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An evanescent wave based biosensor is developed on
the silica-on-silicon (SOS) with a cascaded waveguide
coupler for the detection of recombinant growth hor-
mone. So far, U-bends and tapered waveguides are de-
monstrated for increasing the penetration depth and en-
hancing sensitivity of the evanescent wave sensor. In this
work, a monolithically integrated sensor platform con-
taining a cascaded waveguide coupler with optical power
splitters and combiners designed with S-bends and tap-
per waveguides is demonstrated for an enhanced detec-
tion of recombinant growth hormone. In the cascaded
waveguide coupler, a large surface area to bind the anti-
body with increased penetration depth of evanescent
wave to excite the tagged-rbST is obtained by splitting the
waveguide into multiple paths using Y splitters designed
with s-bends and subsequently combining them back to a
single waveguide through tapered waveguide and combi-

1. Introduction

The bovine growth hormone, also called bovine so-
matotropin (bST) is a naturally produced peptide
hormone in cow, which has strong influences on the
biological effects such as growth, developments and
reproductive functions. The effect of bST on the pro-
duction of milk was identified in 1937 [1]. Since then,
bST has been used for increasing the production of
milk and meat. Since 80’s, with the emergence of the
recombinant DNA technology, large quantities of ar-
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ners. Hence a highly sensitive fluoroimmunoassay sensor
is realized. Using the 2D FDTD (Finite-difference time-
domain method) simulation of waveguide with a point
source in Rsoft FullWAVE, the fluorescence coupling ef-
ficiency of straight and bend section of waveguide is ana-
lyzed. The sensor is demonstrated for the detection of
fluorescently-tagged recombinant growth hormone with
the detection limit as low as 25 ng/ml.

tificial hormones called recombinant bovine growth
hormone also known as recombinant bovine somato-
tropin (rbST), are produced and extensively used for
the production of milk and meat. Use of growth hor-
mones for the production of milk and meat is still
controversial [2—4] due to its potential effects on an-
imal and human health. Hence, there is a huge de-
mand for a highly sensitive, rapid and a low cost
method for the detection of growth hormones in
dairy industries.
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The existing methods of detecting peptides in-
clude the enzyme-linked immunosorbent assay (ELI-
SA) [5, 6], radioimmunoassay (RIA) [7, 8], bioassay
methods [9], etc. Although the ELISA is a widely
used method of detection of protein due to simpli-
city and low cost, it is a time consuming process, and
it detects the antibody in a relative term such as
“titer” that is a combination of affinity and concen-
tration. Recently, the liquid chromatography-mass
spectrometry (LC-MS) combined with electrospray
ionization [10-12] has been demonstrated as a
powerful techniques for the detection of rbST, which
could discriminate the recombinant and endogenous
forms of the somatotropin. However, the LC-MS is
a complex technique and requires expensive instru-
mentations. A surface plasmon based biosensor [13]
is reported for the injection preparations by using
the expensive instrumentation. In this work, a novel
evanescent wave sensor, fabricated on the silica-on-
silicon waveguide is proposed for the detection of
fluorophore tagged recombinant bovine growth hor-
mone.

Among the various methods of bio-detection,
optical-methods by using fluorescence [14], surface
plasmon resonance (SPR) [15] and evanescent wave-
based methods [16, 17] are attractive approaches
due to their higher sensitivity, better stability, better
spatial resolution and high discrimination capability.
Evanescent wave sensing methods have been widely
reported for chemical and biological detection [18,
19]. The evanescent wave is the exponentially decay-
ing tail of the guided mode in an optical waveguide,
which is highly suitable for the transduction of sur-
face-assisted phenomena that occur in the close
proximity of the surface of the core of the wave-
guide. Evanescent wave based detection can be em-
ployed in both absorption and fluorescence modes.
For the evanescence absorption sensors, the biomo-
lecules are immobilized on the core of the wave-
guide, hence, the loss of the propagating waves due
to the absorption of evanescent wave is used as the
sensing mechanism. The absorption based detection
is one of the earliest bio-detection methods, which is
limited to the biomolecules having the chromophores
which are responsible for the absorption of light. In
the fluorescence sensor, the biomolecules are conju-
gated with certain fluorescent dyes and detected by
exciting the conjugates and measuring the fluores-
cence emission. The conjugates can be selectively ad-
sorbed onto the waveguide surfaces having the im-
mobilized antibody, thereby exciting the conjugates
which are closely bound to the core of the wave-
guide by the evanescent wave. The fluorescence sig-
nal emitted by the conjugates is coupled back to the
waveguide and analyzed by spectroscopy.

