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Abstract

Cell responses to varying electric fields can reveal insights on cell biology with important implications for
pharmaceutical and basic research. In this work, we exploit spectral information content in Opto-Electronic
Tweezers (OET) systems through machine learning for label-free characterization of cell dielectric
properties aimed at cell classification and drug response evaluation. A customized Polymethyl-
methacrylate (PMMA) chip with ITO substrates and an a-Si layer was designed for OET-based
manipulation of cells and integrated with an inverted microscope. We obtained OET cell signatures as
spectra responses of kinematic and dynamic descriptors, which are the result of time-lapse measurements
at increasing frequencies of the OET. Machine learning algorithms enable automatic selection and
characterization of the information content present in the OET signature so derived. Experiments are
performed on three biological case studies, involving 1) the discrimination of cell types among U937
human leukaemia cells, PC-3 human prostate cancer cells and HaCaT human immortalized keratinocytes;
2) the evaluation of the effects of the chemotherapeutic agent etoposide on U937 cells at different
concentrations; and 3) the evaluation of the effects of different exposure times of etoposide on U937 cells.
The obtained results demonstrate that multiple levels of dielectric information can be extracted via OET
cell signatures and clearly pose OET as a promising tool for cell discrimination and drug response
evaluation.

Keywords: Machine Learning; multi-frequencies analysis; Opto-Electronic Tweezers; Lab-on-chip;



1. Introduction

Measurement of single-cell properties is extremely important in the fields of biology, medicine and chemistry,
as it provides a means to understand the mechanisms of disease pathogenesis and to infer causal relationships
between drug compounds and specific cell behaviours, supporting for instance cell-based therapies
development and antibody discovery. The recent advances in micromachining and microfluidics are leading
to an ever-increasing number of technologies, like impedance spectroscopy [1], magnetophoresis [2],
dielectrophoresis (DEP) [3], and acoustophoresis [4], just to cite a few. Such systems, once integrated into
microfluidic and lab-on-a-chip (LOC) devices, open up a plethora of possibilities for non-destructive and label-
free analyses of cells. The utilization of optically defined electrodes in microfluidic systems, in particular, has
gained special attention due to their ability to manipulate micro- and nanoscale particles in dynamic, contact-
free, and flexible modalities [5]. With optoelectronic tweezers (OET), depending on the operational regime
used under the influence of non-uniform electric fields [6], different types of optical manipulation techniques
have been proposed over the last decades, including applications of light-actuated dielectrophoresis (DEP) [7—
10], AC electro-osmosis (LACE) [11,12], and electrothermal flow [13].

Optically induced dielectrophoresis (ODEP) [7-10], also known as optoelectronic tweezers (OET), is
emerging as a powerful technological solution for cell manipulation and characterization. OET combines the
advantage of dielectrophoresis (DEP), in relating to the dielectric properties of the cells, with the flexibility of
photosensitive surfaces in being responsive to dynamic optical patterns. In practice, OET “virtual” electrodes,
realized by light projection, control the electric field landscape within the chip, allowing for DEP-induced
sorting, separation, isolation, and manipulation of particles [14—17]. With respect to conventional DEP
techniques, the virtual electrodes in OET enable flexible parallelization and automation of operations, thus
improving the accuracy and efficacy of the measurements [18,19]. Moreover, if compared to optical tweezers
(OT), in which the trapped force is generated by means of focused laser light, OETs require lower light
intensity, facilitate parallel cell manipulation over a larger area, and are less expensive in terms of the
fabrication process [5]. High throughput in ODEP is only limited by the field of view of the microscope used
to visualize the cells but it can be increased by integration with a holographic imaging [20] or via multi-
positioning facilities.

In the last decade, OET technology has been studied in a variety of life science scenarios. Cell-manipulation
schemes have been optimized [21] and proved to be effective in separating living and dead cells [9,22],
isolating circulating tumour cells [7,10,23], and sorting cells with different levels of drug resistance and
viability [24]. The effectiveness of OET in such diversified experimental tasks reflects the key aspect that the
dielectric properties of cells are closely related to their physiological status and thus indicative of many of their
morphological, structural and chemical characteristics. As the effects of the electric field on the underlying
mechanisms of polarization and conduction are specific to the biological material [25], there is space for
researchers to investigate the physical properties of the cells by means of their responses to DEP forces. In
recent works [19,26-28], the translation and rotation motions of cells in OET devices have been used to
indirectly quantify the specific membrane capacitance of individual cells, cell conductivity and the values of
crossover frequency. Acting as label free-biomarkers, such parameters have been related to different cell
properties: the degree of malignancy [19], the responsiveness to drug concentration [26], the amount of cell
deterioration [27], and cell apoptotic level [28].

ODERP represents a very powerful and promising technology for possible biomedical and multidisciplinary
applications not yet addressed. With this in mind, in this work we tried to exploit new potentials of the OET
devices in conjunction with microfluidic devices and machine learning. We present here extended
functionalities of OET with the aim to provide a tool not only for cell manipulation but also for non-contact
and in-depth single-cell characterization and investigations, gaining the simplicity in microfabrication and
operation of ODEP.



