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ABSTRACT

In the present day, there was a need in investigating the fluid property in
terms of the refractive index with a preferable sensitivity of 1x10" to 1x10” refractive
index unit (RIU). This research proposed an optofluidics-based refractometer arranged
in a free-space Young interferometer structure. Four microfluidic chips were
specifically designed and implemented. They were single-channel, two-channel,
sandwich, and built-in-mask microfluidic chips. Our basic idea was to allow a
collimated optical beam fall on a microfluidic chip adjacent to each other. On the
back side of the flow cell, there was an optical mask having two small apertures,
each aligned to the corresponding flow channel above. In this way, after the incident
light passes through the flow cell, it was automatically divided into two light sources
and they were interfered with each other at the detection plane forming a Young
interference pattern. The sensitivity of the system depends on the distance between
two small apertures of optical mask (d), pixel pitch of the two-dimension (2-D) image
sensor (x), propagation distance (Z) and the depth of each flow channel (L).

The first two microfluidic chips were two channels and single-channel
structure. They were used in a Young interferometry structure whose 2-D detector
has a pixel pitch of 8.4 um and the distance between microfluidic chip and the 2-D
image sensor was 575 mm. The two-channel structure has the channels depth of 100
pum and the distance between two small apertures of 900 um. It provided the
sensitivity of 1.33x10°" RIU/pixel. The sensitivity could be enhanced when the

channel depth was increased and the distance between two small apertures of



optical mask was decreased. So, the single-channel structure with its channel depth
of 1150 pm and a 600-um spacing between two small apertures was fabricated, thus
achieving a better sensitivity of 6.1x0° RIU/pixel. Because of the difference of media
refractive index in single fluidic channel structure affected to the stability of
measurement, the sandwiched single-flow channet type with depth of 1000 pm and
400 pm of two apertures distance was implemented. It was used in a Young
interferometer that has a pixel pitch of 2.8 pum with the distance between
microfluidic chip and the 2-D image sensor of 205 mm. It provided the sensitivity of
5.62x10° RiU/pixel. The first three microfluidic chips required a very precise
alignment between the optical mask and two flow channels. To alleviate the
alignment problem, the builtsin-mask two-flow-channel microfluidic chip was
proposed and fabricated. The built-in-mask two-flow-channel microfluidic chip had
the channel depth of 100 pm, 300 um of channel spacing, and it was situated at 180
mm away from the 2-D image sensor. With the proof of concept, a sensitivity in
refractive index measurement of 4.28x10” RIU/pixel was obtained. The applications

for the proposed method were in the areas of chemicat and bio-sensors.

Keywords : Refractive index, Interferometers, Optofluidics, Microfluidics,

Refractometers.
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Abstract— We propose and experimentally show that a highly-
sensitive optofluidics-based refractometer structure can be
simply realized. Our key idea is based on the use of a very simple
microfluidic chip structure that consists of only one flow channel.
Specifically, we sandwich the two microfluidic chips in such a
way that their flow channels are laterally shifted at a desired
distance, forming two channels for wuse in our Young
interferometric-based refractometer structure. Experimental
demonstration using two large 1-mm-deep single-flow-channel
microfluidic chips, a 635-nm wavelength laser diode, and a
1600x1200-pixel image sensor shows a measured very-high
sensitivity of 5.62x10° RIU/pixel with a measured resolution of
9.23x10°” RIU.

I. = INTRODUCTION

An optofluidics-based refractometer is considered as an
important tool for bio and chemical sensing applications with
small sample volume needed. It is known that high sensitive
measurement can be obtained via interferometric architectures
such as Fabry Perot [1], Mach Zehnder [2}, and micro-ring [3}.
Apart from the spectroscopic analysis, another interesting
approach relies on the analysis of the movement of the
interference pattern originated from optical beams coming out
of the waveguides [4-5]. These waveguide-based architectures
are polarization dependent and free-space optical coupling is
one of the major concerns. To solve these issues, we have
recently introduced optofluidics-based refractometers arranged
in a simple free-space Young interferometer design [6-8].
However, high sensitivity requires a very small ratio of channel
depth (L) and spacing (d), implying a need. in highly-precise
and costly micro-fabrication processes. Microfluidic chips with
small d/L also lead to tearing problem and unstable signals
during the liquid flowing. In this article, we show that a highly-
sensitive and cost-effective optofluidics-based refractometer
cfan simply be realized by just using easy-to-fabricate larger-
flow-channel microfluidic chips. Our key idea is to sandwich
the two microfluidic chips together in such a way that their
flow channels are laterally shifted at a desired distance. Other

ey features cover low components count, compactness, and
%ase of implementation.
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II.  PROPOSED STRUCTURE

