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Abstract In this study, the design, realization and mea-
surement results of a novel optofluidic system capable of
performing absorbance-based flow cytometric analysis is
presented. This miniaturized laboratory platform, fabri-
cated using SU-8 on a silicon substrate, comprises inte-
grated polymer-based waveguides for light guiding and a
biconcave cylindrical lens for incident light focusing. The
optical structures are detached from the microfluidic sam-
ple channel resulting in a significant increase in optical
sensitivity. This allows the application of standard solid-
state laser and standard silicon-based photodiodes operated
by lock-in-amplification resulting in a highly practical and
effective detection system. The easy-to-fabricate single-
layer microfluidic structure enables independently adjust-
able 3D hydrodynamic sample focusing to an arbitrary
position in the channel. To confirm the fluid dynamics and
raytracing simulations and to characterize the system, dif-
ferent sets of microparticles and T-lymphocyte cells (Jurkat
cell line) for vital staining were investigated by detecting
the extinction (axial light loss) signal. The analytical
classification via signal peak height/width demonstrates the
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high sensitivity and sample discrimination capability of
this compact low-cost/low-power microflow cytometer.
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1 Introduction

In the past decades the application of microsystems tech-
nology has shown enormous potential for portable low-cost
devices in the field of analytical biotechnology (Mogensen
et al. 2004; Dittrich et al. 2006; Myers and Lee 2008).
Besides the main motivation factors for sensor integration,
cost and size, novel measurement, and sample handling
methods were successfully introduced (Janasek et al. 2006;
Ros et al. 2006; Sims and Allbritton 2007) and have been
further developed to competitive diagnostic products
(Blow 2007). Flow cytometry based on optical inspection
techniques (Shapiro 2003) has been successfully used for
many years due to its distinct advantages in terms of
detection sensitivity, versatility, and excellent reliability
(Huh et al. 2005; Ateya et al. 2008; Zhang et al. 2009). It
offers a wide variety of detection platforms [e.g., fluores-
cence illumination: Tung et al. (2004), Bernini et al.
(2006), Malic and Kirk (2007), Wu et al. (2008), Fu et al.
(2008); extinction: Fu et al. (2004), Kummrow et al.
(2009); and scattering measurements: Wang et al. (2004),
Golden et al. (2009), Chen and Wang (2009)] to inspect
relevant sample parameters. A suspension of particles or
cells is introduced into a configurable fluidic system where
they are hydrodynamically focused to significantly increase
the detection sensitivity. Then the beads/cells are driven
through an optical inspection region where they individu-
ally pass a focused incident light beam. The interaction
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with the excitation light (forward/side scattering and
extinction) is typically measured by highly sensitive pho-
todetectors, e.g., photomultiplier tubes or low-noise ava-
lanche photodiodes. These features are traditionally
combined in a commercial benchtop flow cytometer com-
mon to most clinical laboratories and biomedical research
facilities. Although the detection sensitivity and analysis
speed allow a high sample throughput, the costs of acqui-
sition of these bulky instruments trouble many groups in
this field. Therefore, researchers are developing integrated
laboratories-on-chip to significantly miniaturize the devi-
ces and reduce the fabrication costs for disposable assays
(McDonald et al. 2000; Whitesides 2006). By introducing
new measurement features to the chip-based analytical
system the interdisciplinary field of micrototal analysis
system has good prospects to develop from an academic
and research stadium to a serious successor of the larger
size analytical laboratory equipment. The microflow
cytometry development process can be separated into four
parts:

— Fluidic interconnections between holder and chip,
— hydrodynamic sample focusing,

— optical detection path, and

— measurement circuitry.

The fluidic supply control in a microflow cytometer is
often achieved by external pressure-driven syringe pumps.
To ensure and simplify the fluidic interconnections
between chip and syringes, multiple strategies, e.g., cus-
tom-made plastics holder or steel tubing platform (Blow
2007), have been proposed in the past years. Also on-chip
pumping systems have been successfully integrated
(pneumatic valves and peristaltic pumps (Wang and Lee
2006) and electrokinetic techniques (Xuan and Li 2005)
but are used with reservations in the field of microfluidic
cytometry due to additional constraints in terms of fabri-
cation and flow behavior.

After the sample suspension is introduced and driven
through the microfluidic channel system different approa-
ches can be followed to align the particles for a repro-
ducible optical inspection. Due to the difficulties to
fabricate a round-shaped nozzle to generate a cylindrical
sheath flow around the sample (applied in larger com-
mercial cytometers) other focusing techniques are needed,
such as focusing sheath fluids (Blankenstein and Darling
Larsen 1998; McClain et al. 2001) and dielectrophoretic
alignment (Yu et al. 2005). The main objective for flow
focusing, producing a stable aligned particle stream, makes
it necessary to develop sheathing in more than one
dimension. Different research labs successfully imple-
mented various approaches on three-dimensional flow
focusing using more than a single layer (Wolff et al. 2003;
Sundararajan et al. 2004; Simonnet and Groisman 2005;
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Yang et al. 2005; Chang et al. 2007; Tsai et al. 2008;
Kummrow et al. 2009). Hairer and Vellekoop (2009), Park
et al. (2009), and Mao et al. (2009) recently presented
creative devices for flow focusing in a single layer using
multiple sheathing inlets and inertial microfluidic effects.

