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Xiue Bao, Ilja Ocket, Member, IEEE, Juncheng Bao, Jordi Doijen, Ju Zheng, Dries Kil, Zhuangzhuang Liu,

Bob Puers, Fellow, IEEE, Dominique Schreurs, Fellow, IEEE, and Bart Nauwelaers, Senior Member, IEEE

Abstract—Broadband dielectric spectroscopy measurements
of biological materials within RF/microwave range can reveal
cellular information, which is of important value in biological and
medical researches. Here we present a platform that combines
a miniaturized coplanar waveguide (CPW) transmission line
(TL) sensor and a special CPW fed interdigitated capacitor
(IDC), which allows us to measure the complex permittivity
of cell cultures from 300 kHz to 50 GHz. The CPW-TL
sensor and the CPW-IDC sensor are integrated with an SU-8
microfluidic channel, enabling measurements of microliter or
even nano-liter volumes of liquids and suspensions. Due to the
accurate alignment of the SU-8 polymer and the reliable lift-off
fabrication procedure, we are able to minimize the measurement
errors caused by the sensors’ dimension tolerance. To ensure
accurate complex permittivity extraction of the tested material,
related calibrations and de-embedding processes are explained.
With the measurement of deionized water as a validation, the
platform is used to measure the complex permittivity of both a
yeast cell culture and a mammalian cell culture. We elaborate
on the interesting findings and discuss future possibilities.

Index Terms—Broadband, dielectric spectroscopy, mammalian
cells, RF/microwave measurement, yeast cells.

I. INTRODUCTION

ELECTRICAL approaches, especially dielectric

spectroscopy techniques that demonstrate the interaction

between electromagnetic fields and materials, have been

proven to be useful for a broad range of research purposes

including biological research [1]–[3]. In recent decades,

RF/microwave dielectric spectroscopy attracts increasing

attention for non-invasive and non-destructive biological

investigations [4]–[6]. Within RF/microwave frequency

range, many significant properties of electromagnetic waves

converge, which are suitable for biological research. First,
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the wavelengths are comparable to the dimensions of the

living matter and biological materials, resulting in complete

penetration of these electromagnetic waves into the materials

of interest [7]. Second, the dielectric properties that are highly

related to biological parameters of the tested tissue and cells

can be accurately translated into RF/microwave readouts.

Analytical techniques of RF/microwave measurement results

have been optimized and well-described. Finally, water, the

largest constitution of any biological materials or living cells

[8], shows its relaxation in RF/microwave frequency range (at

around 20 GHz), due to its molecular reorientation dynamic.

Therefore, the electromagnetic interaction with the living

materials is assumed to be maximized in this frequency range.

One dominated application of the RF/microwave

spectroscopy is tissue characterization with an open-ended

coaxial method [9]. However, tissue measurements are

currently not cost effective as they require large amounts

of sample in every test. Moreover, tissue analysis provides

limited information about the various consisting cells,

which cannot meet the demands in biological and medical

researches. For example, in the drug discovery process,

to find an effective component for a certain disease, in

vitro screening and mechanistical studies using cell-based

assays play irreplaceable roles before performing preclinical

assessments and clinical trials. Early research efforts [5],

[10] demonstrate that various biological materials can present

different dispersion properties at quite different frequencies.

Obviously, the complicated composition of a single cell, a

lipid bilayer encompassing an aqueous solution with various

components and subcellular compartments [11], dynamic ion

migrations through cell membrane [12], presence of highly

ionic solution, etc., could potentially lead to particular and

distinguishable dispersion properties within a broadband

RF/microwave range. Therefore, it is necessary to observe

the cells in a broadband frequency range in order to obtain

detailed cellular information.

The advances of chip materials [13] and the rapid

developments in MEMS fabrication technologies [14], [15]

make it possible to characterize and analyze microliter or

even nano-liter volumes of biological liquids and cell cultures

in a non-invasive way. A representative example is the

microfluidic structure, integration with various miniaturized

designs resulting in hundreds of lab-on-chip devices [16]

and micro total analysis systems (µTAS) [17]. When

the dielectric spectroscopy technique is combined with

microfluidic structures, it can benefit a lot the early biological

analysis [18] and possibly in turn disease diagnoses as well.

