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Abstract. The present paper discusses the development of a microfluidic
(lab-on-chip) device to study cells deformability aiming at developing a new
diagnostic system for cancer detection. The chip uses electrowetting for droplet
transport and cell deformability, on an open configuration. The chip configu-
ration is analyzed towards various steps, from the selection of the materials, to
the evaluation of the chip performance. Wetting properties of the selected
materials are shown to play a major role. Furthermore, experimental tests
confirm the relevance of selecting materials less prone to adsorb the biocom-
ponents, as they tend to locally alter the surface wettability, promoting energy
dissipation at the droplet contact line and affecting its manipulation. A rough
analysis on droplet evaporation effects suggests that they are not negligible, even
at optimum working conditions that minimize the evaporation by mass diffusion
(low temperatures and high relative humidity). In this context, exploitation of
droplet based microfluidic devices for point-of-care diagnostics in harsh envi-
ronments should take mass diffusion effects into account.
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1 Introduction

Innovative diagnostic tools are vital for accurate, early and prompt identification of
many diseases, which may save peoples’ lives. The fast development of microfluidics
opened a wide range of possibilities in developing point-of-care microfluidic devices
working as diagnostic tools, the so-called lab-on-chips.

Lab-on-chip systems swiftly evolved since their introduction by Manz [1] and are
now able to perform several programmed operations and biochemical analysis. One
major potential application of these microfluidic devices is in point-of-care diagnostics,
as they meet the various requirements identified by the World Health Organization for
the development of diagnostic tools for infectious diseases at resource-limited settings,
such as affordability, sensitivity, equipment free, robustness and portability [2]. Despite
claiming the ability to develop such systems at very low prices (approximately one
Euro), researchers working in this field recognize the need for further research, to
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devise an effective system, prone to deliver the quick and accurate diagnostics required
in developing countries [3]. An important issue is related to the ambient conditions
which affect the fluid and therefore the samples transport. This issue, recently
approached by Moita et al. [4] is discussed in detail in this paper.

A paramount part of lab-on-chips development concerns the successful manipu-
lation and transport operations of the biosamples, which are mainly a matter of
momentum, energy and mass transport at liquid-solid interfaces. To cope with this, two
main streams were followed, namely the sample transport in microchannel-based
continuous microfluidics and the droplet-based digital microfluidics [5]. Although the
first has been widely explored in a large number of applications, there are still some
limitations associated to these systems, such as the fact that the functionality is not
generally reconfigurable after design and fabrication, limiting more flexible applica-
tions, the samples are difficult to access, the systems are difficult to clean and maintain,
clogging is more likely to occur and numerous auxiliaries such as tubes, valves, pumps,
among others, are usually required, thus increasing the complexity of these systems. In
addition, the efficiency of the valves and pumps at the micro-scale is still quite low,
turning these systems inefficient from the energetic point of view. Conversely, the
digital microfluidics based on droplets solves many of these issues, but the accurate
control of droplet dynamics is not yet well understood. Most of the droplet based
systems use a closed configuration with two plates, working as electrode and counter
electrode, respectively. Despite being stable, this configuration keeps some of the
problems pointed at the devices using microchannels, such as the clogging, the access
to the samples, among others. Alternatively, the open configuration systems have still
some problems to overcome. In the EWOD - Electrowettng on dielectric, the elec-
trodes are covered by a thin dielectric layer to avoid the occurrence of hydrolysis [6].
The dielectric material is often hydrophobic to promote the motion of the droplet. As
the droplet is deposited on the surface, the liquid-solid-vapour interfacial tensions are in
equilibrium, defining the angle formed between the tangent line at the droplet edge and
the surface, the so-called equilibrium contact angle [7]. Upon applying an electric
potential, the droplet acts as a capacitor and an electric force is generated at the
liquid-solid-vapour interface, unbalancing the interfacial tensions and decreasing the
contact angle. This mechanism is classically described by the Young-Lippmann
equation [7, 8] and despite the basic principles of EOWD are grounded for many
decades, as revised for instance by [9], various alternative models (e.g. [10, 11]) strive
to explain some unclear phenomena such as the contact angle saturation (i.e. the
limiting value of the angle bellow which it remains unchanged, independently of the
imposed electric potential), which are not predicted by Young-Lippmann theory.