Fig 1. shows the proposed optofluidics based refractometer
arranged in a free-space Young interferometer structure. The
design of our flow cell is to sandwich the two microfluidic
chips together in such a way that their flow channels are
laterally shifted at a desired narrow distance. The width and the
depth of each flow channel are w and L, respectively. It can be
made from Polydimethylsiloxane (PDMS) on a glass substrate.
Two fluid types under our interest are flowed into the two
channels from IN 1 and IN 2 and leave our microfluidic chips
from OUT 1 and OUT 2. On the other side of the sandwiched
microfluidic chip, there is an optical mask that has two small

transparent apertures. These two apertures are d apart. They are

BACK VIEW

TOP VIEW

Figure 1. Proposed Young interferometry-based refractometer using a
sandwiched single-flow-channel microfluidic chip.

When a collimated optical beam is incident on our
microfluidic chip, it passes through two different fluids that are
flowing inside the two flow channels. The first fluid is used as
our reference while the other is under test. Once the optical
beam reaches the optical mask, only part of the optical beam
travels through the two small transparent apertures, thus
forming the two light sources each of which passes through its



associated fluid. As the two optical beams from these new light
sources are propagating further in a free space, they are
interfered with each other. In this case, the output interference
pattern at the two-dimensional (2-D) image sensor can be
mathematically expressed as.

I(x) = I{ 1-+cos(2nAnLI A+2ndx/ AZ)], (1)

where A is the wavelength of the optical beam, Z is the
propagation distance, and An is the difference in refractive
indices between two fluid types. x can be replaced by the
product of the pixel pitch of the 2-D image sensor and the

npmber of pixels.
If we consider the interference pattern under our analysis
with respect to its reference pattern, the relative An can be

Y v\Tritten as

III.  FABRICATION OF PROPOSED MICROFLUIDIC CHIPS

An=xd/LZ. )

Glass Slide

Figure 2. Fabrication of microfluidic chips having: (a) single channel mold,
(b) two of our single channel microfluidic chips, and (c) our sanwiched single
flow-channel fluidic chip.

718

The fabricated two-channel microfluidic chip is made from
PDMS. We create a mold by using a 10-mm long glass rod
with a measured cross sectional area of 1x1 mm? as the channel
profile. This square glass rod is placed on a glass slide and is
surrounded by 2-mm thick acrylic plates (Fig. 2(a)). After that,
we mix 10:1 weight/weight (w/w) PDMS with its curing agent
in vacuum to prevent bubbles from forming in the solution.
The mixed PDMS solution is then poured on the mold and
baked in the oven at 70°C-80°C for 2 hours. The PDMS-based
microfluidic chip is peeled from its mold and is brought into an
oxygen plasma cleaning process for 1 min. The microfluidic
chip is then dipped into the methanol solution before being put
on a clean glass slide (Fig. 2(b)). Once it is baked at 100 °C for
1 hour, it is ready for use as a microfluidic chip in the free-
space Young-interferometer based refractometer structure. In
Fig. 2(c), we sandwich the two microfluidic chips together in
such a way that their flow channels are laterally shifted at a
desired 400-um distance.

IV. DEMONSTRATION

Laboratory prototype of our Young interferometry-based
refractometer using a sandwiched microfluidic chip is shown in
Fig. 3. The light source is a laser diode that emits an elliptically
collimated optical beam at 635-nm wavelength and a measured
fixed S-mW optical power. The sandwiched fluidic chip is
inserted into -our compact Young interferometry-based
refractometer in which the measured short distance between the
sandwiched microfluidic chip and a 1600x1200-pixel image
sensor is 20.5 cm. The 2-D image sensor has a pixel pitch of

2.8 ym.

Figure3. Laboratory prototype of our Young interferometry-based

refractometer using a sandwiched microfluidic chip.

When both flow channels contain similar fluids [i.e., An=0
in Eq(1)], the calculated interference fringe period is equal to
ZAd = 205x10°x635x10°/400x10°° 32543 um or
325.43x10° /2.8x10° = 116.2 pixels. In the experiment, the
measured fringe period in pixels is equal to 120. In addition, by
substituting x as 2.8 xm, d as 400 gm, L as 1000 #m, and Z as
20.5 cm in Eq(2), a high sensitivity in refractive index analysis
of 5.46x10°® RIU/pixel is theoretically achieved.
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Fi 4. The pattem of interference fringes for six different concentrations
of| the PBS solution flowing in one of the two channels of our sandwiched
microfluidic chip: (a) 0X, (b) 0.05X, (c) 0.1X, (d) 0.15X, (e) 0.2X, and (f) 1X.
(g) Measured intensity profiles of interference fringes for these six PBS
centrations. Dash lines in (a)-(f) represent the reference position for
obyservation the movement of the interference fringe.

