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Introduction

Continuous separation of particles and cells is a prerequisite

Lab-in-a-fiber-based integrated particle
separation and countingf

T. Kumar, ©12 A. V. Harish, © 1 S. Etcheverry,® W. Margulis,©
F. Laurell® and A. Russom @ *2d

An all-fiber integrated device capable of separating and counting particles is presented. A sequence of silica
fiber capillaries with various diameters and longitudinal cavities are used to fabricate the component for
size-based elasto-inertial passive separation of particles followed by detection in an uninterrupted
continuous flow. Experimentally, fluorescent particles of 1 um and 10 um sizes are mixed in a visco-elastic
fluid and fed into the all-fiber separation component. The particles are sheathed by an elasticity enhancer
(PEO - polyethylene oxide) to the side walls. Larger 10 um particles migrate to the center of the silica
capillary due to the combined inertial lift force and elastic force, while the smaller 1 um particles are
unaffected, and exit from a side capillary. A separation efficiency of 100% for the 10 um and 97% for the 1
pum particles is achieved at a total flow rate of 50 puL min%. To the best of our knowledge, this is the first
time effective inertial-based separation has been demonstrated in circular cross-section microchannels. In
the following step, the separated 10 um particles are routed through another all-fiber component for
counting and a counting throughput of ~1400 particles per min is demonstrated. We anticipate the ability
to combine high throughput separation and precise 3D control of particle position for ease of counting will
aid in the development of advanced microflow cytometers capable of particle separation and quantification
for various biomedical applications.

The ability to manipulate particles precisely has attracted
considerable interest in the field of microfluidics. Fueled by

in many biomedical research areas. For instance, in biological
assays, the isolation of a pure cell population from a complex
biological sample is an important preparatory step before
downstream analysis. Several conventional methods exist for
this purpose, including fluorescent-activated cell sorters
(FACS) and magnetic-activated cell sorters (MACS). However,
these systems are costly and are often limited to equipped
laboratories. In addition, FACS often require preparatory steps
for complex samples, such as blood.
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the drive towards miniaturization and integration,
microfluidic technology has emerged as an alternative to
improve upon conventional separation techniques.

Microfluidics technology allows for the fabrication of
miniature devices at low cost, opening the possibility of
point-of-care  (POC) diagnosis." Microfluidic methods
separate cells based on their physical, chemical, and
functional properties for high throughput cell separation.?
Microfluid-based cell separation has been demonstrated
using affinity biomarkers®™ with active techniques such as
magnetic®® and acoustic separation,”™* and by passive
techniques such as deterministic lateral displacement
(DLD),"*™ inertial’®>° and elasto-inertial microfluidics.**>®
The latter two show simplicity, high throughput, the
capability of processing huge volumes of samples, and low
stress on cells. Inertial microfluidics relies on inertial forces
that act on the flowing particles or cells at a high flow rate
through a microfluidic channel. Depending on the geometry
of the channel, these forces drive the particles to a specific
streamlined position, allowing for particle focusing or
separation from a mixed population.

The initial experiential work on inertial microfluidics
dates back more than 50 years when Segré and Silberberg

This journal is © The Royal Society of Chemistry 2023
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observed that particles flowing through circular pipes were
arranged in the annulus centered at 0.3 times the diameter
of the centimeter-scale pipe cross-section.”” With the
evolution of microfabrication and rapid prototyping
techniques, flow through rectangular cross-sections with
straight or curved channel geometries, has made inertial
microfluidics an attractive particle focusing and separation
technique.?®?° Inertial focusing in microfluidics relies on the
balance between shear-lift and wall-interaction forces present
in fluids at relatively high Reynolds numbers ~1-100. In
recent years, elasto-inertial microfluidics (flows in non-
Newtonian fluids) has become an interesting alternative to
inertial microfluidics as it has the potential for single-stream
3D focusing and higher separation efficiency, especially for
smaller particles.>” Elasto-inertial microfluidics combines the
inertial forces with additional viscoelastic forces that occur
when using non-Newtonian fluids.>® This allows extending
the applicability of inertial microfluidics by covering a larger
range of particle sizes and channel geometries. In visco-
elastic fluid flows dominant lift force (£;) and elastic force
(Fg) are harnessed to provide the unique advantage of single-
stream particle focusing in a straight channel. The
importance of these forces is gauged by two critical
dimensionless numbers: the Reynolds (Re) and Weissenberg
(Wi) numbers. Re, quantifying the importance of inertia over
viscous effects, is defined as Re = pU.H/u, where p is the fluid
density, U. the centreline flow velocity, H the characteristic
length across the microfluidic channel cross-section, and y is
the shear viscosity of the fluid. The Weissenberg number is
defined as Wi = AU./H, where 1 is the relaxation time of the
polymer additives to the fluid.

