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In this study, a continuous flow dielectrophoresis (DEP) microfluidic chip was
fabricated and utilized to sort out the microalgae (C. vulgaris) with different lipid
contents. The proposed separation scheme is to allow that the microalgae with
different lipid contents experience different negative or no DEP force at the
separation electrode pair under the pressure-driven flow. The microalgae that expe-
rience stronger negative DEP will be directed to the side channel while those expe-
rience less negative or no DEP force will pass through the separation electrode pair
to remain in the main channel. It was found that the higher the lipid content inside
the microalgae, the higher the crossover frequency. Separation of the microalgae
with 13% and 21% lipid contents, and 24% and 30%-35% lipid contents was
achieved at the operating frequency 7 MHz, and 10 MHz, respectively. Moreover,
separation can be further verified by measurement of the fluorescence intensity of
the neutral lipid inside the sorted algal cells. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4903942]

INTRODUCTION

Clean and permanent substitute for petroleum fuel has become a widely discussed subject
matter in the territory of energy owing to various concerned issues such as climate change and
global warming, potentially increased oil price due to the dwindling reserves of the fossil fuel,
need for energy security, etc. As a result, research efforts for development of the alternative
energies have been devoted substantially in recent years. There are various alternative energy
sources such as sunlight, wind, hydropower, biofuel, geothermal heat, and tidal energy. Among
them, biofuel which is extracted from plant and microalgae has been considered as a promising
energy source in the future because of the compatibility between now-used vehicle engines and
relatively simple acquisition route." Compared to the acquisition route of plant, there are several
advantages for extraction of lipid inside microalgae: no need to tap into the global food supply
chain,” higher energy density,” absorbing carbon dioxide to mitigate global warming and pro-
ducing other valued compounds from the algal cells. To harvest the lipid from microalgae effi-
ciently, several strategies can be exploited such as developing to increase lipid content inside
microalgae in short cultivation cycles,” screening/selecting the lipid-rich microalgae for cultiva-
tion or on-site monitoring of the lipid content inside microalgae during the cultivation process
in a timely manner, and so on. For the latter, the screening process or determination of the lipid
content needs to be completed in a rapid fashion. The conventional techniques for
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characterization of the lipid fraction inside microalgae such as gas chromatography (GC) analy-
sis and gram measurement™® suffer several drawbacks like time consuming, complicated in
processes, and requirement of large sample amount. The fluorescence intensity analysis of lipid-
conjugated fluorescent dye such as Nile red and BODIPY 505/515 was proposed and can
achieve similar lipid fraction results compared to those from conventional GC and gram mea-
surement.” Based on these results, fluorescence-activated cell sorting (FACS) which is a flow
cytometry technique was applied to sort different types of algal cells and analyze the content
inside microalgae.” However, considerable costs for equipment and operation or central facili-
ties are required. Recently, a droplet-based microfluidic system to encapsulate algal cells for
subsequent profiling of heterogeneity in the lipid accumulation among individual cells was
developed.® Although the lipid content inside the algal cells can be determined in an online and
real-time manner and the cell viability be maintained in the microcapsules for potential follow-
up biological analyses, the mechanism of cell sorting is not integrated in this particular micro-
fluidic platform.

As to screening of microalgae based on their lipid contents, there is rare discussion found
in the literature. Deng et al. have reported that separation of microalgae with different lipid
contents can be achieved under non-uniform AC electric field at proper operating frequencies.’
This is because the microalgae with different lipid contents will experience different dielectro-
phoresis (DEP). DEP is the motion of the polarized particles as a result of a force exerted on a
dielectric particle when it is subjected to a non-uniform electric field and has been widely
applied to manipulate microscopic particles in microfluidic system for separation of different
sizes of the latex beads, cells, and viruses.'” For a spherical neutral particle, the time-averaged
DEP force can be written as follows:

Fpep = 2na’eqRe(fom) VIE. (1)

