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Abstract

This research describes the design and performance of a microfluidic observation channel capable of performing flow cytometry measure-
ments using solid-state lasers and PIN-based photodetectors. The observation cell, fabricated using poly(dimethylsiloxane) (PDMS)-based
soft lithography, is designed with integrated microgrooves that permit the physical registration of optical fibers that serve as optical
waveguides for laser excitation and fluorescence detection. The optical fiber arrangement is designed to permit simultaneous multi-color
excitation of sample particles, at a single interrogation point in the observation channel, using multiple angles of excitation and detection.
The multiple angles can be used to increase signal-to-noise ratio (S/N) by performing two independent fluorescence measurements simulta-
neously, and to permit multiple simultaneous cytometric measurements to occur at a single interrogation point. Moreover, the multi-angle
micro flow cytometer is proven to provide consistent color differentiation that allows the design to achieve spectrometer capabilities not
possible on a conventional flow cytometer. The micro flow cytometer performance was evaluated by considering the detection of fluores-
cent microspheres (15�m) and nucleic acid labeled fungus (Saccharomyces cerevisiae). Multiple angles (45◦, 135◦, and 180◦) between
fluorescence excitation and detection were investigated with respect toS/N, S/N coefficient of variation, and particle recovery. The exper-
iments demonstrate the feasibility of developing a highS/N single-cell fluorescence detection system based exclusively on silicon-based
PIN photodiodes coupled with the lock-in amplification technique. The technique is applicable to the detection of scatter and fluorescent
signals emanating from inorganic particles and biological cells, and is highly amenable to economical manufacturing, miniaturization, and
low-power operation. Consequently, the design approach and performance results described in this investigation have applicability to the
development of practical and low-cost cytometric micro total analysis systems (�TAS).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Flow cytometry can be broadly defined as a methodology
for measuring and analyzing the optical signals emanating
from particles flowing in a liquid stream through a beam of
light [1]. It is capable of rapid detection and enumeration of
individual cells by using a precision-aligned arrangement
of fluidic and optical components[2]. In a comparison
with other technologies capable of biological detection and
enumeration, it has been claimed that flow cytometry has a
superior balance of useful performance characteristics such
as microbial sensitivity, speed, and specificity[3]. Conse-
quently, flow cytometry has gained widespread use in a
variety of medical, scientific, and engineering fields such

∗ Corresponding author. Tel.:+1-734-6155253; fax:+1-734-6473170.
E-mail address:skerlos@umich.edu (S.J. Skerlos).

as disease diagnosis and monitoring, cell biology, toxicol-
ogy, and environmental analysis. Although conventional
flow cytometers have exceptional high-speed analytical
and physicochemical characterization capabilities, they are
costly, large, and mechanically complex. This prohibits the
widespread use of flow cytometry outside of well-funded
laboratories for the detection of bioterrorism agents, water-
borne pathogens, and human disease. Consequently, there
is a need for less expensive, smaller, and less complicated
flow cytometry instruments for both research and practical
applications.

This research describes the design and performance of
a microfluidic observation channel with an integrated op-
tical excitation and detection system capable of perform-
ing flow cytometry measurements using solid-state lasers
and PIN-based photodetectors. The observation channel
is designed with integrated microgrooves that permit the
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physical registration of optical fibers that serve as optical
waveguides for laser excitation and fluorescence detection.
The integrated optical fiber system has a highly compact
volume and is capable of efficiently delivering excitation
energy and collecting fluorescence signals.

