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Rémi Manczak , Sofiane Saada, Thomas Provent, Claire Dalmay, Barbara Bessette, Gaëlle Bégaud, Serge Battu,
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Abstract—This paper introduces the first results of dielec-7

tric spectroscopy characterization of glioblastoma cells, measur-8

ing their crossover frequencies in the ultra-high-frequency range9

(above 50 MHz) by dielectrophoresis (DEP) techniques. Exper-10

iments were performed on two glioblastoma lines U87-MG and11

LN18 that were cultured following different conditions, in order12

to achieve different phenotypic profiles. We demonstrate here that13

the presented DEP electrokinetic method can be used to discrim-14

inate the undifferentiated from the differentiated cells. In this15

study, microfluidic lab-on-chip systems implemented on bipolar-16

complementary oxide semiconductor technology are used allowing17

single cell handling and analysis. Based on the characterizations18

of their own intracellular features, both the selected glioblastoma19

(GBM) cell lines cultured in distinct culture conditions have shown20

clear differences of DEP crossover frequency signatures compared21

to the differentiated cells cultured in a normal medium. These re-22

sults support the concept and validate the efficiency for cell char-23

acterization in glioblastoma pathology.24

Index Terms—BiCMOS chip, biological cell manipulation,25

glioblastoma cells, high frequency dielectrophoresis.26

I. INTRODUCTION27

G
LIOBLASTOMA (GBM) is one of the most frequent and28

the most aggressive tumors of the central nervous system.29

About 240,000 brain tumor new cases were diagnosed world-30

wide; the majority are GBMs with an incidence of 3–4 per 10031

000 persons per year [1]. Conventional therapeutic strategy is32

mainly surgery, in combination with chemo- and radiotherapy33
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according to Stupp protocol. Despite recent advances in surgery, 34

imaging, radiation therapies and chemotherapy, the median sur- 35

vival is less than 15 months [2]. This dark prognosis of GBM 36

is primarily due to the recurrence of tumor, which is resistant to 37

pre-cited conventional treatments [1]. 38

Limited advances in glioblastoma treatment are closely linked 39

to the existence of a restricted cell subpopulation also called 40

cancer stem cells (CSCs), some very immature and undifferen- 41

tiated cells, responsible for tumor cell heterogeneity [3]. How- 42

ever, even genetically diverse clones express undifferentiated 43

cell markers related to cancer stem cells such as CD133 and 44

CD44. The higher expression levels of CD133 have been cor- 45

related to poorer prognosis suggesting that this marker might 46

play a significant role in the resistance of this type of cancer 47

to chemotherapy and radiotherapy [4]. Other markers such as 48

the transcription factors OCT-4, SOX2, pSTAT3, and NANOG 49

are considered as key players in regulating transcription of 50

glioblastoma CSCs [3]. These CSCs are a subpopulation of 51

undifferentiated cells, which have specific biological properties 52

similar to normal stem cells. Currently, biologists use some im- 53

munostaining approaches to characterize CSC populations, as 54

flow cytometry, optical microscopy or protein array analysis, 55

based on targeting a set of undifferentiated markers previously 56

described. These markers are required to validate the stemness 57

lineage of CSCs from the huge heterogeneous cell population. 58

Nevertheless, CSCs subpopulation are very rare in tumors and 59

their isolation often requires enriching them in specific culture 60

medium. This strategy is time consuming and delays the results. 61

Currently, the key objective is to try to get around this problem 62

by establishing a new way to discriminate and sort undifferenti- 63

ated cell populations specifically according to theirs biological 64

and physical characteristics. 65

To optimize the diagnosis and prognosis methods, the devel- 66

opment of different approaches and techniques based on bioelec- 67

tric signals of cells have been proved to carry various helpful 68

information on cell status [5]. Many sources of cell bioelec- 69

tric signals, like sodium potassium channels and pumps in the 70

plasma membrane, may affect chemical analytes homeostasis, 71

cell patterning and cell-to-cell interactions with the extracellu- 72

lar matrix, which can be determined by exploiting the dielectric 73

properties. Among these techniques, Dielectrophoresis (DEP) 74

is a label-free, accurate, fast, and low-cost analysis method that 75

2469-7249 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



IE
E
E
 P

ro
o

f

2 IEEE JOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BIOLOGY, VOL. 00, NO. 00, 2019

Fig. 1. Quadrupole electrodes system implemented in BiCMOS back end of
line SG25H4 technology from IHP.

