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Non-Contact Dielectric Spectroscopy of
Multi-Layered Substrates: Towards
Organ-on-Chip Applications

Tim Hosman ", Massimo Mastrangeli

Abstract—Dielectric spectroscopy is a label-free, non-contact,
real-time, multi-layer sensing technology, and has been used for
identification and quantification of many biological materials. A
combination of such sensing features is in demand for monitoring
of organ-on-chip systems; however available sensing technologies
have yet to address this need. In this work, we explore the possibility
of leveraging the inherent features of dielectric spectroscopy for
the application in organ-on-chip systems, by investigating three
key technological developments using open-ended coaxial probes.
Firstly, biocompatible non-contact sensing capabilities are proved
by showing similar sensing performance of Parylene C-coated
probes and uncoated probes. Secondly, a setup and methodology
are developed for highly accurate and non-destructive height po-
sitioning of the probe to allow for precise extraction of interme-
diate sample layers. Finally, non-contact multi-layer sensing per-
formance of the presented technology is successfully demonstrated
by means of a biological phantom in a three-layered system. With
further integration, dielectric spectroscopy can potentially become
a cornerstone sensing technique for organ-on-chip by enabling real-
time non-contact tracking of various tissue contents and properties.

Index Terms—Dielectric spectroscopy, label-free, micro-
physiological systems, non-contact, open-ended coaxial probe,
organ-on-chip, proof-of-principle, reflectometer, sensing, single-
layer extraction.

I. INTRODUCTION

IELECTRIC spectroscopy (DS) is a well-established sens-
D ing technique to characterise a material’s response, by
means of its complex permittivity, to an electric field at various
frequencies. The dielectric spectrum is unique for each type
of molecule, acting as a specific label-free fingerprint which
allows for the identification and quantification of the material
composition [1], [2]. As such, DS has been used in the charac-
terisation of different biological materials [3], thereby also in
in vivo and in vitro applications, such as sensing of proteins,
biomarkers, glucose and various cell properties [1], [4], [5], [6].
Open-ended coaxial probes (OECPs) and planar transmission
lines are among the most used broadband and non-destructive
sensing devices for DS in biological applications [7]. These
devices make use only of a vector network analyser (VNA) to
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extract the frequency response of the biological material under
investigation with high measurement sensitivity and without
requiring presence of labelling agents in the biological target [1],
[8], [9]. In contrast to most conventional non-contact monitoring
techniques, such as fluorescent microscopy, DS can be executed
in real-time without experiment termination, thus allowing for
non-contact tracking of specific cell contents and processes over
time [5]. More generally, DS can provide unique insights in
biological processes where conventional techniques are either
bulky (e.g. MRI and X-ray), terminative (e.g. fluorescence mi-
croscopy), lacking in contrast (e.g. optical microscopy), lim-
ited to geometry sensing (e.g. optical coherence microscopy)
or invasive (e.g. 2D/3D impedance spectroscopy) [8], [10],
[11].

Planar DS systems, with the inclusion of microfluidic chan-
nels, have become the configuration of choice to characterise
cells suspended in their biological medium or to analyse single
cells [12]. On the other hand, OECPs have been chosen in the
presence of more complex biological matter (i.e., tissues) [13],
requiring minimal sample preparation and capable of optimised
sensing depth when measuring heterogeneous tissue by simply
varying the probe aperture size [14].

Despite its advantages, DS has yet to find a correspondingly
wide application in monitoring of micro-physiological systems.
Organ-on-chip (OoC) has emerged over the last decade as a
micro-physiological technology capable of increasingly relevant
modelling of small scale human organs [15]. OoC aims for
more reliable (and thus more affordable [16]) pre-clinical drug
testing, effective personalised medicine and alleviation of the
ethical burden of animal-based drug studies [15], [17], [18].
Integrated sensing in OoC is vital for its success, as it enables
repeatable quantification and dynamic tracking of standard tis-
sue properties [15]. Notably, one of the main unmet needs of
OoC is time-continuous non-contact monitoring of microenvi-
ronments [15], [18], [19], a niche for which DS could be an
excellent candidate considering its mentioned inherent features.
Acting as a founding proof-of-principle, this work investigates
the capability of using OECP-based DS for OoC in a simplified
characterisation setup (see Fig. 1(a)), and aims to pave the road
to full integration of DS in OoC systems (see Fig. 1(b)—(c)).
In order to enable DS sensing capabilities in OoC application,
three key technological developments, addressed in this work,
need to take place:
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Fig. 1.