First, cell types discrimination is performed with a new experimental set-up which allows reducing the power
of the light incident on the cells without altering the dielectric properties of the culture medium and the shear
and DEP forces exerted on the cells [29,30].

Second, exploiting that the dielectric properties of the cells vary across the frequency spectrum [31], we do
not focus the analysis on a single cross-over frequency [19] but rather conduct a multi-spectral analysis by
collecting the response of the system to a range of frequencies, assuming that each frequency content may
carry individual and independent cell properties related to distinct phenomena (drug effects, cell-cell
interaction, cell status, etc.) according to the specific applicative contexts.

In addition, we complement the information extraction with time-lapse microscopy for optical analysis of cell
behavior and morphology, using automatic feature selection procedure and classification models, in order to
conduct a variety of classification tasks, as demonstrated by way of example, by the three case studies
presented in this work. We therefore propose here a platform that integrates an OET system, microfluidics,
automatic cell-tracking, and machine learning, bridging the gap between the disposal of an experimental
platform for single-cell manipulation and the characterization of cell dielectric properties. The frequency
response spectrum, obtained by processing the video sequences of the DEP-induced cell motions, may
represent a novel dielectric signature for the cell under measurement and represented the input of the next
identification task of the cell subtyping.

With the aim of validating the proposed system and presenting possible important applicative scenarios, three
different experiments have been considered. In the first experiment, we tested the ability of the system to
discriminate among three different cell populations (human monocytic myeloid leukemia cell line U937,
human prostatic carcinoma cell line PC3 and immortalized human keratinocytes HaCaT). The capacity to
distinguish between the first two populations (i.e., human blood and epithelial tumor cells) represents a
possible breakthrough in clinics, for instance, to help researchers typing and studying circulating tumor cells
(CTCs) in human liquid biopsies. In the second experiment, instead, we tested the system in recognizing the
effects of three different concentration levels of the chemotherapeutic agent etoposide on the dielectric
alterations of U937, opening the window to a novel, original approach to classify tumor cell response to
chemotherapy. A similar experiment aimed at investigating the impact of different drug exposure times was
finally performed on PC3 cells, allowing to extend the results obtained in the second scenario to other tumor
cells.

The strength of the proposed platform is therefore not limited to exploiting the new potential of an existent
technology, but rather to demonstrate the general capability of the analysis in different biological tasks.

2. Materials and Methods

2.1 OET principle

OET devices are commonly made up of two plates of indium tin oxide (ITO)-coated glass separated with a
spacer used to create the chamber containing medium liquid. The bottom plate is coated by a photoconductor,
usually amorphous silicon (a-Si) or hydrogenated amorphous silicon (a-Si:H) of 1 um thickness [9,18,23]. An
AC potential at a certain frequency is applied between the top and bottom ITO layers. In the dark state, the
impedance of the photoconductor is high and the electric field inside the chamber is uniform. When the
photoconductor is illuminated by light, a non-uniform electric field is generated between the plates due to a
decrease of the impedance of the photoconductor in the illuminated area so that “virtual electrodes” are created
by the light pattern. The interaction between the non-uniform electric field and the polarizable particles
produces a dielectrophoretic (DEP) force. For a homogenous spherical particle, the time-average of DEP force
is defined as follows [31]:

(Fpep) = anggrSORe[K(w)]lerms|2; (1)



where 7 is the radius of the particle, &,.&; is the absolute permittivity of the surrounding medium, E,.;,,is the
root-mean-square electric field, o is the angular frequency, and Re[K (w)] is the real part of the Clausius-
Mossotti factor, with K (w) is defined as follows:
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In this case, &, and &5, are the complex permittivity of the particle and the medium, respectively, and o, and
o, are, respectively, the conductivity of the particle and the medium. A particle subjected to a DEP force can
exhibit different kind of motion depending on the real part of the Clausius-Mossotti factor. In particular, if
Re[K(w)] > 0, a positive dielectrophoretic force (pDEP) is exerted on the particle that moves toward the
illuminated area. On the contrary, if Re[K(w)] < 0, a negative dielectrophoretic force (nDEP) is exerted on
the particle and it moves away from the illuminated area. It should be noted that when Re[K (w)] = 0, the cell
movement shifts from repulsive to attractive or vice versa and the corresponding frequency is called crossover
frequency [26]. Whilst Equation 1 and 2 hold for homogeneous and spherical particles, cells being non-
homogenous, a single-shell dielectric model can be considered, in which the cell is modelled with an external
shell, represented by the cell membrane, and an internal region, which can be approximated as a relatively
conductive homogeneous medium [26,29]. Therefore, the permittivity &, of cell becomes as follows:
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where r is the radius of the internal region, &;,; is the complex internal permittivity, and Cy,e,is the complex
specific membrane capacitance (membrane capacitance per unit area), which is defined as follows:

‘gmem .] Umem

Crrem = - : “4)
mem d d

where &pem is the membrane permittivity, Open 1S the membrane conductivity and d is the membrane

thickness.

