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Abstract
We describe an optical detection technique that delivers high signal-to-noise discrimination to
enable a multi-parameter flow cytometer that combines high performance, robustness,
compactness and low cost. The enabling technique is termed “spatially modulated detection” and
generates a time-dependent signal as a continuously fluorescing (bio-) particle traverses an optical
transmission pattern along the fluidic channel. Correlating the detected signal with the expected
transmission pattern achieves high discrimination of the particle signal from background noise.
Additionally, the particle speed and its fluorescence emission characteristics are deduced from the
correlation analysis. Our method uses a large excitation/emission volume along the fluidic channel
in order to increase the total flux of fluorescence light that originates from a particle while
requiring minimal optical alignment. Despite the large excitation/detection volume (~ 1mm), the
mask pattern enables a high spatial resolution in the micron range. This allows for detection and
characterization of particles with a separation (in flow direction) comparable to the dimension of
individual particles. In addition, the concept is intrinsically tolerant of non-encoded background
fluorescence originating from fluorescent components in solution, fluorescing components of the
chamber and contaminants on its surface. The optical detection technique is illustrated with
experimental results on multi-color detection with a single large area detector by filtering
fluorescence emission of different particles through a patterned color mask. Thereby the particles’
fluorescence emission spectrum is encoded in a time dependent intensity signal and color
information can be extracted from the correlation analysis. The multicolor detection technique is
demonstrated by differentiation of micro-beads loaded with PE and PE-Cy5 that are excited at 532
nm.

Introduction
Flow cytometers are standard tools in clinical diagnostics and biomedical research. They are
indispensable for diagnosing cancer and infectious diseases as well as for the routine
medical decision making for example in AIDS treatment[1]. Medical or biochemical
information is obtained by selectively binding fluorescent markers to bio particles of
interest, for example, cells or sub-cellular complexes. As these tagged particles are
transported in a fluid stream[2] they are enumerated and their fluorescent and light scattering
properties are recorded by the flow cytometer. Commonly, the optical properties of labeled
particles are detected by focused laser light that is directed in the path of the particle stream.
This excitation region usually covers the lateral width of the flow channel and tens of
microns in flow direction. Fluorescence and scattered light emanating from this region is
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collected by high numerical aperture optics, usually in a confocal configuration, and directed
to various detectors. In order to avoid coincident detection of two or more particles in the
excitation/detection region, its size has to be limited. Furthermore, the excitation and
detection region have to be precisely aligned to each other and to the fluidic stream of
particles. For reproducible fluorescence intensity determination, laser power has to be stable
during the transit of a particle through the excitation region (typically a few microseconds).
Today’s commercial flow cytometers use up to four lasers and sometimes dozens of
detection channels to allow for flexibility in the choices of assays and for simultaneous
detection of several fluorescent labels and, therefore, biomarkers. Typically the excitation
laser light is blocked from entering the optical detection path by spectrally selective filters.
There are two common detection schemes for the spectral selection of fluorescence
emission. The first scheme, realized for example in a Life Technologies Attune® flow
cytometer, uses dichroic mirrors and bandpass filter combinations to select the spectral
detection regions that are transmitted onto the different detectors, typically photo-multiplier
tubes. The other spectrally resolving detection method use one or more dispersive elements
such as prisms, for example in iCyt’s hyperspectral flow cytometer, or gratings[3] and directs
the fluorescence light to different positions on a detector array. The positions, and therefore
the individual detectors, are correlated to specific spectral regions of the detected light.

The complex and alignment-sensitive designs of classical flow cytometers in combination
with their use of relatively delicate detectors make it very challenging to fabricate small,
sensitive, low cost and rugged instruments. However, in recent years a number of scaled-
down classical flow cytometer instruments have been developed for special purposes. For
example Partec’s CyFlow® miniPOC, EMD Millipore’s Muse Cell Analyzer or BD’s
FACSCount are marketed with an emphasis on small size and reduced cost. One main driver
for this development is the urgent need to perform CD4 T-lymphocyte counts for screening,
initiation of treatment, and monitoring of HIV-infected patients[4]. In the absence of
centralized laboratories, particularly in the developing world, accurate point-of-need testing
becomes essential and has triggered a variety of additional approaches for cell detection,
example mechanical sensors, image cytometry and electrical detection as summarized by
Boyle et al.[5].