To facilitate further reductions in size and cost, PIN
photodiodes were also investigated in this research as an
alternative to photomultiplier tubes (PMTs) and avalanche
photodiodes (APDs) for the detection of fluorescence en-
ergy radiating from single particles and cells. PIN photo-
diodes consist of a P–N junction with an intrinsic region in
the middle. Due to this simple junction structure, the cost
of PIN photodiodes is much less than PMTs or thermally
managed APDs. They are also much more compact and less
power consuming. While PIN photodiodes have been previ-
ously used for fluorescence detection within DNA analysis
and amplification devices[4,5], and within dielectrophoretic
devices[6], these applications involve a relatively strong
signal when compared to single-cell fluorescence detection.
No previous research in the arena of biological detection
has yet to achieve single-cell fluorescence detection with a
fast response (in kHz order) using PIN photodiodes as is
required for obtaining the high throughput required in flow
cytometry. In fact, it has been suggested that it would be
“practically impossible” to replace PMTs and APDs with
PIN photodiodes for fluorescence detection in flow cytom-
etry [2]. In contrast, this research shows that it is feasible
to utilize PIN photodiodes in conjunction with lock-in am-
plification to achieve single-cell and particle fluorescence
detection.

The research also demonstrates the unique color differen-
tiation ability of the cytometer using an optical fiber arrange-
ment with multiple angles. It is shown that simultaneous
measurement of a single interrogation region from multiple
angles can give the microcytometer spectrometer-like capa-
bilities. The results demonstrate that it is possible to utilize
the proposed design approach as the basis for a low-cost and
practical micro total analysis system (�TAS) for cytometry
applications.

Fig. 1. Design of PDMS observation channel with embedded optical fibers (arrangement shown with 45◦ angle between excitation and detection optical
fibers).

2. PDMS microfluidic channel and integrated optical
system

2.1. Microfluidic channel for hydrodynamic focusing of
samples

This research has developed a microfluidic observation
channel comprised of PDMS. PDMS has recently gained in-
creasing attention in various microfluidic device applications
due to its excellent optical transparency, mechanical flexi-
bility, and manufacturability[7,8]. The microfabrication of
PDMS-based observation cells is typically conducted using
the soft lithography process[9], which provides a number
of advantages relative to traditional MEMS micromachining
involving dry or wet etching due to its simplicity, low cost,
and applicability to a wide range of channel geometries and
dimensions. The PDMS observation channel was designed
to have a cross-sectional area of 100× 300�m2 and three
fluid entry compartments as illustrated inFig. 1. Design pa-
rameters for the channel such as lengths, angles, and vol-
umes were determined by developing a microfluidic model
within the computational fluid dynamics (CFDs) software
Fluent 5.5 (Fluent Inc., NH). The detailed fabrication pro-
cess of the observation cell is described in previous research
[10].

2.2. Integration of optical and fluidic sub-systems

The optical sub-system of the micro flow cytometry sys-
tem must serve (1) to deliver laser light to a well-defined
observation zone and (2) to collect fluorescent light from the
observation zone and deliver it to an optical filter for separa-
tion from scattered laser light prior to electronic detection.
In contrast to conventional flow cytometers, the design in-
vestigated in this research uses integrated optical fibers for
this purpose. The fiber optic system has a more compact
volume, yet is still capable of transmitting excitation and
fluorescence light with high efficiency. In addition, by em-
bossing groves that serve as fiber receptacles directly into
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the PDMS observation cell as shown inFig. 1, the optical
fibers can be fit tightly in the system without separate align-
ment steps necessary during assembly.Fig. 1also illustrates
that multiple light impingement and collection angles are
also easily possible (45◦, 135◦, and 180◦ shown), which is
not the case in conventional flow cytometers. The detection
system can therefore be reconfigured to collect information
from any or all angles simultaneously as desired in a given
application.

2.3. Lock-in amplification of PIN photodiode signal

In a flow cytometer, the optical system usually consists
of a laser, photodetectors, and optical components such as
lenses, mirrors, and filters. In conventional flow cytometers
PMTs, and occasionally APDs, are used for fluorescence
detection in the wavelength range of 400–1000 nm. These
detectors are utilized in flow cytometry and other applica-
tions due to their high sensitivity, high internal gain (106),
and fast response (10−7 to 10−9 s) [10–12]. However, PMTs
are bulky, fragile, consume large amounts of power, and are
generally sensitive to environmental conditions. APDs are
also somewhat bulky and require high-power, resulting from
their need for active thermal management to maintain high
S/N. Although both PMT and APD photodetectors yield a
largeS/N due to their internal gain, optical systems incor-
porating these devices into flow cytometers are costly and
difficult to miniaturize. For this reason, this research inves-
tigates PIN-based photodetectors which are low-cost, low
power, and compact enough to be integrated with other op-
tical components.