Significant progress has been made in microfluidic-based
cell separation.’*> However, a miniaturized device for cell
analysis in a POC setting should include, besides cell
separation, the capability of detecting and counting the
cells.*®> To date, microfluidic devices for cell separation
mostly rely on external bulky flow cytometers, coulter
counters, or microscopes for detection, which increases the
overall size and cost of the devices and prevents their use in
POC settings. On the other hand, integrated and
miniaturized flow cytometers have been demonstrated by
using waveguides or embedded optical fibers,*>** but they
lack the capability of separating the cells of interest from the
sample.

Fiber microfluidics offers several advantages over planar
microfluidics in therapy and medical diagnostics.***® Fiber
optics is often used in imaging (endoscopes), biosensing, and
optical coherence tomography. Fiber drawing techniques
allow for the fabrication of kilometer-length of high-quality
silica microstructured fiber structures at low cost. The
cylindrical geometry of the optical fiber capillaries where the
diameter of the cavities ranges from a few microns to 100's
of microns provide ample opportunity for building devices for
life-science applications.?” They are stiff, essentially without
autofluorescence, and can be disposable. Furthermore, they
combine well with existing optoelectronics and fiber-coupled
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lasers and detectors, giving an undeniable advantage over lab-
on-a-chip technology.*®*° Fiber-based biomedical modules
used in life sciences are becoming true “Lab-in-a-fiber”
technology with the unique potential of one day being used
in vivo, for their minimally invasive form factor.

Our group has previously used hollow optical fibers to
detect, trap, collect, and analyze particles in fluids.*>*' The
system was further developed into a compact all-fiber flow
cytometer by assembling silica optical fibers and micro
capillaries.** It used elasto-inertial microfluidics in the
capillaries for particle focusing and an optical fiber for
carrying the light to and from the particles. The high-
performance all-fiber device is fabricated at a low cost
without the need for clean-room facilities. Recently, a method
to fabricate channels with arbitrary cross-sectional shapes
using fibers was demonstrated to perform live and dead cell
separation.’® Furthermore, it was shown that the fibers can
be co-drawn with compatible materials so that conductive
domains can be integrated at arbitrary locations along
channel walls.*

In this work, we present elasto-inertial particle separation
with high efficiency followed by particle counting in an
integrated all-fiber microfluidic component. The overall
configuration of the component is shown in Fig. 1. Central
for the overall function is the three different pieces of
capillaries fused in the middle of the component, where the
sample is mixed with sheath in the first piece, then a
separation takes place based on the size in the second, and
particle counting in the last one. As a proof-of-principle, a
mixture of 10 pm and 1 um particles are separated in the
system. At the inlet, the particles are sheathed by an elasticity
enhancer (PEO). As the particles enter the separation
chamber, the larger 10 pm particles start to differentially
migrate towards the center and can be collected through a
central outlet, while the 1 um particles exit through a side
outlet. The 10 um are routed through another all-fiber
component for counting. A blue laser at 450 nm is used to
illuminate the incoming fluorescent particles with the light
guided in the core of a double-clad fiber for counting. An
impressive separation efficiency of 100% is achieved for the
10 pm particles followed by counting the separated particles
at a throughput of 1400 particles per min. The presented
work shows that fiber optic technology provides a promising
platform to build modular, flexible, and efficient optofluidic
systems, which may find several applications in biology and
medicine, including in cancer research.

