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Numerical Testbench for A Priori Uncertainty Estimation of Dielectric
Spectroscopy in Organ-on-Chip Devices

T.B. Hosman", E. Shokrolahzade”, M. Mastrangeli, M. Spirito
Department of Microelectronics, Delft University of Technology, The Netherlands
{t.b.hosman, e.shokrolahzade, m.mastrangeli, m.spirito} @tudelft.nl

Abstract—In this work, we present a numerical testbench,
realized in a circuit simulation environment, enabling a priori
uncertainty evaluation of dielectric spectroscopy in the
application field of organs-on-chip. This testbench evaluates the
impact of noise, ambient temperature variation and impurity of
liquid standards on the uncertainty of dielectric spectroscopy
measurements. Moreover, the proposed approach allows to
account for the impact on measurement sensitivity of system
parameters such as probe dimensions and probe coatings. The
estimated uncertainty contributions for the considered effects are
compared and benchmarked experimentally. Finally, the
testbench is employed to project the dielectric spectroscopy
accuracy on a relevant biological application, namely monitoring
the growth of a 7 um-thick kidney cell monolayer.

Keywords—biological systems, biological tissues, -circuit
simulation, coaxial cables, dielectric measurement, error
analysis, measurement uncertainty, organ-on-chip, reflectometry.

I. INTRODUCTION

Organ-on-chip (OoC) technology has recently emerged to
overcome several limitations of the current drug development
process, aiming for accurate in-vitro models of human organs
[1]. OoC models could be applied in pre-clinical drug testing,
developing personalised medicine, and reducing the need for
ethically-debatable animal-based drug studies [2]. Integrated
sensing is crucial for the success of OoC technology, as it
provides insight into tissue's physiological state and can be
used to correlate its changes during drug exposure with
relevant biological endpoints. Consequently, time-continuous
non-invasive sensing has been identified as a main unmet need
in OoC applications [3]. Dielectric spectroscopy (DS) using
open-ended coaxial probes (OECPs) has been proposed as a
fitting sensing solution for OoC [4]. However, since tissue
dynamics ought to be monitored with OECPs, understanding
the impact of various uncertainty contributors and identifying
eventual bottlenecks before building a setup aid in optimising
the practical setup design process. This is particularly relevant
when such effects are further confounded by intermediate
components such as interconnects, biocompatible surface
coatings and calibration.

In this work, after introducing the experimental OECP-
centred DS setup (Section II), we present the proposed
numerical testbench enabling the a priori determination of
uncertainty contributors. Vector network analyser (VNA)
noise, calibration liquid purity and ambient temperature offset

* equal contribution
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are the different error contributors considered in this study and
they are characterised and embedded in the testbench based on
measurement and simulation (Section III). The impact of
interconnect, surface coating and probe size on a DS
measurement is included, resulting in a detailed overview of
individual error contributors (Section IV). After validation, the
technique is exploited for a case study to identify whether
growth-stage monitoring of 7 um-thick kidney cell cultures is
a technically-feasible sensing application for DS (Section V).

II. DIELECTRIC SPECTROSCOPY USING OECPs

The dielectric response of a sample to an applied electric
field can be obtained by measuring the reflection coefficient
I'. The setup employed in this work uses a three I' calibration
(often denoted as SOL in the coaxial domain) by employing
three different media (i.e. water, air, and methanol). An
iterative inversion algorithm uses a numerical OECP model to
convert the reflection coefficient (I') of a material under test
(MUT) to a dielectric spectrum [4] [5]. In this work, ethanol is
used as MUT for the uncertainty analysis since ethanol has a
dielectric spectrum similar to (breast) tissue [6].

4"

lllmm
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Fig. 1: (a) overview of the DS measurement setup; (b) custom OECPs without
stiffener; (c) Surface of heavily used OECPs with (left) and without (right)
coating. The coated probe is pristine while the uncoated probe is corroded.