In the equation, a is radius of the particle, g, is the permittivity of the medium, V\E|2 is
the gradient of the square of the local electric field strength, and Re(fcyy) is the real partition of
the complex Clausius—Mossotti (CM) factor. The CM factor represents the degree of polariza-
tion and can be written as follows:

fom = (g, — &)/ (g, + 2&,), 2)

where & = & — i(6/2n0) is the complex permittivity, and the subscripts p and m represent parti-
cle and medium, respectively. ¢ is conductivity, ® is the frequency of the applied alternating
current, and i=, — 1. The value of Re(fcp) ranges from —0.5 to 1, The particle experiences
positive DEP (pDEP) force and moves toward the high electric field region when Re(fcpp) is
greater than 0. On the other hand, it experiences negative DEP (nDEP) and moves toward low
electric field region when Re(fcyy) is less than 0. When Re(fcyy) is equal to 0, the particle is at
rest and the operating frequency at this condition is called the crossover frequency. The size
effect is also included in Eq. (2), where 6, = 6pui + 2K/a, 6py is the conductivity of bulk
material, and Ky is the surface conductance. For the biomolecules, determination of DEP
motion becomes less straightforward owing to their multi-shell structure effect.''"?

DEP in conjunction with pressure-driven flow has been applied to continuously separate
the mixture of the particles or biomolecules. A 3-D microelectrode system was constructed
with designed electrodes to guide the latex particles or eukaryotic cells over the desired dis-
tance for trapping and separation.'* Instead of being guided, the particles can penetrate the elec-
trode pair at/over some threshold velocity, which depends on a number of parameters such as
channel height, particle size, dielectric properties, electrode width and local heating, and so
on.'” This is due to the relative strength of the DEP force and hydrodynamic force acting on
the particles. Furthermore, because of different electric field strengths in the z-direction, Liao
et al. have shown that particles with different sizes penetrated at different heights of the micro-
channel, which caused different lateral positions after penetrating the electrode pair.'® Taking
advantage of this phenomenon, separation of particles with different sizes and the yeast cells
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was demonstrated. The 3-D DEP microfluidic chip was further combined with Raman detection
to analyze the bacteria in the human blood."”

In this study, we extended our previous work by developing a continuous flow DEP micro-
fluidic chip to sort the microalgae (Chlorella vulgaris) with different lipid contents. The separa-
tion scheme was based on the relative strength of the hydrodynamic force and the nDEP force
acting on the algal cells, where the algal cells experience the similar hydrodynamic force but
different magnitude of the nDEP force depending on their lipid contents. The frequency sweep
was conducted to determine the crossover frequency of the microalgae with different lipid con-
tents that serves as a guideline for the applied operating frequency. Moreover, the neutral lipid
inside the microalgae was stained by the Nile red for fluorescence intensity measurement down-
stream, which was analyzed to verify the separation result.

MATERIAL AND METHODS
Fabrication of continuous flow DEP microfluidic chip

To fabricate the DEP microchip, the glass slides were first cleaned by using basic washing
solution (NH,OH:H,0,:H,O =1:1:5) at 75°C for 1 h. The 30-nm thick titanium (Ti) adhesion
layer was then evaporated onto each cleaned glass slide, followed by deposition of 200-nm
thick gold (Au) as the conduction layer using the electron beam evaporator (JEOL, 750 A). The
glass slides then went through the etching process to define the patterned electrodes. The micro-
channel was constructed by spin coating a layer of JSR THB 151N negative type photoresist
(JSR Micro, THB 151N) with 15 um in thickness on the glass slide with bottom electrodes, fol-
lowed by photolithography to reveal the electrodes at the bottom of the microchannel. The glass
slide with top electrodes was carefully aligned with the bottom electrodes under the microscope
and clamped together. Since the JSR THB 151N photoresist will become tacky and even melt
as the temperature exceeds 130 and 170 °C, respectively,'® the assembly was baked in the oven
at 130°C for 10 min, followed by 150°C for 5 min to complete bonding of the microfluidic
chip. Once bonded, the inlet and outlet of the microchip were connected to Tygon tube and the
contacts of microelectrode were soldered with copper lines, which were connected to the AC
function generator (AFG3101C, Tektronix) as shown in Figure 1(a). Figure 1(c) shows the
photo of the fabricated DEP microfluidic chip.