1) Incorporate biocompatible coating to OECPs providing
a minimal, well-defined sensitivity loss compared to the
non-coated case. This is required given the inclusion of
the OECP in the (cell) medium, which would otherwise
induce contamination of the medium and corrosion of the
OECP surface.

2) Control the height position of the OECP precisely and non-
destructively (i.e. by avoiding to touch the tissue in any
way) to allow accurate removal of the (thin) cell medium
layer and avoid sensitivity losses [20].

3) Employing the spectral analysis-based, high-speed com-
putation tools for OECPs, recently developed by the au-
thors [10], to extract the dieletric properties of a single
layer of interest in a stratified (i.e. multi-layered) sample.

In order to present a proof-of-concept of the three key en-

abling technologies mentioned above, this paper is structured
as follows. The Materials and Methods section will provide
necessary details of the measurement setup, custom OECP
fabrication and coating, and spectrum extraction techniques
(bulk and single-layer extraction). Additionally, key elements for
micron-accurate height positioning are presented (second key
development). In the Results section, OECP DS performance is
presented. Firstly, the coated and uncoated OECP performance is
compared by measuring various liquids (first key development).
These liquids have different dielectric behaviours that have been
well-documented by literature, and are also analogous to various
tissue types [13], [21], [22]. After, the system’s performance for
complex multi-layer structures is evaluated (third point from list
above). Here, the accuracy of the analytical model is evaluated
by comparing it with measurements for 100 different 2-layered
compositions. Additionally, the format shown in Fig. 1(a) is
presented as a proof-of-concept measurement, where the di-
electric properties of a tissue phantom are extracted through
a layer of endothelial cell growth medium (ECGM) of various
thicknesses. The last sections provide discussion and conclusion,
respectively.

II. MATERIALS AND METHODS
A. Measurement and Characterisation Setup

A custom motorised framework was built to accurately posi-
tion a sample (in this work, a standard 6-well plate) along the
vertical direction (z-axis) with respect to the sensing probe. A

Envisioned application roadmap toward integration of dielectric spectroscopy in organ-on-chip.
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Fig. 2. DS characterisation setup. (a) Full setup, (b) characterisation setup
alignment system for 6-well plates, (c) simulated field of a probe. The flange is
sufficiently large to confine the electric field to the sample (here: water).

picture of this system can be found in Fig. 2(a). A motorised
sample holder (using a 1 um accurate Thorlabs NRT100 linear
motor stage) allows for the positioning of the sample relative to
the measurement probe without touching the VNA or the probe,
which are very sensitive due to phase and amplitude noise in
the measurements. The mechanical stability of the measurement
setup is further enhanced by sturdily placing the VNA (Keysight
P9374A) on a mounting plate connected to the outer frame and
connecting it directly to the probe viaa 90° SubMiniature version
A (SMA) connector. In addition, the OECP is encapsulated in a
3D-printed PLA stiffener that reduces mechanical movement of
the coaxial line.

To ensure that repeated measurements on a well plate are
consistently conducted at the same position, the motorised plate
was equipped with a 3-axial alignment system (see Fig. 2(b)).
This is essential since initial experimental data revealed poor
repeatability of measurements due to height variations of the
well plate surface (examplified in Figure S1). The aligners re-
duce these height variations from tens of micrometers to roughly
1 pm, corresponding to the motor stage’s repeatability accuracy.
It is important to note that, in addition to high positioning
reliability, a methodology for absolute height positioning (i.e. a
well-defined distance between the probe aperture and the tissue
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Fig. 3. Simulated probe sensitivity at 10 GHz with different surface finishes.
Sensitivity 6511 /dd resembles the change in measured reflectance S11 as a
function of distance d, where d indicates the thickness of cell medium occu-
pying the space between the probe finish and the tissue phantom (Fig. 1(a)).
A percentual performance indicates recovered sensitivity w.r.t. the uncoated
probe by opting for Parylene C instead of Borosilicate. At the sensing limit, the
sensitivity is no longer distinguishable from sensing noise.

sample contained in the well plate) is necessary. Such a method
is described in Section E of the Materials and Methods section.

