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A Micro EIT Sensor for Real-time and
Non-destructive 3-D Cultivated Cell Imaging

Xipeng Yin, Hancong Wu, Student Member, Jiabin Jia, Member, IEEE, Yunjie Yang', Member, IEEE

Abstract—A micro EIT sensor with radially distributed planar
electrodes was designed, characterized and experimentally
validated for real-time and non-destructive 3-D cultivated cell
imaging. The 12-mm cylindrical sensor was consisted of 17
circular micro electrodes, including 16 sensing electrodes and a
reference electrode. The sensor’s characteristics, i.e. dynamic
range of measurement and sensitivity, was examined by finite
element simulations and actual measurements. MCF-7 breast
cancer cells were then cultivated to form the spherical aggregate
and 3-D image reconstructions were performed on three solutions
containing varying number and locations of cell aggregates.
Furthermore, real-time imaging of cell-drug response between a
MCF-7 cell aggregate and diluted Triton X-100 solution was
carried out and the 3-D conductivity variation associated with this
transient process was captured successfully and reconstructed in
high accuracy. The simulation, 3-D cell aggregate imaging
experiments and real-time reconstructions of cell-drug response
suggest that the EIT based micro sensor has the potential to study
non-destructively and in real time the dynamic biological
behavior of a 3-D cell culture system.

Index Terms—3-D cell imaging, Electrical
Tomography, image reconstruction, micro sensor.

Impedance

1. INTRODUCTION

MERGING in the early 1980°s [1], Electrical Impedance
Tomography (EIT) is one of the electrical tomographic
imaging modalities to visualize non-intrusively the absolute
value or variation of electrical conductivity within a region of
interest [2-4]. The principle of EIT is to apply successively an
electrical current on the selected electrodes and measure the
induced voltages on the other electrode pairs. Current
excitation and voltage acquisition are repeated continuously
and rapidly until all the non-redundant electrode combinations
are deployed. A completed set of data can then produce one
frame of a sliced 2-D or a 3-D image based on certain a priori
knowledge to estimate the spatial distribution of conductivity.
Attributing to the ability of high-speed, non-radiation, and
non-intrusive sensing, in recent years EIT has been exploited
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extensively in industrial process imaging, in order to estimate
critical process parameters and capture transient phenomena.
Relevant cases include the use of EIT for real-time multiphase
flow characterization [5], sedimentation monitoring [6], liquid
mixing dynamics investigation [7], spatial damage in concrete
imaging [8], and pressure-sensitive artificial skin of robotics
[9]. Beyond the high maturity of industrial practice, EIT has
also aroused enormous interest in biomedical research, aiming
at monitoring and assessing the transient biological behaviors
in real time. Reported research includes the use of EIT for fast
neural activity imaging [10], breast cancer imaging [11], lung
ventilation imaging [12] and cell sedimentation imaging [13],
etc.

This work probed an emerging biomedical application of
EIT in 3-D cultivated cell imaging to study non-destructively
and in real time the dynamic biological behavior of a 3-D cell
culture system. Cell culture commonly exists in many
biomedical research and industries, such as tissue engineering,
pharmaceutical industry and cancer research [14]. Two typical
cell culture formats, i.e. 2-D cell culture [15] and 3-D cell
culture [16], are illustrated in Fig. 1. Compared to the
traditional 2-D cell culture, which cultivates monolayer cells on
flat and rigid substrates, cell culture using a 3D model
facilitates the behavior which is closer to the real complex in
vivo conditions as well as the delivery of research outcomes to
in vivo applications [16].