Sample preparation and lipid content characterization

Cultivation of Chlorella vulgaris (C. vulgaris) with different lipid contents can be found
elsewhere.'® The average lipid content inside the algal cells was determined through conven-
tional GC method. In this study, the microalgae were sampled at different days during the culti-
vation process and the lipid contents were determined to be 13%, 21%, 24%, 30%, and 35%.

The conductivity of the microalgae solution was adjusted by adding proper amount of
KH,PO, buffer solution. To distinguish the neutral lipid inside the microalgae, Nile red fluores-
cence dye was used to label the lipid body inside microalgae. The Nile red working solution
was prepared by dissolving the Nile red fluorescence dye in DMSO (Sigma—Aldrich, Inc.), fol-
lowed by diluting to 5 uM in the solution of 25% DMSO/KH,PO, medium (v/v). 1 ml of origi-
nal microalgae solution with 10° cells/ml was concentrated to 107 cells/ml via centrifugation.
The centrifuged microalgae were then incubated in 500 ul Nile red working solution for 20 min
by using the vortex machine and washed three times with KH,PO, buffer solution.

DEP separation and fluorescence analysis

Prior to performing continuous sorting of microalgae by DEP, the crossover frequency of
the microalgae with different lipid contents needs to be determined. The procedures to carry
out the frequency sweep can be found in the literature.” In brief, the microalgae solution was
injected into the sealed microchannel with line patterned electrode array at the bottom of the
microchannel. After turning on the AC function generator, the microalgae will experience dif-
ferent DEP force under the non-uniform AC electric field at different applied frequencies.



064120-4 Deng, Kuo, and Juang Biomicrofluidics 8, 064120 (2014)

(a) outlet

AC supplier for
alignment

AC supplier for
separation

(b)

@ microalgae with higher lipid content
() microalgae with lower lipid content

Fluorescence

/O. 000 ) C detection
" ] .. ) 2and 2°
O

FIG. 1. (a) The schematic of the experimental setup. (b) The proposed scheme for separation of microalgae with different
lipid contents. (c) The photo of the continuous flow DEP microfluidic chip.

When the microalgae experience pDEP, they attach to the edge of the line electrodes. On the
other hand, aggregation of the microalgae near the center of the line electrodes is observed
when they experience nDEP. When the operating is around the crossover frequency, the motion
of the microalgae becomes less identifiable. Figure 1(b) shows the scheme of continuous sorting
of the microalgae. The fabricated DEP microchip was fixed onto the microscope holder and
connected to the alternative current power supplier. The solution with Nile red stained microal-
gae was injected into DEP microchip at the flow rate of 250 um/s provided by a syringe pump
(KDS 100, KD Scientific). The injected algal cells with different lipid contents were all repelled
and aligned by the electrode pairs 1-1' and 2-2' at the designated operating frequency.
Addition of the electrode 2-2' is to ensure that most of the algal cells can be well aligned into
a line pattern for subsequent separation. The aligned algal cells were then separated by the elec-
trode pair 3-3' downstream according to their lipid content. The fluorescence intensity of the
microalgae was measured by the inverted fluorescence microscope (TE-2000S, Nikon), which
was connected to digital camera (HQ,, Photometrics) to acquire the sequential images during
DEP separation process. The band pass optical filter (535 to 585 nm) was used to minimize the
fluorescence intensity of chlorophyll a (640nm) and, at the same time, allow the acquisition of
the fluorescence intensity of the neutral lipid stained by Nile red (570 nm). The detection zone
was set to be 30 um x 30 um square downstream where the fluorescence intensity of only one
single algal cell at a time was measured. The fluorescence intensity of the sorted microalgae
was then further analyzed by the image software (image-pro plus, Media Cybernetics).

