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a b s t r a c t

This article reports the integration of the fiber optic-particle plasmon resonance (FO-PPR) biosensor with
a microfluidic chip to reduce response time and improve detection limit. The microfluidic chip made
of poly(methyl methacrylate) had a flow-channel of dimensions 4.0 cm × 900 �m × 900 �m. A partially
unclad optical fiber with gold or silver nanoparticles on the core surface was placed within the flow-
channel, where the volume of the flow space was about 14 �L. Results using sucrose solutions of various
refractive indexes show that the refractive index resolution improves by 2.4-fold in the microfluidic sys-
tem. The microfluidic chip is capable of delivering a precise amount of biological samples to the detection
area without sample dilution. Several receptor/analyte pairs were chosen to examine the biosensing capa-
bility of the integrated platform: biotin/streptavidin, biotin/anti-biotin, DNP/anti-DNP, OVA/anti-OVA,
icrofluidic chip
old nanoparticle
ilver nanoparticle

and anti-MMP-3/MMP-3. Results show that the response time to achieve equilibrium can be shortened
from several thousand seconds in a conventional liquid cell to several hundred seconds in a microfluidic
flow-cell. In addition, the detection limit also improves by about one order of magnitude. Furthermore,
the normalization by using the relative change of transmission response as the sensor output allevi-
ate the demand on precise optical alignment, resulting in reasonably good chip-to-chip measurement
reproducibility.
. Introduction

The performance of many biosensors is limited by the rate at
hich an analyte molecule is transported to a surface-immobilized

ecognition molecule [1,2]. When this recognition process is
iffusion-limited, the sensor’s detection limit and response time
an be determined by analyte mass transport. Hence, ways to
mprove mass transport are desirable in biosensing systems.

icrofluidic flow-cell has several characteristic features differ-
nt from bulk scale, for example, short diffusion distance, high
nterface-to-volume ratio, and small heat capacity [3]. These char-
cteristics in the microfluidic flow-cell are keys to improving

iosensor performance characteristics, such as response time [4],
ample capture fraction [5], and consumption of samples and
eagents. Especially, to control molecular transport in a sensor cell,
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miniaturization of the sensor flow-cell is expected to reduce the
response time since molecular transportation time is proportional
to the square of the scale [3].

The recent progress in high sensitivity optical transducers com-
bined with the excellent specificity, affinity, and versatility of
bio-molecular interactions has driven the development of a wide
variety of optical biosensors with applications in diverse fields
including clinical diagnosis, food and agricultural analysis, and
environmental monitoring. The most extensively employed opti-
cal biosensors are those based on surface plasmon resonance (SPR)
sensors using thin gold films [6]. Of which, integration of some
SPR sensors with microfluidics has been reported [7,8]. Moreover,
the SPR sensing technique has been extended to microarray imag-
ing [7,9,10] and many interesting biosensing applications have
been demonstrated [11–14]. Unfortunately, prism or grating-based
SPR sensors require bulky and expensive optical components and
hence are difficult to be miniaturized. Consequently, fiber-optic-

based SPR sensors with either wavelength or intensity modulation
have been developed [15–17]. However, the operation range of
fiber-optic SPR sensor is limited by the phase matching require-
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ent [6]. As such, various approaches have been used to tune
he resonant coupling in the refractive index range of aqueous
amples [6,17].

Recently, scientific community has begun to explore alter-
ative strategies for the development of new optical sensing
latforms based on the extraordinary optical properties of noble
etal nanoparticles [18–20]. These nanoparticles characteristically

xhibit a strong extinction band that is not present in the spec-
rum of the bulk metal. The extinction band results when the
ncident photon frequency is resonant with the collective oscilla-
ion of the conduction electrons and is known as particle plasmon
esonance (PPR), also known as localized surface plasmon reso-
ance (LSPR). The extinction cross-section and peak wavelength
f the PPR band are highly dependent on the local environment
f the nanoparticle (i.e., refractive index of surrounding medium)
21–26], and furthermore, the binding events to those functional-
zed nanoparticles [26–31]. For such PPR sensors, the immobilized
oble metal nanoparticles act as chromophores, while their inter-
ctions with analyte molecules will result in colorimetric changes.
ith a suitable receptor immobilized on the surface of the noble
etal nanoparticles, the resulting PPR sensor can detect the corre-

ponding analyte even if the analyte is spectroscopically silent in
he UV–vis region. However, the signal-to-noise ratio for PPR sen-
ors obtained by either the transmission mode with a single pass
f light or reflection mode with a double pass of light through a
onolayer of nanoparticles is not so high, as a result of the low

