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Abstract

Much effort has been made to manipulate cells for many biomedical and environmental applications. However, controlling
cells in efficient and sustainable ways is still an essential task to achieve in both science and engineering fields. Here, we
introduced a strategic approach in which cells are autonomously sorted and separated in a fluidic system. We employed
‘self-secreted macromolecules’ from microalgae in the microfluidic devices and examined their various properties. The cell
manipulation was determined depending on the intrinsic properties of the self-secreted biomolecules. The macromolecules
self-produced by green algae allowed the size-based separation of cells. This self-sorting system would enable the design
and fabrication of new types of biosystems such as bioreactors and pharmaceutical devices.
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The EPSs allow intense interactions between the cells, such
as cell-cell communication and formation of synergistic
microconsortia. On the other hand, microalgae produce EPSs
according to their microbial metabolism determined by the
environmental conditions. Consequently, the molecular com-
position of the EPSs is influenced by various factors, such
as species, salinity, temperature, pH, and so on (De Philippis
et al. 1991; Liu and Fang 2003; Xiao and Zheng 2016). The
bio-macromolecules are composed of numerous polysaccha-
rides, proteins, and e-DNAs, which contribute to the structure
and function of EPSs. Physicochemical forces associated with
the interaction between these molecules include the van der
Waals forces, electrostatic interactions, and hydrogen bond
(Mayer et al. 1999). Since exopolysaccharides with linear
or branched long molecules have the highest content among
the EPS components (Flemming and Wingender 2010), they
can react with not only themselves but also other components
such as DNA and proteins (glycoprotein molecules) due to
the surface charge of polysaccharide (Sutherland 2001). In
this sense, the EPSs can act as a non-permanent viscoelastic
physical gel where chemical cross-linking mechanisms are
excluded (Korstgens et al. 2001). In contrast to chemically
induced cross-linking processes, it can be deformed by small
perturbative forces (Wloka et al. 2004) such as hydrodynamic
force. Under pressure driven flow, the length scales of mac-
romolecules change dynamically as they stretch and tumble
(Kim et al. 2012).

Photosynthetic microorganisms (e.g., microalgae, cyano-
bacteria, etc.) are well-known biological sources that are capa-
ble of producing a tremendous amount of EPSs. The micro-
algal EPSs have been studied for their potentials as natural
resources for various applications (More et al. 2014; Xiao and
Zheng 2016) such as biomass (Hossain et al. 2008) and elec-
trical energy (Bombelli et al. 2012; McCormick et al. 2011).
Thus, it is of a great importance to understand fundamentals
of EPSs for various potential applications.

In the current study, we extracted abundant biosynthetic
macromolecules from microalgae and investigated the strong
elastic effect of EPSs on the particle migration in a micro-
fluidic device. We demonstrated autonomous cell-sorting
phenomenon adopting the biosynthetic macromolecules
secreted by algae. In addition, enhanced particle separation
was achieved using a spiral channel. Sphaerocystis schroeteri
with different size distributions was employed for the cell
separation. It was found that the intrinsic properties (i.e., vis-
coelastic feature) of EPSs can be utilized for self-sorting and
-separation of cells.
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2 Materials and methods
2.1 Solution preparation

Fresh water microalgae, Chlorella vulgaris (AG10052)
and Sphaerocystis schroeteri (AG10007) strains were pur-
chased from Korean Collection for Type Culture (KCTC),
Korea. EPSs were extracted from Chlorella vulgaris which
was cultivated in the BG11 medium (C3061, Sigma
Aldrich) for 3 months before usage. To harvest the EPSs
from microalgae, the disodium ethylenediaminetetraacetic
acid (EDTA) method (Flemming et al. 2007; Liu and Fang
2002) was chosen. Biofilms were mixed with EDTA 2%
(15105, Daejung Chemicals) and stored at 4 °C for 3 h.
Subsequently, the sample was centrifuged at 3900 rpm
and 25 °C for 20 min. Finally, the extracted EPSs were
purified with a 0.2-pm membrane (C020A047A, Advantec
MFS Inc., USA). Sphaerocystis schroeteri was cultivated
in BG11 for 14 days before use. Morphology of Sphaero-
cystis schroeteri was examined with an inverted optical
microscope (IX53, Olympus).