Being 0, the medium conductivity, for frequencies below 1 MHz, the crossover frequency, f.,, can be defined,
based on the single-shell model for a cell, by correlating the cell’s dielectric properties with its membrane
properties, as follows [19,32—34]:
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where 7 is the cell radius, Cyyery, 1s the specific membrane capacitance. In this study, knowing o,, and
experimentally determining f.,, Cjnem can be derived by Equation (5).

2.2 OET system setup

The proposed OET system is schematized in Fig. 1 with five main blocks: the microscope, the LOC, the AC
voltage generator (composed of a function generator, an amplifier and an oscilloscope), a digital projector, and
a PC station with a control unit and a machine learning engine. The LOC device is represented in entire and in
section views including an overview of the cell manipulation performed during the experiments.

. The system was designed to extend the vitality of the cells during the analysis, and to increase the observation
time to about two hours, which is pivotal for single-cell multi-frequency measurements. The video acquisitions
and subsequent analysis are performed in a totally label-free manner, avoiding the damages induced by the use
of fluorescence microscopy. This is possible due to the combined use of inverted microscopy, with the insertion
of a band-pass filter, and of a customized LOC device. For more details on the system setup and the control
unit we refer to sections S1 and S2 of the Supplementary Material.

2.3 Chip design and fabrication



The OET-based device was designed in Autodesk Inventor® and fabricated with a laser cut machine (Trotec
Laser Inc., Austria). The overall view of the chip is showed in Fig. 2(a). It consists of three main parts: the
holder (Fig. 2(b)), the channel (Fig.2(c)) and the top (Fig. 2(d)).

The holder was realised with three layers of Polymethyl-methacrylate (PMMA). The first (TroGlass Clear,
Trotec Laser Inc., Austria) and the second layers (TroLase, Trotec Laser Inc., Austria) have thickness of 3 mm
and 0.8 mm, respectively, and were assembled together with a laminated adhesive (467 M P transfer tape 3M™
Maplewood, US) and by pressing at 100 bar. The latter holds a copper strip tape (AT526, Advance Tapes
International, Leicester, UK), used as electric connection for ITO substrate. The third PMMA layer has a
thickness of 3 mm and was used as an adapter for the microscope stage and assembled with the previously
described layers through screws.

The channel part is formed by two slides which are split via an adhesive layer and staggered to create the
electrical contacts. The top slide (H: 1 mm, D: 25 mm, L:75 mm) is a glass coated with 200 nm thick ITO with
two holes drilled using a drill (Dremel™, USA) at 3000 rpm. A portion of ITO was left uncovered to connect
this slide to the copper contact located on the holder. The bottom slide (H: 1 mm, D: 25 mm, L: 75 mm) is a
glass coated with 200 nm thick ITO upon which a 600 nm thick a-Si layer was deposited by plasma enhanced
chemical vapour deposition (PECVD). A portion of ITO was left uncovered to connect a second contact,
realized by laser cutting 3 mm of PMMA (TroGlass Clear, Trotec Laser Inc., Austria) and by covering it with
a copper tape. The contact was placed on ITO and fixed with screws on the holder. The intermediate layer,
that represents the proper channel, was obtained by laser cutting a double-sided adhesive tape. The two slides
were cleaned with acetone and joined staggered together with the adhesive spacer by pressing gently and
heating at 70 °C for 20 min. At the end of assembly, the height of chamber is about 60 pm.

The top part is created from two layers of PMMA to produce the reservoirs. In particular, the seventh layer
(TroLase, Trotec Laser Inc., Austria) is 0.8 mm thick, the eighth layer (TroGlass Clear, Trotec Laser Inc.,
Austria) is 5 mm thick. The top part was assembled via adhesive tape and by pressing at 100 bar.

The three parts were assembled with screws. A picture of the device is shown in Fig. 2(e). An overview of the
entire assembling process is available in Supplementary Video 1.

2.4 Cell culture

U937 human monocytic myeloid leukaemia cells, PC-3 human prostate cancer cells and HaCaT human
immortalized keratinocytes were grown at 37°C in a 5% CO, humidified atmosphere. U937 and PC3 cells
were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mg/mL L-glutamine, 100
IU/mL penicillin and streptomycin (Euroclone). HaCaT cells were cultured in DMEM supplemented with 4.5
g/L glucose, 10% fetal bovine serum, 2 mg/mL L-glutamine, and 100 IU/mL penicillin and streptomycin
(Euroclone). All experiments were performed on cells in the logarithmic phase of growth, under condition of
> 98% viability (as determined by trypan blue exclusion). In each experiment, U937, PC3 or HaCaT cells
were harvested, centrifuged, washed twice in phosphate buffered saline (PBS) and resuspended in the OET
sucrose solution (8.5% sucrose, 1% PBS, 0.5% D-glucose) [9] at the final concentration of 0.1 x 10° cells/mL.
PC3 and HaCaT, being adherent cells, were trypsinized (using Trypsin-EDTA) before centrifugation.