bsorbance of a monolayer of nanoparticles. The absorbance of
uch a monolayer can be enhanced by optical fiber sensing scheme
30,32,33] which is based on the absorption of the evanescent field
ia multiple total internal reflections. Therefore, with a suitable
eceptor immobilized on the surface of the noble metal nanoparti-
les, an analyte can be determined in real-time without the use of
labeled molecule [30,32–35], which is particularly attractive for

hemical and biological sensing applications.
Although optical fibers are ideal media to guide light for the exci-

ation of the plasmon resonance, the integration of optical fiber
o other biosensor components raises some design concern [36].
his study demonstrates the feasibility of the integration of the
ber optic-particle plasmon resonance (FO-PPR) biosensor with
icrofluidic technology. As compared to the FO-PPR biosensor in
conventional liquid cell, the high surface to volume ratio of the
icrofluidic flow-cell enhances mass transport [37], resulting in

mproved biosensor performance characteristics such as shorter
esponse time, better detection limit, and lower consumption of
amples and reagents.

. Experimental

.1. Reagents and materials

Multimode plastic-clad silica optical fiber (model F-
BC) was purchased from Newport with core and cladding

iameters of 400 and 430 �m, respectively. Poly(methyl
ethacrylate) (PMMA) for manufacturing microfluidic

hip was purchased from Sheng-Yang Business. The
ollowing chemicals, n-hexadecyltrimethylammonium
romide (CTAB, Fluka), sodium borohydride (Lancaster), 3-
mercaptopropyl)-trimethoxysilane (MPTMS, Acros), sucrose
Osaka), 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid
HEPES, Fluka), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimine
ydrochloride (EDC, Fluka), biotin (Aldrich), dinitrophenyl-

psilon-aminocaproic acid (DNP, ICN), streptavidin (Fluka),
nti-biotin antibody (Sigma), anti-dinitrophenyl antibody (anti-
NP, Sigma), ovalbumin (OVA, Sigma–Aldrich) from chicken egg
hite, anti-OVA antibody (monoclonal anti-albumin chicken egg,
ca Acta 697 (2011) 75–82

clone OVA-14, Sigma–Aldrich), human matrix metalloproteinase-3
(MMP-3, Prospec), and anti-human MMP-3 antibody (anti-MMP-
3, Thermo) were used as received. All aqueous solutions were
prepared with water that had been purified by using a Millipore
Milli-Q water purification system (Millipore) with a specific
resistance of 18.2 M� cm. Solutions of various refractive indexes
(1.342–1.403) were prepared by dissolving sucrose in purified
water with a concentration between 6.8% and 41.7% [38].

2.2. Preparation of Au nanoparticles

Aqueous solution of hydrogen tetrachloroaurate (1.78 mL,
25.4 mM), chloroform (8.22 mL), and ethanol solution of CTAB
(0.4 mL, 0.02 M) were mixed and stirred for 10 min to form a
4.52 × 10−4 M hydrogen tetrachloroaurate solution. Freshly pre-
pared NaBH4 ethanol solution (0.8 mL, 0.15 M) was added to the
hydrogen tetrachloroaurate solution with vigorous stirring. After
the solution was further stirred for 30 min, the ruby-colored organic
phase was separated. Absorption spectra of the solution samples
and immobilized noble metal nanoparticles on glass slides were
obtained by using a Jusco V-570 spectrophotometer. A JEOL 1200 EX
transmission election microscope (TEM) operating at 120 kV was
used to obtain the images of the Au nanoparticles (AuNPs). Speci-
mens for TEM were prepared by placing a sample on a copper grid
and allowing it to dry. Histograms derived from TEM image anal-
ysis showed that the mean diameter of AuNPs was 15.9 ± 2.5 nm
(n = 500).

2.3. Preparation of Ag nanoparticles

Following the procedures of a previous report [39], silver
nitrate was used as the precursor to synthesize silver nanoparticles
(AgNPs). Ethylene glycol was used as the solvent for silver nitrate
and as the reducing agent. Polyvinylpyrrolidone (PVP) was used as
the protecting agent. PVP (0.013 M) and AgNO3 (0.032 M) were dis-
solved in 75 mL of ethylene glycol at room temperature. Then, the
system was heated to 120 ◦C at a constant rate of 1 ◦C min−1, and
the reaction was allowed to proceed for 22 h at this temperature.
Afterward, each sample was cooled rapidly in a water bath until
the system reached room temperature. TEM image analysis showed
that the mean diameter of AgNPs was 31.6 ± 8.4 nm (n = 444).