Since the fluorescent signals generated from the detec-
tion of biological cells only generate a few nA of current
in the PIN photodiodes, a lock-in amplification technique is

Fig. 2. Experimental testbed for micro flow cytometer performance evaluation.

applied to increase theS/N of the micro flow cytometer.
While common in other applications, the lock-in amplifica-
tion approach has not been previously discussed in the liter-
ature for flow cytometry. The lock-in technique is effective
because it acts as a narrow band-pass filter which removes
much of the unwanted noise while allowing the signal which
is to be measured to pass through. To achieve this, the laser
excitation is modulated at a reference frequency which in-
duces fluorescence emission from the interrogated sample at
the same frequency. The modulated signals detected at the
photodiode are then monitored with high sensitivity using
the lock-in circuit. For reliable performance, the modula-
tion frequency is set to be two orders of magnitude higher
than the bandwidth required for detecting the fluorescence
emission from moving sample particles. The lock-in circuit
parameters such as the time constant and sensitivity are se-
lected to maximizeS/N at the given modulation frequency.

3. Experimental setup

3.1. Testbed for micro flow cytometer evaluation

Fig. 2illustrates the experimental testbed used to evaluate
the performance of the microfluidic and optical design of
the PDMS micro flow cytometer described inSection 2. In
this investigation, FluoSpheres® polystyrene microspheres
(Molecular Probes, Oregon) are used as a reference sam-
ple to better understand the performance of the micro flow
cytometer under different fluidic and optical conditions.
Specifically, the micro flow cytometer is tested using scarlet
fluorescent (F-8843) microspheres with 15.5�m average
diameter and green fluorescent (F-21010) microspheres
with 15.0�m average diameter. The maximum absorption
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Table 1
The absorption and fluorescence emission wavelength of the tested microspheres

Sample Maximum absorption
wavelength (nm)

Maximum fluorescence
emission wavelength (nm)

FluoSpheres® polystyrene microspheres, F-21010 (green fluorescent, 15.0�m) 645 680
FluoSpheres® polystyrene microspheres, F-8843 (scarlet fluorescent, 15.5�m) 450 480

and emission wavelengths for these microspheres are listed
in Table 1 [13].

The semiconductor laser diodes used to excite the refer-
ence fluorescent microspheres include: (1) a 6 mW red diode
laser (SCFC2-0635-0006-T-25, Optical Fiber System Inc.,
Massachusetts) with a peak wavelength of approximately
635 nm, and (2) a 5 mW blue diode laser (NDHB500APAE1
Engineering Sample, Nichia Co., Japan) with a peak wave-
length of approximately 440 nm. The blue and red laser
excitations are modulated at 100 kHz with differing phase
angles (e.g., signals 180◦ apart in phase). Multi-mode opti-
cal fibers (F-MCB-T, Newport Co., California) with 100�m
core diameter and 110�m cladding diameter are utilized
to transmit energy to and from the interrogation zone as
shown inFig. 2. The optical filters are selected according
to the transmission spectral characteristics listed inTable 2
in order to separate the high-intensity excitation light
from the relatively weak fluorescent light emitted by the
above-described microspheres. The photocurrent generated
at the PIN photodiode (S7329-01, Hamamatsu Photonics
Co., New Jersey) is amplified using an OP-amplifier-based
circuit (104×, OPA 655, Texas Instruments Inc., Texas). The
circuit converts the photocurrent signal to an amplified volt-
age signal. The voltage signal is processed using a lock-in
amplifier (SR-840, Stanford Research Inc., California) and
extracted from the background noise.