B. Custom Open-Ended Coaxial Probes

A custom OECP was manufactured using semi-rigid alu-
minium coaxial lines (Pasternack SR047AL [23]). The probes
were tipped with a flange, which aids in confining the sensing
volume to the sample (as seen in Fig. 2(c)) and reduces the
complexity in extracting dielectric permittivity data as the effect
of the surrounding medium becomes negligible and does not
have to be considered [10]. In order to keep the probes compact
and easy to handle, the flange width needs not exceed a suitable
limit. Using CST Studio Suite, an electromagnetic simulation
tool, and assuming water as the device under test (DUT), the
flange size was defined such that the simulated electric field
strength (Fig. 2(c)) would be below —40dB at the edge of the
flange with respect to the electric field strength at the tip of
the coaxial line for all frequencies between 0.1 to 20 GHz. This
process resulted in a flange 10 mm in diameter.

Next, the probe was treated with a conformal biocompatible
coating to prevent sample contamination and to protect the
probe surface. Conventionally, this is done with a borosilicate
glass finish [24]. However, with a thickness of at least 70 ym
[25], this has a significant impact on the probe’s sensitivity
(Fig. 3). Conversely, most of the sensitivity can be retained by
coating the probe conformally with a much thinner dielectric
layer, such as Parylene C (Fig. 3). Compared to glass, Parylene
C has the added benefit of having a lower Young’s modulus
mismatch (more than one order of magnitude) w.r.t. tissue, thus
making it more suitable for tissue interaction [26]. As such, a
2.7 pm-thick layer of Parylene C was applied using chemical
vapour deposition (CVD) in a remote reactor deposition system
(SCS PDS 2010). This thickness was deemed as the smallest
which could still ensure conformality and mechanical stability.
Parylene C has a complex dielectric permittivity of 3.1 + 0¢
until at least 6 GHz [27] and the permittivity is assumed to

Calibration enables
St1,meas shift from S11,raw tO

S 1,meas

Single-layer
permittivity (;,)

2. Layer extraction

hiaf
P e |
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Choose €, ‘
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Fig. 4. Simplified data processing flow-chart for single-layer permittivity
extraction (here, extracting 622). First, measured data is referred to the probe
aperture using probe calibration data. Second, by characterising height and
permittivity of intermediate layers in advance (here €} ;, hr1 and hps2), the
remaining unknowns (€7 ,) can be extracted by an iterative process.

be constant across the bandwidth assessed in this work (up to
20 GHz), since this is also the case in similar polymers [28].
It should be noted that a thicker 110 ;sm polydimethylsiloxane
(PDMS)-moulded coating was considered, having similar di-
electric properties as Parylene C [29]. However, the increased
thickness severely impacted sensitivity (Figure S2) and was thus
not further investigated.

C. Permittivity Extraction

Two extraction methods are used in this work. A look-up table
(LUT) method can be used as a simple and fast solver [30].
Here, a pre-calculated 3-dimensional table holds S-parameters
for a range of viable permittivity-frequency combinations [31].
A searching algorithm can find the closest matching solution of a
measurement in this table, where any residual errors due to step
sizes are reduced via linear interpolation. Since a LUT assumes a
fixed layer composition (number of layers and thicknesses), this
method is not suitable if layers regularly change, as a new LUT
needs to be generated each time. The LUT-based method is used
in this work to convert measurements to a single permittivity
spectrum of the entire sensed material (even when the target
substrate is actually multi-layered). Such a simplified spectrum
is referred to in this work as “homogenised”.