In various cell culturing processes, non-intrusive sensing
technique with high temporal resolution is requisite to monitor
either transient or secular cellular activities, such as cell-drug
response and bone tissue regeneration, etc. For a biological
process based on 2-D cultivated cells, optics based methods
such as microscopy [17], and electrical based methods such as
Electrical Impedance Spectroscopy (EIS) [18] can be applied
easily to monitor the process. However, for a dynamic
biological process based on 3-D cultivated cells, few
techniques have been verified effective and maturely applied in
real-time and non-destructive monitoring. The fluorescence
staining methods are possible to be used in 3-D cell assay, but it
suffers from the non-uniform diffusion of the fluorescence dyes
in the thick cell aggregates, which leads to inaccurate results
[19]. Tyrpan blue assay under microscope can be employed in
3-D cell counting [20], but this method is destructive and the
samples under test cannot be used in the future experiments.
Indirect methods such as MTT assay are currently applied in
3-D cell analysis [21], but such techniques require additional
processing and cannot be applied to high throughput screening.
Sensing techniques capable of performing 3-D, real-time and
non-destructive imaging for 3-D cultivated cells are still under
track.
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To bridge this gap, in this work we propose a micro EIT
sensor with radially distributed planar electrodes for real-time
and non-destructive 3-D cultivated cell imaging. The design
and manufacture of sensor was demonstrated and the 3-D
image reconstruction based on Basis Pursuit Denoising
(BPDN) approach with median filter was introduced. The
sensor was characterized based on simulation and experiment
data in terms of measurement data and sensitivity. 3-D image
reconstruction on MCF-7 human breast cancer cell aggregates
was performed. Beyond that, real-time 3-D imaging of
cell-drug response between MCF-7 cell aggregate and Triton
X-100 was achieved based on the proposed techniques.

This work demonstrates proof-of-principle that micro EIT
sensor based on planar electrode configuration is well suited for
multicellular  spheroids imaging, which represents a
non-destructive cell viability assay based on membrane
integrity. Taken together with EIT spatial resolution, the
innovative approaches developed in the work will enable
non-destructive, real-time monitoring of the cellular dynamics
within a 3-D cell culture system, e.g. cell-drug response across
all layers of cell spheroids. This is deemed a critical challenge
and cannot be realized by other imaging modalities to the date.

II. SENSOR DESIGN AND 3-D IMAGE RECONSTRUCTION

A. Theory of EIT

EIT estimates the conductivity inside a computational
domain, i.e.QQ € R? where q = 2,3, as spatially distributed
parameters by injecting currents through boundary electrodes
and measuring the corresponding differential voltages across
other electrode pairs [3]. The electromagnetic field induced by
the injected current is governed by Maxwell’s equations. By
assuming low frequencies and small field strengths, the
measurements can be modelled by the Complete Electrode
Model (CEM) [22, 23], i.e.

V- (o(x,y)Vulx,y)) =0, (x,y) €Q 0]

u+zgaZ—Z=U€, (x,y)€e, £=1,..,L 2
a

eeaﬁdSzle, £=1,..,L (3)

022=0, (x,y) €00\ Uk, e, @)

where ¢ and u denote respectively the conductivity and electric
potential inside €Q; £ is the number of electrodes and e, is the
£t electrode; z, represents the contact impedance of ep; n is
the outward unit norm of the boundary 0Q; U, and I, represent
the electrical potential and injected current on e,, respectively.

The existence and uniqueness of the solution u are further
ensured by the conservation of charges imposed by Eq. (5) and
the choice of ground voltage in order to have Eq. (6).

Yicalr=0 ®)

Yi-1Up=0 (6)
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Fig. 1. The single shell model for analytical calculation.

The relation between the conductivity in Q and the boundary
potential measurements is in essence nonlinear. Whilst this
nonlinear relation can be linearized by assuming that the
conductivity perturbation Ac € R™ with respect to a reference
is small, which can be stated by:

AV = JAo @)

where AV € R™ is the vector of measured voltage variations
attributing to the conductivity perturbation. | € R™ ™ is the
Jacobian (sensitivity matrix), which is calculated based on the
reference.

The objective of EIT image reconstruction is to numerically
approximate Ao based on the voltage measurement AV. It is an
ill-posed inverse problem and regularization techniques [24, 25]
are commonly employed in order to obtain stable solutions.

