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in the presence of a chemoattractant

Leticia F. Ngum', Y. Matsushita?, Samir F. El-Mashtoly', Ahmed M. R. Fath El-Bab® and
Ahmed L Abdel-Mawgood'"

Abstract

Cell separation using microfluidics has become an effective method to isolate biological contaminants from bod-

ily fluids and cell cultures, such as isolating bacteria contaminants from microalgae cultures and isolating bacteria
contaminants from white blood cells. In this study, bacterial cells were used as a model contaminant in microalgae
culture in a passive microfluidics device, which relies on hydrodynamic forces to demonstrate the separation of micro-
algae from bacteria contaminants in U and W-shaped cross-section spiral microchannel fabricated by defocusing CO,
laser ablation. At a flow rate of 0.7 ml/min in the presence of glycine as bacteria chemoattractant, the spiral microflu-
idics devices with U and W-shaped cross-sections were able to isolate microalgae (Desmodesmus sp.) from bacteria

(E. coli) with a high separation efficiency of 92% and 96% respectively. At the same flow rate, in the absence of gly-
cine, the separation efficiency of microalgae for U- and W-shaped cross-sections was 91% and 96%, respectively. It
was found that the spiral microchannel device with a W-shaped cross-section with a barrier in the center of the chan-
nel showed significantly higher separation efficiency. Spiral microchannel chips with U- or W-shaped cross-sections
were easy to fabricate and exhibited high throughput. With these advantages, these devices could be widely applica-
ble to other cell separation applications, such as separating circulating tumor cells from blood.
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Microalgae are photosynthetic, unicellular microorgan-
isms that thrive in freshwater and marine environments
and often comprise the base of aquatic food chain in
seas. In recent years, microalgae has attracted significant
attention worldwide as a potentially valuable resource
for biomass cultivation (Ruiz et al. 2016). This is due to
microalgae’s ability to absorb CO, through photosynthe-
sis (Borowitzka 2013), their greater biomass productivity
compared to terrestrial plants (Wan et al. 2015), and their
use in feedstocks to produce high-value products like
food, cosmetics and renewable energy, thereby meeting
global demand (Yuan et al. 2017). The aforementioned
industrial potential, typically achieved by growing a sin-
gle algal strain with a high proportion of target prod-
uct, is only possessed by a few unique species (Kim et al.
2021). Therefore, it is crucial to separate microalgae
strains with desired characteristics from their natural
habitats to facilitate productivity in laboratory research
and effective commercial applications.

Microalgae cultures are commonly contaminated by
invasive bacteria, fungi and other microalgae species
during cultivation and collection (Patil et al. 2008).
Hence, purification processes to remove microalgae
from undesirable microorganisms before downstream
storage is required to ensure high-efficiency production
of biomass. This biomass can be a potential source for
downstream manufacturing such as bioplastics and
bioactive film production. (Morales-Jiménez et al.
2020) used extracellular biopolymers from Nostoc sp.
and Porphyridium purpureum biomass to produce

properties that can be utilized for food and cosmetic
packaging. Other application is the biofuel production
due to its high lipid and carbohydrate content (Morales-
Jiménez et al. 2021). Other bio-based products such as
asthanxanthin produced from Haematococcus pluvialis,
phycocyanobilin from Spirulina sp., and £3-1,3-Glucan
from Chlorella sp., which are used to produce cosmetic
products with high antioxidant and anti-inflammatory
contents (Mourelle et al. 2016).

Standard methods for reducing, isolating and purify-
ing microalgae cultures from bacterial contaminants
include streaking on a selective medium using agar plate
culture, serial dilution (Syed et al. 2018), micro pipetting
(Kim et al. 2021), centrifugation and filtration (Yuan et al.
2019). However, the streaking methods are ineffective
for microalgae because algal cells form identical green
colonies are difficult to differentiate (Kim et al. 2021).
Micro-pipetting techniques are highly labor-intensive
and can lead to cell damage (Spilling 2017). In addi-
tion, the centrifugation method is time-consuming and
leads to the destruction of the analytes of interest due to
mechanical stress caused by high-speed centrifuge rota-
tion and the filtration methods can lead to filter clogging
(Yu et al. 2015). Hence, the shortcomings associated with
these conventional technologies have led to the develop-
ment of more sensitive, less time-consuming technolo-
gies such as microfluidics, which can be used to improve
the separation of microalgae cultured cells from bacterial
contaminants, thereby eliminating contamination from
microalgae cultures.
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Cell sorting, cell detection, cell preparation, and other
essential activities can be performed on a single-chip
system using microfluidics technology. Microfluidics is a
technique that handles small amounts of fluids utilizing
tiny channels with sizes ranging from tens to hundreds
of micrometres. Microfluidics has evolved as an exciting
and essential tool in biology, medicine, chemistry, agri-
culture, food, environment, navigation, and many other
fields (Bodénés et al. 2019) because of its low fabrica-
tion cost, ease of operation, high throughput, lack of cell
damage, and the possibility of coupling with microscopy
(Kang et al. 2018). Despite the advantages associated with
microfluidics, the clogging of microchannels is a signifi-
cant problem during cell separation. This clogging may
be due to the aggregation of cells on the channel wall as
a result of a high concentration of cells in the microchan-
nels, which prevents the movement of cells in the micro-
channel (Kang et al. 2018).