Evanescent wave sensors are implemented by
using optical fibers [20] or planar waveguides [21].
In optical fiber-based evanescent wave sensor, the

thickness of the cladding is reduced or removed so
that the evanescent wave can interact with the spe-
cies immobilized on the fiber. When the cladding is
completely removed, the uncladed section of the fi-
ber can be dipped directly in the aqueous buffer so-
lution containing species for the sensing experiments.
However, the mismatch in the V-number between
the uncladded and cladded section of the fiber re-
duces the fluorescence collection efficiency for the
fluorescence based evanescent sensors. V-number is
an approximate number of propagating modes in the
waveguides. The sensitivity of the evanescent wave
sensors implemented by a straight waveguide with
uniform diameter is less as the depth of penetration
of evanescent wave is limited for such a configura-
tion. Hence the length of the species evanescent-
wave interaction length needs to be increased to
achieve higher sensitivity. The evanescent penetra-
tion depth in a waveguide is given by:

A
dp: ) )
2 X 1 X n.(sin” @ — sin” 6,)

(1)

Where 4 is the free space wavelength of the light
propagating through the waveguide, n, is the refrac-
tive index of core, 6 is the angle of ray at the core-
cladding interface with respect to the normal and 6,
is the critical angle. It can be seen from Eq. (1) that
the d, is maximum when 6 approaches the critical
angle. Therefore, alternative methods reported to in-
crease the evanescent wave penetration depth are
selective ray launching [22], use of fiber probes with
tapered geometry [23] and use of bends [24] in wa-
veguides. The tapering of the fiber probe could in-
crease the evanescent wave penetration depth and
also reduces the mismatch in V-numbers. The bend-
ing of the fiber could bring the angle 6 close to the
critical angle, which transfers power from the guided
modes to the leaky modes and hence more light is
available to excite the tagged-species. The unclad fi-
ber probes with U-bend is reported [24, 25] for en-
hancing the detection of bio-species. The U-bend
could extend the evanescent wave deeper into the
surrounding medium and hence the sensitivity has
been increased.

Although the optical fibers are more versatile
and easily available, planar waveguide sensors have
several advantages. The mechanical robustness, fea-
sibility of integration of multiple optical and micro-
fluidics components for the realization of lab-on-a-
chips, and the easiness of immobilizing biospecies
for the specific detection are the major advantages
of the planar waveguides over optical fiber based
sensors. In this work, silica-on-silicon (SOS) wave-
guide is used for the realization of an evanescent
wave sensor. SOS has been proven to be a low-cost
and good platform for the integrated optical circuits
as the existing well-characterized semiconductor pro-
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cessing techniques can be readily adopted for the
fabrication of high quality oxide films necessary for
the fabrication of low loss optical waveguides. SOS
is also suitable for the integration of microfluidic
components [26], hence the realization of miniatur-
ized analytical systems is possible. In this work, a
cascaded waveguide coupler system, monolithically
integrated on SOS platform was used for the detec-
tion of the recombinant bovine growth hormone.
The waveguide pattern composed of a single wave-
guide split into multiple paths using s-bend couplers
and subsequently combined to single waveguide was
monolithically integrated on the SOS platform. The
fluorescently tagged-rbST molecules are immobilized
on the surface of the waveguide. By splitting of the
waveguide into multiple paths, more area is available
to immobilize the tagged-rbST. In addition, the pe-
netration depth of the evanescent wave can be in-
creased with the use of the s-bend and taper. In this
paper, an evanescent wave sensor with enhanced
sensitivity is realized by using cascaded waveguide
coupler integrated with s-bends, tapers and splitters.
A novel cascaded waveguide coupler (CWC) is pro-
posed for the realization of an evanescent wave sen-
sor and sensitivity of the CWC is compared with sin-
gle waveguide.