The potential, efficiency and simplicity of this combination

has been previously demonstrated [8], [19]. One way is to

use resonators to characterize the complex permittivity of a
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material under test (MUT), by building a linear mathematical

model between the complex permittivity and the transmission

loss variations and resonance frequency shifts [20]. However,

it can only be used for very narrow bandwidth measurements,

directly relating to the device self-resonance properties.

Another attractive approach is to combine the microfluidic

structure with a transmission line (TL), extracting the complex

permittivity from the distributed parameters C and G or

the effective complex permittivity of the TL [21], [22].

This method can provide broadband information, but it can

only be used at high frequencies where the wavelengths are

comparable to the TL’s dimension, presenting ideal distributed

characteristics.

In this work, aimed at obtaining the very broadband

spectroscopy of cell cultures, a special coplanar waveguide

(CPW) based interdigitated capacitor (IDC) is introduced, in

addition to a CPW based TL sensor. The CPW fed IDC

sensor shows a linear relationship between its equivalent

circuit parameters and the MUT permittivity properties, which

has been validated with cell concentration measurements [19]

and dynamic measurements of yeast cells [23]. This paper

is organized as follows: section II specifically explains the

biological dispersion properties and measurement principles,

especially the complex permittivity extraction protocol of the

MUT; section III describes the fabrication techniques of the

miniaturized sensors, the entire measurement setup, and the

data processing procedure; in section IV, measurement results

on yeast cell culture and mammalian cell culture are presented

and analyzed; conclusions are drawn in the final section.

II. THEORIES AND TOPOLOGY

A. Electrical Protocol of Biological Materials

When the electromagnetic waves penetrate across a

dielectric material, the material will be polarized depending

on the applied frequency and the material’s composition.

According to Schwan’s description [10], the polarization

within RF/microwave range can be interpreted with four main

dispersions: α dispersions that appear at low frequencies and

are generally associated with the diffusion processes of ionic

species, β dispersions that are situated at megahertz range and

are mainly due to the interfacial polarization across the cellular

plasma membranes and their interactions with the intra- and

extra-cellular electrolytes, γ dispersions that are located in

microwaves and mainly corresponds to the polarization of

electrical dipole moments of aqueous and small biological

molecules, and δ dispersions that appear between the β and

γ dispersions [11] and are attributed to the dipole moments

of large molecules, such as proteins, protein-bound water,

biopolymers, and cellular organelles.

Havriliak and Negami [24] proposed a general relaxation

expression to represent the various dispersion properties, as

ε∗r = ε∞ +

N
∑

n=1

∆εn
(1 + (jωτn)1−αn)βn

+
σ0

jωε0
(1)

where ε∗r refers to the broadband complex permittivity, ε∞
the infinite high-frequency permittivity, N the number of

relaxation terms, ∆εn the nth dielectric intensity (when N

(a)

𝐶
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(b)

Fig. 1. (a) Structure schematics of the coplanar waveguide transmission line
(CPW-TL) sensor and the CPW fed interdigitated capacitor (IDC) sensor. (b)
Equivalent electrical circuits of the two sensors.

= 1, ∆ε = εs-ε∞, εs the static permittivity), j2 = −1, ω the

angular frequency, defined by ω = 2πf (f the frequency of the

applied electromagnetic field), τn the relaxation time, αn and

βn the parameters that describe the spread of the relaxation

time around its average value, σ0 the static conductivity, ε0
the permittivity of free space. Even though the equation is

empirical, it is widely used to model dielectric spectra, and

by adjusting the parameters αn and βn in (1), it easily turns

into the Cole-Davidson function (α = 0, 0 < β < 1) [25], the

Cole-Cole function (0 < 1 − α < 1, β = 1) [26], the Debye

function (α = 0, β = 1) [27], etc.

B. Data Treatment Protocol

As previously discussed, the frequency dependent

dispersions that are often expressed by the dielectric

spectroscopy are distinct among different materials, which

becomes the characterization principle in this study. Fig. 1(a)

presents the structures of the proposed microfluidic CPW-TL

and CPW-IDC, which are used for high frequency and low

frequency measurements, respectively. The interdigitated

electrodes of the CPW-IDC sensor were designed by the end

of the central conductor of a CPW line. Fig. 1(b) depicts

the equivalent circuits of the two sensors. For the CPW-TL

sensing area, the wavelengths of the applied electric fields are

comparable to its dimensions, so it is modeled as an infinite

series of two-port elementary components. The circuit of

each component consists of four distributed per unit length

parameters - resistance Ru, inductance Lu, capacitance Cu,

and conductance Gu. They relate to the complex propagation
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TABLE I
COEFFICIENT VALUES OBTAINED FROM SIMULATION WHEN ε

