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Abstract: To perform specific analysis for the single cell, individual cells have to be captured and
separated from each other before further treatments and analysis can be carried out. This paper
presents the design, simulation, fabrication, and testing of a microfluidic device for trapping
a single cell/particle based on a hydrodynamic technique. A T-channel trapping chip has been
proposed to provide single-cell trapping and consequently could be a platform for cell treatments
and manipulations. A finite element T-channel trapping model was developed using Abaqus FEA™
software to observe it’s trapping ability by optimizing the channel’s geometry and Rhinain/Rhtrap
ratio. A proof of concept demonstration for cell trapping in the T-channel model was presented in
the simulation analysis and experimental work using HUVEC cell aggregate. The T-channel was
found to be able to trap a single cell via the hydrodynamic trapping concept using an appropriate
channel geometry and Rhnain / RhiTrap ratio. The proposed T-channel single-cell trapping has potential
application for single cell characterization and single 3D cell aggregates treatments and analysis.

Keywords: single cell; 3D cell aggregate; hydrodynamic trapping

1. Introduction

The focus of cell studies at the single cell level has emerged and expanded to further explore and
understand the properties and specific responses of individual cells towards environmental conditions
and treatment. Most of the methods available for cell analysis involve experiments performed in
an array of culture media and treatments. The responses of single cells to the culture treatments are
measured as the average response of a single cell population. Therefore, the heterogeneity of individual
cells could be neglected, thus hiding the important signals or responses representing important
individual or single cell properties. An individual manipulation platform is needed to perform
analysis on a specific single cell. Previous single-cell mechanical and electrical characterization studies
have been carried out by probing the single cells using an Atomic Force Microscopy (AFM) probe [1-6],
the micropipette aspiration technique [7-9], a red blood cell (RBC) biomembrane probe [6,10,11],
optical tweezers [6,12-14], and a microfluidic channel [15-19] to characterize single cell stiffness,
adhesion, and electrical properties. AFM probe, micropipette aspiration, and biomembrane probe
techniques require a single cell to be isolated and manipulated manually by a skilled operator using the
micromanipulator system. The advancement of microfluidic technology has made single cell capturing
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possible by controlling the fluid flow. Additionally, the channels could be utilized as the individual
platform for cell manipulations in microscale.

A variety of techniques have been employed to trap an individual cell within a microfluidic device.
For example, microwell-based [20-24], dielectrophoresis-based [25-29], and hydrodynamic-based [30—42]
microfluidic devices for single-cell trapping have been developed in response to an increasing
demand for simple yet reliable tools for high-throughput cell manipulation at the single cell level.
In microwell-based platforms, a precise geometry design is required to achieve high trapping
efficiency [22]. Dielectrophoresis-based cell trapping applied a non-uniform AC field to manipulate
polarized particles in suspension and is an effective technique to efficiently manipulate a single cell.
However, this technique appears to damage the trapped cells, thus affecting the cell proliferation.
Hydrodynamic trapping uses the altered fluidic resistance created by microstructures on a fluid path,
such as sieve-like traps [41-43] or small trapping sites [30-35,44,45], to control the movement of cells in
a microchannel. For straight or serpentine-shaped channels with trapping sites, the fluidic resistances
of these channels are carefully calculated so that the fluid and cells in the main channel will be directed
into the trapping sites when the channels are empty, but bypass them when they are occupied with
a cell. The main challenge in hydrodynamic trapping is that it requires a precise microfluidic control
of multiple streams and further investigation and optimization of cell trapping efficiencies are still
required. Current microfluidic devices used for cell/3D cell culture face some drawbacks that limit
their practical usage, such as the difficulty of accessing the trapped cells/3D cells in their trapping
sites and the complexity of harvesting the cultured/treated cells for further analysis [46-48].