2. Evanescent wave fluorescence sensor

A schematic illustration of the evanescent wave fluo-
rescence sensor is shown in Figure 1. A s-bend sec-
tion with fluorescently tagged bio-species placed
around the core of the waveguide is shown in Fig-
ure 1(a). As the light propagate through the wave-
guide, the evanescent tail of the propagating wave
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Core of the wavegnide

Evanescent wine
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Evanescent wave Tagged Antigen Solution

Antibody

i

Light Source [r— - Lore
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Figure 1 (online color at: www.biophotonics-journal.org)
(a) Evanescent wave sensor, (b) Sketch of the SOS wave-
guide with antibody and tagged-antigen immobilized on
core.

can excite the tagged bio-species and the emitted
fluorescence signals are coupled back to waveguide
and analyzed.

In the SOS waveguide, two silicon dioxide layers
of different refractive indices (RI) are deposited on
the silicon wafer. The first layer with lower refractive
index acts as a bottom cladding layer and the second
layer with higher refractive index acts as a core of
the waveguide. The antibody corresponding to the
rbST is adsorbed on the core for the selective bind-
ing of the fluorescently tagged-rbST. The buffer solu-
tion containing the tagged-rbST is placed on the core,
hence the solution containing bio-species acts as a
top cladding layer of the waveguide (Figure 1(b)).
The antibody immobilized on the core interacts and
binds with tagged-rbST on evanescent field of the
core. Therefore, the tagged-rbST available within the
vicinity of evanescent field are excited. The fluores-
cence signal emitted by the tagged-rbST is coupled
back to the core through multiple waveguides of the
coupler and propagated through the waveguide and
coupled to the spectrometer. The mechanism of the
back-coupling of the fluorescence is explained in
Ref. [27]. The back-coupled fluorescence occurs when
the oscillations of the excited dipoles of the fluro-
phores which are closely bound to the core produce
the electromagnetic near field and overlap with the
evanescent tail of the guided modes and meet the
conditions for the propagation of light in the wave-
guide. The theoretical and experimental investigation
reported on the fluorescence collection efficiency of
the fiber [28] and planar waveguide [21] structures
demonstrate that the fluorescence collection effi-
ciency increases with the V-number of the waveguide.

In this work, the fluorescence collection efficiency
of the straight and s-bend are simulated by FDTD
techniques. The s-bend is chosen as it can be a basic
element of the proposed cascaded waveguide cou-
pler for enhancing the detection efficiency.

3. Estimation of fluorescence collection
efficiency of straight and s-bend waveguides

As explained before, in the evanescent-wave fluo-
rescence sensors, the fluorophore-tagged biomole-
cules are selectively adsorbed to the core by the
functionalized antibody molecules. The fluorescently-
tagged molecules are excited by the evanescent tail
of the propagating wave and the fluorescence signals
emitted by the fluorophores are collected back to the
core.

Ray optics is insufficient to explain the coupling
of light from a light source located at the cladding of
the waveguide. Using the Snell’s law, it can be seen
that any light beam that can penetrate into the core

www.biophotonics-journal.org
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from the cladding cannot satisfy the condition for to-
tal internal reflection, hence the rays that are re-
fracted into the core leak out rapidly after few re-
flections at the core-cladding interface. However, by
using the wave optics, we can see that the light
sources located near the core-cladding interface can
interact with evanescent tail of the guided modes by
transferring some of the power from the light source
to the guided mode by the evanescent wave cou-
pling.

In order to estimate fluorescence collection effi-
ciency of the straight and bend waveguides, FDTD
simulation by using RSoft FullWAVE was carried
out. A 2D model of waveguide with a point source
of wavelength of 650 nm placed in the cladding near
to the core was used for the FDTD simulation. A
power monitor was placed at the end of the wave-
guide. The “fluorescence collection efficiency” is de-
fined as the ratio of total power received in a power
monitor to the total power radiated by the point
source. The total power emitted by the point source
is set to unity.

3.1 The fluorescence collection efficiency
of straight waveguide

Figure 2(a) and (b) show the waveguide with a point
source modeled in the FDTD and the refractive in-
dex distribution of the model, respectively. In the
sensor configuration, tagged-rbST suspended in PBS
solution having the refractive index of 1.33 is dropped
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(a) (b)
Figure 2 (online color at: www.biophotonics-journal.org)
(a) The FDTD model of waveguide with a point source
(b) refractive index distribution of the model.

directly on the waveguide with a core made up of
silica having the refractive index of 1.46. Therefore
the refractive indices of the core and cladding are
set to 1.46 and 1.33 respectively for silica and biolo-
gical solution for the simulation. The length, L of
waveguide is kept at 100 um and the width, W was
varied from the 5 um to 20 um. The dependence of
the location of light source on the collection effi-
ciency was investigated fist, and then the simulation
was carried out by changing the width of the wave-
guide W. The distance d of the light source from the
core was varied from 50 nm to 1000 nm.

