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Abstract    
This study describes the dynamic behaviour of droplets of biological liquids on hydrophobic surfaces under electrostatic 

actuation, to devise sample handling in lab-on-chip diagnostic tools. Bovine Serum Albumin (BSA) is taken as a representative 
biomolecule, since it is often used in adsorption studies. Green Fluorescence Protein (GFP) is also considered, given its natural 
fluorescence. Several effects such as sample concentration and pH are discussed. The results show negligible effects of proteins 
concentration in electrowetting, although increased concentrations endorse passive adsorption mechanisms, which alter the 
local wettability of the substrates precluding droplet motion. Bioinspired surfaces promote the largest spreading diameter, which 
is beneficial for droplet motion. However, surface roughness promotes energy dissipation limiting the receding droplet motion. 
Hence, the most effective approach is altering the surface chemistry. The coating is applied to a surface with a mean roughness 
smaller than 20 nm and does not alter significantly the topography, thus leading to the so-called smooth superhydrophobic 
surface. This coating also reduces passive proteins adsorption, as confirmed by Confocal Microscopy (CM), which is beneficial 
for droplet motion. Evaluating absorption spectra of protein solutions evidences an increase in protein concentration ascribed to 
droplet evaporation as confirmed by theoretical analysis and time resolved infrared visualization. 
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1  Introduction 

Microscale analysis is rich in assay possibilities in 
diagnostics and bioanalytical applications. The suc-
cessful implementation of lab-on-chip devices offers a 
significant reduction of samples and reagents, as well as 
faster analysis, giving the smaller diffusion distances, 
which also allow a more efficient control of the reactions. 
In these devices, the accurate control of sample transport 
and manipulation is a vital issue. Local modification of 
the surface tension is the governing mechanism of sam-
ple transport. It can be achieved by a variety of methods, 
but electrostatic actuation is one of the most popular, 
being considered as the backbone of digital microflu-
idics by some authors, e.g. Ref. [1]. In most of the case 
studies, closed configuration systems are used, which 

are based on small droplets moving in an immiscible 
continuous medium[1,2]. An alternative approach has 
recently been suggested, which addresses an open con-
figuration, based on electrowetting aided by surface 
microfluidics, i.e., fluidic pathways using hydrophobic 
or superhydrophobic patterns, created on a single sur-
face. The aim is the implementation of a single plate 
droplet-based transport device, driven by electrostatic 
modification of surface tension, for bioanalytical appli-
cations[3–5]. Such devices are considered to have great 
potential in the development of point-of-care portable 
diagnostic tools, for instance capable of a fast diagnosis 
of diseases in developing countries[6]. However, the 
design of the chip (e.g. size and positioning of the elec-
trodes and path to be followed by the droplet of the 
biofluid to be analyzed) requires an effective knowledge 
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of the dynamic behavior of the droplet and of its influ-
encing parameters, which are far to be well described.  In 
fact, despite good knowledge on the basic principles of 
electrowetting and the Electrowetting on Dielectric 
(EWOD) configuration was provided by the extensive 
research that has been developed within the last dec-
ades[7], very little information is given when dealing 
with biofluids, which is a challenge to overcome. Also, it 
is known that the classical approach describing elec-
trowetting follows the thermodynamic balance of inter-
facial tensions, as introduced by Young[8] and by 
Lippmann[9]. These models consider that the decrease in 
the contact angle is the governing effect of electrowet-
ting controlling droplet motion, but are known to fail 
when predicting contact angle saturation, a limiting 
condition for the droplet to move. Alternatively, elec-
tromechanical[2,7,10] and energy minimization mod-
els[7,10,11] show that the energy gradient is in fact the 
driving effect behind electrowetting induced motion, but 
these models still not provide a well sustained explana-
tion for saturation, particularly when biofluids are used, 
exception made for instance to Ref. [12]. In addition, the 
conditions promoting surface contamination and the way 
they affect the droplet behaviour are also not well ex-
plained yet. In fact, although several authors report the 
successful electrowetting-induced transport of proteins, 
DNA and even physiological fluids[13,14], the local wet-
tability seems to be affected by the prompt and irre-
versible adsorption of the biomolecules[15–18] to occur on 
hydrophobic substrates, such as Teflon. These adsorp-
tion mechanisms are not well described yet, although 
they are much likely to affect the electrowetting efficacy 
and influence the occurrence of contact angle saturation 
conditions, thus limiting the transport processes[18]. Fi-
nally, surface properties also introduce additional com-
plexity to the problem. Enhanced surfaces, with tailored 
topography and chemical characteristics have been 
studied for several years[7,19]. However, there are many 
issues to be considered, to assure that the surface aids to 
the desired control of droplet motion, since surface en-
hancement (particularly when made at the expense of 
altering the topography) may lead to asymmetries in 
droplet shape[10] and particular droplet morphologies, 
which may not be stable[7], thus they may actually in-
troduce strong limitations to droplet advance. Hence, 
different surfaces should be tested. Such practice is 
important when devising lab-on-chip systems, as the 

coating must be selected a priori. 
In this context, the present work aims at describing 