2.5 Determination of the operating conditions

The calibration process of the OET system setup was realized with polystyrene beads to assure repeatability
of results and consistency with the literature [18]. Polystyrene beads of 20um in diameter (Sigma-Aldrich,
USA) were suspended in deionized water and 0.05% v/v of Tween 20. The buffer conductivity was measured
as 5 mS/m. Suspensions with diverse conductivity values were obtained with an addition of a certain
percentage of potassium chloride. For more details, please refer to Supplementary materials section S3. As a
preliminary step of the measurement campaign, we looked into the optimal operating conditions for cell
manipulation, including the choice of frequencies, the applied voltage, and the characteristics of the buffer
solution. Given that the cell movement might be attractive or repulsive, depending on the medium conductivity,
the cell type, the treatment, and the applied frequency/voltage [7,8,35], several tests were performed to
understand the dielectric behaviours of different cell types inside the medium and, consequently, to determine
the experimental parameters for the measurements. A conductivity of 15 mS/m was chosen for the buffer



solution to ensure a strong non-uniform electric field across the medium to facilitate cell manipulation. About
600 pL of suspended cells in buffer solution was pipetted inside the OET device. Both tanks were filled with
the solution to avoid heating and evaporation.

2.6 Experimental protocol

The measurement consists of inducing a series of single-cell motions in response to a DEP force. The force is
exerted by a rectangular light pattern (L: 54 um, H: 288 um), at varying frequencies of a fixed applied AC
potential equal to 10 Vpp. Fig. 3 illustrates the experimental procedure for the measurement. Given an initial
frequency value, fin = 25 kHz, a frequency step, Af = 5 kHz, increasing frequency values, f = fi;, + n-Af, with
n=0,1,... nsr and ken = 25, were applied for each new cell. Frequencies less than 25 kHz caused side effects
including electrolysis that produced bubble formation, thereby cell membrane disruption and a-Si substrate
damage [29]. Then, the n™ measurement is performed with the following steps: positioning on target, video
recording, pattern projection, signal application, and characterization of the cell displacement. For each
frequency, the measurement time for each cell is about 20-40 s (including 1-7 s for the OET-based
experimental steps and additional 10-30 s for video processing and the extraction of the quantitative
descriptors). The time needed over the complete frequency range is about 5 minutes. Each cell was analysed
once to avoid possible damages induced by repeated measurements. The reproducibility of the procedure was
assessed by performing multiple experimental replicas from independent cell cultures, which were obtained in
different months.

2.6.1 Positioning on target

The cell under analysis is driven from its natural position to a specific target, which corresponds to the starting
point of the measurement, by means of a projected light pattern (see Fig 3). The target point is fixed with
respect to the projected pattern to ensure identical illumination conditions during the tests on different cells.
The initial positioning of the cell is performed as follows. The location of the cell inside the field of view of
the microfluidic device’s channel is automatically determined using a cell-detection software (whose details
are reported in Section 2.8.1) and used to centre the projected light pattern on the cell’s initial position. A
pathfinding algorithm based on the potential field method [36,37] determines the best path going from the
initial cell position to the target avoiding other cells, considered as obstacles. The running time of the algorithm
is in the order of seconds and it has the potential to work in parallel for future applications. Attractive and
repulsive potentials were set in correspondence of the target point and of the neighbouring cell positions,
respectively. The obtained path is used as reference for leading the light pattern and carrying the cell at, a
picked velocity, towards the target. For cells exhibiting a nDEP force at the initial conditions, i.e., 25 kHz and
10 Vpp, a doughnut-shaped pattern is used to drive the cell towards the target, as shown in Supplementary
Video 2. On the contrary, for cells exhibiting a pDEP force, a circular light pattern is applied.

2.6.2  Video recording, pattern projection, and signal application

Once the cell is on the target, the measurement and video recording (20 frames/s) start with the application of
the voltage at f = fi.. A rectangular light pattern, i.e., virtual electrode, is projected at a given distance from the
target point (Fig. 3). This distance is kept constant for all the measurements in order to guarantee repeatable
conditions of interaction between the generated electric field and the cell. Subsequently, the voltage is applied
to generate the electric field. As a consequence, three motion scenarios are possible defining the displacement
travelled from the start point to an end point (see Fig.3): 1) Cell motion under a nDEP force: the cell moves
away from the projected pattern (repulsive motion); 2) Cell at the cross-over frequency: the DEP force
vanishes, the cell remains steady (no cell motion); 3) Cell motion under a pDEP force: the cell moves towards
the projected pattern (attractive motion). At the end of the cell motion, the recording is stopped, the function
generator of the AC potential and the light are turned off. For the next frequency measurement if k< kgn the
cell is repositioned on the target position, the frequency value is increased, and the procedure is repeated.
Otherwise, the measurement ends.



2.7 Machine learning engine

2.7.1  Cell detection and tracking

For each video recording, cell tracking was performed using our custom software called Cell Hunter, already
validated in our previous works [38—42]. It allows the detection of circular-shaped objects at every frame using
the Circular Hough Transform (CHT) [43]. The centres of the localized cells in consecutive frames are linked
together by using the Munkres algorithm [44] by solving an Optimal subpattern Assignment Problem (OAP).
A smoothing spline approximation is derived from each track in order to reduce noise and unrealistic
fluctuations of particles positions [45].