Figure 3(a) shows the FDTD simulation showing
the coupling of light from a point source kept at the
cladding to the propagation mode. When the dis-
tance d of the source from the core was more than
500 nm, the collection efficiency was found negligi-
ble. An exponential relation between the d and col-
lection efficiency can be observed in the Figure 3(b).
‘When the d is decreased bellow the 200 nm, the cou-
pling efficiency is increased rapidly. The dependence
of the coupling efficiency on the width of the wave-
guide was also investigated.

The fluorescence collection efficiency of the
straight waveguide estimated for different widths
(W) of the waveguide shows that the increment of W
slightly increases the efficiency. Similar effect was
already observed in the fiber in the Ref. [28], and
they have reported that the collection efficiency of
the fiber is increasing with the V-number of the
waveguide. In the present simulation, the refractive
indices of the core and cladding are kept constant
and the width W of waveguide is increased. Since
the V-number is proportional to the width of the
core and the number of guided modes supported by
the waveguide, the field at the core-cladding interface
is stronger and the collection efficiency increases
with the V-number.

100 "
80 1;' E + Wetam
—é: 60 = X Weltum
= E st
N 40 g 7 ‘-_‘\ - Weltum
H L
20 i
0 ; £
-505 e 00 a0 600 00 1000
X (le) o distance of source from the core {nm)

(a) (b)

Figure 3 (online color at: www.biophotonics-journal.org)
(a) FDTD Simulation, (b) fluorescence collection efficiency
against the distance d of the source from the waveguide for
different waveguide widths.
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3.2 The fluorescence collection efficiency
of s-bend

The suitability of the s-bend for the realization of
the cascaded waveguide coupler is tested by estimat-
ing its fluorescence collection efficiency. Herein, the
effect of radius of the s-bend is investigated on the
fluorescence collection efficiency. The width and
length of the s-bend were kept at 20 um and 100 pm
respectively in the FDTD simulation.

For the estimation of the fluorescence collection
efficiency of the s-bend, a point source was placed at
100 nm away from the s-bends and a power monitor
was placed at the end of the s-bend. The FDTD si-
mulation showing the coupling of light from the
point source located in the cladding of s-bend is
shown in Figure 4(a). Figure 4(b) shows the variation
of the fluorescence collection efficiency against the
radius of the s-bend. The efficiency dropped consid-
erably when the bend radius was reduced below
1000 nm.

The simulation of straight and s-bend confirmed
that when the radius of the s-bend is greater than
4 to 5 mm, the florescence collection efficiency was
not significantly reduced from that of a straight wa-
veguide. The advantage of the s-bend for the evanes-
cent wave sensor is that a multiple waveguide system
can be realized by cascading Y-couplers made up of
s-bends.

The sensor with multiple waveguides of 5 stages,
namely S1, S2, S3, S4 and S5 as shown in Figure 5 is
designed for evanescence coupling based sensing.
The 1 x2 Y splitters were designed with s-bends. As
shown in Figure 5, the light is coupled to a single
waveguide which is split into multiple paths by
1 x 2 Y splitters and after five stages of splitting, the
waveguides are combined by 2 x 1 power combiners.
A taper section of the waveguide is placed between

Contour Map of Ey

Z (um)
Tuorescence collection efficiency (h)
"
&

[} 1000 2000 3000 4000 F000 6000
S-bend radius (gm)

X (um)
(a) (b)
Figure 4 (online color at: www.biophotonics-journal.org)
(a) FDTD simulation of fluorescence coupling of light by
s-bend and (b) The estimated fluorescence collection effi-
ciency against the radius of the S-bend.

