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Abstract. Integration of microfluidics and optical components is an essential requirement for the realization of
optical detection in lab-on-a-chip (LOC). In this work, a novel hybrid integration of silica-on-silicon (SOS) wave-
guide and polydymethylsiloxane (PDMS) microfluidics for realizing optical detection based biochip is demon-
strated. SOS is a commonly used platform for integrated photonic circuits due to its lower absorption
coefficient of silica and the availability of advanced microfabrication technologies for fabricating complicated opti-
cal components. However, the fabrication of complex microfluidics circuits on SOS is an expensive process. On the
other hand, any complex 3D and high-aspect-ratio microstructures for the microfluidic applications can be easily
patterned on PDMS using soft lithography. By exploring the advantages of these two materials, the proposed hybrid
integration method greatly simplifies the fabrication of optical LOC. Two simple technologies—namely, diamond
machining and soft lithography—were employed for the integration of an optical microfluidic system. Use of PDMS
for the fabrication of any complex 3D microfluidics structures, together with the integration of low loss silica-on-
silicon photonic waveguides with a straight microfluidic channel, opens up new possibilities to produce low-cost
biochips. The performance of SOS-PDMS-integrated hybrid biochip is demonstrated with the detection of laser
induced fluorescence of quantum dots. As quantum dots have immense application potential for biodetection,
they are used for the demonstration of biodetection. © 2072 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI:

10.1117/1JBO.17.1.017006]
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1 Introduction

The field of Micro Total Analysis Systems (4TAS), or Lab-on-a-
chip (LOC), has gained increased attention since its introduction
by Manz et al.! in 1990. This is because of several advantages:
UTAS perform bioanalysis and detection with higher sensitivity
by using small amount of reagent volumes in short time. Typi-
cally, a bioanalytical process includes sampling, filtration, dilu-
tion, chemical reaction, separation, detection and quantification
of molecules of interest. To perform all of these processes at
micron scale, different process modules need to be miniaturized
and integrated in a single chip. Adaptation of conventional
micro fabrication technologies for the integration of yTAS is
complicated and crucial. Several innovative approaches are
reported for the integration of micro total analysis systems.>™
Hybrid integration of yTAS using different material platforms
such as silicon and glass, and polymeric materials such as
polydimethylsiloxane (PDMS), poly (methyl methacrylate)
(PMMA), and SU-8 are also reported. The main benefit of
hybrid integration of uTAS is that the properties of different
materials can be exploited for supporting different functional-
ities of uTAS. However, the fabrication process can be
expensive and complex.

Address all correspondence to: Jayan Ozhikandathil, Optical-Bio Microsystems
Laboratory, Department of Mechanical and Industrial Engineering, Concordia
University, Montreal, QC, Canada H3G 1M8. Tel: 1-514-8482424 x7098;
Fax: +1-514-8483175; E-mail: j_ozhik@encs.concordia.ca.