uses the principles of polarization and themotion of bio-particles76

in applied electric fields [6]. The efficiency of this technique has77

been proved in various environmental andmedical fields, includ-78

ing polymer research, biosensors, microfluidics and diagnosis79

based onmicrofluidic biosensors [7]. In particular, manipulation80

of microscopic sized particles, such as trapping or cell sorting,81

including healthy or tumor cells suspended in microfluidic me-82

dia, has been successfully demonstrated in a variety of ways83

using DEP methods [8]. Regarding the cellular heterogeneity in84

a tumor mass and different cellular subpopulations functions,85

we can applie the principle of DEP separation method to the86

cell mixture composing a tumor, especially to discriminate two87

cellular subpopulations with opposite differentiation properties.88

Based on this principle, highly represented population com-89

posed by differentiated cells are singled out from a lower undif-90

ferentiated subpopulation, with stemness properties. Hence, we91

show here a new approach to detect and characterize the undif-92

ferentiated cells subpopulation based on microwave dielectric93

spectroscopy in the Ultra High Frequency range (UHF), using94

DEP cell electromanipulation.95

This approach offers unique capabilities to investigate the96

differences on the intracellular dielectric properties of each cell97

population [9]–[12] and allows screening of the intracellular98

biological properties and differences within the heterogeneity99

of a tumor.100

II. BASICS ON CELLS ELECTROMANIPULATION BY DEP101

When particles presenting different polarizabilities than the102

surrounding medium in which they are suspended are submitted103

to a non-uniformelectric field, aDEP force is generated inducing104

motion of particles [13]. There are different ways to exploit this105

phenomenon. In the present case, a quadrupole microelectrode106

system [14] has been used as sensor and implemented in a107

microfluidic channel (see Fig. 1). For such electrode geometry,108

the DEP theory [7], [15], [16] shows that considering a cell as109

a homogeneous spherical dielectric particle, the induced DEP110

force can be then computed using equation (1).111

FDEP = 2πεm r3Re [K(ω)]∇|Erms |
2

(1)

K(ω) =

(

ε∗p − ε∗m

ε∗p + 2ε∗m

)

(2)

ε∗x = ε0εx − j
σx

ω
(3)

Fig. 2. DEP single cell manipulation principle. (a) Cell repulsion at system
center with nDEP. (b) Cell attraction toward electrode with pDEP.

Fig. 3. Typical DEP spectral signature of cell with its two crossover frequen-
cies fxo1 and fxo2 , respectively, at low and high frequency regimes.