′′

r IS SET CONSTANT

ε
′′

r arr(aR) air bR brr

0 1.502×10−14 3.297×10−16 8.529×10−14 8.529×10−14

20 1.525×10−14 1.452×10−16 6.729×10−14 7.266×10−14

40 1.520×10−14 -1.705×10−17 6.241×10−14 7.888×10−14

< arr >= 1.516×10−14
< air >= 1.526×10−16

< bR >= 7.166×10−14
< brr >= 7.894×10−14

σarr
=9.823×10−17

σair
=1.417×10−16

σbR
=9.840×10−15

σbrr=5.156×10−15

TABLE II
COEFFICIENT VALUES OBTAINED FROM SIMULATION WHEN ε

′

r IS SET CONSTANT

ε
′

r ari aii(aI) bI bii

1 -7.274×10−16 1.555×10−14 1.482×10−14 1.449×10−14

40 -2.686×10−16 1.565×10−14 1.226×10−14 6.449×10−15

80 -4.118×10−16 1.547×10−14 2.832×10−14 2.969×10−14

< ari >=-4.692×10−16
< aii >=1.555×10−14

< bI >=1.847×10−14
< bii >= 1.688×10−14

σari
=1.916×10−16

σaii
=7.157×10−17

σbI
=7.047×10−15

σbii
=9.636×10−15

constant γ and characteristic impedance Zc of the complete

sensing region by

γ =
√

(Ru + j ω Lu)(Gu + j ω Cu) (2)

Zc =

√

Ru + j ω Lu

Gu + j ω Cu

(3)

where γ and Zc can be readily calculated from the ABCD

matrix that is directly transformed from the scattering

(S-)parameters of the MUT loaded transmission line [28]. It

has been verified both by a conformal mapping technique [29]

and a two-dimensional (2D) finite element method (FEM) [30]

that at every frequency point the distributed Cu and Gu are

linearly dependent on the complex permittivity of the material

loaded on top of the CPW electrodes.

In terms of the CPW-IDC sensing area, as its dimensions

are much smaller than the wavelengths of the electromagnetic

fields transmitted in the device, the electric fields are

position-independent at the sensing area. Therefore, the IDC

sensing area is modeled as a lumped equivalent circuit [19] as

shown in Fig. 1(b), where the equivalent C and G relate to

the S-parameters Smut of the MUT covered sensing area by

G+ jωC =
1

Z0

·

1− Smut

1 + Smut

(4)

The values of C and G are associated to the substrate and the

MUT on both sides of the IDC fingers. To mathematically

demonstrate this association, a 3D FEM simulation is

performed on the IDC sensing area where a given MUT

(ε∗r = ε′r − jε′′r ) is loaded. At three different constant MUT

imaginary permittivities (ε′′r = 0, 20, 40), the MUT real

permittivity ε′r is set at 1, 5, 10, ..., 80 separately and the

related simulated S-parameters are recorded. Similarly, at three

different constant MUT real permittivities (ε′r = 1, 40, 80),

the MUT imaginary permittivity ε′′r increases from 0 to 40

in a step size of 2.5 and the related simulation results are

recorded. From the recorded S-parameters, the equivalent C

and G values under different MUT settings are separately

calculated with (4) [19].

If we assume that the MUT complex permittivity has the

following mathematical relationship with the equivalent C and

G of the IDC sensing area,

(

C
G/ω

)

=

(

arr ari
air aii

)

·

(

ε′r
ε′′r

)

+

(

brr
bii

)

(5)

where six coefficients are required to be quantificationally

determined: arr and ari represent the impacts of ε′r and ε′′r
on the C value, respectively; whereas air and aii quantify the

impacts of ε′r and ε′′r on G/ω, respectively; brr and bii are

related to the bare IDC sensing area. Calculation results of the

six coefficients are reported in Table I and Table II, together

with their respective mean values and standard deviations.