2.4. Preparation of noble metal nanoparticles-modified optical
fibers

For the optical fibers used as the FO-PPR sensor fibers, their distal
ends were polished to an optically smooth surface to increase the
transmission efficiency and 2 cm lengths of unclad portions were
used. The unclad portion of the optical fibers was cleaned for 30 min
in a bath consisting of 3 volumes of 30% H2O2 and 7 volumes of
concentrated H2SO4. The clean unclad portions of the optical fibers
were then submerged into vials of 1% solution of MPTMS in toluene.
After 12 h, the optical fibers were rinsed with methanol and placed
into an oven at 60 ◦C for 30 min to remove unbound monomers from
the surface. After thorough rinsing and heating, the unclad portions
of the optical fibers were immersed in a solution of noble metal
nanoparticles for 12 h to form a self-assembled monolayer of noble
metal nanoparticles on the core surface. Subsequently, the modified
optical fibers were rinsed sequentially with water, methanol, and
chloroform.

2.5. Immobilization of receptor onto nanoparticle surface
To functionalize DNP or biotin on the surface of noble metal
nanoparticles on an optical fiber, a self-assembled monolayer
(SAM) of cystamine was fist formed by injection of an aqueous
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olution of cystamine dihydrochloride into the microfluidic sens-
ng chip for 2 h at room temperature. The cystamine-modified
anoparticles were further functionalized with DNP or biotin by

njection of a solution of HEPES, EDC, and the corresponding recep-
or molecule into a microfluidic sensor chip and allowed to react
or 30 min at room temperature, then rinsed with water and air-
ried at room temperature. To functionalize OVA or anti-MMP-3
n the noble metal nanoparticle surface, a procedure as previously
escribed was followed [33].

.6. Microfluidic channel design and chip manufacture

The microfluidic chip was produced by injection molding tech-
ique. The injected PMMA top plate with microfluidic channel and
he PMMA bottom plate (see Fig. 1) both had a dimension of 4.0 cm
length) × 4.0 cm (width) × 0.2 cm (thickness). In order to accom-

odate the optical fiber which had a coating diameter of 730 �m,
he microfluidic channel was fabricated with length, width and
epth of 4 cm, 900 �m and 900 �m, respectively, and had a vol-
me of about 32 �L. An inlet and an outlet on the top plate for
ample introduction were connected to two small access holes and
echanically bored into the microfluidic channel. After the sen-

or fiber had been placed into the microfluidic channel on the top
late and caped with the bottom plate, the two PMMA plates were
onded by a thermal bonding process (heating the chip at 150 ◦C
or 7 min and cooling the chip at room temperature) to produce
he microfluidic sensor chip. The total length of the optical fiber
as 8 cm and the unclad portion as the sensor zone in the mid-
le segment was 2 cm. The free volume of the microfluidic channel
as about 14 �L, when the microfluidic channel was occupied by

n optical fiber. Samples and reagents can be injected by a syringe
ump for functionalization or detection. Fig. 1 shows the compo-
ents of the FO-PPR microfluidic sensor chip.

.7. Principle of the FO-PPR biosensor

Optical fiber evanescent-wave absorption sensors are based on
ttenuated total reflection spectroscopy. This technique relies on
he penetration of the evanescent-wave in the absorbing medium
utside the fiber core and interacts with an analyte, whose distance
rom the fiber surface is generally smaller than the wavelength of
he traveling light [40]. Since light propagates in optical fiber by
irtue of multiple total internal reflections, the summation of each
ocal evanescent-field results in a continuous evanescent-field at
he waveguide surface immediately adjacent to the region occu-
ied by a propagating mode. As a result, the overall sensitivity
f the structure depends on the modes of light propagation in
he fiber [41], the length of the fiber core exposed to the chro-

ophores [42], and the chemical interaction between the analyte
nd the immobilized binding sites [43]. Hence, the low absorbance
f a monolayer of noble metal nanoparticles can be enhanced
y a fiber optic evanescent-wave sensing scheme [30]. Fiber
ptic evanescent-wave absorption measurements typically are per-
ormed by comparing the light intensity of a sensor immersed in
n analyte solution (IS) to the intensity of the sensor in a blank
I0). Our sensor response in subsequent studies will be presented
s (I0 − IS)/I0 or �I/I0. In a sample of refractive index nS different
rom that of a blank, n0, the transmission response of the sensor
ber changes [29,32,33]. The plot of �I/I0 versus nS has a linear
elationship [33].

