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Microfluidic technologies have been widely used for single-cell
studies as they provide facile, cost-effective, and high-throughput
evaluations of single cells with great accuracy. Capturing single
cells has been investigated extensively using various microfluidic
techniques. Furthermore, cell retrieval is crucial for the subsequent
study of cells in applications such as drug screening. However,
there are no robust methods for the facile release of the captured
cells. Therefore, we developed a stretchable microfluidic cell trap-
per for easy on-demand release of cells in a deterministic manner.
The stretchable microdevice consists of several U-shaped micro-
structures to capture single cells. The gap at the bottom edge of the
microstructure broadens when the device is stretched along its
width. By tuning the horizontal elongation of the device, ample
space is provided to release particle/cell sizes of interest. The
performance of the stretchable microdevice was evaluated using
particles and cells. A deterministic release of particles was demon-
strated using a mixture of 15 pm and 20 pm particles. The retrieval
of the 15 pm particles and the 20 pm particles was achieved with
elongation lengths of 1 mm and 5 mm, respectively. Two different
cell lines, T47D breast cancer cells and J774A.1 macrophages, were
employed to characterise the cell release capability of the device.
The proposed stretchable micro cell trapper provided a determi-
nistic recovery of the captured cells by adjusting the elongation
length of the device. We believe that this stretchable microfluidic
platform can provide an alternative method to facilely release
trapped cells for subsequent evaluation.

Introduction

Examining cell populations varies considerably from single-cell
studies because the cell response analysed in bulk is much
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New concepts

Single-cell trapping and analysis allow for the study of cell-to-cell
variations within a cell population. Conventional techniques for
studying isolated cells based on multi-well plates and flow cytometry
are either time consuming or require cell labelling. Microfluidics, the
science and technology for handling a tiny amount of fluid, has been
used for trapping cells for single-cell studies. However, the bottleneck of
the microfluidic techniques is cell retrieval. Retrieval of intact cells after
trapping is vital for subsequent studies and analyses. In this study, we
introduced the concept of stretchable microfluidics for the convenient
release of captured cells in a deterministic manner. Stretchable
microfluidics is based on a flexible device, where macroscopic
stretching leads to microscale and even nanoscale control of device
components such as microchannels and trapping gaps. Macroscopic
stretching allows for tuning the gap of a U-shaped trapper, thus
allowing the on-demand release of trapped cells. This new concept was
first demonstrated with microbeads of various sizes and then tested with
breast cancer cells and macrophages. The stretchable cell trapping
concept reported here can retrieve 100% of captured cells, a remarkable
advancement for the field of single-cell analysis.

different from individual cell responses." The reason is that
cells are heterogeneous and differ from one another.” Cellular
decision making and cell fate are significantly impacted by cell
heterogeneity.® However, studying cells in bulk can conceal this
effect. Thus, cell heterogeneity is of great importance. Analys-
ing cells at a single-cell level allows for the study of cell-to-cell
variations within a cell population.* Consequently, single-cell
studies have gained significant attention, and several single-
cell analysis methods have been reported.” Microscopic ima-
ging of isolated cells in multi-well plates is one of the most
available methods for studying single cells.® However, this
technique is laborious, requires specialised expertise, and has
a low efficiency. Conversely, flow cytometry as the gold standard
for cell analysis offers rapid automatic screening of fluores-
cently labelled cells in a flow with high precision and high
throughput.” Nonetheless, flow cytometry is complex, expen-
sive, cannot monitor cell dynamics and requires a large sample
volume.
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Microfluidics has been developed as an empowering tech-
nology for single-cell studies and has demonstrated promising
results.®'° Benefiting from the precise control of fluid flow
motion in microchannels, microfluidics has facilitated cell
capture and release processes.''™* Furthermore, microfluidics
enables precise control over cell quantity and concentration,
leading to higher accuracy than conventional methods. These
advanced features allow for the analysis of the morphology and
physiology of single cells."* To date, several microfluidic
approaches including passive and active methods have been
investigated for single-cell studies.®®'"!>14716