Based on the operation concept, microfluidic tech-
niques can be into two categories, active and passive.
In active separation methods such as dielectrophoresis
(DEP) (Bakhshi et al. 2022), magnetophoresis (Hejazian
et al. 2015), and acoustophoresis (Olm et al. 2019), cells
are separated by external forces.

Conversely, passive approaches do not require exter-
nal forces to separate cells. Passive technologies are more
prevalent than active ones due to their inexpensive cost
of manufacture, high throughput, and straightforward
channel designs. These passive techniques include iner-
tial microfluidics (Chung 2019), deterministic lateral dis-
placements (DLD) (McGrath et al. 2014), and pinched
flow (Pgdenphant et al. 2015).

Most cell separations were performed in a Newtonian
fluid, such as distilled water, or phosphate buffer solu-
tion (Lee and Yao 2018; Schaap et al. 2016; Wang et al.
2020) and in non-Newtonian fluid, such as polyethylene
oxide and hyaluronic acid (Ahn et al. 2015; Nam et al.
2019; Narayana lyengar et al. 2021) in inertial straight
and spiral microchannels with rectangular and U-shaped
cross-sections (Ahn et al. 2015; Mehran et al. 2021; Yuan
et al. 2017). Among the passive cell separation methods,
inertial microfluidics is important because (i) it can be
easily manufactured, (ii) it produces a high yield of sepa-
ration (Zhang et al. 2018), and (iii) cell separation is solely
dependent on hydrodynamic forces such as inertial lift
and Dean drag forces which are being generated during
fluid flow in the microchannel (Di Carlo et al. 2007). In
past studies, (Yuan et al. 2019) used a straight inertial
microfluidics device with a rectangular cross-section to
separate microalgae cells from bacteria cells in the pres-
ence of a polyethylene oxide solution, while (Schaap et al.
2016) used a spiral inertial microfluidics device with rec-
tangular cross-section to separate microalgae of different
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sizes in distilled water. Moreover (Mehran et al. 2021)
used a spiral microchip with a U-shaped cross-section to
separate white blood cells from whole blood in distilled
water.

This study aimed to fabricate a U- and W- shaped
cross-section spiral microchip to separate microalgae
from bacteria in the presence/absence of a chemoattract-
ant. We demonstrated that the spiral microchips with U-
and W- shaped cross-section structure can be fabricated
easily using defocused CO, laser ablation method. To the
best of the author’s knowledge, this is the first study to
isolate microalgae using a W-shaped cross-section spiral
microchip.

Design principle

Under general conditions, the ratio of inertial force to vis-
cous force (Reynolds number (Re)) is exceptionally small
in microfluidic devices (Lee and Yao 2018). However,
when the Reynold number is fixed, particles traveling
across the spiral microchannel are affected by inertial lift
movement effect and Dean flow (Bhagat et al. 2008). The
Reynold number of fluids flowing in a spiral microchan-
nel is given in Eq. 1.

usD
Re:L S

" (1)

While, particle Reynold number (Rep) is given in Eq. 2

pUsap
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Rep
where p is density of fluid medium (kg/m®), Uy is average
fluid velocity (m/s), u is represented as the fluid viscos-
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ity (kg *s™), Dy, = Grrid) 18 the hydraulic diameter of the
U-shaped and- W shaped channels (r is the radius and d
is the diameter of the microchannel).