Journal of Biomedical Optics

017006-1

Even though many detection techniques are reported for the
bioanalytical process, fluorescent detection is still a widely used
approach,'® as this method has many advantages including
higher sensitivity, better stability, better spatial resolution, and
high discrimination capability. Conventionally, fluorescent
dyes or fluorescent proteins are used as diagnostic tool in immu-
noassays.'' Fluorescent dyes are compatible for tagging with the
biomolecules and detecting via photoluminescence properties.
Emergence of quantum dots (QDs) replaces conventional dyes
in immunoassays, due to the enhanced fluorescence, narrow
emission and wide absorption spectral width, greater stability
against the photo bing, water solubility, and biocompatibility.
A review article by Mattoussi et al.'> furnishes a detailed
table of advantages of QDs over the fluorescent dye molecules
for the biodetection. Miniaturized opto-fluidics biochips,
together with highly efficient fluorescent probes, can facilitate
bedside testing in hospital with small amounts of sample volume
and enhanced sensitivity. However, a major drawback of the
optical detection is the complexities involved in building an
optical setup with a microfluidic channel. In this context, an
increasing demand exists for the simpler, accurate and inexpen-
sive methods of integration of optical microfluidic systems. A
simpler approach of fabricating the optical detection module in
uTAS is to integrate optical fibers directly into microfluidic
channels.”® Such systems are not compatible for integrating
more optical components and fabricating portable devices.
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Moreover, they suffer the serious problem of misalignment of
fibers with the microchannel. Fabrication of microfludics and
optical components using single material platform is a highly
useful approach for the realization of portable and robust
uTAS. For such a monolithic integration of optical waveguides,
the materials with better transparency to the wavelength of
operation and feasibility of modifying the optical properties,
such as refractive index, are essential. For a waveguide, light is
confined and propagated through a medium called “core,” which
is buried inside a cladding medium. The refractive index of the
core must be slightly greater than the cladding to satisfy the con-
dition of total internal reflection at the core-cladding interface
and, hence, the light is guided through the core. The fabrication
of microfluidic components requires the patterning of material
into complex 3D high-aspect ratio structures; also, they must be
sealable with a strong leak-proof bonding. Therefore, the mate-
rials possessing all of the above stated properties are required for
the monolithic integration of optical microfluidic systems.

PDMS is identified as a suitable material for fabricating
UTAS because of several advantages: it is bio-compatible, opti-
cally transparent down to the UV range (making it attractive to
fabricate optical components), and easily moldable to any com-
plex 3D microstructures by soft lithography which is a low cost
fabrication process. Chang-Yen et al.'* report an attempt of
developing waveguides and microfluidics monolithically on
PDMS. The refractive index requirements of core and cladding
of waveguide is achieved by modifying the curing temperature
of the PDMS. The complexity in the proposed process is that the
curing of core and cladding must be done separately, as the
refractive index of PDMS is dependent on the curing tempera-
ture. The attenuation of the PDMS waveguide was 0.4 dB/cm,
which is several orders higher than that of a SOS waveguide.
The loss of the SOS waveguide is reported as low as
0.01 dB/cm."

The SOS platform is proven to be suitable for the miniatur-
ization of monolithic-analytical systems.'®!'” In SOS platform,
silicon dioxide layers are deposited and micro-machined on sili-
con substrate for realizing the photonic components. The refrac-
tive index of the silica layers can be easily modified by varying
the process parameters; therefore, the micro-optical components
such as waveguide, couplers, and grating based spectrometers'®
can be fabricated. SOS is an interesting technology in the optical
point of view, as the existing, well-characterized semiconductor
processing technologies can be readily adopted for the deposi-
tion of high-quality oxide films. Since the optical absorption is
very low for the silicon dioxide throughout the entire UV
through near infrared regions, low-loss optical components
can be fabricated on it. The microfluidic components such as
microchannels, reaction chambers, and optical components
can be monolithically integrated on SOS platform without any
mis-alignment issues. However, the fabrication issues reported
in the literatures are deep micromachining of the silicon dioxide
and hermetic sealing of the microfluidics circuits due to the
non-planar topology of the waveguide.

As mentioned, the fabrication of optical components on
SOS platform requires deposition, photo-patterning, and ani-
sotropic etching of silicon dioxide layers. To minimize the
optical loss, the roughness of the etched-surface and verticality
of the structures should be given more attention. In addition,
the core layer needs to be deeply buried, typically 15 to 20 ym
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within the cladding layers. Therefore, the silica layer must be
deeply etched (more than 20 ym) to bring the microfluidics to
the optical path. Technologies such as deep reactive ion etching
(DRIE)"”?" and laser machining®' are reported for the high-
aspect ratio micromachining of silica layer, but they are
expensive, complex, and time consuming. Recently, a low-
cost, nontraditional micromachining technology called spark
assisted chemical engraving (SACE)** has been employed
for the machining of silica layer deposited on silicon substrate.
Development of microfluidic channel and optical waveguide
on SOS using SACE is still underway, due to high roughness
surface associated with the SACE. Laszle et al.>® report a
method of making microchannel on glass by diamond sawing,
which is simple and can be carried out in a general laboratory
environment. Even though this technique is suitable for fabri-
cating straight microchannels, the machined-surface can be
very rough.