Microfluidic flow cytometer concepts promise a combination of low cost, reduced size,
ruggedness and therefore portability while permitting the use of standard assays and
preventing cross contamination. Various publications[6-8] summarize competing fluidic,
excitation and detection concepts and their implications for microfluidic flow cytometers’
metrics. Generally, omitting or reducing the sheath flow of classical instruments relaxes the
fluidic system requirements such as the number of pumps or the generation of waste. Some
examples of cell positioning in fluidic channels include the streamline manipulation by
mechanical structures in channels[9,10], the use of the fluid’s inertia in shaped micro-
channels[11-15] and their confinement by ultrasound effects[16]. Among other concepts that
align the optic and fluidic paths[17,18] structuring waveguides and fluidic channels on the
same chip[19-23] or embedding optical fibers into a fluidic chip[24-27] are a common
approach to achieve alignment insensitivity. Fluorescence and scattered light can be directed
through the same type of light guide as the excitation laser and subsequently wavelength
filtered[28-30]. Other wavelength dependent detection concepts employ multiple filters and
detectors along the fluidic path[31], detection of complete emission spectra[32,33], and
microfluidically tunable filters[34]. Microfluidic-based flow cytometers have the
fundamental advantage of easily replaceable fluidics to prevent cross contamination and
enable waste storage on chip. In this paper we will describe a technique that is particularly
suited for the design of alignment insensitive multi-color instruments, because the excitation
spot can overfill the detection area. The detection area, on the other hand, is bonded to the
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fluidic channel during the production process. Together, they allow for a very easily
replaceable fluidic chip.

Measurement Concept
Unlike classical flow cytometers, our device uses a large area excitation and detection
concept which makes the alignment of the system fundamentally more robust. Fluorescent
particles are continuously excited while they travel through the excitation/detection zone of
the fluidic chip. We can use high excitation intensities along the whole detection area
because high power laser diodes and DPSS-lasers are relatively inexpensive for many
popular excitation wavelengths. Thereby, we generate more fluorescence photons per
particle than classical flow cytometers which results in improved photoelectron statistics.
Due to fluorophore bleaching and saturation, conventional flow cytometers are limited to
excitation intensities comparable to ours, but in much smaller excitation areas. To account
for coincidence of several particles in the detection region, a mask of alternating
transmissive and opaque regions transmits and blocks the fluorescence light emanating from
particles flowing in a microfluidic channel (see figure 1 A).

As the particles flow by the mask with constant speed, the transmission of the continuous
fluorescence light to the detector is interrupted by the transmission mask. In other words, as
the spatial pattern of the mask modulates the detected fluorescence light of a moving particle
in time, it generates a “blinking pattern” (see figure 1B). Hence, we term our enabling
technique “spatially modulated detection”.

It is important to note that background signal, originating for example from contaminants in
the fluidic channel or unbound dye, does not affect our system significantly. Our
background signal is increased compared to classical confocal detection concepts due to the
larger excitation/detection area. However the mean background value is subtracted from the
data stream. The noise of the background only increases with the square root of the
background signal. At the same time the total signal increases just as much as the
background. In contrast to background signal, light form target objects shows characteristic
time modulation due to their relative movement with regard to the mask pattern. Both effects
result in an improved signal-to-noise ratio in the system.

To determine the number, speed and intensity of particles in the detection region we “look
for” the characteristic time trace of a fluorescing particle in the continuous fluorescence
intensity signal. The time trace is represented by the spatial mask pattern, and its duration is
particle speed dependent.

Mathematically the match of a particle’s recorded and expected signal can be calculated by
the correlation integral:

(1)

where M(vn,t) is the spatial transmission pattern, S(t) is the recorded fluorescence intensity
signal, and τ is the length of the examined signal. The calculation is performed over a range
of particle speeds vn.