where r is the particle radius, ω is the angular frequency of the 112

applied electric field,Erms is the root mean square value of this 113

electric field, � is the gradient operator and Re[K(ω)] the real 114

part of Claussius-Mossotti factorK(ω) given by (2) in which εp∗ 115

and εm∗ refer to the complex permittivity of the particle and the 116

suspension medium, respectively. The complex permittivity εx∗ 117

are defined in (3), where εx and σx are the relative permittivity 118

and conductivity either of particles or immersion medium, and 119

ε0 represent the electric constant (8.854 10
−12 F m−1). 120

By changing the frequency of the applied electric field [13], 121

the polarized particles would behave in various ways depending 122

on the magnitude and the sign of Re[K(ω)] which is in turn 123

determined by the effective conductivity and permittivity of the 124

particle and the dielectric properties of the surroundingmedium. 125

Therefore, particles can be individually electro-manipulated ac- 126

cording to their own dielectric properties. 127

Actually, the generated force is repulsive when Re[K(ω)] is 128

negative, meaning that the particle is repealed away from elec- 129

trodes (see Fig. 2(a) negative DEP case - nDEP). Whereas when 130

Re[K(ω)] is positive, the force is attractive and the particle 131

moves toward the electrodes where the electric field magnitude 132

is high (see Fig. 2(b) positive DEP case - pDEP). When the 133

force becomes null just before the cell switches to negative to 134

positive DEP (or vice versa), the DEP crossover frequency is 135

then reached. This frequency can be thus considered as charac- 136

teristic of a cell own properties and specificities and may differ 137

between different cells. 138
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Depending on the type of cell properties one wants to access,139

the choice of the DEP frequency range is important [17]–[19].140

If information about cell plasma membrane specificities are141

sought, conventional DEP frequencies (typically from 100 kHz142

to 5 MHz) are very suitable for cell analysis. At this low fre-143

quency range, the cell shape, morphology and size have strong144

influence on the interaction with the electric field. Conversely,145

Ultra High Frequencies DEP (from 50 MHz to 500 MHz) will146

be better to provide information about intracellular properties.147

Indeed, when frequency increases above several tens ofMHz,148

the plasma membrane lets the electric field penetrate the cell149

and interact directly with the cell interior. As a result, the effect150

of DEP forces generated (i.e., attractive vs. repulsive) at high151

frequency regimes may be different according to the dielectric152

properties of the cell content. This UHF-DEP characteristic is153

often presented in the literature [7], [20], [21] and the crossover154

frequency fxo2 can be written by155

f 2
x02 =

1

4π2

1

ε2
0

(σm − σp) (σp + 2σm )

(εp − εm ) (εp + 2εm )
. (4)

For an aqueous solution, considering εm > εp and σp > σm ,156

(4) can be simplified with the approximation:157

fxo2 =
σp

2π

1

ε0

√

1

(εp − εm ) (εp + 2εm )
. (5)

The value of the crossover frequency fxo2 in the UHF range158

is directly influenced by the intracellular properties of the cells,159

largely by its conductivity and to a lesser extent by its permit-160

tivity. Specifically, since undifferentiated cells exhibit different161

biological specificities or physiological mechanisms linked to162

their differentiation state for example, their crossover frequen-163

cies will be different from those of differentiated cells. There-164

fore, the analysis of their dielectrophoresis behavior under UHF165

frequencies seems very relevant for the targeted application.166

III. MATERIALS ANDMETHODS167

A. Cellular Culture168

Two GBM cell lines were tested in this study, U87-MG and169

LN18. Both of them derived from malignant stage IV gliomas170

from adult patients, purchased from the American Type Culture171

Collection (ATCC). Two conditions were used for the analysis:172

(i) normal differentiation conditions in DMEM plus Glutamax173

medium supplemented with 10% Fetal Bovine Serum (FBS),174

2 mM glutamine and 100 U penicillin/0.1 mg/mL streptomycin,175

called NN for “Normal Normoxia Medium”, (ii) stringent con-176

ditions in selective DMEM/F12 medium, Define Normoxia177

medium (DN), supplemented with 0.6% glucose, 1.2% sodium178

bicarbonate, 5 mM HEPES, 9.6 µg/mL putrescine, 10 µg/mL179

ITSS, 0.063 µg/mL progesterone, 2 µg/mL heparin, 20 ng/mL180

EGF, 20 ng/mL bFGF, 1X penicillin/streptomycin and 2% B27181

supplement without vitamin A. Cells are maintained at 37 °C,182

5% CO2 in a humidified atmosphere - 95% air incubator.183

Actually, under stringent culture conditions, mainly only the184

most resistant cells with strong aggressiveness special features185

can survive and grow.As illustrated in Fig. 4, it is hence expected186

Fig. 4. Representative diagram of the two different culture conditions used
for the both GBM cell lines.