the dynamic behaviour of biofluid droplets on enhanced 
surfaces with modified topography and/or chemistry, 
under electrostatic actuation, focusing on the effect of 
the biofluid properties and of the surface wettability. The 
main goal is providing information on droplet spreading 
and contact angles variation, useful to devise well de-
signed lab-on-a-chip systems. High potential of these 
lab-on-chip systems is pointed in the development of 
point-of-care portable diagnostic tools. Protein solutions 
and particularly BSA are selected as biomolecules, since 
they are often used in adsorption studies[15–18]. Moreover, 
BSA is chosen due to its hydrophobic nature and because 
it is very similar to the albumin present in the human 
plasma. Besides BSA, Green Fluorescence Protein (GFP) 
was studied due to its natural fluorescent properties, 
which allow easy detection in the droplet and over the 
substrate. Particular emphasis is also given to proteins, 
given their relevance in several microfluidic analyses, 
such as detection of antibodies, biomarker discovery, 
cytokine detection and identification of protein-DNA 
interactions[20]. Regarding the adsorption of the bio-
molecules, this paper suggests a new method to detect 
and study possible adsorption mechanisms which are 
responsible for surface contamination and discusses how 
they affect the droplet motion. Evaporative effects, 
which are commonly referred as potential barriers in the 
design of effective lab-on-chip systems[21], although are 
still sparsely reported in the literature, are also investi-
gated. For this analysis, theoretical predictions are 
complemented by visualization[22] and time resolved 
infrared analysis[23]. Finally, regarding the surface 
properties, three different approaches are tested: (i) hy-
drophobic surfaces based on regular surface micropat-
terning, following the work of many authors[24,25], (ii) 
hydrophobic surfaces, in which the hydrophobicity is 
mainly changed at the expense of altering the chemistry 
of the surface[26] and (iii) biomimetic approach consid-
ering biomimetic hierarchical micro-patterning and/or 
surface chemistry modification. In the last approach 
emphasis is given to biomimetics of leafs and petals with 
hierarchical structure[27], which can be accurately repli-
cated by inexpensive methods[28–30]. In this context, high 
adhesion surfaces are obtained from biomimetics of rose 
petals[29], while low adhesion surfaces are mimicked 
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from English weed leaves, following the work of Pereira 
et al.[30]. 

2  Materials and methods 

2.1  Experimental set-up and methodology 
The experimental set-up required for the tests under 

electrostatic actuation is directly mounted on an optical 
tensiometer (Attention Theta). Large droplets with ini-
tial diameters fixed at D0 = 3.0 mm ± 0.2 mm are used to 
assure a good spatial accuracy of the measurements. The 
droplets are deposited on the test surfaces and are actu-
ated afterwards. All the tests are performed inside a 
Perspex chamber saturated with the working fluid at 
room temperature (20 ˚C ± 3 ˚C). Temperature and 
relative humidity of the surrounding air inside the 
chamber are continuously monitored with a DHT 22 
Humidity & Temperature Sensor. The measurements are 
acquired at a sample rate of 0.5 Hz. Relative humidity is 
measured within 2% – 5% accuracy, while temperature 
measurements are taken within ±0.5 ˚C accuracy. Inside 
the chamber, temperature was observed to be constant 
within T = 20 ˚C ± 3 ˚C and relative humidity was kept 
constant between 75% and 78%. The electrostatic ac-
tuation is performed in a single-plate configuration, 
following the schematics presented in Fig. 1. 

As recommended by Restolho et al.[31], a very thin 
film of sodium chloride was placed between the counter 
electrode and the dielectric to avoid the presence of an 
air gap. The electrode dipped inside the droplet is a 
tungsten wire with 25 μm diameter (Goodfellow Cam-
bridge Ltd). The counter electrode is a copper cylinder. 
Both electrodes are connected to a Sorensen 
DCR600-.75B power supply and DC voltage is applied. 

 

Hydrophobic surface and 
dielectric insulator 

Counter 
electrode

Tungsten electrode

 

Fig. 1  Schematic showing the configuration used for the ex-
periments performed under electrostatic actuation. 

The experiments are performed using BSA (Sigma 
Inc.) solutions prepared with concentrations ranging 
between 9.85×10−4 mM and 1.5 mM, and GFP (produced 
and purified in house) solutions with concentrations 
between 3.42×10−4 mM and 3.42×10−3 mM. Sodium 
chloride-NaCl solutions (Chem-Lab) are also addressed 
in preliminary tests for comparison with data reported in 
the literature, considering concentrations of 50 mM,  
100 mM, 200 mM and 400 mM. Distilled water is used 
as the control fluid. The solutions are characterized in 
terms of density, viscosity and surface tension, as de-
scribed in Ref. [32]. Density and viscosity of all the 
solutions is close to that of water[32]. The surface tension 
of NaCl and GFP solutions is close to that of water  
(73.8 mNm–1 with a standard error of the mean of 0.04). 
For the BSA solutions with lower concentrations (be-
tween 9.85×10−4 mM and 5×10−2 mM) the surface ten-
sion is also close to that of the water (71.3 mNm−1 with a 
standard error of the mean of 0.11). However, it tends to 
slightly decrease for larger values of BSA concentration, 
varying between 64.8 mNm−1 (standard mean error = 
0.16) for the concentration of 0.150 mM and 60 mNm−1 
(standard mean error=0.35) for the concentration of  
1.5 mM. The effect of the pH of the droplet is studied 
using citrate (pH=5) and carbonate (pH = 10) buffers. 
pH measurements are performed with a 691 pH meter, 
from Metrohm. Static θ and quasi-static (advancing and 
receding) contact angles are measured with the optical 
tensiomenter for all the liquid-surface pairs considered 
in the present study as described by Pereira et al.[30]. The 
spatial resolution of the system for the current optical 
configuration is 15.6 μm per pixel. Contact angle hys-
teresis is assessed at room temperature (20 ˚C ± 3 ˚C), 
following the procedure described by Kietzig [33]. Under 
electrostatic actuation, at least 6 tests are performed, 
under similar experimental conditions, to obtain an av-
erage curve (contact angle vs applied voltage). The 
curves are constructed based on voltage increments of 
25 V. Complementary information is given by the 
spreading diameter of the droplet, which is obtained 
from high-speed visualization and image 
post-processing. The high-speed images are taken at 
2200 fps using a Phantom v4.2 (Vision Research Inc.) 
with 512 pixel × 512 pixel at 2100 fps resolution. For the 
present optical configuration the spatial resolution is  
25 μm per pixel and the temporal resolution is 0.45 ms. 
The spreading diameter is evaluated based on a 
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home-made post-processing routine developed in Mat-
lab. Temporal evolution of the spreading diameter is 
presented as the average curve of 6 events, obtained at 
similar experimental conditions. Accuracy of the meas-
urements is evaluated to be ± 25 μm. Additional images 
are also obtained with an infrared (IR) time resolved 
camera Onca-MWIR-InSb (4696 series), which has a 
thermal sensitivity as high as 17 mK. For the current 
configuration, the actual accuracy is 1 K per pixel. The 
images are taken with an integration time of 150 s, at a 
frame rate of 1100 fps. Although not extensively, an 
evaluation of several sources of inaccuracy was per-
formed as in Ref. [23]. After electrostatic actuation, the 
viability of the samples, namely to infer if the proteins 
suffered denaturation is checked by measuring the ab-
sorption spectra of the BSA solutions, before and after 
the actuation experiments using a NanoDrop 2000c 
/2000 UV-Vis spectrophotometer (Thermo Scientific). 
The absorbance scans are performed in the 250 nm to 
400 nm wavelength range using 2 μL solutions. 