From the obtained data, especially from the fact that the

ratios arr/air and aii/ari are both at around 100, we can

straightforwardly arrive at the conclusion that compared to

arr and aii, ari and air are neglectable in (5). The small

standard deviations of arr and aii can also verify that the

cross dependence is neglectable. Therefore, the following

two independent linear equations between the MUT complex

permittivity and the equivalent C and G/ω of the IDC sensor

are obtained

C = aR · ε′r + bR (6)

G/ω = aI · ε
′′

r + bI (7)

Fitting the 3D simulation results with the two equations, we

find that aR has the same value as arr, and aI is the same

as aii. Furthermore, bR and bI are comparable to brr and bii,
respectively, which can be readily deduced from the fitting

results in Table I and Table II.

Taking a closer look at the values arr(aR) and aii(aI) in

Table I and Table II, we can assume that they are the same,
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and consequently, by introducing the loss tangent tan δ, the

following formula is obtained

tan δ =
ε′′r
ε′r

=
∆G

ω ·∆C
(8)

The linearity in (8), which has been tested at frequencies from

300 kHz to 1 GHz on a similar IDC [23], allows to extract

the complex permittivity of the dielectric materials under

investigation from the measured RF/microwave S-parameters.

III. FABRICATION AND MEASUREMENT

A. Sensor Fabrication

The two microfluidic CPW based characterization sensors

were patterned on a 1mm thick 10.16 cm diameter fused

silica (quartz) wafer, due to its isotropic permittivity and

low loss property. The widths of center conductor, gaps,

and ground planes of the CPW structure were designed at

110 µm, 20 µm, and 150 µm, respectively. The microfluidic

channel widths of the two sensor were both designed at

500 µm. There were 22 fingers at the CPW-IDC sensing

area, with the finger length, width, gap being 130 µm,

20 µm, and 20 µm, respectively. The feeding segment of

the CPW-IDC sensor or on either side of the microfluidic

CPW-TL sensor was composed of a 1.5mm long quartz/air

region and a 4.5mm long quartz/SU-8 region. To accurately

calibrate the two microfluidic sensors, several additional

multiline thru-reflect-line (TRL) calibration standards [31] and

a de-embedding standard were co-fabricated on the same wafer

as the sensors, which was aimed at minimizing the variability

in the properties and dimensions of the CPW electrodes due

to fabrication tolerance. All of the standards were designed to

have the same cross-section dimension as the CPW sensors.

i. Photoresist coating

ii. Photoresist patterning

iv. Removal of photoresist

iii. Cr/Au sputtering

(a) Microelectrodes (b) Microfluidics 

i. Polymer coating

UV
ii. Polymer patterning

iii. Channel development

Fig. 2. The fabrication procedures on (a) metalization process of the
microelectrodes and (b) lithography process of the SU-8 microfluidic layer.

The de-embedding standard was designed to have exactly the

same dimensions as the feeding segment, i.e., a 6mm long

bare CPW line loaded with 4.5mm long SU-8 polymer.

Fig. 2 depicts the fabrication prototype of the devices and

calibration standards. After the cleaning of a quartz wafer,

the positive photoresist S1818 was spin-coated on the wafer

and patterned with the traditional UV photolithography. Then,

the metallization was done through the sputter deposition

technique: a ∼160 nm thick chromium (Cr) film, working as

the adhesion layer to guarantee the adhesion between gold and

quartz, followed by a ∼500 nm thick gold layer. As shown in

Fig. 2(a), the sputtering process was followed by a lift-off

process, eliminating the photoresist with the top metal into a

solvent solution.

Next, the SU-8 microfluidic channel, used for assuring

liquid confinement, was fabricated perpendicularly to the CPW

central conductor using the technical strategy presented in

Fig. 2(b). With the main advantage of being biocompatible,

simply molded, requiring low fabricating cost, and of high

aspect ratio features, SU-8 can provide good alignment

when integrated with microstructures and microdevices [13].

The height of the SU-8 microfluidic channel is 400 µm,

and consequently, the liquid volume within the microfluidic

channel is 0.09 µL (i.e., 0.45 x0.5 x0.4mm3). In addition, a

mould was fabricated with a 3D printing technique [32] to

enable the replication of a disposable polydimethylsiloxane

(PDMS) layer, which will be covered on top of the microfluidic

channel during every liquid measurement. The SU-8 channel

height has been designed larger than the sum of the CPW

center conductor and two gaps widths (110 µm+2x20 µm) [29],

so that the electromagnetic fields primarily interact with fluids

contained within the SU-8 channels rather than the top air or

PDMS.