The EWOD is therefore strongly dependent on the electrochemical properties of the
aqueous solutions of the droplets. However, information reported in the literature
concerning the transport of biofluids is actually quite sparse. Sirivasan et al. [12] report
the successful transport of physiological fluids. Also, several authors report the
effective electrowetting-induced transport of proteins and DNA [13], but it is not clear
which are the most suitable electrochemical properties of the fluids or the most
important parameters governing biofluids transport and manipulation. Adsorption of
the biocomponents on the dielectric substrate is also a problem that is not completely
described yet. For instance, [14, 15] report high adsorption of biocomponents and
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particularly proteins by substrate materials commonly used as dielectrics in EWOD
configurations, e.g. Teflon (PTFE — Polytetrafluoroethylene). The strong affinity of
materials such as PTFE for the passive adsorption of proteins has also been recently
confirmed by Moita et al. [4], who report a local modification of the wettability, which
affects droplet motion. Hence, the wetting properties of the dielectric layer with the
aqueous solutions in use and the affinity for passive and active adsorption should be
inferred at earlier stages of the design and configuration of the microfluidic devices.
The dynamic behavior of the biofluids to be manipulated must also be studied a priori,
to assure the design of an effective device.

Concerning the use of these microfluidic devices, they have been widely explored
for DNA manipulation (using electrophoresis working principle) [5] and for bio-
chemical analysis of proteins and similar biocomponents (e.g. [13]). Clinical diag-
nostics has been less explored, but few authors already report the development of
lab-on-chips for the early diagnose of several blood diseases and even cancer [3].
However, they are all based on chemical biomarkers and, exception made to the device
developed by Di Carlo’s team [3], which can separate circulating tumor cells from the
other blood cells, they often still require the previous separation of various components
of the sample, following numerous and complex procedures.

Conversely, the device discussed in the present paper will exploit cell mechanical
properties to be used for cancer diagnostics. In fact, many cellular functions depend on
the mediation and regulation of stress, as well as on the elastic and viscoelastic
properties of the cell membrane [16]. Change in cell stiffness is a new characteristic of
cancer cells and different types of cancer cells depict similar stiffness [17—19]. Detailed
research on cell deformation is therefore proposed in more recent literature to play a
vital role towards the early diagnostics of malignancy. Within the various cancer types
addressing similar stiffness characteristics, lung cancer, diagnosed by analysis of the
cells present in pleural fluid, is a particularly interesting research topic, given the
difficulty in distinguishing between healthy and cancer cells based on shape and
morphology parameters and even on chemical biomarkers. Also, cytological analysis of
pleural fluids is not always reliable and immunofluorescence assays demand for
specific sample preparation [20].

2 Experimental Procedure

The experimental procedure described in this section addresses the various steps fol-
lowed in the microfabrication of the chips, the protocol defined to characterize the chips
performance (mainly focusing on the transport and manipulation section) and diag-
nostic procedures to characterize the wettability and infer on the adsorption of the
biocomponents.

2.1 Microfabrication of the Chips

The microchips’ configurations were modelled in SOLIDWORKS and converted to
AutoCAD files to be manufactured at INESC-MN. Here, configurations, mainly
composed by arrays of interdigitated electrodes were printed on a 0.6 pm aluminium
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film by lithography and wet etch on a glass substrate with 102 x 45 mm?® and 700 um
width. Finally, a thin film of a dielectric material was deposited on the chip assembly,
without covering the contacts. The different configurations tested only vary in the
electrodes width, w (between 120 and 1400 pum), being the numerous interdigitated
coplanar electrodes displaced with a fixed distance between them, 2a = 60 um. The
length of the electrodes is 24 mm (Fig. la and b).
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Fig. 1. (a) Definition of the main geometrical parameters for the chip dimensioning. (b) Chip
sample.

Since the coplanar electrodes have different polarities, the droplet must cover at
least two electrodes. These basic dimensions were taken following the results obtained
in the fundamental study previously completed [4]. Then, additional calculations on the
chip capacitances and other electrical parameters were performed, following the rec-
ommendations of Chen ef al. [21]. The best performing configurations were then
selected empirically, based the analysis of the chips performance, as discussed in the
following sections.