Tapered Section

Multiple waveguides

Light —

—
Single waveguide
Figure 5 (online color at: www.biophotonics-journal.org)
Schematic of evanescent wave sensor using cascaded wave-
guide coupler in comparison with a straight waveguide.

the splitters and combiners as shown in Figure 5 in
order to enhance the evanescence coupling. The Y
splitter was simulated by RSoft BeamPro™ and the
bend radius was chosen to keep the bend loses at
minimum. The bend radius of first stage, where a
single waveguide is split into two branches, was
23 mm. The bend radii of successive stages are 35,
40, 45 and 50 mm. The width of waveguide is 20 um
for cascaded waveguide coupler. In the tapered sec-
tion, the width is increased to 40 um at the taper-end
where a splitter and a combiner connect. An enlarged
view of the cascaded waveguide and tapers are also
illustrated in Figure 5 for clearly showing the design.
In the sensor chip, a single waveguide is also in-
cluded as a reference to compare the sensitivity en-
hancement due to the cascaded waveguide coupler.

4. Fabrication of sensor chip

The SOS-waveguide chip is microfabricated in a
clean room. The process steps involved in the fabri-
cation of SOS-waveguide is illustrated in the Fig-
ure 6. The fabrication process starts with deposition
of silicon dioxide on a silicon wafer of 4 inch di-
ameter and (100) orientation, by plasma-enhanced
chemical vapor deposition (PECVD). PlasmaLab 80
Plus of Oxford instruments is used for the PECVD of

www.biophotonics-journal.org
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1. Silicon water

2. Deposition of bottom cladding layver

3. Deposition of core layer

4. Lithography and RIE of core layer

Figure 6 (online color at: www.biophotonics-journal.org)
Fabrication process steps of SOS waveguide.

silicon dioxide. For the deposition of cladding layer,
the deposition chamber was pumped down to
1000 mT and temperature of substrate was raised to
300 °C. The deposition gas mixture of silane and ni-
trogen (5 percent SiHy, 95 percent Ny) at a flow rate
of 170 sccm and nitrous oxide (N,O) at the flow rate
of 710 sccm were introduced to the PECVD chamber.
Subsequently, the plasma was created by RF power
of 20W at 13.56 MHz. The rate of deposition was
50 nm/minute. The deposition was carried out for
4 hours and 30 minutes to yield an oxide layer of
thickness of ~14 um for the bottom cladding of the
waveguide. The process parameter is changed to
achieve higher refractive index for the core layer.
The flow rate of the mixture of silane and nitrogen (5
percent SiHy, 95 percent Ny) is increased to 500 sccm
and flow rate of N,O was increased to 500 sccm, and
the RF power is increased to 200 W at 13.56 MHz.
The deposition is carried out for 45 minutes in order
to get a thickness of 6 um for the core layer. The re-
fractive index characterization of silicon dioxide was
carried out by ellipsometry (Spectroscopic ellips-
ometer, Model: VASE, Sopra). The refractive index
measured for the core and cladding layer at different
wavelengths is presented in the Figure 7. The refrac-
tive indices were 1.445 and 1.457 for the cladding and
the core respectively at a wavelength of 635 nm.

147
1465 - s === RI of core l:'l}'el'
5 146 '—h___u__‘-i- RI of cladding laver
= 1455 R
Z .-
S 145 4 et
5] g
T 1445 e
1.44 ..
1.435 + T
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Wavelength (nm)

Figure 7 (online color at: www.biophotonics-journal.org)
Refractive index of the core and cladding layer against the
wavelength.

In the sensing experiments, as the buffer solution
containing the tagged antigen is placed on the core,
the buffer solution acts as the top cladding of the
waveguide. For the lateral guiding of light in the wa-
veguide, the SOS waveguide needed to be structured
to desired width. The structuring of the core was car-
ried out by direct write lithography (DWL-66) and
reactive ion etching (RIE). The pattern of the cas-
caded waveguide couplers was designed in L-edit
and transformed to the DWL66 laser writer and di-
rectly written on the wafer. The laser write-head of
2mm having a resolution of 500 nm was used for
writing the pattern. The photoresist AZ1518 was
spun on the wafer at 3000 rpm and baked at 110 °C
for 2h in an oven, which resulted in a 2 um thick
photoresist layer. The pattern was etched using reac-
tive ion etching (RIE) in MERIE P5000 plasma ma-
chine of Applied materials. Etching was carried out
with alternating steps of 5 minutes of etch and 5 min-
utes of pause. The pause step will turn off the plas-
ma and cool the wafer to room temperature. 12 etch
and pause steps were carried out to etch 10 um of
oxide without burning the photo resist mask. For the
RIE, the chamber was pumped down to 50 mT and
the process gases, CHF3, Ar and CF, are introduced
to the chamber at the flow rate of 45, 70 and 7 sccm
respectively. The plasma was created by the RF
power of 300 W. This process gives an etch rate of
0.3 wum/minute. The total etching time was one hour
including the 30 minutes of etch pause, which re-
sulted in the etch depth of the 10 um. SEM micro-
graph of the waveguide is shown in Figure 8.