Active methods rely on non-surface contact capturing of
cells by employing external force fields such as optical,'”™°
acoustic,”®?' magnetic,?* and electrical.>*** In contrast, pas-
sive microfluidic approaches are contact-based techniques
which involve chemical or hydrodynamic approaches to capture
cells that come into contact with the surface of the device.”®
Passive hydrodynamic approaches include micropatterns,””
microwells,*®>° trappers,'® and droplets.'> Hydrodynamic trap-
ping with a microstructure array, designed for capturing single
cells, is superior to other passive hydrodynamic methods, as it
provides a high throughput and facile operation. The mecha-
nism of hydrodynamic trapping depends on the flow resistance
inside the device. That means, the cells follow the route with
minimum resistance and avoid obstacles because of the shear
stress surrounding them.**?> While some of these hydro-
dynamic trapping devices only consist of a dense array of small
microstructures to capture cells,>*** others comprise a bypass
channel to regulate the flow resistance to trap cells.****

The main drawback of passive hydrodynamic trappers is
that cell retrieval is still challenging, and the immobilised cells
cannot be easily released.?® In the reported devices, cell retrie-
val is usually not deterministic and is achieved through
backflow,*® multilayer embedded channels,”” and bypass
channels.*®?° These techniques require complex design and
fabrication procedures as they consist of several layers and
valves that need to be prepared using different methods. Also,
the operation involves complications as several parameters
such as flow rate and pressure need to be delicately regulated.

In the present study, we introduce a stretchable microfluidic
device for the easy release of captured particles/cells in a
deterministic manner. Stretchable microfluidics, defined as
microfluidic devices entirely fabricated from flexible and
stretchable materials, has recently been introduced and inves-
tigated by our group.”® Elongating the stretchable microdevice
allows precise tuning of the microchannel dimensions.*'** We
designed and fabricated a stretchable microfluidic cell trapper
that can be stretched along its width. The chip consists of an
array of U-shaped microstructures with tiny gaps to trap and
release particles and cells. Capturing of particles and cells with
this concept is a physical trapping process, where the particles/
cells are immobilised without chemical affinity. Elongation of
the microchip broadens the gap in the U-shaped microstruc-
tures and enables the controllable release of the trapped
particles/cells. First, we validated the capture and release cap-
ability of the stretchable cell trapper using microbeads. Second,
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using a mixture of different sized particles, we demonstrated
that the particle sizes of interest could be released in a
deterministic manner by tuning the elongation of the micro-
chip. Finally, we evaluated the performance of the stretchable
cell trapper for capturing and releasing two cell lines, T47D
breast cancer cells and J774A.1 macrophages. The results
indicated that a deterministic release of the cell sizes of interest
as well as a release efficiency as high as 100% of the trapped
cells were achieved using the stretchable cell trapper. We
believe that the proposed stretchable cell trapper with a cap-
ability of easy and deterministic retrieval of 100% of the
captured cells is a remarkable advance for subsequent evalua-
tion of the trapped cells.

Materials and methods

Design and fabrication of the stretchable microfluidic cell
trapper

The microfluidic channel comprises one inlet and one outlet
for the introduction and collection of the samples, respectively,
Fig. 1. The inlet channel splits into four and connects to four
separate chambers, each comprising 165 U-shaped trapping
structures located in 15 rows and 11 columns. The distance
between the adjacent columns is 60 pm. Moreover, the adjacent
rows have a vertical distance of 60 pm. The small U-shaped
structures have a gap of approximately 10 pm used for subse-
quent releasing of the particles/cells. The channel has a uni-
form height of approximately 50 pm.

A silicon mould comprising the cell trapper design was
fabricated using the photolithography technique. In brief, a
silicon wafer was spin coated with SU-8 3050 (MicroChem
Corp.), followed by soft baking at 95 °C. The microfeatures on
a glass chrome mask were transferred to a silicon wafer
through UV exposure. Finally, the unexposed photoresist was
removed after being immersed in SU8 developer.