B. Cell Model and Theoretical Analysis

Several simplified cell models have been proposed [26] to
calculate analytically the electrical properties of the complex
heterogeneous cells. Most models are based on the assumption
that the cell is enclosed by a layer separating its cytoplasm from
the external media. In this work, the Maxwell-Wagner—Sillars
(MWS) model [26-28] as shown in Fig. 1 was adopted for
theoretical analysis. In this model, the cell’s cytoplasm is
assumed to be a uniform conductive medium. The equivalent
homogenous complex permittivity of the cell, i.e. &5, is
formulated as:

v _ v 20-q@)em+(1+2q)e;
o = Em T et -0z ®

where &5, and €, denote respectively the complex permittivity
of the cell membrane and the cytoplasm, and q =
[R/(R + d)]’, dy, is the thickness of the membrane. Based
on Eq. (8), we can calculate the effective admittance of the cell
as:

T = Jweges= 0, + jWEE, )

where g, and €, denote respectively the effective conductivity
and relative permittivity of the cell and &, represents the
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Fig. 2. The designed miniature planar EIT sensor. A: schematic of the sensor.
B: electrode layout and index. C: FEM mesh for forward problem calculation
(scale in mm).

permittivity of vacuum.

Based on Eq. (9) and the CEM, it is explicit that the local
conductivity contrast induced by the cells could be estimated by
EIT, and EIT actually reconstructs the equivalent conductivity
of the cells. In addition, Eq. (9) also indicates that the electrical
properties of the cells are not simple and might depend on
frequency. In this study, the selection of current frequency was
based on the three dispersion mechanisms (termed o-, -, and
y-dispersions) introduced by Schwan [29, 30], which
characterized the electric properties of biological tissues and
cell suspensions. The a-dispersion generally appears below a
few kHz and is not easy to measure due to the interference from
electrode polarization effects. The B-dispersion ranges from
around 10 kHz up to several MHz and is correlated with the
interfacial polarization due to the existence of the insulating
membrane surrounding the cells. The y-dispersion is above 10
GHz and is related to the polarization of water molecules. The
conductivity changes observed at 10 kHz is associated with the
cell membranes integrity (B-dispersion). The dispersion almost
disappears after the membrane is disrupted or permeabilized by
detergents, such as Triton X-100. This frequency also locates in
the optimal region of frequency for Electric Cell substrate
Impedance Sensing (ECIS) within which the cells have
different electrical properties with the culture medium [31].
Therefore, in this study, we focus on the p-dispersion and the
injected current’s frequency is set as 10 kHz.

C. Sensor Design

A miniature planar EIT sensor was designed to measure the
3-D conductivity in a 3-D cell culture system. It consists of an
array of planar micro electrodes embedded in the surface of a
Printed Circuit Board (PCB) substrate. Fig. 2 (a) illustrates the
schematic of the designed sensor. The inner diameter of the
cylindrical sensing chamber is 12 mm. The height of the
chamber is 10 mm. There are 17 circular micro electrodes
distributed in the surface of PCB substrate including a reference
electrode which can be connected to ground. The diameter of

each electrode is 0.6 mm. The index of electrodes are labeled in
Fig. 2 (b). Fig. 2 (c) demonstrates the Finite Element Modelling
(FEM) mesh applied in this work to calculate forward solutions.
The mesh contains 235,000 domain elements and shows the
actual volume of regions to be imaged.

D. 3-D Image Reconstruction Method

The objects to be imaged in 3-D cell culture systems usually
incur weak conductivity changes in a small scale. The
inaccurate estimation of the objects’ dimension and numerous
artefacts appeared in the reconstructed images make such cases
particularly challenging. In this work, a 3-D EIT reconstruction
algorithm previously reported by the authors [32] was used to
estimate the sparse conductivity distribution of 3-D cell culture
systems. The EIT image reconstruction problem is formulated
by using the Basis Pursuit Denoising (BPDN) approach [33, 34]
in order to seek sparse solutions to the under-determined and
ill-posed problem, which is stated by:

lAally

minpg
{ JAc — AV |2 < e (10)

s.t.

where € is a positive scalar which estimates the noise level of
the measurement data.

The spectral projected-gradient based algorithm was applied
to solve Eq. (10), which is proved efficient for optimization
problems involving large-scale matrices. The detail of
implementing the algorithm can be referred to [34]. In this work,
for all occasions, we set € = 0.05 X ||AV||,, the maximum
iteration numbers to be 500, and the iteration termination
condition to be [|[Ac®*+D — AU(")"2 <1075,

Fig. 3 presents the coarse mesh applied in the inversion
problem. The sensing domain was discretized into 32 X 32
voxels horizontally and 20 layers vertically. As a result, the
cylindrical domain is consisted of 16240 voxels and, classified
by vertical layers, we have

Ao = {Aoyy; Aopy; ...; Mgz} (11)
where Aoy € R81%,i =1,..,20 is a vector containing the
conductivity in the i layer along the vertical direction.