5. Experimental setup

The experimental setup used for the SOS evanescent
wave sensor is shown in Figure 9. Light from a laser
source is coupled to the sensor chip and the other
side of the waveguide is coupled to a spectrometer as
shown in the schematic of the setup in Figure 9(a).
A photograph of the experimental setup shown in
Figure 9(b) shows different components used in the
setup. This setup is built to couple effectively the
light from the fiber to the SOS waveguide and to
couple the fluorescence signal from the waveguide
to spectrometer. Three high precision microposi-
tioners with actuators of 1 um accuracy are used in
the setup. Two 5-axis controllable micropositioners
obtained from Newport™ are used to couple the
light from the fiber to waveguide and to couple the
fluorescence light from waveguide to the collection
fiber. The sample was fixed to a XY-axis controllable
micropositioner purchased from ThorLabs. A fiber
laser (OZ Optics) of 635 nm wavelength was used as
the excitation source and a commercially available
spectrometer (USB 2000, Ocean Optics) is used for
the fluorescence spectroscopy.

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Waveguide

Figure 8 (online color at:
www.biophotonics-journal.org)
SEM micrograph of SOS wave-
guide, (a) s-bend coupler of the
multiple waveguide system stage
S1 (b) multiple waveguides in the
stage 3 (S3) of cascaded wave-
guide coupler (¢) etch profile of
the waveguide (d) dimensions of
the core of the waveguide.

In order to confirm that the confinement of the
light is taking place inside the core of the waveguide,
the waveguide was cut at the middle and the facet
was imaged by using the optical setup shown in
Figure 10. A schematic diagram of the setup used for

Multiple waveguides

(a)

(b)

Figure 9 (online color at: www.biophotonics-journal.org)
Experimental setup for the cascaded waveguide coupler
sensor, (a) schematic of the experimental setup, and (b)
photograph of the experimental setup.

S-bends

Silicon

imaging the waveguide facet is shown in Figure 10(a).
Light from the laser is coupled to the waveguide and
to a CCD camera placed on the other side of the
waveguide in order to image the facet of the wave-
guide. A photograph of the experimental is shown in

-
e (]

Fiber Microscope objective lens

(a)

- éd Objective lens
CCDCa.mc

—

) (©

Figure 10 (online color at: www.biophotonics-journal.org)
Experimental setup for imaging the end facet of wave-
guide, (a) schematic diagram of the setup, (b) photograph
of the experimental setup and (¢) microscope image show-
ing the coupling of light to the waveguide taken from the
top of the waveguide.
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Figure 10(b). The Sample was fixed in a microposi-
tioner stage as shown in Figure 10(b). Light from a
fiber laser (OZ optics, Power-1 mW) of 635 nm wa-
velength was directly coupled to the waveguide by a
single mode fiber (9-125 um, core-cladding diam-
eter) with the help of a 5 axis micropositioner stage
(Newport™). A CCD camera with a microscope ob-
jective lens (Nikon 20X) was used on the other side
of the waveguide to image the confinement of light
in the core. Figure 10(c) shows the image taken from
microscope used to observe the waveguide-fiber
alignment, which shows the coupling of light from fi-
ber to the single waveguide.

The microscope images taken from the top of the
waveguide for single and multiple waveguide are
shown in Figure 11. Since the light from the fiber is
directly coupled to the waveguide and the diver-
gence of the light beam coming out of singe mode
fiber is large, lot of light is scattered to the cladding.
The confinement of light in both single and multiple
waveguides imaged by CCD camera and processed
in LabVIEW is shown in Figure 12.

6. Biosensing experiments

6.1 Materials

Recombinant bovine somatotropin (rbST, Molecular
Weight-22 kDa) and the anti-rbST were purchased
from Cedarlane, ON, Canada. Alexa-647, Phosphate

Figure 11 (online color at:
www.biophotonics-journal.org)

(a) Microscope image showing the
waveguide with light coupled (a)
multiple waveguide (b) single wa-
veguide.