In this paper, we develop a T-channel single cell trap to capture a single cell and provide
a platform for individual cell characterization. This T-channel provides a trapping site that allows for
manipulation of a single cell using the trap channel’s outlet port via a syringe pump. Furthermore,
the trapping site is not limited to the application of single cell study, but could be used for single
3D cell analysis for drug treatments, single spheroid tumor metastasis investigation, and protein
study. A finite element T-channel trapping model was developed by designing and optimizing the
channel’s geometry to produce an efficient single cell trapping system. The model is developed
based on the hydrodynamic flow resistance (Rk) manipulation between the main channel and trap
channel to achieve successful trapping. A proof of concept demonstration for cell trapping in the
T-channel model is presented in the simulation analysis and experimental work using HUVEC cell
aggregate. The developed finite element T-channel trapping model could be used for designing and
optimizing the trapping of various types of cells of different sizes. Numerical simulations were carried
out to evaluate the channel’s trapping efficiencies for different trap hole sizes and Rk of the main
channel to Rk of the trap channel (Rhyain / RhiTrap) ratios. Cell aggregate trapping has been performed
experimentally to support the simulation findings.

2. Idea and Concept

The available hydrodynamic trapping techniques inside a microfluidic chip have improved and
enhanced research study involving cells, moving from the population batch experiment towards
individual cell analysis. The trapping method has been widely used [30-35,44,45,49,50] as it enables
high-throughput single cell trapping. However, currently available hydrodynamic trapping channels
have limited capacity in providing a platform for individual cell manipulations for mechanical or
electrical characterization. Realizing this need, researchers developed the idea to design T-channel
single-cell trapping system with a microfluidic channel that could provide individual trapping site,
thus enabling further single-cell characterization to be carried out. The T-channel trapping site is
designed with two channels, a main and a trap channel. Figure 1 shows a schematic illustration of the
hydrodynamic trapping concept with Rhityap and Rhyain representing the flow resistance of the trap
and the main channel, respectively. The Rhitp consists of the sum of three hydrodynamic resistances
(Rh11+Rh12+RAT3). The yellow circle denotes a particle/cell to be trapped. For calculating the flow
resistance of each channel, an analogous electrical circuit is considered, where the flow rate (Q) and
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the Rh are analogs of electric current and resistance, respectively. The main channel and trap channel’s
length are represented by Lyjain and Lryap, respectively. Wy, and Wy, are the trap channel’s and
trap hole’s width, respectively. The flow rate of whole fluid at the inlet could be assumed as an electric
current source. The outlets could be assumed as grounds because they are at atmospheric pressure.
This T-channel is a unique trapping site that allows single-cell manipulation to be performed using the
trap channel’s outlet port via a syringe pump.

Mainchannel —— 5
(’-Main)

>

Trap
channel  Rhr; Rh+iap= Rhr1+ Rhry + Rhys

(LT[p)

Figure 1. Schematic illustration of single cell T-channel trapping model and the hydrodynamic resistance.

The hydrodynamic trapping concept can be summarized as follows: (a) the trapping channel
has a lower Rk than the main channel when a trapping site is empty (Figure 2A); this will make the
cells flow into the trapping stream and directed into the trap; (b) when a cell is trapped, it will act as
a plug and increase the Rh along the trap channel (Figure 2B) drastically; and (c) the main flow will
change from the trap channel to the bypass channel (main channel) and the next particles/cells will be
directed to the bypass stream, passing by the filled trapping site [49].

The Darcy-Weisbach equation is used to determine the pressure drop or pressure difference in
a microchannel to solve the continuity and momentum equations for the Hagen-Poiseuille flow problem.
From the Hagen-Poiseuille equation, the flow rate (Q) can be defined by the following equation:

)

AP:Qth:Qx<C”LP2>

A3

where AP is the pressure drop, Rh is the flow resistance of the rectangular channels, C is a constant that
depends on the aspect ratio (ratio between height and width of the channel), p is the fluid’s viscosity,
and L, P, and A are the length, perimeter, and cross-sectional area of the channel, respectively.

Trap
channel

RhTrap < RhMain RhMain < RhTrap

Figure 2. Schematic illustration of the fluid’s hydrodynamic resistance in the microchannels for
two different conditions; (A) empty trap channel (before cell trapping occurs); (B) after cells have
been trapped.