to achieve a large enrichment in undifferentiated cells in DN cell 187

cultures. 188

Finally, after two successive centrifuge washes, cells were 189

suspended in an ion free osmotic medium TRIS buffer-based, 190

composed by a water/sucrose mixture with magnesium chloride 191

(pH: 7.4; conductivity: 26 mS/m) conventionally used for DEP 192

experiments. The osmolarity value of this DEP medium, mea- 193

sured with a sample of 70 µL placed in micro-digital osmometer 194

300-11DR (Type13) varies between 280 and 320 mOSm. 195

B. Tools and Methodology for Cell Crossover 196

Frequency Measurement 197

The main purpose of this study is to characterize GBM cell 198

lines to identify their DEP crossover frequencies in the high fre- 199

quency regime and establish DEP signature according to their 200

different culture conditions (normal culture medium vs. define 201

medium). Each cell population is introduced into the microflu- 202

idic chip, suspended in a DEP medium, by a fluidic inlet driven 203

by a flow controller (Fluigent MFCS) and flows in a Poly- 204

diméthylsiloxane (PDMS) microfluidic channel implemented 205

above dedicated sensors implemented in BiCMOS technology 206

(see Fig. 1). The experiments were done using a 40 × 40 µm 207

gap quadrupole electrodes design. This structure is based on 208

four electrodes, set at 90°, combining a pair of thick (9 µm) 209

electrodes crossing the microfluidic channel with another pair 210

of thin (0.45 µm) electrodes implemented in the middle of the 211

channel [14]. 212

The selected 40 µm spacing between each electrodes rep- 213

resent a good compromise between an easy monitoring under 214

microscope of cell motion submitted to both positive or negative 215

DEP forces and the use of moderate RF voltage signal to bias 216

the structure and efficiently act on cells (typically the magnitude 217

of the applied voltage ranges between 2 and 4 Vpp ). The same 218

frequency adjustable DEP signal has been applied to the left and 219

right electrodes whereas top and bottom ones were grounded. 220

The flow is slowed down, and when a cell arrives near the cen- 221

ter of quadrupole electrodes system, the electrodes were biased 222

with a 500 MHz DEP signal expected to be much higher than 223

the fxo2 and therefore suitable to efficiently trap cells. 224
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Fig. 5. Cells suspension flowing in the microfluidic system (a). Single cell
nDEP trapping at 500 MHz in the center of the quadrupole electrodes related to
the generated electric field (b).

Fig. 6. Cultured in NN -Microscope imaging sequence of GBMcell crossover
frequency measurement (119 MHz) by tuning the DEP signal frequency.

At 500 MHz, the cell may react in negative DEP and the225

generated electric field allows individually catching any single226

cell present near the system center. Indeed, the strong intensity227

field areas surrounding the center weaker field zone resulted in228

an electric field cage where the cell could be efficiently trapped229

(see Fig. 5(b)). The others surrounding cells also reacted in230

negative DEP and were repelled away the analysis area moving231

to the outside weaker intensity field zones. Then, the flow was232

progressively stopped and stabilized (reaching an inlet and outlet233

pressure equilibrium at each microchannel end). Finally, the cell234

was only submitted to DEP force and natural gravity. The DEP235

signal was first turned off for few seconds to check that the236

investigated cell is no longer subject to other motion forces.237

Then, it was turned on again setting the signal frequency238

above the expected crossover frequency and the characteriza-239

tion could start. To determine the investigated cell crossover240

frequency, gradual frequencies decreases were applied on the241

DEP signal: first with fast 10 MHz steps and then once ap-242

proaching the crossover frequency with 1 MHz ones to refine243

the measurement. Since the crossover frequency occurred just244

before the moment when the cell started to be attracted by one of245

lateral electrodes (switching to positive DEP behavior), a slow246

1 MHz step frequency scan allowed to accurately observed this247

moment. Fig. 6 illustrates an example of trapping and crossover248

frequency characterization of a GBM cell cultured in normal249

medium.250

Each cell was characterized hence twice or three times and251

finally released by increasing the inlet channel pressure to renew252

Fig. 7. Simulated cell location change from the center of the quadrupole
electrodes system for different DEP signal frequency tuned around the cell
crossover frequency.

