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Abstract

The saliva is a secretion which can present Cancer Tumor Cells (CTCs) of cancer patients. Its analysis
is a developing field which may be essential for early detection of cancer and monitoring of treatment.
Here, we use different connected geometries for mixing, sorting, concentrating and confining fluids and
particles inside a fluids. The first two geometries are a mixer-separator assembly, with a Fermat spiral
design, followed by a continuous flow concentrator and a serpentine design to align the particles of
interest (CTCs). Device performance was optimized using COMSOL Multiphysics software, to works
with high pressures inlets (350 mbar for water or serum and 294 mbar for saliva sample) as optimum
pressure inlets. The numerical models were corroborated through experimentation using two types
of polystyrene (PS) particles of 5um and 20pum. The optofluidic device identifies and addresses the
next challenges using optical detections: mixing tests including two fluids with similar density, proper
particle sorting by size using Dean Flow Fractionation (DFF), and single-step retrieval of labelled large

particles.

1 Introduction

In the medical field, it is essential to determine
signs and symptoms to diagnose a disease. Like-
wise, it is sought to detect prevalent diseases long
before symptoms appear as a method to prevent
diseases in irreversible stages. An example of such
methods includes the detection of diseases through
genomic analysis. However, this branch of sci-
ence is still under development, and genomic treat-
ments may not be applied on all occasions. For this
reason, when a patient presents a detectable dis-
comfort, the disease may be in an irreversible state
due to the lack of a method to prevent it. There-
fore, a strategy known as screening has been cre-
ated whose purpose is to detect a disease in its ini-
tial or advanced stages, using a diagnostic method
in a population at risk [1]. However, based on Wil-
son and Jurgen [2], it is necessary to meet specific
criteria to be able to run an accurate screening
test.

Cancer is a disease caused by various internal or
external factors that alter the genetic code of cells.
Additionally, cancer is the second cause of death in
the world, with 18.1 million diagnosed and 9.6 mil-
lion deaths present only in 2018 [3-5]. Within this
disease, lung cancer represents 11.6% of cancers in
the world. Furthermore, it is the main cause of

cancer’s deaths, with 20% of mortality.

Two million diagnoses of lung cancer were found
in 2016, which 1.7 million deaths were associated
with lung cancer. This represents a total of 36.4
million DALY’s in that year [4, 6]. A DALY de-
scribes the sum of years lost due to premature
mortality and its relationship with the years of life
lived with disability [7]. Due to the arguments
above, it is crucial to find an effective method for
the early detection of respiratory tract cancer.
Nowadays, one of the most used method is low-
dose computed tomography (LDCT). The US Pre-
ventive Services Task Force (USA) recommends
this method to patients between 55 and 80 years
of age who have a smoking history of 30 packets of
tobacco per year for more than 30 years [4, 6, 7).
In an experiment conducted by the National Lung
Screening Trial (NLST), LDCT has been tested as
a preventive method in the early stages (Al) of
lung cancer, thus reducing the mortality rate by
6.2% [8]. Applying the screening test on asymp-
tomatic patients with a high probability of de-
veloping cancer results in a drastic reduction of
mortality. However, this method has a high false-
positive rate despite the test optimization efforts
by implementing the volumetric criteria [9].
Alternative sources for screening tests reside on
testing saliva. Saliva is a human secretion that
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can present small concentrations of cancer cells in
patients with cancer affectations. The mixture of
saliva and serum were analyzed in recent years us-
ing Surface Enhanced Raman Spectroscopy with
positive results in the detection of breast tumour
cells and lung cancer cells [10, 11]|. Also, different
authors such as Fang Wei et al. [12] are research-
ing with multiplexable electrochemical sensors to
identify mutations in the epidermal growth factor
receptor (EGFR) to detect non-small cancer lung
carcinomas. Hence, it is possible to use microflu-
idic methods to create a device for detecting cancer
cells in the respiratory tract.

Moreover, saliva can be studied in a microfluidic
system following the branch of lab on a chip. How-
ever, it should also be considered that saliva is a
fluid that has minimal concentrations of respira-
tory tract cells. It also contains proteins, DNA,
ARN or microbiotas [13]. These components can
make it difficult to detect cancer cells by optical
methods in microfluidic systems.

The lab on a chip are microfluidic systems origi-
nated in nano- and micrometric scale, usually un-
der 1 pwm or micrometric scale between 10 pum
to 200 pwm|14]. These microfluidic systems are
based on the concept of Total Analysis System
(TAS), which consists of integrating various steps
or processes for chemical analysis in a single de-
vice [15-17]. Most microfluidic systems can be
classified into three main groups: passive systems,
active systems, and manuals. Mainly, the differ-
ence between active and passive systems lies in
the intrusion of external agents such as tempera-
ture, gravity, electric, magnetic or acoustic fields
in the microfluidic system to accelerate or facili-
tate the functionality of the device [18]|. In con-
trast, manual devices work independently of au-
tomatic pumping systems or electronic equipment
such as the cases of the authors Peter Thurgood
and Jiu Yang, who developed a self-sufficient pres-
sure pump using latex balloons|19].

