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Abstract
In this paper we describe a microfluidic mechanism that combines microfluidic valves and deep
wells for cell localization and storage. Cells are first introduced into the device via externally
controlled flow. Activating on-chip valves was used to interrupt the flow and to sediment the cells
floating above the wells. Thus, valves could be used to localize the cells in the desired locations.
We quantified the effect of valves in the cell storage process by comparing the total number of
cells stored with and without valve activation. We hypothesized that in deep wells external flows
generate low shear stress regions that enable stable, long-term docking of cells. To assess this
hypothesis we conducted numerical calculations to understand the influence of well depth on the
forces acting on cells. We verified those predictions experimentally by comparing the fraction of
stored cells as a function of the well depth and input flow rate upon activation of the valves. As
expected, upon reintroduction of the flow the cells in the deep wells were not moved whereas
those in shallow wells were washed away. Taken together, our paper demonstrates that deep well
and valves can be combined to enable a broad range of cell studies.
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1. Introduction
In the past few years there has been a steady effort in the bioengineering community to
develop new tools for cell storage[1], culture[2–4], and analysis[5,6], specifically using
microscale technologies[7], for example microfluidics[8]. Advantages of microfluidic
devices such as small reagent volumes and short reaction times are well-known, but they are
especially important in biological applications, e.g. in high-throughput cell screening
operations. One of the challenges of conducting cell studies in microfluidic chips is
achieving uniform cell seeding inside microfluidic chambers[9,10]. The other issue is long-
term cell storage or culture inside microscale chambers[11–13].
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There have been several approaches to immobilize cells within microfluidics [14], especially
for high-throughput applications by encapsulating cells in droplets[15,16], trapping cells in
microsieves[17,18], well-plating[19] and by using patch-clamp arrays[20]. While effective
for cell trapping, these methods have limitations for conducting high-throughput cell assays.
Encapsulating cells in droplets is useful for building and analyzing thousands of samples
simultaneously, but it is difficult to culture cells for a long time due to the limited volume of
nutrients in the droplets, as well as space available to hold daughter cells. Cell trapping in
microsieves and well-plates can be used to conduct single cell analysis, the cells, however,
are continuously exposed to external fluidics. This can possibly lead to flow-induced effects
on cells, such as mechanotransduction. Patch-clamp is useful for analyzing the mechanical
and electrical properties of cells, but this device causes mechanical stress on cells. Micron
sized well arrays were used to capture single cells inside them and to transfer the cells onto a
culture plate for stem cell environmental studies[21], or the captured cells were cultured
inside well arrays[22]. These approaches are useful for capturing single cells in a controlled
manner, however, in both cases the transferred cells still experience shear stress from the
external flow. Additionally, expansion of the method for high throughput analysis is difficult
since all captured cells are exposed to the same conditions, and incorporation of microfluidic
channels and valves is not easy after cell manipulation. Work conducted by Hung et
al[12,23] shows a promising design for perfusion cultures, but there is a limitation to expand
to high-throughput analysis since it is hard to incorporate microfluidic valves for
compartmentalization of each chamber. Recently Han et al[24] have reported microwell
based single oocyte trapping, which is simpler for such large cells (~100 μm) than for most
other. Finally cell docking inside wells was analyzed by examining flow recirculation
regions[25], but the device was not coupled with microfluidic valves, restricting cell
docking applications.

This paper aims to address these challenges by describing a simple poly(dimethylsiloxane)
(PDMS) microfluidic chip that allows cells to be anchored and held undisturbed in deep
storage wells, without being affected by the surrounding flow. The proposed device is a
three-layer PDMS device, with passive flow channels and storage wells built into the bottom
layer, and active control channels or valves incorporated into the upper layer (Figure 1A).
The two thick layers are separated by the third layer, a thin PDMS membrane. In one
variation of this design 15 wells are placed along a single straight channel. Surrounding each
well are two peristaltic valves,[26] placed on top of each flow channel segment leading to
the well, such that they can allow or inhibit flow through the channel and into the chamber.
When the valves are open (or inactive), fluids and suspensions can flow through the channel
to the wells. The incoming particles such as cells slow down as they pass above the wells,
but are not immediately trapped. It is only when all valves are closed (or active) that further
flow is inhibited and cells floating above the wells can sediment into the wells. Within a few
hours after sedimentation, cells can adhere to the PDMS surface[27]. A key feature of this
well design relative to its predecessors is its large depth. Once the cells are trapped on the
bottom of a deep well, the shear stress acting on them cannot displace them. This is true for
sufficiently deep wells even when valves are open. Thus, deep wells in concert with
integrated valves acts as a reliable cell trapping and long-term storage mechanism.