2.7.2  Features extraction

The f,, in Eq. (5) was experimentally determined in correspondence of the change of the sign of the DEP
force, whilst the radius, r, for each cell was estimated with the CHT embedded in Cell Hunter. Given Eq. 5,
the specific membrane capacitance C,, ., Was derived.

At each frequency of analysis, two kinematic parameters and a dynamic parameter were extracted from the
smoothed cell trajectories: the cumulative displacement, Dy, , the maximum velocity, Vpqy(fn), and the
maximum DEP force Fpgp max(fn), respectively. A total of three response spectra were determined for each
cell. Feature extraction and subsequent data analysis have been performed in MATLAB® 2020a. Details on
the computation of the response spectra are reported as follows.

Cumulative displacement

The displacement along the x-axis, Dy, , was calculated at frequency, f,, as:

Dfn = Xena(fn) = Xstare (fn), (6)

where Xopn4(f) and x4 (f) are the x-axis coordinates of the centre of the cell, respectively, at the ending
and at the starting point of the trajectory generated at frequency f;,. Measurements are repeated for frequency
values, f,,, with f, = fi, + nAf, fin = 25kHz, Af =5 kHz, and n = [0,1,...,25]. For each considered
frequency, f,, we derived a cumulative displacement, CD(f,), by summing all the displacements, Dy,, obtained

(7

up to the frequency f,,, as follows:
CD(fn) = Xiz1 Dy,
Maximum velocity

For each trajectory generated at frequency f,,, we calculated the instant velocity v(t) along the track,

by differentiating the coordinates of the cell (x(t), y(t)) with respect to time [39]. The maximum velocity values
computed along the trajectory of the cell generated for all the frequencies f,, , i.e., Vpqx (f) Were then used as
descriptors in the classification model.

Maximum DEP force

By knowing the maximum velocity and the cell radius, we calculated the maximum DEP force, at each
frequency, as follows.

Based on the assumption that the OET fluid system operates in laminar flow regime (Reynold number: Re <<
1), the DEP force acting on cells (see Equation 1 in Section 2./ Principle) can be considered equivalent to the
drag force, given by Stoke’s law [3,21,22]:

Farag = 6171, )
where 1 is the dynamic viscosity of the fluid medium, r is the cell radius and v is the cell velocity [6,18,30].
As a general assumption, when a spherical particle translates near a surface, the Stoke’s law is affected by an
error, so the force must be scaled via the Faxen’s correction [46,47].



It is important to note that in our OET device the distance between the top and the bottom plate is 60 um, so a
cell moves close to the two walls (grazing to bottom plate). Therefore, we considered the followed Faxen’s
correction Ky [24]:

Ky = ©)

1= (167 @) + @)

[N

where [; is the distance between the centre of cell and the top plate and [, is the distance between the centre
of cell and the bottom plate. In our case, [; = 60 um - r and [, = r. Hence, we obtain:

Fpep = KrFyrag- (10)

In particular, the maximum DEP force was computed as follows:

Fdrag_max (fn) = 6n”rvmax (fn) (1 1)

FDEP_max (fn) = KTFdrag_max (fn) (12)

2.7.3  Data analysis

The three features described above, i.e., CD(f), Vimax(fn), and Fpgp max(fn) , were calculated for frequency
values over the range [25 - 150] kHz, and a response spectrum was obtained for every cell analysed. The range
of frequencies [55-100] kHz, in which all cells for all the case studies survived, was considered for further
analysis. Therefore, we have taken into account a total of 30 features (10 frequency values for each kind of
feature). To reduce correlation among the features, we performed a sequential feature selection (SFS) [48] in
two steps, so that only the most significant descriptors were extracted for each biological problem considered.
Firstly, with a backward SFS procedure, a subset of features was selected. Then, on this set, a forward SFS
was carried out to determine the final set of descriptors [49,50]. For each case study, and the corresponding
set of features so derived, a LDA (Linear Discriminant Analysis) model was used for pattern classification and
validated with a five group venetian-blinds cross-validation [51].

2.8 Biological scenarios

Three case studies were investigated. Briefly, in the first scenario we tested the ability of the system to
discriminate among three different cell populations (human monocytic myeloid leukemia cell line U937,
human prostatic carcinoma cell line PC3, and immortalized human keratinocytes HaCaT). In the second
scenario, we explored the possibility to recognize the effects of three different concentration levels of the
chemotherapeutic agent etoposide on U937, by measuring cell dielectric alterations through the alteration of
the OET cell spectrum. In the last scenario, instead, we extended the results obtained in the second scenario to
other tumor cells (i.e., PC3 cells), investigating the impact of different drug exposure times on the OET cell
spectrum.

2.8.1 Case Study 1: discrimination of heterogeneous cell population

Case Study 1 investigates the capability of the OET-based measurement system of discriminating cell
populations according to the cell type. Three cell populations were considered for a total number of 83
measured cells including replicas from different aliquots of cell suspensions: 22 U937 cells (3 replicas), 33
PC3 cells (3 replicas) and 28 HaCaT cells (2 replicas). Whilst U937 and PC3 cells exhibited both nDEP and
pDEP, HaCaT cells exhibited only a pDEP force in the selected frequency range of [25-150] Hz.

