www.nature.com/scientificreports

scientific reports

W) Check for updates

Hydrodynamic particle focusing
enhanced by femtosecond laser
deep grooving at low Reynolds
numbers
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Tao Tang?, Dian Anggrainit, Yansheng Hao?, Yo Tanaka®, David Inglis?, Yaxiaer Yalikun*,
Ming Li*** & Yoichiroh Hosokawa®

Microfluidic focusing of particles (both synthetic and biological), which enables precise control

over the positions of particles in a tightly focused stream, is a prerequisite step for the downstream
processing, such as detection, trapping and separation. In this study, we propose a novel
hydrodynamic focusing method by taking advantage of open v-shaped microstructures on a glass
substrate engraved by femtosecond pulse (fs) laser. The fs laser engraved microstructures were
capable of focusing polystyrene particles and live cells in rectangular microchannels at relatively low
Reynolds numbers (Re). Numerical simulations were performed to explain the mechanisms of particle
focusing and experiments were carried out to investigate the effects of groove depth, groove number
and flow rate on the performance of the groove-embedded microchannel for particle focusing. We
found out that 10-pm polystyrene particles are directed toward the channel center under the effects
of the groove-induced secondary flows in low-Re flows, e.g. Re <1. Moreover, we achieved continuous
focusing of live cells with different sizes ranging from 10 to 15 pm, i.e. human T-cell lymphoma Jurkat
cells, rat adrenal pheochromocytoma PC12 cells and dog kidney MDCK cells. The glass grooves
fabricated by fs laser are expected to be integrated with on-chip detection components, such as
contact imaging and fluorescence lifetime-resolved imaging, for various biological and biomedical
applications, where particle focusing at a relatively low flow rate is desirable.

Microfluidic technology has been increasingly used to isolate and analyze micro-scale particles for a wide range
of applications in the fields of biology, biomedicine and environment, due to its various advantages, such as low
sample and reagent consumption, improved sensitivity and efficiency, and reduced analysis time!™. Particle
focusing by microfluidics, which allows the control of particle positions in a tightly confined flow stream in
microchannels, is a necessary step prior to detection, trapping and separation at the downstream®-®. For exam-
ple, flow cytometry employs two sheath fluids to focus cells for the detection and measurements of physical and
chemical characteristics of cells’. Moreover, particle focusing has been integrated with other on-chip functional
components in microfluidic devices for the manipulation and analysis of different types of synthetic and biologi-
cal particles, such as micelles, bacteria, microalgae, normal and cancer cells!*-'2.

A variety of microfluidic techniques have been developed for the focusing of particles, which can be catego-
rized into two groups: active and passive techniques'®. Active techniques, such as thermophoresis'*, dielectro-
phoresis (DEP)", optical trapping'® and acoustophoresis'” apply external forces to achieve particle focusing in
microchannels. However, these techniques require complicated fabrication processes or bulky external setup, and
the external actuation may cause negative effects (e.g. cell damage by heating or cavitation)'®. On the other hand,
passive techniques, such as deterministic lateral displacement (DLD), hydrophoresis, inertial and viscoelastic
focusing are based on internal channel, microstructure topology or medium properties to generate hydrodynamic
forces to direct particles'>!® which feature simplicity in experimental setup. DLD uses pillar arrays to focus and
deflect particles having a similar size to the pillar gap®, but it is limited by issues of pillar clogging and anisotropic
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permeability, is complicated and expensive to fabricate, and only focuses in two dimensions?'. Inertial focusing
usually works at intermediate Reynolds numbers (Re) typically ranging from 1 to 100? and the inertial effects
become increasingly insignificant when Re goes down to 1%. However, the focusing of particles at low Re, e.g.
physiological flow at speeds less than 1 mm/s*, in microchannels is still of interest to be explored, as it plays an
important role in image-based detection, such as contact imaging® and fluorescence lifetime-resolved imaging?.
Although viscoelastic focusing is capable of aligning microparticles at Re less than 1, it requires to carefully tune
the rheology properties of suspending medium containing polymers, such as poly-ethylene-oxide (PEO)%,
polyvinyl-pyrrolidone (PVP)?, hyaluronic acid (HA)** and DNA*. By now, researchers have demonstrated the
feasibility of particle focusing at Re less than 1 by hydrophoresis in microchannels patterned with microstruc-
ture arrays®!. Hsu et al. achieved the focusing of 9.9-um polystyrene particles using multiple sets of herringbone
structures when Re is 0.012°2. Conventionally, photolithography and wet etching are used for the fabrication®"*,
but they need a long time to execute deep etching to create microstructures with the use of chemical reagents
for effective particle focusing. Therefore, it calls for rapid and simple techniques that can create microstructures
in microchannels for particle focusing and manipulation.