In this work, a novel optical microfluidic system is developed
by integrating SOS waveguide on PDMS. Advantages of PDMS
for the microfluidics circuits, and SOS for the optical wave-
guide, are exploited in this work. Due to the fabrication com-
plexities and the higher attenuation of PDMS waveguide,
SOS waveguide is used. In the proposed integration method,
by using two simple technologies, an optical microfluidic sys-
tem is implemented using SOS waveguides and PDMS micro-
fluidic chips. The diamond micromachining method is used for
the fabrication of a straight microfluidic channel in SOS wave-
guide, which is a simple and cost-effective method. However, to
have a fluidic system, the SOS chip is further integrated on a
PDMS platform containing more microfluidics components.
The microfluidic structures requiring high aspect-ratio were
easily fabricated on PDMS by soft lithography, which can be
carried out in a general laboratory environment. The easily seal-
able nature of PDMS, with PDMS or glass, is exploited for the
sealing of devices using oxygen plasma treatment. The use of
thin PDMS layer for the sealing of devices could solve fabrica-
tions issues due non-planar topology of the waveguide.

The use of diamond machining, together with the
integration on PDMS, made the fabrication of optical 4TAS
an easy and cost-effective process. Diamond machining always
results in a surface with high roughness which reduces the opti-
cal coupling efficiency between the waveguide and microflui-
dics. Hence, a new chemical polishing facility called yCP
(microfluidics-assisted chemical polishing) was developed to
improve the surface roughness. The proposed integration
method broadens the feasibilities of fabricating optical yTAS
comprised of any complex microfludic systems such as sepa-
ration systems, micromixers, and micropumps on PDMS,
followed by integrating SOS waveguide with a straight micro-
channel for the optical detection requirements. The roughness
of the channel wall introduced from the diamond machining is
smoothed by uCP.

2 SOS-PDMS Optical-Microfluidic System

Figure 1(a) shows the schematic illustration of the SOS-PDMS
integration process. This process is designed to implement an
optical microfluidic system by using simple, easy, and low-
cost fabrication processes. Also, the process of integration of
SOS and PDMS is designed to be carried out in a general labora-
tory environment. As the optical property of the waveguide is
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very sensitive to the fabrication process and to the quality of
micromachining such as surface roughness and verticality of
the structures, the fabrication of waveguide was carried out
in a standard microfabrication facility. The microfluidic circuits
on SOS platforms demands deep machining of silicon dioxide,
which is an expensive and tedious task in a standard semicon-
ductor fabrication facility. Therefore, the integration of micro-
fluidics on SOS waveguide was achieved using the advantages
of SOS and PDMS platforms, as demonstrated in Fig. 1(a). The
assembly consists of two chips: one is the microfluidics chip on
PDMS, and the other is the microfluidics channel-integrated
optical waveguide on SOS platform. The PDMS platform is
pattered by the soft lithography. This microfluidic platform
contains a slot for fixing the SOS chip, liquid reservoirs, a
microchannel, and a region where fluid is injected into the
microfluidic channel on the SOS chip (fluidic injection zone).
The SOS chip with a straight microchannel [Fig. 1(b)] must
be properly aligned with the microchannel in PDMS while
bonding.

Two fabrication issues are considered while designing
this integration process: sealing of the SOS waveguide with
non-planar topology of waveguide and the alignment of the
microchannel in the waveguide and the PDMS platform. In
this process, the bonding of the device was done using oxygen
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Fig. 1 (a) Schematic illustration of silica-on-silicon-PDMS optical-microfluidic system and (b) SOS waveguide with a straight microchannel.
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plasma treatment. One main issue with the oxygen plasma
bonding is that plasma-treated substrates must be immediately
bonded without contaminating them. At the same time, the
microchannels in the SOS chip and the PDMS platform must
be carefully aligned. To solve this issue, the fluid injection
zone is designed by chamfering the microchannel ends, as
shown in Fig. 1(a). After bonding the SOS chip in the slot
of PDMS, a thin layer of PDMS is used to seal the device. This
thin PDMS layer is sufficiently flexible to fill all the non-planar
regions of the waveguide and produce a leak-proof hermetical
sealing.