3.2. PIN photodiode and lock-in amplifier for fluorescence
detection

To fully validate the performance of the PIN-based sig-
nal detection process, this research involved performing
the fluorescence detection with and without the lock-in
amplifier. To achieve this, the signal detected at the PIN
photodiode was guided to a pre-amplifier circuit and then
identically divided into two cables. One of the divided sig-
nals was directly monitored and the other was processed by
the lock-in amplifier prior to monitoring. The signals were
then compared with each other.

Furthermore, signals simultaneously obtained from a
PMT (P30CWAD5-01, Electron Tubes Inc., New Jersey)

Table 2
The optical filters exploited in the experiments

Sample Optical filter

645/680 polystyrene bead 695 band pass (FWHM: 11.5 nm)
450/480 polystyrene bead 480 long pass

(50% transmission at 480 nm)

and a PIN photodiode were compared with each other to
validate the performance of the signal detection system us-
ing the PIN photodiode and the lock-in amplifier. The PMT
was selected as a reference detector, as it is widely used
in cytometry and known to perform well in this applica-
tion [10]. The PMT was powered by a 900–1200 V voltage
source to obtain maximumS/N. For this experiment, one
excitation and two detection optical fibers were embedded
into the observation cell at the same angle. The detection
fibers, one of which was connected to the PIN photodi-
ode and the other connected to the PMT, simultaneously
captured the fluorescent signals and sent them to the pho-
todetectors. The signals from the PIN photodiode with the
lock-in amplifier and the PMT (without signal processing)
were then compared.

3.3. Optical arrangements for simultaneous two-color
detection of polystyrene microspheres

To demonstrate two-color excitation and detection using
the developed micro flow cytometer, two pairs of optical
fibers were arranged at an angle of 135◦ between the excita-
tion and detection fibers as shown inFig. 3. A mixed sample
consisting of scarlet and green microspheres (each diluted
1:30 with buffer solution) was injected into the microfluidic
channel and hydrodynamically focused. The sample was ex-
cited at a single interrogation point using two lasers with
440 and 635 nm wavelengths. In order to prevent the cou-
pling of the two excitation light sources, the red and blue
laser diodes were driven 180◦ out of phase (100 kHz).

4. Experimental results

4.1. Hydrodynamic focusing in microfluidic observation
channel

Fig. 4 provides images illustrating the focusing perfor-
mance of the micro flow cytometer. The flow profile of the
hydrodynamically focused sample liquid was observed us-
ing optical and confocal microscopy. As can be seen in the
figure, the sample fluid is well confined in the center of the
channel in the horizontal direction. It was found as predicted
that the width of the focused sample fluid could be controlled
by changing the ratio of sample/sheath flow rate. It was ob-
served that by tuning the ratio of flow rates between the sam-
ple fluid and the sheath fluid (maintaining fixed total flow
rate of 15 ml/h), experimental results conferred with CFD
simulation results to within 10% error as shown inFig. 5.
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Fig. 3. The arrangement of optical fibers for two-color excitation/detection experiment.

Fig. 4. Optical and confocal microscope photos demonstrating focusing performance of the microfluidic channel. The sample water containing fluorescein
(Sigma–Aldrich, Missouri) is excited using a blue (λ = 440 nm) laser.

4.2. Lock-in amplification for single particle detection
using PIN photodiodes

Fig. 6(a)shows that the lock-in approach was critical to
the application of PIN photodiodes in single-particle cyto-
metric measurements, as the PIN photodiode is incapable

Fig. 5. The CFD simulated and experimental sample column width.

of detecting fluorescent polystyrene microspheres in the ob-
servation cell without advanced signal processing.Fig. 6(b)
demonstrates the simultaneous detection by the PMT (with-
out advanced signal processing) and the PIN photodiode
detection with lock-in technique. It is observed that all
particles detected with PMT can be observed with the PIN
photodiode with equal or higherS/N.

