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Abstract—Planar optofluidics provide a powerful tool for fa-
cilitating chip-scale light-matter interactions. Silicon-based liquid
core waveguides have been shown to offer single molecule sensitiv-
ity for efficient detection of bioparticles. Recently, a PDMS based
planar optofluidic platform was introduced that opens the way
to rapid development and prototyping of unique structures, taking
advantage of the positive attributes of silicon dioxide-based optoflu-
idics and PDMS based microfluidics. Here, hydrodynamic focus-
ing is integrated into a PDMS based optofluidic chip to enhance
the detection of single H1N1 viruses on-chip. Chip-plane focusing
is provided by a system of microfluidic channels to force the parti-
cles towards a region of high optical collection efficiency. Focusing
is demonstrated and enhanced detection is quantified using fluores-
cent polystyrene beads where the coefficient of variation is found
to decrease by a factor of 4 with the addition of hydrodynamic
focusing. The mean signal amplitude of fluorescently tagged single
H1N1 viruses is found to increase with the addition of focusing by
a factor of 1.64.

Index Terms—Biophotonics, hydrodynamic focusing, optoflu-
idics, soft photolithography, waveguides.

I. INTRODUCTION

O PTOFLUIDICS is a synergistic field comprised of op-
tics and microfluidics. Planar optofluidic devices enable

light-matter interactions on a chip with fluids (e.g., liquids) [1].
Often, such platforms utilize silicon dioxide-based structures
which integrate solid-core optical waveguides and fluid filled
leaky optical waveguides. These devices have demonstrated sen-
sitive detection of fluorescent particles within a liquid medium
down to single bioparticles such as viruses and nucleic acids
[2], [3], [4]. However, it has been found that the light collec-
tion efficiency off-chip of such devices strongly depends on
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the particle’s position within the fluidic channel [5]. Particles
which reside near the center of the channel are detected more
efficiently as their emission better overlaps with the propagating
mode within the microfluidic channel. Therefore, it is advanta-
geous to focus the particles near the center of the microfluidic
channel for optimal collection efficiency.

Microfluidic devices have been fabricated using a multitude of
materials including elastomers [6], thermosets [7], thermoplas-
tics [8], paper [9] and hybrids consisting of combinations of ma-
terials [10]. The elastomer polydimethylsiloxane (PDMS) has
widely been used for rapid fabrication of microfluidic channels
[11] for a host of biological applications [12]. Fluid manipula-
tion is important for chip-based applications and PDMS devices
have been used to demonstrate mixing [13], sorting [14], droplet
creation [15] and hydrodynamic focusing (HDF) [16]. HDF is
appealing for flow cytometry where it is necessary to optically
probe single particles in time [17], [18]. Microfluidic channels
often operate with low Reynolds number making the flow lam-
inar. This results in a parabolic velocity distribution of the fluid
within the channel. Particles flowing through a perpendicular ex-
citation laser in a light induced fluorescence experiment thereby
spend more or less time in the excitation beam depending on
their speed. Further, the optical mode intensity profile varies
within the channel. This results in a distribution of fluorescence
intensities. Forcing the particles into a smaller cross-sectional
area within the fluidic channel results in a narrower velocity and
excitation intensity distribution; thereby resulting in less varia-
tion in the emitted fluorescence signal intensities. The quality of
the detected signal is quantified by the coefficient of variation
(CV) and is calculated by dividing the standard deviation of the
signal intensities by the mean of the distribution. The smaller the
CV, the more discernible different particle species will be. Re-
cent demonstrations of on-chip multiplexing using multi-mode
interference waveguides could benefit from a decrease in CV in
order to more efficiently distinguish the resulting fluorescence
signals [19], [20].