3 Silica-on-Silicon Waveguide

In SOS technology, wave guiding is achieved by three layers of
silicon dioxide—namely bottom cladding, core, and top clad-
ding layers deposited on the silicon substrate. By choosing
for the core a slightly higher refractive index than the cladding
layer, the light can be vertically confined in the core. For the
lateral confinement, the core layer must be structured to the
desired width. After structuring the core layer, the top cladding
layer of silicon dioxide is deposited in a buried core waveguide
structure. An illustration of crossectional view of SOS wave-
guide is shown in Fig. 2.
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Fig. 2 Illustration of silica-on-silicon waveguide.

Since the topology of the waveguide is non-planar, sealing
the microfluidic channels integrated on the SOS waveguide is
a challenging task. Among the few techniques reported for
the planarization of the waveguide topology, chemical mechan-
ical planarization (CMP) and etch back method are usually
employed for the hermetic sealing of the microfluidic compo-
nents machined on the SOS waveguide. In CMP, many para-
meters must be carefully controlled to obtain a reproducible
outcome as the CMP is a combination of mechanical abrasion
and chemical reaction.”* Even though many commercial tools
are available for the CMP to precisely control the process
parameters, they still suffer from issues such as feature-size-
dependent polishing, hollow formation in wide features, and
residual contamination. Etch back method is a technique used
in microelectronics fabrication process for the planarization of
small unevenness (<1 ym), which is not suitable for the present
configuration. To adopt this technique for the waveguides, for
the unevenness of ~5 um, etching with two sacrificial layers is
also reported.”

Ruano et al.? reported monolithic integration of waveguide
and microfluidic system including microchannel and liquid
reservoirs by depositing glass using flame hydrolysis deposition
(FHD) and etching with deep reactive ion etching (DRIE), fol-
lowed by sealing the device with the help of two PDMS layers.
Herein, to get a hermetic sealing, a thin flexible PDMS layer is
bonded between the nonplanar waveguide and a thick PDMS
layer containing the fluidic ports. This kind of double layer seal-
ing is required since all the fluidic parts including the liquid
reservoirs and microchannels were monolithically integrated
on the waveguide; therefore, the sealing layer should be
sufficiently thicker and less flexible to fix the fluidic ports.
In our work, the proposed SOS-PDMS integration greatly sim-
plifies the issues with the sealing of the microfluidic channel.
The main advantage of our method is that any complex 3D
microfluidic components required for separation, mixing, and

micropumping can be patterned on PDMS by soft lithography
and integrated with SOS chip with a straight microfluidic chan-
nel to facilitate the realization of complex optical-LOCs through
an easy and inexpensive process.