The soft lithography technique was employed to fabricate
the stretchable microfluidic cell trapper.** First, poly(dimethyl-
siloxane) (PDMS) precursor (Sylgard 184, Dow Corning) was
mixed with the corresponding curing agent at a ratio of 10:1.
After the solution was degassed in a vacuum chamber, it was
cast on the silicon mould, degassed, and cured at 70 °C for
2 hours. In addition, another plain layer was prepared using the
same casting method. The layers were then peeled off from the
substrates, and the one comprising the channel was punched
manually to form the inlet and outlet holes. Next, the two thin
PDMS layers, one with the channels on it and the other to cover
and seal the channel, were plasma-treated using a plasma
cleaner (PDC-32G-2, Harrick Plasma) and were bonded followed
by thermal treatment at 70 °C for 10 min. The two bonded
layers had an overall thickness of approximately 1 mm. Two
small blocks of PDMS with a length, a width and a thickness of
8 mm, 5 mm and 5 mm, respectively, were prepared to hold the
tubings. After being punched manually, the two small PDMS
blocks were bonded on top of the inlet and outlet regions of the
previously prepared layers. Fig. S1a (ESIT) shows the fabricated
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Fig. 1 The stretchable microtrapper is fixed within the clamps. The device is stretched in the direction of the red arrows. The insets show the
microstructures inside each chamber used for capturing and deterministic release of the particles/cells. Trap mode: the device is not stretched and is in
its initial condition. Release mode: the device is stretched to a certain length and smaller particles are released followed by stretching to a greater length

where larger particles are released.

stretchable microfluidic cell trapper. PTFE tubings were then
connected to the inlet and outlet for the delivery and collection
of the sample.

Automatic stretching platform

An automated stretching platform was employed to apply an
accurate stretch to the micro cell trapper. This platform was
custom-made, and the detailed manufacturing procedure has
been elaborated in our previous work.** Briefly, the platform
consisted of a linear translation stage connected to a stepper
motor (JKM NEMA17 Two Phase 42 mm) controlled by an
Arduino board. This motor and linear translation stage were
arranged on a poly(methyl methacrylate) (PMMA) sheet that fits
into the stage of an inverted microscope. The fabricated
stretchable cell trapper device was fixed under the clamps of
the stretching platform. The thin stretchable cell trapper was
then stretched in its width direction such that the microstruc-
tures in the devices were elongated laterally and therefore the
gaps in the U-shaped microstructures expanded to release
trapped particles/cells. Fig. S1b (ESIt) shows the stretchable
platform with the flexible micro cell trapper clamped on it.

Experimental setup

The whole setup was mounted on the stage of an inverted
microscope (Nikon Eclipse Ti2) equipped with an LED illumi-
nation source (pE-4000, CoolLED), Fig. Sic (ESIt). Fluorescence
microscopy was conducted to visualise the fluorescently
labelled particles and cells. Sample delivery to the microfluidic

This journal is © The Royal Society of Chemistry 2022

cell trapper was conducted using a syringe pump (neMESYS,
Centoni GmbH). A digital camera (Nikon, DS-Qi2) was con-
nected to the microscope for recording videos and images. NIS-
elements imaging software of the microscope was used for
processing the images. Image] software was used for the
quantification of the data acquired from the images. In this
paper, retrieval and recovery are used interchangeably to refer
to the release of the particles/cells from the microstructures
since all the released particles/cells can be retrieved from the
outlet. Also, release/retrieval efficiency is defined as the number
of released particles/cells in relation to the initial number of
particles/cells trapped in the microstructures. The number of
released particles/cells was calculated based on the number
of captured and remaining particles/cells before and after
elongation, respectively.

Experimental procedure

Prior to the experiments involving particles, the device was
flushed with 70% ethanol to increase the hydrophilicity of the
PDMS surface. After that, the particle sample was introduced to
the device at a suitable flow rate. Then to flush the particles
that were not trapped in the microstructures, a 1% solution of
Tween20 (Fisher BioReagents) and DI water was infused into
the device for 5 minutes with a flow rate of 4000 pL min~*. The
high flow rate was used to remove all the non-immobilised
particles stuck in the inlet, channels, and tubings. To release
the trapped particles, the thin stretchable device was elongated
along the width at 1 mm intervals while a 1% solution of
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Tween20 and DI water was running through the device with a
flow rate of 200 uL min~". After each 1 mm elongation, the
device was kept in that condition for one minute, and both
brightfield and fluorescent images were taken to enumerate the
released particles. For the experiments with cells, the device
was primed with phosphate-buffered saline (PBS) (Thermo
scientific) after being flushed with 70% ethanol. The PBS
solution was kept inside the channels for 2 hours. Next, the
cell suspension was infused into the device at a given flow rate,
followed by flushing the untrapped cells using PBS. Finally, the
release procedure was performed the same as in the particles
but with PBS buffer running through the device.