4.3. Fluorescence detection of polystyrene microshperes

The micro flow cytometer performance was evaluated for
the case of fluorescent microsphere detection. Three param-
eters were used as performance metrics:S/N, S/N variation,
and recovery rate. The recovery rate was estimated by inject-
ing a sample fluid with polystyrene microspheres of known
concentration (106 beads per 30 ml) into the microchan-
nel. The final microsphere concentration was achieved by
a 1:30 dilution in buffer solution (Tris-buffered saline with
bovine serum albumin (BSA), T6789, Sigma–Aldrich Co.,
Missouri). These performance parameters are discussed in
the following paragraphs.

4.3.1. S/N
Fig. 7 shows the averageS/N corresponding to various

angles between the excitation and detection fibers. TheS/N
values obtained from the experiments show that the device
can successfully detect the fluorescence emission in different
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Fig. 6. PIN photodiode detection with and without lock-in technique and comparison with PMT. (a) Comparison of PIN Photodiode with and without
lock-in technique. (b) Comparison of PIN Photodiode with lock-in technique vs. PMT without signal processing.

angles for 15�m polystyrene microspheres. The detection
angle resulting in maximumS/N (∼9.5) is 180◦. For the scar-
let polystyrene microspheres, theS/N was slightly reduced
when measuring at 45◦ and 135◦ off the excitation direction.
In contrast, theS/N at 45◦ and 135◦ for green polystyrene
microspheres measurement was reduced to about 35% of
that in 180◦. These results have useful and significant rami-
fications for estimating fluorescence wavelength that will be
discussed inSection 5.

Fig. 7. AverageS/N ratio for scarlet and green polystyrene microspheres detection in different angles. (The numbers showing on the figure are average
peak height/average noise height (V).)

4.3.2. S/N variation
Fig. 8illustrates theS/N variation (expressed as the coeffi-

cient of variation percentage) in different angles for numer-
ous ratios of sample/sheath flow rates. The minimum varia-
tion occurred at 180◦ detection and at the lowest ratio of sam-
ple/sheath flow rate. TheS/N variation for the 180◦ detection
was observed to be approximately 25 and 35% for the scarlet
and green polystyrene microspheres, respectively, over most
of the flow rate ratios investigated. The variation over this
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Fig. 8. S/N variation for polystyrene microspheres detection in different
angles ratios of sample/sheath flow rate. (a)S/N variation for scarlet
polystyrene microspheres detection. (b)S/N variation for green polystyrene
microspheres detection.

range is believed to be in part due to the variation in the di-
mensions and intensity of the microspheres, and in part due
to the variation in the vertical position of the microspheres
in the microfluidic channel. Furthermore, theS/N variation
was observed to increase as the ratio of sample/sheath flow
rate became higher. This variation increase was more obvi-
ous at 45◦ and 135◦ detection than it was at 180◦. As will be
discussed inSection 5, this is likely due to the wider column
of sample fluid at higher sample/sheath flow rate ratios, and
the increased possibility of multiple particles in the interro-
gation zone at the same time under this condition.

4.3.3. Recovery rate
Fig. 9 illustrates the recovery rate for different angles

at various ratios of sample/sheath flow rate. The maximum

Fig. 9. Recovery rate for polystyrene microspheres detection in dif-
ferent angles ratios of sample/sheath flow rate. (a) Recovery rate for
scarlet polystyrene microspheres detection. (b) Recovery rate for green
polystyrene microspheres detection.

recovery rate (75%) was obtained at 180◦ detection. Higher
recovery rates generally were observed with increasing sam-
ple/sheath flow rate ratio. Deviations from 100% recovery
are accounted for by analysis discussed inSection 5.

4.4. Two-color excitation/detection

Experiments with simultaneous two-color excitation/
detection demonstrated the feasibility of the compact optical
arrangement proposed inSection 3. The highS/N ratio (6.4
and 2.1 for scarlet and green microspheres, respectively)
of the detected signal (Fig. 7) shows that the system was
capable of simultaneous two-color excitation/detection with
a single interrogation zone. Moreover, the recovery rates of
the two-color excitation/detection system were observed to
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Fig. 10. Electronic signals at PIN-photodiodes for nucleic-acid labeledSaccharomyces cerevisiae(Syto® 62).

be only slightly lower than those of the single-color results.
The differences are approximately 10–20%, which may be
due to experimental variation, or due to correctable inter-
ference between the detection systems of the two colors.

