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Abbreviations: Ewod, electrowetting on dielectric; Ito, indium 
tin oxide; Peg, polyethylene glycol; Ps, polystyrene; Od, optical 
density 

Introduction
Among various types of renewable energy, bio fuel is receiving 

more and more attention and has become one of the promising 
energy sources for the future energy application. Utilization of the 
microalgae as a source for bio fuel production offer many merits 
such as high lipid content, high growth rate, no need to compete 
with arable land,1 higher energy density,2 absorbing carbon dioxide 
to mitigate global warming and producing other valued compounds. 
In order for successful commercialization of bio fuel, one of the 
important steps is to be able to quantify the lipid content inside the 
microalgae in a rapid fashion such that screening of lipid-rich algal 
strains in a timely manner, optimization of the cultivation conditions 
and on-site monitoring of the cultivation process become feasible. For 
conventional techniques used to quantify the microalgae cellular lipids 
such as gas chromatography (GC) analysis and gram measurement,3–5 
they are typically invasive, time-consuming, and involved in 
expensive instrument and well-trained personnel. The lipid-conjugated 
fluorescent dye such as Nile red and BODIPY 505/515 was used to 
quantify the lipid content through fluorescence intensity analysis and 
similar results can be achieved compared to those from conventional 
techniques.6–8 Raman spectroscopy, a powerful tool to determine 
chemical composition of materials, has been utilized to characterize 
many biological systems.9 This is because the Raman signal of water 
is weak and uncomplicated, the sample can be analyzed in-vivo, and 
sample preparation is generally not required.10 Identification of algae 
species,11,12 probing the influence of environment on microalgae,13 
quantification of degree of unsaturation14 and β -carotene15 in the 
lipid bodies, etc. have been reported. Recently, rapid quantification 
of lipid content inside microalgae using Raman spectroscopy has 
been demonstrated.16 The algal paste was first prepared after 1-hour 
evaporation of an algal droplet on a gold coated glass slide, followed 

by applying near-infrared Raman spectrometry. The method provided 
representative information of a microalgae culture through cell 
ensemble measurements and shortened the time for quantification 
to less than 1.5 h. However, the coffee ring effect during droplet 
evaporation leads to an undesired inhomogeneous deposition of algal 
cells distributed across the algal paste. As a consequence, the signal 
intensity will vary from one location to another and searching for “hot 
spots” on the algal paste to provide strong signals is inevitable. The 
coffee ring effect is a phenomenon which results from pinning of the 
three-phase contact line and a convective flux driven by evaporation 
brings the solute to deposit in a ring at the edge.17 Several approaches 
have been proposed to suppress the coffee ring effect like making the 
substrate surface super hydrophobic,18 generating Marangoni flow,19 
utilizing the electric field,20–22 adjusting the viscosity and drying time 
of the droplet,23 and applying electrowetting on dielectric (EWOD) 
at the sessile drop.24 For applying EWOD to suppress the coffee ring 
effect, there are several advantages such as working for DI water, 
no need of adding additives in the solution, generating no heat in 
the droplet and the sessile drop not being in direct contact with the 
electrodes.24 The mechanism of suppressing the coffee ring effect 
by applying EWOD is to excite the sessile drop to oscillate using 
alternating voltage (AC) over a wide frequency range.25 This leads 
to generation of internal flow inside the sessile drop which inhibit the 
solute to deposit at the three-phase contact line. The internal flow can 
be either hydrodynamic at lower driving frequency or electro thermal 
at higher driving frequency.26 With this strategy, suppression of coffee 
ring effect was effective and concentration of polystyrene particles, 
c DNA and PEG molecules was demonstrated.24,27 In this study, 
the particle solution was used to address the effect of the different 
processing parameters such as applied voltage, frequency, droplet 
volume and volume fraction of the particle droplet on suppressing 
the coffee ring effect. Then electrowetting on dielectric (EWOD) was 
applied to a droplet of algal solution to concentrate the algal cells for 
better acquiring the Raman signals and shorten the sample preparation 
time. Comparison of the Raman signals obtained with and without 
applying EWOD is made.
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Abstract