Optical measurement techniques determining forward
and side scattering, axial light absorbance and extinction
alterations resulting from microbiological cell conditions
or chemical sample concentrations are important methods
for biotechnological lab-on-chips. One of the limiting
factors for the detection sensitivity is the maximum light
irradiance I (W/m?) coupled into the optical detection
channel region. Therefore, the geometric design and fab-
rication of the light guiding and focusing parts are critical
for the performance of the system. In most instances found
in the literature, on-chip cytometers comprise bare optical
fibers (Malic and Kirk 2007; Bernini et al. 2006) or on-chip
waveguides (Ruano-Lopez et al. 2006; Bliss et al. 2007)
without additional lenses, where the light emerges cone-
shaped according to the numerical aperture (NA). To create
a converging light path with a defined focal spot a broad
range of solutions have been presented in recent years.
They can be divided into two categories according to the
optical light path orientation in relation to the substrate
surface (in-plane or out-of-plane).

The combination of a light microscopic setup with a
transparent chip material to measure out-of-plane lumi-
nescence is a widely distributed approach due to the simple
handling and configurability. However, as one of the main
criteria in microflow cytometry is size, there are multiple
publications where out-of-plane microlenses are imple-
mented, including mechanical actuation (Ren and Wu
2007), electromechanical actuation (Lee and Lee 2007),
and electrowetting (Kuiper and Hendriks 2004). For
in-plane measurements external elements can be added to
achieve the focusing, like ball or cylindrical gradient index
(GRIN) lenses or the focusing elements are integrated
within the chip structure. Literature exists for the in-plane
microlenses with different materials and arrangements, like
polydimethylsiloxane (PDMS) (Camou et al. 2003) and
SU-8 (Wang et al. 2004). However, if the presented lenses
are in direct surface contact to the analysis channel the
particle stream path might experience a distinctive devia-
tion. As a first step toward a practical robust micro-optical
flow cytometer a biconcave lens and polymer-based
waveguides are integrated to increase the irradiance with-
out interfering with the analytical channel flow profile.
Recently, the proof-of-principle of a fluidic lens for in- and
out-of-plane is successfully shown (Rosenauer and
Vellekoop 2009).

In this publication the development, fabrication, and
characterization of an optofluidic sensor device for microflow
cytometry are presented (Fig. 1). The microfluidic device
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Fig. 1 Schematic of the absorbance-based integrated flow cytometer
(9 x 13 mm?) with micrographs of the hydrodynamic focusing
region. Sample fluid is an aqueous colored ink solution; sheath fluid
is deionized water

consists of a silicon substrate, a single-layer SU-8 channel
structure, and a PDMS cover lid. The coaxial (horizontal/
vertical) sample alignment is achieved by reconfigurable
three-dimensional hydrodynamic focusing in a single micro-
structured layer. Not only is it possible to achieve a well-
focused centered sample stream, the analyte can easily be
steered independently to an arbitrary position in the channel.
Even though this system provides high flexibility, it can be
fabricated by standard lithographic methods without complex
fabrication steps.

The measurement sensitivity is increased by the inte-
gration of a polymer lens in the optical path detached from
the analysis channel geometry. In this contribution the
detection setup comprises a standard solid-state laser and
silicon photodiodes operated by lock-in-amplification as an
alternative to single photon counting units. This research
illustrates the applicability of compact low-cost/low-power
elements for single cell/particle classification. The dis-
crimination capabilities of the device are excellently dis-
played by the detection of three different-sized bead
populations in a single suspension by analyzing signal drop
height/width. The application of a custom-made plastics
holder along with syringe pump control allows easy
packaging and handling. After purchasing the photolitho-
graphic masks (two-mask process) both fabrication and
packaging are simple and fast, allowing a whole device
wafer to be fabricated and tested in 1 day.

2 Experimental section
2.1 Materials

For the fabrication of the device single-side polished 4-inch
silicon wafers (lattice orientation (1 0 0), thickness 360 pm)