According to our previous work in [32], spike type artefacts
commonly exist in the solutions of (10), because planar

pv09®

© 20 Layers

SRR

yrvars “ /Layer1

Fig. 3. The coarse mesh for inversion calculation.
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Fig. 4. The median filter applied to a voxel in one layer.

electrode configuration exhibits much higher sensitivity in the
layers near the electrode surface and, the contact of imaging
objects with the electrodes can also lead to large amplitudes in
certain measurements. In order to eliminate the background
noise peaks and preserve the edge of the objects, a median
filtering operation is performed on each layer of the solution,
which is formulated as:

Ao = {median(Aoy,); median(Acyy); ...; median(Acy,)}
(12)

where Ag € R" is the final estimated conductivity. median
denotes the median filter operator as illustrated in Fig. 4. The
median filter utilizes an mxm sliding window and, in
consideration of symmetry, m is usually an odd number [35].
The sliding window mechanism sorts the neighborhood values
from small to larger values and replaces the original voxel
value with the median value of the sorted neighborhood
window. In this work, a 5x5 filter window was applied.

E. Image Quality Assessment

In order to perform quantitative assessment of the image
quality, two criteria were employed, i.e. position error and
correlation coefficient. The position error is defined by:

Porr = ||Pest = Peryell (13)

where P,;; denotes the geometrical center of the reconstructed
objects, which is calculated by finding the local maximum
conductivity change. Py, denotes the ground truth of the
geometrical center of the objects. The position error evaluates
the accuracy of estimate the conductivity change center in
terms of Euclidean distance.

The correlation coefficient is defined by:

Y, (86;-A0)(Aoi—Bo)

JZ'iLl(A?L——A:a)z Y, (Ac;-A0)?

CCOTT -

(14)

where Ag; and Ag;,i = 1,...,n denote respectively the i
element of the true conductivity and estimated conductivity.

Ao and Ag,i = 1, ...,n denote respectively the mean of the
estimated conductivity and true conductivity. Correlation
coefficient evaluates the degree to which the distribution of
estimated conductivity and ground truth are associated.

Acrylic
Chamber

Gold-plated
Electrode

PCB
Substrate

Sensor Manufacture Process

Fig. 5. The manufactured sensor.
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Fig. 6. Measured voltage data vs. simulated voltage data.

III. SENSOR FABRICATION AND CHARACTERIZATION

A. Sensor Fabrication

Fig. 5 shows the manufactured sensor. Two identical sensing
chambers were constructed on a PCB substrate in order to
provide simultaneous imaging ability for multiple cell culture
systems. The micro electrodes were constructed with gilded
surfaces in order to improve corrosion resistance. Acrylic tubes
were cut precisely to fit on the substrate in order to form two
sensing chambers. The sensor interfaces the EIT system with
two ribbon cables.

B. Sensor Characterization

The sensor was characterized in terms of measurement data
and spatial sensitivity. The voltage data was measured based on
adjacent sensing strategy [36]. Fig. 6 shows the comparison of
the measured voltage data and the simulated voltage data,
which indicates a good correlation. Dynamic range of the
measured voltage vector was used to evaluate the requirements
of the sensor on impedance measurement electronics, which is
defined by:

D = Imax (15)

Vmin
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Fig. 7. Logarithmic sensitivity of the sensor at the vertical cross section
passing electrode 5, 6, 17, 14, 13.

Fig. 8. Reconstructions of simulated spheroids at four different positions of
the vertical cross plane shown in Fig. 7. (a) Center of spheroid: voxel index 8,
layer index 2. (b) Center of spheroid: voxel index 13, layer index 6. (c) Center

of spheroid: voxel index 21, layer index 10. (d) Center of spheroid: voxel
index 21, layer index 13.

where V4, and V,,,;,, represent respectively the maximum and
minimum value of the voltage vector. Generally, a smaller D is
desired as it is easier to be realized in hardware design and
better signal to noise ratio can be obtained. Based on simulation
results in Fig. 6, the theoretical dynamic range of the sensor is
calculated to be 42.40. According to experimental data in Fig. 6,
this value is measured to be 34.17 because of the imperfection
of the manufacture. The results suggest that the dynamic range

is located in a reasonable range, which can be handled by a
typical EIT system.