To infer on possible adsorption of the proteins on 
the PTFE surfaces, droplets of 3.0 mm ± 0.2 mm of GFP 
solutions are deposited on the surfaces, with and without 
electrostatic actuation and the droplets footprint is ob-
served on a Confocal Microscope (Leica SP8), using 4X 
magnification (0.10 of numerical aperture), with a pixel 
size of 5.42 μm × 5.42 μm. The images are post-proc-
essed to obtained the so-called Total Corrected Fluo-
rescence of the Droplet (TCFD) which is the subtraction 
of the value of the integrated density of the background 
to the integrated density of the droplet. The area inte-
grated intensity is the sum of intensities of pixels in the 
region of interest of the droplet footprint normalized by 
unit of area. Higher values of TCDF can be associated to 
a larger quantity of the protein that is adsorbed by the 
substrate. 
 
2.2  Preparation and characterization of the sub-

strates 
To select the most appropriate hydrophobic surfaces, 

three different approaches are tested, as aforementioned 
in the introduction: hydrophobic surfaces based on 
regular micropatterning, hydrophobic surfaces produced 
at the expense of altering the chemistry of the surface 
and bioinspired surfaces, considering biomimetic hier-
archical micro-patterning and/or surface chemistry 
modification. The micropatterned surfaces are made 

from a silicon wafer and are micropatterned by plasma 
etching using square structural pillars, with length a, 
ranging from 5 μm up to 200 μm. The pitch (i.e. distance 
between consecutive pillars) λR varies between 100 μm 
and 200 μm. The height of the pillars is fixed at 
hR=23μm. Chemical treatment was performed on the 
PTFE films, by coating them with a perfluoroalkyltri-
chlorosilane combined with perfluoropolyether carbox-
ylic acid and a fluorinated solvent (a commercial com-
pound called Glaco Mirror Coat Zero, from Soft99 
Co)[34]. The biomimetic surfaces were prepared using 
the Koch’s molding technique, as detailed in Ref. [30]. 
Surface topography is characterized using a Dektak 3 
profile meter (Veeco) with a vertical resolution of 20 nm. 
All the surfaces are checked using a Hitachi S2400 SEM 
in the low vacuum mode. The surfaces depicting regular 
micropatterns have well defined geometry, so they can 
be characterized by the main dimensions a, λR and hR. 
Even if the observation of the biological samples and the 
replicas evidences an organized and hierarchic topog-
raphy, their main dimensions and shapes are different. 
Hence, for comparative purposes the surface topography 
was quantified by the mean roughness (determined ac-
cording to standard BS1134) and by the mean 
peak-to-valley roughness (determined following stan-
dard DIN4768), as performed in previous work[30,35]. 
Table 1 summarizes the main topographical characteris-
tics of the surfaces used in the present study. 

3  Static and dynamic wetting of the hydro-
phobic surfaces 

Before performing the experiments under electro-
static actuation it is important to understand the wetting 
behavior of the droplets over the surfaces, to select the 
most appropriate substrates to use. This wetting behav-
ior is analyzed under static and dynamic conditions. 
Table 2 summarizes the static angles and the hysteresis 
(i.e. the difference between the quasi-static advancing 
and receding contact angles) for water on several sur-
faces prepared using different approaches, as explained 
in section 2.2. Only water is used, given that the ther-
mophysical properties of all the solutions tested here are 
very close to those of the water, thus rendering very 
similar contact angles, in the absence of electrostatic 
actuation[32]. 