Figure 12 (online color at:

= www.biophotonics-journal.org)
Image of the waveguide facet (a)
Single waveguide (b) Multiple
waveguide.

009

ra =
g o
= =
=] =]

X position (pm)

Buffered Saline (PBS) and sodium carbonate-bicar-
bonate were obtained from Sigma-Aldrich, Canada.
The PBS tablet was dissolved in deionized (DI)
water at 0.1 M concentration with a pH of 7.2. The
sodium carbonate bicarbonate was dissolved in DI
water for the preparation of buffer solution at a con-
centration of 0.1 M and pH of 9.0. The rbST ob-
tained in the powder form was dissolved in sodium
carbonate bicarbonate buffer at a concentration of
1 mg/ml. A gel filtration column filled with Sephadex
G 25 beads was used to separate the unreacted FITC.

6.2 Tagging of rbST with Alexa-647

The rbST solution was prepared at 1 mg/ml in 0.1 M
sodium carbonate bicarbonate buffer solution. Then
50 uL of Alexa-647 solution of 5 mg/ml was added to
1ml of rbST solution. The reaction of rbST and
Alexa-647 was carried out under continuous stirring
at various times and temperatures for obtaining the
best labeling ratio. After the reaction, the labeled
rbST was separated from the reaction mixture by
column chromatography using Sephadex G 25. Elu-
tion of column was carried out in 10 fractions of
2ml PBS. The UV-Visible absorbance spectrum of
each fraction was measured by spectrophotometer
(LAMBDA 650, Perkin Elmer) to assess the pre-
sence of conjugates. The degree of labeling and the
concentration of rbST in the conjugates were calcu-
lated as explained in Ref. [29, 30]. The degree of la-
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beling and the concentration of rbST in the conju-
gate were estimated at 1 and 19 pug/ml, respectively.
The conjugate was diluted to different concentration
in PBS for the sensing experiments.

6.3 Immobilization of fluorescently
tagged-rbST on the sensor chip

A schematic representation showing various steps in-
volved in the adsorption of fluorescently tagged-
rbST onto the SOS waveguide is shown in Figure 13.
The first step of sensing is the immobilization of
anti-rbST. The anti-rbST was prepared at a concen-
tration of 100 ng/ml in phosphate buffered saline
(PBS). First, the sensor chip was cleaned in DI water
with ultrasonic cleaner for 5 minutes then subse-
quently in acetone and ethanol. Then the samples
were heated at 100 °C in an oven for at least one
hour. The surface of the waveguide core was mo-
dified with 3-Aminopropyltriethoxysilane (APTES,
sigma Aldrich) [31] in order to attach the anti-rbST
covalently. The waveguides were immersed in etha-
nol containing 2% APTES for 15 minutes, rinsed in
ethanol and heated at 100 °C for 15 minutes. Fig-
ure 13(a) shows the waveguide with the OH groups
activated on the surface after cleaning and silaniza-
tion. Then the waveguide was soaked in anti-rbST
solution for 1 h and washed in PBS. The Figure 13(b)

LLLLLLLLLLELLLLL

THIsreT ey
(c)

(d)

_5.0.3.8,
——

B ¥ y 3

Waveguide  OH groups  Anti-rbST BSA Tagged-rbST

Figure 13 (online color at: www.biophotonics-journal.org)
Steps involved in the functionalization of waveguide chip,
(a) modify the waveguide surface with APTES silane to
adsorb the anti-rbST (b) adsorb anti-rbST and (¢) block
non-specific sites and (d) adsorb the tagged rbST.

represents the sample after the anti-rbST was ad-
sorbed. In order to block the non-specific binding
site, the sample was soaked in bovine serum albumin
(BSA) and the sample was washed with PBS. Fig-
ure 13(c) shows the samples after blocking the non-
specific binding sites. Then the waveguide was fixed
in the measurement setup shown in Figure 9 and the
tagged-rbST solution was added directly on the wa-
veguide covering all the waveguide regions. The re-
presentation of sample with tagged-rbST is as shown
in Figure 13(d).