RESULTS AND DISCUSSION

Continuous sorting of microalgae with different lipid contents

Table I shows the frequency sweep for the microalgae with different lipid contents at the
solution conductivity 1.4 mS/cm. It can be seen that the microalgae with 21% lipid content
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TABLE 1. DEP motion of the microalgae with different lipid contents at the operating frequency between 5 and 20 MHz
(solution conductivity: under 1.4 mS/cm).

Lipid content (% dry wet)

Frequency 21% 30% 35%

1 MHz nDEP nDEP nDEP
2MHz pDEP — nDEP
3MHz pDEP pDEP —_—

ace

—means that the motion of the microalgae is less identifiable.

experienced negative DEP at the frequency 1 MHz but positive DEP at 2 MHz, indicating that
the crossover frequency was between 1 and 2 MHz. As the lipid content increased to 30% and
35%, the crossover frequencies were around 2 and 3 MHz, respectively. Table II shows the fre-
quency sweep at the solution conductivity 2.93 mS/cm. For the microalgae with 21% lipid con-
tent, the crossover frequency increased between 10 and 15 MHz. As to the lipid content around
30%—-35%, the microalgae experienced negative DEP in the entire operating frequency range
(from 5 to 20 MHz), implying that either there was no crossover frequency or the crossover fre-
quency was beyond 20 MHz. For the microalgae with 13% lipid content, they experienced neg-
ative DEP at the frequency 5 MHz but positive DEP at 15MHz and above. Moreover, their
motion is less identifiable at the frequency 10 MHz, indicating that the crossover frequency was
around 10 MHz. When the lipid content was between 20% and 30%, the crossover frequency
was between 10 and 15 MHz or around 15MHz. The above showed that (1) the difference
between the crossover frequencies of microalgae with different lipid contents is smaller at lower
solution conductivity and (2) the higher the lipid content, the larger the crossover frequency.
Since the small difference between the crossover frequencies would pose difficulty in applying
the proper frequency for microalgae separation, therefore, the solution conductivity was set to
be 2.93 mS/cm. As to the latter, it could be reasoned by using the multi-shell model to calcu-
late the change of Re(fcy) of the algal cells.”® The multi-shell model has been used to explain
the behavior of the algal cells in electrorotation measurement,21 describe the dielectric collec-
tion of algal cells in water quality analysis,”> and calculate the polarizability of the algal cells
to account for the chaining behavior™ or the cell properties.>* In this study, the multi-shell
model with three concentric spheres was used to describe the algal cells. The inner sphere with
radius r; represents the accumulated lipid content and r; will change according to the lipid con-
tent. The cytoplasm is represented by the shell between the inner sphere and the concentric
middle sphere with radius r,. The cell wall is represented by the shell between the concentric
middle sphere and the outer sphere with radius r;. The radii r, and r3 can be assumed to be
2.5 yum and 2.6 um, respectively (the thickness of the cell wall is usually around 0.1 um). The
effective permittivity for the sphere and shell can be expressed as follows:

TABLE II. DEP motion of the microalgae with different lipid contents at the operating frequency between 5 and 20 MHz
(solution conductivity: 2.93 mS/cm).

Lipid content (% dry wet)

Frequency 13% 21% 24% 30% 35%

5SMHz nDEP nDEP nDEP nDEP nDEP
10 MHz — nDEP nDEP nDEP nDEP
15MHz pDEP pDEP — nDEP nDEP
20 MHz pDEP pDEP pDEP nDEP nDEP

ace

——"means that the motion of the microalgae is less identifiable.
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sp* in Eq. (2) was replaced by Eq. (4) to indicate the difference of algal cells with different
lipid contents. The permittivity and conductivity for the cell wall (¢3,03), cytoplasm (¢,,0,), and
lipid body (¢;,01) are assumed to be 5S¢y and 1078 (S/m), 60go and 0.5 (S/m)', and 3¢, and