2.2 Preparation of the Biofluids and Characterization of Their
Physico-Chemical Properties

The experiments are performed using a Green Fluorescent Protein - GFP (produced and
purified in house) solution with 1.71 x 10— mM concentration and GFP-expressing
E. coli suspensions with concentrations of 1 x 10° cells/ml and 2 x 10° cells/ml. The
solutions and suspensions are characterized in terms of density, viscosity and surface
tension. Density, p is measured with a pycnometer for liquids and the dynamic vis-
cosity, p with an ATS RheoSystems (a division of CANNON® Instruments, Co) under
controlled temperature conditions. For the range of accuracy of £5%, the solutions are
observed to have density and viscosity values very close to those of water. Hence, all
the solutions and suspensions are Newtonian fluids. Surface tension G, is measured
under controlled temperature conditions (20 £ 3 °C) with the optical tensiometer
THETA (Attention), using the pendant drop method. The value taken for the surface
tension of each liquid tested is averaged from 15 measurements. The surface tension of
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Table 1. Physico-chemical properties of the solutions and suspensions used in the present
work [22].

Solution Density p Surface tension 3, | Dynamic viscosity
[kg/m’] [mN/m] p [Ns/m?]

GFP (1.71 x 107> mM) 998 722 £0.7 1x107°

GFP-expressing E. coli 998 73.8 £ 0.04 1 x 1073

(1 x 10° cells/ml)

GFP-expressing E. coli 998 73.8 £ 0.04 1x1073

(2 x 10° cells/ml)

all the solutions used here is very close to that of water, as shown in Table 1, which
summarizes the physico-chemical properties of the fluids used in the present work.

2.3 Measurement of the Contact Angles and Dynamic Response
of the Biofluid Droplets: Evaluation of the Chips Performance

All experimental assays were performed inside a Perspex chamber with total dimen-
sions of 55 x 80 x 90 mm°. This chamber has quartz windows to avoid optical dis-
tortion, which introduces errors in the image based techniques. The chamber was
saturated with the working fluid and the tests were performed under continuous
monitoring of temperature and relative humidity of the surrounding air. The mea-
surements were taken with a DHT 22 Humidity & Temperature Sensor, at a sample rate
of 0.5 Hz. Relative humidity was measured within 2-5% accuracy, while temperature
measurements were taken within £0.5 °C accuracy. The temperature was observed to
be constant within T = 20 £ 3 °C and relative humidity was kept constant between
75% and 78%. Higher humidity values, up to 99% were then used to evaluate the effect
of mass evaporation during the measurements.

The wettability of the dielectric substrates is quantified by the static contact angle 6,
and by hysteresis, determined as the difference between the quasi-static advancing and
receding contact angles, measured with the optical tensiometer THETA from Attention.
This characterization is performed for all the liquid-substrate pairs considered in the
present study. The static angles are measured using the sessile drop method. The size of
the images taken with the tensiometer is 640 x 480 pixels and the spatial resolution of
the system for the current optical configuration is 15.6 pm/pixel. The images are
post-processed by a drop detection algorithm based on Young-Laplace equation (One
Attention software). The accuracy of these algorithms is argued to be of the order of
£0.1° [23]. Contact angle hysteresis is assessed at room temperature (20 °C £ 3 °C),
following the procedure described by Kietzig [24]. Briefly, a small water drop is
dispensed from a needle and brought into contact with the surface. The volume of the
drop is increased and the advancing contact angle is taken as the one just before the
interface diameter increases. Afterwards, the drop diameter decreases and the receding
contact angle is taken as the one just before the interface diameter decreases. Given the
relatively low resolution of these measurements obtained with an optical tensiometer
and considering the typical scale of the processes governing the transport of the
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samples within the droplets (micro-to-nano scale) and the paramount role of wetta-
bility, an alternative method is explored to provide more accurate measurements as
proposed in Vieira et al. [25].

The performance of the chips is evaluated grounded on the dynamic response of the
droplets on the chips, which in turn is discussed based on the evaluation of the temporal
evolution of the droplet-surface contact diameter. The velocity of the contact line
motion is also evaluated. These quantities are determined from high-speed visualization
and post-processing. The high-speed images are taken at 2200 fps using a Phantom
v4.2 from Vision Research Inc., with 512 x 512 pixels@2100 fps resolution. For the
present optical configuration, the spatial resolution is 25 pm/pixel and the temporal
resolution is 0.45 ms. The post-processing is performed using a home-made routine
developed in Matlab. Temporal evolution of the contact (spreading and receding)
diameters is presented as the average curve of at least 3 events, obtained at similar
experimental conditions. Accuracy of the measurements is evaluated to be £25 pum for
the contact diameter.