2. Materials and Methods
A PDMS device was fabricated consisting of a single, straight, 100 μm wide flow channel in
which flow can be controlled by on-off peristaltic valves as shown in Figure 1B. Every 800
μm along the channel a storage well is placed in the middle of the channel, with a total of 15
wells. Figure 1C shows a cross-sectional view of fabricated device consisting of control
channel, a thin membrane, and a deep well. A single control line leads to all valves placed
between wells, and each valve extends 200 μm beyond the flow channel, allowing for a low

Jang et al. Page 2

Biotechnol J. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



closing pressure and reliable on-off operation. The protocol for fabricating the silicon master
molds and the PDMS device can be found in the Supporting Materials (Table S1).

Simulation of flow in wells
To evaluate the hydrodynamic characteristics and the cell behavior in the proposed
microfluidic structure, fluid dynamic simulations were performed using the COMSOL
software. The flow field in the microfluidic structure is determined by solving the steady-
state Navier-Stokes equation

(1)

where v is velocity vector, p is pressure, ρ and μ are density and dynamic viscosity of the
fluid, respectively. The microfluidic structure is modeled by using a two-dimensional
geometry; for the cell culture medium we assume ρ = 1000 kg/m3 and μ = 0.001 Pa·s[28].
To predict the cell behavior, a disk-shaped model cell (radius r = 5 μm) was placed on the
bottom of the shear stress acting on the cell boundary was calculated. The shear stress is
obtained from the flow field simulation and the flow-induced force from the line
integration[29]

(2)

where Fx and Fy are x- and y-directional force, respectively. The shear stress (τs) was
integrated along the disk boundary (∂ Ω) to find the total force acting on the cell cultured on
2D surface.

In this computation we imposed a non-slip condition on the wall and cell boundary for three
different inlet velocities (0.0028 m/s - 20 μl/hr, 0.014 m/s - 100 μl/hr, and 0.070 m/s - 500
μl/hr) and three well depths (150, 250, and 400 μm). A constant velocity at the inlet and a
constant pressure was assumed with no viscous stress at the outlet. The flow field was
computed to evaluate the flow-induced force on the cell located at 15 different positions on
the bottom of the well with a 20 μm pitch.

Cell culture
Unless indicated otherwise, reagents were obtained from Sigma-Aldrich (St. Louis, MO).
MCF7 breast cancer cells were cultured in high glucose-Dulbecco's Modified Eagle Medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (Gibco, USA) and kept at 95% O2/ 5% CO2 humidified 37 °C incubator. Cells
were harvested using 0.05 % trypsin-EDTA (Gibco, USA) and resuspended in culture
medium[30].

Effect of valve activation on cell trapping
We conducted two different sets of experiments to test the effect of valve activation on cell
trapping. In the first set, we observed the cell docking behavior without activating valves by
conducting nine different experiments, in which we varied the well depth and the flow rate,
similar to our simulations (see above). We chose a relatively low cell concentration of 105

cells/ml in order to prevent cell aggregation and clogging of the channel. The cell
suspension was loaded into the device with a 1 ml plastic syringe (Becton-Dickinson) driven
by a syringe pump (Harvard PhD 2000) for six minutes. We then stopped the flow by
turning off the syringe pump and recorded images of all wells using an upright microscope
(Nikon TE2000-U, 4X achromat objective). We counted the number of cells stored in each
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well and computed the average number of cells per well, and the standard deviation for all
well depths, and for all flow rates.