To study the performance of our optofluidics-based free-
space interferometric refractometer, we inject phosphate
ered saline (PBS) solution into one of the two fluidic chips
ith six different concentrations of 0X, 0.05X, 0.1X, 0.15X,
02X, and 1X. By using a commercial prism-based digital
refractometer (RX-5000a from ATAGO) with the temperature
controlled at 25 °C, their corresponding refractive indices of
1,33250, 1.33251, 1.33251, 1.33252, 1.33253 and 1.33270 are

easured. These results indicate corresponding An’s of
0/00001, 0.00000, 0.00001, 0.00001 and 0.00017.

| Fig. 4(a)(f) show the patterns of six interference fringes
for six different PBS solutions flowing in one of the two
channels of our sandwiched microfluidic chip. It can be
observed that as the concentration of the PBS solution is
increased, the interference fringe moves to the right hand side.
rom Fig. 4(g), the position of the valley is shifted from the
™ pixel to the 36™ pixel, the 38" pixel, the 40" pixel, the 42™
ixel, and the 71" pixel when the concentration of the PBS
lution is increased from 0X, 0.05X, 0.1X, 0.15X, 0.2X, and

719

1X, respectively. As expected, this result indicates an
interference movement of about 2 pixels when the
concentration of the PBS solution increases in a step of 0.05X
or ~ 5x10°° RIU/pixel. This visual estimation of the system
sensitivity agrees very well with our theoretical analysis
mentioned earlier.

Fig. 5 shows the relationship between the measured
refractive index and the relative position of the valley of the
interference fringe under our sandwiched microfluidic chip.
These results confirm that a very high sensitivity of 5.62x10°
RIU/pixel is obtained which agrees very well with our
theoretical analysis of 5.46x10° RIU/pixel. In addition, by
taking into account the standard deviation of the measurement,
a very-high resolution of 9.23x10” RIU is achieved.

1.33275
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Figure 5. Plot between the measured refractive index of the PBS solution
and the measured valley position under the sandwiched microfluidic chip.

V.  CONCLUSION

With our Young interferometry-based optofluidics
refractometer structure, sandwiching two microfluidic chips,
each having only one flow channel via a low-cost fabrication
process, leads to high sensitivity. Other key features include
simplicity - in  microfluidic - chip design and ease of
implementation. In the experiment, a high sensitivity in
refractive index analysis. of 5.62x10° RIU/pixel with a
measured resolution of 9.23x107 RIU is easily accomplished
by using just a 655-nm wavelength pointer-like diode laser,
microfluidic chips that have a d/L ratio of 0.4, and a 2-D image
sensor that has a 2.8 xm pixel pitch.
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Abstract—In this article, we propose a built-in-mask two-flow-
channel microfluidic chip for use in our highly-sensitive Young
ipterferometry-based refractometer structure. Our key idea is to
:Fake the area surrounding the two flow channels opaque by
sing a black material (e.g., black silicone). Once the incoming
optical beam passes through the two flow channels, it is
automatically divided into two optical beams that will interfere
with each other at the two-dimensional detection plane,
eliminating a highly precise alignment technique previously
required between an external mask and the microfluidic chip.
Experimental proof of concept using a two-flow-channel
nicrofluidic chip with a channel spacing and depth ratio of 3, a
35-nm wavelength laser diode, and a 1600x1200-pixel image
ensor shows a measured high 4.28x10° RIU/pixel sensitivity
vith a measured resolution of 8.11x10° RIU.

L. INTRODUCTION

Highly sensitive optofluidics-based refractometers are
typically accomplished via interferometric configurations such
as Fabry Perot [1], Mach Zehnder [2], and micro-ring [3] types.
These approaches, however, require a costly ~optical
spectrometer during analysis. A simpler approach relies on the
analysis of the movement of the interference pattern from
cptical beams coming out of the waveguides [4-5). These
waveguide-based architectures are unfortunately polarization
dependent and free-space optical coupling is one of the major
concerns. With these issues, we have recently introduced
optofluidics-based refractometers arranged in a simple free-
space Young interferometer design [6-9]. However, there is
one concern which is the need of a precise alignment between
the two flow channels and an optical mask placed externally
behind the microfluidic chip. In this article, we propose a built-
n-mask two-flow-channel microfluidic chip structure for use
in our Young interferometric refractometer, thus completely
eliminating a highly precise alignment technique. Additional
key features include low components count, compactness, and
ase of implementation.