The channel curvature causes two counter-rotating
vortices (Dean vortices) to be continuous. Hence, the
drag forces generated by Dean vortices drive particles to
move toward the vortices and the mainstream flow (Al-
Halhouli et al. 2018). A dimensionless Dean number can
express Dean’s vortex strength. The dimensionless num-
ber De is given in Eq. 3.

D
De = Rey| =2 3)
2R

De is denoted as the Dean number, Dy is hydraulic
diameter, and R is radius of curvature. As particles travel
along a curved channel due to transverse Dean flow, a
drag force is exerted on the particles (Kemna et al. 2012),
which moves them towards the Dean vortices (circulate)
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depending on the particle size to focus either in the inner
or outer channel wall (Fig. 1). The Dean drag force is
given in Eq. 4.

Fp = 5.4 x 10 4z uDe'ap (4)
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The curved geometry of spiral channels generates a
force known as inertial force (FL), which affects the flow-
ing particles by focusing the particles to the inner out-
let (Fig. 1). FL, which behaves in an inverse direction to
Dean drag force, is the balance of the shear gradient lift
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Fig. 1 A, B Show the principle of cell movement in U-shaped and W-shaped cross-section, respectively. X represents both microalgae and bacteria
cell inside the microchip before separation. Y represents the movement of cells in the microchannels under the influence of the inertial lift force
acting on larger cells (microalgae) and Dean drag force acting on smaller cells (bacteria). Z represents cells at their target outlet with microalgae
cells occupying the inner outlet and bacteria cell occupying the outer outlet
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force (FLS) and wall-induced lift force (FLw) (Al-Hal-
houli et al. 2018). The inertial lift force is given in Eq. 5.

F, = pGyCrap* (5)

where G is denoted as the fluid shear rate, Cy, is repre-
sented as the lift Coefficient 0.5, and ap is the particle
size.

Materials and methods

Design and fabrication of spiral microchannel

U- and W- shaped spiral microchannels were built in a
2-D form in a coral draw graphics suite X52010 (Fig. 2).
In the fabrication of the microchannels, polymethyl
methacrylate material (PMMA) cast sheets of 1 mm
thickness were used as the microfluidic chip substrate
processed by a commercial CO, laser processing machine
(VLS3.5 universal laser system Inc. USA). PMMA
material was selected because of its biocompatibility
and low cost (Helmy et al. 2018; Mehran et al. 2021). In
addition, the CO, laser machine was used because of
its quick processing time during fabrication (Adel et al.
2023). The laser used in this study has a wavelength of
10.6 pm in the infrared red region, a frequency of 50
KHz, a maximum power of 30 W (Mansour et al. 2022;

2-D diagram on coral draw.

Bonded microchannel

Fig. 2 Fabrication steps of spiral microchip

Bonding of microchannels
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Nasser et al. 2019a, b; Okello et al. 2022) and a top scan
speed of 250 mm/s. During fabrication, the CO, laser cut
uses a high-power density focusing optics-lens (HPDFO)
of 2 mm focal length with the minimum engraving spot
diameter of 100 um to focus the laser beam on 1 mm
acrylic mounted on a working table. The working table
was fixed at 3 mm defocused distance. The laser was
irradiated using an engraving power of 50% (15 W) and
a laser engraving speed of 100% (250 mm/s) (Fig. 2).
Hence, the specified spiral microchannel pattern was
created based on the laser’s output power, constant travel
speed, and vector engraving mode, which was set by the
coral draw software.

On another 1 mm PMMA substrate, inlet and out-
let holes of 2 mm were bored using CO, laser ablation
to give fluid access to the microchannel. The fabricated
microchannels were washed with distilled water for 10
min and dried using nitrogen gas. The microchannel’s
depth, width, and cross-section were measured with a
3D laser microscope system (Keyence VK-X100, Keyence
Corporation, Osaka, Japan).

Thermal bonding was performed to join the upper and
lower PMMA layers together (the top layer containing
the inlet and outlets and the bottom layer containing the
microchannels) at a temperature of 130 °C for 10 minutes

Focusing lens -

iMMA suistrali 3

Fabrication of spiral
microchannel.

Clamping acrylic layers
together
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(Fig. 2). Silicon tubes were fitted onto the channel inlet
and outlet, and the fabricated microchannels were tested
with methylene blue dye (Fig. 2) to inspect for leakages in
the microchannels.