In the second set of nine experiments we observed the cell docking behavior in the presence
of activated control valves. In this set of experiments the control channels or control valves
were filled with water and connected to a nitrogen tank with a pressure controller, as is
commonly done when operating on-off peristaltic valves[31]. We first introduced cells into
the flow channel for two minutes at the selected flow rates and then closed the valves fully
by applying a pressure of 60 kPa to the control lines for three minutes. We then opened the
valves and reintroduced the flow for an additional four minutes. Finally, we stopped the
syringe pump without activating the valves again and counted the number of stored cells per
well.

Effect of well depth on cell trapping in presence of activated valves
Nine devices and cell suspensions for testing the three different well depths at three different
flow rates were prepared like described in the section above, except with a higher
concentration of cells (106 cells/ml). We introduced the flow of cells for two minutes, then
closed the valves and stopped the syringe pump. At this point cells began to sink to the
bottom of the storage wells. Three minutes later we imaged all wells. We then turned on
again the syringe pump using the same flow rate as before and also opened the valves. After
one minute and at constant flow we imaged the wells a second time in order to compare the
number of cells that were stored prior to and after valve activation.

Cell viability test
To assess the viability of the cells in our experiments, we used three devices with 400 μm
deep wells to measure the number of live and dead cells after 0, 12, and 24 hours inside
microfluidic chambers. The devices used in these experiment contained a grid of 16 × 16
orthogonally placed channels with wells placed at all intersections. As in our simpler
devices, all channel branches such that any one well could be controlled by activating
valves.

Cells were injected manually from the four corners of the well array and stored as described
above. Then the device was immersed in a 6 well plate filled with medium and kept for 0,
12, and 24 hours in a 95% O2/ 5% CO2 humidified 37 °C incubator. Afterwards, cells were
stained for 15 minutes with the Live/Dead Viability/Cytotoxicity Kit (Invitrogen, USA),
Calcein AM for live cells and Ethidium homodimer (EthD-1) for dead cells. The excitation/
emission wavelengths for Calcein and Ethidium homodimer are 494/517 nm and 528/617
nm, respectively. Then the device was washed with PBS for 10 min. We recorded
fluorescence images of the cells using a 4× objective, with dead cells appearing red and live
cells appearing green for more than 90 wells in each device. We counted the number of red
and green fluorescent cells in each well, normalized each number against the total number of
cells per well and calculated the average fraction of live cells inside well array to obtain cell
viability values.

Statistical analysis
Data were expressed as average values with the standard deviation as error bars. Differences
between groups were analyzed using the two-tailed Student t-test with p values less than
0.05 considered significant and represented by a single star in the graphs.
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3. Results and discussion
Simulation of flow in wells

We performed a computational fluid dynamic calculation to evaluate the flow field and
flow-induced forces on cells inside wells. Figure 2 shows flow streamlines and flow-induced
force distribution for different well depths and cell locations. In Figure 2A, the streamlines
of the flow field were obtained at a flow rate of 500 μl/hr with a cell located in the middle of
the well bottom. For well depths of 150 and 250 μm, the flow profiles were similar, as
shown in Fig. 2A, B. A small microcirculation region was observed in the corners of the
well as described previously[32]; the flow direction near the cell was the same as for the
mainstream flow for shallow wells. For the 400 μm deep well, however, a large
microcirculation region formed near the bottom of the well. As a consequence, the flow
direction near the cell was opposite to the mainstream flow direction.

In addition to the flow field we also calculated the flow induced forces on a cell. We
assumed that the cell is stationary and located in the various positions of the bottom of the
well. In observation of the flow-induced force distribution in 150 and 250 μm deep wells, x-
directional flow-induced force had a maximum in the middle of the bottom surface and was
nearly zero in the corner regions. Our interpretation is that a cell could move along the
positive x-direction and remain locked in the corner when the flow-induced force overcomes
the cell adhesion force which is in agreement with previous cell alignment study using
microgrooves[28]. Additionally, the cell experiences a downward force near the incoming
channel region and a lift force near the exit channel region. The direction of the x- and y-
components of the flow-induced force on cells in 400 μm deep wells is opposite that in
shallow wells due to the formation of the large microcirculation region in the deep well.