II.  PROPOSED STRUCTURE

Our proposed built-in-mask microfluidic chip structure for

e in our Young interferometry-based refractometer is shown
Fig.1 bottom left. Our design is very simple as it has only
two flow channels with desired spacing between them. It can

978-1-4577-1767-3/12/$26.00 ©2012 IEEE
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be made from Polydimethylsiloxane (PDMS). Specifically, the
region surrounding the two flow channels contains the black
material such as black silicone (also called black PDMS) and
PDMS mixed with India or drawing ink, thereby creating a
built-in-mask in our microfluidic chip. Our microfluidic chip
can be fabricated on a silicon wafer mold (Fig.1 top left) as
follows. The black material (e.g., black silicone) is poured into
the silicon wafer mold near the area that surrounds the two
flow channels (Fig.1 top right). After the black material
transforms intoa solid-like state, the transparent PDMS
material is poured onto the silicon wafer mold (Fig.1 bottom
right). At the end of the fabrication process, the PDMS-based
microfluidic chip having two flow channels and built-in optical
mask is realized.

Figure 1. Proposed built-in-mask two-flow-channel microfluidic chip for use
in our Young interferometry-based refractometer.

III.  FABRICATION OF PROPOSED MICROFLUIDIC CHIP

Fig. 2(a) shows the silicon wafer mold that has a 300-um
channel spacing (d), a 100-pum channel depth (L), and a 150-
um channel width with d/L ratio of 3. For the first step of the
fabrication, we mix 1:1 weight/weight (w/w) PDMS (Sylgard
170 silicone elastomer kit from Dow Corning) with its curing
agent in vacuum to prevent bubbles from forming in the
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solution. This PDMS type is called black silicone or black
PDMS. After that, we pour the mixed black PDMS solution on
the silicon wafer mold near the area surrounding the two flow
channels as shown in Fig.2 (b) and baked in the oven at 70°C
for 25 minutes. We also mix 10:1 weight/weight (w/w)
commonly PDMS (Sylgard 184, Dow Corning) with its curing
agent in vacuum. This mixed transparent PDMS solution is
then poured on the silicon wafer mold and baked in the oven at
70°C-80°C for 2 hours (see Fig.2 (c)). The PDMS-based
icrofluidic chip with built-in-mask is peeled from its mold
d is cleaned in an oxygen plasma cleaning process for 1 min.
microfluidic chip is then dipped into the methanol solution

fore being sandwiched with a clean glass slide. Once it has
been baked at 100 °C for 1 hour, it is ready for use as a built-
in-mask microfluidic chip (see Fig.2(d)) in our free-space
Young-interferometer based refractometer structure.

Figure 2. Fabrication of our built-in-mask two-flow-channel microfluidic

chip having. (a) A silicon wafer mold, (b) a silicon wafer mold with black

PDMS, (c) a silicon wafer mold with both black and typical transparent

PDMS materials, and (d) our two-flow-channel microfluidic chip embedded
th a built-in-mask region.

IV. EXPERIMENTAL DEMONSTRATION

In our Young interferometry-based refractometer shown in
ig.3, the light source is a laser diode that emits an elliptically
collimated optical beam at 635-nm wavelength and a measured
fixed 5-mW optical power. The two-dimensional (2-D) image
sensor contains 1600x1200 active pixels with a specified pixel
pitch of 2.8 pm. The built-in-mask two-flow-channel
microfluidic chip is placed in front of the laser diode and it is
18 cm far from the 2-D image sensor.

It can also be observed that when a collimated optical beam
is incident on our built-in-mask two-flow-channel microfluidic

chip, most of the optical beam is blocked by the opaque area
(i.e., T = 0.014%). This also means that the optical beam is
automatically divided into two optical beams. They pass
through their associated fluids that are flowing inside the two
flow channels. The first fluid is used as our reference while the
other is under test. As the two optical beams emerging from
these two flow channels are propagating further in a free space,
they are interfered with each other. In this case, the output
interference pattern at the two-dimensional (2-D) image sensor
can be mathematically expressed as.

Figure 3. Experimental setup.