B. Measurement Platform

All measurements were performed on a probe station that

was equipped with two movable microwave 40A-GSG-150C

picoprobes, as shown in Fig. 3(a). For a broadband dielectric

spectroscopy characterization, the probes were connected

to a Keysight M9375A PXIe module for low frequency

measurements and an Agilent E8361A vector network analyzer

(VNA) for high frequency measurements, using the CPW-IDC

and the CPW-TL (as shown in Fig. 3(b) and (c)), respectively.

During each measurement, a plexiglass spacer was placed

under the wafer to remove the parasitic coupling between

the gold conductor and the holding metal chuck. Moreover,

thermal equilibrium was considered when performing all

measurements and calibrations. An air conditioning system

was used to keep the laboratory temperature constant, and a

temperature control system (Temptronic TPO3210B) equipped

on the probe station was used to help the devices and liquids

under test reach the desired temperature set-point.

The raw complex S-parameters as a function of frequency

were recorded. In high frequency on-wafer measurements, we

acquired 1601 frequency points from 10 MHz to 50 GHz on

a linear frequency scale. For low frequency measurements,

the frequency ran from 300 kHz to 5 GHz and 801 points
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(a)

(b) (d)

Microscope

Plexiglass spacer

Probe

Thermal chuck

SU-8 SU-8

SU-8

(c)

Microfluidic wafer

Fig. 3. The measuring system and associated standards: (a) the probe station
setup; (b) the microfluidic CPW-IDC sensor and the de-embedding standard;
(c) zoom-in view of the microfluidic CPW-TL sensor; (d) the multiline TRL
calibration standards.

on a log frequency scale were recorded. The intermediate

frequency (IF) bandwidths of both high and low frequency

range were set at 20 Hz, and the power of each VNA was

set at −20 dBm to avoid any unwanted microwave heating

effects. The temperature was set at 20 ◦C for all measurements

in this study. After measuring the empty devices and reference

liquids, the cell cultures were injected into the microfluidic

channel with a micropipette, after which the microfluidic

channel was covered with a PDMS sheet for about one minute

to let the liquid become still.

C. On-chip Calibration

Choosing an appropriate calibration technique is essential

and mandatory in accurate RF/microwave measurements. In

this study, a two-tier calibration strategy is used to remove

the errors and parasitic parameters between VNAs and MUT

reference planes. Among a large number of first-tier on-chip

calibration techniques, the most commonly used methods

are the Short-Open-Load-Thru (SOLT) calibration and the

multiline TRL calibration [31]. The SOLT calibration, a

well-established method for VNA calibration, assumes the

load symmetrical and of identical impedance value to the

measurement system impedance [33], which is reasonable

at low frequencies. However, to our experience, at high

frequencies, the load definition is frequency dependent and

affected by the probe mounting and placement, meaning that

the SOLT calibration method is not recommended for high

frequency measurements. The Multiline TRL calibration has

been considered the benchmark for other on-wafer calibration

methods because it makes the least assumptions about the

calibration standards compared to other calibration methods.

However, it occupies much expensive wafer space when used

for low frequency measurements. Therefore, in this study, we

adopt SOLT and multiline TRL calibration methods for low

frequency and high frequency measurements, respectively, to

move the reference planes from VNAs to the probe-tips. The

calibration process from 10 MHz to 50 GHz was performed

with the multiline TRL standards lithographically fabricated

on the quartz wafer (shown in Fig. 3(d)). The lengths

of the multiline TRL calibration standards were 0.42mm
(thru), 0.21mm (short), 1.27mm (line 1), 3.22mm (line 2),

5.933mm (line 3), 10.5mm (line 4), and 25mm (line 5),

respectively. The SOLT calibration method used for 300 kHz

to 5 GHz was achieved by a commercial alumina CPW CS-5

impedance standards substrate from GGB Industries and its

associated parameters provided by the vendor.