Regarding the actuation of the chips, although AC voltage is reported by some
authors to lead to better performances of the electrowetting systems, decreasing the
contact angle hysteresis and delaying the contact angle saturation [10, 26] these phe-
nomena seem to be more related to the wetting characteristics of the surfaces and with
the properties of the solutions. Also, to avoid the occurrence of limiting frequencies for
which the Lippmann equation is not satisfied [9], DC current was used on the chips
provided by a Sorensen DCR600-.75B power supply. The applied voltage was varied
from 0 to 245 V. However, since the basic principle for droplet motion in microchips
requires switching polarities between neighboring electrodes, within an imposed fre-
quency and following a similar approach explored by Fan et al. [27], a custom-made
frequency controller using an Arduino was applied on the chips using a square wave, to
assure the generation of an electrical force in the direction of the desired motion. This
wave defines the time during which the electrode is actuated by a certain applied
voltage. It has an internal clock with a frequency of 16 MHz. This device can vary the
imposed frequency between 50 Hz and 400 Hz, within 50 Hz increments. The negative
polarity of the chips was grounded, so, it will have a zero potential, i.e. the overall
potential difference applied to the chip corresponds to the voltage applied to the pos-
itive polarity of the power supply.

2.4 Characterization of the Dielectric Substrates

To select the most appropriate dielectric substrates to be used, various coatings were
tested, namely Teflon (PTFE), Polydimethylsiloxane (PDMS), SUS resist and Silicon
Nitrate (Si3Ny4). The coatings, chosen after extensive literature survey on the most used
dielectric materials in EWOD are characterized based on their topography and on their
static and dynamic wettability. Surface topography is characterized using a Dektak 3
profile meter (Veeco) with a vertical resolution of 20 nm. Within this resolution all the
substrates are smooth. The contact angles are measured using the optical tensiometer
THETA from Attention, as described in the previous paragraphs.
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2.5 Adsorption Analysis Using Fluorescence Laser Scanning Confocal
Microscopy

To infer on the possible adsorption of the biocomponents on the dielectric substrates,
simple tests are performed in which droplets of 3.0 & 0.2 mm of the biofluids (with
different concentrations) are deposited on the surfaces. Afterwards, a sequence of tests
with and without electrostatic actuation is performed and the “footprints” of the dro-
plets are observed on a Laser Scanning Confocal Microscope (Leica SP8). The images
are taken with a 4X magnification (0.10 of numerical aperture), with a pixel size of
5.42 pm x 5.42 pm. The obtained images are then post-processed to determine the
mean grey intensity (sum of intensities divided by the number of pixels in the region of
interest of the droplet footprint) and the Area Integrated Intensity (sum of intensities of
pixels in the region of interest of the droplet footprint normalized by unit of area (um?).
Since the droplet spreads after actuation, the integrated density is weighted with the
area. To reduce the noise, the average grey intensity levels of the background image
were also subtracted. The final result is the herein so-called Total Corrected Droplet
Fluorescence — TCDF, as proposed by Moita ez al. [4]. Higher values of TCDF can be
associated to a larger quantity of protein or cells adsorbed by the substrate.

2.6 Contact Angle Measurements Using 3D Laser Scanning Fluorescence
Confocal Microscopy

The 3D Laser Scanning Fluorescence Confocal Microscopy 3D LSFCM is an alter-
native diagnostic technique, developed as described in [25] which provides static and
quasi-static contact angle measurements with high spatial resolution. The measure-
ments were performed with a Laser Scanning Confocal Microscope (Leica TCS SP8),
equipped with two lasers of continuous wave length. The maximum light power in the
laser output is 350 mW and the excitation wave lengths available are 488 nm and
552 nm.

The measurements proceeded with the laser with 552 nm wavelength, set for the
power of 10.50 mW (3.00% of the its maximum power) and gain of the photomultiplier
(PMT) of 550 V. These values were set after a sensitivity analysis on the contrast of the
image (before the post-processing) and on the Signal to Noise Ratio (SNR). The images
are recorded in the format 1024 x 1024 and the scanning frequency is 400 Hz. In
addition, the z-step was fixed in 1 pm for all the measurements.

A fluorescent dye - Rhodamine B (Sigma Aldrich) is used, which was chosen taken
into account its excitation and emission wavelengths, to be compatible with the
wavelengths available in the Laser Scanning Confocal Microscope, but also due to
particular characteristics of the experimental conditions, in the present study. For the
concentrations used here (0.0007936 mg/ml <Concentration <0.496 mg/ml) the
physico-chemical properties of the water-dye solutions are very close to those of water.

