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Abstract—In this paper, a fully BiCMOS integrated microflu-

idic cell sorting platform for cell properties study is introduced. 
Operating in the radiofrequency range, the presented device com-
bined Lab-on-Chip and IC technologies to achieve label free cy-
tometry using in flow cell selective dielectrophoresis deviation. 
Taking benefit of CMOS stack and integration capability, the first 
prototypes demonstrate the ability to separate cells with different 
intracellular dielectric properties. These results pave the way to 
new innovative high throughput integrated IC solutions for detec-
tion of rare cells in the frame of cancer researches and treatment 

Index Terms— High Frequency Dielectrophoresis, Glioblas-
toma, BiCMOS Chip, Biological cell manipulation and analysis. 

I. INTRODUCTION 

Brain cancers are among the most difficult tumors to treat and 
remain a leading cause of death in US and Europe with 23,800 
new cases and 16,700 deaths in 2017 in US estimated by the 
American Cancer Society, and 30,700 new cases and 24,500 
deaths in Europe in 2012 [1]. Specifically, GBM (GlioBlastoma 
Multiform) is among the most common and deadliest malignant 
primary brain tumors in adults with respectively a median over-
all survival of about 15 months and 8 months for newly diag-
nosed and recurrent disease. GBM is actually classified as a 
Grade IV (most serious) astrocytoma and mostly develops itself 
from astrocytes cells that support nerve cells and can only be 
treated combining surgery, when a resection is possible, chemo-
therapies and radiation therapy. With a very low 5-Year Rela-
tive Survival Rate (less than 9% and 5% for 45-54 and 55-64 
years old patient), the efficiency of available treatments is un-
fortunately low. Indeed, numerous tumor recurrence are at-
tributed to subpopulation of malignant cells suspected to pre-
sent strong therapeutic resistance and high aggressiveness [2]; 
leading to tumor survival, self-renewal and progression. 

The large cell heterogeneity, occurring in GBM tumors, 
makes identification of such treatment resistant cells very com-
plex. In addition, conventional cell analysis and sorting tech-
niques based on antigen labelling appears to be inefficient, lack-
ing for known real marker associated to cell aggressiveness.  

For such purpose, development of alternative analysis meth-
ods and new cell sorting techniques is crucial, in particular la-
bel-free ones taking advantage of cell physical specificities. Di-
electrophoresis (DEP) approaches are among them and have al-
ready demonstrated their ability to sort cells of different types 
[3]. Indeed, conventional DEP techniques typically work in the 
10 kHz to 1 MHz range [4] mainly addressing cell plasma mem-
brane properties or specificities (i.e. cell size, membrane polar-
izability…). On the other hand, there would be a great interest 
to extend such electromanipulation based analysis techniques 
to UHF frequencies, for which intracellular specificities can be 
now investigated [5-6] and difference between cell contents 
also exploited. This is the purpose of the work introduced in 
this paper to develop and experiment new types of cell sorter 
based on intracellular dielectric property difference with the ob-
jective to find target cells, as especially high aggressiveness 
cancer cells, and isolate them from heterogeneous populations. 

 

 

Fig. 1. Photograph of the proposed HF dielectrophoresis cytometer imple-
mented on BiCMOS chip (a) and plot of the normalized electric field (log scale) 
once both side electrode pairs are biased with a 300MHz 3V magnitude signal. 

II. PRINCIPLE & CYTOMETER DESIGN 

The proposed biological cell-sorter microchip is shown in Fig 
1.a. Cells are suspended in a survival medium and driven across 
the sensor through a microfluidic channel in which an array of 
16 electrodes is implemented on both sides. 
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These electrodes are associated by pairs and biased accord-
ingly in such way that odd-numbered electrodes are grounded 
whereas even-numbered ones are connected to a high frequency 
signal generator currently implemented outside the chip. As il-
lustrated in Fig. 1.b, such configuration allows generating an 
electric field gradient inside the channel presenting high inten-
sity areas close to the microchannel edges and very low inten-
sity in the center of the channel. 