The setup used in this work for DS measurements is shown
in Fig. la. The OECP (Fig. 1b) is connected to a VNA
(Keysight P9374A) via a 90° elbow connector, thus avoiding
the usage of a flexible cable, which is prone to phase
fluctuation during measurements. The probe is strengthened
with a 3D-printed stiffener to reduce measurement errors due
to bending and vibrations. Samples are positioned using a
motorised stage. The VNA’s reflectometry data is collected on
a computer for post-processing. Frequency sweeps from
50 MHz to 20 GHz with an intermediate frequency bandwidth
(IFBW) of 100 Hz at a power source level of 0 dBm are
performed. The used power level, considering the reflection
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coefficient of the mentioned MUT, translates into around
—7 dBm of absorbed power at 10 GHz.

A biocompatible coating is required to shield the
biological sample from invasive and potentially-toxic
materials (ensuring the OoC’s physiological relevance) and
protect the sensor surface from degrading over time (Fig. lc
shows heavy corrosion in long-term use if a coating is not
applied).

Three variations of the OECP were manufactured in-house
using 50 Q semi-rigid coaxial cables from Pasternack (Fig.
1b) according to a custom fabrication protocol (including
flange adaptation and surface polishing) and are referred to in
this work by the diameter of the inner coaxial conductor
(0.28 mm, 0.51 mm and 0.91 mm, respectively) [7] [8] [9].
Two protocols for biocompatible probe coating were used: 1)
a polydimethylsiloxane (PDMS) moulding process, depositing
a PDMS layer on top of the sensing surface and limited to a
thickness of 110 um, and 2) a Parylene C vapour deposition
process using a remote reactor deposition system (SCS PDS
2010), depositing a conformal layer of 2.0 um thickness.
PDMS and Parylene C have an estimated dielectric
permittivity of 2.6 and 3.1, respectively [10] [11]. The probes
and their coated variations have been simulated in CST Studio
Suite to extract their scattering parameter response. This was
used to model the probes in the numerical uncertainty
simulation environment.

III. NUMERICAL UNCERTAINTY ESTIMATION

In RF metrology, uncertainty estimation is usually
calculated after conducting measurements on a given setup
[12]. However, to design a setup capable of measuring diverse
dielectric spectra of tissue [13] with enough sensitivity, it is
necessary to know the expected uncertainty of the setup in
advance. For this purpose, we propose a testbench realised in
the Keysight ADS environment to accurately replicate the
measurement setup. The mapping of lab-specific systematic
errors and the inclusion of MonteCarlo perturbations, based on
real-life values, allows for the generation of uncertainty
bounds using the simulation environment. The testbench
includes the following uncertainty sources: VNA noise [14],
standard temperature offset and standard purity offset. The
real-life VNA error terms are included in the testbench to
provide the accurate level of systematic error in the SOL
calibration, which is required for the correct scaling of the
VNA noise level. The temperature offset is caused by a
mismatch between the ambient temperature and the
temperature assumed in the model used for calibration [15]
[16]. Similarly, purity offset is caused by a mismatch in
model-assumed and actual purity of the liquid standards. In
this work, to simplify the modelling of permittivity, only the
primary impurity found in the literature is considered. For
methanol (load), the main impurity is water [17], while
water’s (short) main impurity is salinity [18] [19]. Air (open)
is always treated as ideal in this study. For mixing, a
percentual average of dielectric spectra is used according to
equation 1, where P is the purity of the calibration liquid:

* —_ . * —_ . *
Simpure =P gpure + (1 P) gimpurity

(1)
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The testbench for numerical uncertainty estimation
consists of the nominal S-parameters of all components in the
setup, i.e. VNA error terms, coaxial interconnects, and the
probes. Each component was characterised through a separate
measurement, except for the probe response, which is obtained
via a 3D simulation.

Fig. 2 shows the VNA model used to collect the data of the
incident and reflected waves. The noise of a VNA is
characterised according to the guidelines of reference [20] (at
0 dBm power and 100 Hz IFBW) and it is then applied to the
incident and reflected wave at the VNA’s equivalent internal
receiver (50 Q resistors in Fig. 2). From this setup noisy S-
parameters are calculated in a MonteCarlo simulation. These
results approximately follow those of state-of-the-art post-
measurement uncertainty calculating solutions like METAS
VNATools [12]. The procedure for temperature and impurity
study is a simple replacement of the standard responses with
the non-ideal case, as explained in Section IV.C.