Cell culture
This study employed Desmodesmus non-motile, single
green algae of ~15 pum size. These microalgae cells were
cultured into a 250 ml conical flask capped with cotton
wool containing BG-11 medium for two weeks at room
temperature under light conditions. The grown micro-
algae were transferred into a 15 ml falcon tube under
aseptic conditions and centrifuged for 10 minutes at 4000
rpm, and the pellet was resuspended in distilled water.
Escherichia coli (E. coli) is a motile, rod-shaped bac-
teria with an average diameter of about lum. Bacteria
were cultured in a shaker in Luria Bertani broth (2 g/ml
NaCl, 2 g/ml tryptone, 1 g/ml yeast extract into 200 ml
distilled water) for 48 hrs. The overnight growth of cul-
tured bacteria was measured using a spectrophotometer
(EMCLAM instruments, Germany) at Optical density
(O.Dgg)- The grown bacteria were centrifuged at 4000
rpm, and the bacteria pellet was resuspended in distilled
water and kept at room temperature.

(a)

Microalgae culture

and Bacteria culture

Syringe containing
bacteria culture

contaminant + microalgae
cells + glycine.

(b)

Syringe pump
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Cell count

Microalgae were counted using a haemocytometer
(Paul Marienfeld Counting Chamber, Germany) in the
four large grid squares, and a microalgae concentration
0of6000cells/ml was acquired.

Experimental setup

Two ml of bacterial culture were mixed with 2 ml of
microalgae culture with and without glycine and injected
into the microchannels using a 10 ml plastic syringe
supported onto a syringe pump (Chemyx Fusion 200,
USA), as illustrated in Fig. 3. In these spiral microchips,
experiments were conducted at a flow rate ranging from
0.3 ml/min to 0.9 ml/min. Bacteria cells were collected at
the outer outlet of the microchannels after cell separation
and grown on Luria Bertani agar to count the number of
bacteria cells recovered at the outer outlet at each flow
rate. Meanwhile, microalgae were collected from the
inner outlet and the number of microalgae obtained at
each flow rate was counted using a hemocytometer.

This study defined microalgae separation efficiency as
the number of microalgae obtained at the inner outlet
(target outlet) to the total number of microalgae in the
inner and outer outlet. Equation 6 shows the formula to
calculate microalgae separation efficiency.

(d)

. Microalgae
cells

negative
bacteria

Spiral microchip

Fig. 3 Experimental setup A microalgae growth in BG11 media and bacteria cells growth in Luria Bertani agar, B 10 ml plastic syringe with mixtures
of cells in glycine been pumped into the spiral microchip using a syringe pump, C micrograph of bacteria cells collected at the outer outlet
after separation and gram staining D micrograph of microalgae cells collected at inner outlet and counted using a hemocytometer
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N;
—2— x 100 (6)

E,, =
" N(io+oo)

where E,; is the microalgae separation efficiency, Njg is
the number of microalgae at the inner outlet (microalgae
target outlet) and N(jo+00) is the number of microalgae at
the inner and outer outlets. The bacterial removal ratio
was defined as the number of bacteria cells obtained at
the outer outlet (bacteria target outlet) to the total num-
ber of cells in the outer and inner outlet. Bacteria removal
ratio was calculated using Eq. 7.

[

N,
—2— % 100 )

E, =
N(oo+io)

where Ej, is the bacterial removal ratio, N __ is the total
number of bacteria at the outer outlet (target outlet) and
N(oo+io) is the total number of bacteria at the outer and
inner outlets.

Results and discussion

Microchannel characterization

This study used the defocusing CO, laser ablation
method to fabricate spiral microchips with U- and
W-shaped cross-sections. The measured width of the
U-shaped cross-section was 227 um while the measured
depth ranged from 175 to 210 pm. The width of 190 pm

(A)

- . 100 um

0 200
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was used as a middle value to calculate the hydraulic
diameter of the microchannel. The measured width of
W- shaped cross-section was 220 pm while the measured
depth ranged from 162 to 210 pum, and the width of 180
pum was used as the middle value to calculate the hydrau-
lic diameter of the microchannel.

The single spiral microchannel fabricated by a single
laser scan has a U-shaped cross-section while the double-
shaped spiral microchannel fabricated by the double scan
method with slightly displaced second of the laser has a
W-shaped cross-section. In a U- shaped cross-section,
when the laser beam strikes an acrylic material surface,
the laser beam engraves a single spiral microchannel
on the acrylic material surface at a distance of 3 mm
from the focal point, which causes the energy from the
laser beam to spread across a larger region producing
U-shaped cross-section spiral microchannels with
shallower depth and wider width (Fig. 4).