Results and discussion

Using polyethylene oxide (PEO) as an elasticity enhancer, we
have previously reported elasto-inertial based particle
focusing in circular capillaries at high Reynolds numbers.*
Based on our previous work,*” in the current work we settled
for a PEO concentration of 500 ppm both for the sheath and
the sample throughout the experiments, while different flow
rates were tested. Various separation channel lengths and
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Fig. 1 The overall concept of “lab-in-a-fiber” and experimental setup for separating particles followed by counting. Using an all-fiber separation
component, the particles are first sheathed to the side walls followed by a size specific elasto-inertial migration of the larger particles towards the
centerline for efficient separation through a central outlet. The separated particles exit the component in two distinct capillaries and the larger
fluorescent particles are counted using the light guided in the core of a double-clad fiber.

flow rates of the fluids in the all-fiber separation component
(see “Methods” section) were investigated for achieving high
separation efficiency. First, we investigated the length of the
separation channel for different-sized particles. A 10 cm long
127/250 pm capillary (inner diameter 127 um/outer diameter
250 um) was used to evaluate the length dependence. We
used four different particle sizes (15, 10, 5, and 1 um) to
study the behavior of their migration with focusing length.
Using a sheath flow (PEO, 500 PPM), the particles were
initially pushed toward the outer wall and the migration was
analyzed. The flow rate of the sample was 10 uL min™ and
the sheath was 40 uL min™'. We took fluorescent images of
the capillary at the entrance and then at 1, 2, 3, 4, and 5 cm.
The results are shown in Fig. 2. The particle migration in
capillary depends on size, resulting in faster migration to the
center for the larger particles, compared to the smaller
particles. The larger 15 pum particle migrated fully to the
center of the capillary in 2 ¢cm, whereas the 10 pm particle
converged to the center in 3 cm, and the 5 um particles did
not migrate to the center within the 5 cm length monitored.
The 1 pm particles stay unfocussed within the 5 cm length.
As can be observed, while the combined effect of inertia and
elasticity are important, elastic effects gain upper hand at the

2288 | Lab Chip, 2023, 23, 2286-2293

given PEO concentration of 500 ppm and force the larger
particles to the channel center. The size-dependent migration
is based on competitive effects of inertia and elasticity, where
the lift forces (Fi) push the large particles towards the “Segré-
Silberberg annulus” centered at 0.3 times the diameter®” and
the elastic forces (Fg) towards the center. By carefully
choosing the channel dimension, length, and flow condition,
it is possible to tune the position of a particle between the
Segre-Silberberg annulus and the channel center (see the
position of the 5 pm and 15 pm particles in Fig. 2).
Furthermore, we observed a weak oscillatory behavior around
the focusing position. A possible explanation for this is the
distorted first normal stress difference that builds up around
the particle, leading to an oscillatory stretching around its
surface. The interested reader is referred to the work by
Banerjee*® for further analysis of the different migration
dynamics leading to the oscillatory behavior of particles in
circular channels in weak fluid elastic flows. While more
work is needed to fully elucidate the observation of weak
oscillatory behavior, there is a huge potential to exploit the
strict size-dependent migration of particles for high-
resolution separation applications, which has been the focus
of the current work. In this respect, the diameter of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Fluorescent images of the separation channel taken from the
entrance up to 5 cm at an interval of 1 cm for identifying the migratory
behavior of particles. The flow rate s are 10 uL min™* for sample and
40 pL min™* for sheath. Larger particles enter the separation capillary
pre-focused whereas the 1 um particle enters from all four holes of
the 5-hole capillary. The 15 um particle at the top migrates to the
center of the capillary within 3 cm from the entrance whereas the 1
um particle remains unfocussed within 5 cm.

central hole of the 5-hole fiber is 50 um which gives us a
tolerance limit of about +20 um from the center for collecting
the particles migrating towards the center into a separate
outlet (see Fig. S1f for schematic illustration of the
separation component).

As proof of principle for separation application, we
fabricated an all-fiber separation component for 10 and 1 pm
particles. The length and diameter of the capillary channel
were chosen such that the 10 um particle has enough length
to migrate towards the center and be collected via the center
hole of the 5-hole capillary at the outlet. The details of the
channel layout and fabrication are summarized in Fig. S1.}
Initially, we tested the flow rate that allowed the sample to

SAMPLE 40 puL/MIN

SHEATH 120 pL/MIN

SAMPLE 40 uL/MIN

SHEATH 120 puL/MIN

Fig. 3 Fluorescent images of the separation capillary at locations 0 to
5 cm showing the streamlines of the 1 (red) and 10 pum (green)
particles. The larger 10 um particles migrate towards the center while
the smaller 1 um particles remained close to the walls. The flow rate
was 40 pL min™ for sample and 120 uL min* for sheath.

This journal is © The Royal Society of Chemistry 2023
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flow from all four holes of the sample inlet capillary and
found that 40 puL min " was sufficient. Following, we tested
the total flow rate we could flow with maintained migration
of the larger 10 pm particles towards the center and found
that the migration was largely independent of the flow rate s
(Fig. S21).