Sensitivity is a critical indicator for identifying the effective
sensing region. For the planar electrode geometry in this work,
sensitivity region tends to have a trapezoidal or semi-spherical
shape in the vertical direction near the electrode surface [37,
38]. Consequently, the 3-D conductivity distribution near the
substrate could be estimated based on the measured data. The
sensitivity of the proposed sensor can be assessed by the row
summation of the Jacobian matrix, which is formulated as:

Loy, z) =~ vu(?) Vu(l))dH (16)

where J;;(x,y,z) denotes the sensitivity amplitude at voxel
(x,y,z) when the electrode pair i is injected with current and
the differential voltage on another pair j is measured. u(I‘) and
u(I’) denote respectively the induced electrical potential when
the i and j* pair of electrodes are injected with currents.

Fig. 7 shows the logarithmic sensitivity at the vertical cross
section passing the electrodes 5, 6, 17, 14, 13 as highlighted by
the red color. The result demonstrates that the amplitude of
sensitivity decreases with the increase of layer indices, and due
to the evenly distributed electrode layout in the circular sensing
area, comparable sensitivity can be obtained with the increase
of voxel indices. Overall, reasonable sensitivity values are
obtained below layer 10 whilst the upper layers have smaller
sensitivities.

Phantom simulations were performed in order to quantify the
feasible depth of effective sensing region. Four spheroids with
the same diameter of 1.5 mm were placed at various positions
along the cross plane in Fig. 7. Fig. 8 presents the
reconstructions of the phantoms by using Eq. (10) and Eq. (12),
where the red circle indicates the true position of the spheroid.
The results indicate that a) the horizontal positions of the
spheroids can be well estimated, and b) the vertical positions of
the spheroids below layer index 8 can be correctly calculated,
and c) the spheroids at layer index 10 can be reconstructed but
the vertical position is misplaced, and d) the spheroids higher
than layer index 10 can hardly be reconstructed due to the small
sensitivity in this region. Consequently, the 3-D image
reconstruction can be effectively performed when the objects
are located below layer index 10. Since the cell aggregates in
this study sink at the bottom below layer index 6 of the sensing
chamber, 3-D conductivity imaging is feasible.

IV. RESULTS AND DISCUSSION
A. Cell Culture

Cell aggregate phantom experiments and dynamic cell-drug
response experiment were performed by using the designed
sensor and MCF-7 breast cancer cells in this section. The
monolayer MCF-7 breast cancer cells were cultured routinely
in a humidified 5% CO, incubator in 37 degrees Celsius. The
culture medium was Dulbecco's Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. The
cells were trypsinized using 0.25% Trypsin for 3 minutes and
counted under the microscope with the hemocytometer. Cell
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Fig. 9. The MCF-7 cell spheroid to be imaged. (a) The picture of a MCF-7 cell
spheroid (in yellow circle) within cell culture medium. (b) The microscope
image of the cell spheroid.

suspension with 10 million cells was pipetted into a 15 ml
conical tube and centrifuged at 1200 rpm for 5 minutes. The
supernate was removed and the cells were cultured in the tube
for one day with one milliliter fresh culture medium in order to
form the spherical aggregate [39]. The cap of the tube was
loosened to permit gas exchange.

Fig. 9 (a) shows the picture of the MCF-7 cell spheroid. The
diameter of the spheroid was measured to be 2.5 mm and the
height is measured to be 1.8 mm, leading to a diameter ratio of
20.83% and volume ratio of 1.26% with respect to the sensor.
Fig. 9 (b) presents the microscope image of the cell spheroid
captured by using the Olympus CK2 Inverted Microscope.