Kx) = I 14+cos(2rAnL/A+2ndx/AZ)), (1)

where A is the wavelength of the optical beam, Z is the
propagation distance, An is the difference in refractive indices
between two fluid types, x is the pixel pitch of the 2-D image
sensor, L is depth of the channel, and d is the spacing between
two flow channels. From Eq(1), it is obvious that An is
proportional to xd/LZ.

In the case that both flow channels contain similar fluids
[i.e., An = 0 in Eq(1)], the interference fringe period can be
determined as ZA/d = 180%10°x635x10/300x10° = 381 pm
or 381x10° /2.8x10° = 136 pixels. In the experiment, the
measured fringe period in pixels is equal to 133 which agrees
quite well with our theoretical analysis. In addition, with x =
2.8 um, d =300 pm, L = 100 um, and Z = 18 cm, a sensitivity
in refractive index analysis of xd/LZ = (2.8x10°  x300x10°
%)/(100x10°x180x107%) = 4.67x10"° RIU/pixel is anticipated.

By injecting phosphate buffered saline (PBS) solution into
one of the two flow channels with five different concentrations
of 0X, 0.2X, 0.7X, 1X, and 10X, five interference fringes are
obtained as shown in Fig. 4. These five different PBS
concentrations provide at 25°C measured refractive indices of
1.33250, 1.33253, 1.33265, 1.33270, and 1.33449,
respectively. In other words, we have corresponding An’s of
0.00003, 0.00012, 0.00005, and 0.00179.
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Fgure 4. The pattern of interference fringes for five different concentrations
of the PBS solution flowing in one of the two flow channels of our
microfluidic chip: (a) 0X, (b) 0.2X, (¢) 0.7X, (d) 1X, and (e) 10X. (f)
NMeasured intensity profiles of interference fringes for these five PBS
cencentrations. Dash lines in (a)(e) represent the reference position for
observation the movement of the interference fringe. DI: deionized water.

From Fig. 4(a)-(e), it can be observed that as the
oncentration of the PBS solution is increased, the interference
fiinge moves to the right hand side. From Fig. 4(f), the position
of the valley is approximately shifted from pixel 33.3 to pixels
3.1, 36.1, 38.0, and 79.7 when the concentration of the PBS
splution is increased from O0X, 0.2X, 0.7X, 1X, and 10X,
respectively. As expected, this result indicates an approximate
interference movement of 0.4 pixels per 0.1X concentration

step.

| Fig. 5 shows the relationship between the measured
refractive index and the relative position of the valley of the
interference fringe. The result also confirms a high sensitivity
of 4.28x10° RIU/pixel which agrees very well with our
theoretical analysis. In addition, by taking into account the
standard deviation of the measurement, a very-high resolution
of 8.11x10 RIU is achieved.

1.3350

1.3345 -

1.3340
y = 4.28x10°°x + 1.332507
R?=0.999657 @  Experiment
1.3335

Measured Refractive Index

0 5 10 15 20 25 30 35 40 45 50
Position of Valley (pixels)

Figure 5. The relationship between the measured refractive index of the PBS
solution and the measured valley position.

V. CONCLUSION

Instead of putting an externally optical mask in front of a
microfluidic chip, we show that a built-in-mask two-flow-
channel microfluidic chip can be easily fabricated and are
suitable for use in our Young interferometry-based
refractometer structure. Other key features include simplicity in
chip design and ease of implementation. In this paper, the built-
in-mask two-flow-channel microfluidic chip is fabricated on a
silicon wafer mold. Then both black PDMS and commonly
used transparent PDMS materials are poured onto the silicon
wafer mold. In the experiment, we observe that the incident
optical beam is automatically divided into two optical beams
with 300 pm spacing right after they come out of the
microfluidic chip. Each optical beam passes through its
corresponding fluid in the flow channel before interfering with
another optical beam. As our built-in-mask two-flow-channel
microfluidic chip has a d/L of 3 and it is 18 cm away from the
2-D image sensor, a high sensitivity in refractive index
measurement of 4.28x10° RIU/pixel with a measured
resolution of 8.11x10° RIU is obtained under an incident 635-
nm wavelength optical beam.
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We propose a simple single-flow-channel microfluidic chip that can be used in an interferometry-based
refractometer for the realization of highly sensitive refractive index analysis. The key idea relies on
sandwiching two single-flow-channel microfluidic chips in such a way that their flow channels are laterally
shifted with respect to each other, forming two flow channels for use in our Young's interferometric-
based refractometer. Experimental demonstrations on our laboratory prototype, comprised of two large 1
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mm deep single-flow-channel microfluidic chips with a 400 pm lateral shift between the two flow
channels, a 635 nm wavelength laser diode, and a 1600 x 1200 pixel image sensor, show a very high