Sample preparation

Three stock solutions of 15 um, 20 um and a mixture of 15 pm
and 20 pm particles were prepared using a solution of 0.5%
Tween20 in DI water. Fluorescently labelled polystyrene parti-
cles were purchased from Thermo Fisher. For the cell experi-
ments, we used two cell lines, J774A.1 macrophages and
T47D cancer cells from American Type Tissue Culture (ATCC,
Manassas, VA, USA).

The T47D cell line is a type of human breast cancer. Briefly,
the cells were cultured in a 25 cm” flask in a humidified
incubator at 37 °C, with 5% CO,. Dulbecco’s modified Eagle
medium/Nutrient Mixture F-12 (DEME/F12) containing 10%
heat-inactivated fetal bovine serum (FBS), and 1% penicillin/
streptomycin were used as the culture medium and were
purchased from Gibco-Thermo Fisher Scientific (Waltham,
MA, USA). The cancer cells were then detached from the flask
and centrifuged to obtain a pellet. Later the pellet was incu-
bated for 30 min in a solution of Mitotracker Green FM
(Thermo Fisher Scientific-Eugene, OR, USA) to be stained.
Then, the pellet was washed, centrifuged and redispersed in
PBS for later use.

Macrophages were grown in a non-treated 100 mm x 20 mm
cell culture dish using RPMI (Sigma 1640) supplemented with
FBS (10%), penicillin (100 U mL™"), and r-glutamine (1%) at
37 °C with 5% CO,. At confluence, the cells were harvested
using cold PBS and treated with the live/dead staining solution
for 10 min at room temperature under gentle shaking. The
staining solution contained calcein AM (5 pL) and ethidium
homodimer-1 (EthD-1) (20 pL) in 10 mL PBS. Finally, the
stained cells were washed once (150 x g, 5 min) with PBS,
followed by redispersing in PBS.

The as-detached macrophage cell suspension was dispersed
in PBS to evaluate viability defined as the number of live cells to
the total number of cells. As a reference, half of the cell
population was kept at room temperature for 5 min and the
other half was immediately introduced into the stretchable
device. After the trapping and release processes which were
conducted like the cancer cell experiments, the cells were
collected from the outlet. The whole experiment took 5 min
like the control sample incubated in room temperature. Next,
the two samples were immediately stained by calcein/EthD-1
for 10 min (procedure described above), followed by observing
the cells under fluorescence microscope. A hemocytometer
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(BRAND® counting chamber BLAUBRAND® Neubauer improved)
was used for cell counting.

Results and discussion
Dimensional changes of the microstructures under elongation

At first, we investigated the effects of stretching on the dimen-
sions of the microstructures. Thus, with an input flow rate of
200 pL min~' the device was stretched along its width. With
1 mm stretching intervals, the device was elongated up to
5 mm. It was kept constant after each stretch, and images of
the same location were captured. Fig. 2 illustrates the dimen-
sional changes of a single microstructure under elongation.
Since the device was stretched horizontally (in its width direc-
tion), the gap located at the bottom edge of the trapper
widened, Fig. 2a-f. The relationship in Fig. 2 exhibits a linear
behaviour of the microstructure dimension under elongation
with an average increase of about 3 um in the gap size under
each millimetre stretching increase. Thus, the 10 um gap size
widened to around 27 pm after 5 mm elongation. With 5 mm
elongation, the device was still in its elastic region, and after
removing the stretch, it returned to its initial condition. There-
fore, by only 5 mm stretch while still in the elastic region, the
gap size increased approximately three times. This variation of
gap size under elongation is significant because it should
conceivably provide adequate space for the captured particles/
cells to pass through.