4 Device Fabrication and Integration

4.1 Fabrication of SOS Chip with Waveguide and
Microfluidics

The fabrication of SOS waveguide is carried out in a standard
clean room facility. The waveguide fabrication starts with the
deposition of a silicon dioxide layer on the silicon wafer
((100) orientation) by Plasma Enhanced Chemical Vapor
Deposition (PECVD). A Plasmalab 80 Plus instrument is
used for the PECVD of silicon dioxide. For the bottom cladding
layer, the chamber was evacuated to 1000 mTorr and heated to
300°C, subsequently the mixture of silane and nitrogen (5 per-
cent SiHy, 95 percent N,) at the flow rate of 170 sccm; nitrous
oxide (N,O) at the flow rate of 710 sccm were introduced to the
chamber. The plasma was created by the RF power of 20 W at
13.56 MHz. The deposition carried out for 4 h and 30 min, and
resulted in a 13 ym-thick bottom cladding layer on the silicon.
The refractive index of the bottom cladding layer was measured
at ~1.445 using ellipsometry. For the core, to achieve higher
refractive index than the cladding layer, flow rate of the
silane-nitrogen mixture was increased to 500 sccm and RF
power was increased to 200 W. The deposition rate of the pro-
cess was 130 nm/ min. Hence, the deposition was carried out
for 40 min to obtain the thickness of 5 um. The refractive
index of the core layer was measured at 1.457. For structuring
the core layer (10 um width) of the waveguide, photo resist
masking layer was patterned by using UV photolithography.
MERIE P5000 plasma machine of applied materials was
used for the RIE of core layer. Finally, the top cladding layer
was deposited with the process, as that of the parameters of
the bottom cladding layer for 5 h. Due to the conformal deposi-
tion of the top cladding layer on the patterned core layer, an
unevenness of around 5 ym was observed on the thickness
of the waveguide. Finally, the waveguide was diced into 4.5 X
6.5 mm? samples, as shown in Fig. 3(a). Each 4.5 X 6.5 mm?
chip has six waveguides of ~10x 5 yum? core crosssections,
separated by 500 pgm. The waveguide facets were polished

Bottom cladding ~13am

= £

T

(b)

-
o o

8/10/2010 — 10pm  JEOL 8/10/2010
5.8mm 2:18:59 X 2,000 3.0kV IABE SEM WD 7.4mm  3:32:08

(c)

Fig. 3 Silica-on-silicon (SOS) waveguides used for the fabrication of SOS-PDMS lab-on-a-chip, (a) waveguide diced into 4.5 x 6.5 mm? sample, SEM
image of SOS waveguide before (b) and after (c) polishing using diamond lapping film.
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using diamond lapping film of 0.1 ym particle size (Allied
High tech, California, USA) to enhance the coupling of light
to the waveguide. To assess the quality of the waveguide facet,
the facets were imaged by FEG-SEM. Figures 3(b) and (3c)
show the SEM image of waveguide before and after polishing,
respectively. The dimensions of the core and cladding are clearly
visible in the SEM photo.

4.2 Diamond Micromachining of the Microchannel

Esec 8003 dicing saw was used for the fabrication of microchan-
nel on SOS waveguide. This machine was designed to cut semi-
conductor wafers into chips. The blade used in the setup is a
steel ring with diamond particles the size of 5 ym coated on it.
The thickness of the blade was 100 um. The blade was mounted
on a high-frequency air-bearing spindle. The rotation speed of
the wheel was set at 18000 rpm. The sample was fixed to the
vacuum check by using a UV curable tape, the thickness of
80 um. A height sensor is used in the setup to measure the height
of the diamond saw from the chuck. The height of the blade was
set to 540 ym to have a channel depth of ~100 ym (£10 um).
The machining speed was set to 1 mm/s. Figure 4 shows the
microscope image of the microfluidic channel fabricated on
the SOS chip. The width and depth of the channel was measured
by using an optical microscope, and they were ~110 um.

4.3 PDMS Microfluidic Platform

The PDMS platform contains a slot for fixing the SOS chip,
microfluidic channel and liquid reservoirs. The depth of the
slot for fixing the SOS chip was 560 ym. The depth of the micro-
fluidic channel in the PDMS was 80 um. The mold for the
PDMS platform was designed in commercial software called
ProEngineer, PTC, Needham, USA and fabricated on brass
by CNC machining. A thin layer of gold was electroplated
on the brass mold for the easy removal of PDMS. Soft lithogra-
phy for the fabrication of PDMS platform is carried out in a
general laboratory environment. PDMS platform is fabricated
by a two-component silicone elastomer kit which is SYLGARD
184 obtained from the Dow Corning, MIDLAND MI, USA. The
silicon base and curing agent (crosslinker) are mixed in 10:1
(Wt.%) ratio. This mixture contains air bubbles generated
from the mixing; hence the mixture was placed in a vacuum

desiccator and degassed until all the gas bubbles were removed.
Furthermore, PDMS was casted on the brass mold and baked at
80 °C for 5 h. The baking temperature or time is not critical, as
the optical property of the PDMS, such as the refractive index, is
not a concern in the present work. The crosslinking time can
be decreased by increasing the curing temperature. Figure 5
shows the brass mold and the PDMS platform fabricated by
soft lithography.