2.8.2 Case Study 2: effect of drug concentration on U937 cell population
Case Study 2 investigates the effects of different concentrations of the topoisomerase Il poison etoposide on
the myeloid leukemia cells U937. Indeed, after exposure to low doses of etoposide, U937 undergo dramatic



morphological and functional changes [52], that potentially result in cell dielectric alterations. To this aim, a
total number of 54 cells were measured, in particular, 22 untreated cells (3 replicas), 14 cells treated with 0.5
UM of etoposide for 1hr (3 replicas) and 15 cells treated with 1.0 uM of etoposide for 1hr (3 replicas). Treated
cells and untreated ones exhibited both nDEP and pDEP at certain frequencies.

2.8.3  Case Study 3: effect of drug exposure time on PC3 cell population

Case Study 3 takes into account three experimental conditions for PC3 cells, untreated and treated with
ctoposide at two different exposure times (i.e., 3, 6 or 24 hours). PC3 cancer cells are derived from a castration-
resistant, metastatic prostate cancer, displaying neuroendocrine features [53]; in such instances, patients are
often treated with chemotherapy, including etoposide. We, therefore, use the clinically-relevant PC3/etoposide
system to investigate the impact of different drug exposure times on the OET cell spectrum. As PC3 cells are
less sensitive to etoposide-induced apoptosis than U937, we were able to increase the exposure time of the
cells to the drug. A total number of 110 PC3 cells were measured, in particular 33 untreated cells (3 replicas),
30 cells treated with 0.5 uM of etoposide for 3hrs (1 replica), 21 cells treated with 0.5 uM of etoposide for
6hrs (1 replica), 26 cells treated with 0.5 uM of etoposide for 24hrs (1 replica). Treated cells exhibited only a
pDEP force throughout the measurements.

3. Results and Discussions

The first analysis performed with the OET system consisted in verifying the system capability for particle
handling. In particular, we investigated whether the main developments of the system setup and lab-on-chip
device reported in this work, have improved the performance relative to standard OET. In particular, we
investigated both the effects of the medium conductivity and the light pattern size on velocity and DEP force
exerted on polystyrene particles. The obtained results were consistent with the literature. In fact, as expected
and similarly to results reported by Witte et. al. (2020), we have found that both parameters increase with the
increase of pattern size and decrease with the increase of medium conductivity. The details of this evaluation
are reported in Supplementary materials. The capability of the proposed OET system in discriminating cells in
different biological scenarios is evaluated with respect to the classification performance relative to the three
case studies described in Section 2.8. For each scenario, a specific LDA model has been trained with the
features automatically selected from the response spectra. The selected features, for each case study, are
reported in Table S2.

3.1 Evaluation of OET system ability for cell manipulation

3.1.1 Case Study 1: discrimination of heterogeneous cell populations

In Case Study 1, we tested the ability of the OET system to distinguish diverse cell populations. Fig. 4(a)
shows the response spectra obtained for CD(f,), (left panel), Vy,q, (), (central panel), and Fpgp max(fn)
(right panel). The frequency at which the response spectra of CD(f;,) reach their maximum values corresponds
to the crossover frequency, f,, in light of the fact that a change of the sign of the DEP force, from nDEP to
pDEP, corresponds to a decrease in the CD(f;,) values, in accordance with Eq. 6. For the case of the response
spectra of vy,4, (f) , instead, the f,corresponds to the minimum as at that particular frequency cells change
the motion direction. The same holds for the response spectra of Fpgp max(f) according to Equations 11 and
12.

The response spectra of CD(f,,) exhibit lower standard deviation values as compared to Vp,q,(f,) and
Fpep max(fn) spectra. Left panel of Fig. 4(a) shows increasing values of the CD(f;,) until the peak (nDEP
force) and decreasing values after the f., (pDEP force) for both U937 (in blue) and PC3 (in red) cells. Instead,
HaCaT response spectrum (in green) presents only negative values and no peak is present along the curve, so
cells exhibited only a pDEP force in the considered frequency range.

Similar considerations can be derived by considering the mean values of V4, (f;) and Fpgp max(fn) (shown
in central and right panels of Fig. 4(a), respectively). The f., corresponds to the minimum of the curves for
U937 and PC3, whilst no minimum value is present in the spectrum response relative to HaCaT cells.



In particular, U937 and PC3 have, respectively, a f,, at around 40 kHz and 30 kHz (which is indicated in Fig.
4(a) by the blue and red dotted lines, respectively).

Table S3 reports the values of f;, , Ciem» and r. PC3 and HaCaT cells have similar r values, while U937 have
a smaller size. However, due to the great quantity of information encoded within all of the three spectra for
each cell type, we extrapolated this content of information to well distinguish the behaviour of U937, PC3 and
HaCaT. A total number of two features was automatically selected to build the LDA model that reached an
accuracy of 99.05% (2.13%) with all U937 and HaCaT cells correctly classified, on average, as shown in the
confusion matrix of Fig. 5(a) (in the left panel). The score plot on canonical variables 1 and 2 is reported in
the right panel of Fig.5(a). Indeed, two features are enough to extract the biologically carried information of
the case study, in particular: Fprp max(frsinz) and Fopp max(foornz) (see Table S2).