were purchased. The negative photoresist SU-8 2000
(n = 1.60 at 532 nm, cross-linked SU-8) was supplied by
Microchem (Newton, MA, USA), the PDMS by Dow—
Corning (Corning, NY, USA), and both were used according
to the manufacturer’s instructions. A clear positive photo-
resist AZ6612 as sacrificial masking layer for the inlet
etching steps and a resist developer AZ826 were purchased
from AZ-Electronic Materials (Branchburg, NJ, USA). For
wafer processing and cleansing, standard chemicals,
including alkali hydroxide etchant—KOH, propylene glycol
monomethyl ether acetate—PGMEA, Ethanol, Isopropyl
alcohol, Acetone, were used (Sigma-Aldrich, MO, USA).
The microchip holder was fabricated in Polytetrafluorethy-
len PTFE (DuPont, Wilmington, USA) with press-fitted
PTFE tubings (inner/outer diameter = 0.5/1.0 mm)
(Liquid-Scan, Ueberlingen, GER). For the purpose of com-
parison to biological cell assays three different sizes of
transparent polystyrene calibration beads (Fluka particles,
var. coeff. = 1.5%, solid content 2%, Sigma-Aldrich, MO,
USA) were used in the experiments: 4 (£0.1) pm, 8
(£0.1) um, and 12 (£0.2) pm, respectively. Rhodamine B
(Roth, Karlsruhe, GER) was purchased for light path visu-
alization to characterize the hydrodynamic and light focus-
ing ability.

2.2 Channel design and fabrication

The two main innovative parts of the presented microflow
cytometer are the easy-to-package single-layer 3D hydro-
dynamic focusing design and the conveniently placed
integrated optical elements not influencing the microfluidic
conditions in the channel (Fig. 1). In addition only minia-
turized sensing elements instead of single photon counting
units have been used for optical detection. In the optical
inspection zone, the sample is surrounded and defined by a
reconfigurable sheath flow. This is achieved in a series of
independent sheathing steps producing a stable core flow
even at low core flow rates <0.1 pl/min. Since all fluidic
inlets are at the bottom of the microchannel, the device
fabrication is a straight-forward photolithographic process.
A schematic cross-section plot of the final device secured
in the custom-made plastics holder is shown in Fig. 2a.
The optofluidic elements (channel, waveguide, and lens)
were fabricated in negative photosensitive epoxy resist SU-
8 on a standard 4-inch silicon wafer. The latter was pur-
chased with nitride coatings on both sides as protection and
anti-oxidation layers. The fluidic inlet holes were aniso-
tropically backside etched by KOH solution. To fabricate
the mask structure for the etching process a thin film of
positive photoresist AZ6612 (rotation speed 4,000 rpm for
15 s, soft bake 105°C for 5 min) was deposited and
exposed using soda-lime photomasks (min. dimensions
>4 um, tolerances =+£0.3 pm) purchased from Rose
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Fig. 2 a Schematics of fluidic and optical world-to-chip connection
with plastics holder and clamped fiber/chip mounting. b Image of the
microdevice with inserted glass fibers on top of the holder system
incorporating the fluid inlets. The fourth mounting rod is removed for
better visualization. Detailed SEM (scanning electron microscope)
images of the hydrodynamic sideport region, the integrated fiber
clamps, and the cylindrical air/resist lens realized in SU-8

Fotomasken (Bergisch-Gladbach, GER). The alignment
was done with a standard mask-aligner Suss MicroTech
MAI150 (Garching, GER). Immediately after post-exposure
bake (60°C for 5 min) and development (AZ826 for 15 s)
the KOH etching steps were performed (7 h with 40% w/w
KOH solution at 75°C). The silicon nitride layer on the
other side worked as an automatic etch stop.

SU-8 is a negative photoresist most sensitive to near ultra
violet (near-UV) light. Due to low absorption high aspect
ratios (thickness >500 um with a single coating) and clean
edges can be realized (Lorenz et al. 1998). For a better
adhesion of the photoresist a sacrificial titanium layer with a
thickness of 20 A was sputtered on the silicon wafer. For a
homogeneous distribution the epoxy (1 ml) was poured on
the wafer at a spin rate of 500 rpm for 20 s. The immediately
subsequent spin (4,000 rpm for 40 s) generated a film
thickness of 82 pm measured with a DEKTAK 8 stylus
profiler. After soft bake (65°C for 5 min and 95°C for
25 min) and slow cooling (important to reduce material
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strains) edge bead removal was performed. Since the posi-
tion and dimension of the lifting port inlet is crucial for the
performance of the 3D particle focusing, the processed Si-
wafer comprising the inlet holes has to be perfectly back-
side-aligned for the SU-8 photolithographic step. Therefore,
a vacuum contact between mask and wafer was obtained to
prevent projection faults with the Double-Side Mask
Aligner EVG620 (EVG, St. Florian am Inn, AUT). After
cross-linking of the exposed resist (post-exposure bake for
12 h at 60°C) the unexposed SU-8 was dissolved with
PGMEA (8 min). After the final step (hard bake at 150°C for
45 min) the material is completely cross-linked achieving its
chemical stability and mechanical strength. More details on
the fabrication procedure can be found in Svasek et al.
(2004). PDMS cover lids (15 x 15 mm? thick-
ness = 0.5 mm) were used as a waterproof gasket sheet on
top of the microfluidic chip. The completed 4-inch wafer
was diced resulting in 66 microfluidic devices
(9 x 13 mm?). Figure 2b illustrates the results of the fab-
rication process. Besides the sideport junction and the
integrated optical lens and waveguide, a close-up of the
fiber-clamps is shown. To ensure a stable position of
the inserted glass fibers during the whole measurement
cycle, the heads of the clamping beam fix the fibers as the
distance of the clamps is smaller than the width of the
cladding. Since the application of optical adhesives is not
necessary, chip and fibers can easily be reused.