measured sensitivity of 5.62 x 107° RIU/pixel with a measured resolution of 9.67 x 10~7 RIU when used
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As the refractive index is one of the optical properties that can
be used to analyze the properties of fluids, several optofluidic-
based sensor structures have been proposed and experimen-
tally demonstrated. These include interferometric approaches
via passive Fabry-Pérot optical cavities,"™ an unbalanced
Mach-Zehnder interferometer,” silica capillary-based optical
ring resonators,® fiber tapers,” and complex nanostructures.®
In these approaches, expensive optical spectrometers with
wavelength accuracies at sub-nanometer levels are required,
Micro-ring resonators vertically coupled on waveguides under
flow cells® also offer high sensitivity for measuring the change
in refractive index but the coupling efficiency and polarization
dependence of the micro-ring resonator structure are two
additional limiting factors. With the use of a fiber tip, the
effect of a Fabry-Pérot interferometer can be created in order
to analyze the refractive index of a fluid."® However, in this
case, a vibration-sensitive Michelson interferometer is needed
to measure the phase change.

Apart from spectrum analysis, the movement of the
interference pattern can be related to the refractive index of
the fluid flowing on the top surface of waveguide-based
Y-branch optical beam splitters arranged in Young's inter-
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to determine the refractive indices of phosphate buffered saline solutions. Additional key features include
a low component count, high compactness, and ease of implementation.

ferometer structures.’”* These optical waveguide-based
architectures typically work well under the specific state of
the input optical polarization. They also require good
alignment mechanisms so that the input optical beam can
be efficiently fed into the optical waveguide channels. Given
these issues, we have recently developed optofluidic-based
refractometers  arranged in a simple free-space Young's
interferometer design.">™"* In these design configurations,
high sensitivity analysis of the refractive index of a solution
requires a microfluidie chip whose two flow channels have a
very small ratio of channel depth (L) and spacing (d),
indicating a need for highly-precise and costly micro-fabrica-
tion processes. Microfluidic chips with a small channel d/L
ratio also lead to problems with tearing and unstable signals
during liquid flowing. In this article, we show that a highly-
sensitive and cost-effective optofluidic-based refractometer
can be simply realized by using easy-to-fabricate larger-flow-
channel microfluidic chips.'® In particular, the key idea is to
sandwich two single-flow-channel microfluidic chips together
in such a way that their flow channels are laterally shifted by a
desired distance. Other key features of these devices include
low component counts and high compactness. Important
system issues in terms of the measurement sensitivity and
resolution when analyzing the refractive index of the solution
will be highlighted.

Fig. 1 shows our proposed single-flow-channel microfluidic
chip structure that promises simplicity in design and
implementation. In particular, we sandwiched two of these
single-flow-channel microfluidic chips together in such a way
that their flow channels are laterally shifted by a desired
narrow distance (d), forming two flow channels for use in a
free-space Young’s interferometric-based refractometer struc-

RSC Adv., 2013, 3, 6981-6984 | 6981
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Fig. 1 Proposed sandwiched single-flow-channel microfludic chip (top) for use
in a Young's interferometry-based refractometer (bottom).

ture. For the single-flow-channel microfluidic chip, the width
and the depth of the flow channel are w and L, respectively. It
can be made from polydimethylsiloxane (PDMS) on a glass
substrate. The two fluid types of interest are fed into the two
flow channels from IN 1 and IN 2 and leave the microfluidic
chips from channels OUT 1 and OUT 2. On the other side of
the sandwiched microfluidie chip, there is an optical mask
that has two small transparent apertures. These two apertures
are a distance, d, apart. They are aligned to their correspond-
ing flow channels.

When a collimated optical beam is normally incident on
the sandwiched microfluidic chip, it passes through the two
different fluids flowing inside the two flow channels. The fluid
flowing in one of the two channels is used as the reference and
the fluid in the other channel is used for the purpose of
analysis. Once the optical beam reaches the optical mask, only
part of the optical beam can travel through the two small
apertures, forming two light sources, each of which passes
through its associated fluid. As the two optical beams from
these new light sources are propagated further in free space,
they interfere with each other. In this case, the output
interference pattern at the two-dimensional (2-D) image sensor
can be mathematically expressed as:

I(x)=I1+5L+2\/I1hcos¢ (1)

where I, and I, are the optical intensities of the light sources

from IN 1 and IN 2, respectively. ¢ is the optical phase
difference between the two optical beams. If the two fluid
types do not strongly scatter light and have the same amount
of optical transmittance, we can approximate that I; and I, are
equal to J,. In this case, the output interference pattern in eqn
(1) can be simply rewritten as:

I(x) =Io + (1 + cosp) = I, [1 + cos(2nAnL/A + 2ndx/AZ)]. (2)

6982 | RSC Adv., 2013, 3, 6981-6984

Here 4 is the wavelength of the optical beam, Z is the
propagation distance, and An is the difference in refractive
indices between the two fluid types. x can be replaced by the
product of the pixel pitch of the 2-D image sensor and the N
pixel along the x-axis.

Because the two flow channels are located very close
together, the unwanted optical phase noises from external
perturbation that are induced in both of the flow channels will
cancel each other out once they interfere. If we consider the
interference pattern under our analysis with respect to its
reference pattern, the relative An in eqn (2) can be expressed in
terms of L, d, x, and Z as:

An = xd/LZ. (3)

It can be noted that the larger the propagation distance, the
higher the sensitivity of the measured difference in refractive
indices of the two fluid types. In addition, a more highly
sensitive refractive index measurement can be obtained by
using a 2-D image sensor with a small pixel pitch, narrowing
the lateral shift between the two single-flow-channel micro-
fluidic chips, and increasing the depth of the flow channel.

We fabricated two single-flow-channel microfluidic chips at
the same time. Each single-flow-channel microfluidic chip was
made from PDMS. We created a mold by using a 10 mm long
glass rod with a measured cross sectional area of 1 x 1 mm?
as the channel profile. This square glass rod was placed on a
glass slide and surrounded by 2 mm thick acrylic plates
(Fig. 2(a)). After that, we mixed 10 :1 weight/weight (w/w)
PDMS with its curing agent in a vacuum to prevent bubbles
from forming in the solution. The mixed PDMS solution was
then poured on the mold prepared earlier and baked in the
oven at 70-80 °C for 2 h. The PDMS-based single-flow-channel
microfluidic chips were peeled from the mold and cleaned
using an oxygen plasma cleaning process for 1 min. The two
single-flow-channel microfluidic chips were then dipped into
the methanol solution before being put on a clean glass slide
(Fig. 2(b)). Once they were baked at 100 °C for 1 h, they were
ready for use as single-flow-channel microfluidic chips in the
free-space  Young’s interferometer-based refractometer.
Fig. 2(c) shows the two single-flow-channel microfluidic chips
sandwiched together in such a way that their flow channels are
laterally shifted by 400 pm. After that, the two flow channels of
the sandwiched microfluidic chip were precisely aligned to the
optical mask using a microscope with a typical 10x
magnification in order to reduce the angular shift between
them.

The laboratory prototype of our Young’s interferometry-
based refractometer using a sandwiched single-flow-channel
microfluidic chip is shown in Fig. 3. The light source is a laser
diode that emits an elliptically collimated optical beam at a
wavelength of 635 nm and a measured fixed optical power of 5
mW. The sandwiched microfluidic chip is inserted into our
compact Young’s interferometry-based refractometer in which
the measured short distance between the sandwiched micro-
fluidic chip and a 1600 x 1200 pixel image sensor is 20.5 cm.

This journal is © The Royal Society of Chemistry 2013



Fig. 2 Fabrication of two single-flow-channel microfluidic chips: (a) the mold,
(b) two single-flow-channel microfluidic chips, and (c) the sandwiched single-
flow-channel microfluidic chip.

The 2-D image sensor has a pixel pitch of 2.8 pm. The overall
dimensions of our laboratory prototype are 126 x 306 x 120
mm®,

When both flow channels of our sandwiched microfluidic
chip contain the same fluid type [i.e., An = 0 in eqn (2)], the
calculated interference fringe period is equal to Zi/d = 325.43

Fig. 3 The laboratory prototype of our free-space Young's interferometry-based
refractometer using a sandwiched single-flow-channel microfluidic chip.

This journal is © The Royal Society.of Chemistry 2013

pm or 325.43 x 107°2.8 x 10~ °=116.2 pixels. In addition, by
substituting x as 2.8 um, d as 400 pm, L as 1000 ym, and Z as
20.5 cm in eqn (3), a high sensitivity in the refractive index
analysis of 5.46 x 10° RIU/pixel is theoretically expected.