One parameter to characterize the performance of the class of

efractive index-based sensors is the refractive index resolution
RIR), which is defined as the minimum change in refractive index
nit (RIU) that can be resolved by the sensor. Operationally, the RIR

n this study is the noise of the senor output which translates to the
ca Acta 697 (2011) 75–82 77

change in bulk refractive index [6], where the noise is taken as the
standard deviation of �I/I0 for 5 repetitive measurements.

2.8. Sensing system and measurements

As shown in Fig. 2, the sensor system consisted of a fiber optic
light-emitting diode (LED) with a peak wavelength of 532 nm
(model IF-E93, Industrial Fiber Optics, Inc.), a function generator
(model GFG-8255A, Good will Instrument Co.) to modulate the LED
output at a frequency of about 1 kHz, a lock-in amplifier (model
7225, Signal Recovery), a microfluidic FO-PPR sensor chip, and a
photodiode (model 2001, New Focus).

The performance of receptor-functionalized FO-PPR sensors
was examined by passing a sample into the microfluidic channel
of a sensor chip. For these tests, the flow of a sample was stopped
once the sample had filled the channel completely and the sen-
sor responses were followed in real time. Typically, the sensor
responses at several hundred seconds were used to construct a
calibration graph. In this study, the detection limit and the quan-
tification limit are defined as the sensor response (�I/I0) that yields
a signal-to-noise ratio of 3 and 20, respectively, where the noise is
taken as the standard deviation of �I/I0 for 5 repetitive measure-
ments.

2.9. Preparation and analysis of synovial fluid samples

This study has been evaluated and approved by the ethics com-
mittee of Tzu Chi hospital. Informed consent was obtained from
all patients participating in the study. The synovial fluids secreted
from joint tissues of knees were collected by Tzu Chi hospital from
patients suffering from osteoarthritis. The samples were stored
at −80 ◦C until use. Each sample was diluted 25-fold and then
a centrifugal filter device (Amicon Ultra-4, Millipore) was used
to remove blood cells and proteins by centrifuging at 5000 rpm
for 25 min. For FO-PPR sensing, a new anti-MMP-3 functional-
ized sensor chip was used for each sample. For enzyme-linked
immunosorbent assay (ELISA), the measurements of MMP-3 were
performed using an ELISA kit (Bioo Scientific), according to the
manufacturer’s instructions. Statistical analysis was performed
using the InStat version 3.0 software (GraphPad Software). For the
test of normality, the Kolmogorov-Smirnov test was used.

3. Results and discussion

3.1. Bioconjugation

Gold nanoparticles on glass slides were first used to optimize
the bioconjugation processes by observing the spectral changes
of a self-assembled monolayer of AuNPs on a glass slide before
and after modification. As illustrated in Fig. 3, increases in peak
absorbance were observed after modification of the gold nanoparti-
cle surface with a monolayer of cystamine and then further reacted
with biotin. Such spectral changes are consistent with the fact that
the extinction spectra of AuNPs are sensitive to the refractive index
of the surrounding environment. Also shown in Fig. 3, the mono-
layer of biotin-functionalized AuNPs in the presence of a sample of
anti-biotin shows increase in peak absorbance. Such observations
indicate that the bioconjugation process was successful.

3.2. Refractive index resolution

Using the same functionalization chemistry, we also functional-

ized the unclad portion of the optical fibers to construct the FO-PPR
sensor. A microfluidic chip was integrated with the FO-PPR sensor.
This FO-PPR sensor is sensitive to the refractive index of the sur-
rounding medium of the AuNPs on the fiber. The RIR of the FO-PPR
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Fig. 1. Schematic representation of the components used for the FO-PPR microfluidic sensor chip. A sensor fiber is placed into the microfluific channel on the top plate and
caped with the bottom plate.

Fig. 2. Schematic representation of the setup used for the FO-PPR sensor system. The setu
D

F
(
t
o

, photodiode; E, lock-in amplifier; F, computer.

ig. 3. Absorbance spectra of a monolayer of AuNPs on glass: (a) without treatment;
b) with biotin-functionalization; (c) after the biotin-functionalized gold nanopar-
icle monolayer immersed in a solution of anti-biotin (1 × 10−5 M). All spectra were
btained in air.
p consists of: A, function generator; B, light-emitting diode; C, FO-PPR sensor chip;

sensor in the microfluidic flow-cell was 2.9 × 10−5 RIU while a sim-
ilar FO-PPR sensor in a conventional cell had a RIR of 7.0 × 10−5 RIU.
Such a comparison indicates that the RIR improves 2.4-fold when
the FO-PPR sensor is integrated with the microfluidic flow-cell.
With a further improvement in photonics and electronics, a RIR of
1.9 × 10−6 RIU has been achieved [33]. Although some SPR sensors
have demonstrated a RIR better than 1 × 10−7 RIU [6], Van Duyne
and coworkers have demonstrated that the SPR and PPR sensors
are comparable in their sensitivities when measuring short-range
changes in RI owing to a molecular adsorption layer [44]. This is a
result of the much smaller sensing volume offered by the PPR sen-
sors (20−40 nm) [45,46], as the electromagnetic field decay length
is about 10 times shorter than that of the SPR sensors (200−400 nm)
[47].