From Equation (1), by estimating that the pressure drop across the trap and the main channel are
the same (APrap = APMain), the flow rate ratio (Qtrap /Qmain) Or flow resistance ratio (Rhivain / Ritrap)
between the trap channel and the main channel can be given as follows [50]:

2 3
QTrap _ Rhnain _ CMain LMain PMain <ATraP ) )
QMain RhTrap CTrap LTrap P Trap AMain
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By using a relationship of A=W x Hand P = 2 (W + H), where W and H are the width and height
of the channel, respectively, Equation (2) can be defined as:

2
QTrap _ RhMain _ (CMain> <LMain> (WMain + HMain) < WTrapHTrap )3 (3)

QMain RhTrap CTrap LTrap WTrap + HTrap Whain HMain

From Equations (2) and (3), it is noted that the flow rates of the trap channel (Qrap) and the main
channel (Qwnain) are distributed depending on the corresponding Rh. For the trap to work, the flow
rate along the trap channel must be greater than the main channel (Qrap > Qmain)- In other words,
the flow resistance along the main channel must be greater than the trap channel (Rhpain > RhTrap).
Therefore, a single cell can be trapped by manipulating the flow resistance ratio (Rhnain/ Riitrap), which
is determined by the geometric parameters of the channels.

A single-cell trapping model is developed to produce a finite element single-cell trapping system
in which the optimization of a channel’s geometry and adjustment of desired cell size could be
performed. The geometry of the trapping channel is a variable for optimization (see Equation (3))
and subject to the size of cells and the application that will be carried out in the channel after the
cells are trapped. An example of a channel’s geometry optimization was presented in this paper
using a 5-pum yeast cell model. For other cell sizes, some guidelines in designing and optimizing the
cell trapping channel are discussed. Firstly the diameter of the viable cells/particle in suspension
should be determined to estimate the range of suitable Wyy,e sizes. The trap channel’s geometry size
is dependent on the trapped cells’/particles” applications. For example, if adherence cells are used
and need to be cultured inside the trapping platform, the Wry,, should be bigger than the diameter of
the cell (viable cells in suspension before adhesion) because suspended cells will need space for cell
adhesion, spreading and growing in time. In different applications, an individual ciliate protozoan,
Tetrahymena thermophila [30], needs to be trapped and maintained in the trap channel for long-term
monitoring of cell behavior. Therefore, no expansion in size is expected after the trapping process
and the trap channel’s width does not require space for expansion. In summary, the geometry of
channels is a variable (L, H, and W; see Equation (3)) for optimization, subject to the size, type and the
application performed to the trapped cells.

For the T-channel single particle/cell trapping system, particles/cells are introduced into the
device through the inlet with an appropriate flow rate and directed to the trap channel by optimizing
the channel’s geometry. Trap hole and trap channel geometry are optimized and the main channel’s
length (Lpain) is manipulated to produce an appropriate Rk ratio that leads to successful trapping (see
Equation (3)). The excess and remaining particles/cells will be directed out through the channel’s
outlet by injecting the cell’s culture medium.

3. Methodology

3.1. Simulation Setup

Finite element analysis is carried out using ABAQUS-FEA™ (Dassault Systems, RI, USA).
The single-cell trapping simulation model consists of fluid channels (the Eulerian part) and a yeast
cell, modeled as a 3D deformable elastic sphere (Figure 3A,B). The fluid part was represented by
two microchannels the main channel and the trap channel, which were modeled as a 3D Eulerian
explicit EC3DR and an eight-node linear Eulerian brick, assigned with water properties (density,
equation of state, and viscosity). The yeast cell was modeled as a sphere-shaped elastic 3D standard
solid deformable C3D8R and an eight-node linear brick 3D part with yeast cell properties (Young’s
modulus, Poisson’s ratio, and density) obtained from the literature [51-57]. The appropriate channel’s
geometry to trap a 5um, single-particle yeast cell in the specified design was studied. The finite element
single-cell trapping model is focused on a single trap channel for geometry optimization due to the
complexity and high processing time required for the analysis.
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The parts assembly is demonstrated in Figure 3C, showing the initial position of the yeast cell
before simulation. The fluid channel and yeast cell model were assembled to develop the single cell
trapping model. The initial position of the yeast cell in the channel was fixed (the distance between the
cell and the trap channel) throughout all simulations. The interaction for cell and water was defined
as general contact with rough tangential behavior. Both the fluid channel and the cell were meshed
using hexahedron mesh type and total mesh elements for the cell trapping model ranged from 28,043
to 100,803 elements. Eulerian boundary conditions applied to the channel’s wall were defined as
no-inflow and non-reflecting outflow. A constant fluid inflow velocity of 1.0 um-s~! was applied to
the inlet and the channel outlets were defined as free outflow.