Meanwhile, in spiral microchannel with W-shaped
cross-section, when the laser beam strikes the surface
of an acrylic material the laser beam engraves two spiral
microchannels along with two slightly displaced paths,
having a 100 um distance between every two spirals on
the acrylic material at a distance of 3 mm from the focal
point, which causes the energy from the laser beam to
spread across a larger region on the acrylic material

0. Opm

1000. 0 500.0 0. Opm

pm

400 600 800

Fig. 4 Microchannel fabricated on PMMA material using defocused laser ablation method: A Optical channel image, B 3D micrograph of the single

spiral microchannel and C U-shaped cross-section channel profile
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resulting in two spiral microchannels intersecting
together thereby forming an incomplete barrier between
the two channels leading to a W- shaped cross-section
spiral microchannel (Fig. 5).

In contrast to the focusing method which produces
Gaussian-shaped microchannels with deeper depth and
narrower width when the laser beam strikes the acrylic
material at a distance of 0 mm from the focal point,
the defocused method (used in this study) produces
microchannels with wider width and shallower depths
(Nasser et al. 2018) (Fig. 6).

Effect of glycine on cell separation

This study investigated the effect of the presence and
absence of glycine (200 puM) on the separation of
microalgae from bacterial contaminants. The 200 4M was
used because the EC;, of E. coli was found to be above
100 M (Yang et al. 2015). During bacteria movement in
the microchannels, when glycine bound to the Tar or Tas
receptor of E. coli, glycine served as a source of nutrients
by auto-phosphorylating a histidine kinase CheA.
The phosphate group in this phosphorylated CheA
was transferred to the response regulator CheY. This
phosphorylated CheY bound to the flagellar motors of the
E. coli, thus favored the movement of the E. coli towards
their outer outlet. As a result, Dean drag force and
glycine acted on bacteria cells, led to high removal of

0 200 400
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bacterial cells in the U- and W-shaped cross-section
spiral microchannels of 72% and 87%, respectively. In a
study by (Yuan et al. 2019), only elastic forces brought
by polyethylene oxide solution acted on the bacteria cell,
thus increasing bacterial movement towards the outer
outlet, leading to a high bacteria removal ratio of 92.97%.
In this study, when the experiment was performed
without glycine, a low bacterial removal ratio of 63% and
66% was obtained using U- and W-shaped cross sections,
respectively. In this case, the removal ratio is achieved
only by Dean drag force. Microalgae cells lack flagella
that bind with glycine. This indicates that the movement
of microalgae in the presence and absence of glycine
depends on inertial lift forces.

Effect of Reynold number and Dean number on fluid flow
in microchannel

Equations 1 and 3 above were used to calculate the
Reynold number and Dean number of fluid flow in the
microchannel, which would be used to predict the type
of flow experienced by the fluid in the microchannels
(Table 1). The density of glycine in water was calculated to
be 948.81 kg/m? using the formula % Where M =glycine
solution mass and V is glycine solution volume, while the
density of water was 1000 kg/m?>. Equation 2 above was
used to calculate the particle Reynold number (Table 2).

pm

600 800

Fig. 5 A Optical channel image, B 3D micrograph of double spiral microchannel and C W-shaped cross-section channel profile
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(B)

Fig. 6 AThe defocused method of the CO, laser machine with a 3 mm defocusing distance away from the material forms microchannels. B The
focused method of the CO, laser machine with direct focusing of the laser beam onto the acrylic material forms a Gaussian shape cross-section

Table 1 Calculated Re and De numbers at different flow rates.

Flow rates (ml/min) W-shaped U-shaped

Water Glycine Water Glycine

Re De Re De Re De Re De
03 81.5 114 84.2 11.8 36.6 5.10 354 4.10
04 109 15.2 112 15.7 47.6 6.60 46.1 6.50
0.5 136 19.0 140 19.6 586 8.20 56.6 7.90
0.6 164 221 170 238 69.5 9.70 67.3 9.40
0.7 190 266 196 274 82.1 116 80.3 1.2
0.8 219 306 226 316 952 133 923 129
09 236 331 244 34.2 107 15.0 104 14.6

Table 2 Rep of microalgae cells (15 um) and bacteria cells
(1 um) for the W- and U-shape

Flow rates W-shape U-shaped
(ml/min)
Rep (15pum) Rep(1pm) Rep(15um) Rep (1 pm)