Three kinds of fluorescent polystyrene particles with
sizes of 3 pm (79166, Sigma Aldrich), 6.27 pm (FP-6056,
Spherotech), and 10.2 pm (C37259, Thermo Fisher Scien-
tific) were suspended in the solution with a volume frac-
tion of 0.1%.

2.2 Solution characterization

The sample was characterized in various ways (Kim et al.
2018). The total amount of extracted EPSs was estimated
by measuring the weight of solids after lyophilization. The
EPSs were characterized through the following chemical,
structural, and rheological analyses:

1. Chemical analysis: the composition of the EPSs was
analyzed using the following colorimetric methods,
which employ the phenol—sulfuric acid method (DuBois
et al. 1956), the Pierce® BCA protein assay (Thermo sci-
entific, Rockford, IL, USA), and Nano-200 Nucleic Acid
Analyzer (MEDCLUB, Tainan, Taiwan). The chemi-
cal structure of EPSs was investigated through Fourier
transform infrared spectroscopy (FT-IR) analysis (Nico-
let iS50, Thermo Fisher, Madison, USA). Solid samples
were prepared via the lyophilization of aqueous solution.
The degree of the cell destruction in EPSs was examined
using a UV-Vis spectrometer (V-770, JASCO, Japan).

2. Structural analysis: The morphology of the biofilms was
characterized using field emission scanning electron
microscopy (FE-SEM; JSM-7600F, JEOL Ltd., Japan).
Before the observation of biofilms, the biofilms were
freeze-dried and mounted on a copper stub using an
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adhesive carbon tape. Atomic force microscopy (AFM,
NX-10, Park Systems) was used to observe the topo-
graphic image of exopolysaccharides. The molecules are
spread on freshly cleaved mica substrate (a hydrophilic
aluminosilicate mineral).

3. Rheological analysis: rheological properties were meas-
ured using a stress-controlled rheometer (Discovery
HR-3, TA Instruments, New Castle, USA) with a 60-mm
diameter parallel plate. The steady-state shear rates were
applied in the range of 0.1 through 1000 1/s, and the
angular frequency range was 1-100 rad/s. All the shear
viscosity data were fitted successfully by the Carreau—
Yasuda model and allowed the estimation of elasticity
of the samples. The cross-over point between the loss
modulus and the storage modulus gives the average
relaxation time for EPSs assuming the Maxwell model
described by G'(»)=nie?/(1+ +*@?) and
G (w) = r/w/(l + /12602), where 7 is the viscosity, w is
the angular frequency, and A is the total average relaxa-
tion time. According to the classical Zimm’s polymer
theory, the relaxation time of semi-flexible polymer in
good solvent depends on the coil size (Doi and Edwards

1988): 4, = Fiie =

NET KB;’ where [#] is the intrinsic
viscosity of the solution, M,, is the polymer molecular
weight, 7, is the viscosity of the solvent, N, is Avoga-
dro’s number, Ky is the Boltzmann’s constant, T is the

absolute temperature, and R, is the radius of gyration for

1

semi-flexible polymer. R, ~ L3 (1,d)* is determined by
the contour length (L), the persistence length (lp) reflect-
ing the chain stiffness, and the effective polymer diam-
eter (d) (Rubinstein and Colby 2003). That is, the total
average relaxation time is determined by the linear com-
bination of the chemical components constituting the
EPSs and the structural information of the EPSs.

2.3 Microchip fabrication and imaging

Experiments were carried out in a straight microchannel
with square-shaped cross-section and a spiral microchannel
with rectangular-shaped cross-section, which were made of
poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corn-
ing) replica. The microfluidic devices were fabricated using
a standard soft lithography technique. The base and curing
agent of PDMS (10:1) were mixed and degassed for 40 min.
The mixture was poured onto the SU-8 photoresist mold and
cured in an oven at 70 °C for 12 h. The PDMS replica was
bonded onto the glass after oxygen plasma treatment. Then,
the devices were placed on a hotplate at 120 °C for 20 min
to increase bonding strength. The dimension of the straight
square microchannel was 50 pm X 50 pm x5 cm (Fig. 1a).
The spiral channel had ten loops, and its width and height
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Fig.1 Schematic diagram of the microfluidic chips used in this study.
a Schematic illustration for Elasto-inertial particle focusing under
the EPS solution in a square channel. As the distance from the inlet
increases, the Elasto-inertial particle focusing within the channel
appears as a line. b Schematic illustration for Dean-coupled Elasto-
inertial particle focusing under the EPSs solution in a spiral channel.
In a confined microchannel, different sized particles show different
equilibrium positions at an outlet due to elastic force and Dean drag
force

