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Monitoring the real-time behavior of spatial arrays of single living bacteria cells is only achieved with
much experimental difficulty due to the small size and mobility of the cells. To address this problem, we
have designed and constructed a simple microfluidic device capable of trapping single bacteria cells in

spatially well-defined locations without the use of chemical surface treatments. The device exploits
hydrodynamics to slow down and trap cells flowing near a narrow aperture. We have modeled this
system numerically by approximating the motion of Escherichia coli cells as rigid 3-D ellipsoids. The
numerical predictions for the speed and efficiency of trapping were tested by fabricating the devices and

imaging GFP expressing E. coli at a high spatio-temporal resolution. We find that our numerical

simulations agree well with the actual cell flow for varying trap geometries. The trapped cells are
optically accessible, and combined with our ability to predict their spatial location we demonstrate the
ease of this method for monitoring multiple single cells over a time course. The simplicity of the design,
inexpensive materials and straightforward fabrication make it an accessible tool for any systems

biology laboratory.

Introduction

The ability to monitor the molecular machinery of individual live
cells over extended periods of time will open up new horizons in
cell biology, as well as in emerging fields, including systems
biology. When cells are individually monitored, their dynamical
behavior does not need to be synchronized, and their individual
responses are not masked by averaging over a bulk population of
cells. These are powerful properties that drive the development of
methods for live, individual cell probing. From an engineering
perspective, an efficient, high-throughput, method for probing
live cells depends on our ability to rationally design and fabricate
devices in which cells are individually trapped, enabling
prolonged high-resolution imaging. Since the trapping process
itself can impact cell behavior, it is important that the trapping
mechanism minimally affects the cells’ phenotypic behavior,
through either chemical or mechanical interactions. Here, we
present a microfluidic platform suitable for high-resolution
imaging of individually trapped bacteria that can be fabricated
and operated in a simple manner and does not require special
surface treatments to tether the trapped cells.

Much of the previous research requiring the isolation of single
bacterial cells has been carried out in microtiter plates or
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un-patterned microfluidic channels under very low flow speeds
(~10 um s7'), or in stationary conditions. Many labs use these
techniques, but they can be very tedious, as it is extremely difficult
to locate and/or track several different single cells when they are
randomly located on a surface. As a result, it is easier to monitor
one cell over a long period of time, an experimental practice that
requires significant amounts of time to generate statistics.

Several groups have begun to develop microtechnologies to
confine, address and monitor single cells. Most of these tech-
nologies were developed for mammalian cells."* Confinement of
single bacteria cells in wet etched silicon microwells has been
recently reported.’ This method is limited, requires input of
a very dilute bacteria solution and depends on sedimentation of
the cells into the microwells in the absence of external flow
controls. In other laboratories, analyses of individual bacteria
have generally been performed by spreading cells on a glass cover
slide coated with agarose gel.® These methods are also hampered
by the fact that very dilute solutions must be used to assure single
cell resolution, and that finding a cell requires panning over an
entire slide, making returning to a cell after looking at another on
the same slide very difficult. It has been somewhat more common
to “trap” adherent cells using soft lithography surface patterning,
but most of these studies have been focused on changes in the
attached cells as a function of the trapping geometry.”® For
systems biology experiments, minimal impact of the trapping
technology on the cell behavior is desired. Single cells have been
trapped by several groups using droplet methods.’® Droplet
based methods have great promise, but at this time they still
require significant expertise to achieve.
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To overcome these challenges, we demonstrate that hydrody-
namic trapping is a highly predictable method to achieve inex-
pensive, high-throughput cell immobilization that is compatible
with high-resolution optical imaging. Hydrodynamic trapping
has been used successfully by many groups to trap comparatively
large mammalian cells.*™**

Here we describe the design of sieve-like cell traps (referred to
as “sieves” hereafter) with openings just under one micron in size
used to modify the flow field in a microfluidic cell in order to
guide and arrest individual Escherichia coli cells in pre-defined
locations. The ability of the sieves to trap cells was first evaluated
in computer simulations that were then used to guide our device
design. Trapping of individual cells in polydimethylsiloxane
(PDMS)/glass devices was monitored by time-lapse fluorescence
microscopy of GFP-labeled E. coli cells. Our results show
remarkable agreement between the observed cell trajectories and
the simulations.