The simulation analysis could be divided into two parts: T-channel single particle/cell trapping
ability and the effects of different Riinain / RhiTrap ratio and Wiggle. A T-channel model with a trap hole
width of 3.0 um was used to analyze trapping ability via a simulation analysis. To study the effects of
Rhain/ Rhtrap ratio and Wigle on cell trapping, various Lyiain values ranging from 50 to 580 pm and
Whole Values ranging from 1 to 5 were analyzed. The height of the main channel, trap channel, and
trap hole were uniform (Hchannel) at 7 um throughout the analysis.
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Figure 3. Development of a finite element model for a single-cell trapping system: (A) Eulerian part (fluid
channel’s top view) represented by main channel and trap channel (T1 + T2 + T3); (B) 3D deformable
part (yeast cell model); (C) parts assembly showing the initial position of cell before simulation.

3.2. Microfluidic Chip Fabrication

Microchannel design was transferred to the glass chrome mask by direct lithography. A 2.5-inch
AZ-coated glass chrome mask AZP1350 (ULCOAT, Saitama, Japan) and a positive photoresist were
exposed with the channel design in a mask aligner with ultraviolet (UV) power of 12 mW (uPGUV-N,
Heidelberg Instruments, Heidelberg, Germany). The design-exposed masks were developed by
dipping the masks into the chrome etchant for 1 min and rinsing them with deionized water (dH,O)
to wash away the chrome etchant, followed by dipping into 70% ethanol for 1 min to remove the AZ
layer. The chrome masks were further cleaned in 70% ethanol for 2 min in an ultrasonic cleaning
machine. Six-inch-diameter silicon wafers were cleaned with dH,O and dried. The wafers (SUMCO
Corp., Tokyo, Japan) were used as the substrate for mold development. SU8-3005 was spin coated
onto the wafers at 5000 rpm for 10 s to get a thickness of 15 um followed a reduced spin speed at
1000 rpm for 30 s. The SU8-coated silicon wafers were soft baked at 95 °C for 10 min. The wafers were
then exposed to UV light (WPGUV-N, Heidelberg Instruments, Heidelberg, Germany) using a mask
aligner for 8 s at 200 mJ/cm, post-baked at 95 °C for 6 min, developed using SU8 developer for 6 min,
dipped into fresh SU8 developer, and dried using an air blower. The developed microchannel pattern
was then used as a mold to develop the microfluidic devices. The polymethylsiloxane (PDMS) (Dow
corning, Midland, MI, USA) microfluidic devices are fabricated by replica molding using the patterned
silicon wafer. PDMS prepolymer and a curing agent were mixed in the ratio of 9:1, degassed, poured
on the patterned-channel mold inside 10 cm petri dishes, and cured in a convection oven at 65 °C for
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2 h to complete the cross-linking. The cured PDMS was peeled from the mold and cut into individual
devices. The holes for inlets and outlets were punched with a hollow needle 1 mm in diameter. Plasma
oxidation (20 mA, 3 min) was used to activate the surfaces of PDMS and glass slides, followed by
heating on a hot plate at 95 °C for 1 h to seal the PDMS and glass. Figure 4 shows a summary of the
microchip fabrication steps.
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©
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Figure 4. Fabrication steps for the development of (A) microchannel mask; (B) mold or microchannel
pattern; (C) PDMS channel; (D) microchip assembly.

3.3. Cell Culture and Cell Aggregates Formation

HUVEC:s (frozen stock) were commercially obtained from Clonetics (Cambrex, Inc., Walkersville,
MD, USA). Cells were defrosted, thawed, and grown in endothelial growth medium (EGM-2
BulletKit, Lonza, Basel, Switzerland) supplemented with 2% fetal bovine serum, antibiotics (gentamicin
sulfate/amphotericin B), 0.4% human fibroblast growth factor-B, 0.04% hydrocortisone, 0.1% human
epidermal growth factor, ascorbic acid, heparin, vascular endothelial growth factor, and insulin-like
growth factor (R3-IGF-1). Cultures were maintained at 37 °C in a humidified atmosphere with 5%
CO;,. Media were changed at 24 h after thawing and every 48 h onwards. When the cultures reached
80%-90% confluence, cells were subcultured and washed with phosphate-buffered saline (PBS) and
detached using 1 mL of trypsin-EDTA. Once cells were detached, the trypsin effect was neutralized
with 2 mL of EGM-2 medium and cells were centrifuged at 220x ¢ for 5 min at 25 °C. Cells were
seeded at a minimum density of 10° cells/cm? in culture flasks or plates. For cell aggregates formation,
1 x 10° HUVEC cells in passage 10 were harvested by centrifugation and re-suspended with 1 mL
EGM-2 medium in 15-mL prolypropylene centrifuge tubes. Cells were incubated for 1 h and the tubes’
caps were loosened to allow oxygen supply to the cells during culture/incubation. Cell aggregates
with diameter in the range of 30-60 um formed spontaneously during incubation.
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3.4. Experimental Setup