While the resolution of the classical tensiometers and goniometers is of the order of
tens to hundreds of microns, the pixel size achieved in this technique is, for the worse
resolution 5.42 pum, but can be as small as 500 nm. Additional details on this technique
can be found in [25].
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To validate the 3D LSCFM technique, preliminary results were obtained by
measuring the equilibrium contact angles on smooth glass slides. The equilibrium
angles 0.4 are measured for millimetric and micrometric sizes, from 3 mm down to tens
of microns. The measurements obtained are compared with those taken with the optical
tensiometer. Various similar slides, from L1 to L4 are used to take into account the
heterogeneities associated with material inhomogeneities and even surface defects.
Hence, while Fig. 2 compares the equilibrium contact angles 6. measured with the
optical tensiometer with those obtained with the 3D LSFCM technique, for the same
plane (XZ), Fig. 3, shows the dispersion of the measurements obtained for each
technique, gathering in this case the measures obtained with the 3D LSFCM in 2
different planes (XY and XZ), to infer on possible asymmetries in the droplet shape.
These asymmetries, which are not detected with the optical tensiometer are important
for the application considered here, as they can distort the droplet and affect its motion
in preferential directions.

Overall the results show that both techniques provide similar measurements,
although the values obtained from the LSCFM tend to be slightly lower, when com-
pared to those given by the optical tensiometer. This is due to the scale and resolution
that are being considered in the LSCFM. The dispersion of the measurements is
nevertheless quite similar in both techniques. Furthermore, the measurements in both
XZ and YZ planes do not show an evident distortion of the contact line. Vieira et al.
[25] report, however, significant distortions near the contact line region, when
micro-structured surfaces are used. In such cases, the contact angles measured with the
tensiometer can be up to 40° higher than those measured with the LSCFM technique, as
these distortions affect the material contact angle (measured with the highest resolution)
thus parting it from the apparent angle evaluated with the optical tensiometer. These
observations of the contact line may also support our previous results (e.g. [4]) which
showed that surface topography in these non-stable hydrophobic surfaces promotes
energy dissipation at the contact line, thus precluding droplet motion. In line with these
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Fig. 2. Comparison between the equilibrium angles measured with the tensiometer and with the
LSCFM technique, for a smooth glass surface. Adapted from [22].
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Fig. 3. Dispersion analysis of the static contact angles measured with the tensiometer and with
the LSCFM technique, measured for smooth glass surfaces.

results, the safest way to alter wettability, avoiding the aforementioned issues, is
towards the chemical modification and/or selection of the appropriate dielectric
materials, as discussed in the following sub-section, while keeping the surface as
smooth as possible.

3 Device Configuration

The microfluidic device under development has three main working sections, namely,
the transport section, the diagnostic section and the selection section. The preferred
wetting properties for the materials selected in each of these sections can be quite
different. Hence, while in the transport section, droplet motion is governed by elec-
trostatic actuation aided by custom made wetting properties of the dielectric material,
so that hydrophobic/superhydrophobic regions are preferred to minimize the adhesive
forces, which are proportional to hysteresis and consequently minimize the energy
dissipated at the contact line between the droplet and the surface, in the diagnostic
section it is desirable to promote adhesion to constrain the sample in the sensor area.

Hence and following the arguments presented in the Introduction, the wettability
plays here a paramount role, so its characterization must be as accurate as possible. The
materials, namely the dielectric material, which is in contact with the biosolutions, must
therefore be chosen with care. For the transport and selection sections, the chosen
materials should maximize the hydrophobicity with the fluids in study, minimize the
hysteresis (to minimize the energy dissipation at the droplet contact line) and minimize
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the adsorption, which locally affects the wettability, increasing the adhesion and,
consequently the energy dissipation [4]. Opposite trends are desired for the diagnostics
section. The various steps followed towards the selection of the materials is discussed
in the following sub-section.

3.1 Selection of the Dielectric Substrates Based on Wettability
and Adsorption Analysis

As aforementioned, the selection of the dieletric substrates is strongly dependent on
their wetting properties. The analysis described in the next paragraphs was performed
to select the materials to be used in the transport section. Similar reasoning was then
followed for the diagnostic section, considering the specific requirements for this
section, as previously discussed.