medium and trap a new cell for characterization following the 253

same approach. 254

This methodology of crossover frequency measurement has 255

been supported and validated though electro-kinetic transient 256

simulations using COMSOL software. Hence, the displacement 257

of the trapped cell, from the center of quadrupole to the edge 258

of the electrodes, according to the decrease of the DEP signals 259

frequency, can be computed as presented in the graph below. 260

As Fig. 7 shows, the simulations predict that the generated 261

DEP force, once applying a 4Vpp DEP signal with a frequency 262

set to 1.5 MHz under the cell crossover frequency, should 263

have a sufficient influence to attract and move it 6 µm away 264

from its initial negative DEP trapping location. Actually, such 265

displacement value matches well with the ones observed un- 266

der a microscope during experiments, as illustrated on the Fig. 267

6 photograph taken at 118 MHz. Consequently, we can rea- 268

sonably consider that using the proposed cell characterization 269

methodology the cell crossover frequency can be measured with 270

a 1-2 MHz accuracy. 271

IV. RESULTS, ANALYSIS AND CORRELATION 272

A. GBM Cell Lines Phenotypic Profiles 273

First, control experiments were carried out to confirm the en- 274

richment of undifferentiated cell population in define medium. 275

Comparative analysis of the gene expression (mRNA levels) 276

of the stemness lineage was assessed in the cells cultured 6 277

days in normal culture medium vs. define medium (see Fig. 8). 278

Analyzed CSCs markers (Oct-4, Sox2 and Nanog) showed an 279

overexpression in cells cultured in define medium (in red) com- 280

pared to those cultured in normal medium (in blue). 281

These results were completed by analyzing protein levelswith 282

flow cytometry. They showed an enhancement of undifferenti- 283

ated markers expression in both U87-MG (Fig. 9(a) and (b)) and 284

LN18 (see Fig. 9(c) and (d)) cell lines cultured in definemedium 285

compared to normal medium culture. These biological results 286

validate the enrichment of CSC by culture in define medium. 287
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Fig. 8. Comparative analysis of gene expression of three undifferentiated
markers: Oct-4, Sox2 and Nanog, in U87-MG and LN18 cell lines, cultured 6
days in normal medium (NN: blue histograms) or in define medium (DN: red
histograms), measured by Real Time PCR (Polymerase Chain Reaction).

Fig. 9. Comparative analysis of the undifferentiation markers expression
CD44, CD133, Oct-4, Sox2 in both U87-MG and Ln18 cell lines, cultured
6 days in normal medium (NN: blue histograms) or in define medium (DN: red
histograms), analyzed by multi-parameteric flow cytometry (BD Fortessa). (a)
and (c) graphs represent percentage of expression and (b) and (d) histograms
represent the mean fluorescent intensity (MFI) for each marker expression in
U87-MG and LN18 respectively, grey graphs show the isotypes (unlabeled)
negative control condition.

Fig. 10. Graphic box plots representation of U87-MG and LN18 cells
crossover frequencies, cultured in two different conditions: normal medium
(NN) and define medium (DN). The p value was determined using One-way
ANOVA test. ∗∗∗ represents p value <.0001, ∗∗ represents p value <.001.