At time tp a particle of the speed vcorr is detected with Eq. 1 when C(tp,vcorr) shows a local
maximum which is usually very clearly pronounced. Therefore a peak detection algorithm
on the derivative of Eq. 1 can be used to determine tp and vcorr. Then C(tp,vcorr) is a measure
for the fluorescence intensity of the particle. This basic concept, its lab implementation, and
first proof-of-concept demonstration are described in Kiesel et al.[35]. As the fluorescence
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signal S(t) is discretely sampled by an analog-to-digital converter, we replace the integral in
Eq. 1 by summing discrete signal data points Si with discrete mask representation data
points Mi(vn).

(2)

For the evaluation of these datasets we typically probe the dot-product of Eq. 2 over a range
of selected particle speeds vn, the maximum value of C identifying the particle speed vcorr.

It is important to note that the background signal, in particular unbound dye, is not
modulated by the mask because it is continuously present in the detection area. Therefore it
does not exhibit the characteristic blinking pattern but a DC-offset that is subtracted from Si
to prevent its contribution to the correlation value. Noise in the background signal does
generally not correlate with the expected signal Mi(vn) and therefore is not wrongfully
registered as a particle of weak intensity.

The emission mask and the fluidic channel are aligned and bonded together during
fabrication of the fluidic channel. Therefore, the alignment of the system is performed
during the manufacturing of the disposable fluidic chips. The exciting light spot can then be
larger than the detection area because excess excitation light is blocked by the mask.

The design of the transmission mask pattern is application specific. For high particle
concentration, when several particles are expected in the detection region, a pseudo-random
mask pattern with minimal self-similarities is advised. Mask patterns with self-similarities
should be avoided, because they lead to multiple correlation maxima (see Eq. 1) per particle.
The minimum feature size of the mask determines roughly the spatial resolution of the
whole detection region and is typically chosen to be slightly larger than the particles of
interest.

In a prototype hand-held setup (see figure 2A) we tested this measurement and data
acquisition concept. The setup uses a low-cost 100mW 532 nm laser for excitation and a
silicon based photomultiplier for detection. Fluorescence light is collected with a high
numerical aperture lens and directed through a 535 nm longpass and a 585/40 nm bandpass
filter onto the detector. The fluidic chip consists of a metalized quartz slide with the spatial
mask pattern bonded to a light guiding PMMA top. The height of the fluidic channel is ca.
25μm while the planar dimensions of the detection area are typically 1.2mm (in flow
direction) by 100μm[36] as defined by the mask.

We have evaluated the sensitivity and detection range of our prototype with various
calibration particles. These are small-diameter beads impregnated with a specific
fluorophore to a known concentration[37]. Fig 2 shows results for 2μm Rainbow calibration
(RCP-20-5, Spherotech) which contains four subpopulations of beads with different
brightness. Fig 2B shows the speed profile and Fig. 2C the intensity histogram. The speed of
the particles is distributed between approximately 0.5 and 1.1m/s. The absolute calibration
of the intensity axis in MEPE (“molecules of equivalent PE”) was obtained by cross
calibration with commercially available calibration beads with exact specified number of PE
(Phycoerythrin) dye (BD Quantibrite, BD Biosciences). Our measurement shows that we
clearly resolve all 4 peaks. The detection limit of this prototype is about 50 MEPE which
exceeds the sensitivity of some commercially available high-end instruments.
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Remote sensing
Instead of permanently aligning the transmission mask with the fluidic channel, as in the
prototype instrument discussed above, it is also possible to image an unobstructed channel
onto a transmission mask in front of the detector. Due to the high NA of the collection lens,
the channel image is then usually magnified. To ensure optimal spatial modulation, the
channel needs to be correctly focussed on the mask. In a test setup this is advantageous
because it allows for rapid changing of the mask pattern, and it provides the possibility of
filtering the laser light before the mask. In addition, remote masks are easier to fabricate
than direct masks, because they are larger and they do not need to be water resistant.