The microfluidic chip consists of two inlets (medium and cell aggregates suspension) and two
outlets (from the trap channel and the main channel) with the T-channel trapping site positioned in
the middle of the microchip (Figure 5B). The inlets were connected to 1 mm diameter polyethylene
tubing as inlets and outlet ports, for fluid and cell aggregates injection and withdrawal (Figure 5A,D).
The length of polyethylene tubing for both outlets should be the same to ensure the appropriate
Rhpjain/Rhrap of both the main and the trap channel. The tubing for the outlets was connected
to the waste reservoir (Figure 5A,C). A microfluidic chip was connected through the inlets to
legato 180 syringe pumps (KD Scientific™, Holliston, MA, USA) equipped with 3-mL disposable
syringes (Terumo Medical Corp., Tokyo, Japan). The chip was perfused with EGM-2 medium (Lonza,
Walkersville, MD, USA) through inlet 1 at a flow rate 50 pL/min to remove air bubbles and the flow
was reduced to 10 pL/min for subsequent analyses. Cell aggregates suspensions were diluted to
10 cells per um medium before being injected into the microfluidic chip at the flow rate of 50 uL/min.
The cell aggregates were monitored in real time, using inverted microscope IX71 (Olympus, Tokyo
Japan) with 40 x magnification.

7’
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microscope P O O
Microscope
5.
4 p } TraP channel

Polyethylene  |ens connected
F— Waste O : O

by’

Syringe pump

tubing to computer Main channel
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e
> ~
. X’XX( Microfluidic chip - -|~ i

Disposable
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C

Figure 5. (A) Schematic diagram of the experimental setup; (B) a close-up image of the trapping
channel; (C) experimental setup; (D) a close-up real image of the T channel microfluidic chip positioned
under the inverted microscope.

4. Results and Discussions

4.1. T-Channel Trapping Ability

The finite element model for the T-channel trapping was developed to evaluate the channel’s
ability to trap single cells depending on the desired cell size. The model was designed to have
two outlets that lead to the waste reservoir and to be operated by fluid infusion through the inlets.
In the simulation analyses, the T-channel trapping model was developed to trap a 5-um yeast cell.
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A T-channel trapping model with a trap hole width (Wyy,)e) of 3.0 ym was used to observe the
appropriate flow resistance ratio of the main channel to the trap channel (Rhipain / Rhitrap) for single
particle/cell trapping. The main channel’s length (Lyain) was manipulated to create an Rhinain / Rirap
ratio ranging from 0.5 to 5. Increasing the Rhinain / Rhitiap ratio is proportional with the increase in the
main channel’s (main path) length. Figure 6 represents the result of cell trapping for a model with an
Rhytain/ Rhrap ratio ranging from 1 to 6 at the 25 s point of the simulation time. A yeast cell model
was trapped when a Rhiypain / RhiTrap Tatio of 2 or higher was used with various cell positions in the trap
channel during a simulation time of 25 s (Figure 6B-E). A higher Rhirain / RhiTrap ratio produced faster
cell trapping. Models with an Rhnain / RhiTrap ratio of 1 or less were not able to trap the cell, causing the
cell to bypass the trap channel to enter the main channel (Figure 6A).