In this study, the conventional cell was a rectangular cell with
a volume of 3 mL. When sucrose solutions of different refractive
indexes were loaded into the conventional liquid cell, we had to
suck the solution in the cell by a dropper first and load a new solu-
tion with a higher refractive index into the cell. Carryover is one of

the most commonly encountered problems for conventional liquid
cells. On the other hand, the microfluidic flow-cell is very narrow
and its free volume is only about 14 �L. Thus, the cell can be filled
quickly and completely with a sample of very small volume.
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Fig. 4. Temporal sensor responses obtained by the microfluidic FO-PPR sensor chip
when (a) a large sample of sucrose solution (6.8%) was directly injected into the
cell and (b) 100 �L of sucrose solution (6.8%) was injected into the cell via a sample
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Fig. 5. Temporal sensor responses obtained by a DNP-functionalized FO-PPR sensor
njector and an inlet tubing (20 cm). A flow rate of 50 �L mL−1 was used for both
njections. The zone with dispersion of unity is defined as the zone where the signal
hange is greater than 99% of the signal change shown by curve a.

Although band dispersion in flow-injection systems may cause
ilution of samples, the dispersion becomes unity when the sample
olume is just several-fold larger than the cell volume. Fig. 4 shows
he sensorgrams obtained by the microfluidic FO-PPR biosensor
ystem in two different conditions. Curve a of Fig. 4 was obtained
hen a large sample of sucrose solution was directly injected into

he microfluidic flow-cell without passing through an inlet tube
hile Curve b of Fig. 4 was obtained when 100 �L of sucrose

olution was injected into the microfluidic flow-cell through a
ample injection valve and an inlet tube. With a flow rate of
0 �L min−1 as shown in Curve b of Fig. 4, a zone with dispersion
f unity exists and it has a volume of about 34 �L, which is greater
han the free volume of the flow-cell. Under these conditions, no
ppreciate mixing of sample and carrier takes place, and thus no
ample dilution occurs. The volume of the zone without disper-
ion in general can be increased by using a shorter tube and/or
lower flow rate. Since the carryover effect is negligible with a
icrofluidic flow-cell, the RIR of the FO-PPR with microfluidic flow-

ell improves as compared to that with the conventional liquid
ell.

.3. Response time

One of the advantages of a label-free biosensor is its capa-
ility of real-time detection of biomolecular interactions. Fig. 5a
epicts a microfluidic FO-PPR sensorgram of a solution of anti-DNP
6.0 × 10−6 M) injected over a surface with immobilized DNP as a
eceptor. Before injection of the sample, the baseline stability was
ssured by having a drift of �I/I0 < 0.094% in the PBS solution. Incu-
ation of the sensor surface with the anti-DNP sample resulted in
dramatic, time-dependent decrease in sensor response since the
ntigen–antibody interaction led to a local increase of refractive
ndex near the gold nanoparticle surface and, hence, an increase
n absorbance at 530 nm and a decrease in light intensity at the
etector. The real-time response shows that the microfluidic FO-
PR sensor requires more than 4.0 × 102 s to reach a steady-state
esponse and the response time (t95, time to reach 95% of the equi-
ibrium signal level) is 2.94 × 102 s. On the other hand, the FO-PPR

ensor in the conventional liquid cell requires more than 4 × 103 s to
each a steady-state response and the response time is 2.72 × 103 s,
s shown in Fig. 5b. Thus, integration of the FO-PPR sensor with the
icrofluidic flow-cell results in a significantly reduced response
in (a) microfluidic flow-cell and (b) conventional liquid cell. Anti-DNP of 6.0 × 10−6 M
was used as the sample.

time from several thousand seconds in the conventional liquid cell
to several hundred seconds in the microfluidic flow-cell.