2.3 Fluidic and optical interconnection system

As mentioned before the Si/SU-8 device was capped with a
PDMS cover sheet bonded to a Pyrex glass slide. This
transparent cover allowed external observation and visible
detection of cells or particles under a microscope. To secure
the setup against mechanical vibrations a new plastics chip
holder system (Fig. 2a) was realized, which highly alleviates
chip sealing and measurement repeatability. The glass fibers
were mechanically fixed by the integrated fiber-clamps and
the PDMS device sealing after insertion. The fiber trenches
were tapered to ensure self-alignment and high coupling
efficiency. The holder was fabricated in PTFE with press-
fitted tubing and the interconnection between tubing and chip
was achieved via rubber o-rings (inner/outer diame-
ter = 0.8/1.8 mm). Since the fiber-to-chip coupling needed
to be mechanically secured and easily handled a manual
probe measurement setup comprising a microscope and a
micropositioning table was altered to obtain a reconfigurable
fixation of the fibers mounted to the probe heads.

2.4 Detection system

A diode pumped solid-state laser (1 = 532 nm, Pcw =
20 mW, fiax = 30 kHz) was used to provide the incident
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light beam in the designed fiber-optic system. This free-
space laser light was coupled in a glass fiber with reduced
cladding (core/cladding = 50/70 pm % 2 pm, NA = 0.22,
Polymicro Technologies, AZ, USA) via a fixed aspheric
lens collimator (A = 543 nm, f= 11.0 mm, NA = 0.25,
Thorlabs, NJ, USA). The cleaved fiber pigtails were
inserted in the tapered fiber notches and fixed by the cir-
cumjacent clamps and the covering PDMS lid. The light
intensity and the occurring axial light loss due to particle
absorption and refraction was measured by a pre-amplified
noise-suppressed Si-photodetector (350-1,100 nm, 0.65 A/W
at 2 = 970 nm, 70 dB). The setup (laser and detector) was
operated in lock-in-amplification (Perkin Elmer 7265 Dual-
Phase 250 kHz, Signal Recovery, Wokingham, UK) at
30 kHz. The output of the lock-in-amplifier (extinction
signal data) was recorded using the trigger events of the
oscilloscope TDS2014 (Tektronix, OR, USA). The data
acquisition and analysis software was written in MATLAB
(The Mathworks, MA, USA).

2.5 Assay protocol

For the applied pressure-driven flow four syringe pumps
(Chemyx Fusion 200, Chemyx, TX, USA) were used for
one sample, one sheath, two sideports, and one lifting flow
rate supply. The two sideport flow rates were adjusted with
a dual syringe pump to achieve a stable and even flow rate
symmetry. To avoid a priori introduction of air bubbles the
chip and O-rings were first cleansed with ethanol. After
aligning the microdevice onto the holder, the microchan-
nels were filled with the sheath medium and sealed. Special
attention was given to ensure that buffer and sheath media
have matching densities to that of the particles, to minimize
particle sedimentation effects in the tubing and syringes.
(Note: In the microfluidic device a particle/fluid density
mismatch, e.g., DI-water/polystyrene, does not affect
the measurement data.) Since polystyrene particles
(p = 1.05 g/ml, u = 1.5 mPa s) were applied to proof the
performance of the design an aqueous solution of 14%
(w/w) Sucrose (Sigma S9378-500g) in 0.2 um filtered
deionized water was used. To achieve a similar particle
count distribution of the three polystyrene bead sizes it was
necessary to prepare the sample as follows: mixture of
1.55 pl of the original 4 um bead suspension, 12.6 pl of
the 8 um suspension, 40 pl of the 12 pum suspension to
achieve a ratio of 1:1:1 with approx. 8.8 x 10 ° particles
per extraction volume. After 3-5 washing steps the beads
were resuspended in 1.5 ml density-matched buffer med-
ium. The human cell line used for the viability experiment
was Jurkat (an immortalized acute T-lymphocyte leukemia
cell line) kindly provided by the Institute of Virology,
Slovak Academy of Sciences (Bratislava, Slovakia). Jurkat
cells were grown in culture flasks at 37°C and 5% CO,.

DMEM containing 4.5 g/l glucose, 2 mM L-glutamine,
10% fetal calf serum and antibiotics (100 units/ml peni-
cillin, 100 pg/ml streptomycin and 0.25 pg/ml amphoteri-
cin B) was used as medium, all purchased from Lonza
Bioscience. Trypan blue (Roth, Karlsruhe, GER) was
applied as vital stain.