The simulation results show that an Rhirain / RhTrap Tatio of 2 or above is able to trap single cells
using the hydrodynamic trapping concept. The fluid’s velocity inside the main channel and trap
channel were further investigated to analyze the fluid’s velocity profile in the channels before and after
cell trapping occurred. A T-channel model with a Wyle 3 and Riinain / Rhirap ratio of 3 was chosen for
the analysis. Figure 7A represents the fluid’s velocity position in the trap and main channel and the
graph in Figure 7B presents the fluid’s velocity measurement in the trap and main channel before and
after trapping. Before cell trapping occurred, the fluid’s velocity inside the trap was higher than in
the main channel; conversely, after the cell was trapped, the fluid’s velocity inside the trap channel
decreased dramatically while the fluid’s velocity in the main channel increased instantly. When the
velocity of fluid in the trap channel is higher than the main, it leads to a lower hydrodynamic resistance
in the trapping site, which creates a trapping stream directing the cell into the trap channel. further
blocks the trap hole and drastically decreases the fluid’s velocity inside the trap channel. This finding
supports the principle of hydrodynamic trapping in which, when the trapping site is empty, the trap
channel will have lower flow resistance compared to the main channel. The direction of fluid flow
diverges from the trap channel to the main path (main channel); therefore, subsequent cells will be
directed to the main path. These findings were supported by the simulation outcome using three cells
and a T-channel model with an Rhirain / Rhitrap ratio of 3 and a Wyle width of 3 um. The analyses were
carried out to investigate the movement of subsequent cells after trapping occurred. Results obtained
show that the first cell moved into the trap channel (Figure 8B) and subsequent cells bypassed the
trap channel (Figure 8C). The velocity streamlines plots illustrate how the fluid stream was directed
to the trap channel during cell trapping (Figure 8B) but the direction changed to the main channel
after the cell trapping (Figure 2C). Subsequent analysis showed the effects of Rinain/Rhitrap in the
T-channel trapping.

Figure 6. Model’s trapping ability at different Rhnjain/ Rhi1rap ratios ranging from (A) 1; (B) 2; (C) 3;
(D) 4; (E) 5; (F) 6.
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Figure 7. (A) Points representing velocity of fluid in the trap channel (left side) and main channel
(right side); (B) graph representing velocity of fluid in trap channel and main channel for T-channel
trapping model with Rhirjain / RhiTrap ratio of 3.0 before and after cell trapping.
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Figure 8. Simulation findings of fluid’s velocity streamline plots for model with Wy of 3 pm
and Rhnain / Rhtrap ratio of 3 during: (A) the initial position of cells; (B) cell trapping; and (C) after
cell trapping.

4.2. Effects of Different Rhtain/Rhyap Ratio and Wiy,

Further simulation analyses were carried out to examine the effects of different Rhinain/ Rityap
ratios ranging from 0.5 to 5.0 on the T-channel trapping with a Wyyje of 3 pm. Lyfain Was manipulated to
comply with the desired Rhinjain/ Rhitrap ratio. The hydrodynamic trapping concept was found to work
accordingly for a T-channel with an Rhnjain/ Rhtrap ratio of 2.0 and above as the yeast cell model was
directed into the trap channel by the fluid stream and trapped in the trap channel (Figures 9 and 10).
The fluid velocity profile and streamline field of the cell trapping model were analyzed to understand
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the hydrodynamic trapping mechanism. Fluid velocity streamlines presented the direction where the
fluid stream was heading, while velocity profiles represented the velocity value in the channel by the
contour color. The velocity streamlines produced by the cell trapping model with an Rhinain / RiTrap
ratio of 1.0 and less were found to deviate from most of the streamlines headed to the main channel
instead of the trap channel (Figure 9A). Therefore, the stream was unable to lead the cell into the trap
channel. This finding is in agreement with the fluid’s velocity distribution produced by the same
model (Figure 10A). Results show that the main channel’s fluid velocity for the single-cell trapping
model with an Rhjain/ Rhtrap ratio of 1.0 was higher compared to the trap channel’s fluid velocity.
Therefore the fluid stream will direct the yeast cell to flow into the main channel’s path and bypass the
trap channel.