A microfluidic system can facilitate the task of par-
ticle and cell detection in a fluid. The lab on a
chip branch counts with different operational units
to control the physical behaviour of particles in a
channel. E.g. Depending of the geometry design,
it can perform different unit processes such mix-
ture |20], separation |21], concentration [22], and
focus [23] on a colloidal system.

Taking all the above into account, we present a

microfluidic chip based on optical detection. Dur-
ing this work, we simulated the design and phys-
ical behaviour of the device in COMSOL Multi-
physics software. Then, we use a combination of
photolithography, and moulding on PDMS mate-
rial to build the microfluidic system. This device
has different coupled geometries that perform mix-
ing, separation, concentration, focus and detection
functions. Consequently, this microfluidic device
can be used as a non-invasive screening method
for the detection of cancer cells from the respi-
ratory tract in saliva samples that, unlike other
methods, this system applies microfluidic tech-
nology.The novelty of the microfluidic device de-
veloped in this work includes an arrangement of
different geometries that work together managing
particles of interest inside a fluid, that simulate
non-small cancer cells and contrast it with com-
putational modeling

2 Materials and Methods

Following our objective of developing a screening
method for cancer cell detection, we have to define
the operations required in the device. For this,
we look into the different operational units within
the microfluidic field. Some operational units are
used to mix, separate, focus, react and concen-
trate. These designs can be categorized by active
or passive methods to work. The active methods
work by the influence of external forces influenc-
ing the fluid or its content, facilitating the opera-
tional process. The passive method depends only
on the configuration of the geometrical design and
the fluid parameters to operate on the input fluid.
For our objective, we propose that our require-
ments include the mixer, separator, concentrator,
and finally the focusing operational units. We aim
first to mix the saliva sample, which is diluted in
serum, with the biomarker sample. Two passive
methods that serve this purpose include the linear
and the serpentine geometries. These can be ac-
companied with grooves for the correct mixing of
substances in microchannels as used by many au-
thors such as A. Kumar et al. [24]. In this kind of
geometries, the developed laminar flow, the length
of the microchannel, dimensions, and the diffusion
coefficient, play a fundamental role in the appro-
priate mixing.
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Figure 1: Chip design with coupled geometries: A) Concept design and description of its parts. B) Mixer,
Spiral microfluidic geometry and curved grooves. C) Separator, spiral geometry. D) Top: pre-concentrator and
concentrator for small particles. Bottom: pre-concentrator and concentrator for big particles, including the

focus stream for non-small cancer cells.

After the mixer geometry, it is necessary to couple
a separator for sorting components inside the chan-
nel to separate them.Particle separation by passive
methods can be done by inertial migration, hy-
drodynamic filtration, cross-flow filtration, deter-
ministic lateral migration, gravity or viscoelastic
separation [25]. The spiral design is one of the in-
ertial sorting geometries. Sorting particles or cells
by migration are also called Dean Flow Fractional
[26].

Spiral geometries contemplate a Dean flow in lam-
inar fluids, where the velocity differences within
the channel, as a result of the interaction between
the Dean drag force and the lift force, create a ve-
locity gradient where the particles with different
mass are influenced and separated [27-29].

The next stage is the two concentration units. The
first one will reduce the volume of the sample,
increasing the concentration of the cancer cells,
therefore, increasing the sensing sensitivity. One
of the characteristics of this stage is that it must
be a continuous process, considering that it would
fit at the end of the separator. J. Martel et al.
investigated the operation of geometry for passive
systems that can concentrate polystyrene particles
following a continuous concentration system and

concentrated cells. In this way, they managed to
reduce the volume by 75% [30].

Finally, the concentrated particles in the flow of
cancer cells must be aligned to increase the prob-
ability of optical detection. This increased chance
is the reason why serpentine geometries are used
to align particles in two dimensions, and the exis-
tence of systems that manage to confine particles
in a single beam. However, favourable results have
been obtained in serpentine geometries for narrow
channels without the influence of external forces
[23]. This geometry exploits inertia for focusing
particles. However, this geometry can also oper-
ate as a sorting unit if not appropriately designed.
This behaviour occurs because the drag and lift
force influence the fluid, and hence, the particles
inside |21, 31|. Therefore, to avoid this effect, it is
essential to design and simulate the microchannel
[32].

