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Abstract
We report on a cost-effective way to measure separated

micrometric sized particles and biological cells in
microfluidic flow conditions. The scattering profile of
single particles/cells is fully characterized by a
CMOS-based light scattering apparatus with a range of 3-
30°. For this purpose, we created a collimated incident
laser with a beam width of ~110µm at the measurement
position; also, we implemented a precise hydrodynamic
3D alignment effect by viscoelastic-induced particle
migration in order to ensure a controlled particle passage.
We measured different polystyrene particle sizes and T-
lymphocyte cells and matched their scattering profiles
with Mie theory.

1 Introduction
Biological particles such as blood cells play an

important role in respect of human health. In particular,
white blood cells such as lymphocytes of the immune
system help to defend the body from invading micro-
organisms. Lymphocytes represent 20-45% of peripheral
blood, have an almost spherical shape with a diameter of
6-9 µm by and an eccentric nucleus encased by cytoplasm,
which is considered to be transparent. A changing number
of lymphocytes in our blood, as well as varied cell
characteristics (size and refractive index), are often an
indicator of diseases such as leukemia, to name one.

The characterization of micrometric particles from
scattering patterns obtained by light interaction is a well-
known measurement technique. The achieved scattering
profile over a wide angular range provides a fast and
accurate measurement of particle properties, e.g.,
refractive index, size and shape. The polymorphism and
complexity of biological particles need a specific approach
in measurement and interpretation of light scattering data.
Viscoelastic-induced particle migration in a round shaped
capillary can be used to obtain precise 3D particle
alignment in microfluidic flows.[1] This simple alignment
technique - combined with particle or cell specific
physiological fluids (RPMI 1640) and an adjustable particle
velocity range - makes this approach interesting for
biological single cell measurements. The combination of a
light scattering measurement over a wide continuous
scattering range and the 3D alignment opens up the

possibility for precise characterization of unknown
geometrical features of a single particle without changing
its physiological medium or adding fluorescence probes.

We describe a light scattering apparatus able to analyse
precisely the scattering profile of single particles in
microfluidic flows. A continuous scattering profile was
achieved thanks to a narrow incident beam collimation
and an optimized scattered light collection system.
Multiplex particle sizes were measured in a rectangular-
shaped low-cost particle alignment section. Matching the
measured scattering profile of a particle to that predicted
by theory, it is possible to obtain simultaneously particle
size and refractive index of the measured unknown single
particle.

2 Experimental Setup
Our apparatus measures single particles/cells at

forward scattering angles θ in microfluidic flow condition.
(see schematically illustration in Figure. 1)

Figure 1 Schematic diagram of the apparatus. L1 & L2 expand
the laser beam, while L3 focuses the laser in the optical fibre. L4
indicates the collimation lens and S the position of the target
particle in the microfluidic device.  L5 & L6 collect and map the
scattered light on the camera sensor C. BS shows the beamstop.
In inset C, the scattering pattern after the background
subtraction is overlaid with red rings each corresponding to a
certain pixel radius value obtaining the final scattering profile
(green curve) over the whole θ-range.
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The distinguishing advantage of this setup, compared
to systems known in literature[2-5], is the in-flow
measurement of a single micrometric particle over a
continuous scattering range spanning from 3° < θ < 30°.

The used light source was a 5mW linear polarized
HeNe laser directly aligned into a beam expander (L1 &
L2) that enlarged the beam waist 20 times before an
achromatic lens (L3) focused the laser in the entrance of a
single mode fibre. To obtain a small and quasi-collimated
laser beam size at the sample region (S), a GRIN-lens (L4)
with a working distance equal to zero is glued to the exit
of the optical fibre. This procedure resulted in a beam
diameter of ~110µm at S. The expected laser divergence
was calculated to be 7.46mrad. Such small divergence
combined with the obtained beam diameter enabled a
precise single particle analysis.

To ensure 3D particle alignment along the central axis, a
specific microfluidic device was designed using the
presence of normal stress differences in a viscoelastic
liquid (0.2wt% PEO, 4MDa), which induced particle
migration in a certain range of shear rates.[1] Alignment
was achieved by a round capillary (ID=25µm) that induced
particle migration towards the central axis. The capillary
entered a rectangular-shaped measuring chamber
(h:400µm & w:382µm) from the side, resulting in a
coincident central axis. The obtained 3D aligned particle
stream was kept along the central axis flowing through the
measurement chamber, thus allowing the laser beam to
efficiently interrogate the particles one at a time at S. The
microfluidic device was placed on a XY- and Z-stage for
accurate positioning of the flowing particle axis with
respect to the incident beam centre.