B. EIT System

The continuous, real-time impedance measurements were
acquired based on the adjacent strategy [36] by using the
multi-frequency EIT system [40] developed by the Agile
Tomography Group, The University of Edinburgh. The picture
of the system is shown in Fig. 10 (a). The system consists of 32
sensing electrodes and its working frequency ranges from 10
kHz up to 1 MHz. Arbitrary sensing strategy is attainable on the
system. The highest SNR tested on a sensor with saline is 82.82
dB and the highest frame rate is 546 frames per second (fps)
under serial mode and 1014 fps under semi-parallel mode. The
system also includes a real-time 3-D imaging software named
Visual Tomography [40], which is shown in Fig. 10 (b).

C. Cell Spheroid Phantom Imaging Results

The sensor’s 3-D imaging performance was examined first
on MCF-7 cell aggregate phantoms. Three different phantoms
are presented in the first column of Fig. 11. In this test, the
volume of cell culture medium was 700 microliters. According
to the dimension of the sensor, the liquid level was calculated to
be 6.2 mm. Therefore, the proportion of the cell spheroid in the
vertical direction is around 29.03%, i.e. 5.8 layers of voxels.

3-D image reconstruction was performed based on the
BPDN approach stated by Eq. (10) using the amplitude
measurements. The algorithms parameters were the same as
those stated in the paragraph below Eq. (10). The inversion was
carried out by using Matlab 2014a installed on a desktop with
an Intel Xeon X5650 CPU (2 processors @ 2.67 GHz) and 24
GB RAM.

Fig. 11 shows the 3-D image reconstruction results in the
format of sliced images of each horizontal layer and synthetic

(b)
Fig. 10. The in-house developed multi-frequency EIT system. (a) Hardware.
(b) 3-D imaging software: Visual Tomography.

3-D images. In this figure, the value of the colorbar indicates
the relative change of conductivity with respect to the cell
culture medium, which is a non-dimensional quantity. Table I
presents the image reconstruction assessment results, including
position error defined by Eq. (13), correlation coefficient
defined by Eq. (14) and elapsed time of the algorithm.

The results suggest that: a) the local conductivity decreases,
which are caused by the MCF-7 cell aggregates with various
positions and numbers, could be correctly identified and
imaged with small position errors (smaller than 0.08 mm) and
large correlation coefficients (larger than 0.6400); b) the image
quality is fairly good with few artefacts and spike noises; and c)
the image reconstruction is time-efficient and all the
computations were completed within 5 seconds.

D. Real-time Cell-drug Response Imaging Results

The real-time, continuous and non-destructive imaging of
the dynamic interaction between the MCF-7 cell aggregate and
diluted Triton X-100 solution was carried out by using the
designed sensor in this subsection. The process of cell-drug
response usually terminates in a few minutes [41]. For 3-D

TABLEI
IMAGE RECONSTRUCTION ASSESSMENT

Phant Position Error Correlation Elapsed Time
antom [mm] Coefficient [s]

1 0.0492 0.6423 4.838

2 0.0778 0.7301 3.050

3 Left: 0.2857 0.6445 2.864

Right: 0.0461
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Fig. 11. 3-D image reconstructions of MCF-7 cell aggregate phantoms.

cultivated cell aggregates, this process cannot be visualized
directly by optics based methods, such as microscopy, unless
histological section is conducted. Therefore, a robust, fast and
non-destructive method to screen such a transient process is
demanded urgently for efficiency improvement and cost
reduction of drug discovery.

In this test, Triton X-100 was utilized to lyse cells to
permeabilize the membranes of MCF-7 cells. Consequently,
the cancer cells would be killed [41]. Fig. 12 demonstrates the
effect of Triton X-100 on MCF-7 cells. In order to examine cell
status by the optical method, opaque cell solution, instead of
cell aggregates, was adopted. Fig. 12 (a) and Fig. 12 (b)
illustrate the cellular changes, captured 5 minutes after
applying Triton X-100, from using 10x20 magnifications with
the Olympus CK2 Inverted Microscope. The membranolysis
and shrinkage of MCF-7 cells is observed clearly in the figure.
Theoretically, the physiological status change of cells, caused
by Triton X-100 or other similar drugs, can be indicated by
conductivity variation indirectly [42]. This suggests that the
proposed micro sensor is promising to visualize the process in
3-D.