In this study, electrowetting on dielectric (EWOD) was applied to a droplet of particle 
or algal solution to1 suppress the coffee ring effect occurred during evaporation 
process,2 concentrate the particle or algal cells and3 shorten the processing time for 
analysis. The results showed that the micro particles and algal cells were effectively 
concentrated within approximately 15 minutes on the Teflon-coated microchip with 
interdigitated electrodes operated at the applied frequencies around 1k Hz and voltage 
300 Vpp. The evaporation time for the sessile drop decreased substantially when 
applying EWOD and the size of the spot could be reduced to approximately 16% of 
that of the initial droplet. For algal solution with OD682 value equal to 5.32, strong 
Raman signals of microalgae were obtained near the central region of the dried algal 
spot.

Keywords: electrowetting on dielectric (Ewod), microalgae, lipid, carotenoid, 
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Materials and methods
Materials 

Teflon®AF 1601S was purchased from Dupont. The indium 
tin oxide (ITO) glass was purchased from Aim Core Technology 
(Taiwan) and the ITO etchant was purchased from Taimax (Taiwan). 
The fluorescent polystyrene micro particles with 5 cm in diameter 
were purchased from Thermo Fisher Scientific. The algal cells 
(Chlorella vulgaris) were cultivated according to the literature.28 The 
algal solution was further diluted with deionized water to obtain the 
test samples with different optical densities (ODs). 

Fabrication of microchips to perform EWOD: 

To fabricate the EWOD chips, indium tin oxide (ITO) coated 
glass slides with patterned electrodes defined by photolithographic 
technique went through the etching process to obtain the interdigitated 
electrodes with 60μm in width, 60μm in spacing and 1.5cm in length. 
Then the patterned glass slides were spin coated with Teflon®AF 
as the dielectric layer. Algal droplets with different OD values or 
droplets of particle solution with volume fraction ranging from 0.1 
to 1 % were dispensed on the EWOD chip, which was connected to 
an AC function generator (AFG3101C, Tektronic) with the applied 
voltage between 250-450 Vpp and at frequencies from 300 to 10kHz. 
The sizes of the droplets were measured and the flow behavior of the 
micro particles and algal cells were monitored as a function of time 
by using the inverted fluorescence microscopy (TE-2000S, Nikon).

Raman analysis: 

The dried algal paste (either by evaporation or applying EWOD) 
on the ITO glass was analyzed by confocal microscopic Raman 
system (Thermo DXR Raman) with 532nm laser. The laser power 
ranged from 0.5 to 5mW and the exposure time was set at 1sec. To 
acquire the Raman spectra, the signals were collected 10 times and 
the intensity was calculated with the unit of counts per second. The 
uniformity of the algal paste was examined by the Raman mapping 
and line scanning where the sampled area is around 0.5mmx0.5mm. 

Results and discussion
From the literature, it was reported that the coffee ring effect 

resulted from undisturbed natural evaporation of a droplet with particle 
volume fraction ranging from 0.0007 to 0.6 % can be suppressed by 
applying EWOD at frequency around 1000Hz and voltage 300Vpp.27 
Figure 1 shows aggregation of the fluorescent PS particles with 
and without applying EWOD. τ is the time normalized by the total 
evaporation time, tf. For droplet evaporation with and without 
applying EWOD in this study, tf are approximately 15 and 60min, 
respectively. It can be seen that, for undisturbed natural evaporation 
(0 V), the coffee ring was observed and the spot size remained similar 
to that of the initial droplet. On the other hand, when applying EWOD 
(300 Vpp), the size of the evaporating droplet gradually decreased as 
the time progressed and the particles were concentrated at a smaller 
area, indicating that the coffee ring effect was effectively suppressed. 
The effect of the applied frequency on the size of the evaporating 
droplet was examined as shown in Figure 2. At lower frequency (e.g. 
300 Hz), the size of the evaporating droplet decreased but remained 
unchanged after τ around 0.4. As the frequency increases, the size of 
the evaporating droplet decreased monotonically and the normalized 
diameter of the spot reached to a minimum around 0.4. When the 
frequency further increased, the normalized diameter of the spot 