4.5. Detection of Saccharomyces cerevisiae

Fig. 10provides observations of the electronic signal cor-
responding to the detection of fluorescent labeledS. cere-
visiae. To prepare the fungus sample, a powder sample of
dried cells was mixed into warm water and maintained at
38◦C for about 20 min to revive the culture. After full ac-
tivation of the cells, a 2�l yeast solution was stained using
Syto® 62 (or Syto® 44) (Molecular Probes) and incubated
for 20 min at room temperature. The yeast cells, with flu-
orescently labeled nucleic acid, was injected into the flow
cell at a sample flow rate of 5 ml/h with total flow rate of
15 ml/h and excited using the 635 nm red (or 440 nm blue )
laser diode. The optical signals were separated from the ex-
citation radiation using the 695 nm band pass (or 480 long
pass) filter. The concentration of the yeast cells calculated
from the experimental results is about 1.90× 104 cells/ml,
with anS/N of approximately 2.8. The results show that the
micro flow cytometer is effective in detecting yeast cells,
with high potential for application to other biological cells.

5. Micro flow cytometer performance analysis and
discussion

5.1. Impact of opto-fluidic design on fluorescence detection
of micro flow cytometer

5.1.1. S/N
The data inFig. 7 indicate that the averageS/N is almost

invariant regardless of the detection angles for the scarlet

fluorescent microspheres, whereas it is highly influenced by
angle for the green fluorescent microspheres. Moreover, it
is observed that the signal intensity is reduced at the 45◦
and 135◦ angles compared to that at the 180◦ angle. The
reduced off-angle signal intensities are likely due to numer-
ous opportunities for scattering losses at the off angles. For
instance, when the detection optical fiber is not aligned nor-
mal to the channel, the optical path can be significantly bent
due to the difference in index of refraction at the interfaces
between the PDMS channel wall and the fluid, and between
the PDMS flow cell and the air gap in front of the optical
fiber. In addition to optical path bending, the distance be-
tween the end of the detector fiber and the center of the in-
terrogation zone,dc, highly influences the magnitude of the
detected light intensity. In the current flow cell design, the
180◦ detection arrangement has a shorter distance between
these two points (dc ∼ 200�m) than the 45◦ and 135◦ de-
tection arrangements (dc ∼ 330�m). The longer distance
leads to weaker detected signals at the 45◦ and 135◦ angles,
as would be predicted if the sample particles were assumed
to be point light sources positioned at the center of the inter-
rogation zone. In this case, the intensity of the light collected
by the optical fiber is proportional tod−2

c , and it would be
predicted that the signal intensity at the 45◦ and 135◦ angles
should be about 37% as that at 180◦. From the experimental
results, the average signal intensities at 45◦ and 135◦ were
36–42% of that at 180◦, which is in reasonable agreement
with the prediction.

Moreover, the experimental results show that the relative
S/N between various detection angles varies for sample par-
ticles with different spectra. Consequently, by taking advan-
tage of simultaneous multiple-angle detection, a micro flow
cytometer with spectrometer characteristics may be possible.
To test this hypothesis, both scarlet and green fluorescent
microspheres (F-2101 and F-8843) andS. cerevisiaelabeled
by Syto® 62 and Syto® 44 were examined, and the ratio of
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Fig. 11. AverageS/N ratio (S/N180◦ , S/N45◦ ) for red and blue excitation
sample particles.

averageS/N at 180◦ and 45◦ detection was calculated for
both green and scarlet particle/cell detection. As shown in
Fig. 11, both microsphere and biological detection yielded
a distinct ratio of 180◦ to 45◦ S/N depending on the fluores-
cent color of the interrogation target. The difference of the
ratio was consistent with color. This suggests the possibil-
ity of developing a spectral flow cytometer for specialized
biological assays targeted at simultaneous multi-species de-
tection.