Hence, Table 2 depicts the equilibrium angles, obtained for each solution tested, on
various dielectric coatings which are commonly used in electrowetting chips. Distilled
and deionized water is taken as reference fluid. The Table shows that only the SU8
resist and Si3N4 surfaces are hydrophilic, being the others hydrophobic. The highest
contact angle of 121° is obtained for the PDMS substrate. Low hysteresis is the
complementary characteristic desired in the transport section. However, Fig. 4 shows
that the materials depicting the highest contact angles with the working fluids, also
depict large hysteresis of the contact angle. To cope with this, the best performing
materials were further coated with Glaco®, a commercial coating which is mainly a
perfluoroalkyltrichlorosilane combined with perfluoropolyether carboxylic acid and a
fluorinated solvent. Its application allowed turning the substrates superhydrophobic to
the aqueous solutions in study, portraying high contact angles (>150°) and low hys-
teresis (<10°), being therefore a good option to consider in the transport section of the
microfluidic device. Following this analysis and taking into account the dielectric
properties of these materials [28], PDMS and SUS8 coated with Glaco® were the
dielectric materials selected to coat the electrodes on the transport section.

Table 2. Equilibrium contact angles, obtained for each pair fluid-dielectric substrate considered
in the present work [22].

Dielectric coating | Contact angle [°]

Water E-coli GFP
Teflon 112 £5 103 £ 6121 £ 6
Teflon with Glaco | 145 + 1 141 £9(153 £ 3
PDMS 121 £ 1 112 £ 11195 £ 04
PDMS with Glaco | 153 + 3 153 £ 2155+ 3
SU8 resist 67.1 £0.7, 65+£271.8+ 0.2
SU8 with Glaco | 160 £+ 7 162 £ 1153+ 4
SizNy 641 07| 59 £4/65+2
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Fig. 4. Contact angle hysteresis evaluated for GFP solution (1.71 x 10> mM), GFP-expressing
E-coli suspension (1 x 10° cells/mL) and distilled water on the tested dielectric substrates [22].

Concerning adsorption, Moita et al. [4] report that the GFP was adsorbed by Teflon
substrates, leading to a local increase of surface wettability and further contributing to
preclude the receding motion, as this wettability increase is irreversible, taking the
contact angles to values near saturation. In this context, the following analysis infers on
the possible adsorption of the GFP and E-coli cells by the PDMS and SUS8 substrates,
as depicted in Fig. 5, which shows the TCDF value, as defined in Sect. 2, evaluated for
each substrate.

Figure 5a evidences minimum TCDF values for the adsorption of the GFP on
PDMS substrates. The alternative material with lower adsorption of the biocomponents
tested here was SUS, but the TCDF values obtained are about one order of magnitude
higher than those evaluated for PDMS. Even though the adsorption of cells is quite less
significant than the adsorption of the protein, Fig. 5b suggests a minor effect of the cell
concentration in the solutions in promoting passive adsorption mechanisms, i.e. leading
to slightly higher TCDF values. Nevertheless, adsorption of E-coli cells was likewise
observed to be minimum on the PDMS substrate. The application of the Glaco®
coating is observed to further reduce the adsorption of both proteins and cells,
decreasing the TCDF values in about one order of magnitude on the PDMS.
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Fig. 5. Adsorption of the biocomponents (a) GFP and (b) E-coli cells by the dielectric substrates
quantified by the TCDF.

3.2 Evaluation of the Chips Performance: Analysis of Influencing
Parameters

After the selection of the materials, several chip configurations were tested, where the
width of the electrodes was systematically varied. The best performing configurations
were evaluated based on the dynamic response of the droplets, quantified by the
droplet-surface contact diameter and by the velocity of displacement of the contact line.
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This analysis determined that the best dynamic response was found for the chips with
electrodes width w = 1200 pm and a distance between consecutive electrodes
2a = 60 pm. The detailed study performed is reported in [28].

The wetting properties have an important role in this dynamic response also,
together with other parameters such as, for instance, the thickness of the dielectric
layer, which is inversely proportional to the change in the contact angle during elec-
trostatic actuation, as predicted by Young-Lippmann equation.

Hence, the spreading diameter of GFP and E-Coli suspension droplets, was eval-
uated under electrostatic actuation for the test chips coated with PDMS, SU8 resist and
both materials further coated with Glaco®. As discussed in the previous sub-section,
this coating reduces the adsorption of the proteins and of the cells by the substrates, so
the irreversible contact angle decrease associated to the adsorption mechanisms is also
minimized. The coating also decreases substantially the contact angle hysteresis. This
modification of the wetting properties has a dramatic effect on the droplet transport on
the chips, as shown in Fig. 6 which depicts the temporal evolution of the spreading
diameter d(t) of a GFP droplet under electrostatic actuation, made non-dimensional
with the initial diameter of the deposited droplet, i.e. for O V (d(t)/dgy). t = 0 ms
corresponds to the beginning of the actuation.