3 Results and discussion

In this study, the fluidic and optical performance of the
proposed microflow cytometer is investigated and its
ability as on-chip solution experimentally demonstrated. In
general, the main aspects in terms of applicability are
simple chip packaging/handling, low-noise optical inspec-
tion, and stable particle alignment. Therefore, a reconfig-
urable hydrodynamic focusing approach is analyzed with a
decreased influence of the inertial forces on the fluidic flow
behavior (Carlo 2009). The particle inspection region fea-
tures a novel on-chip lens increasing the irradiance. Since
the biconcave lens is utilizing the refractive index differ-
ence between the transparent epoxy (n = 1.6) and air, the
optical structure is detached from the microfluidic channel
wall thus not altering the particle stream behavior. To
create a suitable alternative system for fast bioanalytical
tests, the off-chip detection setup comprises relatively
simple low-cost elements (standard photodiode and laser
source). This creates an integrated system which we
believe to be very valuable for research labs and point-of-
care diagnostics (e.g., doctor’s offices).

3.1 3D hydrodynamic sample focusing

The fluidic condition of the pressure-driven flow system
was numerically simulated using COMSOL Multiphysics
(Comsol Inc., Palo Alto, USA) to fully understand the flow
behavior and derive channel geometries to achieve ideal
particle centering. Due to the pre-derived Reynolds number
Re ~ 1 the complete Navier—Stokes equations were used
for steady-state simulation of the incompressible isother-
mal fluid flow with convection and diffusion. All inlet
flows were defined as laminar and fully developed
(entrance length = 1 m), and a no-slip condition at the
channel walls was assumed. As parameter of a reliable
simulation the diffusion coefficient was defined with
D = 0.5 x 107° m%s. The fluid’s diffusive conductivity
in our simulation was isotropic and, therefore, only denoted
by the diffusion constant D.

The square inlet holes of the two sideports, the backside
sheath flow, and the outlet have an edge length of 250 pum.
For the inlet and lifting ports the silicon is etched through to
an edge length of 80 um. The channel width at the sample
fluid entrance is 400 pm and is narrowed down to 80 pm.
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The 45° adjacent sideport channels are also 80 um broad.
The lifting inlet covers the whole channel width to ensure a
homogeneous lifting of the sample. The height of the SU-8
channel is 82 um. The backside sheath fluid is introduced in
a broad microchannel overflowing the sample inlet and
constraining the sample to the bottom of the channel. A
preliminary lateral focusing is achieved by narrowing the
channel geometry to one-fifth of its original width (Fig. 3a).
Due to three-sided sheathing at this point, clogging of the
channel is inhibited. As a next step the sample stream is lifted
to the center of the channel (Fig. 3b). Therefore, the position
and dimensions of the lifting port inlet are crucial for correct
particle centering. In a previously presented study of our
group an undesired secondary effect of the lifting step has
been discovered (Hairer et al. 2008). As the sample stream is
lifted an expansion of the sample stream width due to the
parabolic flow velocity profile is measured in correlation to
the vertical position. Therefore, in the last step the sample is
pinched off by the sideport streams to inhibit the broadening
and ensure the centered position and the particle alignment.
An additional practical feature of the coaxial bead alignment
is the prevention of polystyrene particle contact on the
hydrophobic surfaces of SU-8 and PDMS. With the applied
flow rates Osample = 1, Osheath = 50, Osideports = 3, OLire =
20 pl/min a consistent cross-sectional spot of 12 x 14 pm?

(@) Sample Inlet

SIM

REAL

T
IM

Lifting Inlet

REAL

Fig. 3 Simulation results and light and confocal microscopy images
of the hydrodynamic focusing of the microflow cytometer. a Hori-
zontal sheathing of the sample stream. The intensity of the colored ink
solution decreases after the lifting inlet due to the reduced height of
the lifted sample stream, which is completely surrounded by the
transparent sheath flow (DI-water) after the lifting. b Cross-sectional
close-up of the lifting inlet and the following sideport junction
illustrates the good agreement of theory and experiment of the sample
centering. The difference between simulation and practical approach
suggests that the lifting procedure is more abrupt than predicted. A
possible reason could be the slightly rough edges of the inlet holes of
the SiN and the substrate

@ Springer

(width x height) is achieved both in computational fluid
dynamics simulation and experiments. Detailed results are
depicted in Fig. 3. The horizontal (XY) micrograph shows
the hydrodynamic focusing using a highly concentrated
aqueous ink solution. The cross-sectional (XZ) image is
recorded using a confocal microscope (Nikon Eclipse Cl
Plus, Nikon, Japan) with a 20x objective (Plan Apo Dry
20x /0.75 WD 1.0, Nikon, Japan). The image resolution
was 2,048 x 2,048 pixels with a Z-step size of 0.44 pm and
a pixel dwell time of 3.12 us. A green HeNe laser
(P =2 mW, / = 543 nm) in combination with a spectral
long pass filter (570 LP) was used. 50 pM of Rhodamine B
was dissolved in 94% (w/w) ethanol to create a fluorescent
sample fluid. In general, the use of ethanol is helpful to
inhibit/prevent the creation of air inclusion in the channels
and to increase the luminescent quantum yield and lifetime
(Snare et al. 1982). A comparison of the two cross-sections
shows very good agreement of the captured confocal image
and the simulation result. In conclusion, the achieved sample
stream dimensions in combination with the parabolic flow
velocity profile in the inspection zone (v = 0.21 m/s) are
sufficient enough to align the bead suspension. A more
detailed description of vertical and horizontal sample shift-
ing with a similar reconfigurable device developed by our
group can be found in Hairer and Vellekoop (2009).