‘ Vb-wave

Error terms

Directional
Coupler

Fig. 2: Schematic of numerical uncertainty evaluation testbench in ADS.
IV.MODEL DESCRIPTION AND VALIDATION

A. Uncertainty Estimation for Probe Size and Coatings

Models of all OECPs with three coating variations
(uncoated, 110 yum PDMS and 2.0 um Parylene C) were
simulated using CST Studio Suite. The 0.28 mm probe’s
transmission coefficient can be seen in Fig. 3. The response of
the uncoated probe shows the highest transmission coefficient
for this particular device, as it is not impeded by any
intermediate material. In comparison, the PDMS-coated probe
shows a significant dip in the transmission of around 20 dB at
lower frequencies, indicating a significant performance
degradation. The thinly-coated Parylene C probe recovers
most of the probe’s transmission capability. Especially at
higher frequencies, this probe performs similarly to an
uncoated probe.

0

—

-10 —— Uncoated
110 ym PDMS

——2 pm Parylene C|

Mag [dB]

-20

10 15
Frequency [GHz]

0 20

Fig. 3: Comparison of transmission coefficient magnitude of 0.28 mm probes
with different surface coatings.

The probe’s transmission and reflection coefficients were
used in the numerical model to estimate the S;; uncertainty of
DS for different probe sizes. The DS standard deviation for
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the different 0.28 mm probes can be found in Fig. 4. The
results show a significantly higher standard deviation for the
PDMS-coated probe. Since the use of the uncoated probe with
biological samples is not desired, the remainder of this paper
focuses on Parylene C-coated probes.

10"

20 15

5 15 5
Frequency [GHz] Frequency [GHz]

——0.28 mm - Parylene C - - -0.51 mm - Parylene C -+ 0.91 mm - Parylene
——0.28 mm - Uncoated 0.28 mm - PDMS

i

Fig. 4: Numerically-evaluated 3¢ standard deviation of ethanol’s complex
permittivity due to VNA noise, with varying probe dimensions (0.28 mm,
0.51mm and 0.91 mm ) indicated by blue lines and varying coatings
(uncoated, 110 um PDMS, 2.0 um Parylene C) indicated by solid lines.

Using the same approach described in the previous section,
uncertainty due to VNA noise for different probe sizes was
estimated using CST simulations of Parylene C-coated
0.28 mm, 0.51 mm and 0.91 mm probes, and analysed using
the numerical testbench. A trend can be seen where larger
probes reduce VNA noise (Fig. 4). However, probe size is also
proportional to sensing depth [5], so larger probes are not
necessarily preferred. In fact, the 0.28 mm probe has a
sensing depth below 1.5mm through water [4], which
fittingly confines the sensing volume to the layers of interest
in the micro-scale domain of OoC devices (PBS, cells and PC,
see Section V). As such, further analysis in this work focuses
on the 0.28 mm probe.

B. Uncertainty Estimation for Purity and Temperature

To assess the effect of ambient temperature and calibration
liquid purity, the responses of each liquid standard were
modelled at temperature offsets of +0.5°C and +1 °C and
purity levels of 99% , 99.9% and 99.99 % . For the
calibrations with temperature offset, all calibration liquids are
assumed to suffer from the same offset. For purity mismatch,
four combinations of short and load standards, both impure
and pure, were used in the testbench to find the maximum
error on the complex permittivity.

10°

5
Frequency [GHz]

10 15 5 10 15

Frequency [GHz]
Purity 99.9% - - - Purity 99.99%'

Temp. 0.5°C VNA noise
Fig. 5: Numerically-evaluated 30 standard deviation of ethanol’s complex
permittivity using Parylene C-coated 0.28 mm probes shown as a function of
calibration liquid purity (blue lines), ambient temperature (red lines) and
VNA noise (yellow line).

—— Purity 99%
——Temp. 1°C

Fig. 5 shows that, for the chosen settings of VNA, purity
generally does not contribute to the total error when high

200

purities are used. Since error contribution caused by
temperature control is comparable to purity in higher
frequencies and at least one order of magnitude higher in
lower frequencies, temperature control of the samples is the
leading contributor if the sample purities are better than
99.9%.