The table highlights the very high values of the  
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Table 1  Surface topography and wettability with water of the surfaces used in the present study. Here a is the size of the side of the square 
cross section, hR is the height of the squared pillars and λR is the pitch 

Surfaces Material Surface number a (μm) hR (μm) λR (μm) Ra (μm) Rz (μm) 
Silicon wafer S1 134 23 171 - - 

Structured with regular patterns 
Silicon wafer S2 173 23.4 112 - - 

Spurr’s resin S3 (rose petal replica) - - - 0.42 0.8 
Bioinspired 

Spurr’s resin S4 (clover leaf replica) - - - 12.3 31.7 

PTFE S5 - - - <20 nm <20 nm 
Smooth 

Coated PTFE S6 - - - <20 nm <20 nm 

 
Table 2  Equilibrium contact angles and hysteresis for water on the representative surfaces used in the present work 

Surfaces Material Number θ (˚) Hysteresis (˚) Original plant surface, θ (˚) 
Structured with regular patterns Silicon wafer S1 140˚± 6˚ >30˚ - 

 Silicon wafer S2 115˚±5˚ 111˚±5˚>30˚ - 

Spurr’s resin S3 104˚±2˚ >20˚ (26˚) 154˚±7˚ 
Bioinspired surfaces 

Spurr’s resin S4 130˚±4˚ >20˚ (22˚) 143˚±3˚ 

PTFE S5 112˚±5˚ >30˚ - 
Smooth 

Coated PTFE S6 150˚±2˚ 2˚ - 

 
contact angles depicted by the bioinspired surfaces.  
Ref. [30] showed that the Koch’s method used here to 
replicate the surfaces of the leaves and petals are able to 
reproduce both regular and irregular patterns in the order 
of tens of microns, being also able to partially reproduce 
features smaller than 5 μm and down to 5 nm. Despite 
being quite different in terms of sizes and roughness 
amplitude, as shown in Fig. 2, both biomimetic replicas 
have in common a well-organized and hierarchical 
structure, also shown in the figure, which is in agreement 
with the observations of Refs. [30, 36]. There is still a 
significant difference for the original surfaces, which is 
attributed to the surface chemistry that is not being well 
replicated. The rose petal replicas should depict high 
adhesion which may promote higher energy dissipation 
at the liquid-solid contact line. However, hysteresis is 
actually very high for all the surfaces, except for the 
coated PTFE surface, which is the only rendering hys-
teresis lower than 10˚. For all the other surfaces, hys-
teresis is always higher than 20˚. Despite the exact 
boundaries between the various wetting regimes are still 
currently discussed[37] it is widely accepted that hydro-
phobic surfaces exhibit an equilibrium angle larger than 
90˚, while for superhydrophobic surfaces the contact 
angle should be higher than 150˚ and the hysteresis 
should be lower than 10˚[38,39].  

Hence, only the PTFE coated surface has a super-
hydrophobic nature, which is uncommon given that its 
mean and peak-to-valley roughness are very low  
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Fig. 2  Roughness profiles and SEM images of the bioinspired 
replicas; (b) SEM image of the replica of the rose petal (scale bar 
40 μm); (c) SEM image of the replica of the English weed leaf 
(scale bar 200 μm). 
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(< 20 nm). In line with this, this coated PTFE surface is 
called as smooth superhydrophobic surface herein. As 
aforementioned, large hysteresis at the contact line is 
usually associated to energy dissipation. This can be a 
problem for the transport of the droplet, given that large 
hysteresis may preclude the receding of the droplet after 
the electrostatic actuation, thus imposing an irreversible 
spreading that will interfere with any additional elec-
trostatic actuation. To further narrow the selection of the 
surfaces in the tests under electrowetting actuation, for 
which one wishes to minimize this irreversible spreading 
effect, before submitting the samples to electrostatic 
actuation, forced droplet spreading was further charac-
terized, by impacting the droplets on the surfaces at low 
velocities (U0 ≅ 0.5 ms−1). The temporal evolution of the 
resulting spreading diameter is illustrated in Fig. 3 and 
quantitatively represented in Fig. 4. 

Application of Wenzel and Cassie and Baxter 
theories followed by visual inspection on the microscope 
does not assure a stable Cassie-Baxter regime, but in-
stead a transition regime is observed for these surfaces. 
As the hysteresis is significantly high and the Cassie- 
Baxter regime is not assured, pinning of the contact line 
occurs on the rough features on both micropatterned and 
bioinspired surfaces. Consequently, energy is dissipated 
at the contact line, so that even though a large spreading 
is allowed on the biomimetic replicas, (much larger than 
that observed on the micropatterned ones), which is 
beneficial for the electrowetting application and for the 
transport of the droplet, the recoiling is lessened, thus 

suggesting that one will have an electrowetting induced 
irreversible motion over these surfaces. A different be-
havior is nevertheless observed for the superhydropho-
bic (PTFE coated surface): the spreading diameter is 
actually smaller than that observed on the bioinspired 
surfaces, but the recoiling phase is much more preemi-
nent, leading to a total rebound of the droplet at t=17 ms. 
Hence the ideal surface should have the topographical 
characteristics of the biomimetic replicas, but with the 
appropriate chemical coating. This was therefore the 
approach followed here, although the topography im-
print could not be well applied to the PTFE film. Fol-
lowing these results, the discussion on droplet behaviour 
under electrostatic actuation is based on tests using the 
PTFE surfaces with and without the chemical coating.  
 

d(
t) 

(m
m

)

 
Fig. 4  Temporal evolution of the spreading diameter of a droplet 
under forced spreading, after impact onto the various test surfaces. 
The initial droplet diameter is D0 = 2.8 mm and the impact veloc-
ity is U0 = 0.5 ms−1. 