Microfluidic systems are built based on extensively
studied preestablished geometries. To approach a
new field of study, we are in demand for alternative
designs of TAS devices. For this reason, to create
a system that can be applied in the medical field
for the detection of cancer cells in saliva samples,
it has been decided to reinvent the geometries to
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achieve a compact device.

2.1 Computational modeling

We designed the microfluidic system and ran the
simulations using the software COMSOL Multi-
physics [33]. Our design (Fig.1A) aims to fulfil the
different requirements of our device. The specific
dimensions of the complete setup and microchan-
nels can be seen in Table 1.

Dimensions (um)
Attrb. Full chip Mixer Separator Conct.
Length | 1.75E4+04 | 3.78E+404 | 3.37TE4+04 | 7.93E+03
Width | 1.07E404 | 1.00E402 | 2.00E-+02 varies
Height | 1.00E+02 | 1.00E+02 | 1.00E+402 | 1.00E+02

Table 1: Chips designs dimensions

In the first step, we coupled a mixer and a sepa-
ration unit. We propose and designed the mixer
following a Fermat’s spiral geometry, where half of
the spiral consists of the mixing unit, and the other
half is the standard spiral geometry as a separa-
tion unit. The advantage of this design is that the
development of this structure requires one layer of
PDMS material for the experimental step. This
design includes the use of several segments con-
nected using curved grooves. The design devel-
oped here can be seen in Fig.1B. To ensure that the
mixing unit gives the expected output of the fluid,
we verify the diffusion of the input fluids through-
out the mixing unit by extracting concentration
profiles through the microchannel and comparing
the results against the experimental tests.

The second unit consists of the second half of the
Fermat’s spiral as represented in the Fig 1C; This
is a standard spiral geometry that uses inertia in
a fluid dominated by Dean drag force to separate
particles by size. We use this size separation to
highlight potential non-small cancer cells. The list
of particle types that we use to simulate the col-
loidal fluid within the mixer includes non-small
cancer cells (16 — 20 pm), erythrocyte (6 —8 um),
and unattached biomarkers (1 um).

The third step consists of two operational concen-
trator units, as represented in Fig 1D. Each set
handles different ranges of particle sizes. The first
one receives as an input, particles smaller than
15um, while larger particles are guided into the
second set. We focus our attention on the large
particles, as these represent potential cancer cells,
which are managed by the second set. The first
set is designed following a traditional serpentine
concentrator unit. The second set is a modified

serpentine unit, designed to handle non-small par-
ticles. The modified unit benefits from the mo-
mentum carried by non-small particles. The out-
put of this modification produces a concentrated
stream which is then focused using a serpentine
unit.

2.2 Experimentals procedure

Much of the methodology for making the chip in
PDMS follows the procedure described by E. Pe-
drol [34]. The substrate was a silicon wafer (100
mm, Mitsubishi Silicon America), a positive pho-
toresist AZ1505 (Merck, reactive grade), AZ726
MIF Developer, (Merck > 25% in H2O and sur-
factants) and acetone (reactive grade) were used.
A spin coater POLOS for the spin coating of the
photoresist was handled. The equipment for mak-
ing the mas was A maskless lithography equipment
Heidelberg DWL66Fs with a diode laser of 405 nm
with a power intensity of 20 mW. The laser is 3 %
the original power intensity after a filter prior to
reaching the holder sample.

The microchannels were made with 3 inches sili-
con wafer where they were dehydrated for 1 hour
in a hot plate at 100° Celsius (100 mm, Mit-
subishi Silicon America), then a spin coating for
the structure fabrication was used in order to
prepare the resin to make the UV exposure.The
first layer applied was a OMNICOAT (Omni-
Coat, MicroChem Corp.). OMINOCAT acts as
an adhesion-promoting agent. Subsequently, The
silicon wafer was coated with the SU8 resin (SUS8
2150, MicroChem Corp). The patterns were trans-
ferred from the mask to the SUS resin through UV
exposure. The UV exposure was performed with
a mercury discharge lamp (MG 1410, Karl Suss).
The silicon wafer was then developed in PGMEA
solvent (AZ®) EBR Solvent) to remove the resin in
excess. A reactive ion etching (RIE) (PlasmaPro
NGP80, Oxford Instruments) was used to remove
and clean the wafers, leaving only the patterns
over the silicon wafer.

The SU8 master was deposited at the bottom of
an aluminium container to be coated by PDMS
(Sylgard 184, Dow Corning). Previously, a 20 ml
mixture of PDMS resin with 2% by weight of cat-
alyst for each SU8 master was degassed for one
hour. The mixture was then poured into the alu-
minium container, completely covering the SU8
master, leaving it to cure for 2 hours at 80° Cel-
sius to speed up the polymerization process. The
PDMS layer was subsequently removed. Each ge-
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ometry was established as an independent chip;
therefore the surface of the four PDMS chips were
exposed to RIE generated oxygen plasma to bond
the roof layer with the patter layer under the fol-
lowing conditions: Power: 20 W, oxygen flow rate:
35 scem, pressure: 50 mTorr and time: 30 s.