An aspheric lens (L5) -with NA=83 and magnification
M6=8.54- collected the emitted forward scattering of each
particle passing through the laser beam. The limitation of
the measureable θ was mainly due to NA and the absolute
distance from L5 to S. A beamstop (BS) of 2 mm -placed at
the back- focal plane of L5- and the clear aperture of L5
further restricted the measurable scattering range. At the
end of the scattered light collecting-system, a plano-convex
lens (L6) mapped the scattered light on the CMOS-sensor
(C). By knowing all optical distances, it became then
entirely possible to calculate the scattering profile over the
measureable θ-range.

3 Materials and Methods
The functionality of the apparatus was tested with

polystyrene latex (PSL) particles of different radii,
spanning from 0.947 up to 4.010µm.

In this study we focused our attention on the most
important sub-population of the human white blood, the
T-lymphocytes (donated by a 29 year old healthy man).
The white blood cells was first separated from the whole
blood by a standard density gradient method; then, a
specific nylon-wool filter was used to separate the T-

lymphocytes. All measurements were carried out with
strongly diluted particle solutions, reducing multi-particle
scattering effects.

Typically, each light speckle collected by the camera
corresponded to the same magnitude of the scattering
wave-vector q≡│q│, but different azimuthal orientations,
and was collected in a single scattering ring
rs=q6(p5/EFL5)θ. The average intensity of these rings was
plotted over the q-range of the camera, where the acquired
scattering profile is generally defined as q=4πλ-

1mm·sin(θ/2), with θ=rs/(EFL5·M6) corresponding to the
pixel ring radius and mm to the refractive index of the
medium. The measured scattering profiles were compared
to calculations based on the un-polarized Mie theory[6]
calculations by a self written Matlab routine. The
correlation between measured profile and predictions
made it possible to obtain simultaneously particle size and
refractive index. As to PSL particles, the refractive index
was fixed to 1.58722; therefore, we extracted only the
particle size from the scattering profile. The refractive
index of the PEO solution (0.2wt% PEO in RPMI) was
assumed to be ~1.327.

We used a frame rate of 25 fps for each measurement
and calculated the average intensity of each pixel over 3
successive frames during particle passage, thus reducing
the thermal noise effects of the sensor. For each sample the
background intensity was subtracted and the scattering
profile was calculated. Growing pixel-rings with the width
of one pixel starting from rs=1 up to a value of 330 pixels
were used to average the q-value at each pixel distance.
For optimal analysis, the used scattering range was limited
to a θ-range of 3-30°, reducing possible optical aberration
or vignetting effects. Particle characteristics were
established by overlaying the best fitting Mie scattering
profile.

4 Results

4.1 PSL particle
We measured all PSL particle sizes in order to prove the

efficiency and multiplex ability of the apparatus. A
comparison with theoretical Mie calculations confirmed
the accuracy of our measurements in the entire meaningful
θ-range. As an example, we show PSL results illustrating
three different 4.010µm measurements overlaid by
corresponding Mie theory in Figure 2.

The scattering profiles match theory, where most
scattering peaks are correctly measured in their position
and height. The absolute intensity of the scattering minima
is surprisingly well measured. Indeed, an almost perfect
match between the measured profiles and theory is
achieved showing the possibility to measure small
variations in particle size or refractive index.

The first peak of each measurement illustrates a slight
mismatching, caused by the BS presence. Note that small
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microfluidic misalignments of the particles can result in
altered background noise values, effecting mainly θ < 7°.
At θ > 25°, measurements may show inaccuracy caused by
optical vignetting effects from the microfluidic device.

Figure 2 PSL scattering profiles of particles with nominal radius
of 4.010µm. Mie theory is overlaid in black for the corresponding
particle properties. The image at the top illustrates the scattered
light pattern of a single particle at the sensor.

4.2 T-lymphocyte cells
The scattering profiles of T-lymphocyte cells were

measured and analyzed. Mie scattering profile for un-
polarized light and spherical cell shape was applied for the
data analyses. Good agreement with literature[7] was
found. Figure. 3 shows five representative scattering
profiles.

Figure 3 Human T-lymphocyte scattering profiles. The image at
the top illustrates the scattered light pattern of a single particle
at the sensor.

Results show an average cell radius of 3.154±0.07µm
with a complex refractive index of 1.37 + i0.0577±0.0274.
The corresponding Mie theory curves are not shown for
better readability. Precise cell radius measurement of
healthy T-lymphocytes shows a minor influence of the real

part of the complex refractive index, while the imaginary
part -related to the cell absorption- significantly influences
results.

5 Conclusion
We report a reliable, robust and cost-effective technique

to measure geometrical features of micrometric sized
particles and biological cells in microfluidic flows. The
light scattering system is combined with a precise
hydrodynamic particle alignment system. Reliable results
are obtained for both PSL particles and healthy T-
lymphocyte cells and match theoretical values.

The precise characterization and detection of
pathological T-Lymphocytes as well as from general RBC
cells is from significant interest. We expect that this
apparatus can be useful in analysis of more complex
particle shapes with different refractive indices and
absorption coefficients.
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