To allow for extraction of a single layer’s dielectric prop-
erties in a multi-layer setting, an iterative solver was devel-
oped, as existing work on multi-layer DS is limited to ho-
mogenised structures [32]. The solver contains a modified
analytical method [10], resulting in the flow-chart found in
Fig. 4. This iterative method compares measurement data with
data calculated using the analytical model, and tries to optimise
the analytical model input using the least-squares solution per
frequency point. The method requires well-defined permittivity
and absolute height information for most layers in the sample,
while up to two of the variables can be left to the solver to
be found as an inversion problem (usually ¢ and €’ of one
layer). The method chooses an arbitrary value for the unknown
variables as a starting point, and then uses the function gradient
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Fig. 5. Simplified diagram showing the material layers in the depth analysis.
Probe position is fixed, while the sample’s vertical position is changed using
the motorised stage (seen in Fig. 2(c)). The lowest simulation position (bottom
left figure) has a multi-layer structure with unknowns (e.g. thin film of water
between probe and glass of thickness d ) and is thus substituted with its measured
counterpart by assigning the measured homogenised permittivity (using the LUT
extraction method) of the lowest position to the initial simulation material. From
the lowest position onward, the water layer thickness (between the probe and
bottom) of the simulated and measured situation is consistently increased by a
specified amount (da = 20 pm) for IV times. At the highest position (rightmost
situation), the measurement is no longer distinguishable from an infinitely-thick
water layer.

Nd,

to find a local minimum. Compared to the LUT-based method,
this method is computationally roughly 10 times slower.

D. Multi-Layer Characterisation

To characterise the behaviour of the probes in a multi-layered
system, a depth sweep analysis was conducted as follows. The
dielectric spectrum was measured for a medium (typically water)
of varying thickness, backed by some holder (typically glass).
When the medium thickness is sufficiently large (i.e. ‘highest
position’ of measurement in Fig. 5), the holder material lies out-
side of the sensing volume and the measured dielectric spectrum
corresponds solely to that of the medium. When the medium
thickness is (close to) zero (i.e. ‘lowest position’ of measurement
in Fig. 5), the measured dielectric spectrum is (mostly) that of
the holder material. At medium thicknesses where both materials
can be sensed, a transitional region is revealed (i.e. ‘increased
position’ of measurement in Fig. 5). Here, the probe is measur-
ing many different multi-layer situations, where two separate
materials are measured as a single homogenised material.

Concurrently, the same sweep was simulated via the numer-
ical model [10] as shown in the bottom half of Fig. 5. This
simulation assumes two homogeneous layers, where the layer
closest to the probe is assumed to be an ideal liquid (usually
water) of varying thickness. The dielectric spectrum of the
succeeding layer is more complicated to characterise. In fact,
the backing includes air as well as glass since the glass has
finite thickness. Additionally, even when the probe is as close as
possible to the glass, a very thin layer of water remains between
the probe and the glass surface due to surface imperfections and
misalignment. To circumvent the need to accurately characterise

this multi-material composite, a homogenised spectrum was
measured and used in the simulation environment. This is the
(probe level calibrated) reflectometry data where the probe is
closest to the glass holder, effectively measuring a thin layer of
water, followed by the glass holder and backed by air (shown in
the ‘lowest position’ situation in Fig. 5). Using the experimental
data of the simulation composite layer, we enforced that the
measured and simulated data have identical spectra at a water
height of 0 pm.

The depth sweep analysis allows the extraction of three probe
performance metrics. Firstly, an estimated error between mea-
sured multi-layer data and equivalent simulated data, indicating
model mismatch, calculated using the formula:

* *
€meas €sim

*
stm

* 100% Vet e C (1)

error —

where €, ., and €;,, . are the LUT-extracted complex permit-
tivity data of the measured and simulated datasets, respectively.
Secondly, measured data S1; is derived over depth d to extract
the sensitivity metric §.511/dd, which shows a sensing depth
profile when plotted. For the first and second metric, an un-
coated probe was used. For the third metric, i.e. the single-layer
extraction performance, the measurement was repeated in a
more biological setting. Here, a Parylene C-coated probe was
used in a 6-well plate (polycarbonate) containing endothelial
cell growth medium (ECGM). The first material layer had a
well-defined thickness (10, 20, 50, 100 or 150 pm) and con-
sisted solely of ECGM. Similar to before, the second layer
is a multi-material layer consisting of air, plastic and a thin
slice of ECGM. However, here, the ECGM slice thickness was
chosen such that the homogenised permittivity €' of this second
layer composite is roughly 20 at 500 MHz and 10 at 20 GHz,
thus allowing the second layer composite to act as a phantom
material with dielectric properties similar to e.g. bladder and
lung tissue [21]. After characterising the dielectric properties of
ECGM, the iterative permittivity extraction for single layers is
used to omit the effect of the intermediate ECGM layer. The
extracted complex permittivity of the biological phantom can
then be compared with a reference measurement conducted at
the surface of the biological phantom. The process is repeated
for the different ECGM layer thicknesses.