 

t = 0 ms t = 4.0 ms t = 6.0 ms t = 17.1 ms

d(t)

(a)

(b)  
Fig. 3  Temporal evolution of the spreading diameter of a droplet under forced spreading, after impact onto different test surfaces. For 
illustrative purposes here one presents the impact of the droplet at the micropatterned surface S1 and at the coated PTFE surface S6. The 
figure also defines the spreading diameter. The initial droplet diameter is D0 = 2.8 mm and the impact velocity is U0 = 0.5 ms−1. 
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4  Results and discussion 

4.1  Static and dynamic wetting under electrostatic 
actuation 

4.1.1  Effect of NaCl and BSA concentrations 
Fig. 5 depicts the equilibrium contact angle ob-

tained under electrostatic actuation, θe, as a function of 
the applied voltage, V, for different concentrations of 
NaCl and BSA. Fig. 5a suggests a mild effect of the 
concentration of NaCl. Hence, electrowetting is slightly 
enhanced (i.e. the contact angle decreases with the in-
crease in the applied voltage) as the concentration in-
creases from 50 mM to 100 mM – 200 mM. Then, the 
electrostatic induced decrease in the contact angle be-
comes again less evident for concentrations over 400 
mM. This suggests an optimum concentration around 
100 mM – 200 mM for the conditions tested here, up to 
which a saturation condition seems to preclude droplet 
spreading. Many authors[40–42] report an insignificant 
effect of the concentration of NaCl on the electrowet-
ting-induced decrease in the contact angle. However, 
those authors usually work with smaller droplets and 
lower salt concentrations. Such high salt concentrations 
are considered in the present work, as they are com-
monly found in biological fluids (e.g. in blood plasma) 
and therefore any possible effect must be taken into 
account. Qualitatively similar trends have been re-
ported[21] for a wide range of salt (KCl) concentration, 
identical to those observed in the present work (i.e. 
Δθ=θ–θe, θ is the static contact angle obtained at V = 0 V, 
which increases with salt concentration up to 100 mM 
and decreases afterwards). However, the Δθ reported in 
Ref. [21] is lower than that observed here, so the authors 
did not argue for a trend. The larger Δθ obtained in the 
present work is probably due to particular experimental 
conditions related to the electrical configuration. In fact, 
the electrowetting set-up used here is not a chip, but a 
more simplified configuration with different materials 
working as electrode and counter electrode which have 
slightly lower conductivity. On the other hand the 
thickness of the dielectric is much smaller than that used 
in Ref. [21], but the configuration required covering a 
larger range of applied voltages. Consequently the val-
ues of voltage used in the present work are significantly 
higher and the variation in the contact angles can be also 
slightly higher than those observed in Ref. [21]. Also, 
the PTFE coating was 99% uniform in the present work, 

while a PTFE-Parylene mixture was used in Ref. [21] 
and these authors noticed an increase in Δθ for more 
uniform PTFE coatings. Finally, despite the uniformity 
in the composition of the dielectric coating, hysteresis on 
coatings which are not superhydrophobic, like PTFE is 
still high (recall section 3), thus it may have contributed 
to the different values of Δθ between Ref. [21] and the 
present work. Ref. [43] found specific pH dependent 
variation associated to specific adsorption of hydroxyl 
ions, which would affect the electrowetting for positive 
tension, mainly due to a local modification of the wet-
tability that would lead to a similar “saturation” phe-
nomenon. Ref. [31] observes that the saturation of the 
contact angle can be promoted to occur at higher contact 
angles for large droplets, typically with a radius higher 
than 1.8 mm. Since the droplets used here are much 
smaller (the radius is at most of 1.4 mm) the saturation 
observed here cannot be attributed to the size of the 
droplet. Hence, the behaviour depicted in Fig. 5a is at-
tributed to the local wettability variations associated to 
salt adsorption on the dielectric substrate. 
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Fig. 5  Contact angle as a function of the applied voltage for 
solutions of (a) NaCl; (b) BSA, with different concentrations. The 
droplets have an initial diameter D0 = 2.8 mm. 
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Looking now at the evolution of θe for the protein 
solutions (Fig. 5b), GFP and BSA have similar responses 
to the electrostatic actuation, although GFP seems to 
have a slightly faster response to lower voltage, but then 
achieves saturation also at lower voltage. Any clear 
effect of the BSA concentration can be identified, except 
for a slightly higher Δθ which is obtained for the less 
concentrated solutions (Δθ is of the order of 45˚) when 
compared to the more concentrated ones (Δθ is of the 
order of 36˚). Also, there is some trend indicative of 
saturation when the highest voltages are applied to the 
more concentrated solutions, which also depict initial 
lower contact angles. This may be explained by the ad-
sorption of the protein by the dielectric substrate, which 
reduces the contact angle until a constant, but still high 
value. This change in the wettability is irreversible, af-
fecting the hydrophobic properties of the substrate and 
leading to a saturation angle scenario: the motion of the 
contact line is more difficult for the latest parts of the test, 
which correspond to the highest actuation voltage. 

Additional information can be given by the tran-
sient morphology of the actuated droplets, as obtained 
by high-speed visualization. In this case a new droplet is 
used for each event, to infer if the motion of the contact 
line is indeed influenced by the irreversibility caused by 
the decrease of the contact angle. Hence, Fig. 6 shows 
the temporal evolution of the electrostatic induced 
spreading diameter, d(t) of BSA solutions, for the con-
centrations reported in Fig. 5b). The spreading diameter 
is the same as that identified in Fig. 3 and the spreading 
and receding motions are also similar, although the 
droplet extends less than when subjected to impact (the 
magnitude of the electric forces which force the droplet 
spreading (1×10−2 N) is lower than that of inertial forces 
(1 N). 

Here t=0 corresponds to the instant when the 
droplet is actuated. The curves are made non-dimen-
sional with the initial spreading diameter obtained for 
Voltage = 0 V, d0V, to account for small variation in the 
initial size of the droplet and in the θ0, which would be 
propagated along the entire temporal evolution. These 
results are in agreement with those reported by Ref. [44]. 
The lower voltages used by Ref. [44] are associated to 
different experimental conditions, for instance related to 
the nature and thickness of the dielectric substrate. 