The observed differences in the dielectric behaviour of the three cell populations reflect their heterogeneity. In
particular, U937 are cells cultured in suspension (i.e., they are in their standard biological condition during the
OET analysis), whilst both PC3 and HaCaT are adherent cells that therefore needed to be trypsinized before
the analysis. Unlike U937 and PC3, which are cancer cell lines, HaCaT are immortalized keratinocytes. Such
different biological specifications are reflected by differences in f,, and C,;,.,, values, as reported in Table S3
and also in the studies of Vaillier et al. [54].

It is important to stress that the ability of the proposed OET system to discriminate with high accuracy epithelial
tumor cells from monocytes (i.e., no PC3 cell was misrecognized as U937 and vice versa) by combining
specific physical descriptors, paves the way for its possible use as a novel tool to separate and analyse CTCs
from patient-derived blood samples (i.e., liquid biopsies). Indeed, the isolation and characterization of CTCs
from human blood is still a big clinical issue, far from being a routine procedure, due to technical problem of
low abundance and uncertainties on the choice of the correct molecular determinants.

3.1.2  Case Study 2: effect of drug concentration on U937 cell population

Here, we evaluated the effect of different etoposide concentrations on U937cells. Fig. 4(b) shows the response
spectra of untreated (corresponding to case study 1) and treated cells. In detail, U937 treated with 0.5 pM and
1 uM of etoposide show f., = 55 kHz (indicated with the red dotted line) and f,., = 80 kHz (indicated with
the green dotted line), respectively. Overall, an increase in drug concentration brought to a shift of f,, toward
higher frequency values and, consequently, to a decrease of Cy,.,, value. Such shift is in line with what is
described by other authors in the literature by considering DEP-based systems [7,29]. In particular, Pethig et
al. [33] reported the same trend for Jurkat T-cells (immortalized T lymphocytes), whilst Wang et al. [55] also
observed the shift for HL-60 cells (human leukemia cell line). In our experiments, the medium conductivity is
the same for all experiments and the cell radius does not significantly change during treatment, so, in
accordance to Equation 5, the dependence of crossover frequency is only from membrane-specific capacitance.
The latter is closely linked with the membrane composition and morphology such as microvilli, folds, ruffles
etc. Thus, the shift in f,, occurring in treated U937 suggests an etoposide-induced membrane
morphological/molecular modification related to the different drug concentrations [33,54,55]. Moreover, in
etoposide-treated U937 an increase in cell size is revealed with respect to the untreated ones, as summarized
in Table S3.

This information content was exploited by the combination of four selected features from the response spectra:
CD(fssirz)> Vmax(foskrz)> Foep max(froruz) aNd Fogp max(frsinz) (as reported in Table S2). Such features were used
to build the classification model and the obtained results are reported in the confusion matrix of Fig. 5(b) (in
the left panel). The model reaches an accuracy of 96.11% (5.41%), with all the cells treated at 1.0uM correctly
recognized. The scores plot of the canonical variables 1 and 2 are illustrated in Fig. 5(b) (right panel).

3.1.3  Case Study 3: effect of drug exposure time on PC3 cell population

With Case Study 3, we investigated the effects of diverse etoposide exposure times on PC3 cancer cells.

Fig. 5(c) shows the response spectra with average of the three parameters for untreated (corresponding to the
PC3 control for Case Study 1) and treated PC3. The latter does not present a f, in the frequency range of [25-
150] kHz but exhibits only a pDEP force, as indicted by the absence of a maximum point in the CD spectra
and of minimum point in the maximum velocity and maximum DEP force spectra, respectively. Frequency



values in the range 25-50 kHz lead to death of treated PC3 cells. This may suggest a change in membrane
dielectric characteristics induced by etoposide on PC3 [34].

In this case, the selected features are listed in Table S2. It is interesting to observe the arrangement of the
scores on canonical variables 1 and 2 (Fig. 5(c) right panel). The canonical variable 1 provides discriminative
information on the presence/absence of the drug (similarly to the Case Study 1) and the canonical variable 2
on the exposure time.

The classification results are reported in the confusion matrix of Fig. 5(c). In this case, we cross-validated the
classification model on four classes: untreated, treated at 0.5 uM for 3 hrs, treated at 0.5 uM for 6 hrs and at
0.5 uM for 24 hrs. The accuracy reached was 89.32% with over the 90% of untreated cells and treated cells at
0.5 uM for 3 hrs and 6hrs are correctly recognized, instead some treated cells at 0.5 uM for 24hrs were
misrecognized as treated at 0.5 uM for 6hrs. The obtained results suggest the capability of the system to
differentiate cell populations either based on physicochemical properties like size and shape, or electric
properties, like conductivity/permittivity and membrane capacitance.