were 100 and 25 pm, respectively. The initial radius of cur-
vature was 9.5 mm, and the total arc-length was approxi-
mately 50 cm (Fig. 1b). The spiral microfluidic channels
were designed and constructed to figure out the elastic force
and Dean drag force for particle migration according to the
size of particles (Lee et al. 2013).

Particle dynamics was observed using an inverted opti-
cal microscope (IX53, Olympus), and the images were
acquired with a high-speed fluorescence camera (AcquCAM
23G, JNOpTIC co., Ltd) using an image software package
(JNOPTIC Capture 2.4). The ImageJ (NIH) 1.52a software
was used for image processing to determine the particle dis-
tribution in the microchannel. The images were stacked in
the z direction using either the ‘standard deviation’ or ‘min
intensity’ options. The size of the cells used in the micro-
channel experiments was obtained via the image processing.
It was assumed that the cell has a spherical shape and the
cell diameter was rounded off to the first decimal point.

2.4 Numerical simulation

Finite element simulation was carried out to analyze
the particle focusing behavior by harnessing the Old-
royd-B model in the straight microchannel. For simula-
tion, the steady-state momentum equation is expressed
as  Re(u-Vyu=V-(=pl+ (n,/n)[Vu+(Vuw']+T),
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and the extra stress contribution becomes
T + Wi = (n,/n) [Vu+ (Vu)"|. Here, Re and Wi are the
Reynolds number and the Weissenberg number, respectively.
1, is the relative solvent viscosity, 7, is the relative poly-
mer viscosity, and the total viscosity, n = 1, + 1,. ; is the
upper convected derivative of the stress tensor expressed as
Y =0T/ot+ - V)T = [(Vu) - T+T - (Vu)'|

3 Results and discussion

In most natural environments, sessile microbes live in an
aggregated form secreting various biomaterials, such as bio-
films (Wingender et al. 1999). In particular, photosynthetic
microorganisms excrete a large quantity of biosynthetic
macromolecules during photosynthesis. The self-secreted
materials, i.e., EPSs are mainly composed of polysaccha-
rides, proteins, and extracellular DNA (e-DNA) with weak
physicochemical interactions. The EPSs can behave as a
non-permanent viscoelastic physical gel.

3.1 Characterization of self-secreted biomaterials

To figure out physicochemical properties of the self-secreted
biomaterials, various characteristics of the EPSs were exam-
ined. Through colorimetric analysis, the concentrations of
polysaccharides, proteins, and DNA were evaluated as listed
in Table 1. The major component of EPSs was polysaccha-
rides, which accounted for 99% of the total mass. In other
words, the ratio of protein/polysaccharide was very low (Liu
and Fang 2003). The EPSs were analyzed using infrared
spectrophotometry, and the result is shown in Fig. 2a. The
spectrum displays clear absorption peaks at 1215, 1347,

Table 1 Composition of the EPSs extracted using the EDTA method

Extraction method Composition of EPSs (pg/ml)

Polysaccharide Protein e-DNA

EDTA method 73,400 469 274

1619, 3015, and 3392 cm™". The band at 1215 cm™" was
attributed to the C—N stretching vibration of the amino acids
of proteins. The strong peak at 1619 cm™' and 1347 cm™!
was related to the C=0 symmetric and anti-symmetric
stretching in the carboxylate (Deng et al. 2003) and/or
stretching vibration of the amino acids of proteins (Zhou
et al. 2016). The weak band at 3015 cm™" corresponded to
the —~CH, stretching vibration of fatty acids. The broad peak
at 3392 cm™! was associated to ~OH carbohydrates and/or
—NH of proteins (Deng et al. 2003). These results confirmed
the presence of the amino, hydroxyl, and carboxyl group in
the extracted EPSs. UV-Vis analysis also confirmed that the
cell destruction did not occur during the extraction process
(Fig. 2b).