The overall temporal evolution of the spreading 

diameter depicted in Fig. 6 is in agreement with the 
trends suggested in Fig. 5b, thus corroborating the hy-
pothesis of adsorption of the protein, which, in turn is in 
line with the passive adsorption mechanism suggested 
by Ref. [16]. Hence, concerning the temporal evolution 
of the contact diameter for the BSA solutions, there is a 
slightly larger spreading as the concentration increases 
up to 0.375 mM and then the spreading diameter is again 
lower. As the concentration slightly increases the local 
wettability increases, which is supported by the lower 
values of θ at the largest concentrations in Fig. 5b. This 
favors the spreading at the faster time scales considered 
in the analysis of the contact diameter (after tens of 
milliseconds the diameter is already totally stabilized). 
However, if the protein is indeed being adsorbed by the 
substrate, higher concentrations promote the adsorption 
and given the high irreversibility observed with this 
substrate (hysteresis larger than 18˚) the contact angle is 
too low to favor a further spreading of the droplet and  
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Fig. 6  Electrowetting induced non-dimensional spreading di-
ameter obtained for different solutions of BSA: (a) 175 V;  
(b) 220 V. 
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already near the values where the saturation starts to 
occur, so that the spreading diameter cannot further 
increase. However, the most negative effect of the ad-
sorption is the decrease in the contact angle during 
spreading. Being an irreversible process, this effect 
contributes to increase the hysteresis and consequently 
the energy dissipation at the contact line. Consequently 
the receding motion of the droplet is almost inexistent. 
This effect must be reduced, since the absence of re-
coiling precludes the successful transport of the droplet 
on an open configuration chip for sample manipulation 
and analysis. 

In line with this, two approaches are followed to 
reduce the hysteresis. The first considers changing the 
pH of the solution, as it is argued by Ref. [16] that a 
higher acid pH tends to reduce the adsorption. The latter 
considers changing the surface chemistry, following the 
analysis performed in section 3. Both approaches are 
now discussed in the following sub-sections. 
 
4.1.2  Effect of droplet pH 

Ref. [43] argues that the pH of the droplet may af-
fect the electrostatic actuation. The effect of modifying 
the pH in the droplet is investigated only for the BSA 
solutions. Also, a strong modification of the pH for ex-
treme values, far from the isoelectric point of the BSA, 
can affect the adsorption process, but also alters the 
charge density inside the droplet, thus also disturbing the 
response of the droplet to the electrostatic actuation. The 
isoelectric point of BSA is 4.7[16]. A pH much far from 
this value, namely below 3 or above 13 would be diffi-
cult to work with, as it would risk the maintenance of the 
equipment and the viability of the samples, so the tests 
performed would not be relevant for bioengineering 
applications[42]. Hence, this effect of pH is investigated 
for 3 different solution pH values: 5, 7 and 10.5. Al-
though the effect of concentration is not remarkable, 
particularly for the BSA solutions, the previous results 
suggest a mild endorsement of the angle saturation to 
occur for higher concentration of the protein, which is 
attributed to adsorption phenomena. Giving this trend 
and considering that Ref. [16] suggests that the adsorp-
tion of BSA, as well as of several biomolecules is pro-
moted in high pH media, these tests are performed with 
more diluted solutions, to avoid any possible fast satu-
ration phenomenon. 

Fig. 7a depicts the evolution of the contact angle 

with the applied voltage, for different pH values, in a 
9.85×10−4 mM BSA solution. 

The results do not evidence a strong effect of the 
pH, although for the solutions with highest pH value, the 
contact angle shows a steeper decrease at lower applied 
voltages, but then it quickly evolves to a constant value 
that is actually higher than that obtained for the solutions 
near the isoelectric point of BSA. Despite it is not pos-
sible to get all the curves starting exactly at the same 
value of θe0, the absolute decrease in θe obtained from  
0 V to that obtained at the highest applied voltage (30˚) 
is smaller for pH = 10.5, when compared to the other 
curves and particularly to the one obtained at pH = 5 (in 
this case the absolute decrease of the contact angle is 
50˚). Following the discussion in the previous para-
graphs, the results presented here indeed suggest an 
adsorption of the proteins to the substrate. This adsorp-
tion causes a local increase in the wettability and may 
indeed promote the larger decrease in the contact angle 
at lower applied voltages observed for pH = 10.5. But 
the aforementioned saturation scenario will lead to the 
situation, observed for the effect of the concentration, in 
which the angle is still high, but low enough to cause the 
irreversible spread of the droplet, thus limiting the fur-
ther response to the electrostatic actuation. This scenario 
is once again in agreement with the temporal evolution 
of the contact diameter, depicted in Fig. 7b. Indeed, 
looking at a faster temporal scale, even at such low 
concentrations of BSA, the spreading of the contact 
diameter is evidently promoted for the highest pH values, 
which is consistent with the local passive adsorption of 
the BSA that will promote the local decrease in the 
contact angle at early instants after deposition. Ref. [16] 
argues that this passive adsorption should be eliminated 
or decreased by simply reducing the pH of the medium. 
Despite being indeed more evident for pH=10, the pas-
sive adsorption is observed to still occur at lower pH 
values (close to the isoelectric point) as the saturation of 
the contact angle for the highest applied voltages is still 
observed in the final part of the curves obtained for 
pH=5. Hence, a more efficient solution should be in the 
chemical modification of the substrate, as suggested by 
Ref. [18], but this requires a deeper study in terms on 
how it will affect hysteresis, the response of the droplet 
to the electrostatic actuation and even the biocompati-
bility of this chemical treatment to assure the viability of 
the samples. 
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Fig. 7  Effect of the pH of the droplet on the evolution of the 
electrowetting induced contact angle, for a 9.85×10−4 mM BSA 
solution. The initial droplet diameter is D0 = 2.8 mm. (a) Contact 
angle as a function of the applied voltage; (b) temporal evolution 
of the non-dimensional spreading diameter at 220 V. 
 