* (S/m), respectively, where ¢, is vacuum permittivity (8.85 x 10~'? F/m). The permittivity
and conductivity of the medium (¢,,,06,,) in Eq. (2) are set at 80gy and 0.29 (S/m), respectively.
As the lipid content inside algal cells increases from 10% to 50%, the radius of the inner sphere
r; will increase as well and the ratio of ’2 decreases from 2.03 to 1.22. Figure 2(a) shows the
calculated Re(fcm) vs. the frequencies for the microalgae with different lipid contents. For
the lipid content less than or equal to 30%, there are two crossover frequencies, i.e., one is in
the lower frequency range and the other in the higher frequency range. For the lipid content
larger than 30%, there is no crossover frequencies and the microalgae experience only nDEP
force. According to the experimental results where the microalgae experienced from nDEP to
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FIG. 2. (a) The calculated Re(fcm) vs. frequency for the microalgae with different lipid contents. (b) The comparison
between the experimental and the calculated crossover frequencies for the microalgae with different lipid contents.
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pDEP as the operating frequency increased, the first crossover frequency (the one in the lower
frequency range) was selected for comparison in this study. The first crossover frequencies for
the microalgae with lipid contents 10%, 21%, 24%, and 30% were found to be 35, 40, 45, and
70MHz, respectively, as shown in Figure 2(b). Despite slightly overestimating the values of
crossover frequencies, it does show the dependence of the crossover frequency on the lipid con-
tent and the larger the lipid content, the higher the crossover frequency.

It is worthy of mentioning that, for the lipid content larger than 30%—-35%, it becomes dif-
ficult to assess the crossover frequency due to the limitation of the equipment. Moreover, the
gold electrodes start to dissolve in the solution as the operating frequency exceeds 40 MHz.
Nevertheless, from the results, it can be seen that there exist the operating frequencies such that
the microalgae with 13% lipid content can be separated from those with lipid content above
21% (5-10MHz) or the microalgae with 20%—-24% lipid content can be separated from those
with lipid content above 30% (10-15MHz). To perform separation of the microalgae with 24%
and 35% lipid contents, the flow behavior of the microalgae under different operating frequen-
cies was examined as shown in Figure 3. At 5 MHz, all the microalgae experienced stronger
negative DEP force and, hence, were repelled by the electrode pairs and directed to the side
channel as shown in Figure 3(a). As the frequency increased to 10 MHz, the microalgae with
24% lipid content passed through the electrode pair and remained in the main channel while

ACon 10 MHz

AC on 20 MHz

FIG. 3. The flow behavior of microalgae with 24% and 35% lipid contents at the operating frequency (a) 5, (b) 10, and (c)
20 MHz. The brighter spots (solid circles) are the microalgae with 35% lipid content and the dimmer spots (dashed circles)
are those with 24% lipid content.
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those with 35% lipid content were repelled and directed to the side channel as shown in Figure
3(b). This is because the microalgae with 24% lipid content experienced less negative or no
DEP force at 10 MHz and the flow rate at 250 um/s provided enough hydrodynamic force to
allow the algal cells to pass through the electrode pair. On the other hand, larger negative DEP
force was exerted on the microalgae with 35% lipid content, which overcame the hydrodynamic
force and the microalgae were directed to the side channel. As the frequency further increased,
the microalgae with less lipid content started to experience positive DEP and might attach to
the electrodes. This is detrimental to the performance the electrodes and the effect of DEP,
especially when the microalgae are being continuously sorted. Moreover, when the frequency
increased to 20 MHz, the microalgae with 35% lipid content also passed through the electrode
pair as shown in Figure 3(c). This results in no separation of the microalgae with 24% and
35% lipid contents. Therefore, the working principle for separation of the microalgae using the
DEP microchip as fabricated is to make the microalgae with different lipid contents experience
different negative DEP force at the proper flow rate where those experiencing less or no nega-
tive DEP force remain in the main channel while those experiencing larger negative DEP force