Femtosecond pulse (fs) laser is a promising tool for the fabrication of microfluidic devices made from glass
Glass is optically transparent, mechanically and thermally stable, electrically insulating, and solvent compatible,
thus making it attractive as a substrate material for microfluidic devices®. Tight focusing of ultrashort (~ 100 fs)
infrared laser pulses of moderate energy (typically ranging from 1 to 100 pJ) into glass can result in high localized
intensities (in excess of 10 W/cm?)?’. At the laser focal point, the laser pulses are absorbed by electrons in the
glass through multiphoton ionization, leaving behind a localized permanent ablation of the material®**. The fs
laser micromachining shows advantages over other methods such as wet etching*’ and deep reactive ion etching
(DRIE)* for rapid and direct deep writing in glasses*~*, enabling the fabrication of different types of glass-based
microfluidic devices, such as a 12-um ultra-flexible chip*® and a high-throughput microparticle filter*.

In this study, we achieved continuous hydrodynamic focusing of polystyrene particles and live cells with
different sizes using fs laser engraved grooves in a rectangular microchannel. Numerical simulations were per-
formed to explain the mechanisms of particle focusing, which is based on local microstructure-induced sec-
ondary flows. Besides, we demonstrated that the groove-induced hydrodynamic forces have an accumulative
effect on the particle lateral displacement. We also systematically studied how the factors, i.e. groove number,
groove depth and flow rate affect particle focusing in microchannels embedded with fs laser engraved groove
arrays. To the best of our knowledge, it is the first report on fs laser engraved glass surficial microstructures for
particle focusing in microfluidics. The deep grooving realized by the fs laser processing allows effective particle
focusing at Re less than 1.

34,35

Results

Glass groove microstructures by femtosecond pulse laser. Arrays of open v-shaped microstruc-
tures were patterned on glass substrates (Borosilicate, 76 x 26 x 1t, Matsunami Glass ind., Ltd., Video SI) by a
near infrared (NIR) fs laser for particle focusing (Fig. 1a, b). SEM images of grooves engraved under different
pulse energies were obtained and compared (Fig. 1c). The slit-like structure highlighted by the red box was
observed. Results showed that the groove widths are 5.4+0.2,5.7+0.1, 5.9£0.3 and 6.2 0.2 um, and the groove
depths are 3.3+0.2, 6.4+0.2, 10.8 0.2 and 15.0+ 0.4 pm, respectively, when the pulse energies are 0.7, 1.4, 2.1
and 2.8 pJ/pulse, respectively (Fig. 1d). The SEM analysis revealed that the grooves with similar width were
formed when the energy of fs laser increases from 0.7 to 2.8 yJ/pulse, while the depth of the grooves is strongly
dependent on the laser energy.

Surface morphology near the grooves was detected by atomic force microscopy (AFM) and evaluated as
root-mean-square (RMS) roughness (Rq). The groove width was almost consistent with the data obtained from
SEM analysis [Fig. S1(a-c)], although the depth was unclear by the AFM analysis because of the probe height
limitation of 15 pm and the difficulties in detecting the slit-like structures (Fig. 1c red box). Small debris was
observed near the edge of grooves on the glass surface (Fig. 2), causing Rq value in the laser engraved groups
tens of nanometers higher than that in the control group [Fig. S1(d)]. Histogram analysis showed that the height
values in control group mainly range from -2.5 to 2.5 nm (Fig. 2a) while the values in the groove surrounding
areas mainly range from -50 to 50 nm (Fig. 2b-e). If the particles sink and flow on the surface of the channel
bottom, mechanical interactions between particles and the groove microstructures would affect the particle
motion. AFM results showed that the debris is at nanometer scale thus is not big enough to block the micrometer
sized particles used in this study to further change their movement directions. Besides, roughness is almost not
dependent on the laser energy for the laser engraved groups and mainly ranges between 15 to 35 nm, denoting
similar friction influences due to the roughness.