In addition, the sample was observed using AFM to
obtain the nanostructural information of polysaccharides
with the highest proportion in the extracted EPSs. The top-
ographical structures of exopolysaccharides are shown in
Fig. 3a. The height of the fibril was under 1 nm correspond-
ing to the dimension of a single molecular exopolysaccha-
ride chain (Abu-Lail and Camesano 2003). The extracted
exopolysaccharide molecules with a length of hundreds of
nanometers possessed linear conformation, which resulted
in shear-thinning behavior (Morris 1990). The globules indi-
cated positively charged proteins (Svetlici¢ et al. 2011). The
EPSs form three-dimensional networks near cells providing
mechanical stability of biofilms. The SEM images confirmed
the role of the EPSs as a protective layer (Fig. 3b).

Rheological investigations about the EPSs were con-
ducted. The shear viscosity of the EPSs was divided into
two regions: zero-shear viscosity region and shear thinning
region (Fig. 4a). The zero-shear viscosity of the EPSs was
approximately 0.018 Pa s. The shear-thinning behavior of
the EPSs was explained with help of the alignment of entan-
gled molecules along the direction of applied shear flow
(Smith et al. 1999). The particle migration is affected by
both the shear force and inertial forces (Li et al. 2015; Song
et al. 2016). Figure 4b shows the results of dynamic oscil-
latory shear tests. The storage and loss moduli increased
with respect to the angular frequency. The intersection point

Fig.2 Chemical characteriza- a
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Fig.3 Structural characteriza- a
tion of EPSs. a AFM image of

exopolysaccharide of the EPSs.
b SEM image of Chlorella vul-
garis embedded in biofilm. The
scale bar denotes 1 pm 5
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Fig.4 Rheological characterization of EPSs. a Rheological properties of the EPSs as a function of the shear rate ranging from 0.1 to 1000 s™!. b
Storage modulus (G') and loss modulus (G") as a function of the angular frequency

between the loss and the storage moduli characterized the
average relaxation time with an order of 0.1 s. The elastic-
ity of the sample could be evaluated using the Weissenberg
number (Wi=A y), which is defined by the combination of
the relaxation time (1) and the strain rate of flow (7). The
relaxation time was determined based on the linear combina-
tion of the relaxation times of the materials by following the
proportion of each substance in the sample.

3.2 Particle manipulation

The elastic property of non-Newtonian fluid entails particle
alignment along the centerline of a microchannel due to the
non-uniform distribution of first normal stress difference
(N,) (Song et al. 2016). In other words, it is expected that the
particle focusing along the centerline of a channel can occur
because of the elastic property of the EPSs. We exploited
an extraordinary particle focusing phenomenon in the EPS
solution in pressure driven microflow. More specifically,
migration of the fluorescent particles (diameter =6.27 pm)
within a straight square microchannel (length: 5 cm;

width X height: 50 pm X 50 pm) was examined under a flow
rate of 50 pl/h (Re=0.019, Wi=22.2). To demonstrate the
lateral migration of particles at five different axial locations
of the channel, overlaid fluorescent images were acquired
(Fig. 5a). Figure 5b presents the probability density func-
tion determined across the channel width. Once randomly
distributed particles were injected into the microchannel,
they were significantly aligned along the channel center-
line. This phenomenon is called the ‘elasto-inertial particle
focusing’. Thus, we identified that the EPSs composed of
polysaccharide, protein and e-DNA could serve as a particle
focusing driving matter.