The reduction in response time can be accounted for by an
expression derived from the Fick’s Law of Diffusion [3]:

T = L2

D

where T, L, and D are the molecular transportation time, diffusion
distance, and diffusion coefficient, respectively. This means that a
down-scale to 1/10 of the original size of the sensing cell reduces
the molecular transport time to 1/100 [48]. Based on this rela-
tionship, a decrease in the response time by reducing the width
of the microfluidic channel is expected. In the present design, the
characteristic diffusion distance can be set as half of the distance
from the surface of channel to core surface of the optical fiber
because the analyte is filled in the channel initially. Therefore, L
can be estimated as 125 �m. Assuming a diffusion coefficient of
4 × 10−7 cm2 s−1 for antibody [49], the diffusion time is calculated
to be 391 s, which is in the same order of magnitude compared to
the response time observed here.

The response time is also affected by the diffusion coefficient
of the analyte, which is inversely proportional to the effective size
of the molecule [50]. The linear size of a molecule generally varies
as the cube root of the molecular weight, so that the molecular

transportation time or the response time generally also varies as
the cube root of the molecular weight. To investigate this effect, we
carried out a series of biomolecular interaction analysis using ana-
lytes of various molecular weights to determine the corresponding
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tivity is of equal importance. The practical detection limit will
be determined by the nonspecific interactions between the noble
ig. 6. Simulated concentration profiles during injection of a sample into the microfl
olume and flow rate of the sample were fixed at 20 �L and 50 �L min−1, respective
f the receptor was assumed to be 1 × 10−8 mol m−2.

esponse times. As shown in Table 1, the response time increases
hen the molecular weight of the analyte increases.

In flow systems, dead volume is always a concern because it will
ffect fluid exchange and perhaps the response time of a sensor. In
he present deign, there is a possibility of having dead volumes in
he vicinity of input/output ports of the microfluidic channel. To
nvestigate the issue of dead volume, we carried out simulations
or the transient state concentration profiles during sample injec-
ion using the CFD-ACETM software [51]. A fixed-velocity condition
as set to the boundary condition at the inlet of the microfluidic

hannel. The boundary condition at the outlet was set at a fixed
ressure. The surface of the optical fiber was set as the reactive
oundary for biomolecular binding. The association and dissocia-
ion rate constants, ka and kd, of the analyte were assumed to be
.3 × 105 M−1 s−1 and 6.5 × 10−5 M−1 s−1, respectively [52]. The dif-
usion coefficient of the analyte was assumed to be 4 × 10−7 cm2 s−1

49].
Fig. 6 reveals the transient distributions of the sample concen-

ration during the injection. With a flow rate of 50 �L min−1, ideally
t will take about 17 s to fill the channel. According to the simula-
ion results, there is dead volume in the vicinity of the input port
hen the sample just reaches the core surface of the optical fiber

time = 4 s). However, the dead volume disappears in 12 s when the
ow passes through the corner close to the input port, as shown

n Fig. 6b. The similar situation occurs in the vicinity of the out-
ut port (time = 16 s) and the dead volume has been filled in 24 s
fter the sample passed through the corner near the output port.
he simulated results indicate that the possible dead volumes are
lmost eliminated with a sample injection period of 24 s, which is
ust slightly longer than the ideal sample injection period of 17 s.

.4. Detection limit

Although in principle a refractive index sensor is almost totally
nsensitive to volume change of the sensing cell [48], the perfor-

ance of a biosensor has been suggested to be limited by the rate at

hich an analyte molecule is transported to a surface-immobilized

ecognition molecule [1,2]. When this binding process is diffusion
imited, the sensor’s detection limit and response time are limited
y analyte mass transport. For large equilibrium association con-

able 1
esponse times of analytes with various molecular weights obtained by the
icrofluidic FO-PPR sensor chips under similar immobilization and detection con-

itions. Concentrations of all the analytes were at 6.0 × 10−6 M.

Analyte Molecular weight (kDa) Response time, t95 (s)

Anti-DNP 220 294
Anti-biotin 150 279
Streptavidin 67 169
channel of a FO-PPR sensor chip at (a) 4 s; (b) 12 s; (c) 16 s; and (d) 24 s. The injected
e injected concentration of the analyte was set as 6 �M. The surface concentration

stant, this fundamental limit has been suggested to be given by a
simple scaling relationship [53]:

N(t) ≈ kC0t1/F

where N(t) is the total number of adsorbed molecules on sensor
surface at time t, k is a constant, C0 is the concentration of the
analyte far from the interface, and F is the fractal dimension of
the sensor surface (typically, 1 < F < 2). Although this expression
has not considered the equilibrium sensor response, it should be
valid for the early stage of the temporal sensor response. Hence,
for any finite measurement time ts, N(t) grows in time. As the FO-
PPR sensor in the conventional liquid cell requires several thousand
seconds to reach a steady-state response while the FO-PPR sensor
in the microfluidic flow-cell only requires several hundred seconds
to reach a steady-state response, using ts of just several hundred
seconds in both cells will result in significantly different N(t) values
and hence significantly different detection limits.