Further, we performed numerical simulations to investigate the fluid behaviors induced by the groove micro-
structures. We considered the groove depth dependence of the fluid behaviors. Based on the groove structures
in SEM images, simplified three-dimensional (3D) models containing one block of groove structures were built
in COMSOL Multiphysics software (Fig. 3a) for the visualization of flow streamlines at Re =0.13 to evaluate the
hydrodynamic forces acting on the particles*’-*. The depth of the slit-like groove highlighted by the red box was
excluded from the model (Fig. 1c). Two typical channel cross-sections having either six or four grooves were
shown with the distribution of two-dimensional (2D) velocity fields (Fig. 3a, b)*". We found that the groove-
induced local secondary flows are stronger at the area closer to the surface of the grooves, and the magnitude
of flow velocity decreases with the increase in the distance from the grooves [see 1.4- and 2.1-pJ conditions in
Fig. S2(a)]. In contrast, no secondary flows were observed in the control microchannel [Fig. S2(b)]. We also found
out that the helical secondary flows were enhanced mainly by the increase in groove depth. For example, the 2D
secondary helical flows induced by grooves achieved by 2.8 pJ/pulse fs laser were almost 2 times stronger than
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Figure 1. Femtosecond pulse laser engraved glass surficial microstructures for particle focusing in a
microchannel. (a) Schematic illustration of the laser engraving system. (b) Schematic illustration of the
microfluidic device for continuous focusing of microparticles. (c) SEM images of top and bird’s-eye views of the
grooves engraved by four different pulse energies: 0.7, 1.4, 2.1 and 2.8 pJ/pulse. (d) Plots of width and depth of
grooves against the engraving pulse energy.

that of grooves achieved by 0.7 uJ/pulse fs laser (Fig. 2b), resulting in, therefore, the stronger 3D helical flows in
the microchannel with deeper grooves (Fig. 3¢). The groove microstructures in a microchannel induce pairs of
local helical secondary flows (net lateral motion of fluid), which are able to direct particles at the bottom of the
channel to the equilibrium positions at the center of the channel due to viscous drag®'. The particles experience
not only a force toward the center of the channel but also upward, that pushes the particles toward the upper part
of the microchannel (Fig. 3b). Although the upward force may produce an equilibrium position for the particles,
groove periodic appearances are likely to make the position unstable for the particles above in a 3D environment.
When Re is far less than 1, viscous effects dominate over inertial effects’>. Particle motion is determined
by the viscous effect of the suspending medium based on Stokes’ law***°. The hydrodynamic drag force applied
on a particle can be defined as F;= 6mnRv, where 4 is medium dynamic viscosity, R is the radius of the spherical
particle, and v is the relative velocity between particle and medium®®. At a low flow speed (low Re), particles
sink and flow close to the bottom of the microchannel where groove arrays are patterned. Since the fluids over
the patterns at the bottom of the channel move from the channel sidewalls to the channel center, the generated
Stokes’ drag forces direct particles in that region toward the equilibrium positions at the channel center.

Effect of groove number. A microchannel having three consecutive blocks engraved at a pulse energy of
2.8 yJ/pulse was used to investigate the influence of groove number on particle focusing (Fig. 4a). Solutions of
10-pm polystyrene particles were injected into the microchannel at 450 nL/min (Re=0.13). Experimental results
showed that the polystyrene particles were able to be focused to a narrow stream at the channel center in the
microchannel patterned with groove arrays (Fig. 4b), but no focusing effect was observed in the control channel
(plain microchannel without any patterns, see Fig. S3). Particles randomly distributed at the inlet (0.0 +£22.4 um)
were gradually directed toward the channel center after passing through all the blocks (Fig. 4b), and 84% parti-
cles were focused within the 22-um wide stream at the outlet (0.3 + 8.4 pm). It showed that the focusing perfor-
mance was gradually enhanced with the increase in the number of the grooves when particles pass through, thus
groove- induced hydrodynamic forces have an accumulative effect on the particle lateral displacement.