03 4.80 0.32 4.50 0.30

04 6.50 043 590 039

0.5 7.0 0.53 7.20 048

0.6 10.0 0.64 8.60 0.57

0.7 11.1 0.74 10.2 0.68

0.8 12.7 0.85 1.7 0.78

0.9 144 0.96 132 0.88

In the microchannels, the fluid experienced a laminar
flow both in glycine solution and distilled water causing
the movement of fluid to be in a smooth and orderly
manner in the microchannels since their Reynold num-
ber (Re) is less than 2000. The Dean number (De) indi-
cates that, the curvature of the spiral microchip brings
about secondary force in the microchannel known as
Dean drag forces which act on smaller cells.

Effect of flow rate on cell separation: microalgae
separation efficiency

In the U-shaped cross-section spiral microchip, in
the presence of glycine, as the flow rate increases
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from 0.3 ml/min to 0.7 ml/min, microalgae separation
efficiency increases from 55% to 92%. As the flow rate
increases from 0.8 to 0.9 ml/min, microalgae separation
efficiency decreases from 63% to 61% (Fig. 7A). In the
absence of glycine, as the flow rate increases from 0.3
ml/min to 0.7 ml/min, microalgae separation efficiency
from bacteria contaminant increases from 58% to 91%.
As the flow rate increases from 0.8 to 0.9 ml/min,
microalgae separation efficiency decreases from 61 to
58%, respectively (Fig. 7B).

In the W-shaped cross-section, in the presence of
glycine, as the flow rate increases from 0.3 ml/min to

-
N
o
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] With glycine at outer outlet

100 92

0
o
L

Microalgae Separation Efficiency (%)
» =]
o o

03 04 0.5 06 0.7 0.8 0.9

Flow Rates (ml/min)
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0.7 ml/min, microalgae separation efficiency increases
from 58% to 96%. As the flow rate increases from 0.8
ml/min to 0.9 ml/min, microalgae separation efficiency
decreases from 61 to 58%, respectively (Fig. 8A). In the
absence of glycine, as the flow rate increases from 0.3
ml/min to 0.7 ml/min, microalgae separation efficiency
increases from 58 to 96%. As the flow rate increases
from 0.8 ml/min to 0.9 ml/min, microalgae separation
efficiency decreases from 72 to 56%, respectively
(Fig. 8B).

This high separation efficiency of microalgae obtained
in both U- and W- cross-section (as the flow rate

120

[ Without glycine at inner outlet
] (®)

Without glycine at outer outlet

100 4
91

[==]
o
1

40 4

Microalgae Separation Efficiency (%)
[=2]
o

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Flow Rates (ml/min)

Fig. 7 Microalgae separation efficiency in U-shaped cross-section spiral microchip. A with and B without glycine

With glycine at inner outlet ( A)
With glycine at outer outlet

-
E=d
o

L
o

Microalgae Separation Efficiency (%)
L]
o

0.3 04 05 06 07 08 0.9
Flow Rates (ml/min)

100 4

%)

Without glycine atinner outlet| (8)
Without glycine at outer outlet

80 4

60 4

20 4

Microalgae Separation Efficiency (

0.3 04 0.5 0.6 0.7 0.8 0.9

Flow Rates (ml/min)
Fig. 8 Microalgae separation efficiency in W-shaped cross-section spiral microchip. A with and B without glycine
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increases from 0.3 ml/min to 0.7 ml/min) is because
microalgae has: (i) a blockage ratio (8) of 0.1 (Yuan et al.
2019), (ii) a high channel and particle Reynold number
(Tables 1 and 2 respectively) (Schaap et gl. 2016), and (iii)
an inertial ratio of 0.33 and 0.37 (Rf= ‘gh§> 0.04) (Kemna
et al. 2012), causing inertial lift forces to dominate the
movement of the microalgae in the microchannel. In
contrast to our study, a study by (Schaap et al. 2016),
found out that Monoraphidium microalgae requires a
higher flow rate of more than 1 ml/min to achieve their
focusing position in the microchannel due to their small
size (3 pm), a low Rp < 0.04 in their experiment and the
action of smaller lift forces on Monoraphidium.