Integration of PDMS with oxide-based platforms has been
demonstrated combining methods for chip-based fluid ma-
nipulation/preparation and oxide-based optofluidics [2], [21].
Recently, fully integrated optofluidic devices have been demon-
strated with PDMS [22] and other polymers [23]. The aforemen-
tioned PDMS devices integrate solid-core total internal reflec-
tion based optical waveguides with microfluidic channels which
work twofold as leaky optical waveguides. Such PDMS optoflu-
idic devices have been shown to have sufficient sensitivity
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Fig. 1. (a) Schematic of the optofluidic device. Microfluidic channels (solid-core optical waveguides) are shown in blue (black). Three input reservoirs are
denoted: 1, 2 and 3. For focusing, reservoir 2 is filled with a particle solution and reservoirs 1 and 3 are filled with a buffer. Vacuum is applied to the shared
outlet reservoir to pull the liquids through the channel. A single mode optical fiber launches excitation laser light (488 nm) into a waveguide on chip (SC1 ) which
guides the light to the microfluidic channel. As particles pass through the excitation beam, they fluoresce, and that light is collected along the z-direction by a
multi-mode waveguide for off-chip detection (SC2 ). (b) A microscope image of a fabricated device near the triple inlet intersection (region denoted by a dashed
box in Fig. 1(a)). Focusing is evident when reservoir 2 is filled with food dye and reservoirs 1 and 3 are filled with DI water. (c) Image of a chip with vacuum line
attached, excitation laser aligned and collection objective aligned perpendicular to excitation.

such that single fluorescently stained E. Coli bacteria were
detected in-plane [22]. Soft photolithography allows for rapid
prototyping and the PDMS based planar optofluidic devices
require a single photomask ensuring optimal waveguide align-
ment. Herein, we present a PDMS based optofluidic chip that
enables detection of single viruses on-chip. It fully integrates a
system of microfluidic channels which provide HDF for a stream
of fluorescent particles via negative pressure driven flow. This
system of channels is interfaced with solid-core optical waveg-
uides which facilitate enhanced light induced fluorescence de-
tection. Focusing is validated and quantitatively analyzed using
fluorescent polystyrene beads. Lastly, HDF enhanced detection
of single H1N1 viruses is demonstrated on-chip.

II. METHODS

The system of microfluidic channels designed to provide HDF
is fully integrated in-plane with a system of solid-core optical
waveguides as seen in Fig. 1(a) where the fluidic channels are
shown in blue and the solid-core optical waveguides are shown
in black. Fluid which flows from reservoirs 1 and 2 (Fig. 1(a))
intersect just before a ninety degree bend which is designed to
provide out of plane (y-direction) focusing of particles due to the
creation of a Dean vortex at very high flow speeds [24]. In-plane
(x-direction) focusing is provided by a channel offset and sheath
flow created by fluid flowing from reservoir 3. A single outlet
from the system of microfluidic channels is attached to a vacuum
which provides flow from the three inlets via negative pressure
(experimentally, −35 inHg). For the designed channel lengths
and experimentally accessible negative pressures, the resulting
flow speeds are not high enough to provide for Dean focusing.
However, in-plane focusing is visually evident in Fig. 1(b) where
a microscope image was taken at the microfluidic intersection
(dashed box in Fig. 1(a)) after reservoir 2 was filled with food
dye and the buffer channels were filled with deionized (DI)
water.

The devices were fabricated using soft photolithography [22].
The index of refraction of PDMS depends on the base to curing

agent ratio [25]. The solid-core waveguides and microfluidic
channel sidewalls are made of 5:1 (base:curing agent) PDMS
and have higher index of refraction than the cladding layers
which are made of 10:1 PDMS. The 5:1 was first spun onto a
silanized SU-8 master at 6000 RPM for 30 minutes. After cur-
ing, 10:1 was poured directly atop the 5:1 layer. Concurrently,
a second 10:1 layer was poured onto a silanized blank silicon
wafer. After all PDMS was cured, reservoir holes were punched
for fluidic access and the wafer was completed by plasma bond-
ing the two pieces together. Individual devices were diced from
the wafer using a razor blade. More information on fabrication
can be found in the downloadable supplemental material found
on http://ieeexplore.ieee.org.