To determine the limits of the proposed system, we also reported an example of cell behaviour under a high
etoposide concentration of 5.0 uM for 24hrs. In Figure 6, the descriptors obtained with 16 cells under
treatments of 0.5 uM for 24 hrs are compared with those obtained at a concentration of 5.0 uM for 24 hrs.
CD(f,,) is unable to separate the two cell populations (left panel), whilst v, 4, (f,) and Fpgp max (fn) spectra
exhibit a saturation behaviour, as shown in the central and right panels of Fig 6, respectively. This is due to
stronger DEP force values produced with respect to the other case scenarios, which limit the dynamics of the
observed responses. Therefore, the discrimination of the drug concentrations with an exposure time equal or
higher than 6 hrs would require a greater distance between the starting point of the cell and the centre of the
rectangular light pattern.

3.2 Evaluation of standard dielectric parameters ability in cell discrimination

Although crossover frequency or membrane capacitance have proved to be useful to understand cell behaviour
[19,32,34,54], the heterogeneity of cell characteristics and responses to diversified external stimuli, requires
more in depth analyses. In particular, we have shown how the combination of diverse features carefully
selected over multi-frequency spectra can reflect the cell’s photo-induced motion.

To prove this aspect, a further analysis was performed for the Case Study 2, which is the only one in which
the f., was present for all of the discriminative categories in the analysed frequency range. We compared the
obtained results with those achieved by an LDA classification model built considering three static features:
cells radius, crossover frequency and membrane capacitance (we called it standard method to refer to the
standard dielectric parameters used). The obtained classification results are reported in the confusion matrix
in Fig. S7(a). The model reaches an accuracy of 69%, and fails in recognizing the cells treated with 0.5 pM of
etoposide drug. The proposed method instead, being based on the features extracted from the response spectra,
reaches an accuracy of 96% (as shown in Fig. S7(b)). Therefore, the information content in spectra parameters,
for a certain frequency range, is able to distinguish diverse cell populations in different case studies without
necessarily knowing the f., values, like in Case Study 1 and 3.

The obtained results support the idea that the information content to be extracted via OET-based devices in
order to recognize univocally a biological scenario may not be conveyed by static parameters like cells radius,
feo> and Cppem- On the contrary, response spectra derived via multiple frequency observations were capable of
providing effective characterizations of the cell dielectric properties. The proposed OET configuration, limited
the stress induced on the cells during the measurement and facilitated longer observation times in multi-
frequency steps. The optimal set of features and corresponding frequencies of interest have been defined for
each biological scenario as OET cell signature. Once the model is defined, subsequent studies on the same
experiment can be performed without the need of analysing the complete range of frequencies but using the
selected features only, so that the measuring time and cellular stress can be furtherly reduced.

It is important to stress that, in an unprecedented way with respect to the classical cytometry, the proposed
platform allows to extract a deeper inside of cell properties and reactions to external stimuli such as drugs, able
to recognize the dose level in terms of individual frequency spectra content. With the support of a machine
learning processing strategy (in this work sequential forward feature selection and classification model), the



information content blinded inside the frequency spectra may be fully exploited and adapted to the specific
case study. Even if the analysis of a multitude of data may require increased computation time, the platform is
flexible to parallelization thanks to multi-positioning facilities and putting cells in different fields of view. It
is expected that different frequency ranges may reveal a connection with further cell events, like apoptosis or
necrosis phenomena, or highlight differences due to some genotype modifications that are not straightforward
optically observed.

4. Conclusions

The early detection and the accurate discrimination of different biological events through dielectric responses
of single cells can be a useful support to cancer diagnosis and prognosis, and to study the therapeutic potential
of novel compounds. To achieve this goal, we designed and realized a novel integrated OET system, which is
able to cut down the power transmitted on the LOC device, therefore reducing evaporation and warming of the
culture media during the experiments, therefore increasing the viability of the observed cells.

A novel point of view was then addressed to better understand the information content encoded in the dielectric
responses for diverse biological scenarios. What has emerged is that a single dielectric parameter provides a
general overview of the cell characteristics, intrinsic or in response to an external stimulus, such as a
chemotherapy insult, but a deeper and multi-frequency analysis is needed to accurately distinguish different
cell populations and biological phenomena. Future studies handling the analysis in parallel of cells to speed up
the overall procedure and derive multiple measurements at a time, will open the window to invaluable
applicative potentials of OET in the clinic.
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Fig. 1. Schematic illustration of the proposed integrated system for OET-based manipulation and
characterization of cells. The system is composed of five main blocks: the microscope, the OET device in
which cells are pipetted and manipulated, the AC voltage generator (composed of a function generator, an
amplifier and an oscilloscope), a digital projector, and a PC station with a control unit and a machine
learning engine.
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and outlet of the actual microfluidic part of the device. It comprises layers: IV, V, VI. (d) Assembly of top
part. It comprises layers: VII and VIIIL. (e) Picture of the fabricated device.
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Fig. 3. Schematic representation of the OET-based experimental protocol. The dark zoom window
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Fig. 4. Spectra of cumulative displacement (left panel), maximum velocity (central panel) and maximum
DEP force (right panel) for case study 1 (a), case study 2 (b) and case study 3 (c). Average values are
reported along the curves and the corresponding half standard deviation values are indicated with coloured
shadows for better visualization. Dotted lines indicate the crossover frequency (fc,) values corresponding to
the maximum values of the average cumulative displacement and to the minimum values of the average
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