The magnitude of the flow-induced force increased with the inlet velocity and inlet flow
rate. For all wells, the y-component of the shear force was approximately one order of
magnitude smaller than the x-directional force component. Moreover, the flow-induced
force decreased sharply with y-position of the cell inside the well, as it sank to the bottom.
For the 400 μm deep well, the flow-induced force was roughly two orders of magnitude
smaller than in the 150 μm deep well. Cells can be trapped in wells when the well is deep or
the flow rate is low, however, the deep well is more practical as it allows the cell docking
and storage at a wider range of flow rates.

Effect of valve activation on cell trapping
The cell localization and docking procedure due to activating valves is depicted in Figure
3A. The flow channel under valves used in this device has an inverted round shape which
closes the flow channel with a low pressure as simulated in Figure S1 in Supporting
Materials. We used 60 kPa to control valves based on the preliminary experiment (Figure
S1). Closing the valves stopped the flow, allowing the cells floating in the flow path and
above the wells to settle to the bottom surface of a well. The cells remaining in the main
flow channel were flushed out after the flow was reestablished. Figure 3B shows the effect
of the well depth and flow rate on the average number of stored cells per well. When valves
were open, few cells could be stored inside the wells, as most cells had a forward velocity
that was larger than the speed with which they sank to the bottom of a well. When the valves
were activated (closed), the average number of captured cells was significantly higher and
statistically different from the number of cells when the valves were open. We reduced the
concentration of cells in order to avoid clogging of the channel and applied the flow for a
short time, thus a number of wells remained empty, causing the large standard deviation.
This experiment implies that the external flow control alone without valve activation is not
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sufficient for stable cell docking. This is because cells follow flow streamlines and flow was
required to cease to allow cells to fall into the well bottom.

Effect of well depth on cell trapping in presence of activated valves
Figure 4 shows time sequence images of three wells varying in depth with captured MCF7
cells. In panels A, C, and E the valve was closed at t = 0 after an initial flow rate of 100 μl/
hr; in panels B, D, F the valve was opened after three minutes and a 100 μl/hr flow rate was
reestablished for an additional 0.6 seconds. The falling time of MCF7 cells was roughly one
minute for the 400 μm deep wells. There was no other mechanism at play other than
sedimentation that drives the cells toward the bottom well surface by a gravity force.

As shown in Figure 4(A), almost all settled cells were washed out by the reestablished flow,
and only 3.8% of initially settled cells were retained in the wells. The fraction of stored cells
was slightly higher (14.2%) at 20 μl/hr, but zero at a high flow rate of 500 μl/hr (Figure
4(G)). Increasing the well depth to 250 μm resulted in improved cell retention (up to 80% at
low flow rates), however, the fraction of retained cells was still highly dependent on the
applied flow rate and dropped significantly at 500 μl/hr. Statistical analysis showed that the
deeper wells increased the fraction of cells for all flow rates except the lowest flow rate (20
μl/hr) since the shear force was not sufficiently strong to move cells in case of low flow
rates. Moreover, some cells that remained captured at these conditions shifted their position
on the well surface, indicating that it may not be possible to store them for a long period of
time. We achieved the best cell retention results at a well depth of 400 μm. Here, all of the
initially settled cells remained captured without changes in their position at 100 μl/hr and
with only slight movement at 500 μl/hr. We note that in this experiment we were interested
in the fraction of cells that remained stored after reintroduction of the flow, so we only
gathered information about the cell number from five wells in each device.