4.1.3  Effect of the surface wetting behaviour 

Following the analysis performed in section 3, the 
PTFE surface was coated with a perfluoroalkyltrichlo-
rosilane combined with perfluoropolyether carboxylic 
acid and a fluorinated solvent. The impact of this coating 
is also analysed regarding its effect on the passive ad-
sorption of the proteins. The contact angle is very high 
for both BSA and GFP solutions (150˚ ± 2˚) with very 
low hysteresis (below 5˚), so the substrates remain as 
smooth superhydrophobic to these solutions, as expected. 
Consequently, the contact angle variation under elec-
trostatic actuation is significantly enhanced, when lower 
voltages are applied, but becomes very similar to that of 
the uncoated PTFE, at the later stages of the experiment, 
when higher voltages are applied, as shown in Fig. 8a. 

As a response to the superhydrophobicity and re-
duced hysteresis, the droplet quickly spreads and re-
cedes, but still, some irreversibility still occurs, at larger 
time scales, as a result of the natural surface energy 
dissipation (Fig. 8b). Fig. 8 depicts the results obtained 
for 0.15 mM BSA solutions, but trends were obtained for 
other concentrations. Considering the very low hystere-

sis obtained at the beginning of the tests, this irreversi-
bility can still be associated to a change in the wettability 
caused by adsorption of the proteins. Nevertheless, this 
irreversibility is far less noticeable for the coated sur-
faces, thus suggesting that the coating may also con-
tribute to lessen the adsorption mechanism. 

To infer on this hypothesis, a simple analysis was 
performed by Laser Scanning Confocal Microscopy to 
compare the intensity of the adsorption mechanisms on 
the surface with and without the coating. 
 
4.2  Detection of the adsorbed proteins by Laser 

Scanning Confocal Microscopy 
The discussion in the previous paragraphs suggests 

that many of the results observed here, which lead to a 
saturation scenario are actually due to local modifica-
tions of the wettability caused by the adsorption of the 
proteins by the PTFE substrate. Further investigation on 
these phenomena is carried out using GFP to take ad-
vantage of its natural fluorescent properties. Hence,  
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Fig. 8  Effect of the coating of the substrate on the dynamic re-
sponse of the droplet under electrostatic actuation. (a) Variation of 
the contact angle as a function of the applied voltage; (b) elec-
trowetting induced non-dimensional spreading diameter at 220 V. 



 
Journal of Bionic Engineering (2016) Vol.13 No.2 230 

droplets of 3.0 mm ± 0.2 mm of GFP solutions are de-
posited on the surfaces and their footprint is observed 
with and without electrostatic actuation and evaluating 
the Total Corrected Droplet Fluorescence (TCDF)  
(Fig. 9). 

The value of TCDF is almost the same for the 
footprint obtained whether the droplet is actuated or not 
(the difference is of about 1%, which is within the un-
certainty of the measurements). Hence, one can only 
confirm the occurrence of passive adsorption (i.e. 
without evident influence of the electrostatic actuation). 
On the other hand, a significant reduction of the TCDF 
(48%) is observed for the coated substrate when com-
pared to the uncoated PTFE, thus evidencing that the 
coating reduces adsorption and consequently aids the 
droplet transport. 
 
4.3  Viability of the samples and evaporative effects 

Given the relatively high voltages used in the tests 
under electrostatic actuation, the impact of this actuation 
on the stability of BSA is inferred by comparing the 
absorption spectra of the solutions before and after ac-
tuation. The tests are performed for BSA solutions with 
9.85×10−4 mM and 5×10−2 mM. The spectra obtained 

before and after electrostatic actuation are qualitatively 
similar (Fig. 10), indicating that BSA does not suffer any 
structural modification. This remains true when the pH 
of the droplets is modified. However, the values of ab-
sorbance were found to increase after electrostatic ac-
tuation, indicating that the concentration of BSA in the 
droplet increased around 1.5 times. 

By mass conservation principles, the concentration 
growth has to be ascribed to a decrease in the volume of 
the droplet by evaporation, of approximately 30%.  
 

1544163382 1528845507

1154264293

558711982.3

0.0000E+00

2.0000E+08

4.0000E+08

6.0000E+08

8.0000E+08

1.0000E+09

1.2000E+09

1.4000E+09

1.6000E+09

1.8000E+09

PTFE 
(actuation)

PTFE
(no actuation)

Coated PTFE
(actuation)

Coated 
PTFE (no 
actuation)  

Fig. 9  Comparison between the TCDF values determined from 
the droplet “footprint” for the various conditions tested. 

 

After actuation

260 280 300 320 400340 360 380

0.05

0.10

0.15

0.20

Wavelength (nm) Wavelength (nm) 

Before actuation

260 280 300 320 400340 360 380

0.05

0.10

0.15

0.20

Before actuation After actuation

260 280 300 320 340 360 380

0.35

400 260 280 300 320 340 360 380 400

0.30

0.25

0.20

0.15

0.10

0.05

0.35

0.30

0.25

0.20

0.15

0.10

0.05

Wavelength (nm) Wavelength (nm) 

A
bs

or
va

nc
e 

(Å
)

A
bs

or
va

nc
e 

(Å
)

 
Fig. 10  Absorption spectra obtained for the BSA solutions with concentrations of (a) 9.85×10−4 mM and (b) 5×10−2 mM before and after 
electrostatic actuation. 
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Although the temperature and relative humidity of the 
Perspex chamber were continuously monitored during 
the experiments and the droplet visualized, such volume 
reduction is not possible to detect by simple visualiza-
tion. 