C. Validation With Experimental Data

A comparative analysis was conducted to validate the
uncertainty estimation presented. For each standard the pure
and impure (99 %) version was measured at two different lab
temperatures (T =~ 21°Cand T = 22 °C) and PBS was used
as MUT. PBS was opted for validation as it was available in-
house with well-known purity while remaining biologically
relevant. The measurements were compared to compound
uncertainties of VNA noise, 99 % purity and +1°C
temperature difference, and in Fig. 6, the difference of
permittivity is shown with respect to the mean of
measurements, it can be seen that the (36) predicted bound
closely confines all the conducted validation data, thus
proving that the presented model is an accurate and reliable a
priori estimator for DS measurements. It is noteworthy that
the testbench provides a numerical approximation of the
uncertainties, and accurate values should be calculated post-
measurement using a classical approach.

3 3
2 2
1| 1

e} @ oof
A A
2 F,— 2
-3 3

0 5 10 15 5 10 15

Frequency [GHz] Frequency [GHz]
—— Estimated 30 error ——Measured (noise + impurity) ——Measured (all)l
Measured (noise only) ——Measured (noise + temEerature)
Fig. 6: Estimated (30) error for PBS’s complex permittivity error assuming
99 % purity, +0.5 °C temperature difference (around 21.5 °C) and VNA noise

(in red), compared to measured errors due to noise (in yellow), impurity (in
purple), temperature (in green) and a combination of all errors (in blue).

20 0 20

V. CASE STUDY ON KIDNEY MONOLAYER CONFLUENCY

To fully appreciate the value of the testbench for OoC
applications, a case study was conducted where the growth
stage of a kidney cell monolayer is monitored. Here, a
polycarbonate (PC) well plate, in which cells are
conventionally cultured, is modelled in CST for two edge
cases. The first case assumes the well plate before seeding
cells (Fig. 7a), where cell culturing medium (a mix of saline
and proteins) is modelled as phosphate-buffered saline (PBS).

The second case assumes the final growth stage (Fig. 7b)
where kidney cells have grown a confluent layer on top of the
PC surface. Kidney cells are chosen because they naturally
grow as a uniform monolayer of about 7 um thick, making
them easier to model and measure [6] [21]. Since the cell layer
is relatively very thin, the change in permittivity of the two
cases will be small and should be compared to the expected
uncertainty of the testbench to predict whether cell layer
growth can be measured.
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Fig. 7: Material composition of OoC case-study. (a) Single well (of well plate)
with fully-grown layer of kidney cells, (b) Single well before cell seeding.

For this case study, the testbench employs a
0.28 mm Parylene C-coated probe with a temperature
tolerance of +0.5°C, a 99.9 % purity for water (short), a
99.99 % purity for methanol (load) and VNA noise. Fig. 8
shows the difference between the expected permittivity delta
due to cell growth, and the estimated uncertainty. On average,
the estimated error is more than 14 times lower than the
expected response, indicating excellent resolution to monitor
monolayer cell growth over time (i.e. different growth stages
with different cell densities). It should be noted that &" is
coinciding around 2.2 GHz for the two simulated cases, thus
creating a singularity for the plotted delta ".

10° 10°
W 0 2 10
- W
< 10 <
10
2 -3
10
10 0 10 20 0 10 20
Frequency [GHz] Frequency [GHz]
|——Response to cell growth —— Estimated uncertainty |

Fig. 8: Simulated complex permittivity delta due to the growth of a 7 um-
thick kidney cell layer (red line) versus the estimated 3¢ standard deviation
considering noise, temperature and purity.

VI. CONCLUSION

This paper presented a testbench for the a priori estimation
of DS measurement uncertainty due to VNA noise, calibration
liquid temperature and impurity, while also considering all
system components such as interconnects, probe size and
probe surface coating, and calibration. This was used to decide
on probe size, where there is a trade-off in which larger probes
are less influenced by VNA noise, but have lower spatial
resolution (i.e. larger sensing volume). The results also show
that thin Parylene C coatings can be used in DS with nearly-
negligible compromise for biocompatible OoC applications.

The relative contributions estimated via the testbench
allow for case-to-case consideration of error sources essential
for building a DS setup. The testbench shows excellent
correspondence with experimental data in which noise,
temperature and purity were all varied. Therefore, it was used
to predict whether DS is capable of sensing the growth of
7 um-thick kidney cell monolayers. On average, the estimated
error is over 14 times lower than required. This makes DS not
just sensitive enough to measure the presence of a cell
monolayer, but also to monitor various intermediate growth
stages.
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