Periodic Masks
In the example above we used a pseudo-random mask pattern which allows distinguishing
and separating signals from multiple particles that are simultaneously in the detection area.
For a number of flow cytometer applications that seek to identify comparatively rare
particles, a periodic transmission mask is an appropriate alternative choice. Rather than the
dot-product for different particle speeds, a fast Fourier transformation (FFT)[38] of the
fluorescence intensity signal is calculated. This accelerates the data evaluation, produces
accurate speed information, and ensures a very reliable signal discrimination from the
noise[39]. With FFT of the fluorescence intensity, a particle is identified by a distinct
frequency peak due to the periodic transmission and blocking of the light when the particle
passes the mask. For example, a mask with transparent stripes of 25μm width followed by
25 μm wide opaque stripes generates a FFT peak at 20 kHz when particles are traveling at 1
m/s and 16 kHz when they are traveling at 0.8 m/s. Therefore, several particles that flow
through the detection region simultaneously can only be identified if they significantly differ
in speed. In order to avoid particle-wall interactions and channel clogging we use a two-
dimensional sheath-flow in our system which effectively dilutes the analyte concentration.
The probability to encounter more than one particle in the detection zone can be calculated
by the Poisson distribution. For instance with an analyte-to-sheath ratio of ~30 we encounter
particle coincidences with 1% probability only at concentrations > 1600 particles/μl, which
is, for example, sufficient to determine CD4 T-lymphocyte counts for HIV monitoring[40].

Patterned Color Masks
In order to expand the versatility of our approach to multicolor detection, we created
structured color masks[41] with spectrally selective transparent regions. We alternated for
example filter regions that are transparent to a first fluorophore and opaque to another
fluorophore, with filter regions of the reverse spectral transmission characteristic. Thereby
inverted fluorescence signals for the two fluorophores[39] are generated. This approach
requires non-periodic masks and a data evaluation that uses the correlation analysis of Eq. 2
with two mask functions that represent the two transmission characteristics of the mask.
While a particle with the fluorescence characteristics of the first fluorophore shows a
maximum in the correlation value at time tp and speed vcorr for its respective mask function,
its correlation value is ideally zero for the complementary mask function. The second
fluorophore exhibits the inverted behavior. Therefore the correlation values of the two mask
functions represent the relative abundance of the two fluorophores. In another approach, we
can use different spatial frequencies of particular color filters to infer from the FFT signal
which fluorophore is present. However, with variable particle speeds, the FFT frequency
alone is not sufficient to uniquely correlate them to a particular fluorophore. Therefore, we
use color filters/fluorophore combinations with overlapping spectral characteristics. A given
fluorophore then exhibits more than one FFT peak. Their relative height to one another
identifies the fluorophore, while the ratio of detected FFT peak frequencies is determined by
the mask design.
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Experimental Setup
For multicolor detection we altered our detection scheme as described above by using an
unobstructed detection area of 1 mm × 100 μm that is imaged onto a color mask. The masks
consisted of areas with varying spectral transmission characteristics. The parts of the mask
that are transparent between 510 nm and 570 nm will be referred to as “green”, areas that
have a 510 nm longpass characteristic as “yellow” and the ones that have a 610 nm longpass
characteristic as “red”. Additionally, the color masks have opaque regions, depicted in
“black”. In front of this mask is a 532 nm longpass filter to block incident laser light. An
additional focusing lens directs light that is transmitted through the mask onto the detector.
The fluorescence signal was recorded at 200000 samples/s with an analog-to-digital
converter and subsequently analyzed with a MATLAB evaluation program. This software
calculates the FFT for 3000 subsequent data points detects FFT peaks and evaluates their
height and frequency position. The intensity of the particle is calculated by the dot-product
of expected and detected signal and subsequently normalized by the particle speed to
represent the particle’s inherent fluorescence properties, independent of its dwell-time in the
excitation/detection area.