 
When cells are flowing though this non-uniform electric field 

along the electrode array channel section, their trajectory is af-
fected and modified due to lateral forces. Indeed, once polariz-
able particles are submitted to a non-uniform electric field, a 
dipole moment is engendered inducing a dielectrophoresis 
force FDEP that can be strong enough to deflect particles. The 
dielectrophoresis theory basics [4] have demonstrated that, if 
we consider cells as a homogeneous spherical dielectric parti-
cles, the induced DEP force can be then computed using (1). 
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Where 𝜀0 is the vacuum permittivity, r is the particle radius, 
𝜔 is the angular frequency of the applied electric field 𝐸(𝜔, 𝑡) 
and  𝐾(𝜔) the Claussius-Mossotti given by (2) in which 𝜀𝑝∗ and 
𝜀𝑚∗  refer to the complex permittivity of the particle and the 
suspension medium, respectively. 

In the present case, regarding the used electrode geometry, 
the dielectrophoresis theory [7] shows that we can assume that 
field induced phase changes have negligible effect. As a result 
(1) can be simplified in (4) as in most conventional DEP elec-
trode system cases. 
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Where Erms is the root mean square value of the electric field 
and Re[K(Z)] the real part of Claussius-Mossotti factor. 

 
Hence, the sign of Re[K(Z)] defines the direction of the in-

duced particle motion. When Re[K(Z)] is positive, the force is 
attractive and a particle in the fluidic channel moves toward the 
electrodes; and when Re[K(Z)]is negative, the particle is re-
pealed away since the force is repulsive [7]. The sign of 
Re[K(Z)] depends on the difference of polarizability between 
the particle and its surrounding medium and the dissimilarity 
between both also depends on the E field frequency. It means 
that the choice of the frequency of the electrode array bias sig-
nal is determinant for achieving efficient particle deviation.   

 
 Generally, the complex permittivity of any material is given 

by (3) neglecting the dielectric loss contribution compared to 
ionic conduction, where H and V are conductivity and permit-
tivity, respectively. Thus combining (2) & (3) results in (5) and 

illustrates how Re[K(Z)]can change sign as function of differ-
ences of conductivity and/or permittivity between the particle 
and its support medium. As a result, if a low conductivity sup-
port media is used, both positive & negative behavior can be 
obtained by adjusting the applied DEP signal frequency. 
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As biological cells are considered as flowing particles, their 
intrinsic complex permittivity is strongly frequency dependent 
because of the influence of the thin plasma membrane that 
screens the dielectric contribution of intracellular content in low 
frequency regimes [8]. Whereas becoming transparent as the 
frequency increases above several tens of MHz, the membrane 
lets the electric field interact directly with the cell interior [4]. 
As a result, DEP forces generated at high frequency regimes 
may deviate differently some flowing cells (i.e. attract vs repeal 
or deviate more or less strongly) according to their own intra-
cellular content dielectric specificities. Such specificities stem 
from their biological properties or physiological mechanisms 
linked to their nature, origin, differentiation state, pathological 
state, aggressiveness level [9]. It means that biasing an elec-
trode array with appropriate high frequency signal, and espe-
cially using frequencies in the UHF domain as introduced in [5-
6], it may be possible to selectively and efficiently sort cells that 
present more or less significant intracellular dielectric property 
difference. 

 

Fig. 2. Plot of the normalized electric field (log scale) once single side elec-
trode pair’s is biased with a 300MHz 3V magnitude signal (a), stacked images 
of a flowing single cell repealed by the E field gradient (b).  