increased again and it became 1 (i.e. spot size equal to the initial size 
of the droplet) at the applied frequency 10kHz. It was reasoned that, 
at lower frequency, the internal flow was close to quasi-static and the 
drop shape between the spreading and receding phase was relatively 
symmetric. This led to a small, internal, net flow,25 which could still 
prevent the contact line from pinning. After certain time, evaporation 
of the droplet caused the increase of particle volume fraction, which 
resulted in reduced net flow and pinning of the contact line. At higher 
frequency, the amplitude of the contact line motion disappears due 
to the inertia of the fluid.25 Therefore, there was no net flow and the 
spot size was nearly the same as that of the initial droplet. This is 
in agreement with the literature that high drift velocity (or net flow) 
occurs at the intermediate frequencies.25 It is worthy of mentioning 
that the particles were aligned along the electrodes, which is a result 
of dielectrophorsis.29

Figure 1 The particle aggregation by applying EWOD and natural evaporation 
(droplet volume: 1μl; volume fraction of particle solution: 0.1%; particle size: 
4.8μm; frequency: 1000Hz).

Figure 2 Normalized diameter (D/D0) of evaporating drop at different applied 
frequencies (D0: diameter of the initial droplet; droplet volume: 1μl; voltage: 
300Vpp; particle size: 4.8μm; volume fraction of particle solution :0.1%).

Figure 3 shows the effect of the applied voltage on the size of 
the evaporating droplet. It can be seen that, for lower voltage (e. 
g. 270Vpp), the coffee ring effect became less profound compared 
to undisturbed natural evaporation and the spot size was reduced. 
Increase of the applied voltage to 300 Vpp showed a successful 
suppression of the coffee ring effect and the spot size was reduced 
to a minimum, where the particles were aggregated and concentrated 
within approximately 16% of the initial droplet area. As the applied 
voltage further increased, the normalized diameter of the spot 
increased again. It is hypothesized that, although there might be 
higher net flow due to the higher applied voltage, Joule heating might 
lead to faster evaporation of the droplet such that the spot size could 
not be reduced successfully. 
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Figure 3 Normalized diameter (D/D0) of an evaporating drop at different 
applied voltage (D0: diameter of the initial droplet; droplet volume: 1μl; 
frequency: 1kHz; particle size: 4.8μm; volume fraction of particle solution:0.1%).

Regarding the effect of droplet volume, it was found that the 
larger the droplet volume, the longer the evaporation time when the 
volume was less than 5 μl. If the evaporation time was normalized, 
it is interesting to see that the trends of the normalized diameter of 
the evaporating droplet are similar to each other as shown in Figure 
4. This implied that the same evaporation mechanism by EWOD 
was applied despite different volumes of the droplets. Note that 
when the volume was larger than 5 μl, the evaporation time became 
substantially long and the working electrodes were damaged during 
evaporation process. Figure 5 shows the effect of volume fraction on 
the size of the evaporating droplet. It can be seen that evaporation of 
the droplets with volume fractions ranging from 0.1 to 1% yielded the 
similar normalized diameter, i.e. 0.4 and the fluorescent intensity of 
the spot increased as the volume fraction increased. 

Figure 4 Normalized diameter (D/D0) of evaporating drop for different 
droplet volume (D0: diameter of the initial droplet; voltage: 300Vpp; frequency: 
1kHz; particle size: 4.8μm; volume fraction of particle solution :0.1%).