Results
Adjacent Patterns

We implemented a multicolor detection scheme by placing two periodic masks of different
periodicity sequentially in flow direction. The first part transmits in the “red” spectral region
while the second part transmits “green”. The ratio of periodicities between both sides is 3-
to-4. Figure 4A (top) illustrates this mask and presents the fluorescence signal of two
different beads. The red time trace shows the fluorescence intensity characteristics of a PE-
Cy5 fluorescence particle (ECFP-F4-5K, Spherotech) passing by the transmission mask. PE-
Cy5 predominantly emits between 650 and 700 nm. Similarly, the green time trace shows
the fluorescence intensity characteristics of a PE fluorescence particle (ECFP-F2-5K,
Spherotech), which predominantly emits between 550 and 600 nm but has a significant
emission tail up to 650nm Both fluorescence time traces show an overall Gaussian-shaped
intensity envelope which is due to the laser intensity distribution along the channel. It should
be noted that Fig. 4 does not depict particles that were recorded simultaneously. Signals
from two separate particles with approximately identical speed and brightness were selected
and superimposed to illustrate the signal difference due to their spectral emission
characteristics. While PE-particles show a significant crosstalk in the red channel, PE-Cy5
emission is hardly discernable in the green channel. The FFT evaluations of both particles
(Fig. 4 B) correspond to this observation. While the PE-Cy5 particle generates a very
dominant frequency peak at 16 kHz it does not generate a significant one at higher
frequencies, which indicates that there is little transmission in the green channel. The PE-
particle on the other hand shows two distinct FFT peaks with approximately the expected
frequency ratio of ¾. In other words, the crosstalk of PE into the red channel can provide the
identifying FFT characteristic of PE versus PE-Cy5.

Interdigitated periodic patterns
To increase the transmissive area of the mask, we have also demonstrated the superposition
of two periodic red and green masks, which, for example, have 33 and 23 transmission
periods, respectively. The superposition adds the transmission of red and green to yellow
(see Figure 5 A top), which is transparent for both PE and PE-Cy5 fluorescence emission.
Both types of beads show clearly distinguishable fluorescence time patterns. The spectral
characteristic of PE-Cy5 shows a clear periodic pattern due to the fact that the red and
yellow transmission regions of the mask are equally transmissive. The PE spectral
characteristic is more complex because it is transmitted in all channels with different

Martini et al. Page 6

Lab Chip. Author manuscript; available in PMC 2013 December 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intensities. Accordingly, the FFT signal of a PE-Cy5 particle once more shows one distinct
peak (Figure 5A, red FFT) while PE now exhibits three peaks. The two strong peaks at
23kHz and at 16 kHz for the selected particle in Figure 5A are associated with the initial
ratio of transmission mask periods, here 23-to-33 (16kHz≈23/33·23kHz), while the third
one is the beat frequency of the superposition, here 7kHz.

The fixed frequency relationships among the FFT peaks provide a criterion to categorize
particles. In the example in Fig. 5, for a given detected FFT peak, the algorithm calculates
FFT values at frequencies f =23/33·fpeak and f =33/23·fpeak. After comparing the
corresponding three FFT power density values, the two highest values are assigned to “red”
(PD33) at the higher frequency (f33) and “green” (PD23) at the lower frequency (f23). The
ratio of these power density values then provides a useful spectral characterization of PE and
PE-Cy5 particles. Figure 5B shows a data set of a particle mixture that consists of
Spherotech PE and PE-Cy5 beads with intensities of 15000 and 50000 MEPE for the PE
particles and 390000 and 2200000 MEPE-Cy5 for the PE-Cy5 beads. The two types of
particles are separated by a factor of 35 on the ordinate that is a measure for the spectral
separation. The classification and color representation of particles is based the PD23/PD33
power density ratios of the particles. Particles of PD23/PD33 > 0.2 are classified as PE-beads
while others are classified as PE-Cy5 particles. The average PD23/PD33 value (± standard
deviation) for PE particles is 1.2 ± 0.27 compared to 0.034 ± 0.02 for PE-Cy5 particles. The
particles’ intensity distributions and histograms are plotted along the abscissa, clearly
separating the different intensities of the beads. In addition to the spectral and intensity
information the detection method also provides the speed information of individual particles.
In this measurement particle speeds ranged between 0.48m/s and 0.86m/s, averaging 0.66m/
s.