The proposed high Frequency DEP cytometer has been de-
signed in this way. Based on COMSOL and ANSYS HFSS sim-
ulations, its electrode array geometry was optimized with the 
objective of having an E Field gradient (from high to low inten-
sity region) gradually distributed within the microfluidic chan-
nel section (YZ plane) and homogenously distributed all along 
the channel length (along X axis, see Fig 1.b). Finally, optimal 
electrode width and step distance found were both 50µm. The 
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electrode thickness was set to 9µm in order to ensure a suffi-
cient E field homogeneity and intensity in the channel thickness 
in order to act on cells that potentially flow at high altitude close 
to the upper limit of the microfluidic channel. In the end, a 
1,5mm long, 190µm wide, and 35µm deep microchannel was 
implemented on these 16 electrode arrays.  

 
To bias separately each electrode array, a microstrip line has 

been implemented on both sides of the cytometer with particu-
lar care for keeping a matched impedance to the point where 
electrodes penetrate inside the channel. Actually, impedance 
mismatch to the incident UHF biasing signal can result in 
highly reducing the electrode input voltage magnitude and con-
sequently in a drop of E field intensity in the microchannel. Fi-
nally, all lines and electrodes were implemented on the back 
end of line (BEOL) stack of the SG25h4 BiCMOS process from 
IHP microelectronic. 

 
Fig.2 illustrates how this cytometer works. When a cell flow-

ing in the channel enters in the electrode array area, the present 
E field will deviate its trajectory accordingly to the biasing sig-
nal frequency. In the present case, this cell was submitted to a 
300MHz CW signal that generates a negative DEP response. 
As a result, the particle is quickly repealed far the high intensity 
E field region to finally travel in low intensity one. Conversely, 
if a positive DEP signal had been applied, the cell would be 
attracted to high intensity regions and its trajectory kept close 
to biased electrodes. 

III. CYTOMETER TESTS: MATERIALS AND METHODS 

A. Cell preparation 

Experiments were performed on LN18 cell line derived from 
malignant gliomas from adult patients, purchased from the 
ATCC. Cell pools were cultured at 37˚C in a humidified 5% 
CO2-95% air incubator in two conditions: (i) normal growing 
conditions in DMEM plus Glutamax complete medium (ii) 
stringent conditions in selective DMEM/F12 medium (Defined 
medium where main grow factors are removed). Actually, with 
such stringent conditions, mainly highest resistance cells with 
strong aggressiveness special features survive and can grow. 

Finally, cells were resuspended in osmotic medium com-
posed of water and sucrose titrated to a conductivity range of 
20-22 mS/m, an osmolarity of 320 mOs/L and a pH of 7.4.  

 

B. DEP properties Cell characterization 

In order to find the appropriate DEP signal frequency to ap-
ply to the cytometer, both LN18 cell populations cultured with 
standard and Defined medium have been firstly characterized 
using same methodology introduced in [6].  The results of the 
characterization campaign led on more than 140 individual 
LN18 cells are discussed in [10].  Hence, the measured second 
cross-over frequencies (i.e. transition frequency between nega-
tive and positive DEP) showed really distinct values between 

both LN18 cell types. Especially the established difference be-
tween cross-over frequency median values (respectively 
120MHz vs 62MHz for cells cultured in normal vs Defined me-
dium) is relevant to exploit for achieving aggressive cell iden-
tification and separation from the others.  

C. Cell sorting  

Fig. 3 presents experiments done with LN18 cells grown in 
standard medium.  

  

  

  

  
Fig. 3. Stacked images showing LN18 cell spatial distribution after flowing 
though the cytometer biased with a frequency higher (a), lower (b) and slightly 
lower (c) than the cross-over frequency median. Effective separation of a mix-
ture of LN18 cells and polystyrene beads with a 50MHz DEP signal. 
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Suspended cells have been injected inside the High Fre-
quency cytometer chip and submitted to different DEP signal 
frequencies, with an additional amplitude modulation to avoid 
permanent cell trapping on the electrodes. Fig.3.a shows that 
when the setup bias frequency is higher that the cross-over me-
dian (fCoM) most cells are concentrated in microchannel center 
where the E field intensity should be the lowest. Conversely, in 
Fig 3.b, a large number of cells are distributed on the edge of 
the channel attracted and trapped by high intensity E field areas, 
when a frequency lower than fCoM is set. When the DEP signal 
frequency becomes closer to fCoM, as in Fig 3.c, cell spatial dis-
tribution is much disperse with a part of cell population more 
or less repealed in the center and another attracted to the chan-
nel edge. As a conclusion, to separate and extract targeted cells 
(the ones with potentially strongest aggressiveness features) 
from the whole LN18 cell population, it appears that the sorting 
conditions have then to be triggered between Fig.3.b & Fig.3.c 
cases. Nonetheless, Fig.3.d already shows the proposed cytom-
eter chip ability to sort a mixture of particles. Here, all polysty-
rene beads (7µm particles) successfully gathered together in the 
channel center by negative DEP and separate from biological 
cells, isolated for their part by positive DEP. 
 

