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ABSTRACT
Careful discrimination between subpopulations of cells in different tissues is important for monitoring the state of 

health or diagnosing health disorders.  Among the number of different techniques for detection and sorting of cells, 
impedance-based cytometry is emerging as a complement to the traditional light scattering- and fluorescence-based 
methods.  However, its incipient applications often assume that cells are spherical.  We show explicitly – using anti-CD3/
CD28 antibody activated T-lymphocytes – that the deviations from the spherical symmetry result in a considerable in-
crease in the impedance uncertainty which should be accounted for when interpreting the results of measurements.
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INTRODUCTION
Microfluidic devices allow a possibility of non-destructive cell analysis,  especially applicable to single-cell meas-

urements.  Detection systems based on flow impedance measurements [1] are particularly interesting because of their 
benefits over the more traditional, optical methods:  they are highly sensitive, easy to set up and control, and allow high 
throughput screening and markerless detection, as well as analysis of cellular properties and functions using sample vol-
umes on the order of microliters.  Even more importantly, they offer a possibility of electronic integration and miniaturi-
zation essential for the lab-on-chip applications. 

In most such applications, cells are assumed to be spherical.   However, deviations from spherical symmetry have an 
effect on the amplitude of the signal and can possibly result in considerable measurement uncertainty.  If the aim is to 
produce reliable all-electronic devices, it is essential that this kind of uncertainty be properly addressed.

THEORY
Dielectric particles, including biological cells, polarize when they are subjected to the external field.  When suspen-

sions of cells are pumped over different configurations of electrodes that provide non-uniform field, polarization induced 
in the volume occupied by a passing cell results in the transient impedance change registered by an electronic detector. 
More specifically,  in this study, capacitance change is registered.  This change in capacitance is directly related to the 
change in energy of the analysis volume (i.e., volume directly above the electrodes), and therefore proportional to the 
scalar product of polarization induced in a volume occupied by a particle and the external electric field (ΔC ∝ P⋅E) [2].  
For a uniform, spherically symmetric particle, polarization P is isotropic and linearly related to the external field as P = 
αE, so that the energy – and therefore also the signal S -- is proportional to E2.  Any departure from spherical symmetry 
results in anisotropic polarization, meaning that α becomes a (diagonal) tensor with different eigenvalues αi in different 
principal directions; the transient signal due to a non-spherical particle becomes a weighted sum of the squares of com-
ponents of E, i.e., S ∝ ΔC ∝ Σ αiEi2.  The weight in each direction is proportional to the Clausius-Mossotti factor in that 
direction,  Ki

CM, and through this factor it depends on the particle aspect ratio (via depolarization factors, ni, where ni = 1/3 
for sphere), as well as the dielectric contrast between the particle and the medium, (ε̃p - ε̃m), where ε̃i are frequency de-
pendent complex dielectric permittivities.  A general expression for Clausius-Mossotti factor is

                                                           .                                                                           (1)

The flow inside  the microfluidic channel is laminar, with -- as illustrated in Fig.1 (a) -- a Poiseuille velocity profile 
and shear-induced particle rotation.   Assuming uniform shear, all particles rotate in “Jeffery orbits” [3]: one of their prin-
cipal axes describes a cone around the axis of rotation.  This does not affect the capacitance signature of the isotropically 
polarized spherical particles,  for which P||E always; however, for aspherical particle it modifies the signal profile be-
cause the signal depends both on magnitudes of P and E and on their changing mutual orientation.  For example, in case 
of an axisymmetric particle like a prolate or an oblate spheroid, the Jeffery orbit cone is elliptical since the principal axis 
changes its initial tilt (which is a stochastic variable) with respect to the axis of rotation as it sweeps around it – see Fig. 
1(b).  The resulting periodic variations of the angle between the anisotropic polarization P and the external electric field 
E ultimately bring about a deviation of the capacitance signature ΔC from the profile expected for a spherically symmet-
ric particle. 

K i
CM =

3(ε̃p − ε̃m)
ε̃m + ni(ε̃p − ε̃m)
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Figure 1: (a) Schematic representation of particles of different symmetry in Poiseuille flow. Velocity profile is para-
bolic and results in shear in the perpendicular direction to the flow. Under the influence of gravity, cells typically settle in 
the bottom third of the channel.  (b) Jeffery orbit: Under the influence of shear, an axisymmetric particle rotates (with a 

period of rotation inversely proportional to the shear rate and always comparable to the passage time over the elec-
trodes) in such a way that one of its principal axes describes a cone around the axis of rotation, Ω; this cone is elliptical, 

indicating that the tilt angle θ changes periodically with time. 

EXPERIMENTAL
Figure 2 (a) is a schematic representation of  the setup used for measurements presented in this study.  Apparatus con-

sists of a microwave interferometer (described in Ref. [2]), coupled to the microfluidic channel with interdigitated two-
gap electrode array on the bottom.  Characteristic signal for a spherical particle is represented in Fig. 2 (b).   It exhibits 
four prominent peaks corresponding to the four inside edges of the two-gap electrode configuration.  Two middle peaks 
are the most sensitive to variations in orientation between the electric field and particle polarization.