5.1.2. S/N variation
The variation of theS/N at a given detection angle can be

correlated with the shape and area of the interrogation zone,
Ωi , that is defined by the intersection of the sample fluid
column, the optical excitation zone, and the optical detection
zone as shown inFig. 12. To account for theS/N variation

Fig. 12. The detection zone for optical fibers arranged in different angles.

observed experimentally, it is assumed that:

• The positional variation of the particle passing through
Ωi is negligible in the vertical direction.

• The particle can pass through any point inΩi at the same
velocity, with the same probability.

• The optical excitation inΩi is spatially uniform.
• The detected particle is a point light source.
• The optical path bending can be ignored at any interfaces.
• The optical attenuation loss in the optical fiber is negligi-

ble.

Based on these assumptions, the intensity of the fluores-
cence signalI detected from the sample particle at an arbi-
trary pointr = (x, y) in Ωi is given by

I(r) = I0

|r − rd|2 (1)

whereI0 is the original total intensity of the excited fluores-
cent microsphere andrd represents the position of the end
of the detection optical fiber in thex–y coordinate system in
Fig. 12. The maximum and minimum signal intensities are
given by the maximum and minimum of the maximum in-
tensity calculated at eachx position within the interrogation
zone,Ωi , which can be expressed as

Ωi =
{
(x, y)

∣∣∣∣|x| ≤ wc

2
, |y| ≤ df

2
, f1(x) ≤ y ≤ f2(x)

}

(2)

f1(x) = − df

cosθ
+ x

cosθ
(3)

f2(x) = df

cosθ
+ x

cosθ
(4)
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Fig. 13. The estimatedS/N variation for different sample column width.

wheredf is the excitation and detection optical fiber diam-
eter,wc the width of sample fluid column, andθ the angle
between excitation and detection direction. In this case, the
S/N variation�S/N is estimated as

�S

N
= (Imax − Imin)/2

〈I〉 (5)

where〈I〉 is the averaged signal intensity given by

〈I〉 = Imax + Imin

2
(6)

Fig. 13shows the calculatedS/Nvariations at varying sample
column width and detection angle. Due to the geometrical
symmetry, the calculations for 45◦ and 135◦ detection angles
yield the same predictions.

As can be seen fromFig. 13, the estimatedS/N variation
of 180◦ detection is close to the observed experimental result
obtained from green fluorescence detection, with the differ-
ence within 10%. In contrast, the predictedS/N variation of
45◦ or 135◦ detection is much lower than that observed ex-
perimentally. This contradiction is a likely result of ignoring
optical path bending in the model, which makes 180◦ detec-
tion less sensitive to the position of the sample particles in
the microfluidic channel when compared with 45◦ and 135◦
detection.

5.1.3. Recovery rate
At a low sample flow rate relative to the sheath flow rate

(e.g., 3:12), the sample stream becomes unstable due to the
large pressure difference between the sample and sheath
flows near the channel inlets, resulting in discontinuous fluid
motion. The discontinuous sample flow causes particles to
become trapped in the inlet reservoir, which is one of the ma-
jor reasons for the low detection recovery rate at a low sam-
ple flow rate (10–30%). As the sample flow rate increases to
nearly 50% of the sheath flow rate, the sample stream can
establish a stable liquid column by overcoming the pressure
difference at the channel inlets. The stable liquid column is

Fig. 14. Histograms for scarlet polystyrene microspheres detection with
the total flow rate of 15 ml/h. (a) The histogram for flow rate ratio of
6:9. (b) The histogram for flow rate ratio of 7:8.

more effective at centering the sample particles in the center
of the interrogation zone in a consistent manner. The stable
flow of the sample particles leads to a higher recovery rate
(55–75%) at the higher sample/sheath flow rate ratio.