The comparison of detection limits for the FO-PPR sensor in
the conventional liquid cell and microfluidic flow-cell for 3 ana-
lytes with different molecular weights were made. As shown in
Table 2, the detection limits for streptavidin, anti-biotin, and anti-
DNP under similar conditions improved by about 9-fold, 26-fold,
and 33-fold, respectively, when the FO-PPR sensor was integrated
with the microfluidic cell. The improvement of detection limit
may be attributed to the higher number of adsorbed molecules
in a finite measurement time and the negligible carry-over effect
in the microfluidic flow-cell. Thus, it can be concluded that bio-
interaction analysis by the integration of FO-PPR sensor with
microfluidic flow-cell requires a shorter analysis time and is more
sensitive.

3.5. Selectivity

Besides the high sensitivity of the FO-PPR biosensor, its selec-
metal nanoparticles and interfering biomolecules. In order to min-
imize nonspecific adsorption, an optimized mixed monolayer on

Table 2
Comparison of microfluidic flow-cell and conventional liquid cell for determination
of refractive index resolution (RIR) and detection limit (DL) by the FO-PPR sensor.
The immobilized receptors for the corresponding analytes, anti-DNP, anti-biotin,
and streptavidin, were DNP, biotin, and biotin, respectively.

RIR or DL Microfluidic cell Conventional cell

RIR 2.9 × 10−5 RIU 7.0 × 10−5 RIU
DL for streptavidin 1.1 × 10−11 M 9.8 × 10−11 M
DL for anti-biotin 3.3 × 10−9 M 8.5 × 10−8 M
DL for anti-DNP 1.2 × 10−12 M 4.0 × 10−11 M
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Fig. 7. Sensor responses of a DNP-functionalized FO-PPR sensor in pH 7.2 phosphate
buffer solutions containing anti-DNP, anti-HSA, HSA, or BSA of various concentra-
tions. The measurements were taken in a conventional liquid cell by a setup similar
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Fig. 8. Reproducibility of the microfluidic FO-PPR sensor chips for detection of anti-

time (under ambient condition) of at least 2 months (the maximum
time tested) without affecting the reproducibility of the results.

Fig. 9. Binding and regeneration response of 3 binding-regeneration cycles for the
interaction between immobilized OVA and anti-OVA at 25 ◦C. Arrow 1 indicates
o Fig. 2 but without the function generator and lock-in amplifier. The dash lines
epresent the signal levels, S = Sb ± 3�b, where Sb is the average sensor response in
blank and �b is the standard deviation of the noise in a blank.

old nanoparticle surface as previously reported was used [33].
o verify that the sensor response is the result of specific binding
etween the analyte molecules and the receptor molecules on the
anoparticle surface, binding tests with anti-DNP, anti-HSA, HSA,
r BSA interacting with a DNP-functionalized FO-PPR sensor were
erformed. Fig. 7 shows that the sensor response increased as the
nti-DNP concentration increased due to the specific interaction
etween DNP and anti-DNP while there was no significant change

n sensor response when anti-HSA, HSA, or BSA of various concen-
rations was added. Thus, an appropriately functionalized FO-PPR
ensor can be used to interrogate receptor-analyte binding events
ith high sensitivity as well good selectivity.

.6. Reproducibility

As the PMMA microfluidic chips manufactured by the injec-
ion molding technique can be easily mass produced, low-cost
isposable FO-PPR sensors are possible. To meet analytical perfor-
ance standards, reproducibility of the chip fabrication processes

s important. Our previous study using AuNPs in the FO-PPR biosen-
or for determination of interleukin-1� (IL-1�) showed that the
icrofluidic FO-PPR sensor chips had reasonably good measure-
ent reproducibility among 5 different chips, with a coefficient of

ariation (CV) between 6.7% and 18.7% at 6 different concentrations
f IL-1� and the CV decreased as the concentration increased from
.050 to 10 ng mL−1 [33].