Cell viability test
To demonstrate the applicability of deep wells in concert with on-off valves to cell studies
we performed a series of cell viability tests as a function of cell storage time (Figure 5). We
used 400 μm deep wells to store cells effectively. The only modification to the standard
experimental procedure was the immersion of the device in PBS for 24 hours in order to
enhance cell viability on the PDMS surface. The three devices used for 0, 12, and 24 h
culture periods on average contained between 45 and 70 cells per well when we manually
(without a syringe pump) injected the cell suspension, while using on-off valves. The cells
sank to the well bottom within one minute. Figure 5(A, C, E) shows that cells formed a
monolayer on the well bottom just after sedimentation, as well as cell attachment after 12 h;
therefore we can count live and dead cells using microscope images to assess viability. The
random positioning of cells also indicates that the cells were not affected by the channel
flow after sedimentation: had the cells strongly experienced the channel flow they would
have moved to or aligned toward the low shear stress region[28,32]. The cell viability after
seeding (0 h) was 97.4 %. Twelve hours after seeding many cells were observed to attach
and spread on the PDMS surface as shown in Fig. 5(C, D). At this time the viability was
91.1 %, and reduced to 88.2 % after another twelve hours as summarized in Fig. 5(G).
Previous studies describe the enhanced effect of coating PDMS with biocompatible
materials such as fibronectin on cell spreading and viability[11,33]. Additionally, dynamic
culture through media perfusion inside a microfluidic device is reported to increase the
viability from 75% to 85% after 13 days[34]. These results imply that higher cell viability
can be obtained in a long-term culture by coating the surface of the storage chamber with
biocompatible materials and flowing culture media to supply cells adequately with nutrients.
We note that we did not measure the flow of oxygen into and changes in oxygen
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concentration inside wells, as those experiments are beyond the scope of this study, but they
will be addressed in future research.

This study provides a cell docking and storage mechanism by combining deep wells with
microfluidic valves, and the effect of deep wells is interpreted by computational analysis on
flow induced forces. We showed that valve activation effectively stopped the flow and
increased the number of docked cells, and that the cells stored in shallow wells (150 μm
deep and 300 μm wide) were easily washed out while cells stored in deep wells (400 μm
deep and 300 μm wide) were not disturbed by an externally applied flow rate up to 500 μl/hr
(0.070 m/s). Our computational analysis suggests that a microcirculation region forms even
in shallow wells, but the shear force in shallow wells is large enough to displace them as we
demonstrated with experiments.

We performed numerical simulations to obtain flow-induced forces on a cell, and further to
evaluate the effect of well depths on cell docking. The calculated flow induced force acting
on cells stored at the bottom of a 400 μm deep well was two orders of magnitude smaller
than the force in a 150 μm deep well. We confirmed this result experimentally by comparing
the fractions of stored cells in either case. The numerical calculation provided a comparison
of forces acting on cells in wells of different depths, however it has limitations: First, the
simulation model was 2D for fast evaluation of forces, but it is hard to estimate accurate
forces inside 3D environments. Second, it is hard to anticipate whether cells move or not
under a certain flow rate since the information about stiction or frictional forces of docked
cells is limited and should be measured.

Previous studies showed that cells were docked on the low shear stress regions in the bottom
of wells and grooves[25,28,32]. The cells were attached to the surface or were trapped in
microcirculation regions. While these approaches are useful to load cells inside microfluidic
devices without further integration of active valves, they have some limitations: First, the
inlet flow rate should be small to avoid flushing cells out from the wells and grooves. This
limits the range of applied flow rates after cell docking. Second, cells easily aligned with
trench edges when they were trapped in microcirculation regions. This alignment can be
beneficial when we need to place cells at selected locations, although cells forming a
monolayer are preferable for optical analysis. These limitations can be overcome by using
deep wells integrated with valves. The valves stop the flow completely; therefore cells can
sink down to the well bottom and form a monolayer (Figure 5). Once the cells are docked in
a deep well, the flow induced force is too small to move the cells, allowing a large range of
flow rates after cell storage. This low shear force is advantageous for cells when there is
continuous flow in the channel. Cells docked in a deep well experience a smaller shear force
so that side effects of the flow, such as mechanotransduction, are less likely.

One of possible limitations of this mechanism is an effective delivery of nutrients and
retrieval of metabolites from cells located on the bottom of wells since diffusion time
increases as the depth of well increases. The diffusion time of oxygen in a 400 μm deep well
filled with water is calculated to be less than 30 s based on the equation, t = x2/(2D), where t
is time, x is the characteristic distance (400 μm), and D is the diffusion coefficient of oxygen
(3 × 10−9 m2s−1 [35]). Moreover PDMS is permeable to air[36] so that environmental
oxygen can be supplied through PDMS. Therefore we can improve material exchange by
controlling the valves to stop the flow and to allow material to be diffused fully inside wells
or by exposing the PDMS surface to external air to absorb oxygen through PDMS.