Fig.13 illustrates the position of the MCF-7 cell aggregate in
this experiment. The cell aggregate was placed near electrode 8

Fig. 12. Cellular changes captured by the microscope. (a) Before applying
Triton X-100. (b) 5 minutes after applying Triton X-100.

and 10. Fig. 14 illustrates the experimental procedure for
imaging the cell-drug response. Before the experiment began,
the sensor was sterilized and, at time point #y, 700 microliters of
mixture of diluted Triton X-100 solution and cell culture
medium was added to the sensing chamber. In this test, diluted
Trion X-100 solution was pre-mixed with culture medium in
concentration of 0.2%, which was achieved by adding 200
microliters 10% Triton X-100 solution in H,O to 9.8 milliliters
cell culture medium. The EIT system was then started to record
measurements. After a few minutes of measuring the mixture, a
MCEF-7 cell spheroid was delivered at time point #, i.e. 319s.

Electrode 5 Electrode 7

Electrode 9

Electrode 10

Triton X-100 solution
with culture medium

Electrode 1

Fig. 13. Position of cell aggregate in cell-drug response test.

Cell Culture Medium Mixed with MCF-7
Triton X-100 Solution

Reference

Cell Spheroid Time Point

Tim

Sensor Sterilisation Measuring the Mixture 3 Measuring Cell-Drug Response

fo ity
Fig. 14. The experiment procedure for imaging cell-drug response.
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Reconstructed images of Layer 1 to Layer 5
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Fig. 15. 3-D image reconstructions of cell-drug response. (a) Voltage response of the 69" measurement (electrode 7, 8 act as current injection, 9, 10 act as
measurement) and sliced images from layer 1 to layer 5. (b) Synthetic 3-D images with respect to time.

According to previous studies, Triton X-100 can kill the cells in
a few minutes [41]. Hence, the measuring process was
terminated approximately 15 minutes later to ensure that the
dynamic reaction was completely over.

3-D image reconstructions were conducted in time sequence
to visualize the dynamic conductivity variation caused by the
cell-drug response. In order to image the conductivity variation
only associated with the drug effect, the measurement taken at
one second after the cell addition, i.e. &,=t;+1 seconds (320s),
was employed as a reference point to perform time-difference
imaging. In addition, the time sequence of voltage response on
the specific electrode pair, which was close to the position of
the MCF-7 cell aggregate, was analyzed as well.

Fig. 15 (a) presents the time sequence of voltage response of
the 69" measurement, in which the 7™ and 8" electrodes were
injected with currents while the differential voltage on the 9™
and 10" electrodes was measured. The reconstructed images of
layer 1 to layer 5 were also shown in a chronological order. The
reason of only demonstrating the sliced images from layer 1 to
layer 5 was that the conductivity variations were enriched in
this region and nearly invisible in the other layers.

The measurement curve in Fig. 15 (a) suggests that the
voltage change corresponding to each stage of the experiment
procedure in Fig. 14 can be observed explicitly, including the
measurement of the mixture between time point # and #, the
addition of the cell spheroid at time point #;, and the cell-drug
response process after time point #. Significant voltage
variation was acquired after the cell spheroid was added to the
mixture. This was associated directly with the cell-drug
response process.

The sliced images from layer 1 to layer 5 in Fig. 15 (a) shows
the trend of conductivity variation with respect to time which is
able to correlate the measurement. Before 339 seconds, there is
no significant conductivity variation; this indicates that the
cell-drug response is still inadequate. However, from 385
seconds to 867 seconds, there appears a clear, continuous
decline in conductivity within the area of the cell aggregate.
This is because, after the cytomembrane is dissolved by Triton
X-100, more and more cellular matrix, which is less conductive,
enters the cell culture medium. From 867 seconds to 1090
seconds, a stationary stage is observed, where the conductivity
variation nearly keeps the same. It indicates the end of the
cell-drug response process.

Fig. 15 (b) shows the synthetic 3-D images of selected time
points in Fig. 15 (a). In order to demonstrate the conductivity
variation clearly, the conductivity value below 60% of the
maximum value was set transparent in these 3-D images. The
3-D images correctly estimate the position of the cell-drug
response and present the same conductivity changing trend
with Fig. 15 (a).