In contrast with the cell trapping model with an Rhrain/Rhtrap ratio of 2.0 and above
(Figure 9B-D), the streamline profiles show the fluid flow diverging from the main channel into the trap
channel; most streamlines were directed towards the trap channel. For models with an Rhjain/ Rhitrap
ratio of 2.0 (Figure 10B-D), the fluid’s velocity in the trap hole was higher compared to the fluid’s
velocity in the main channel. These results show that the trap channel produces lower hydrodynamic
resistance than the main channel and the mainstream will direct the yeast cell into the trap channel.
Models with an Rhiinain / Rhitrap ratio of 2.0-4.0 (Figure 10B-D) had similar fluid velocity patterns to
provide an appropriate pressure drop for cell trapping. However, there are variations found in cell
trapping time between different Rhinjain / RhTrap ratios. A higher Rhinain / RhiTrap ratio requires a shorter
time for the trapping process compared to a lower ratio. The graph in Figure 11 shows the results
of trapping time for cell trapping models with a Wye of 3.0 and an’Rhypain/ Rhitrap ratio ranging
from 1.0 to 6.0. The graph shows that the trapping time decreases with increasing Rinain / RiTrap-
This was probably due to a higher Riiyain / Rhitrap ratio that enables velocity distribution in a shorter
time compared to the lower Rhnain/Rhtrap. A greater Rhinain/Rhtap ratio could produce lower
hydrodynamic resistance in the trap channel and could transfer the fluid at a faster rate [58,59].
The velocity distribution produced different pressure inside the main channel and trap channel,
causing the fluid’s stream to be directed to the trap channel and bringing the cell into a lower flow
resistance area for trapping.

Figure 9. Velocity streamlines before cell trapping (top view) for cell trapping model with a Wy, of

3 um for different Rhinjain / Riitap ratios of (A) 1.0; (B) 2.0; (C) 3.0; and (D) 4.0. V represents the fluid’s

velocity in pm-s1.
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Figure 10. Velocity of fluid before cell trapping for single-cell trapping model with a Wiy, width of
3 pum for Rhivain / Rhitrap ratios of of (A) 1.0; (B) 2.0; (C) 3.0; and (D) 4.0. V represents the fluid’s velocity

1
1 2 3 4 5 6

in um-s~-.
Figure 11. Cell trapping time for model with different Riivain/Rhtrap ranging from 1.0 to 6.0 for
T-channel trapping model with a Wy, of 3 um.
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Simulation analyses were undertaken to observe the effects of Wiy in the T-channel model’s
trapping ability. A T-channel model with Wiy, values ranging from 1.0 to 5.0 was examined with
different Rhivain/Rhtrap ratios between 2.0 and 6.0. For T-channel trapping models with a Wile
width of 2.0 um or less, the cell was unable to be trapped and bypassed the trap channel to enter the
main channel. The velocity streamlines produced show that the fluid stream was not fully focused
into the trap channel (Figure 12A). Additionally, the fluid’s velocity in the present main channel
was high (Figure 13A) compared to the models with a Wy, of 2um and above (Figure 13B-D).
The high fluid stream in the main channel directed cells to bypass the trap channel and prevented cell
trapping from occurring (Figure 13A). This result shows that a Wy, of 2 pum or less is not suitable
for the specified trap channel dimension (7 pum width, height, and length). The small Wiy, probably
caused a very low fluid velocity distribution and produced a pressure drop that prevented cells’
movement into the trap channel [28]. The hydrodynamic trapping concept is found to be ineffective
for a cell trapping model with a Wy, of 2.0 um or less. A simulation study performed by Khalili
et al. [59] showed the same trend when a very small Wyl / Wrrap value was used. However, for
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a T-channel model with a Wy, of 3 um or higher, the yeast cell model was directed into the trap
channel (Figures 12 and 13). The streamlines produced were focused in the direction of the trap
channel (Figure 12B-D) and the fluid’s velocity was found to be higher in the trap compared to the
main channel (Figure 13B-D). A bigger Wy value was found to produce higher fluid velocity inside
the trap channel (Figure 13B-D) and required shorter trapping time compared to the smaller Wyyge
(data not shown). Table 1 summarizes the simulation findings for a single-cell trapping model’s ability
at different values of Wye and various Rhinjain/ RhiTrap ratios. The T-channel trapping model was able
to perform cell trapping when Wiy, values of 3 pum and higher were used with an Riinain / Rhitrap ratio
of 2 and above.

Figure 12. Velocity streamlines before cell trapping (top view) for a cell trapping model with

Rhinain / Rhtrap ratios of 3 for different Wy of (A) 2 pm; (B) 3 pm; (C) 4 pm; and (D) 5 um. V represents

the fluid’s velocity in um-s~1.

Figure 13. Velocity of fluid before cell trapping for a single-cell trapping model with Ritnain / Rhirap

ratios of 3 for different Wy, of (A) 2 um; (B) 3 um; (C) 4 um; and (D) 5 um. V represents the fluid’s

velocity in pm-s~1.
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Table 1. Summary of the simulation results for a single-cell trapping model’s ability for different values
of Wyo1e and various Rhiyfain / RhTrap ratios.