To probe for fluorescence, an excitation laser (488 nm) was
first coupled into single mode optical fiber (Newport FS-V).
The light was then launched into the excitation solid-core wave-
guide (SC1 , cross-sectional dimensions ∼6 μm × 5.5 μm)
which guides the light to the microfluidic channel. The par-
ticles flow through the excitation volume and fluoresce as they
pass through. Their emitted fluorescence signal was collected
downstream by a multi-mode solid-core waveguide (SC2 , cross-
sectional dimensions∼6 μm× 12 μm) which lies perpendicular
to the excitation waveguide. The output was collected from the
chip via an objective where it was then filtered and sent to an
avalanche photodetector (APD). An image of the chip is found
in Fig. 1(c) where the outlet line runs to a vacuum and the
excitation fiber and collection objective are aligned. Both com-
mercially available polystyrene beads (FluoSphere) and Alexa
Fluor 488 tagged H1N1 viruses were optically excited and de-
tected in-plane. In the polystyrene bead experiments, a video
imaging the excitation region from the top was also recorded
with an appropriate filter for the excitation laser beam. From
the video, the bead positions were determined while from the
APD trace, the signal heights and speeds of the particles were
extracted. Simulations of particle trajectories were carried out
using finite element analysis, optical mode profiles were simu-
lated using PhotonDesign’s FIMMWAVE and all data analysis
was performed in Matlab.
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Fig. 2. (a) Fluorescence signals collected via APD for the control (no focusing) and (b) for the experiment (with focusing). (c) and (d) show the resulting peak
height histograms with normal distribution fits for the control and experiment fluorescence signal heights. The fitted mean and standard deviations were found to
be 214.4 and 210.6 counts per 0.1 ms for the control and 673.0 and 161.7 counts per 0.1 ms for the experiment. The CV decreases from 0.98 to 0.24 with the
addition of focusing.

III. RESULTS AND DISCUSSION

A. Enhanced Detection

To quantify the enhancement due to HDF, fluorescent
polystyrene beads (FluoSpheres, 500 nm diameter, yellow-
green) were detected with and without focusing. An argon ion
laser (488 nm) was used to excite the beads and the output
light was collected as described above. Simultaneously, a mi-
croscope was used to collect video at the excitation volume from
top down. Focusing experiments were performed with bead so-
lution (concentration 3 × 107 beads/mL) in reservoir 2 and DI
water in reservoirs 1 and 3. As a control experiment, bead so-
lution was pulled through all three input reservoirs. Within the
final microfluidic channel, there will exist laminar flow with
a parabolic speed distribution for our experimental parameters
(Poiseuille flow). Of interest are the statistics of the detected
signals both with and without HDF. As discussed above, the
particle’s position within the microfluidic channel will alter its
collection efficiency. Without HDF, particles will reside within
the entire final microfluidic cross-sectional area. HDF provides
a method to insert the beads into a smaller cross-sectional area
where the collection efficiency is higher. Therefore, to quantify
the collection efficiency statistics with and without HDF, the
optical signal peak heights from the collected APD traces are
analyzed with and without HDF. Fig. 2(a) and 2(b) show the raw
APD traces demonstrating efficient collection of fluorescence
in the chip-plane. The peaks in these APD traces correspond
to signals from individual beads and their signal amplitudes
(peak heights) are extracted. The resulting histograms of the
fluorescence signal peak heights for the control and experiment
(without and with HDF) are plotted with a fitted normal distri-
bution in Fig. 2(c) and 2(d) respectively. We find a clear shift
towards higher brightness for the experiment (Fig. 2(d)), indi-
cating the efficacy of the focusing process. The fitted mean and
standard deviations for the experimental data were found to be
673.0 and 161.7 counts per 0.1 ms. For the control, the fitted
parameters are 214.4 and 210.6 counts per 0.1 ms, respectively.
The resulting CVs were found to be 0.98 and 0.24 for the con-
trol and experiment respectively. The experiment showed an

improvement in CV by a factor 4.1 and an increase in the fitted
mean by a factor of 3.1, demonstrating significantly enhanced
detection with the addition of HDF to the optofluidic device.