3 Results and discussion

The results of the two sections studied are pre-
sented below. First, we show the computational
part, followed by the experimental procedure and
results in the second part. Through this research,
we highlight the importance of preliminary compu-
tational modelling of the experimental procedure
as the means to save resources in building microflu-
idic devices.

3.1 Computational procedure

The first designed geometry consists of a linear
system with grooves, where each groove intro-
duces a tilt to the linear system of next sequence
forming the first half of the Fermat spiral. This
first half works as a mixer, as shown in Fig.2.

A Concentration (mol/m?)
mm (mol/m?)
0 -5 1
A4 0.9

(8)

(©

Figure 2: Concentration profile for the mixer unit
(mol/m3). A)Complete mixer concentration profile.
B) Inlet concentration profile. C) First groove, con-
centration profile. D) Second groove, concentration
profile.

Using COMSOL Multiphysics software, Navier

Stokes’ equations for designed 3D geometry have
been numerically approximated. In this case, a
fluid inlet pressure of 126 mbar was used. Af-
ter obtaining the velocity profile, the software was
able to calculate the diffusion profile using the
convection-diffusion equation (C-D) Eq(1).

oC

— = DV?C — V(iC)

T (1)

Where C' refers to the concentration of the solute,
D is the diffusion coefficient and vector u is the ve-
locity profile. This system is comprised of a typical
Y-junction inlet. However, the grooves that deflect
the channel creating a spiral are not a conventional
design proposed in research on mixers within the
microfluidic community. According to the simu-
lation, the grooves, the length, and the narrow
channel are factors required for proper mixing [35].
Although the two fluids mix progressively along
the channel, when a transverse section is made to
the trajectory of the fluid as shown in Fig.3, the
fluid mixture presents a different concentration be-
haviour from that described in Fig.3.

Slice: Concentration (mol/m?) mm

Figure 3: Transverse concentration profile to the fluid
trajectory for the mixer unit.

This change in the angle of the fluid trajectory
causes a lateral instability that leads to a transver-
sal flow field (Dean flow). This instability oc-
curs due to the balance between viscosity and in-
ertial forces, generating vortices within the chan-
nel [36, 37]. This phenomenon also occurs in each
groove, which improves the mixing process. How-
ever, after each groove, this profile returns to be-
have as in Fig.2.

The next geometry studied corresponds to the sec-
ond half of the Fermat spiral.
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Figure 4: Schematic illustration of the separation principle for high throughput big sizes particles sorting using
(DFF) Dean Flow Fractionation. The marked sample and the high-pressure diluting fluid (serum) enter the
centre of the spiral. A.i) in the initial part of the separator, the particles are confined to the outer wall. A.ii)
Under the influence of Dean drag forces, particles migrate along the Dean vortices to the inner wall. A.iii)
large particles are confined to the inner wall where they experience additional strong inertial lift forces (FL)
and Dean drag forces (FD ). In contrast, smaller particles are influenced to a lesser extent by inertial forces.

The function of this design is to classify the par-
ticles by size, taking into account particle density
and size. In this category of spiral designs, the
Dean flow plays a fundamental role because a vor-
tex created inside the channel throughout the de-
sign makes possible the particles sorting [37].

Considering the final function of the device,
biomarkers unattached to cancer cells are required
to be discarded to evade false-positives in the opti-
cal sensing, as well as the non-cancer cells. There-
fore, we consider small particles, such as these
unattached biomarkers, and the large particles of
interest.

The range of sizes led to employ the particles trac-
ing for fluid flow module of COMSOL Multiphysics
to establish the drag forces and lift forces for our
particles simulation. Four particle types were de-
termined according to size: 2 pm particles resem-
bling the biomarker; 6 pum particles simulating
non-cancerous epithelial cells, and particles of 15
pwm and 20 um representing non-small cancer cells.
The simulated particles underwent different pres-
sures to vary the velocity and to have an ade-
quate Dean flow, leading to a proper separation by
size. Fig.4 reflects how the particles are classified

in a curved channel using Dean flow fractionation
DFF.

Particle trajectories

Figure 5: Separator ending. Left stream for the parti-
cles above 15 um, right stream for particles below 15
wm.