TABLE I
SUMMARY OF CROSSOVER FREQUENCYMEASUREMENTS (MHZ)

B. GBM Cell Crossover Frequencies 288

In order to support these results obtained at the biological 289

level, the two GBM cell lines were characterized by establish- 290

ing their UHF-DEP crossover frequencies according to their 291

different culture conditions. 292

The set of crossover frequencies measured for both cell lines 293

(U87-MG and LN18) cultured in the two different conditions 294

(normal culture medium vs. define medium) is represented in 295

the Fig. 10 (one should notice that themiddle bar here represents 296

the median value of the whole collected data). The considered 297

crossover frequency corresponds to the frequency for which the 298

trapped cell just starts tomove away from the center of electrodes 299

quadrupole. Based on statistical analysis of the results observed 300

in the four populations, culturing cells in a define environment 301

seems to have a real impact on the measured crossover frequen- 302

cies, according to GBM intracellular characteristics changes. 303

The set of statistics concerning the characterization of U87-MG 304

and LN18 cells crossover frequencies is summarized in Table I, 305

listing the average, median, standard deviation, standard error, 306

minimum and maximum crossover frequency values for each 307

cell population. 308

As shown a significant number of cells have been charac- 309

terized showing statistically consolidated data. The large stan- 310

dard deviation, and error standard, observed for U87-MG and 311

LN18 NN cell pool can be explained by the natural cell line 312
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heterogeneity, including a large number of different differenti-313

ated cells but also some few undifferentiated occurrence in the314

pool. On the other hand, the DN cell pools may concentrate315

a much higher number of undifferentiated and low differenti-316

ated cells; since DN culture conditions are not favorable for317

differentiated cell growth.318

Considering the measured crossover frequencies, these two319

GBM cell lines exhibit the same behavior according to the two320

different culture conditions. Actually, the undifferentiated en-321

riched populations (DN) show much lower crossover frequen-322

cies than the cells cultured in normal conditions, although some323

crossover frequencies overlap exist between these two popu-324

lations – U87-MG: Average of 120 MHz for NN vs. 91 MHz325

for DN – LN18: Average of 128 MHz for NN vs. 76 MHz326

for DN. This decrease demonstrates a significant difference (il-327

lustrated by the run ANOVA statistical analysis tests resulting328

in a very low p value) between these two population profiles329

obtained by different culture conditions. This finding proves a330

real difference on the intracellular dielectric characteristics of331

the undifferentiated cells enriched populations compared to dif-332

ferentiated cells, reflecting the intrinsec biological properties333

differences.334

This difference outlines a great potential for discrimination335

of cell subpopulations within the whole tumor mass. Therefore336

such technique is highly promising to achieve discrimination337

and even isolation of undifferentiated cells allowing potential338

cell sorting of these undifferentiated subpopulations related to339

the CSC subpopulation.340

V. CONCLUSION341

We described here a novel method of cellular subpopula-342

tions’ discrimination, which completes the classical biological343

approaches, based on the differential expression levels of a set344

of markers. These populations, with different cellular differen-345

tiation status, are discriminated using real time measurement346

on microfluidic lab-on-chip (LOC) platform implemented in347

CMOS technology. Both selected GBM cell lines, showed a348

strong correlation between the biological markers differences349

and the measured DEP frequency signatures according to the350

different culture conditions. Differences on crossover frequen-351

cies obtained for each subpopulation, showed a great discrimina-352

tion potential especially for the development of a novel method353

to characterize Cancer Stem Cells. Thus, we confirmed the bi-354

ological differences analyzed by routine methods, using DEP355

signatures differences, which complete the characterization of356

stemness properties cells. These results correlate to the bio-357

logical differences at the functional level. The undifferentiated358

properties ofCSCs are associated to intracellular changes and re-359

flecting their high aggressiveness potential. This technic allows360

screening of a new cell discrimination parameter, the intracel-361

lular differences and physical properties of cells, without any362

labeling, without affecting cell integrity and viability. Hence,363

based on the UHF-DEP spectroscopy method, we detected and364

characterized the undifferentiated cells with unique capabilities365

to screen biological specificities by investigating the intracellu-366

lar dielectric properties.367

Finally, this method confirms a high potential of emerging 368

lab-on-chip (LOC) platforms in the diagnosis and the treatment 369

of glioblastoma. 370
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