Figure 6 shows the evaporation of algal droplet with and without 
applying EWOD. Compared to undisturbed natural evaporation, the 
size of the evaporating algal droplet by applying EWOD was reduced 
and the algal cells were successfully concentrated at a smaller region. 
It was found that the normalized diameter of the algal spot was 
approximately 0.4, which is close to that of the spot of aggregated 
micro particles abovementioned. In fact, the trends of the evaporating 
droplets were nearly overlapped with each other for algal cells and 
micro particles as shown in Figure 7. It was noted that the algal cells 
do not seem to have any changes or be lysed at such high applied 
voltage. This could be that the electrical resistance of the cell wall 

is much smaller than that of the cell membrane. Therefore, there 
is a smaller electric field within the cell wall and the irreversible 
dielectric breakdown of the cell wall did not occur.30 Or it could be 
that the applied frequency is too low (compared to 600 kHz in the 
literature) such that the electrical potential in the suspending medium 
is reduced owing to electrode polarization.31 Figure 8 shows the 
confocal mapping of the algal spot for algal droplet with different OD 
values. For OD value equal to 1.34, although the coffee ring effect 
was still effectively suppressed by EWOD, the empty areas (i.e. the 
light color in the optical image) were clearly observed and scattered 
throughout the algal spot. This indicates that the number of algal 
cells is not sufficient to provide a good coverage on the substrate. 
For OD value equal to 2.68, inhomogeneous deposition of algal cells 
was still observed although the coverage of the algal cells on the 
substrate was significantly improved. As the OD value increased to 
5.32, the highest signal intensity was found near the central region, 
indicating that the algal cells were indeed concentrated and better 
coverage was obtained near the central region of the substrate. Since 
the EWOD microchip was coated with Teflon as the dielectric layer, 
the Raman signals of the substrate were acquired as shown in Figure 
9A. It can be seen that the background signals were not strong and 
the characteristic peaks at 585 and 1110 cm-1 for ITO glass32 and at 
734 cm-1 for Teflon33 were observed. These peaks will not interfere 
or overlap with those characteristic peaks of lipids (1440, 1650 cm-1) 
and carotenoids (1160, 1537 cm-1).34 Figure 9B shows the Raman 
spectra of the microalgae. For evaporation by applying EWOD, it can 
be seen that clear Raman signals were obtained at the central region 
of the algal spot. As to undisturbed natural evaporation, comparable 
Raman signals were obtained only at the outside ring of the algal spot 
and either weaker or no signals were detected at the rest of the area. 

Figure 5 Normalized diameter (D/D0) of evaporating drop for different 
volume fraction (D0: diameter of the initial droplet; droplet volume: 1μl; 
voltage: 300Vpp; frequency: 1kHz; particle size: 4.8μm).

Figure 6 The microalgae aggregation by applying EWOD and natural 
evaporation (droplet volume: 1μl; algae concentration: OD682：5.32).
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Figure 7 Compare fluorescent particles with algal cells concentrated with 
and without EWOD (droplet volume: 1 μl; voltage: 300Vpp; frequency 1kHz; 
volume fraction of particle solution: 0.1%; algae concentration: OD682：5.32).

Figure 8 Confocal mapping of concentrated algal cells with different OD 
values. (Left column: optical image. Right column: Raman confocal mapping. 
Laser power intensity: 0.5mW; exposure time: 1 second).

Figure 9 Raman spectrum of (A) EWOD microchip and (B) algal spots 
prepared by applying EWOD and natural evaporation.(Wavelength: 532 nm; 
Laser power intensity: 5mW; exposure time: 1 second; 10 accumulations).

Conclusion 
In this study, electrowetting on dielectric (EWOD) was applied 

to the micro particle or algal droplet. The results showed that the 
coffee ring effect was effectively suppressed when applying EWOD 
on the droplet. For 1μl droplet with volume fraction 0.1 %, both the 
micro particles and algal cells were concentrated within 15 minutes at 
applied voltage 300Vpp and frequency 1kHz and the size of the spot 
was 16% of that of the initial droplet. For algal solution with OD value 
equal to 5.32, the algal cells were concentrated near the central region 
by EWOD and clear Raman signals were obtained.
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