Next, to move the reference planes from the probe-tips to

the sensing area of the sensor, a second-tier calibration (i.e.,

de-embedding) is required. The de-embedding principle of the

CPW-TL sensor is presented in Fig. 1(b), where the complete

structure can be expressed by the following matrix cascading

[28], as

Ttot = TairL · Tsu8L · Tmut · Tsu8R · TairR (9)

where TairL/TairR, Tsu8L/Tsu8R, Tmut are the cascade

matrices of the left/right bare CPW feeding line, left/right

SU-8 loaded CPW feeding line, and the MUT loaded sensing

area, respectively. Ttot is the cascade matrix of the entire

structure between the two probe tips. The bare feeding part

and the SU-8 feeding part are assumed to be two identical

transmission lines, and thus can be expressed with four

distributed parameters Ru, Lu, Cu, Gu. The four parameters

of the bare line can be readily calculated from the frequency

dependent propagation constant obtained through the multiline

TRL calibration process. By measuring the empty CPW-TL

sensor or the de-embedding line shown in Fig. 3(b), assuming

Ru and Lu are the same as that of bare line [28], [30],

we readily achieve Cu and Gu of the SU-8 line. With these

frequency dependent values, TairL, TairR, Tsu8L, and Tsu8R

can be calculated. Consequently, we are able to move the

reference planes to the sensing area, and yield the matrix Tmut

of the MUT loaded area by matrix operation of (9).

At low frequencies, the feeding section of the IDC sensor

is considered as an error box (as shown in Fig. 1(b)). To

remove the error box, we can directly measure the additional

de-embedding line (Fig. 3(b)) and calibrate it with the two-port

SOLT calibration technique. The calibrated S-parameters are

assumed to be the same as that of the IDC sensor’s feeding

part, and therefore, the de-embedding process [28] is expressed

as [19]

Smut =
Stot − Sfeed11

Sfeed12Sfeed21 − Sfeed11Sfeed22 + StotSfeed22

(10)

where Stot, Smut, and Sfeed are the calibrated complex

S-matrices of the complete CPW-IDC structure up to the

probe-tip, the sensing area loaded with MUT, and the CPW

feeding region, respectively.

IV. MEASUREMENT RESULTS AND DISCUSSION

A. Measurement of Yeast Cell Culture

The broadband dielectric spectroscopy measurement was

first carried out on the BY 4741 yeast cell strain [23]. We
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(a) (b) (c)

Fig. 4. Photos of (a) agar plate with cultured BY 4741 yeast cells, and the
distribution of the U-87 MG mammalian cell culture on (b) the CPW-IDC
sensor and (c) the CPW-TL sensor.

prepared the BY 4741 cell samples in the following way:

they were first streaked on a 9 cm diameter plastic Petri dish

that had been sterilized and filled with solidified YPD agar

media; the plate was then inverted and put in an incubator,
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Fig. 5. Broadband dielectric spectroscopy measurements ((a) real and (b)
imaginary permittivity) of BY 4741 cell culture at 20 ◦C within the frequency
range from 300 kHz to 50 GHz. The permittivity properties of deionized water
[27] and the solid agar medium are also presented, working as a reference.
The scale is in the decimal logarithm base.

incubating the cells for about 48 hours at 30 ◦C (as shown in

Fig. 4(a)); next, one yeast cell colony on the incubated plate,

which was grown from one single BY 4741 cell, was picked up

with a sterilized pipette tip for the spectroscopy measurement.

Working as validation measurements, the S-parameters of the

two sensors before and after loading deionized (DI) water were

recorded. In addition, as a control, the clean YPD agar medium

that was obtained from the same culture plate as where the

BY 4741 yeast cells had grown was measured. Six groups

of DI water measurements were repeated before and after

the medium and cell culture measurements. The repeatability

error of DI water’s permittivity is about 1.7%, which indicates

the measurement uncertainty of the proposed platform. All

measurements were carried out at 20 ◦C to avoid any effects

caused by temperature difference.

The permittivity measurement results with the frequency

ranging from 300 kHz to 50 GHz are all presented in Fig. 5,

together with data from literature on DI water [27]. To make

the curves more readable, data on both horizontal (frequency)
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Fig. 6. Broadband dielectric spectroscopy measurements ((a) real and (b)
imaginary permittivity) of U-87 MG mammalian cell culture at 20 ◦C within
the frequency range from 300 kHz to 50 GHz. The permittivities of deionized
water [27] and the pure culture medium are also presented, working as a
reference. The scale is in the decimal logarithm base.
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and vertical axes (measured real/imaginary permittivity) are

shown on the log scale. For further analysis, the extracted

complex permittivity of DI water is fitted to the Debye

formula of (1), where N =1, α = 0, and β = 1. The fitted

parameters ε∞, εs, and τ of DI water are 6.09, 80.17,

and 9.6, respectively. The data calculated with the fitted

parameters are also presented in Fig. 5. Notably, both the

measured real permittivity of the DI water and the real part

result calculated using the fitted Debye parameters show

strong consistency with literature data [27]. Even though the

measured imaginary permittivity of DI water shows good

agreement with literature for frequencies higher than 300

MHz, there is an almost linear decrease (with the slope

at around -1) when increasing the frequency from 300

kHz to approximate 300 MHz. Interestingly, the imaginary

permittivity calculated with the fitted Debye parameters still

show good agreement with literature values. The constant

real permittivity and the unexpected high effective imaginary

permittivity at low frequencies might indicate that there are

extremely few ions in the DI water during the preparation

with the Milli-Q® Water Purification System.