Deterministic trap and release of polystyrene beads

The trap and release performance of the stretchable micro
trapper was initially evaluated using spherical polystyrene
beads. At the initial no stretch condition, a solution of 15 um
particles was introduced to the device at a flow rate of
200 pL min . After flushing the untrapped particles, the
immobilised particles were imaged using the microscope. Next,
the device was stretched with 1 mm interval while keeping the
flow rate constant at 200 pL, min~". Fig. 3 shows the brightfield
and fluorescent images of the array of microstructures. At no
stretch, the traps were almost occupied with 15 um particles.
With 2 mm stretch, most of the particles were released from the
traps as the gap widened to more than 15 um, which provided
the particles with ample space to flow through. The device was
stretched for another millimetre to release the few remaining
particles in the traps. Three milimetre stretch provided a
sufficiently large space for all the 15 pm particles to pass
through. Unexpectedly, a few of the particles adhered to the
surface of the PDMS, and needed a higher flow rate to flush
them out. Thus, all the particles were released by increasing the
flow rate to 500 pL min~*. The bar graph in Fig. 3b illustrates
the percentage of the particles released by stretching the device.
As can be seen, more than 90% were released at 2 mm stretch,
and then by increasing the flow rate, all particles were released
from the traps.

Meanwhile, 20 um particles were also tested to study the
release behaviour of the device. All the experimental conditions

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Dimensional changes of the microstructures under horizontal elongation. The inset images illustrate the dimensional changes of the same single
microstructure under elongation. (a) to (f) show the microstructure at 0 to 5 mm stretch. The initial gap size is 10 pm, increasing to 27 um under 5 mm

total elongation. The scale bar is 20 um. Red arrows show the gap size.
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Fig. 3 Capture and release of 15 pm partlcles (a) Microscopic images of the microstructures at (i) brightfield and (i) fluorescent conditions, at 0 to 3 mm

stretch with a flow rate of 200 pL min™
length at two different flow rates.

were kept the same as for the 15 pm-particles except that a
higher flushing flow rate of 1000 uL min~" was also used for
20 pm particle release since they appeared stickier than the
15 um particles. Fig. 4 illustrates the trap and release behaviour

This journal is © The Royal Society of Chemistry 2022

1 The scale bars are 200 um. (b) The percentage of the 15 um particles released from the traps at each stretching

of 20 pm particles with different flow rate conditions. The
20 pm particles were captured and immobilised in the micro-
structures at the initial state of the device, followed by
being elongated with 1 mm stretching intervals. As shown in
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Flg 4 Capture and release of 20 pm particles with a flow rate of (a) 200 pL min™, (b) 500 pL min~2, and (c) 1000 pL min~? at different stretching lengths
n (i) brightfield and (ii) fluorescent conditions. (d) Percentage of the 20 pm particles released from the traps at each stretching length at three flow rates.
(e) The close-up image of the microstructures and the trapped 20 pm particles at 4 mm stretching length at a flushing flow rate of 200 puL min™.

The scale bars are 200 um.

Fig. 4a, 20 um particles need a significantly larger gap size to be
released than the 15 pm particles. Therefore, the device was
stretched up to 4 mm. A close magnification of the micro-
structures at 4 mm stretching length reveals that the gap size is
sufficiently wide for the 20 pm particles to pass through, Fig. 4e.
However, they adhered to the PDMS, making it difficult to
retrieve them. Based on this observation, a higher flow rate was
required for the sticky particles to flow through the gaps. As
such, flow rates of 500 pL min ' and 1000 pL min ' were

tested, Fig. 4b and c. The quantified data of the experiments are

Nanoscale Horiz.

provided in the form of a bar graph, Fig. 4d. At 4 mm stretching
length, with the gaps being sufficiently wide for the 20 um
particles to move through, a flow rate of 500 pL min " led to the
release of 50% of the 20 pm particles while a 100% release of
the 20 um particles was achieved at a 1000 pL min " flow rate.

Deterministic release of a mixture of 15 pm and 20 pm particles

Furthermore, using a mixture of 15 pm and 20 pm particles, we
examined the selective release performance of the stretchable
microtrapper. Fig. 5a-h shows the fluorescent images of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Merged fluorescent images of the 15 um and 20 pm particles captured and released from the microstructure traps. (a) Immobilised particles at the

initial condition with no stretch. (b—f) Remaining particles in the traps after different stretching lengths of the device with a flow rate of 200 pL min

-1

Remaining particles in the traps at a stretching length of 5 mm with a flow rate of (g) 500 pL min~%, and (h) 500 puL min~t. The stepwise release is caused
by the size variation of the blue 20 um particles. Release efficiency of the mixture of 15 pm and 20 um particles in the stretchable microtrapper; (i) at
different stretching lengths for a flow rate of 200 pL min~%; and () with different flow rates at a stretching length of 5 mm. S stands for stretch.