Effects of groove depth. We further investigate the effect of groove depth on the performance of groove-
patterned microchannels for particle focusing. Solutions of 10-um polystyrene particles were injected into the
channels having grooves of different depths achieved by fs laser at different energies at a flow rate of 450 nL/
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Figure 2. Surficial roughness detection by atomic force microscopy (AFM). (a) Control group. (b-e)
Surrounding areas of the grooves engraved under pulse energies of (b) 0.7, (c) 1.4, (d) 2.1 and (e) 2.8 pJ/pulse.
(We used the software JPK data processing 6.1 to create the image).

min (Re=0.13). We found out that the focusing performance at the end of the first block was enhanced with the
increase in the energy-dependent groove depth (Fig. 5). The distribution of particle lateral positions across chan-
nel width at the end of the first block became increasingly narrow with the increase of laser energy: 0.4 +19.5 um
(0.7 W), -0.2£18.6 pm (1.4 pJ), -0.1£16.0 (2.1 yJ) to 0.1+14.2 um (2.8 pJ). In contrast, we failed to find any
focusing phenomenon in the control microchannel without grooves, as the average distribution of particle lat-
eral positions in the channels were -1.0+22.3 pum (at inlet) and 0.2+21.6 pm (at outlet).
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Figure 3. Numerical analysis of flow fields for particle focusing in a microchannel with fs laser patterned
grooves. (a) 3D structure of the microchannel used in the simulation. The insets are enlarged views of the
grooves. (b) 2D vector plots of flow velocity fields at cross-sections of the microchannel. Red arrows are scalars
shown in a proportional way. (c) Front view of the channel with 3D flow streamlines with schematic illustrations
of expected particle lateral displacements according to (b) for non-buoyant particles. (We used the software
COMSOL Multiphysics 5.4 to create the image).
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Figure 4. Effect of open v-shaped patterns on particle focusing. (a) Schematic illustration of a microfluidic
channel having three blocks of groove arrays. Schematics and superimposed experimental images depicting the
distributions of polystyrene particles at the inlet, after passing blockl, 2 and 3 (outlet) are shown. Scale bar is
40 pm. (b) Plots of the lateral distributions of particles along channel width. The length of one block is 1980 pm
and the distance between neighboring two blocks is 220 um. The distributions of particles at four different
locations are recorded and compared: inlet (before passing block 1), after passing block 1, 2, and 3 (outlet). 200
particles are measured for each group.

These results demonstrated the hydrodynamic particle focusing is enhanced with the increase of depth of
the grooves enabled by femtosecond laser deep grooving. Further, particles flowing in microchannel patterned
with the open v-shaped microstructures were recorded under an optical microscope. It was observed that the
polystyrene particles were gradually directed toward the channel center in ~ 3 s when the laser energy is 2.8 pJ/
pulse (video S2), while the lateral movement toward the channel center was not obvious when the laser energy is
0.7 pJ/pulse (video S3). Then, the microchannel with open v-shaped microstructures engraved at a pulse energy
of 2.8 yJ/pulse was used to investigate the effect of flow rate and the focusing of biological samples.

Scientific Reports|  (2021) 11:1652 | https://doi.org/10.1038/s41598-021-81190-y natureresearch



www.nature.com/scientificreports/

Count

Count

40
30
20
10

40
30
20
10

Control B orw 1w 2.1 B o2sw

Ll

50 0 50 50 O 50 50 O 50 -50 O 50 -50 O 50

Distribution (um)

Figure 5. The performance of focusing 10-um polystyrene particles using the open v-shaped microstructures
achieved by femtosecond pulse laser at different energies of 0 (control), 0.7, 1.4, 2.1 and 2.8 pJ/pulse.
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Figure 6. The effect of the flow rate on the focusing of 10-um polystyrene particles in the microchannel. The
injection flow rates are 450, 585 and 720 nL/min.

Effect of flow rate. To explore the effect of flow rate on particle focusing, 10-um polystyrene particle sus-
pensions were injected into a microchannel with the microstructures at three different flow rates: 450, 585 and
720 nL/min. Re are 0.13, 0.17 and 0.21, respectively. We found that the focusing gradually decreases with the
increase in flow rate at the end of the first block (Fig. 6). With flow rate of 450 nL/min (Re=0.13), 60.5% par-
ticles were focused to the middle open space (0.1+14.2 um). In contrast, 47% and 39% particles were directed
to the open space with average lateral positions of -0.1+17.0 um and 0.5+ 19.2 um at the end of the first block,
respectively, when the flow rates are 585 nL/min and 720 nL/min, respectively. These results denoted the focus-
ing performance can be promoted by decreasing the flow rate. It is likely because that slow fluid flow rate results
in particle sedimentation within the microchannel, thus interacting with the center-moving secondary flows
induced by grooves (Fig. 3b, ¢).