Finite element simulation was carried out to provide fur-
ther physical insight into the particle migration using the
first normal stress difference (Fig. 6a). For most polymeric
liquids, IN,I/N, is smaller than 10. Therefore, the effect of N,
can be ignored (Bird et al. 1987). The main force exerting
on the particles is the elastic force (ITE), which is scaled as
ITE ~ Df, VN,. Itis proportional to the particle diameter (D)
and the gradient of the first normal stress difference (V).
Since the normalized value of N; showed minimum values
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Fig.5 Lateral particle migration in the EPS solution. a Particle focus-
ing of 6.27-um fluorescent PS particles. The hashed lines indicate the
channel walls. A set of 50 images was overlaid to acquire the distri-
bution of particles downstream from the inlet. The scale bar implies
50 pm. b Probability distribution function of the PS particles was
observed 1 cm, 2 cm, 3 cm, 4 cm, and 5 cm downstream from the
inlet. Both a and b were obtained at the flow rate of 50 pl/h

Fig.6 Analysis of particle a
focusing phenomena. a Pre-
dicted distribution of the first
normal stress difference (V)
and schematic expression of
forces exerted on a rigid particle
under viscoelastic flows. b The
value of the normalized first
normal stress difference (V,)
shows symmetry at the cross-
section of the channel
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Cross sectional view 1

at four corners and at the center of the cross-section of the
channel, particles tended to migrate the center and four cor-
ners. We also affirmed that the normalized first normal stress
difference (V) shows the lowest values at the center of the
cross-section (x/L=0), as shown in Fig. 6b.

Multiplex particle focusing was also examined with par-
ticles of 3 pm and 10 pm diameters in a spiral microchannel
at a flow rate of 400 pl/h (Fig. 7). In a spiral microchannel,
the equilibrium position of particles moving within the non-
Newtonian medium is determined by the combination of the
Dean drag force (Fp ~ pUD;D,/y) and the viscoelastic
force (Fg = Df,VN - Therefore, the equilibrium position of
particles is determined by the particle size. According to
the previous report (Lee et al. 2013), the normalized Dean
force is related to the channel aspect ratio (y) and the block-
age ratio (D,/Dy). Lee et al. (2013) showed that the Dean
forces significantly increase with respect to the blockage
ratio. We investigated the influence of particle size on the
equilibrium position after ten turns. In Fig. 7a, the 3-pm
particle had an equilibrium position at the centerline of the
channel, indicating that the viscoelastic force dominated the
Dean drag force. However, in the case of the 10-pm size
particles, the lateral displacement of the equilibrium position
was observed due to the Dean drag force (Fig. 7c). The prob-
ability distribution function for both particles indicated that
the equilibrium positions were affected greatly by the parti-
cle size. In other words, as the number of turns increased, the
larger particles were positioned closer to the outer channel
wall. Therefore, the different sized particles could be sepa-
rated and bifurcated at the outlet (Fig. 7e).

3.3 Autonomous cell sorting

For the separation of cells with a wide size distribution,
Sphaerocystis schroeteri, a genus of green algae with 1-30 pm
diameter was selected and employed. The cells with various
sizes were injected into the spiral microchannel at a flow rate
of 400 pl/h. It was observed in the first turn that the larger
cells were located on the wall of the channel. The cells were
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Fig. 7 Particle separation using the self-secreted biomaterials. Micro-
scopic images for a the 3-pm PS particles and ¢ the 10-pym PS par-
ticles in the EPSs solution with a flow rate of 400 pl/h (Re=0.122,
Wi=88.9), constructed from sequences of high-speed microscopy
images. Probability distribution functions for b the 3-pm PS particles

focused by the hydrodynamic force faster than rigid particles
due to the deformability and shape of cells (Kim et al. 2018).
The streak positions of the cells observed in the tenth turn
indicated that multiplexing cell focusing was accomplished
with respect to the size (Fig. 8a). The equilibrium position of
the larger cell (> 16 pm) was situated at the outer side of the
channel by the Dean Drag force. In addition, the equilibrium
position was located at the middle or between the middle and
the outside of the microchannel when diameter of the cells
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and d the 10-pm PS particles after 1, 5 and 10 turns, showing parti-
cle focusing at the center and at the off-center, respectively. e Micro-
scopic images illustrating the position and separation of the 3- and
10-pm PS particles at the outlet of the channel. f Probability distribu-
tion function of the 3- and 10-pum PS particles at the outlet