A potential advantage of the proposed mechanism is an easy expansion to a large number of
wells for high throughput cell analysis. This would entail fabricating a dense and large array
of wells, connecting the wells via fluidic channels, docking cells inside deep wells, and

Jang et al. Page 7

Biotechnol J. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controlling the flow with valves. The effect of flow on cells inside fluidic channels can be
minimized due to the large depth of wells, but the incoming solutions can nonetheless reach
the cells located on the well bottom via diffusion when flow is inhibited. Uniform cell
loading in each well is still challenging, however, and may require both delicate design
strategies to obtain a uniform cell suspension inside the microfluidic chip and the
preparation of a homogeneous cell suspension.

4. Concluding remarks
The results of this study lead us to two conclusions: First, activating on-off valves that
surround a storage chamber help us localize cells and reduce their forward velocity to zero,
allowing them to settle to the bottom of a well. This alone leads to an improved ability to
capture cells. Second, the shear stress acting on cells stored in deep wells as opposed to
shallow wells is small and a recirculation region at the bottom of the well is formed, helping
us retain the stored cells in their chambers. Therefore the valve activation improved cell
docking by stopping flow and allowing cell sedimentation, and the deep well stored cells
even under a high flow rate (500 μl/hr – 0.07 m/s) in a flow channel. The cell viability was
monitored to demonstrate the application of the device on cell experiments and to show that
nearly 90% of the cells remaining viable after 24 hours in culture.

The main advantages of the proposed mechanism is stable cell trapping and possible
application to long term storage more than 24 hours, as cells cannot leave the wells at
moderately fast input flows. The possibility of integrating a perfusion system and inclusion
of microfluidic valves can be utilized for many additional purposes, such as directed access
to a particular storage chamber. When extended to a large well array, this mechanism could
potentially be used for high-throughput cell studies with temporal and spatial flow control,
e.g. analyzing the cell response to various factors important in cell function and
differentiation.

In summary, we demonstrate the advantages of this device, including pressure efficient
valves and stable cell storage wells, which is useful for cell docking and storage. The design
and fabrication approach described here can be utilized for high throughput cell analysis, as
it allows for reliable long-term cell storage.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fabrication process and device structure. (A) Thick PDMS layers (~4 mm) are cast from two
silicon molds and a thin PDMS membrane (15 μm) is spin-coated on a poly-carbonate Petri
dish. L-shape connection gates are punched before layer assembly. The detailed process is
described in ESI. (B) Top view of the fabricated device shows deep wells and flow channels
(red) and control channels (dark green). (C) Cross-sectional view of the flow channel and a
well.
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Figure 2.
Flow field simulation and flow-induced force distribution for different depths of the well (A)
150 μm, (B) 250 μm, and (C) 400 μm. Far left column shows flow streamlines when a single
cell is located in middle of the well bottom with a flow rate of 500 μl/hr. The
microcirculation region expands in deep wells to reverse the flow direction on the bottom of
the well, which aids the docking and storing of cells. X- and Y- force components show that
the force acting on cells decreases rapidly with increasing depth.
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Figure 3.
(A) Cell docking and storage within microwells by controlling valves .(B) Average number
of cells stored in wells at different flow rates (20, 100, 500 μl/hr) and well depths (150, 250,
400 μm), with and without valve activation. * shows a statistically significant difference in
variance (p < 0.05).
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Figure 4.
Cell docking and storage experiments with phase contrast images in time sequence at an
inlet flow rate of 100 μl/hr. Three different depths of wells were compared; 150(A–B),
250(C–D), 400 μm(E–F). The bottom surface of the wells was in focus in all images. (G)
The statistical data for fraction of stored cells after opening valves and allowing flows. *
shows a statistically significant difference in variance (p < 0.05).
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Figure 5.
Cell viability in MCF7 in the microfluidic device containing 16×16 wells (depth: 400 μm)
array up to 24 hours. (A-F) Phase images and Fluorescent images with Calcein AM (green,
live) / Ethidium Homodimer (red, dead), (G) Cell viability at 0, 12, and 24 hours after
seeding cells in the microfluidic device.
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