To study the performance of this sandwiched microfluidic
chip in our optofluidic-based free-space interferometric
refractometer, we injected phosphate buffered saline (PBS)
solutions at six different concentrations of 0X, 0.05X, 0.1X,
0.15X, 0.2X, and 1X, into one of the two flow channels. The
other flow channel contained deionized water. Note that
compared to oil-based solutions, we chose PBS solution
because it is a water-based salt solution that can be easily
rinsed out of the flow channels using just water. It is also
commonly used in biological research. Using a commercial
prism-based digital refractometer (RX-5000a from ATAGO)
with the temperature controlled at 25 °C, the corresponding
refractive indices of the solutions were measured to be
1,33250, 1.33251, 1.33251, 1.33252, 1.33253 and 1.33270.
These results indicate corresponding An values of 0.00001,
0.00000, 0.00001, 0.00001 and 0.00017.

Fig. 4(a)-(f) show the patterns of six interference fringes for
the six different PBS solutions flowing in one of the two
channels of our sandwiched microfluidic chip. It can be
observed that the interference fringe stays along the vertical
axis. It can also be observed that as the concentration of the
PBS solution is slowly increased from 0X to 0.2X, the
interference fringe moves  slightly to the right. From
Fig. 4(g), the position of the valley is shifted from the 34th
pixel to the 36th pixel, the 38th pixel, the 40th pixel, and the
42nd pixel when the concentration of the PBS solution is
increased from 0X to 0.05X, 0.1X, 0.15X, and 0.2X, respectively.
A sudden change in the PBS concentration from 0.2X to 1.0X,
causes the interference fringe to move greatly to the right, to
the 71st pixel. As theoretically expected, these results indicate
an interference movement of about 2 pixels when the
concentration of the PBS solution increases by 0.05X or ~5
X 107° RIU/pixel. This visual estimation of the system
sensitivity agrees very well with the theoretical analysis
mentioned earlier,

From Fig. 4, the measured fringe period in pixels is 120.
This implies that our optofluidic-based free-space interfero-
metric refractometer can determine a maximum change in the
refractive index of 5.46 x 107° x 120 = 6.55 x 10~ * RIU.

To precisely determine the measurement sensitivity of our
system, the relationship between the measured refractive
index and the relative position of the valley of the interference
fringe is analyzed. As indicated in Fig. E1 (see the ESI), a very
high sensitivity of 5.62 x 107° RIU/pixel is obtained which
again agrees very well with our theoretical analysis of 5.46 x
10™° RIU/pixel obtained by using eqn (3).

In addition, we observed the stability of the refractive index
analysis by allowing the PBS solution to flow in the flow
channel for 300 s in our laboratory environment (i.e., 25-27 °C
and 65-70% RH) before changing to a new PBS concentration.
As shown in Fig. E2 (see the ESIf), an average measured
standard deviation (o) of 0.05734 pixels is obtained, indicating

RSC Adv., 2013, 3, 6981-6984 | 6983
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Fig. 4 The patterns of the interference fringes for six different concentrations of
PBS solution flowing in one of the two flow channels of our sandwiched single-
flow-channel microfluidic chip: (a) 0X, (b) 0.05X, (c) 0.1X, (d) 0.15X, (e) 0.2X, and
(f) 1X. (g) Measured intensity profiles of the interference fringes for these six PBS
concentrations. Dashed lines in (a)(f) represent the reference position for
observing the movement of the interference fringe.

a very high resolution of 3 x o x sensitivity =3 x 0.05734 x
5.62 x 107°=9.67 x 10~ RIU. There is also an overshoot of
the signal during injection of the new PBS solution which is
not taken into account when determining the measurement
resolution.

In conclusion, a sandwiched microfluidic chip structure is
proposed for use in our free-space Young’'s interferometry-
based refractometer. It comprises two single-flow-channel
microfluidic chips sandwiched together such that their flow

6984 | RSC Adv., 2013, 3, 69816984

channels are laterally shifted by a desired distance. In this way,
two flow channels required in our free-space Young's inter-
ferometry-based refractometer are formed, thus making the
system easy to use via a low-cost fabrication process. With our
laboratory prototype, a very high 5.62 x 107° RIU/pixel
sensitivity for the refractive index analysis with a measured
resolution of 9.67 x 10~’ RIU is achieved. Possible applica-
tions for this device are for use in blood analysis, pharmaceu-
ticals, and label-free identification of biological cells, to name
just a few.
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Fig. E1 Plot between the measured refractive index of the PBS solution and the

measured valley position.
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Fig. E2 Change in the measured valley position over time for different PBS

concentrations. DI-Water: deionized water.