The simulation results showed an adequate separa-
tion process under a range of conditions for lam-
inar fluids.After several simuations, the optimal
values to carry out an ideal separation were de-
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fined. it was established an inlet pressures higher
than 252 mbar for the fluid containing the sample
to be separated, and inlet pressures greater than
300 mbar for the diluent fluid. Keep in mind that
confinement at the inlet of the separator is only
achieved for an inlet pressure ratio of 1.2:1, below
or above this ratio, the confinement in the outer
wall of the separator will not be carried out.
Fig.5, represents the separation with a separator
inlet pressure of 350 mbar for the diluent fluid, and
294 mbar for the colloidal sample. This set of con-
ditions allowed the classification of the 15 and 20
pm particles against the inner wall, while particles
of less size followed the outer wall.

The separation process can be described in terms
of Dean cycles (DC). In each cycle completion,
the particles return to their position in the cross-
sectional plane within the channel. Only small
particles complete a DC, as the non-small parti-
cles reach a point (half a DC) where the lift forces
are dominant [26]. The nature of the sets of par-
ticles remains constant throughout the channel.
The particles of interest are then separated from
the rest.

Particle trajectories

Figure 6: Particle trajectories in concentrator designs.
The color scale indicates the particle size. the light
blue line represents 2 pm particles, the dark blue line,
6 pm particles and, the red and dark red are 15 pum
and 20 pm respectively. A) Small particle concentra-
tor with siphons to remove liquid. B) Large particle
concentrator with an expansion to guide particles by
momentum and reduce the liquid.

The next computational process was carried out
in the concentrating unit. For this section, a small
particle concentrator (Fig.6A) has been created to
balance the pressure within the system and avoid
the influence of the particles by pressure drop. For
our interest, the small particle concentrator exists
only to balance pressure at the separator outlet

with no further use. However, we could focus
small particles instead, as this functionality de-
pends on the input pressure of the mixer, leaving
open the possibility of recovering the biomarker.
The continuous flow microparticles concentrator
for small particles was designed followed the study
conducted by J. Martel and K. Smith [30]. The
focusing unit based on inertial volume reduction
has a series of siphons to remove the fluid in the
particles free region of the focusing units.

The functionality of the concentrator units is a
tradeoff between both small and large particle con-
centrator, as a consequence of being coupled to the
separator. The optimum flow for each set requires
contrasting initial conditions. A non-optimum se-
lection of the conditions in a unit leads to differ-
ent particle trajectories. An example of this sit-
uation is seen in Fig.6, where an optimum selec-
tion of conditions for the large particle concentra-
tor (Fig.6B) influences the trajectories in the small
particle concentrator (Fig.6A). This example is the
consequence of high flow pressure in contrast to
the optimal values required of the small particle
concentrator [30]. One way to solve this problem
might reside on the length of the outer wires in
the outlet section, which reduces or increase the
pressure drop in that section. However, this could
potentially destabilize the entire system.

In our work, we focus our attention into the func-
tionality of the large particles concentrator. The
concentrator works properly for pressures above
300 mbar. Inertial forces in the expansion section
move larger particles towards the non-small cancer
cell outlet [26, 27], causing the particles to go into
the output stream to be confined as can be seen in
Fig.6B. Prior to the concentrator expansion that
sorts the particles, the geometry starts with a ser-
pentine segment that aligns particles. Close to the
upper wall arise a bifurcation. The narrowest sec-
tion is where the particles focusing unit begins, see
Fig.6B and it can be seen in detail in Fig.7. This
unit confines large particles in a single line. This is
a product between the migration of particles along
with the Dean vortex, and the switching of the vor-
tex direction caused by serpentine curvature in the
opposite direction [26, 31]. The numerical model
made in COMSOL multiphysics manages to con-
fine the particles along the focuser. A compari-
son between the three sections of the serpentine
geometry allows further analysis of the confine-
ment effect. In Fig.7Al, particles coming from
the concentrator decreasing their speed due to the
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high pressure drop in this geometry.However, par-
ticles are not aligned when entering this confiner.
Then, in section Fig.7A2, particles begin to be in-
fluenced by Dean vortices, aligning themselves in
areas within the canal. Finally, in the last part
(Fig.7A3) particles are found aligned in a single
beam. It is essential to recognize that this con-
finement is carried out only in two dimensions; as
a consequence, particles can move freely along the
Z-axis (micro-channel height).

Particle trajectories

mm

x1073

18

112

110

Figure 7: Large particle trajectories for the concen-
trated stream in the focusing section. A1) Inlet cou-
pled to the concentrator without aligned particles. A2)
Particles migrating and organizing due to Dean vortex.
A3) fully aligned particles.

The use of a narrow channel constrains the size of
the Dean vortices to resemble the size of the large
particles. This is a fundamental factor towards
increasing the probability of locating particles in
the centre of the channel, i.e. the two vortices are

the closest, and the cross-sectional velocity field is
maximum.