Fig. 3 shows one such image at a total flow rate of 160 ul
min~" (40 puL min~" for the sample and 120 pL min~" for the
sheath). The larger 10 pm particles are migrating toward the
center while the smaller 1 um particles remained close to the
walls. At the given high volumetric flow rate, while migrating
from the outer wall, the 10 um are more spread around the
center line. This is mainly due to the influence of dominant
lift forces over the viscous forces. A way to improve the focus
at the center line involves the combination of the following:
increase the migration channel length, reduce the overall
flow rate (reduce Re), or increase the PEO concentration
(increase Wi). To limit the overall resistance of the system to
pressure, the separation length was kept at 3 cm. To allow
the 10 um particles to fully migrate and focus at the center
line, we reduced the flow rate (reducing the Re) and
maintained the PEO concentration at 500 PPM.
Experimentally, we found that a sample flow rate of 10 pL
min~" and a sheath flow rate of 40 uL, min™ were optimal for
the efficient separation of the particles (Fig. 4). Fig. 4A and B
show the fluorescent images of the separation component at
the end of the separation channel for the 1 um (red) and 10
pum (green) fluorescent particles. The 10 um particles enter
the central hole of the 5-hole capillary as can be seen in
Fig. 4B. Moreover, we see three distinct red lines for the 1
pm particle, indicative of the fact that the particles remain at
the same transverse position as they were entering the
channel. To examine the particle distribution at the end of
the separation capillary, the intensity of the light along the
diameter is plotted in Fig. 4C. For the 10 um particles only
one central peak appears, at the center of the migration
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Fig. 4 A) Fluorescent image taken at the end of the separation
capillary where the 1 um red particles are separated from the center
and enter the outer four holes of the 5-hole exit capillary, B)
fluorescent image of the same where the 10 um green fluorescent
particles are focused to the center and enter the central hole of 5-hole
capillary. C) Normalized intensity graph of the cross-section at the end
of the separation capillary showing focusing of the 10 um particles
(green). The flow rate s are 10 uL min™* for sample and 40 pL min™* for
sheath.
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Fig. 5 Analysis of separation efficiency of 1 and 10 um particles. A)
Fluorescent images of 1 (red) and 10 (green) um particles before
separation, B and C) fluorescent images after processing the sample
through the separation device. D) Separation efficiency analyzed using
a hemocytometer. The graph shows a 100% separation of 10 pum
particle and 97% of 1 um particles.

capillary, while for the 1 um particles, there is a large central
peak and two smaller peaks on either side. The higher
intensity at the center reflects the fact that the upper and
lower outlet holes are aligned to produce the higher
fluorescence intensity compared to the side outlet holes for
the 1 pm particles.

To quantify the separation efficiency, the output was
collected at the outlets of the component and analyzed. Fig. 5
shows the fluorescent image taken under a microscope of the
10 and 1 pm particles before (Fig. 5A) and after the
separation (Fig. 5B and C). The samples collected at the
center hole of the 5-hole capillary primarily contains all the
10 um particle and very few 1 pum particles. The collected
sample from the outer 4 holes of the 5-hole fiber only shows
1 um particles. The results showed 100% separation of 10
pum particles and 97% of 1 pm particles as can be seen in the
bar chart of Fig. 5D. To the best of our knowledge, this is
first time a circular cross-section has been used to
differential focus and separate particles. While more work is
needed to compare the circular cross-section geometry with
rectangular cross-section, we speculate that circular cross-
section would be more efficient for separation applications
due to symmetry since in the circular cross section the first
normal stress difference is uniform in the azimuthal
direction, which is not the case in rectangular cross sections.