1.30 PR T T BT N N |

—o— SU8 resist with Glaco
——PDMS
PDMS with Glaco

d(t)/doy [-]

L
0 100 200 300 400 500 600 700

time [ms]

Fig. 6. Electrowetting induced spreading diameter of GFP droplets for different dielectric
substrates, between coplanar electrodes for the configuration w = 1200 um, at 230 V and
350 Hz. Initial droplet diameter is 2.8 mm.

The figure shows a significantly larger spreading diameter with the SUS resist
coated with Glaco®, being followed by a pronounced recoiling, allowed by the
noteworthy hysteresis reduction. This recoiling will in turn allow the droplet to spread
again towards the next electrode, in a continuous motion. The worse response of the
droplet to the actuation obtained for PDMS coated with Glaco® is associated to the
large final thickness of the substrate, which, according to Young-Lippmann equation,
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precludes the decrease of the contact angle under actuation. Despite this reduced
response, evident recoil is still observed.

However, as one looks at the overall maximum variation of the non-dimensional
droplet diameter and of the velocity of the contact line, as a function of different
imposed frequencies, the behavior of the droplet on the materials coated with Glaco® is
not particularly improved in the sense that the droplet does not depict the largest
diameters (Fig. 7a) or the highest velocities (Fig. 7b).
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Fig. 7. Effect of the substrate wetting properties on the dynamic response of the droplets,
namely on (a) the maximum spreading dimensionless diameter and (b) the maximum spreading
velocities of GFP (1.71 x 107> mM) and GFP-expressing E-coli suspension (1 x 10° cells/mL),
for droplets moving between coplanar electrodes, for the configuration w = 1200 pum, for the
configuration w = 1200 pm, 2a = 60 pum. Initial droplet diameter is 2.8 mm.
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Once again, this result is attributed to the final thickness of the dielectric substrates,
which precludes the actuation. Hence, the final device must be fabricated under strict
control of the thickness of the dielectric layers used.

Droplet response is also affected by the nature and physico-chemical properties of
the solutions. Figure 8 depicts the dimensional diameter and velocity of droplets of
GFP and E-Coli solutions, as a function of the imposed frequency, for the same chip
configuration used in the previous analysis.
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Fig. 8. Effect of the solution composition on the dynamic response of the droplets, namely on
(a) the maximum spreading dimensionless diameter [22] and (b) the maximum spreading
velocities of GFP (1.71 x 10~ mM) and GFP-expressing E-coli suspension (1 x 10° cells/mL),
for droplets moving between coplanar electrodes, for the configuration w = 1200 um,
2a = 60 pm. Initial droplet diameter is 2.8 mm.
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The figure clearly shows the better response of the droplets of protein solutions,
although the surface tension and density only vary slightly between the protein solution
and the cell suspensions (Table 1). Hence, this particular behaviour is possibly
attributed to local variations in the wettability or in the reorganization of the electrical
density of the solution due to cell migration to the contact line region. However, this
particular behaviour must be further studied in the near future, by characterizing the
flow near the contact line.

3.3 Diagnostics Section

The diagnostic methodology to explore considers the correlation of different ratios of
cell stiffness with the degrees of the pathology, being expected to be able to detect cell
malignancy at very early stages [18]. Measurements of cell stiffness are usually
obtained based on different separate methods (e.g. micro-pipetting, optical tweezers)
and require specialized equipment such as Atomic Force Microscope and multiple
preparation steps with extremely low output [29]. The work proposed here, on the other
hand, addresses the full development of a microfluidic system to measure cell stiffness
which does not require such complex equipment. Electrostatic actuation is explored
aided by custom made surface wettability to achieve the required deformability ratios.

Cells stiffness is expected to be correlated with the deformation rates of the micro-
droplets, which transport the samples. Isolated studies show the application of constitutive
models [16] to explain cell stiffness. On the other hand, fluid dynamics research shows that
the deformation behavior of even millimetric droplets is highly sensitive to the presence of
microparticles or gums [30]. With the joined information, obtained from cell mechanics
and flow dynamics, we will test the correlation between cell stiffness and microdroplets
deformation. This will allow evaluating the feasibility of our approach.

3.4 Effects of Droplet Evaporation

As pointed in the Introduction, many authors argue for the potential of lab-on-chip
devices for point-of-care diagnostics to be exploited for instance in developing coun-
tries. The ambient conditions however, can be a problem since to keep the device
simple and affordable, there is not much room for the integration of complex systems to
control the temperature and the relative humidity. These two parameters however, may
strongly promote mass diffusion of the aqueous solutions, thus affecting the viability of
the droplet based microfluidic system.