3.2 Mask, Mold and PDMS designs

The nano-fabrication equipment and methods al-
lowed to create the mask with four designs [Com-
plementary Material| corresponding to the mixer,
separator, concentrators, and the full chip. This
mask was used to make the master mould. The
thickness of each geometry was measured using
confocal laser scanning microscopy (CLSM) where
the mixer, separator, concentrator and full chip
yielded the following results 104 pum, 102 pm, 108
um, 98 pum respectively. The designs used were
the same as those presented in S3. Once the elab-
oration of the device is completed, we are enabled
to carry out the experimental tests and compare
them with the theoretical models.

3.3 PDMS Mixer unit operation

Figure 8:

Experimental behaviour inside the mi-
crochannel of the mixer between two fluids, water and
dyed water. A) Complete mixer microchannel. B) In-
let diffusion profile. C) First groove, diffusion profile.
D) Second groove, diffusion profile

The mixer is one of the main units of the set sys-
tem with the separator. Given that there are inlets
current flow in both, it is essential to know if they
behave adequately in a wide pressure range.
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Figure 9: Experimental study of the mixer varying the inlet pressure. The left column represents the inlet
pressures in millibar. The measurement points are at the Y-junction inlet, the first angle, the first groove, and
the mixer output. As pressure is increased, the fluid mixes earlier within the unit.

As the mixer is made up of two inputs, the inlet
pressure of both must be considered as acting as
one unit. The reason why the mixer must have a
wide operating range is that the outlet pressure of
the fluid in this geometry must be manipulated
depending on the conditions of the serum inlet
to have an intended separation process. For this,
if the fluid fails to mix properly throughout the
mixer, then biomarker particles will not couple to
the cancer cells, causing the sensing to be null.

One of the advantages of Fermat’s spiral in the
numerical model is that, regardless of the input
velocity or input pressure, the length, grooves and
the narrowness of the channel, allows the two inlet
fluids to mix successfully when entering to the sep-
arator, this can be observed in the pressure study

(S1).

In this numerical model, the mixing process
reaches a homogeneous concentration profile in
earlier stages of the unit as the inlet pressure in-
creases. The study consisted of varying the pres-
sure of inlets flows from 100 mbar to 800 mbar. It
was observed considerable improvement in mixing
time. These results were compared with an ex-

perimental study of the same nature verifying the
results, as seen in Fig.9.

Once the pressure study is completed, we study
the role of input flows in specific inlets by inter-
changing the input flows and checking the output
performance.Contrasting Fig.9 and Fig.8, It can
be seen that regardless of the order of fluid entry,
the fluid will mix thoroughly. These same results
can be contrasted with Fig.2B, Fig.2C and Fig.2D.
In this way, we demonstrate that the grooves in
a narrow channel are appropriate for proper mix-
ing since they speed up the mixing process [24].
Likewise, the angle at the beginning benefits the
mixing process because it generates Dean vortexes.
Also, as the fluid progresses, these vortexes will
be generated in each groove in agreement with the
numerical study.

3.4 PDMS Separator unit operation

The separator has been studied through two tests:
A ratio study, and a pressure study for optimal
separation. The first consisted of studying the
relationship of the inlet flows as can be seen in
Fig.10, to obtain the relative conditions that best
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confines the sample fluid in the external wall at the
inlet of the separator. Aiming for the functionality
of the mixer in a wide range of pressures for the
second study, we varied the inflows pressure main-
taining the ratio between inputs. Fig.11, shows
the results obtained with the best inlet pressures.

A

Inlets ratio
1,20:1

B C

Inlets ratio

D E

Inlets ratio

Inlets ratio
1,331

Inlets ratio
1,25:1

Figure 10: Inlets ratio study between fluid containing
the sample and the diluent fluid to confine the sample
to the outer wall in the beginning of the separator. A)
1.20:1, B) 1:2, C) 1:1.5, D) 1.25:1, and E) 1.3:1 water
to sample experiments.

Fig.10, shows the result of the first study. The
functional situation is shown in Fig.10A, which
uses a 1.2:1 ratio W/S (Water /Sample), where the
sample stream is confined to the outer wall of the
inlet. This confinement is necessary for an optimal
separation [26]. This behaviour is observed in the
numeric model and is explained in detail in Fig.4.
One of the cases studied was the behaviour of the
profile when the sample inlet pressure was much
higher than the water inlet pressure. In Fig.10B, a
ratio of 1:2 can be seen. This configuration causes
the sample stream to be directed toward the in-
let of the water, preventing it from entering and
changing the direction of the inlet flow of the wa-
When the ratio is 1:1.5 (Fig.10C), the wa-
ter flow is confined to the inner wall, which does
not give an adequate separation process. Alterna-
tively, the water entering the sample inlet occurs

ter.