B. Measurement of Mammalian Cell Culture

The broadband complex permittivity measurement was also

carried out on U-87 MG mammalian cell culture from the

American Type Culture Collection (Rockville, MD, USA).

The U-87 MG cells were cultured in T75 flasks (Falcon®,

Thermofisher Scientific), in the complete growth medium

DMEM (Dulbecco’s Modified Eagle Medium, Gibco®,

ThermoFisher Scientific) supplemented with 10% Fetal Bovine

Serum (Gibco®, ThermoFisher Scientific) at 37 ◦C in a

humidified incubator with 5% CO2. Cells were trypsinated

using 0.25% Trypsin/EDTA (Gibco®, Thermofisher Scientic)

and resuspended in fresh growth medium prior to seeding them

in the measurement device. The approximate conductivity

of this growth medium is σ0 = 1.4 S/m [34]. To reduce

contamination, all devices were cleaned using Milli-Q® water,

dried and UV sterilized before the cells were seeded. There

were in average 6 million U-87 MG cells per milliliter culture

medium. As the measured volume within the microfluidic

channel was 0.09 µL, there were about 540 cells on the sensing

area during measurements. The photos of Fig. 4(b) and

(c) present the distributions of the U-87 MG cells on the

two devices, which were observed under the probe station

microscope.

Fig. 6 shows both real and imaginary parts of the extracted

relative permittivity of the tested mammalian cell culture at

frequencies from 300 kHz up to 50 GHz. Similar to the

yeast cell culture characterization, the pure liquid DMEM

without cells and the DI water were also measured, with

the measurement results also being presented in Fig. 6. The

measured DI water permittivities were fitted to Debye formula,

and the fitted results together with the literature data [27] are

also presented in Fig. 6 as a reference. For the measurement

of DI water, we can draw similar conclusions as with the yeast

cell culture.

C. Analysis and Discussion

Further observation of Fig. 5 and Fig. 6 results in

some preliminary conclusions. First, the imaginary part

permittivities of agar medium, BY 4741 culture, DMEM

medium, and U-87 MG culture show similar trends to the

measured DI water, i.e., with the frequency increasing from

300 kHz to about 3 GHz, their imaginary permittivities

decrease approximately linearly on the log-log scale, whereas

at frequencies above 3 GHz, we see a typical relaxation

similar to DI water, presenting symmetric relaxation peaks at

approximate 20 GHz. Second, interestingly, at low frequencies,

agar’s ε′′r is decreasing with almost the same speed as

DI water, with the slope at around -1, whereas BY 4741

culture’s ε′′r decreases slower. Though less pronounced, similar

phenomenon is observed on DMEM medium and U-87 MG

culture. The -1 slope of imaginary permittivity on a log-log

scale indicates that both agar medium and DMEM medium

are typical conductive fluids. Third, the real permittivities of

the four media/cultures behave similar to that of DI water at
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Fig. 7. The calculated frequency dependent complex conductivity of the agar
medium, the DMEM medium, the BY 4741 yeast cell culture, and the U-87
MG mammalian cell culture with the frequency sweeping from 300 kHz to 50
GHz. The complex conductivity of deionized water is presented as a reference.
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frequencies between about 100 MHz and 50 GHz. Finally,

the large difference of the real permittivities occurs in the

frequency range from 300 kHz to 100 MHz, where the

measured ε′r values of the four MUTs are not constant but

much larger than that of DI water. The large values are

dominated by the electrode polarization (EP) [35], [36] due to

the high ion concentration in the MUTs. Notably, for the yeast

and the mammalian cell culture results, the poorly conducting

cells can shield part of the electrodes from the ions, thus

reducing the EP effects compared to the pure ionic culturing

medium.