Hydrodynamic focusing of live cells.  To demonstrate the capability of the microchannel embedded with
grooves for the focusing of biological samples, Jurkat, PC 12 and MDCK cells were used. Three different flow
rates including 450, 315 and 180 nL/min were used. Re are 0.13, 0.09, 0.05 respectively. We note that cell viability
is unlikely to be significantly affected, since the focusing of cells is performed at low Re (< < 1)*”*%. Almost no sig-
nificant focusing performance was found at the end of the third block (outlet) for the Jurkat cells when the flow
rates were 450 and 315 nL/min [Fig. S4(a)]. However, the focusing phenomenon appeared at the outlet when the
flow rate is 180 nL/min, and 60% Jurkat cells were directed to the 22-pm wide stream along the channel center
with an average lateral position of -0.1 + 14.3 um (Fig. 7a). Particle tracing demonstrated that the Jurkat cell was
able to be gradually directed toward the channel center at this flow rate (video S4).

Compared to Jurkat cells, PC 12 cells were able to be focused at 450 nL/min at the outlet [Fig. S4(b)] and the
focusing performance was increasingly enhanced with a decrease in flow rate. With a flow rate of 180 nL/min,
53% PC 12 cells were arranged to the 22-pm wide stream along the channel center at outlet with an average
lateral position of -0.5+13.9 pm (Fig. 7b). MDCK cells showed a similar focusing performance to PC 12 cells
[Fig. S4(c)]. 67% MDCK cells were arranged to the 22-pm wide stream along the channel center with an aver-
age lateral position of 1.3+ 12.5 um (Fig. 7c), when the flow rate is 180 nL/min (see the tracing of the MDCK
cell within the one-block length in video S5). Compared to the focusing of polystyrene particles under the same
experimental conditions at outlet (0.3 +8.4 um, Fig. 4b), the performance of the microdevice for the focusing
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Figure 7. Focusing of live cells by the microfluidic device with fs laser patterned arrays of open v-shaped
microstructures. The lateral positions of (a) Jurkat cells, (b) PC 12 cells and (¢) MDCK cells at the inlet and
outlet are recorded and compared, when the flow rate is 180 nL/min. Superimposed experimental images of cell
distribution are presented. Red dotted circles denote cells. Scale bar is 20 pum. 200 cells are measured for each

group.

of live cells was slightly decreased. Variations in cell properties, such as cell mass density, shape and size might
be accountable for it.

Discussion

When a glass material is excited by an intense NIR fs laser beam with Gaussian distribution, the material excited
by the multiphoton absorption acts as a lens to focus the pulse itself*>*’. On the present machining condition,
e.g. 2.8 pJ/pulse, that the fs laser is focused at the surface through the objective lens, the fs pulse propagates in
the glass while keeping the focusing itself and creates a deep groove with a depth over 10 um in a very short
time (Fig. 1c). Since the focusing diameter almost corresponds to the diffraction limit less than 5 pm, the groove
has a high aspect ratio. This narrow and deep groove is a unique structure realized by the fs laser machining.

The AFM surface analysis demonstrated that the surface roughness due to fs laser engraving is almost not
dependent on the laser energy (Fig. 2), while the focusing performance was promoted with the increase in the
energy pulse (Fig. 5). Therefore, the groove induced secondary flows play a dominated role in driving particles
laterally toward channel center (Fig. 4). The hydrodynamic force localized closer to the groove microstructures
carries the particles like a conveyor belt (Fig. 3). We can arrange routes of the belt flexibly in the microfluidic
channel by the fs laser processing. For example, by decreasing the interval distance of the two neighboring
grooves, the focusing performance can be promoted (Fig. S5). Also, the noncontact machining of grooves enables
to add the belts even after fabricating the microfluidic channel with closed structure.