when the water flow is much higher. This is the
case of a water ratio 1.3 times higher than the sam-
ple pressure (Fig.10E). However, by reducing this
ratio to 1.2:1, the particle flow is confined, water is
also backset to sample stream as seen in Fig.10D.
The detailed results of the second study can be
seen in Table 1 of the supplementary material.
The study consisted of 14 tests. Seven tests are
used with samples containing 5um particles, and
the other seven experiments with 20pum particles.
In both cases, the inlet pressure of the diluent fluid
(water) was varied from 50 to 350 mbar. Likewise,
the sample inlet pressure ranged from 42 mbar
to 294 mbar. In all cases, the optimal ratio of
1.2:1 was maintained. The same behaviour was
observed compared with the numerical model. In
this way, the separation becomes optimal as long
as the sample inlet pressure is above 252 mbar.

(c

Inlets -
5& 20 um PS i

E F
Outlets Outlets
20umRS 5&20 umPS

|
§

A

Figure 11: Particles behaviour in the separator for in-
let pressures of 350 mbar (diluent fluid), and 294 mbar
(sample). A) Inlets for the confined particle profile of
5um. B) Inlets for particle profile of 20um. C) Inlets
for the mixture of particles between 5 and 20um. D)
Outlets with 5um particles. E) Outlets with 20um par-
ticles. F) Outlets with a mixture of particles between
5 and 20pum where the largest particles are correctly
separated towards the left exit

According to the results of the pressure study, the
pressure values which the separation profile was
optimum (350mbar and 294 mbar) were used, and
the 1.2:1 W/S ratio is also maintained. As a result,
the sample stream was confined to the outer wall
of the separator inlet, and the particles were sep-
arated at the outlet. Figures 11A and 11D, show
the results obtained with the mentioned conditions
when 5um particles are introduced. The small par-
ticles are separated towards the outer wall of the
spiral after completing a Dean cycle. Similarly,
figures 11B and 11E, are the result of introducing
20pm particles into the system. Likewise, separa-
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tion takes place for these large particles. However,
the larger particles are separated towards the in-
ner wall of the spiral after completing a Dean cy-
cle. Finally, Figures 11C and 11F, are one of the
most representative images of the separator, since
this time a mixture consisting of 0.11% PS of 5um,
0.11% PS of 20um and 99.77% water is introduced
as a sample. The latter experiment results in the
proper sorting of the particles by size. The inner
wall current (left) at the outlet of the separator
corresponds to the 20um particles while the cur-
rent on the right corresponds to the 5um particles.
This data corroborates the results of the numerical
simulation.

3.5 PDMS Concentrator and focusing
Unit

The large particles that make up the left stream
at the end of the separator is composed of par-
ticles from 15 to 20um, which represent sizes of
non-small cancer cells [26, 38]. In this experiment,
we use 0.11% of particles in aqueous solution. In
reality, saliva samples contain slightly less concen-
tration of particles than in our experiment. Hence
it is necessary to concentrate the particles to in-
crease the sensitivity. This is achieved thanks to a
geometry that works as a concentrator, which con-
siderably removes the diluent fluid. The concen-
trator is composed of a serpentine section designed
after the concentrator in the numeric model.

As can be seen in Fig.12A, particles behave in the
same way as the simulation in COMSOL Multi-
physics (Fig.6B). However, it is also possible to ap-
preciate additional particles behaviour, where they
deviate from the trajectory and choose to follow an
interruption in the channel (Fig.12B). In these ex-
ceptions, the particle trajectory later adopts the
expected path, and the particles are concentrated.
This new behaviour must be related to the pres-
sure of the fluid, as mentioned by authors such
as J. Martel and K. Smith [30]. The concentra-
tor requires an optimal pressure to make correct
confinement of particles.

Finally, the focusing unit is coupled to the con-
centrator. Particles ejected towards the left wall
of the concentrator, enter a long serpentine where
they are confined. Fig.12 shows how the particles
are aligned at the end of the section. However,
when observing the velocity within the confiner, it
was apparently higher than expected. Despite the
results, it would be ideal to run more tests on this
system to corroborate the results. It should be

considered that the operation of the confinement
unit should be carried out in conjunction with the
concentrator. It is essential that both work cor-

rectly with the input conditions of the concentra-
tor.

Figure 12: Fluorescent detection of PS particles in con-
centrating and focusing unit. A) normal behavior with
large particles. B) Deviation in particles trajectory. C)
Focusing unit with PS particles.