E. Absolute Height Calibration

For all the multi-layer characterisation measurements, it is
essential to have a well-defined distance between the probe’s
aperture surface and the sample surfaces and/or interfaces.
Therefore, we define d = 0 as the lowest probe position where
the permittivity does not vary (outside the trace noise limit).
When inserting the probe in a well with different absolute height,
the S1; magnitude and phase response can be used as an aligner
using the depth sweep analysis described in the previous section.
Additionally, when the aligners in Fig. 2(b) are used, the height
position can be saved such that this absolute height calibration is
only required once per well. As such, more generally, this height
referencing technique can be used for non-contact measurements
with tissue if a depth sweep analysis is conducted on the well
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deviations due to VNA noise (5 measurements each).

before cell seeding (the well’s surface cannot be reached in
presence of cells).

III. RESULTS
A. Non-Contact Sensing Through Parylene C

Using an uncoated probe and a Parylene C-coated probe, vari-
ous liquids were measured and converted to a dielectric spectrum
using the LUT method. Measurement liquids compared in this
work are analogous to tissues: butanol to fat, ethanol to breast
tissue and PBS to culturing medium [13]. Permittivity results
can be found in the top half of Fig. 6.

As shown in Fig. 3, minimal sensitivity loss is expected for
coated probes. To compare the sensitivity performance of the
coated and uncoated probe, the spectrum measurements were
repeated fivefold in order to calculate the standard deviation and
thus reveal measurement dispersion due to VNA noise. These
data are presented in the lower half of Fig. 6 and indicate that
the coated probe’s performance is indeed similar to that of the
uncoated probe. In fact, there is no consistent difference in noise-
related spread when considering data of all three measurements.

B. Multi-Layer Permittivity Extraction Accuracy

Three probe performance metrics were investigated for
multi-layer permittivity extraction. Firstly, the probe’s sensi-
tivity through water as a function of distance is presented in
Fig. 7(a), indicating a maximum sensing depth of about 1 to

20
6S11
od
10 _15 4
z
10° g1 s2
H i
w0l s 0
2
20
s % o5 1 15 2 25 Water depth [mm] 10
@ ’ Depth [mm] ’ a(:'; opth [mm; 0 0 Frequency [GHz]
Fig.7. Probe performance data. (a) Probe sensitivity as a function of frequency

and depth using an uncoated probe, where the dark-red region indicates the
probe’s limit of detection due to VNA noise, (b) Percentual error between
measured and simulated depth-sweep data through DI water and a glass backing
material, calculated according to (1).

1.5mm depending on the field’s frequency. Secondly, corre-
spondence of the depth sweep measurement and its numerically-
simulated analogue can be seen in Fig. 7(b), showing an esti-
mated error percentage that is fairly consistently between 3 to
4 %. In both figures, the step size for depth is 2 um, hence 100
different situations were analysed.

Finally, an OoC-analogous setup as shown in Fig. 1(a) was
used to demonstrate single-layer extraction of a tissue phan-
tom with an intermediate ECGM layer of various thicknesses.
These results can be found in Fig. 8. When compared with the
tissue phantom reference, the homogenised results (top graphs
in Fig. 8) show a striking impact on the measured spectrum
due to the intermediate ECGM layer, even for smaller ECGM
layer thicknesses (up to 150 um). To counter this effect, the
permittivity of ECGM was characterised separately so that the
presented iterative extraction method can be used. The result
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effect of the intermediate ECGM layer). The dashed blue indicates the biological
phantom and thus acts as a measurement reference. Graphs on the left and right
respectively show the real part (¢/) and imaginary part (¢”) of the permittivity.

is a largely recovered tissue phantom permittivity (middle and
bottom graphs in Fig. 8), especially for the cases with thinner
ECGM layers.

IV. DISCUSSION

A. Reference Deviation

Although the permittivity data presented in Fig. 6 is largely
overlapping, both measurements deviate from the reference
curve. This offset is most likely caused by systematic differences
between the simulated reference and the measurement, such as
liquid impurities (calibration and characterisation liquids), tem-
perature offsets (reference assumes 20 °C) and manufacturing
inconsistencies (e.g. probe surface roughness or coaxial line
centrocity). A quantification of these errors can be extracted
following a recently developed extraction procedure [33], where
minimisation of the highest contributing source should be pri-
oritised. Ideally, an application-resembling environment should
be analysed here (e.g., closed-loop temperature control at 37 °C
using a tissue incubator).