7. Results and discussion

In order to investigate the suitability of the sensor
for quantitative measurements of tagged rbST, the
variation of fluorescence signal against the con-
centration of tagged-rbST was established. Several
identical SOS-waveguides chips were used for the
detection experiments in order to study the variation
of fluorescence signal against the concentration of
tagged-rbST. The evanescent-coupled fluorescence
signal is collected through the waveguides and
coupled to the spectrometer. The intensity of the
fluorescence spectrum was found fluctuating imme-
diately after adding the tagged-rbST on the wave-
guide and fluorescence spectrum was stabilized after
10—15 minutes. The fluorescence spectrum was re-
corded after 15 minutes of adding the tagged-rbST.
In order to assess the enhancement of the sensitivity
of cascaded waveguide coupler, the detection was
also carried out by using a single waveguide.

The fluorescence signals recorded for various
concentration of tagged-rbST in single and cascaded
waveguide coupler are shown in Figure 14(a) and
(b), respectively. For the single waveguide, limit of
detection is found as low as 140 ng/ml. When the
concentration of tagged-rbST was above 1200 ng/ml,
the sensor response was found saturating faster as
shown in Figure 15. The detection limit of the cas-
caded waveguide coupler systems was found to be
25 ng/ml. The detection limit of the cascaded wave-
guide coupler was found enhanced to be more than
S times as compared to that of the single waveguide.
The sensor response was observed to be saturated
when the concentration of the tagged rbST was above
600 ng/ml for the cascaded waveguide coupler. The
fluorescence signal intensity of the sensor measured
for various concentration of tagged-rbST for single
waveguide and cascaded waveguide coupler is pre-
sented in Figure 15.

When the fluorophore tagged-rbST is added to
the waveguide immobilized with the ant-rbST, the
tagged rbST was adsorbed onto surface of the wave-
guide and gets excited with the evanescence light.
The fluorescence signals emitted by the tagged-rbST

www.biophotonics-journal.org
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Figure 14 (online color at: www.biophotonics-journal.org) Fluorescence signal recorded in the sensor chip after antigen-
antibody binding for various concentrations of tagged-rbST, for (a) single waveguide (b) cascaded waveguide coupler.

are collected back to waveguide. When the concen-
tration of the tagged-rbST was increased, all the
binding sites on the surfaces are eventually filled and
hence the sensor output is getting saturated. There-
fore, when the concentration of tagged-rbST was in-
creased above 600 ng/ml, both the single and cas-
caded waveguide are getting saturated as shown in
Figure 15. Due to the higher light collection effi-
ciency of the cascaded waveguide coupler, the out-
put of the CWC is found to be saturating faster at
low concentration of the tagged rbST (at around
600 ng/ml) compared to the single waveguide (at
around 1200 ng/ml).

It is reported that the concentration of the bST in
milk may be of the order of 1-10 ng/ml [32]. The
rbST may be found in the milk of the rbST treated

--#- Waveguide coupler -+ - Single waveguide

700 -

600 eaeanee=B
500

400 - "

300 -

Intensity (a.u)

200 -

100 -

0 200 400 600 800 1000 1200 1400
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Figure 15 (online color at: www.biophotonics-journal.org)

Variation of fluorescence signal against the concentration
of tagged-rbST.

animal for the enhancement of milk and meat pro-
duction and the concentration of rbST in milk may
be of the order of hundreds of ng/ml depending
upon the extent of use rbST in animal. As the detec-
tion limit of the proposed CWC evanescent wave
sensor is as low as 25 ng/ml, this method is suitable
for the detection of rbST in milk.

8. Conclusion

A novel evanescent-wave based fluorescence sensor
using a cascaded waveguide coupler is designed and
implemented on the silica-on-silicon platform. Ad-
vantages of SOS platform for the monolithic-integra-
tion of a cascaded waveguide coupler using Y split-
ters designed by s-bends and tapers are used for the
realization of the sensor. The fluorescence collection
efficiency of straight and bend waveguide was ana-
lyzed by using FDTD simulation. The suitability of
the sensor is demonstrated for the detection of
Alexa-647 tagged recombinant bovine somatotropin.
For the specific detection of rbST, the anti-rbST was
adsorbed to the waveguide and the tagged-rbST was
detected by the enhanced evanescence fluorescence
coupling. The sensitivity of the proposed waveguide
coupler system realized by cascading waveguides
was found more than 5 times to that of the single
waveguide.
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