The EP phenomenon is determined by details of both

the electrodes and the material under observation [37], and

especially highly related to the ionic conductivity of the

material. The higher the ionic conductivity of the culture

medium or the cell suspension, the greater the EP effect,

which, in some cases, may completely obscure the dielectric

behavior. Using the real and imaginary permittivity results

with the Kramers-Kronig transforms is an effective way to

analyze the conductivity, but the presence of EP makes the

process complicated. An alternative is the introduction of

complex conductivity σ∗ = σ′ + jσ′′, which can be directly

converted from the dielectric complex permittivity with σ∗ =

jωε0 ∗ (ε′r - jε′′r ) [36]. The calculated complex conductivity

of the four measured MUTs are presented in Fig. 7.

The lowest points marked by fon in Fig. 7(b) are the

onset of the EP phenomenon, whereas the points marked

with fmax present full developments of the EP. The EP

effect mainly appears at low frequencies, and fon indicates

the upper boundary of its dominant range. The EP onset

frequency points of agar medium, DMEM medium, and U-87

MG cell culture are 4.40 MHz, 11.630 MHz, and 11.773

MHz, respectively, which are in good consistency with the

phenomenon presented on the real permittivities in Fig. 5

and Fig. 6. It is clear that the fon of agar medium is

much lower than other liquids, which might be related with

its semisolid-state properties. The constant values marked

with small circles on the curves in Fig. 7(a) represent their

respective estimated static conductivities [36]. The observed

static conductivity σ0 of agar medium, DMEM medium [34],

and U-87 MG cell culture are 0.3666 S/m, 1.3396 S/m, and

1.1873 S/m, respectively. Clearly shown in Fig. 7, BY 4741

cell culture presents the most interesting measurement results:

neither constant σ0 nor fon and fmax can be obtained readily

from the plots.

The EP effect can be modeled as an effective capacitance

in parallel with an effective conductance, which are in series

with the MUT’s equivalent capacitance and conductance [38].

According to the dielectric spectroscopy curves of the four

MUTs in Fig. 5 and Fig. 6, the EP effects can be modeled

by a constant phase element (CPE) [37], [39], and dielectric

properties of the bulk MUT can be modeled with a ubiquitous

Cole-Cole function [38]. The relative complex permittivity of

the MUT can be directly extracted by fitting the corresponding

measured permittivity data at frequencies higher than fon to

(1) where N =1, 0 < 1−α < 1, and β = 1 (i.e., the Cole-Cole

function). The previously fitted Debye parameters ε∞, εs, and

τ of DI water and the previously estimated σ0 of the four

MUTs (used agar’s estimated σ0 for BY 4741 cell culture)

work as the initial values. The fitted dispersion parameters

of agar medium, BY 4741 cell culture, DMEM medium, and

U-87 MG cell culture are presented in Table III. Obviously, the

fitted σ0 results in Table III are comparable to those estimated

from Fig. 7. As expected, the dispersion parameters of BY

4741 cell culture in Table III are clearly distinct from the

respective parameters of other liquids. This might indicate that

there is at least one dominant dispersion occurring within the

lower RF and microwave frequency range, which is obscured

by the EP effects. Further research is needed in order to help

clarify these findings.

TABLE III
THE PARAMETERS THAT DESCRIBE THE DISPERSION PROPERTIES OF THE

PURE MEDIUM AND CELL CULTURES

MUT ε∞ εs τ α σ0

Agar 2.1440 67.5791 9.5017 0.0644 0.3480
BY4741 0.6466 57.9321 12.6072 0.2139 0.4602
DMEM 1.7202 74.0212 9.4900 0.0545 1.3379
U87MG 1.7538 70.3309 9.7411 0.0840 1.1806

V. CONCLUSION

Aiming at observing the multiple dispersions occurring in

the small biological materials, we presented the interaction

of electromagnetic waves and two types of cells within the

broadband frequency from 300 kHz to 50 GHz. The broadband

measurements were carried out with a characterization

platform that combines a CPW transmission line sensor and

a one-port CPW interdigitated capacitor based sensor. The

two sensors are integrated with a microfluidic structure and

fabricated on a 1mm thick 10.16 cm diameter quartz wafer,

so that the position of the material under test can be precisely

determined. By involving reliable calibration protocols and

de-embedding algorithms, we quantitatively determined the

complex permittivities of agar medium, BY 4741 cells that

are cultured within agar medium, DMEM medium, and of the

U-87 MG mammalian cell culture.
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