The experiment study demonstrated that high quality 3-D
tomographic images of the cell-drug response process were
obtained by using the micro EIT sensor and the 3-D image
reconstruction algorithm. By designing experiment procedure
and selecting reference point carefully, these images
demonstrate meaningful conductivity variations attributable to
drug effect which could not be observed either visually or via
optical methods such as a microscope.
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E. Discussions

The MCF-7 cell aggregate phantoms experiments confirmed
that the local conductivity contrast generated by the live cell
aggregates could be reconstructed accurately by using the
methods demonstrated in this work. The cell-drug response
experiments further validated that real-time imaging of the
conductivity changes in a transient process was feasible.
Beyond that, the heating effects, influence of injected current,
effect of contact impedance and potential challenges in
long-term cell culture monitoring are also discussed as follows.

a) Heating effect. The heating effect in this work’s sensing
setup can be ignored according to the calculations based on the
Joule-Lenz's law. The amplitude of injected alternating current
was around 500 pA and the largest transimpedance was smaller

than 20 ohm. Accordingly, the quantity of heat generated per
0.0005)2 %

V2
20 X 1= 2.5 X% 107%/. Considering the metallic ground plane
beneath the sensing chamber, the infinitesimal heat can be
dissipated rapidly.

b) Influence of injected current on cells. Continuous large
current, e.g. 3 mA over 30 seconds, could wound the cell
membranes [43]. The injected current in this work was
carefully controlled (around 500 pA in amplitude) to avoid
influence or destruction on cell membranes integrity. In
addition, current injection to one electrode pair was controlled
to less than 2 ms each time to avoid continuous current flow.

¢) Influence of contact impedance. In absolute EIT image
reconstruction, which estimates the absolute conductivity
distribution, there can be a critical requirement for correct
specification of contact impedance [44]. Whilst for difference
imaging based on Eq. (7), which estimates the conductivity
change with respect to a homogeneous background, the contact
impedance is not as critical because it is commonly assumed
that the contact impedance remains constant and that all
measurement changes are due to internal conductivity changes.
Therefore, the effect of contact impedance on image quality can
be ignored in this work. Moreover, the contact impedance has
been taken into account in the forward modelling process based
on the method suggested in [45].

d) Effect of cell metabolism on cell culture medium. The
electrical properties, such as the conductivity, of the cell culture
medium may change slightly over time due to the exchange of
ions and proteins between cells and medium. This is a critical
issue that needs to be taken into account in the long-term cell
culture process monitoring. In this study, the cell-drug response
is a transient process which generally terminates in a few
minutes. In such cases, the effect of cell metabolism on the
medium conductivity can be ignored. In future work, to avoid
the influence of cell metabolism on the medium conductivity in
the long-term cell culture imaging, multi-frequency impedance
tomography could be explored and frequency-difference rather
than time-difference imaging method can be adopted, which is
only relevant to the frequency responses of cells.

second can be calculated as Qg = IZnsRt = (

V. CONCLUSIONS

In this paper, we demonstrated a novel micro EIT sensor for
real-time, non-destructive 3-D cultivated cell imaging. On the

basis of the numerical analysis and experimental results, the
following conclusions could be drawn.

e It is feasible to differentiate the low-conductive cell
aggregates from the highly conductive cell culture
medium using EIT by selecting proper current frequency
based on the B-dispersion mechanism.

e The micro sensor provides the ability of visualizing the
near-field 3-D conductivity distribution by using planar
electrode configurations.

e High quality 3-D conductivity images were obtained in
cell phantom experiments by using the 3-D image
reconstruction algorithm. Beyond that, 3-D conductivity
variation associated with the transient cell-drug response
process was observed in real time, for the first time to the
best of our knowledge.

e The proof-of-concept work demonstrated in this paper
makes it possible to perform high quality 3-D cell
imaging and real-time dynamic process monitoring
within a 3-D cell culture system, which cannot be
achieved by other imaging modalities to date. The high
image quality guarantees, also, reliable and accurate
quantitative analysis of the cell-drug response process
and other studies of cellular dynamics.

Future work will extend the application of the sensor to

image the 3-D cell culture process in long term and in the
format of multi-frequency current injection.
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