4 Conclusions

We present a study on the microfluidic units that
potentially can be combined into a TAS device
for respiratory tract cancer screening using saliva
samples. First, we define the functionalities are re-
quired from each unit required for cancer screening
procedure. We design the geometries of the oper-
ational units of interest: mixer, separator, and a
concentrator coupled to a focuser unit. Then, we
perform a fluid dynamics numerical modelling of
each unit using COMSOL Multiphysics to check
for optimal design and functionality of the units
under the conditions set to work for the colloidal
system of interest. We test the units by performing
a pressure study on the separator and the mixer.
Afterwards, we build the TAS units separately and
we verify the numerical results against experimen-
tal observations. We perform additional tests on
the physical separator unit to characterize the par-
ticle response to initial conditions. The particles
of interest have sizes of 15 pum and 20 um, we sim-
ulated and experimentally tested the behaviour of
particles of 5 um and 20 um independently and
in a combined manner to check for correct mixing,
and proper separation.
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Our proposed mixer unit design, based on a combi-
nation of linear channels linked with grooves that
follows a half Fermat spiral, do not require an in-
crease on the channel length when the pressure
applied to the flow is increased, in contrast to tra-
ditional mixer units designs.
the channel and the use of grooves are the main
factors of proper mixing due to their effects on the
Dean flow, which allows a wide functionality spec-
trum.

The narrowness of

The separator follows a traditional spiral design,
complemented with the mixer to form a full Fer-
mat spiral. The advantages of the coupled system
mixer-separator following this design leads to a
compact microfluidic device. This arrange requires
less materials than other solutions, and leads to
fast device response due to the fact that the de-
vice works in a high pressure range for the compact
scales we work on.

We make use of a set of a small particle concen-
trator unit, and a non-small particle concentrator-
focuser unit. We proposed a novel design of the
non-small particle concentrator of continuous fluid
flow, that also integrates a focuser unit design.
Both units are entangled by a tradeoff between the
concentrator functionality and the inlet conditions
of the set.

Recent advances of particle modelling simulations
within fluids drastically contributes towards realis-
tic modelling of colloidal systems in microdevices,
more specifically the inclusion of lift forces in fluid
dynamic simulations. Thanks to both studies, we
are able to perform cost-efficient research of TAS
devices.

5 Future directions

For future work, the ideal is to test the concentra-
tor with different pressure parameters, to optimize
the device separation. Furthermore, it is essential
that the surface of the micro-channels is not rough
so that the particles do not stick along the channel.
On the other hand, to develop a device that might
function as a detection method, it is essential to
couple the optical fibers to emit and detect light
signals. In addition, make the circuit so that this
device is independent and compact. Finally, once
all the parameters are appropriate, clinical stud-
ies should be conducted to verify the usefulness,
scope, and limitations of the device.
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S 1: Numerical study in COMSOL Multiphysics on the influence of pressure on the mixing process. Pressure
variation in a range from 50 mbar to 400 mbar. taking into account the mixer input, the first angle, the first

groove, and the output of this geometry
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S 2: Flow diagram for the process of creating the geometries, this was implemented in numerical and experi-
mental modeling
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S 3: Geometries established as a result of the design process. These same designs were exported in CIF format
to be elaborated on the laser lithography equipment. In addition, these four patterns were elaborated in the

same order with PDMS.



5 um PS particles

Ratio Pressure [mbar] Comments
S\gr?ltpelre llnrileett 1,2:1 Zg Particles leave by both streams
Water inlet 100 Particles exit through the outlet of large

1,2:1 :
Sample Inlet ’ 84 particles.
S\gritpelz lﬁile;t 1,2:1 }gg Particles leave by both streams
Water inlet 1.2:1 200 The particles exit through the appropriate
Sample Inlet = 168 outlet. minimal amounts take the other outlet
Water inlet 1.2:1 250 The particles are in the center of the channel,
Sample Inlet o 210 they exit through both exits
Water inlet 1.2:1 300 a stream of particles is created within the fluid
Sample Inlet = 252 they exit through right exit
Water inlet 1.9:1 350 a stream of particles is created within the fluid
Sample Inlet - 294 they exit through right exit

20 pm PS particles

Ratio Pressure [mbar] Comments
S\Zslt;z llnrileett 1,2:1 Zg Particles leave by both streams
S\gritp?lz lﬁhe(:t 1,2:1 18040 Particles leave by both streams
S\gritpelz lﬁilest 1,2:1 }gg Particles leave by both streams
Water inlet 1.2:1 200 Particles exit through the outlet of large
Sample Inlet o 168 particles.
Water inlet 1.2:1 250 The particles are in the center of the channel,
Sample Inlet = 210 they exit through both exits
Water inlet 1.2:1 300 a stream of particles is created within the fluid
Sample Inlet > 252 they exit through left exit
Water inlet 1.9:1 350 a stream of particles is created within the fluid
Sample Inlet - 294 they exit through left exit

ST 1: Result of the pressure study on the separator, the upper section represents the results obtained and the
conditions for the first seven experiments, carried out with particles of 5um. the lower section are results for
the following seven experiments carried out with particles of 20um
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