IV. CONCLUSION 

This paper introduces a novel type of high frequency dielec-
trophoresis lab-on-chip implemented on BiCMOS IC technol-
ogy and shows its ability to efficiently separate and sort biolog-
ical cells from their own intercellular dielectric specificity dif-
ference. These results might pave the way to new innovative IC 
Lab-on-chip sensors for detection and isolation of rare cells. 

ACKNOWLEDGMENT  

This project has received funding from the European Union’s 
Horizon 2020 research and innovation programme under grant 
agreement No 737164.  

REFERENCES 

[1] Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso S, Coebergh 
JWW, “Cancer incidence and mortality patterns in Europe: estimates for 
40 countries in 2012”, Eur J Cancer. 2013 Apr, 49(6):1374-403. 

[2]  Hye-Min Jeon, Sung-Hak Kim, Xun Jin, Jong Bae Park, Se Hoon Kim, 
“Cross-talk between Glioma-Initiating Cells and Endothelial Cells Drives 
Tumor Progres-sion” Cancer Res, August 15 2014 (74) (16) 4482-4492. 

[3] Valero, A., Braschler, T.& Renaud. “A Miniaturized Continuous Dielec-
trophoretic Cell Sorter and Its Applications.” Biomicrofluidics 4.2 (2010) 

[4] R. Pethig, “Dielectrophoresis: Status of the theory, technology, and appli-
cations,” Biomicrofluidics, vol.4, no 022811, 2010, pp. 1-35. 

[5] Afshar, S., Salimi, E., Braasch, K., Butler, M., Thomson, D. J., & Bridges, 
G. E. "Multi-Frequency DEP Cytometer Employing a Microwave Sensor 
for Dielectric Analysis of Single Cells," IEEE Transactions on Micro-
wave Theory and Tech-niques, vol. 64, no. 3, March 2016. 

[6] Hjeij, F., Dalmay, C., Bessette, B., Begaud, G., Blondy, P, Pothier A “Bi-
ological cell discrimination based on their high frequency dielectropher-
etic signatures at UHF frequencies”, 2017 IEEE MTT-S Microwave Sym-
posium. 

[7] S. Dash, S. Mohanty, “Dielectrophoretic separation of micron and submi-
cron particles: A review”, Electrophoresis, 2014, 35, pp. 2656–2672. 

[8] Pethig, R., “Refinement of the theory for extracting cell dielectric proper-
ties from dielectrophoresis and electrorotation experiments”, Biomicro-
fluidics vol 5, no 044109 (2011). 

[9] Zhang, L. Y., du Puch, C. B. M., Dalmay, C., Lacroix, A., Landoulsi, A., 
Leroy, J., Pothier A “Discrimination of Colorectal Cancer Cell Lines us-
ing Microwave Biosensors”,Sensors & Actuators Vol 216, 2014, pp 405-
416. 

[10]  Manczak, R., Saada, S., Dalmay, C., Bessette, B., Begaud, G., Pothier A., 
“Discrimination of Glioblastoma Cancer Stem Cells by measuring their 
UHF-Dielectrophoresis Crossover Frequency”, 2018 IEEE IMBIOC con-
ference. 

 
 
 

 

 