particles trapped in the device at different stretching lengths
and flow rates. The red fluorescent dots represent the 15 pm
particles, while the blue dots indicate the 20 um particles. At
the initial no stretch condition, 15 pm and 20 um particles were
captured in the traps, Fig. 5a. Then, the device was stretched
horizontally up to 5 mm. By stretching the device for 1 mm
under a flow rate of 200 uL min~’', the majority of 15 pm
particles (red) were released while most 20 pm particles (blue)
were still trapped, Fig. 5b. Next, the device was elongated up to
5 mm where we could retrieve a large number of the 20 pm
particles at a flow rate of 200 pL min~". For the release of the
remaining 20 pm particles, the flow rate was increased to
500 pL min~ ' and 1000 pL min ', Finally, a 100% retrieval
efficiency of 20 pm particles was obtained at a flow rate of
1000 uL min~ ", Fig. 5h. The retrieval efficiency of particles at a
flow rate of 200 pL min " was also calculated, Fig. 5i. As
demonstrated, adjusting the stretching length can achieve a

This journal is © The Royal Society of Chemistry 2022

deterministic retrieval of particles. For example, for the release
of 15 um particles, only 1 mm stretch is adequate, but for 20 pm
particles, the device needs to be elongated for 5 mm. Fig. 5j
shows an increase in release efficiency of 20 um particles by
increasing the flow rate to 1000 pL. min~" at the 5 mm stretch-
ing length.

In some cases, multiple particles of different sizes were
captured in one microstructure. To evaluate the release behav-
iour of such cases, we closely observed the particle release
process from a microstructure with multiple particles trapped
in it, Fig. 6. As shown in Fig. 6a, two 15 pm (red) particles as
well as one 20 pm (blue) particle were captured in one micro-
structure. It should be noted that an unwanted particle was
stuck and adhered to the bottom of the gap area from the
previous experiments, which we do not consider in the discus-
sion. Fig. 6b-e illustrate particles’ movements toward the gap
as it widened under elongation of up to 4 mm. At a 4 mm

Nanoscale Horiz.
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Fig. 6 Release behaviour of 15 pm (red) and 20 um (blue) particles
captured in one microstructure trap at a flow rate of 200 flow pL min™*
at different stretching lengths (a) initial condition, (b) 1 mm, (c) 2 mm,
(d) 3 mm, and (e) 4 mm. At a constant stretching length of 4 mm, the flow
rate was changed to (f) 250 pL min~%, and (g) 300 uL min~t. Scale bars
represent 50 pm.

stretch, the 15 um particle closer to the gap found its way out
(Fig. 6e), followed by the other 15 pm particle (Fig. 6f) at a flow

a) Omm stretch 1mm stetch 2mm stretch
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rate of 250 uL min~ . Finally, the 20 um particle was released
(Fig. 6g) at a flow rate of 300 uL min~*. The 15 pm particles, due
to less resistance around them, found it easier to pass through
the narrow gap, while the larger 20 pm particle struggled more
to flow through the gap.

Characterisation of cell trap and release in the stretchable
microtrapper

Since the ultimate goal of the stretchable cell trapper is for
applications involving biological particles such as cells, we used
two cell lines, J774A.1 macrophages and T47D cancer cells, to
test the efficiency of the device. We used the relatively gentle
flow rate of 50 uL min~" for cell loading and retrieval to avoid
cell deformation and damage caused by high shear. The
J774A.1 macrophages had a size distribution of 15-17 pm with
almost spherical and regular shapes. They were introduced to
the stretchable microdevice and were captured by the U-shaped
trappers. Fig. 7a illustrates the brightfield and fluorescent
images of the macrophages captured by the stretchable micro-
trapper. Under the no-stretch condition, the macrophages were
immobilised by the microstructures and, as anticipated,
stretching the device resulted in their retrieval. The macro-
phages showed a similar behaviour to that of the 15 pum
particles. With a 1 mm stretch, a small percentage of trapped
macrophages were released. The majority of the macrophages
of 15 and 16 pm diameter were released at a 2 mm stretch. The
rest with a larger diameter of about 17 pm were released with a
3 mm stretch, resulting in the full recovery of the cells. Since
cells are deformable as compared to particles and cannot
withstand high shear stress, we used a much lower flow rate
of 50 uL min " for cell retrieval. Fig. 7b shows the release
efficiency of the macrophages using the stretchable
microtrapper.

