shown in Fig. 6A, when bovine serum was
injected, a fast increase in the absorbance signal was observed,
which is mainly caused by the nonspecific adsorption of sera
proteins. This response is much larger than the specific response of
1 mg/mL AFP in PBS buffer. This may to some extend undermine
the performance of our sensor.

Finally, to demonstrate the feasibility of this sensing strategy for
clinical applications, bovine serum samples spiked with different
concentrations of AFP ranging between 0.2 and 1000 ng/mL was
tested using the sandwich assay. Real-time response curves are
displayed in Fig. 6B, fromwhich; we can see that the sensor response
to the 0.2 ng/mL AFP sample could not be distinguished from the
baseline. This may be attributed to the presence of a high level
nonspecific adsorption of sera protein. However, the response for a
concentration of 2 ng/mL could be distinguished clearly. And this
concentration could be determined as the LOD for AFP samples in
bovine serum. A calibration curve is shown in Fig. 6C.

Compared with the calibration curve of assay in PBS, it is
obvious that the absorbance response in bovine serum was lower.
Possible explanations may lie in two aspects: (a) the massive
nonspecific adsorption of sera proteins to the sensor surface may
cover some of the first antibody and reduce the activity of the
sensing surface; (b) the presence of high concentration of sera
protein in the media can hinder the mobility of AFP molecules and
few AFP are accessible to the sensor surface. Even though, these
results show that this OFBS with GNP signal amplification have
great potential for the rapid and sensitive detection of tumor
biomarkers in clinical samples. Compared with other immuno-
sensors such as fluorometry and enzyme-linked immunoassay,
which need complex and time consuming procedures, our sensor

Fig. 4. Absorption spectra of GNP solution and biofunctionalized GNP solution with
diameter of 40 nm measured by Lambda 850. The insets show the absorption
spectra of the secondary antibody functionalized GNPs binding to an AFP coated
OMF sensor and a SEM image of the fiber decorated with GNPs.

Fig. 5. (A) Absorbance response of a 1.0 mm OMF to different AFP concentrations in PBS buffer using sandwich assays. (B) Calibration curve of the biosensor as a function of
analyte target concentration in PBS. (C) Control experiments: curve 1 represents injection of 1% (v/v) secondary antibody functionalized GNPs solution in the presence of
0.2 ng/mL AFP; curve 2 represents injection of 1% (v/v) secondary antibody functionalized GNPs solution in the absence of AFP.
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has the advantage of simple detection scheme, fast response time
and ease of miniaturization [37,38]. In addition, GNPs are photo-
stable and ease in bio-conjugation [25].

3.5. Regeneration of the sensor

Regeneration and reusability are important characteristics for
biosensors. To investigate the regeneration of the FOBS, real-time
monitoring of AFP functionalized GNP binding to a first antibody
functionalized OMF was conducted, and a mild regeneration reagent
of 0.1 M glycine–HCl buffer (pH 2.3) was used to dissociate the
captured AFP-GNP complex. After each immune response, the
regeneration step was carried out by short injections of the regen-
eration buffer with 1–3 min pulse. As recorded in Fig 7A, the
resonance absorbance returned to the initial level after each regen-
eration cycle. Fig. 7B shows that the sensor can be reused for at least
10 cycles without significant losses in sensitivity.

4. Conclusions

In this work, an evanescent wave-absorption fiber-optic biosen-
sor that combines both the merits of OMF and GNPs was proposed
and used for cancer biomarker detection. Theoretical calculations
indicated that only when the fiber diameter approaches the order of
wavelength could GNPs be readily detected. The sensitivity could be
enhanced by decrease the diameter of microfiber or increase the
size of GNPs. In the immunoassay, an OMF of 1 mm thick and GNPs
of 40 nm are chosen for better sensing performance based on
comprehensive considerations. By using secondary antibody func-
tionalized GNPs, the sensitivity and selectivity were greatly
enhanced and clinical relevant concentrations of AFP in PBS and a
LOD of 0.2 ng/mL was achieved. For complex media, different
concentrations of AFP spiked in bovine serumwere measured using
this sandwich assay and a LOD of 2 ng/mL was achieved. Small foot
print, fast response time, repeated usability, and ability to detect
AFP in high serum concentrations of the FOBS enable this assay
format a promising tool for clinical cancer diagnosis and prognosis.

Yet, the parameters in our experiments were not optimal for
achieving highest sensitivity. Some new properties may arise
when the fiber diameter goes below 1 mm and ultrahigh sensitivity
may be obtained. In addition, various other nanomaterials could
also be employed to further improve the performance.
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