4.4 |Integration of PDMS and SOS Chip

Once the PDMS platform is fabricated, the next step is the inte-
gration of a SOS chip. The device fabrication involves two
bonding process: first, the bonding of SOS chip on the slot
of the PDMS platform, and second, the sealing of the microflui-
dics channel by a thin layer of PDMS. Finally the fluid inlet
and outlet tubes must be interconnected on top of the liquid
Teservoirs.

Oxygen plasma treatment was used for the bonding of the
device. The exposure of oxygen plasma on the PDMS surface
helps to clean the surface, together with the modification of
hydrophobic nature of PDMS to the hydrophilic by converting
the —O — Si(CHj3),-unit in PDMS to silanol group (Si-OH).
The quality of the bond is determined by the exposure time
and how quickly the samples are kept in contact after the exposure
and before contaminating and losing the surface property. If an
aligning task is involved in the bonding, the bonding process
requires extensive care and expertise. The plasma exposure is
carried out in the instrument obtained from Harrick plasma.
For the first bonding process of device fabrication, the back side
of the SOS chip (with the silicon surface) and PDMS platform are
washed in deionized (DI) water and dried with an air gun and
loaded into the plasma instrument. The plasma chamber pressure
was pumped down to 70 mTorr and the oxygen was introduced at
10 sccm into the chamber. The plasma was created by RF power.
The samples were exposed to the oxygen plasma for 35 s. The
SOS chip was placed in the slot on PDMS and pressed. The
region of transition of channel in PDMS to SOS chip is designed
by chamfering the channel ends to eliminate the misalignment
problem between the microfluidic channel in PDMS and the
SOS chip, resulting in no alignment issue due to the present bond-
ing process. This bonding process immediately forms a strong
leak proof bond of chip on PDMS. The next step of device

(a)

(b)

Fig. 4 (a) Top view showing the width and (b) crosssectional view showing the depth of the microchannel fabricated by diamond micromachining

method.

Journal of Biomedical Optics

017006-5

January 2012 « Vol. 17(1)



Ozhikandathil and Packirisamy: Silica-on-silicon waveguide integrated polydimethylsiloxane. ..

"PDMS chip made by soft lithography

Fig. 5 Brass mold and PDMS chip.

fabrication is the sealing of the device. A thin flat layer of PDMS
with the thickness of 2 mm is used for sealing the device. The
same process of preparation of PDMS explained before is
used for the thin PDMS layer also; herein, the PDMS was casted
on a silicon wafer to obtain a flat layer. Before casting the PDMS,
the silicon wafer was silanized with a vapor of trichlorosilane in a
covered Petri dish on a hot plate at 55 °C for 5 h for promoting the
easy removal of the PDMS. The wafer was placed in a Petri dish
and poured the PDMS and baked at 80 °C for 3 h. Then the
PDMS layer was peeled off from the wafer and cut into
1 x 4 cm? samples. Two holes at 2 mm diameter were punched
to insert the fluidic tubes. The position of the holes on the PDMS
layer is on the position of liquid reservoirs in the PDMS platform.
The PDMS platform with the SOS chip and the thin flat layer
were cleaned in DI water and exposed to the oxygen plasmas,
as explained earlier. The samples were pressed with the elapse
of no time. This process yields a hermetic and irreversible sealing
of microfluidic channels. The fluidic tube (obtained from Gilson
Mandel, Middleton WI, USA) with an inner diameter of 250 ym
and outer diameter of 2 mm, was inserted into the hole punched
on the PDMS layer and glued with a one-component silicon RTV
adhesive obtained from the Dow Corning. This adhesive was
selected to be highly viscous so that, before the completion of
heating and curing, it does not reach the liquid reservoirs and

@

blocks the microfluic channel. The sample was cured in the
oven at 100 °C for 1 h. Figure 6(a) shows the photograph of
the fully integrated SOS-PDMS LOC.