was smaller than 16 pm. Consequently, autonomous cell sort-
ing was achieved using the self-secreted biomaterials, and the
related video clip is available in the supplementary informa-
tion (Movie S1). Indeed, this cell-focusing/sorting system is
sustainable and efficient because the self-produced macro-
molecules are employed for the cell suspension. Probability
distribution of the cells at the outlet is illustrated in Fig. 8b.
The small cells were mostly distributed in area 3 (55.3%) due
to the viscoelastic force. When the cells form a long cluster
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Fig.8 Autonomous cell sorting using the self-secreted macromol-
ecules. a Microscopic images of the cells in the EPS solution with
a flow rate of 400 pl/h (Re=0.122, Wi=88.9), constructed from
sequences of high-speed microscopy images. The superimposed
images illustrate the distribution and position of the cells with dif-

(10-15 pm), they were mainly placed in area 1 (28.5%) or in
area 4 (42.85%). When the cells have a diameter larger than
16 um, they were all located in area 5. The proposed system
has a limitation of separation cells in the range of 1-9 pm
since the cells are deformable compared to the particles and
strongly focus on the centerline of the channel. Our ongoing
effort is to optimize the separating conditions of small-sized
cells (1-9 pm) by considering the deformation of cells.

Live cells are deformable particles, which can lead to addi-
tional lift forces in contrast to rigid particles. The additional
force originates from the flow disturbance due to the shape
change of cells (Amini et al. 2014; Tam and Hyman 1973). In
general, three dimensionless parameters can be used to charac-
terize the relative deformation of a droplet: the Weber number,
the Capillary number, and the internal-to-external viscosity
ratio, as follows:

U? . .
We = pra (Inertial stress vs. surface tension), @))
uwUa _ . .
Ca = i (Viscous stress vs. surface tension), 2)
[0}
Aq = Hg/H, 3)
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where a is the deformable particle diameter, and pg is the
dynamic viscosity of fluid inside the deformable particle.
The Weber number and the Capillary number characterize
the relative deformation expected for a deformable parti-
cle (Hur et al. 2011; Mortazavi and Tryggvason 2000). The
internal-to-external viscosity ratio is important parameter
that provide deformation and drift of the deformable particle
(Chan and Leal 1979; Doddi and Bagchi 2008; Hur et al.
2011; Magnaudet et al. 2003; Mortazavi and Tryggvason
2000). The lift force induced by the deformability is given

by

F—zCayUa<i)3<1)f(,1) @)
Ld 7)) \m d)
where d is the distance between the deformable particle and
the center of channel (Chan and Leal 1979). Here,

_ 167 1144+10 3 _ i 1944+16 2 _ _
£(3g) = (w)s[ 10 (37 = Ay +8) + ZEE0 (222 - 4y 1)]

(Chan and Leal 1979; Stan et al. 2013; Zhang 2015). When
Ag < lor 44 > 10, the deformability-induced lift force is
imposed towards the center of channel (Zhang 2015). That
is, migration towards the channel wall was observed in the
internal-to-external viscosity ratio ranging from 0.5 to 10
(Chan and Leal 1979; Hur et al. 2011; Magnaudet et al.
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2003; Mortazavi and Tryggvason 2000). Green algae
Prokaryotes such as Lactococcus lactis have a cellular vis-
cosity of 6 mPa s (Cuecas et al. 2016), which implies that
the viscosity ratio is 0.4. As a result, the cells strongly tend
to move towards the centerline of channel due to the deform-
ability-induced lift force. For this reason, the cells and PS
particles have different range of sizes for separation.

4 Conclusions

We demonstrated autonomous cell sorting in a microfluidic
device using the EPSs excreted by algae. Enhanced particle
focusing and separation of rigid particles were also inves-
tigated with use of the self-secreted macromolecules. The
extracted EPSs were examined through chemical, structural,
and rheological analyses. The correlation between the vis-
coelastic properties of EPSs and the particle migration was
explored. It was found that the EPSs prepared in this study
could induce the multiplex focusing of particles with differ-
ent sizes in the microfluidic device. This is attributed to the
viscoelasticity of EPSs produced by microorganisms. It is
expected that this study will provide a promising method to
deal with cells for biomedical, pharmaceutical, and clinical
applications.
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