The device (2.8 pJ/pulse) demonstrates a better ability to arrange particles at relatively lower injection flow
rates for both polystyrene particles and cells. For example, the focusing performance is able to be further pro-
moted at 315 nL/min for 10-pum polystyrene particles (Fig. S6). But the particle flow became unstable with
injection flow rates down to tens of nanoliters per minute. Similarly, the performance of the groove arrays for
focusing 4.5-um polystyrene particles is enhanced by decreasing the injection flow rate from 450 to 315 nL/min
(Fig. S7). It is likely that a higher flow rate induces relatively stronger secondary flows, which may reduce the
focusing efficiency. Taking advantage of the size-dependent focusing performance, the groove arrays allow the
separation of 4.5- and 10-um polystyrene particles (Fig. S8). One of our future studies is further optimization of
the groove structures to enhance the separation efficiency. Besides, it demonstrates potentials in particle imag-
ing related techniques. Since the focused particles at the outlet are likely to be quite close to the channel bottom,
denoting almost similar height positions in the channel (Fig. S9).

Conclusion

In this study, we patterned groove arrays on glass substrates using fs laser and achieved hydrodynamic focusing
of polystyrene particles and live cells in low-Re flows (Re <1). The focusing performance of patterned micro-
channels was found to be enhanced by fs laser deep grooving and improved with the increase in groove number.
One task of our future work is to optimize the parameters of the device, such as the distance between the two
opposite grooves, length of the groove pattern, channel height, groove width, and angle for improvement in the
focusing of different types of particles. Also, the ability of the device to arrange particles to the channel center is
hoped to be enhanced by decreasing the distance between the two opposite grooves®?. This device with desirable
features, e.g. low requirements for carrier medium preparation, simple device construction and flexible design,
shows potentials in the integration with on-chip detection components, e.g. contact imaging and fluorescence
lifetime-resolved imaging, for cell profiling. We also expect to develop more capabilities, e.g. particle sorting
and trapping, by the further design of groove structures. Although the laser scanning method is better for rapid
prototyping to verify the working principle, lithography is better for the mass production. When the application
is established in the next step, lithography will be considered to improve the uniformity of the grooves. Besides,
it is interesting to further investigate the particle movement behaviors to have a more in-depth understanding of
the focusing mechanism, e.g. the role of particle rolling. By integrating with functional on-chip techniques, this
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approach based on fs laser machining of microstructures on glass substrates is expected to be used for particle
focusing and manipulation in various fields of biology, biomedicine and environment.

Materials and methods

Design and fabrication of open v-shaped patterns. Laser pulses from a Ti:Sapphire fs laser amplifier
(Spectra-Physics, Solstice-Ref-MT5W, 800 nm, 130 fs, 1 kHz) sequentially passed through a shutter, collimator
lens and an ND filter (Fig. 1a). Then the pulses were introduced to a 10 x objective lens (NA.=0.25) equipped on
an inverted microscope (Olympus, IX71) and focused on a glass substrate for glass engraving. The diameter of
the engraving spot was ~ 2 pm. By controlling a motorized stage (Sigma Koki, E-65GR) with a speed of 100 pum/s,
open v-shaped patterns were created. The number of overlapping pulses per position in the fabrication process
was 20. Pulse of different energies, i.e. 0.7, 1.4, 2.1 and 2.8 yJ/pulse were used to fabricate open v-shaped micro-
structures with different depths. On the surface of the glass substrate, 100 pairs of grooves were engraved, which
are defined as one block, and three consecutive blocks were formed in one microchannel (Fig. 1a). The interval
distance between two grooves was set at 20 um in the etching programming. The pattern width was ~ 94 pm and
the space in the middle was ~ 22 um wide. The distance between two neighboring blocks was 220 pm, aiming to
leave enough space for observation (see Fig. 1a). The engraved glass substrates were immersed into tap water for
10-min ultrasonic cleaning, which is followed with nitrogen drying.