Based on atheoretical analysis, Moita et al. [4] report anon-negligible evaporation of a
millimetric sessile droplet (30% of mass) within 1500 s of time intervals, for ambient
temperatures of 23 £ 3 °C and a relative humidity of 70%. The evaporation rate of the
droplets was also investigated in the present work, evaluating the temporal variation of the
height and contact diameter of a sessile droplet, using the LSCFM technique.

To infer on the actual evaporation of the sample droplets, tests were carried out at
experimental conditions similar to those reported in Moita et al. [4], although for a
slightly lower ambient temperature (20 °C £ 2 °C). Temperature and relative humidity
(HR) were monitored using the DHT 22 Humidity & Temperature Sensor. The mea-
surements were performed inside the Perspex chamber, described in Sect. 2.
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As discussed in the previous sections, after actuation, the droplet suffers in many
cases an irreversible spreading process and the surface becomes locally hydrophilic. In
a qualitative approach, under these circumstances, the evaporation of the droplet
promotes the decreasing of the contact angle, while the wetting contact area remains
approximately constant due to the pinning of the contact line [31].

Looking at our experimental results, in the assay performed at HR = 99.90% two
stages can be identified (Fig. 9a): the first, where the liquid-solid contact area remains
constant, as the contact angle decreases, in agreement with [31], transiting at
t = 58.37 min for the second stage, where both the equilibrium contact angle and the
contact area liquid-solid decrease. The height of the droplet decreases continuously
over time (Fig. 9b).
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Fig. 9. Evaluation of droplet evaporation by mass diffusion. Temporal evolution of: (a) equi-
librium contact angle and (b) droplet height and diameter, for the planes XZ and YZ of the
droplet profile. D;, and hy, stand for the initial diameter and height of the deposited droplet,
respectively.
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The results further show that the contact angle decreases by about 53% of its
absolute initial value. In addition, there is a reduction of the droplet height, evaluated in
both planes XY and XZ, of approximately 80% in comparison to its initial height h;,.
Also, the diameter of the deposited droplet decreases in 54% and 32% in planes XZ and
YZ, respectively, compared to the initial values Dj,,.

For HR = 88.50%, the time resolution (2.25 min) is lower relatively to the HR =

99.90% assay (4.49 min) and does not allow identification of the two aforementioned
evaporation states. Regarding the contact angle, a linear decrease of 68% and 60% is
observed for the XZ and YZ planes, respectively — Fig. 9a.

Furthermore, the diameter of the contact area decreases by 36% (perspective XZ)
and 17% (perspective YZ) in comparison to its initial value. In turn, the height
decreases linearly throughout the whole period by roughly 67% of its initial height for
both planes — Fig. 9b. These trends are qualitatively in agreement with those reported
by Sobac and Brutin [32]. Quantitively, additional experiments must be performed to
take more sustained conclusions. For instance, the relative humidity measurements
require a more accurate evaluation within the entire chamber, since the evaporative
rates are quite high, even for large values of HR, which may be associated to an actual
global value of HR lower than that locally measured by the sensor. Despite this
limitation, this rough evaluation indicates that the evaporation of the droplets is likely
to occur even at controlled ambient conditions, so that a lab-on-chip system to be used
in harsh environments (e.g. countries with high temperatures and dry climate) should
address the possibility of a local increase of the HR inside the chip, for the time
required for the analysis.

4 Conclusions

This paper addresses the development of a microfluidic (lab-on-chip) device integrating
alternative diagnostic techniques based on cell stiffness and fluid rheological properties.
Namely, the device exploits cell stiffness correlations with different stages of cancer.
The samples are transported in microdroplets, manipulated by electrowetting, using an
open configuration system.

The chip configuration is analyzed towards various steps and its performance in
terms of droplet transport is evaluated based on the measurement of the droplet-surface
contact diameter and of the displacement velocity of the contact line, which are
observed to be affected by numerous parameters, such as the nature and composition of
the biofluids used.

Wetting properties are also shown to play a major role in droplet manipulation.

Following this analysis, a model is now being developed to scale-down the devices,
allowing to decrease the size of the droplets and consequently other parameters such as
the imposed electric potential.

A rough analysis on droplet evaporation effects suggests that they are not negli-
gible, even at controlled ambient conditions. Hence, lab-on-chip system to be used in
harsh environments (e.g. countries with high temperatures and dry climate) should
address the possibility of a local increase of the relative humidity inside the chip, for
the time required for the analysis.
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