WHole/RhMain/

RhTrap Ratio 1.0 pym 1.5 um 2.0 um 2.5 um 3.0 ym 3.5 um 4.0 ym 4.5 ym 5.0 pym

0.5 no no no no no no no no no
1.0 no no no no no no no no no
15 no no no no yes yes yes yes yes
2.0 no no no no yes yes yes yes yes
2.5 no no no no yes yes yes yes yes
3.0 no no no no yes yes yes yes yes
3.5 no no no no yes yes yes yes yes
4.0 no no no no yes yes yes yes yes
4.5 no no no no yes yes yes yes yes
5.0 no no no no yes yes yes yes yes
5.5 no no no no yes yes yes yes yes
6.0 no no no no yes yes yes yes yes

4.3. Experimental Verification

After analyzing the T-channel’s trapping ability by simulation, five microchips were fabricated
with a trap channel size appropriate to trap a cell aggregate with a diameter of 25-35 um. The trap
channel’s size was designed to be Wryap 25 pm, Wygle 15 pm, Lryap 25 um, and Hchannel 15 pm with
an Rhpain / Rhtrap tatio of 3. The computational prediction for - channel trapping was further validated
experimentally using fabricated microfluidic devices and HUVEC cell aggregates. A single HUVEC cell
aggregate was found to be directed by the fluid flow to enter the trap channel and trapped. Consistent
results were obtained using all five fabricated microchips. Figure 14A-F demonstrate the movement
of cell aggregates inside the T-channel from the channel’s inlet (right side) before and after trapping,
sequentially. The single-cell aggregate moved from the inlet into the main channel (Figure 14A), reached
the junction between the trap and main path (Figure 14B), entered the trap channel (Figure 14C), and
was captured in the trap channel (Figure 14D). Results show that the fluid stream produced inside
the T-channel was able to direct and lead the cell aggregate to enter the trap channel. In addition, the
subsequent cell aggregate moved to bypass the trap channel (Figure 14E) and passed through the main
channel (Figure 14F). This finding demonstrated that a change of hydrodynamic resistance between
the channels occurred after the cell aggregate was trapped. This caused the increase of Rht,p and
prevented subsequent cell aggregates from entering the trap channel. This result was in agreement
with the simulation data and hydrodynamic trapping concept. This T-channel trapping could be
applied to trapping other cell types and sizes. For example, for the purpose of trapping a smaller
single cell, Wrrap, WHole, Ltrap, and Hchannel dimensions should be reduced, while for single spheroid
capture, the dimension should be increased appropriately for the target cell.

The proposed T-channel trapping is an approach to trap a single cell with a platform for single-cell
analysis plus access for further manipulation through the Wy and its outlet. This T-channel could
be upgraded by increasing its throughput ability through applying more parallel trapping channels in
a single microfluidic chip. Therefore, many single cells/3D cells could be cultured and applied with
treatments at a time. The treated cells/3D cells could be further analyzed by applying mechanical or
electrical characterization (e.g., stiffness, adhesion, or electrical measurements) in the manipulation
platform and can be harvested from the microfluidic chip for further analysis.
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Figure 14. Experimental results using a fabricated T-channel chip demonstrating the sequential
of HUVEC cell aggregate trapping: (A) cell aggregate movement from inlet to the main channel;
(B) cell aggregate before reaching trap channel; (C) cell aggregate movement into trap channel;
(D) cell aggregate trapped into trap channel; (E) subsequent cell aggregate approaching trap channel;
(F) subsequent cell aggregate bypassed trap channel.

5. Conclusions

This study presents a T-channel single particle/cell hydrodynamic trap that provides a platform
and access for further single particle/cell characterization. The channel has a unique trapping site
that allows for single particle/cell manipulation to be performed using the trap channel’s outlet port.
A finite element T-channel trapping model has been developed and could be utilized as a guideline in
designing T-channel trapping for other cell /particle types and sizes for microchip fabrication. Trapping
ability can be simulated and analyzed using the developed finite element T-channel trapping model
and has been validated by experiment using HUVEC cell aggregates. The proposed T-channel has
potential applications in single-cell characterization, single 3D cell aggregates drugs treatments, and
spheroid tumor and metastasis studies.
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