The device was tested with microflows to test for the flow
behavior and the possible leakages. Initially, DI water was
pumped by Minipuls™, Gilson, Middleton WI, USA 3 peristal-
tic pump. The inlet velocity was varied slowly from 0.05 to
0.3 m/s and no leakage was noticed. To test the flow behavior
through the device, DI water containing the polystyrene spheres
of 5 um size, purchased from the Duke Scientific (No.G0500),
was used. The polystyrene spheres were dispersed in DI water at
a volume fraction of 10~ and pumped through the device. The
pumping was done under a microscope (Nikon ECLIPSE 80i,
Melville, NY, USA) to image flow pattern. Figure 6(b) shows
the flow through the fluidic injection zone imaged under the
microscope, herein the inlet velocity was set at 0.1 m/s. The
flow stream line imaged with the help of polystyrene spheres
showed that when the inlet velocity was increased to 0.2 m/s,
two fluidic stagnation areas were observed in the two corners of
the fluid injection zone. When the fluidic was pumped below the
0.1 m/s, the stagnation area was reduced to the extreme corners
of the fluidic injection zone, as shown in Fig. 6(b). The liquid
stagnation in the fluidic path is not favorable during the rinsing
of the channel, as it can accumulate the chemical wastes in the
chip and results in errors in the measurements. Therefore, the
cleaning of the channel after each measurement was done at
a slower velocity.

Since the integration of the microchannel in SOS waveguide
was done by diamond machining, the surface quality of the
channel wall needed further surface finishing so that the
light coupling between the waveguide and the microfluidic
channel was not affected. The quality of coupling of the exci-
tation light to the microfluidic channel, and the collection of
the fluorescent light from the channel, can be reduced signifi-
cantly by the roughness of the channel wall. The channel wall
surfaces were polished by microfluidic-assisted chemical pol-
ishing (uCP). A commonly used silicon dioxide etchant which
is buffered hydrofluoric acid (BHF) was pumped through the
channel for polishing the channel wall. BHF was prepared
from HF and ammonium fluoride in 1:6 ratios. The stability
of PDMS in BHF was tested before pumping the BHF to
the device. Several PDMS samples with microstructures

SOS Chip

Fig. 6 (a) SOS-PDMS Lab-on-chip and (b) close up of the flow in transition microfluidic zone between SOS and PDMS chip.
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were soaked in the BHF different times and the microstructures
were slightly deformed after about 15 min of soaking. Hence,
in the case of 4CP, BHF was pumped through the microchannel
fabricated in SOS chip for 10 min at 0.2 m/s velocity to reduce
the surface roughness of the microchannel wall fabricated by
diamond machining.

4.4.1 Optical Measurement Setup

A fiber-to-waveguide aligner setup was built for the fluores-
cence detection. Figure 7 shows the setup used for the
fluorescence detection experiments. This setup includes two
high-precision micropositioners, fiber chucks and fiber holders
obtained from Newport, Irvine CA, USA. Micropositioners are
five-axes controllable. Light from a fiber laser (OZ Optics,
Ottawa, Canada, 635 nm, 5 mW) was directly coupled to the
waveguide with the help of opto-mechanical setup. A multi-
mode fiber is aligned with the waveguide for collecting the
florescence signal and coupling to the spectrometer. A com-
mercially available spectrometer (Ocean Optics, USB 4000,
Dunedin, USA) was used for the fluorescence measurements.