On the other hand, a larger liquid column width result-
ing from a higher sample flow rate is likely to prohibit
a single-file sample flow, allowing multiple particles to
simultaneously enter into the interrogation zone.Fig. 14
shows histograms of the fluorescence signal intensities
detected from the scarlet polystyrene microspheres at the
sample/sheath flow rate ratio of 6:9 and 7:8, respectively
(total flow rate of 15 ml/h). The histograms show that the
signal intensity distribution is approximately divided into
two sub-groups at a flow rate ratio of 6:9, while three
sub-groups exist in the intensity distribution as the flow
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rate ratio increases to 7:8. Here, it is interesting to note
that the middle intensity of each sub-group relates to the
others in a whole number ratio. For instance, the middle
intensities inFig. 14(b) are approximately in the ratio of
1:2:3 (0.45:0.90:1.35). Assuming that the signal intensity is
proportional to the number of the simultaneously detected
beads, the histograms can be explained by the fact that mul-
tiple fluorescent particles were detected in the interrogation
zone at the same time. To test this hypothesis, the detec-
tion algorithm was modified to account for the possibility
of multiple beads passing through the interrogation zone
based on analysis ofFig. 14. With this modification to the
detection algorithm, the recovery rate increased by about
25–30% (for flow rate ratio 6:9 and 7:8), leading to about
95% recovery for the fluorescence detection in the micro
flow cytometer.

Lower recovery rates are also observed at the 45◦ and
135◦ detection angles. This suggests that the fluorescence
signal may become weak enough to be indistinguishable
from the background noise when the sample particles take
a fluidic path far away from the detection optical fiber. The
observation is likely due to the fact that optical path bending
can shift the detection zone from the center of excitation
zone defined by the laser diodes. This shifting can generate
a partial or total blind spot for the 45◦ or 135◦ detector
fibers, resulting in a low recovery rate. This could be readily
correctable by modifying the optical pathways in the system
through the use of micro optical components in the next
generation design of the system.

6. Conclusions

This work has resulted in a PDMS-based micro flow cy-
tometer fabricated using soft lithography which was ca-
pable of performing flow cytometry measurements using
solid-state lasers and silicon-based PIN photodiodes. The
exclusive use of these low-cost and compact photodetectors
with integrated optical guides can lead to a significant reduc-
tion of the size and volume of conventional flow cytometers
and provide additional capabilities such as color differenti-
ation. The experimental results indicate that the developed
cytometer technology can detect weak fluorescence signals
buried in background noise from nucleic acid-labeled fun-
gus (S. cerevisiae), at a fast count rate of 500 particles/s.
The observations reveal that signal processing with a lock-in
amplifier plays a critical role to achieve PIN-based fluores-
cence detection of single cells and particles.

In addition, this work has presented a new observation
channel design with microgrooves that allow the integration
of self-aligned optical fibers in close proximity to the inter-
rogation zone of a microfluidic channel. Using the developed
optical arrangement, simultaneous multi-color excitation
and multi-angle detection was demonstrated in the flow cy-
tometry analysis of fluorescent microspheres and biological
particles. TheS/N, S/N variation, and fluorescent particle

recovery were investigated at varying angles between the
excitation and detection optical fibers and ratios of the sam-
ple/sheath flow rate to fully understand the influence of the
optical arrangement on the cytometry measurements. The
data show that these performance parameters are strongly
influenced by: (1) the spatial confinement of the sample
fluid within the channel, (2) the cross section of the laser
illumination in the interrogation zone, and (3) the solid an-
gle of the detection fiber arrangement. This understanding
suggests that further performance improvements are readily
achievable within a next generation microcytometer.

Based on the knowledge obtained in this research, future
investigations will involve the implementation of microfab-
ricated lenses and integrated optical dispersion components
in the flow cell to improve theS/N and throughput of the mi-
cro flow cytometer system. These micro optical components
will also be explored to develop a flow cytometry technol-
ogy that can simultaneously detect multi-color signals from
fluorescent microspheres coated with a large number of pro-
tein species and from bacteria as small as 1�m in diameter.
In conjunction with the fast detection response of the system
developed during this research, the results presented in this
paper suggest that such “lab-on-a-chip” cytometric devices
are feasible using PDMS-based opto-fluidic analysis system
with integrated multi-angle fibers and PIN-photodiodes.
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