After the separation of 10 um particles, the sample was
routed to a fiber-optic particle-counting device connected to
the separation component, as shown in Fig. 1. The particle-
counting fiber-optic device is similar to the one used in ref.
42. A blue laser at 450 nm is used to illuminate the incoming
fluorescent particles with the light guided in the core of a
double-clad fiber. Fluorescence from the particles is collected
in the inner cladding of the double-clad fiber and guided to

2290 | Lab Chip, 2023, 23, 2286-2293

View Article Online

Lab on a Chip

Time (s)

1500+

1000+

500
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Coulter Optical
counter fibre

Fig. 6 A) Temporal trace showing the pulse train where each pulse
corresponds to one 10 um particle counted in the all-fiber cytometer
device after separation in an all-fiber separation component. The total
flow rate was 80 uL min™ (sheath: 40 uL min™ and sample: 40 plL
minY). B) Particle counting results, counted with Coulter counter and
the fiber component (n = 5).

the detector end of the fiber where the signal is filtered
through a dichroic filter that only allows green fluorescence
light to pass through. The green light is detected using a
silicon photomultiplier (SiPM) and the temporal trace is
collected using an oscilloscope and analyzed in a PC. The
separated 10 um green particles are counted using the all-
fiber component before they are collected in an Eppendorf.
After the collection of fluorescent particles from the outlets,
the 10 pm particles were also counted wusing the
hemacytometer. Fig. 6A shows the time domain trace for a
time window of 30 s of the fluorescence signals collected
from the all-fiber flow cytometer device. In this
measurement, we used a flow rate of 40 pL min ' for the
sheath and 40 pL min™ for the sample. Each pulse in the
time trace corresponds to one fluorescent 10 um particle. We
consider each pulse above 0.1 V as a particle and counted
716 particles in 30 s. The coefficient of variation (CV) in the
amplitudes of the fluorescence signals is 10%. To verify the
number of particles counted using the all-fiber component
we collected particles for three minutes and then used a
coulter counter to count the number of particles in
Eppendorf. We collected five samples to obtain the average
number of particles collected per minute (Fig. 6B). With the
all-fiber component the average count was 1400 particles per
min.

A flow rate of 10 uL min™" for the sample and 40 pL min~
for the sheath showed varying amplitudes of the pulse train
(see Fig. S3f). The variation in the amplitude is due to weak
particle focusing in the counting capillary. However, with an
optimized flow rate of 40 uL, min~" for the sample and 40 uL
min™' for the sheath, we got better focusing of the 10 um
particle (see Fig. 6) albeit with a lower separation efficiency
compared to the flow rate of 10 pL. min~" for the sample and
40 uL min™" for the sheath (see Fig. 5).

1

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc01175a

Open Access Article. Published on 06 April 2023. Downloaded on 11/4/2025 11:02:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

In this proof-of-principle demonstration, we sorted and
analyzed particles at a throughput of ~1400 particles per
min. At present, the high resistance of the integrated device
prevents higher flow rate s. We believe by optimizing the
total component length, increasing the capillary dimension,
and using a high-pressure pump we can achieve significantly
higher throughputs. We have previously reported focusing
and counting at a throughput of ~2500 particles per s using
similar fiber components.””> Another important aspect is
related to separation resolution. In this proof of principle,
we demonstrated high separation efficiency between 10 pm
and 1 pm particle to imitate blood cells and bacteria.
However, using elasto-inertial microfluidics it is possible to
separate particles at 1-2 pm resolution.”>?® By finetuning
the capillary dimensions and flow conditions, we anticipate
efficient separation for lower-size ratio mixtures using the
all-fiber component. For instance, we showed size-based
differential migration for 15 um, 10 um, and 5 pm particles
in Fig. 2. By carefully optimizing the channel length and
flow rate, higher separation resolution can be obtained in
the system.

In summary, an all-fiber separation component capable of
sorting micron-sized particles based on size has been
presented. In this work, for the first time, we demonstrated
high throughput elasto-inertial particle separation in circular
channel cross-sections. Furthermore, counting of the
separated particles in a single-continuous integrated fiber
platform is demonstrated. The low-cost all-fiber device is
fabricated without the need for clean-room facilities and can
be assembled in versatile combinations for different
functionalities. Here we demonstrate powerful size-based
passive particle separation, but with few modifications, the
versatile lab-in-a-fiber platform could be combined with other
techniques including acoustics and magnetophoretics. The
integrated all-silica-fiber separation and counting device
presented above combines elasto-inertial microfluidics with
optical fibers and capillaries and is poised to open new
avenues in ‘Lab-in-a-fiber’ technology for medical diagnostics
application. We anticipate that this low-cost platform can
contribute to the development of next-generation point-of-
care flow cytometers with integrated sample preparation
capabilities for blood-based diagnostic applications.