A low microalgae separation efficiency was obtained
as the flow rate increased from 0.8 ml/min to 0.9 ml/min
because of an increase in Dean vortex strength (Table 1),
which causes the cells to remain dispersed around the
microchannel. As such, Dean drag forces dominate the
movement of microalgae, causing the microalgae to move
away from their initial focusing positions at the inner
outlet and concentrate towards the outer outlet (Mehran
et al. 2021). This is in accordance with a study by (Syed
et al. 2018), who stated that as the flow rate increases to
1.75 ml/min, the separation efficiency of microalgae T.
suecica decreases to 8% due to a rise in Dean drag forces
over lift forces.

Bacterial removal ratio

In the U-shaped cross-section in the presence of glycine,
as the flow rate increases from 0.3 ml/min to 0.7 ml/
min, the bacteria removal ratio increases from 55 to
72%. As the flow rate increases from 0.8 ml/min to
0.9 ml/min, the bacteria removal ratio decreases from
64 to 62% (Fig. 9A). In the absence of glycine, as the

100
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flow rate increases from 0.3 ml/min to 0.7 ml/min, the
bacteria removal ratio increases from 52 to 63%. As the
flow rate increases from 0.8 ml/min to 0.9 ml/min, the
bacteria removal ratio decreases from 59 to 54% (Fig. 9B).
However, in the W-shaped cross-section, as the flow rates
increase from 0.3 ml/min to 0.7 ml/min, the bacteria
removal ratio increases from 56 to 87%. As the flow rate
increases from 0.8 ml/min to 0.9 ml/min, the bacteria
removal ratio decreases from 60 to 58% (Fig. 10A). In the
absence of glycine, as the flow rate increases from 0.3 ml/
min to 0.7 ml/min, the bacteria removal ratio increases
from 53 to 66%. As the flow rate increases from 0.8 to
0.9 ml/min, the bacteria removal ratio decreases from 63
to 55% (Fig. 10B).

Generally, at the flow rates from 0.3—-0.9 ml/min, most
bacteria cells remain dispersed in W- and U-shaped
cross-section. This is because the average size of E. coli
is 1 um which do not obey the size criteria for inertial
focusing due to (i) a low bacteria blockage ratio (f3)
of 0.008 (Mehran et al. 2021; Yuan et al. 2019) (ii) a
hydraulic diameter (D)) of 1.3x10% 1.2x 107 (iii) a high
channel Reynold number and a low particle Reynold
number (Tables 1 and 2) (Schaap et al. 2016) and (iv)
a low inertial ratio (R) < 0.04 (Kemna et al. 2012) in
U-shaped and W shaped cross-section microchips which
affect the focusing ability of bacteria in the microchannel
there by reducing their removal ratio at their target
outlet. This is in accordance with a study by Schaap et al.
(2016), where most microalgae Chlorella cells of 5 pm
in size did not focus in the spiral microchip because a
microchannel depth of 100 um was used. A decrease
in the microchannel depth from 100 to 25 um and an
increase in flow rate to more than 1.4 ml/min, favored the
focusing of Chlorella cells in a narrow stream with higher
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Fig. 10 Bacteria removal ratio in W-shaped cross-section. A With and B without glycine

separation efficiency of more than 90%. Whereas in
another study by (Yuan et al. 2019), most of the bacteria
cells were not dispersed in the microchannel because the
microchannel had a depth of 10 um, which favored the
movement and focusing of bacteria (Bacillus subtilis) at
the outer outlet of the microchannel, leading to a high
removal ratio of 92.97%.

The W-shaped cross-section produces better
microalgae (Desmodesmus sp) separation efficiency and
better bacteria removal ratio in the presence and absence
of glycine (Fig. 11) because a barrier created at the

center of the microchannels prevents some recirculation
and mixing of microalgae and bacteria cells in the
microchannel. This is in contrasts to the U-shaped cross-
section, which produces low microalgae (Desmodesmus
sp) separation efficiency and low bacteria (E. coli) removal
ratio both in the presence and absence of glycine. In
another study utilizing a spiral microfluidics device with a
rectangular cross-section produced a 60-80% separation
efficiency of Cosmarium from Chlorella vulgaris (Lee
and Yao 2018). Moreover, a study by (Wang et al. 2020)
using spiral devices with rectangular cross-sections
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Fig. 11 A comparison of microalgae separation efficiency and bacteria removal in U and W-shaped cross sections in the presence and absence
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reported more than 80% Chlorella separation efficiency
from Closterium and Platymonas. The low microalgae
separation efficiencies and bacteria removal ratio in
spiral microchips with U-shaped and rectangular-shaped
cross sections was due to the absence of a barrier at the
centre of the spiral microchannels, which thus causes
recirculation and mixing cells to be a prevalent problem
in these microchips.