5 Results and Discussion

Fluorescence is one of the preferred ways of biodetection in
many bioassays and other LOCs. Quantum dots (QDs) have
many advantages over fluorophores such as narrow emission
peak, wide absorption band and good stability. As the QDs
are used in many biodetection applications such as the detection
of protein toxins (staphylococcal enterotoxin B, cholera
toxin),”’ ricin, shiga-like toxin 1 (SLT), staphylococcal entero-
toxin B (SEB),?® Escherichia coli O157:H7 and Salmonella
typhimurium® and the detection of single-nucleotide poly-
morphism in human oncogene p53, and for the multiallele detec-
tion of viruses like hepatitis B and the hepatitis C* the proposed
LOC is demonstrated for the detection of fluorescence from QD
to show the possibility for many bio-applications.

For the investigation of fluorescence detection capability of
the SOS-PDMS LOC, QD655 was used. QD 655 can be exited
with any wavelengths below 650 nm, and it produces a narrow
emission peak at 655 nm. QD 655 was obtained from Invitrogen
Company, and is used as received. QD 655 was suspended in

| Spectrometer
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T
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SOS-PDMS Lab-on-a-chip

Micropositioner

Fig. 7 Opto-mechanical setup with SOS-PDMS lab-on-a-chip.
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Fig. 8 Fluorescence emission measured from QD 655 for different
concentrations.
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Fig. 9 Variation of fluorescence intensity against the concentration of
quantum dot.

50 mM borate buffer. QD655 was further diluted to different
concentrations in DI water for investigating the detection
limit of the device. Figure 8 shows the spectra of the fluores-
cence emission from QD 655 recorded from the device. The
QD solution was pumped to the microchannel of the device
and excited by laser light of 635 nm, coupled to the microchan-
nel through the fiber and SOS waveguide. A collection fiber was
aligned at the other end of the SOS waveguide to couple the
fluorescence light to the spectrometer. Since no filter is used
for removing the excitation signal, two peaks are visible in
Fig. 8: one at 635 nm that corresponds to the excitation
light, and the other at 655 nm that corresponds to the emission
from quantum dots. The three spectra in Fig. 8 correspond to
emissions from three different concentrations of the QD.
After taking the measurements for each concentration, the
device was cleaned by pumping DI water for 3 min.

From Figs. 3(b) and 4(b), we know that the core of the wave-
guide is located ~15 ym above the silicon surface and the depth
of the microchannel is ~110 ym. This means the waveguide is
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located at 1/3 the microchannel, and only a portion of the sample
flowing through the microchannel is detected. Hence, if an air
bubble stays on top portion of the channel, the device cannot
detect the signal correctly. To confirm no air bubbles are trapped,
each measurement is repeated several times by pumping the solu-
tion through the microchannel, and recording the measurements.
The detection limit of the device is found to be as low as 0.13 uM.
A graph plotted between the fluorescence intensity recorded in
the spectrometer for each concentration of QD is shown in
Fig. 9. As can be seen in Fig. 9, a linear variation between
the fluorescence and concentration of QDs is observed. This
experiment demonstrates that the proposed LOC can be used for
many bio-applications based on QD fluorescence detection.

6 Conclusion

A new method of integrating an optical microfluidic system by
using SOS-based microphotonics chip and PDMS-based micro-
fluidic chip is proposed. Two simple and low-cost technologies,
namely diamond micromachining and soft lithography, were
used for the fabrication of the device. By exploiting the benefits
of PDMS for fabricating high-aspect ratio microfluidic struc-
tures together, with the integration of low-loss SOS photonics
waveguides, greatly simplifies the fabrication of optical micro
total analysis systems. Furthermore, the optical loss from the
roughness of the channel wall introduced by the diamond
machining was minimized by the microfluidic assisted chemical
polishing of the channel wall to obtain the optical coupling
between waveguide and microfluidic channels. The perfor-
mance of the device was tested by detecting the laser-induced
fluorescence from QDs of different concentrations. The detec-
tion limit of the present device was found as low as 0.13 uM for
QDs 655. Thus, the proposed SOS-PDMS integration demon-
strates the possibility of realizing simple and less-expensive
LOCs for bio-detection based on QD fluorescence.
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