This study also investigates the chip-to-chip measurement
eproducibility using AgNPs in the FO-PPR biosensor for deter-
ination of anti-biotin. Fig. 8 shows a calibration graph of the

verage sensor response (�I/I0) for 3 different chips versus log
nti-biotin concentration using biotin-functionalized AgNPs on the
ensor surface. The plot is linear (correlation coefficient, r = 0.9996)
nd a detection limit of 2.1 × 10−9 M and a quantification limit of
.0 × 10−9 M are estimated. The CVs of the sensor responses at the
different concentrations are between 4.0% and 21.1%. Excluding

he data point at the lowest concentration, the CVs of the sensor
esponses are between 4.0% and 11.7%, suggesting the performance
f the sensor chips is reasonably reproducible. It should be noted
hat the I0 measured in these sensor chips were slightly different

data not shown). However, the normalization by �I/I0, the relative
hange of transmission response, alleviates the demand on precise
ptical alignment. We believe an improvement in the fabrication
eproducibility of the sensor fibers in terms of the characteris-
biotin (n = 3). The immobilized receptor was biotin. All sensor responses shown were
determined at a concentration above the quantification limit of the sensor.

tics of the noble metal nanoparticles such as size distribution and
coverage should further improve the chip-to-chip measurement
reproducibility.

3.7. Reusability

The regeneration of immobilized receptor is of major impor-
tance for re-usable sensor formats. Fig. 9 demonstrates the overall
stability of immobilized OVA and the sensor chip through 3
binding−regeneration cycles without loss of surface binding capac-
ity. A consistent anti-OVA binding level (CV = 3.6%) is maintained
through at least 3 binding−regeneration cycles (the maximum
number we tested) and regeneration gives a stable baseline
(CV = 2.4%) throughout the analysis. Furthermore, these sensor
chips in the absence of immobilized receptor have a storage life-
injection of anti-OVA solution (6.25 × 10−5 g mL−1) and arrow 2 indicates injection
of regeneration solution (10 mM glycine−HCl, pH 1.8). The sensorgram was obtained
in a microfluidic chip with a channel dimension larger than that described in the
experimental section.
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Table 3
Concentration of MMP-3 measured in synovial fluid samples from 6 osteoarthritis
patients by FO-PPR and ELISA methods.

Sample MMP-3 concentration (Mean ± SD) in synovial
fluid (n = 3)

By FO-PPR (pM) By ELISA (pM)

No. 1 127 ± 2.3 144 ± 13.0
No. 2 84 ± 0.8 102 ± 2.0
No. 3 97 ± 1.4 96 ± 4.8

3

s
m
t
p
m
fl
s
p
o
a
t
s
t
b

4

t
A
s
o
n
t
v
I
F
b
c

A

l
N

R

[
[

[
[

[

[
[
[
[
[

[

[
[

[
[

[
[

[
[
[
[
[
[
[

[

[
[
[

[

[
[
[
[
[
[

[
[
[
[
[
[
[

[

[
[

Invest. 84 (1989) 678–685.
No. 4 81 ± 3.6 82 ± 1.1
No. 5 118 ± 3 98 ± 5.8
No. 6 192 ± 3.7 183 ± 2.0

.8. Validation in real samples

To validate the FO-PPR biosensor chip in real samples, this
ensing strategy was used for the quantitative analysis of matrix
etalloproteinases-3 (MMP-3) in synovial fluid and compared with

he results by ELISA using the same set of samples. Matrix metallo-
roteinases are enzymes involved in the degradation of cartilage
atrix components [54]. MMP-3 has been detected in synovial

uid from osteoarthritis patients [55] and the relationship between
everity of cartilage damage and synovial activity of matrix metallo-
roteinases has been shown [56]. Table 3 shows the concentrations
f MMP-3 of 6 synovial fluid samples obtained by the FO-PPR sensor
nd the ELISA method. The paired t-test indicates that the mean of
he differences between the data of the two groups does not differ
ignificantly from zero (P = 0.8747). The data passed the normality
est with P > 0.05. In other words, there is no significant difference
etween each pair of results by the two methods.

. Conclusion

In this research, we have successfully demonstrated the integra-
ion of the FO-PPR biosensor with a microfluidic chip. With either
uNPs or AgNPs used in the sensor fiber, the chip-to-chip mea-
urement reproducibility is reasonably good. Since the principle
f FO-PPR measurements is based on absorption spectroscopy, the
eed for precise optical alignments is alleviated. In other words,
he FO-PPR sensor response presented as (I0 − IS)/I0 or �I/I0 pro-
ides a mean of normalization to ensure that some variation of

0 is acceptable. Together with the simple instrumental setup, the
O-PPR biosensing system is potentially a low-cost and portable
iosensor candidate compared to the bulky and more expensive
ommercial instruments.
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