Discussion and Conclusions
The particular strengths of our spatial modulation technique are its simplicity, robustness
and alignment insensitivity. We extended the technique to include multi-color detection in
order to retain these advantages when multiple fluorescence channels are to be recorded as
required in many real world applications. To realize multi-color detection without the cost
and complexity of multiple detectors and dichroic mirrors in a robust system, we
conceptualized and developed an effective solution of encoding color information in the
time domain[42]. At least one other group also uses a similar color detection schemes that
time-encodes spectral information of moving particles by spatially separated filters[43].
While our interdigitated periodic patterns use ca. 50% of the available detection area for
each of the two colors, this system is more comparable to our implementation of adjacent
patterns which has a significantly lower active detection area per fluorophore, in our case ca.
25%. Using alternating filter characteristics and non-periodic patterns utilizes the complete
detection area but requires a more complex detection and characterization algorithm. This
approach is beneficial compared to interdigitated masks and FFT evaluation if coincidences
of particles in the detection zone are frequent due to high particle concentrations. When
using FFT evaluation, we seek to maintain a <1% probability for coincidences by adjusting
the sheath-to-analyte ratio. For typical masks and flow rates this translates into maximum
particle concentrations of ca. 1600 particles/μl.

Here we demonstrate a limit of detection of approximately 15000 MEPE and 390000
MEPE-Cy5, predominantly limited by relatively poor transmission (<40%) of the filter
mask, in combination with fluorophore characterization. The average values of the PD23/
PD33 ratio, the measure for fluorophore characterization, are separated by more than three
standard deviations. That means that more than 99% of particles are characterized correctly,
which makes this technique suitable for relatively low particle densities. The clear
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separation of PE and PE-Cy5 is a promising indication that the combined abundance of
different fluorophores in or on a single particle can be resolved in our system. We use a
patterned color mask that allows spectral detection with a single detector, maintaining the
features of simplicity, low-cost and ruggedness of our device. This is achieved by translating
the spectral particle information into varying time sequences for subsequent computational
analysis of the data. The choices of mask patterns and spectral transmission characteristics
have a significant influence on the data evaluation procedures. By choosing periodic mask
patterns, the data evaluation is significantly accelerated with FFT-based data evaluation.
Crosstalk between different fluorescence channels is commonly avoided in fluorescence
detection by using high-end filters. In our system crosstalk provides the differentiator in the
FFT signal for PE and PE-Cy5, making the use of low-end fluorescence filter not only
possible but beneficial.
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Fig. 1.
schematic detection concept: A) fluorescence of particles is generated in the excitation zone
by laser light and detected through a spatial mask and filter B) the linear movement of the
particle relative to the patterned transmission mask results in a characteristic temporal
modulation of the fluorescence intensity that is detected
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Fig. 2.
A) handheld prototype setup b) fluorescence intensity vs. speed histogram, absolute counts
of Spherotech calibration particles (RCP-20-5) are color encoded C) fluorescence intensity
histogram of Fig. 2 C, the measured fluorescent intensities for all peaks are in excellent
agreement with the nominal values.; fluorescence intensity in B) and C) presented in
molecules of equivalent Phycoerythrin
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Fig. 3.
schematic setup of remote sensing approach
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Fig.4.
A) pattern of spatial color mask on top and fluorescence intensity signal of PE (green) and
PE-Cy5 (red) particle B) FFT of A)
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Fig.5.
A) transmission mask design (top) that results in a 33-to-23 frequency ratio (f23 and f33) for
the two largest FFT peaks of a PE particle as well as a beat frequency peak (fbeat). PE-Cy5
particles show only one pronounced peak at frequency f33 B) spectral and intensity
separation of PE (intensities ca. 50000 and 15000 MEPE) and PE-Cy5 (intensities ca.
390000 and 2200000 MEPE-Cy5) particle mixture including intensity histogram of the
particles.
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