Figure 2: (a) Schematic representation of the microwave interferometer detection apparatus with a two-gap electrode 
geometry (from Ref. [2]).  (b) Typical signal profile for the spherical particle passing above the electrodes.  Possible 

variation from this profile, due to variations in particle orientation, is represented schematically  in the figure for a single 
instance in time.

A fresh culture of anti-CD3/CD28 antibody activated T-lymphocytes (hereafter referred to as “T-cells”) obtained from 
human peripheral blood was prepared according to standard procedures (see [4] for details); they exhibited different non-
spherical shapes as confirmed by videos. 

The signals were recorded for subsequent analysis.  The distribution of differences between the two central peaks, 
(VL- VR)/VL (normalized, to take care of the differences in particle sizes),  calculated  for each passing cell, establishes 
the uncertainty in measurements for a population of particles.

RESULTS AND DISCUSSION
Figure 3 (a) shows the characteristic trace for a spherically symmetric model particle – a 6 µm-diameter polystyrene 

sphere (PSS), purchased from Polysciences Inc.; (b), (c), and (d) show cases of T-cells whose symmetry deviates from 
spherical.  These signals are just examples and in Fig. 3 they are scaled in order to emphasize the profiles resulting from 
different asymmetries; note that their true amplitudes, proportional to the volumes of the corresponding particles, can 
differ greatly.

Histograms of the normalized peak difference distribution, produced for a population of  model PSS and for a popula-
tion of T-cells are given in Fig. 4.  The observed uncertainty is about 1.5% for  PSS, and about 15% for T-cells.   Uncer-
tainties of the latter magnitude might also be produced by the  asymmetric attachment of beads used for cell assays [5].
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Figure 3: Characteristic signals (scaled, to emphasize the profiles): (a) Signal for a model particle with spherical 
symmetry shows little difference between the two central peaks; (b) T-cell with a roughly spherical shape is similar to the 
model particle, but pronounced departures from spherical shape (c) and (d) result in a signal that deviates considerably 

from the symmetric signature of the sphere.

Figure 4: Left: Histogram for a population of 56 PS model spheres (6 µm in diameter) reflects the narrow distribution 
of normalized differences in peaks, (VL- VR)/VL.  Slight left skew is the artifact of the electrode fabrication process.   

Standard deviation is about 1.5%.  Right: For a population of 67 T-cells, the distribution of normalized differences be-
tween the two central peaks is centered around zero but considerably wider that for the population of spherically sym-

metric particles.  Standard deviation is about 15%.

CONCLUSION
Deviations from spherical symmetry of the particle can result in a considerable increase in the impedance uncertainty; 

for a population of anti-CD3/CD28 antibody activated T-lymphocytes,  the measurement uncertainty was about 15%.  The 
results of this study would apply whenever dielectric particles in a non-uniform field are induced to rotation, e.g.,  imped-
ance cytometry and dielectrophoresis (DEP) sorting mechanisms like fluid flow fractionation (FFF).

ACKNOWLEDGEMENTS
This work was funded in part (MNJ) by the Blewett Scholarship awarded through APS.  The authors would also like 

to thank the National Institute for Nanotechnology (NINT); the Natural Sciences and Engineering Research Council 
(NSERC); the Canada Foundation for Innovation (CFI); the Canadian Institute for Advanced Research (CIFAR); Canada 
Research Chairs; and Manitoba Health Research Council (MHRC) for financial support of this research. In addition, we 
thank the Victoria General Hospital in Winnipeg for providing blood samples.

REFERENCES
[1] T. Sun and H. Morgan, Single-cell microfluidic impedance cytometry, Microfluid. Nanofluid., 8, 423 (2010).
[2] M. Nikolic-Jaric et al., Microwave frequency sensor for detection of biological cells in microfluidic channels, 

Biomicrofluidics, 3, 034103 (2009).
[3] G.B. Jeffery, The motion of ellipsoidal particles immersed in a viscous fluid,  Proc. R. Soc. of London. Series A, 102, 

161 (1922).
[4] F. Lin and E.C. Butcher, T Cell Chemotaxis in a Simple Microfluidic Device, LOAC, 6: 1462-1469 (2006).
[5] D. Holmes and H. Morgan, Single Cell Impedance Cytometry for Identification and Counting of CD4 T-Cells in 

Human Blood Using Impedance Labels, Anal. Chem, 82, 1455 (2010).

CONTACT
*M. Nikolic-Jaric, tel. 1-204-295-8930; mjaric@ee.umanitoba.ca

1342

mailto:mjaric@ee.umanitoba.ca
mailto:mjaric@ee.umanitoba.ca

	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Table of Contents