(¢) Time-lapsed
separation process

(a) AC off

Focus into a li_ne‘

100 pm

FIG. 4. The alignment of the microalgae (a) before and (b) after turning on the AC function generator. (c) The sequential
images for separation of the microalgae with 24% (dashed circles) and 35% (solid circles) lipid contents. The electrodes
(dashed lines) and the edge of the microchannel (solid lines) are outlined for clarity.
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are directed to the side channel without fouling the electrodes. For separating the microalgae
with 24% and 30%-35% lipid content, the operating frequency at 10 MHz was selected to pro-
vide suitable negative DEP force. The same principle was applied to separate the microalgae
with 13% lipid content from those with 21% lipid content at the operating frequency 7 MHz.
Figure 4 shows the alignment and separation of microalgae with 24% and 35% lipid contents.
Before turning on AC power, the microalgae flowed and were randomly distributed inside the
microchannel as shown in Figure 4(a). When applying the AC power at the frequency 300 kHz
for 5 s, all the microalgae were aligned and guided to downstream as shown in Figure 4(b).
From the result of the frequency sweep, it indicates that all the microalgae would experience
relatively stronger negative DEP force to overcome the hydrodynamic force and be directed to
the side channel. The purpose of alignment prior to separation is to have the microalgae subject
to the retardation effect after leaving the paired electrodes,'® which leads to increase of the
spacing between two adjacent algal cells. As a result, it is very much likely for the algal cells
to pass the detection area one at a time. Figure 4(c) shows the sequential images for separation
of the microalgae at 10 MHz. It can be seen that the brighter spots (indicating the microalgae
with higher lipid content) slowed down as they approached the electrode pair, being directed to
the side channel. For the dimmer spots (indicating the microalgae with lower lipid content),
they moved faster than the brighter spots and passed through the electrode pair to remain in the
main channel. Note that the trajectory of the dimmer spots was deflected when passing through
the electrode pair, which is due to the electric field-induced DEP force gradient in the z-direc-
tion.'® Separation of the microalgae with 13% and 21% lipid contents, and 24% and 30% lipid
contents, was also achieved (Figures A and B in supplementary materials).”> This demonstrates
that the microalgae with different lipid contents can be sorted according to the proposed scheme
using the DEP microchip as fabricated.

Continuous fluorescence detection and analysis of the microalgae with different lipid
contents

In order to verify separation of the microalgae, the fluorescence intensity measurement of
the sorted microalgae with different lipid contents was carried out downstream. Figure 5 shows
the fluorescence intensity measurement of the microalgae with different lipid contents. For the
microalgae with 13% lipid content, the fluorescence intensity of the neutral lipid was close to
the background signal and, thus, not shown in the figure. It can be seen that, when the microal-
gae were at rest, the measured fluorescence intensity increased as the lipid content increased
and there was a discernible difference in the fluorescence intensity among the microalgae with
different lipid contents. When the microalgae were in motion, the measured fluorescence inten-
sity decreased compared to that measured at rest, which could be attributed to the sensitivity of

160

H algae in motion

T
& M algae at rest j_

120

100

80

intensity(a.u.)

20 —
o i [
24% 35%
lipid content

FIG. 5. The measured fluorescence intensity of the microalgae with different lipid contents at rest and in motion.
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the instrument. Still, there exists discernible difference in the fluorescence intensity between
microalgae with 24% and 35% lipid contents, separation of these two microalgae samples can
be identified and verified based on the measurement of the fluorescence intensity.

CONCLUSIONS

In this study, continuous sorting and analysis of microalgae with different lipid contents
were demonstrated by using the flow through DEP microfluidic chip. It was found that separa-
tion of the microalgae with 13% and 21% lipid content, 24% and 30%—-35% lipid content, was
achieved at operating frequency 7 MHz and 10 MHz, respectively. Moreover, separation of the
microalgae with different lipid contents can be further identified based on the fluorescence mea-
surement. The microfluidic chip as fabricated can be integrated with fluorescence detection sys-
tem?® for potentially on-site monitoring and optimization of the cultivation process.
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