A summary of previous studies assessing the effects of
microchannel cross-sections and fluid medium on the
efficiency of microalgae separation and bacteria removal
ratio is presented in Table 3.

In the rectangular cross-section, there were variations
in the percentage of microalgae separation efficiency
according to the fluid medium used. In the case of
using distilled water as fluid medium, the separation
efficiency varied from 60 to 100% (Schaap et al. 2016;
Robla et al. 2021; Wang et al. 2022; Lee and Yao 2018).
The 100% separation efficiency obtained in the study
by (Robla et al 2021) was because of using a nonporous
membrane as sandwiched between the microfluidics
channels during cell separation. The use of polyethylene
oxide solution as a fluid medium, resulted in a higher
separation efficiency of 97.5 to 100% (Liu et al. 2022;
Yuan et al. 2019). Meanwhile, using phosphate buffer
solution in the rectangular cross-section microchip,
the efficiency ranged from 80 to 90% (Wang et al. 2019;
Wang et al 2020; Wang 2021). The lowest separation

Table 3 Summary of previous studies in comparison to this study
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efficiency was reported by (Wang et al 2021; Korensky
et al. 2021) who used triangular and circular cross-
section with phosphate buffer solution and distilled water
as fluid medium, respectively. This may conclude that a
rectangular cross-section in the presence of a polymer
solution (Polyethylene oxide) and in the presence of
distilled water, during cell separation provided a high
separation efficiency and bacterial removal ratio.

Conclusion
W- and U-shaped cross-sectional spiral microchips were
fabricated by defocusing CO, laser ablation. The U-shaped
cross-section showed a microalgae separation efficiency
of 92% and a bacteria removal ratio of 72% with glycine,
and a 91% microalgae separation efficiency and a bacteria
removal ratio of 63% without glycine. The W-shaped cross-
section spiral microchip showed a microalgae separation
efficiency of 96% and a bacteria removal ratio of 87% with
glycine, and 96% microalgae separation efficiency and a
bacteria removal ratio of 66% without glycine. The spiral
microchips fabricated in this study can be widely applied
to other cell separation applications, such as white blood
cell separation from whole blood, circulating tumor cell
separation from urine, and microalgae separation in
droplet-based microfluidics.

For future work, we may need to investigate other
fabrication methods such as the soft lithography to obtain
U and W-shaped cross section of less than 100 um depth.

Studies Fluid medium Cross-section Microalgae Bacteria References
Separation eff. removal
(%) ratio (%)
Desmodesmus sp and E. coli Glycine solution W-cross-section 96 87 This study
Desmodesmus sp and E. coli Distilled water W- cross-section ) 66 This study
Desmodesmus sp and E. coli Glycine solution U-cross-section 92 72 This study
Desmodesmus sp and E. coli Distilled water U-cross- section 91 63 This study
Chlorella vulgaris and Bacillus Polyethylene oxide Rectangular cross-section 100 9297 Yuan et al. (2019)
subtilis
Cosamarium and Chlorella vulgaris ~ Distilled water Rectangular cross-section  60-80 - Lee and Yao (2018)
Chlorella from Closterium and Platy-  Phosphate buffer solution  Rectangular cross-section >80 - Wang et al. (2020)
monas
Monoraphidium and Cyanothece Distilled water Rectangular cross-section 77 - Schaap et al.
(2016)
Platymonas and Closterium Phosphate buffer solution  Rectangular cross -section 90 - Wang et al. (2019)
Tetraselmis sp and Chlorella sp Distilled water Rectangular cross-section  >90 - Wang et al. (2021)
C. reinhardtti and E. coli Distilled water Rectangular cross-section 100 100 Robla et al. (2021)
B. subtilis with Polyethylene oxide solution Rectangular 97.5 Liu etal. 2022)
varying sizes cross-section
Rhodomonas, Alexandrum and E. Distilled water Circular cross-section 89 75 Korensky et al. (2021)
coli
Platymonas and Chlorella Phosphate buffer solution  Triangular cross-section 85.7 - Wang (2021)
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Other improvements maybe done by adding a nanoporous
membrane between the microchannels before separation,
elastic fluids such as xanthan gum, hyaluronic acid,
polyethylene oxide solution may be applied during cell
separation to increase microalgae separation efficiency. In
addition, various glycine concentrations should be tested
for separation of various types of motile bacteria.
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