Fabrication of microfluidic device with open v-shaped micropatterns. A microfluidic device
for particle focusing consists of two layers: a polydimethylsiloxane (PDMS) layer having a straight rectangular
microchannel, one inlet and one outlet, and a glass substrate with laser engraved grooves (Fig. 1b). The PDMS
microfluidic channel of 100 pm in width and 20 um in height was bonded to the laser engraved glass sub-
strate after plasma treatment (Plasma Cleaner CY-P2L-B). Briefly, the channel embedded in PDMS was partially
bonded to the glass substrate to reduce movements between them. Then the irradiated glass and the PDMS
channel were manually aligned under an optical microscope carefully. The samples containing polystyrene par-
ticles or live cells were infused into the microfluidic device using a 250-pL Hamilton syringe by a syringe pump
(Harvard Apparatus 11 Elite). The distributions of lateral positions of particles across microchannel width before
and after passing the arrays of grooves were monitored and recorded under an inverted microscope (Axiovert
135, Carl Zeiss, Germany).

Particle suspension preparation. To evaluate the performance of the microfluidic device for particle
focusing, 10-um polystyrene particles (Polybead, Polysciences, 10.0+ 1.0 um, ~ 1.05 g/cm?) at an initial concen-
tration of 4.55 x 107 particles/mL and 4.5-pum polystyrene particles (Polybead, Polysciences, 4.5+ 0.2 pm, ~ 1.05 g/
cm’) at an initial concentration of 4.99 x 10% particles/mL were used. The particle suspensions were stored at a
4 °C and diluted to 5.0 x 10° particles/mL with pure water just before experiments.

Cell preparation. Human T-cell lymphoma Jurkat (Jurkat, RCB0537), dog kidney cell (MDCK, RCB0995),
and rat adrenal pheochromocytoma (PC 12, RCB0009) were provided by the RIKEN CELL BANK (Tsukuba,
Japan). Jurkat and MDCK cells were grown to 70-80% confluence on culture dishes with a diameter of 10 cm
in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/L glucose) supplemented with fetal bovine
serum (FBS, 10%) and antibiotic agents (100 units/ml penicillin, 100 pg/ml streptomycin) under CO, (5%) and
saturated water vapor at 37 °C. PC12 cell line was cultured on the dish in low glucose DMEM (1 g/L glucose)
with FBS (10%), horse serum (10%), and the antibiotic agents under the same environmental condition. The cells
were detached from culture dishes by trypsinization (50 pg/mL trypsin, 53 uM EDTA) followed by suspending
in the culture mediums to 5.0% 10° cells/mL. Cell size was measured before spreading on substrate by Image
J. Diameters of Jurkat, PC 12 and MDCK cells were 9.8+ 1.6, 11.8+1.2 and 15.3+1.7 um, respectively. Before
experiment, cell aggregates were removed by a 40-pm sterile strainer (EASYstrainer, Greiner Bio-One).

Groove visualization. Scanning electron microscope (SEM, Hitachi SU-1510) was employed to visualize
the cross-sections of the grooves engraved by fs laser at four different pulse energies of 0.7, 1.4, 2.1 and 2.8 pJ/
pulse. The sample substrates were cut by a diamond knife to visualize the width and depth of the grooves at the
cross-section. The SEM images were collected at 1.0 kV accelerated voltage. Five grooves were analyzed for each
condition with data shown as mean + standard deviation (SD).

Groove roughness analysis. Atomic force microscopy (AFM, JPK instruments, NanoWizard 4) was used
to measure the roughness of the surficial area between the neighboring two grooves [Fig. S1(a)]. QITM mode
was conducted using a pyramidal silicon tip (HQ-XSC11/No Al, MicroMasch) with spring constant of 42 N/m,
tip radius at 8 nm, half-cone angle at 20° and height at 15 pm. A 20 x20-um area was randomly selected to
include the groove surrounding area [Fig. S1(b)]. A 5% 5-um area was imaged with a resolution of 10 nm. Within
the imaged area, a 3 x 3-um square close to the groove was analyzed. The collected height data were calibrated
using the software JPK data processing 6.1 for the calculation of RMS roughness.

Numerical simulation. The software COMSOL Multiphysics 5.4 was used to simulate the fluid behaviors
induced by the open v-shaped microstructures within the microfluidic channel. Simplified 3D models were
built based on the geometry information from SEM images. A microchannel without groove microstructures
was established as a control. Fluid velocity fields were computed in the laminar flow regime under a stationary
condition. Newtonian fluid water was selected for injection with an inlet fluid flow rate of 450 nL/min. Fluids
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flowing through the channel were visualized with streamlines to evaluate the fluidic behaviors induced by the
grooves of different depths.
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