As mentioned above, a video was recorded at the excitation
volume while the APD trace was taken. The bead positions were
fitted to extract the beads’ z- and x-positions within the channel
as they flowed through the excitation volume. Fig. 3(a) shows
a top-down image of the z-x plane at the excitation region. The
excitation solid-core waveguide lies parallel to the x-direction
and guides light to the microfluidic channel in the positive x-
direction. Particles flow in the positive z-direction towards the
outlet reservoir. The videos demonstrate efficient focusing of the
particles and can be found in the downloadable supplemental
material found on http://ieeexplore.ieee.org. The fitted particle
positions are plotted in Fig. 3(b). Both the control and experi-
ment bead positions (blue and red in Fig. 3) were found within
a small z-distribution due to the finite width of the excitation
laser’s mode which demonstrates effective optical guiding in the
excitation waveguide.

The resulting histograms for the lateral position of the beads
in the channel are found in Fig. 3(c). With the control, beads
were found across the entire channel as expected. For the ex-
periment, the beads were found to reside just off center within
the microfluidic channel. Increased flow speeds would provide
more sheath flow in the chip-plane, thereby forcing the parti-
cles to the perfect center of the channel. As mentioned above,
only x-plane focusing was present in these experiments due to
the limitation on flow speeds that would be necessary for y-
direction focusing. Regardless, an enhancement in the collected
optical signal is demonstrated. An increase in flow speed would
result in both in- and out-of-plane focusing, thereby shrinking
the velocity distribution even further and placing more of the
particles within the channel at a region of high collection effi-
ciency.

Finite element analysis was performed to calculate the the-
oretical particle position histograms with and without focusing
for the experimentally available flow speeds (for more infor-
mation on the simulation results, please see the downloadable
supplemental material found on http://ieeexplore.ieee.org). 100



7201206 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 1, JANUARY/FEBRUARY 2019

Fig. 3. (a) Top-down microscope image taken at the intersection of the solid-core excitation waveguide and the microfluidic channel. The particles flow in the
+z-direction and the excitation laser light propagates in the +x-direction. The fluorescence signals are collected via a multi-mode solid-core waveguide downstream
in the +z-direction. (b) Fitted particle positions (blue and red denote control and experiment respectively) in the z-x plane found from the video as they pass
through the excitation volume. The finite z-distribution is due to the waveguide confinement within the excitation waveguide. (c) The fitted experimental x-position
normalized histograms for the control (blue) and experiment (red). (d) The simulated x-position normalized control (blue) and experiment (red) histograms which
match very well with the experimental results.

particles were tracked for a simulated control (blue) and ex-
periment (red) with the resulting normalized histograms found
in Fig. 3(d). The HDF design is shown to force the beads to-
wards the center of the channel as predicted by simulation. The
simulated mean and standard deviation of the focused particle
positions were found to be −1.9 μm and 0.7 μm, matching
extremely well with the experimental results. Particle trajecto-
ries and speeds found in COMSOL were then imported into
Matlab where a simulation was performed in order to predict
the position dependent light collection efficiency off chip. The
excitation mode profile was simulated in FIMMWAVE to pre-
dict the normalized excitation energies produced as a function
of y-position and speed. The efficiency at which these excited
energies are collected depends on the collection mode profile
(also simulated in FIMMWAVE) and its overlap with the parti-
cle’s position. These simulations suggest that perfectly centering
the particle’s positions within the channel (x = 0 μm) would
result in ∼30% increase in mean collected energy. Experimen-
tally, the APD traces demonstrate enhanced detection with the
implementation of 1D focusing by an increase in mean signal
height and a decreased CV. Therefore, focusing is found to in-
crease the collection efficiency of fluorescence signals from the
chip. It is anticipated that further focusing in the y-direction
would result in an even larger enhancement in collected optical
signal.