B. Single-Layer Extraction

Fig. 8 shows that the extraction of the tissue phantom material
works especially well for thin ECGM layers, but that there is an
apparent bias for thicker ECGM layers. Although the phantom
is clearly still in the sensing region of the probe (according to
Fig.7(a)), it should be noted that sensitivity reduces as a function
of the ECGM layer thickness, which can result in the observed

bias. In fact, observing the data presented in Fig. 7(a) reveals that
sensitivity is reduced more than fivefold at 10 GHz over the first
150 um closest to the OECP surface. Additionally, imperfect
characterisation of the ECGM layer’s permittivity spectrum can
be a contributor to the observed bias. Therefore, even when
materials are still within the sensing region of the OECP, it is
preferred to have the material of interest as close as possible
to the sensing surface if high sensitivity is required. Regard-
less, further technological development is required to improve
extraction capabilities through thicker intermediate materials.

V. CONCLUSION

This work evaluated the feasibility of DS in OoC applications
using OECPs. To facilitate this, we manufactured a character-
isation and alignment setup, as well as custom Parylene C-
coated OECPs. Furthermore, we described a precise repeatable
positioning and single-layer extraction procedure. This paper
presents three key technological developments in order to con-
firm functionality of DS in OoC.

The first development focussed on the non-contact aspects
of DS by applying a 2.7 um-thick surface coating of Parylene
C. We expected that the sensitivity of these OECPs would be
somewhere between borosilicate-coated and uncoated OECPs
(Fig. 3). Surprisingly, however, measurement data showed mea-
surement performance indistinguishable to uncoated probes
(Fig. 6), thus indicating that the Parylene C coating has no
significant impact on probe performance.

The second development required a methodology to reliably
determine the distance to stratifications in a multi-layered sam-
ple without touching the material interface, potentially disrupt-
ing the tissue surface. We devised an enabling height calibration
technique to accurately and reliably position the OECP with
respect to the sample. If this procedure is conducted before
cell seeding, the position of the OECP can be set at a specified
distance to the cells with 1 zm accuracy without touching the
tissue surface. Due to height variations of well plates, this height
accuracy can only be achieved by means of high placement
repeatability, for which we successfully developed a three-axial
alignment system (Fig. 2(b)).

This accurate height positioning additionally enabled the last
key technological development, focussed on the potency of
measuring multi-layered materials. Firstly, we compared the
analytical model, used for single-layer extraction, with measured
data. This showed close resemblance (3 — 4 % deviation shown
in Fig. 5(b)) and thus proved the model’s ability to capture the
essence of multi-layered structures. Secondly, we determined
probe sensitivity as a function of distance, which showed a
sensing depth of roughly 1 — 1.5 mm for an uncoated OECP
(Fig. 7(a)). Lastly, we proved, with a proof-of-principle mea-
surement on a tissue phantom material, that single-layer spectral
data can be recovered accurately through a layer of ECGM of
various thicknesses, particularly when the OECP is positioned
close to the layer of interest (Fig. 8).

This paper has shown the considerable potential of DS in OoC
and some of its limitations. The technique can reliably extract
single-layer tissue phantom data requiring neither tissue nor cell
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medium contact. Future work must identify which cell processes
can be tracked with DS. Since the setup is optimised for well
plates, a transwell (Fig. 1(b)) can be a drop-in replacement
for tissue investigation. Ideally, this would require a better
understanding of the sensing accuracy and setup parameters
such as VNA noise, coating composition, calibration accuracy
and temperature. Furthermore, for DS to succeed in the OoC
domain, microfluidic integration is needed which would require
integration of a DS antenna (Fig. 1(c)). Such a system would sim-
plify alignment of biological tissue to the sensing surface, aiding
in accurate multi-layer spectral extraction in complex tissue.
Looking beyond OoC, the presented work could be adapted for
other non-invasive applications with stratified interfaces, such as
food/drug quality monitoring, bioreactors and skin inspection.
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