Evaporation of a sessile droplet on a hydrophobic 
surface is not a simple process[45,46]. In some cases, 
droplet evaporation occurs due to a combined effect of 
mass diffusion and natural convection[47]. However, 
considering the experimental conditions of the present 
study, it is reasonable to assume that the evaporative 
process is mainly governed by mass diffusion, from the 
surface of the droplet to the air. So the general diffusion 
equation is given by: 

2 ,c D c
t

∂
= ∇

∂
       (1) 

where c is the vapor density and D is the diffusion co-
efficient of vapor in the surrounding air. The surface 
temperature of the droplet will decrease during evapo-
ration, but this process, as well as modifications in 
droplet shape are nearly three times slower than the total 
evaporation time of the droplet for microliter droplets[48], 
so the diffusion mechanism can be considered to occur at 
a quasi-steady state[46]. The diffusion coefficient can be 
taken as in Ref. [49] D=2.32×10−5 m2·s−1. Assuming that 
vapor density at the surface Rs is at equilibrium with the 
value cs, the evaporation rate for a sphere in an infinite 
medium is given by: 

d 4π ( ),
d s s
m R D c c
t ∞= −         (2) 

where c∞ is the vapor density far away from the droplet 
(detailed derivation can be found for instance in Refs. 
[50] and [51]). Considering the analogy between electric 
potential and diffusive flux one may derive a more 
general formula to estimate the evaporative mass rate of 
the droplet pinned over a hydrophobic surface: 

2 3
0 0

2 3
4π ( ) ( )sind

d 2 sin ( )

/
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R D c c Em C / Rm ,
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θ

ρ θ
∞−

= −  (3) 

where θ is the contact angle, m0 is the initial mass of the 
droplet and E3=3/[π(1−cosθ(t))2(2+cosθ(t))][46]. C is the 
capacitance of the droplet and the values for C/Rs can be 
taken from Ref. [52]. From this estimate, 30% of the 
droplet deposited on Teflon (to match the contact angles) 
may indeed occur at relative humidity values of 70% and 

temperatures of 23 ̊ C within 1500 s (the time required to 
complete one experimental curve for variation of the 
contact angle with the applied voltage), thus leading to 
the concentration increase detected by absorption spec-
troscopy. These results are qualitatively in agreement 
with those reported by Ref. [46], for water droplets on 
Teflon surfaces and by Ref. [53]. Fig. 11, which depicts 
the infrared time resolved images of the droplet obtained 
before and during actuation at 230 V, further shows that 
the temperature of the droplet remains unchanged during 
actuation, thus rejecting any hypothesis that droplet 
evaporation would have occurred due local heating 
during actuation. 

These results further stress the importance of con-
trolling ambient conditions when applying electrowet-
ting on micro-droplets to transport biosamples in bio-
chemical analysis applications, as droplet evaporation, 
which can be considered negligible in other applications, 
may introduce erroneous information on the sample 
concentration. 
 

Droplet

 
(a) 

 
(b) 

Fig. 11  Thermal images of the droplet over the PTFE surface: (a) 
before actuation; (b) during actuation. 
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5  Conclusion 

This paper addresses the dynamic behaviour of 
droplets of biological liquids on hydrophobic surfaces 
under electrostatic actuation. The analysis based on the 
evaluation of the variation of the contact angles and 
spreading diameters is useful for the design of efficient 
lab-on-a-chip portable diagnostic tools which require a 
very precise control of the motion of the droplets con-
taining the biosamples. The results show that increased 
concentrations of the protein solutions do not affect the 
dynamic behavior of the droplet, but promote a passive 
adsorption mechanism, which alters the local wettability 
of the substrate, thus contributing for high surface en-
ergy dissipation near the contact line, further limiting the 
spreading (and receding) motion of the droplet. In line 
with this, different approaches are tested to select the 
most appropriate surface to be used and further imple-
mented in a lab-on-a-chip device considering the dy-
namic behavior of the droplet and the effect of adsorp-
tion in droplet motion. The results evidence that bioin-
spired surfaces promote the largest spreading diameter, 
which is beneficial for droplet motion. However, surface 
roughness often promotes energy dissipation associated 
to high contact angle hysteresis, thus limiting the re-
ceding motion of the droplet. Hence, the most effective 
approach is altering the surface chemistry to produce the 
so-called smooth superhydrophobic surface, with a 
mean roughness smaller than 20 nm, high static contact 
angles (>150˚) and low hysteresis (<10˚).  Analysis of 
the adsorption mechanisms based on Laser Scanning 
Fluorescence Microscopy also confirms that adsorption 
is reduced using this surface, which is beneficial for 
droplet motion. Taking into account the particular in-
terest to devise open-configuration systems, evaporative 
effects must be studied. Theoretical analysis combined 
with time resolved infrared visualization confirms 
non-negligible droplet evaporation by diffusion, which 
must be taken into account when using the transport of 
biosamples in microdroplets in microfluidic devices for 
biochemical analysis. Apart from this, the results ob-
tained here, complemented by the viability analysis, 
evidence a feasible use of electrostatic actuated micro-
droplets for the transport of biosamples. 
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