B. Single H1N1 Virus Detection

Polystyrene bead detection as described above validates that
HDF can provide enhanced detection of fluorescent particles. Of
even greater interest is the detection of nanoscale biomolecules
on-chip. To demonstrate enhanced detection of single viruses,
H1N1 viruses were non-specifically tagged with Alexa Fluor
488 dye. As with the bead experiment, a control was run by

pulling a virus solution through all three input reservoirs and
the HDF experiment was performed by pulling virus solution
through reservoir 2 and nuclease-free water through reservoirs
1 and 3. Fig. 4(a) (control) and 4(b) (experiment) demonstrate
for the first time optical detection of single viruses on a PDMS
optofluidic platform. The resulting brightness histograms found
from the APD peak heights (Fig. 4(a) and 4(b)) are plotted in
Fig. 4(c) and 4(d). Note that the single viruses contain fewer
fluorophores than the fluorescent polystyrene beads and there-
fore the resulting APD peak height histograms do not show a
complete normal distribution. Therefore, the plotted fits are an
exponential decay with decay rates of 0.020 and 0.014 in units
of 0.1 ms bin time per counts for the control and experiment.
However, the mean signal height was found to be 94.8 counts
per 0.1 ms for the control and 155.9 counts per 0.1 ms for
the experiment. Thereby, an enhanced mean signal height of
a factor 1.64 is demonstrated with the addition of HDF on
chip.

Though the full distribution is not present in the detected APD
peak heights, the speed distributions were determined via fluo-
rescence correlation spectroscopy (FCS). For each peak found
in the APD trace, the FCS autocorrelation trace, G(τ ), was fit
to extract the virus’s speed [26], [27]. Fig. 5(a) plots three such
normalized autocorrelation traces with fits from the control data.
The resulting speed histograms with fits for the control and ex-
periment are plotted in Fig. 5(b) and 5(c). The resulting mean
speeds for the control and experiment were found to be 4.5 and
3.7 cm/s, respectively. The slower mean speed for the experi-
ment is to be expected due to the slight offset of the focusing
from the center of the microfluidic channel. The standard devi-
ations were found to be 0.73 and 0.54 cm/s for the control and
experiment. The speed distribution is substantially narrower for
the in-plane focusing and could be decreased further with the
addition of focusing out of the chip-plane (y-direction).
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Fig. 4. (a) H1N1 fluorescence signals collected via APD for the control and (b) for the experiment. (c) and (d) show the resulting histograms with exponential
decay fits for the control and experiment fluorescence signal heights. The mean signal height for the control and experiment are 94.8 and 155.9 counts per 0.1 ms,
respectively demonstrating enhanced detection of a factor 1.64.

Fig. 5. (a) Sample normalized FCS autocorrelation curves, G(τ ), with fits for three signals within the control data trace. (b) and (c) show the fitted speed
histograms for the control and experiment traces respectively. The fitted means are 4.5 and 3.7 cm/s for the control and experiment. The fitted standard deviations
are 0.73 and 0.54 cm/s for the control and experiment demonstrating a narrower velocity distribution due to focusing in the chip-plane.

IV. CONCLUSION

The addition of lateral HDF to a planar PDMS based optoflu-
idic device was found to enhance the detection of fluores-
cence signals on-chip. Fluorescent polystyrene bead experi-
ments demonstrated a decrease in CV with the addition of HDF
and an increase in the mean signal height collected from the chip.
Further, the devices were found to have sufficient sensitivity to
detect single viruses on-chip. The addition of HDF to the PDMS
based devices resulted in an increase in the mean signal height
of H1N1 experiments by a factor of 1.64. A larger enhancement
is anticipated for stronger focusing towards the center of the
collection channel. Further, out of plane focusing could be im-
plemented by pushing the particles through the chip at higher
speeds. This design is compatible with silicon-based platforms
and could readily be transferred to optofluidic platforms based
on silicon or other materials. Further, on-chip whole blood cell
filtration and fluorescent labelling has been demonstrated and
such an architecture can be implemented with the presented
HDF design for a near front-to-back point of care optofluidic
device [2].
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