3.2 Optical inspection with integrated polymer-based
elements

In the center part of the chip several optical elements are
integrated in the transparent polymer. After alignment the
hydrodynamically centered particles are driven through
this inspection region. As a first step the excitation light is
coupled via the fixed aspheric lens fiber coupler from the
free-space laser into the multimode glass fiber. The laser
head and the FC/PC collimator are mounted and adjusted in
a l-inch cage system from Thorlabs (Thorlabs Inc., NJ,
USA). The laser—fiber coupling loss yielded 1.18 dB
determined by a laser power meter (Ophir Nova II, USA).
After insertion and fixation of the cleaved fiber ending in
the microchip the light is coupled into the on-chip polymer
waveguides and guided by total internal reflection. The
refractive index of SU-8 which forms the waveguide core
is n = 1.60, and the surrounding materials (lateral: air
n = 1, bottom: SiO, n = 1.46 and a reflective titanium
layer, top: PDMS n = 1.43) enable waveguiding. The light
exiting the waveguide is focused by a biconcave air/resist
lens and coupled into the microfluidic channel (Fig. 4).
This subsequent cylindrical lens (d = thickness, R; and
R, = left and right curvature radii) is designed using
simple lens maker’s equations combined with the imaging
properties
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l:nz—nl(i+i>+<(n2_nl)2d> )
f n \Ri Ry mR Ry

with n, = 1.6, ny = 1, Ry = 160 um, R, = 100 um and
d = 50 pum (Fig. 4b). A theoretical focal length of 95.6 um
is achieved.

To proof and simulate the calculations and emerging
variations due to fabrication issues raytracing experiments
with the dedicated software ZEMAX EE (ZEMAX, WA,
USA) were conducted to focus the incident light beam to
the center of the microfluidic channel (Fig. 4a). Since the
waveguide-exiting light rays are divergent, the first cylin-
drical lens curvature (R;) is primarily used to collimate the
light whereas the second plane (R;) is applied to generate
the converging light path. To our knowledge, this is the
first axial SU-8 lens not influencing the analytic channel
integrated in a microflow cytometer. As a result the
channel geometries can be further downsized enabling a
more precise hydrodynamic focusing. The integration of a
cylindrical 2D lens in the channel wall at these dimensions
80 x 80 pum?® would result in strong disturbances of the
flow stream conditions and, therefore, a decrease in signal
quality. The excitation light path was visualized in two
ways. First, since SU-8 has a strong autofluorescence when
excited with the applied laser wavelength (4 = 532 nm)
(Ong et al. 2007) the incident laser light traveling through
the waveguide and the biconcave lens is visualized. Sec-
ond, the microfluidic channel is filled with a low-concen-
trated fluorochrome (Rhodamine B, excitation 532 nm,
emission at 600 £ 20 nm) to display the focal plane inside
the channel. The background was illuminated with a con-
ventional cold light source to visualize the channel walls

(a) Y Focused Particles (b)
X
d
=} |
= — [
um) Resist/Air Lens _____Fjl._- | R,
60 80 100 ., 80 40 ___|___
(c) |
n, :
n, (SU-8)= 1.6
n, (Air) = 1.0

Fig. 4 a Raytracing simulation of the light focusing. b Biconcave
lens geometry with two different curvature radii. ¢ Superimposed
micrograph of the optical inspection region with integrated wave-
guides and 2D lens. The auto-fluorescence of SU-8 in combination
with the Rhodamine B solution in the sample channel is utilized to
visualize the light path

and the integrated lens. The fluorescent micrographs are
superimposed and illustrate the excellent agreement of the
raytracing simulation and experiments (Fig. 4c). The cre-
ated lens plane width (XY) in the center of the channel is
15 um which means that an almost optimal spotsize for
particle measurements (4, 8, 12 pm) is achieved. In a
quantitative comparison with a microdevice without the
lens/waveguide structure an improvement in coupling
efficiency by 13 dB was measured. Despite the focused
laser beam and increased irradiance, no heating effects in
the channel/material was observed. In a recently published
proof-of-principle study (Buchegger etal. 2009) we
implemented a 2D fluidic lens based on the same principle
but with the ability to shift the focal point in the channel
according to the used fluid. This method is very promising
to overcome fabricational variations. Furthermore, proof-
of-principle measurements of single fluorophore-coated
beads were conducted, and a satisfactory performance in
single particle detection without the use of single photon
counting units was achieved. Work is in progress to further
increase the coupling efficiency and minimize the focal
spot size in three dimensions. A promising method for
incorporating a lens with the ability to focus the incident
light three-dimensionally is the implementation of an op-
tofluidic lens (Rosenauer and Vellekoop 2009).