The viability of the released macrophage cells was also
evaluated and compared to the reference cell sample. Cells
collected from the outlets as well as the reference sample cells

3mm stretch b)
100 250 ul/min
80
=
— 60
[
w
(]
2 a0
U
o
) l |
0o -

Stretching length (mm)

Fig. 7 Capture and release of J774A.1 macrophages using the stretchable microtrapper. (a) Brightfield (i) and fluorescent (ii) images of the macrophages

at different stretching lengths. (b) The release efficiency of the macrophages under various elongations at a flow rate of 50 pL min™

represent 100 um.
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Fig. 8 Capture and release of T47D cancer cells using the stretchable microtrapper. (a) Fluorescent images of the trapped cells at different stretching
lengths. (b) Brightfield image of the trapped cells, (i to v) enlarged images of the single microstructure indicated with red and purple squares in (a and b),
respectively. (c) The release efficiency of the T47D cells under elongation at a flow rate of 50 pL min™. The scale bars represent 100 pm.

being incubated at room temperature were both fully viable
after 15 min. Fig. S2 (ESIY) illustrates the viability of the
released cells and of the control cells. This result suggests that
the device does not lead to cell cytotoxicity. The high viability of
the released cells could be attributed to the quick processing
time of only 5 min and the condition provided by priming the
device with PBS for 2 hours prior to the experiments.
Compared to macrophages, T47D cancer cells have a wider
size distribution of 14 pm to 22 pm as well as irregular shapes.
Fig. 8a shows the fluorescent images of the T47D cells captured
in the cell trapper. By stretching the device, we recovered
cells of different sizes under different elongation lengths,
where 1, 2, and 3 mm stretching lengths released 14-15,
16-18, and 18-20 pum cells, respectively, and the cells larger
than 20 pm were recovered at 4 mm stretch. Despite their large
sizes, T47D cells appeared to flow through the gaps easier. We
hypothesise that this is due to their spindle-like shapes,
which made them easier to slide through the gaps, evident
by the image of the trapped T47D cells in Fig. 8b, which
shows the details of the release process of a single cell with a
size >20 um. The microstructure of interest is indicated with
red squares in Fig. 8a and with a purple square in Fig. 8b.

This journal is © The Royal Society of Chemistry 2022

The corresponding enlarged images are provided in Fig. 8b (i-v),
illustrating that the single cell is finding its way out of the
microstructure during elongation. Fig. 8c exhibits the release
efficiency of the T47D cells at different stretching lengths, where
a complete retrieval of cells was achieved at a 4 mm stretch. The
experiments with both cell types, macrophages and T47D cells,
demonstrated that a deterministic release of the trapped cells
was achievable by tuning the stretching length of the stretchable
microtrapper.

Conclusion

We developed a novel stretchable microfluidic device for facile,
on-demand and deterministic release of particles and cells. The
hydrodynamic microdevice consisted of dense arrays of U-
shaped microstructures designed to capture particles and cells.
Simply by stretching the device along its width, the gaps at the
bottom edge of the microstructures widened, providing suffi-
cient openings for the particles/cells to pass through. The trap
and release performance of the device was validated using
particle sizes of 15 pm and 20 um. Moreover, we demonstrated
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that by regulating the stretching length of the device, a
deterministic release of particle sizes of interest was achieved.
For a mixture of 15 um and 20 pm particles, 15 pm particles
were retrieved with 1 mm to 2 mm stretch, while a 4 mm
to 5 mm stretch led to the release of 20 pm particles. Two
different cell lines were tested to further evaluate the
release efficiency of stretchable microfluidics on cells. By
stretching the microdevice up to 3 mm, J774A.1 macrophages
with a narrow size distribution of 15 to 17 pm were fully
recovered. Moreover, adjusting the stretching length from
0 to 4 mm provided a deterministic release of T47D cancer
cells with a larger size distribution of 16 to 22 um. Finally, we
believe that this stretchable microfluidic platform offers an
alternative method to facilely and deterministically release
trapped cells, where a subsequent study of the cells off-chip
is necessary.
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