Methods

Experimental setup

The experimental setup for the separation of particles based
on size is shown in Fig. 1 and detailed fabrication steps are
shown in Fig. S11 along with the schematic of the separation
component. The all-fiber separation component has two
inlets, one for feeding pure visco-elastic fluid (sheath) and
the other carrying the sample (same visco-elastic fluid mixed
with particles). Two microfluidic pumps are used to infuse
the sheath and the sample into the separation component. In
the current experiment, an aqueous fluorescent microsphere
suspension with 10 um (green) and 1 um (red) was used.

This journal is © The Royal Society of Chemistry 2023
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When in operation, a fluorescence microscope can be
used to image the streamlines of the fluorescent particles
inside the fiber capillary to distinguish the particles. The
fluorescence microscope uses a Fluorescein isothiocyanate
(FITC) filter cube for the 10 um fluorescent particles with
excitation/emission peaks of 468/508 nm (Green) and a
tetramethylrhodamine (TRITC) filter cube for the 1 pm
fluorescent particles with excitation/emission peaks of 542/
612 nm (Red). The microscope images were taken using a
motorized Nikon Ti-Eclipse inverted microscope coupled with
a Lumencor SOLA light engine as the excitation source. The
images were processed and analyzed using the software
Image] (NIH, MD, USA).

The sheath and sample are fed into the all-fiber
separation component using a mid-pressure syringe pump
neMESYS, Cetoni. Two syringes of 25 mL are used to pump
the fluids into the separation component. The flow rate s for
both the sheath and the sample are controlled independently
using neMESYS user interface software. The separation
component has two outlets, and the separated particles are
collected in two different Eppendorfs for further analysis, or
flow into additional all-fiber devices, such as a flow
cytometer.

Design and fabrication of all-fiber separation component

A schematic diagram of the separation component is shown
in Fig. 1. It uses an assembly of four different silica fiber
capillaries, the cross-sections and dimensions of which are
shown in Fig. 1. All inlets and outlets consist of capillaries
with 90 um inner diameter and 125 pm outer diameter (90/
125 um). Separation takes place in a 127/250 pm separation
channel, where the mixture of particles flows with the
viscoelastic fluid, as shown in Fig. 1. The input mixture is fed
to the separation channel through a short piece of 5-hole
fiber of length 0.5 mm. The central hole of the 5-hole fiber
carries only the sheath and the outer four holes carry the
mixture of particles. This is accomplished by splicing one of
the 90/125 pm capillaries to the central hole of the 5-hole
fiber leaving room for the mixture to enter from the outer
holes. Part of the structure is encased in a housing capillary
with dimensions 250/330 pum. At the output, a similar
arrangement with a 5-hole fiber with a central hole spliced to
a 90/125 pm capillary is made to collect the separated
particles. This 5-hole fiber guarantees that the central
collection capillary is aligned with the Ilarge, focused
particles, and the four outer holes provide low resistance flow
for the collection of the smaller particles. The gap between
the end of the separation channel and the 5-hole fiber is only
40 pm so that the particles do not deviate significantly from
the path. UV-curing glue is used to seal the housing capillary
at both ends, preventing leakage. To reduce the clogging of
particles inside the fiber device we treated the inside of the
entire component with a hydrophobic liquid called
“Sigmacote” which is a siliconizing reagent (Sigma-Aldrich
SL2-25ML) for glass.
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After separation by size, the identification by
fluorescence and counting of the 10 pm green particles is
carried out. An all-fiber cytometer like the one reported in
ref. 42. was built and integrated with the separation
component as shown in Fig. 1 labeled detection part. The
all-fiber cytometer has a 56/125 pm input capillary where
particle focusing takes place and a 90/125 um output
capillary to remove particles after counting. It is fabricated
by aligning a double-clad fiber to the input capillary. This
fiber provides laser excitation from the 9 um central core
and collects back-scattering and fluorescence light in the
inner cladding. Besides the input and output capillaries
and the double-clad fiber, the device incorporates a piece
of dummy fiber used for simplifying the alignment. An
external 250/330 pm housing capillary holds the assembly
together as shown in Fig. 1.

Elasto-inertial microfluidic setup

The viscoelastic (non-Newtonian) fluid used in this work was
prepared using the polymer polyethylene oxide (PEO) with an
average molecular weight (M,) of 2000000 (Sigma-Aldrich).
Powdered PEO was weighed and added directly to a freshly
prepared 1x phosphate buffer saline (PBS) solution. The
mixture was left in a magnetic stirrer overnight for mixing.
The concentration of PEO used in the experiment was 500
PPM.
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