3.3 Identifications of polystyrene microspheres

The optical investigation of bead samples comprises mul-
tiple different observation techniques depending on the
preparation of the sample and the evaluated parameters,
such as fluorescence, forward/side scattering (FSC/SSC),
and extinction. In this study the signal extinction as a
parameter for bead size and transparency was analyzed.
FSC devices for small and large angle scattering were also
realized on the silicon wafer. 5-10° inclined on-chip
waveguides were integrated to enable FSC measurements
and increase the biochemical parameter measurement
range and the sensitivity by signal correlation of two FSC
waveguides.

The waveguide—fiber coupling arrangement from the
excitation path was also placed on the opposite side of the
channel as detector path, with the absorbance signal trav-
eling through the analyte channel and a second on-chip
waveguide, and being decoupled into a detection glass
fiber. The light intensity was then measured by a standard
Si-photodetector (30 dB pre-amplified) operated in lock-in-
amplification (f = 30 kHz). By applying standard low-cost
optical elements capable of being integrated this setup
differs from other approaches which use single photon
counting units to detect bead parameters with a possible
miniaturizing trade-off. In order to evaluate the perfor-
mance of the microflow cytometer different particle sizes
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were centered and analyzed. Polystyrene particle samples
(d = 4/8/12 pm) were used with the given concentrations
(c =5.7 x 10%7.0 x 107/2.2 x 10’ beads/ml) and the
pre-defined flow rates (Sheath/Sample/Lifting/Side-
port = 5/0.1/2/0.5 pl/min). In the microdevice it is essen-
tial that sample cells/particles are measured individually. In
relation to our achieved hydrodynamic sample spot size of
12 x 14 um? the maximum concentration applied should
not exceed ¢ = 3 x 10® beads/ml to reach a theoretical
distance of 20 um between the particles. The microbeads
were suspended in the mentioned density-matched solution
(see Sect. 2.1). Afterward, the suspension was driven
through the microfluidic chip by applying the pre-simu-
lated flow rates. Consequently, as a centered single bead
passes through the light beam, a detectable amount of light
is blocked depending on its size. The lock-in-amplifier
output was displayed on the oscilloscope in AC-coupling
mode, minimizing low-frequency signal drift (<5 Hz) and
showing a distinct negative peak for each particle at a
single trigger event. For different-sized particles multiple
negative peak voltages were obtained excellently assigning
the bead type (size) to the voltage peak height. In order to
test the chip functionality a low-concentrated suspension
with 4 and 12 pm polystyrene particle was mixed. Fig-
ure 5a shows the extinction measurement results (negative
edge trigger level = —0.015 V). A distinct difference in
peak height (average voltage 4 pm = —0.04V;
12 pm = —0.14 V was detected, allowing simple differ-
entiation between two particle sizes. A close-up of a single
signal drop is displayed in Fig. 1 ESM. A minimum
detectable particle size of >4 pm was achieved. In order to
extend the measurement range and sensitivity the integra-
tion of novel optofluidic elements is planned.

To determine the discrimination capability of the pre-
sented microflow cytometer a 1.5 ml suspension of 4, 8§,
and 12 pm particles was mixed at bead ratio of 1:1:1 with
approx. 8.8 x 10° beads per lot. A micrograph of the bead
suspension is shown in Fig. 2 ESM. After extinction peak

Polystyrene particles (d =4 and 12 pm)
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Fig. 5 Dynamic axial light loss measurements with two distinct
extinction peak heights generated by different-sized polystyrene
particles (d = 4 and 12 um)
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data collection of around 1,000 trigger events per single
test run, a data processing program based on MATLAB
was developed to automatically determine the peak height
and width of every single event for a statistical analysis. In
contrast to other approaches the bead suspensions were not
measured separately, and therefore, the determined signal
intensities from the measured microspheres were plotted in
a single histogram (Fig. 6a). The distributions of the par-
ticle sizes show clear separation in three main areas, and
Gaussian curve fits were calculated and added to the graph.
From these distributions, the mean values p, the standard
deviations o, and the coefficients of variations (CV),
defined as the standard deviation divided by the mean
values of the signal peaks, were determined and listed in
Table 1. To evaluate the influence of doublets the popu-
lations were investigated individually (Fig. 3 ESM). Each
population showed 1-3% occurence of cojoined polysty-
rene particles.

Even though the CV of the microflow cytometer is rel-
atively high in comparison to certain commercial benchtop
cytometers (Shapiro 2003), it is comparable to other inte-
grated versions (Wang et al. 2004; Chen and Wang 2009).
The reasons for the elevated CV for 4 um beads might be
found in the slightly pulsed pumping motion of the syringe
pumps and the more variably excited particles as a result of
the slightly deviating center position of the 4 um beads.
However, the presented low-cost setup enables a reliable
particle differentiation only by peak height detection. From
a total data count of 1,000 events, 278 peaks were classified
as 4 um beads, 369 peaks as 8 pum, and 353 peaks as
12 pm, respectively. The reason for the deviating 4 um
population might be due to observational error in the pro-
cess of manually suspending the microbeads, which natu-
rally leads to an increased deviation for the smaller
particles suspensions with a higher bead concentration.

For a more detailed analysis the peak width of every
event was also determined and plotted against the peak
height (Fig. 6b).

Each population represents the microsphere’s size as it
is directly related to the axial light loss thus increasing the
peak height and width.

With the investigation of the 4 um particle suspension
the limit for this measurement setup and chip design is
defined. As mentioned before, by integrating 5-10°
inclined on-chip waveguides FSC measurements would be
enabled, and an increase of the biochemical parameter
measurement range and the sensitivity by signal correlation
of two FSC waveguides is expected.

3.4 Viability bioassay

In the final section the applicability of the microsystem for
clinical assays is validated. Therefore, a comparable
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Fig. 6 a Statistical evaluation histograms of the axial light loss
measurement data. Counts/signal-voltage measurement of 4/8/12 pm
(1:1:1) polystyrene particles in a single suspension. The diameter is
directly correlated to the signal voltage peak height. The overlapping
signal and additional peaks in the transition region between to
distributions are a result of particle clustering (doublets and triplets)
as they pass simultaneously through the detection region.

Table 1 Probability distribution parameters (¢ mean value and ¢
standard deviation) for the different polystyrene particle samples

Size (um) 1 (V) o (V) CV (%)
—0.047 0.0154 32.9

8 —0.139 0.0265 19.1

12 —0.375 0.0317 8.4

standard viability test of T-lymphocyte cells (Jurkat cell
line) was conducted by trypan blue staining. Since trypan
blue is a vital dye, it does not interact with single cells
unless the membrane is damaged. A dead or dying cell with
a porous membrane is consequently stained blue and
exhibits a higher absorption for the extinction measure-
ments. Usually these clinical tests result in a viability count
of 0.9 or higher. To obtain more significant extinction data
allowing the characterization of the setup, a suspension
with an increased amount of dead cells was prepared. After
cultivation and suspension of the cells (see Sect. 2.5) a
0.4% trypan blue solution was used to selectively color the
dead cells blue. To minimize optical interferences at the
fluid interfaces (sample/sheath flow) the buffer medium
was also used as surrounding fluid. The cell suspension was
introduced to chip under the same fluid and optical con-
dition as the particles mentioned before. The microflow
cytometric data are again displayed in a frequency histo-
gram providing two distinguishable distributions of viable
and dead cells (Fig. 7). To validate the performance of the
cytometer, the viability was also measured with a hemo-
cytometer (0.71). The measurement of the microflow
cytometer (0.69) was in good agreement with the con-
ducted standard reference viability measurement. Work is
in progress to further investigate the ability of the micro-
system to be applied for clinical assays.
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b Microsphere identification plots (2D) for three different-sized sets.
Each point represents a single event with the determined pulse height
and width. By constructing Gaussian mixture distributions of the
signal data with three distinct center points the particle sets were
successfully clustered. Although, a non-linear behavior between size
and signal values (peak height and width) was determined, the
discrimination was accomplished with an 89% accuracy
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Fig. 7 Frequency histogram of a viability test of T-lymphocytes
(Jurkat cells) by measuring the axial light loss combined with trypan
blue staining. When setting the discrimination threshold to
V = 0.2V, a viability of 0.69 is obtained

4 Conclusion

A single-layer microflow cytometer based on 3D hydro-
dynamic focusing with integrated polymer optical elements
demonstrated the capability to distinguish different sets of
monodisperse polystyrene beads. The microfluidic system
and all the optofluidic elements were fabricated in a single-
layer photopolymer (SU-8) by standard lithography. Since
the device was not capped permanently an entire wafer
with over 60 devices could be completed in a single day.
Each device could also be disassembled and thoroughly
cleaned after every assay. The detection setup comprising
off-chip standard devices like laserdiodes, multimode glass
fibers, and a Si-photodetector was designed to contain low-
cost equipment to facilitate simple reconfigurations for
various types of assays and possible integration of those
elements in future developments. Three different-sized
polystyrene beads were tested by measuring the axial light
loss of the incident light beam. The signal drop was
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evaluated by determining the peak height and width. The
acquired data were statistically analyzed and allowed an
excellent discrimination between the three populations. To
display the bio-applicability of the presented microflow
cytometer a standard viability test with T-lymphocyte cells
was conducted. The frequency histogram shows two dis-
tinct distributions illustrating the great potential of this
microfluidic cytometer in clinical assay automation.
These studies demonstrate the proof-of-principle capa-
bility for performing cytometric measurements on a low-
cost level without compromising on the demanded sensi-
tivity and reliability. This holds great promise for further
development in terms of multiple parameter assays, cell
analysis, and automated point-of-care diagnostics.
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