Results
Flow modeling and E. coli cell simulation

Three different sieve types were used in simulations, and their
abilities to trap cells were compared. All sieves were U-shaped
positioned in a single specific pattern comprising eight identical
sieves (numbered S1-S8), as shown in Fig. 1A. Three different
sieve types were studied, where the entry angles, denoted: 0°, 15°

= Stagnation Plane

Fig. 1 Overview of the computational model. (A) Tilted view of the
computational model of the trapping chamber; the chamber is circular
with a diameter of 160 um and a height of 10 um, and each sieve is
semicircular with an outer diameter of 30 um, a height of 10 pm, and
a width of 5 um, and an 0.8 um aperture. The numbers indicate each sieve
by position. (B) Close-up drawing of each sieve design: 0°, 15° and 30°.
(C) Contours of velocity magnitude in each sieve for an input flow rate of
0.1 ul min~'; an arrow in each sieve represents the direction of the velocity
gradient magnitude. (D) Selected streamlines passing through each
sieve’s aperture that pass through only one aperture each; the blue arrows
and red point in each sieve indicate the stagnation plane and stagnation
point, respectively.

and 30°, were varied and the exit slit width was maintained at
0.8 um (Fig. 1B). These variations in the apertures were used to
determine the correlation between trapping performance
and hydrodynamic resistance associated with the shape of the
aperture.

Large differences in the fluid velocity distributions are
observed in between sieves S7 and S8 and around S1 (Fig. 1C).
However, we were mainly concerned with the fluid momentum
inside the U-type sieves, as this determines the ability of the sieves
to keep trapped cells in place once they enter. Noticeably, the
simulated fluid velocity magnitude contours in all of the eight
sieves were very low, less than 0.5 mm s~' (Fig. 1C), suggesting
that all sieves would be able to maintain trapped cells. For
example, comparing this low fluid velocity with the diffusion-
based velocity of E. coli (8 = 4, see ESI{ for more information),
the diffusion velocities in the directions of ¥, and X, (Fig. S1+)
can be calculated as 1.08 mm s™' and 1.23 mm s', respectively,
using eqn (1) for a time step At = 1077 s,

D;
2At

Vdiﬂ'usion = (1)
where Dj is the diffusion of the ellipsoidal particle in the direc-
tion of %;."* This result implies that the diffusion based Brownian
force dominates near the stagnation point, where the local fluid
velocity is zero, and can act to throw the ellipsoidal bacteria from
the trap. In addition, the calculated speed of the flow field at the
aperture of each sieve was also very low.

Interestingly, by comparing the pattern of the contour lines
near the stagnation point, for each sieve, with the streamlines
passing through the aperture in each sieve, it can be inferred that
the stagnation point is located along the corresponding stream-
line (Fig. 1C and D). The direction of the arrow in each sieve is
almost identical to the normalized direction of gradient of the

—
magnitude of the velocity (%) where the slope (gradient) of
f

the velocity magnitude contour lines is the least steep (Fig. 1B),
and each sieve’s stagnation point (Fig. 1D) is located at the
intersection of the arrow in Fig. 1C and the stagnation plane
(Fig. 1D), although the direction of the stagnation point flow is
not parallel to the vertical line or flow direction at the inlet
region. In particular, the streamlines are either tilted to the left
(S3, S4, and S7) or to the right (S2, S6, and S8), or line up with
the (S1 and S5) opening of each sieve (Fig. 1D), and directions
are almost identical to the directions of the arrows in Fig. 1C.
However, a streamline passing through any given aperture will
match an ellipsoidal microbial cell’s trajectory only if the cell is
oriented parallel to the direction of the streamline, thus the
probability of trapping a non-spherical cell will be smaller than
the probability of trapping a spherical cell.

To investigate the dynamics of the ellipsoidal E. coli cell
trapping process, cell loading in the individual trapping arrays
for all three cases, 0°, 15° and 30°, was simulated at a prescribed
flow rate (0.1 ul min~') and cell concentration (2 x 10’ CFU
ml~'). The detailed simulation method regarding the motion of
ellipsoidal E. coli cell is described elsewhere.'s The variation of
the trapped cell population in each sieve array was analyzed at
discrete time points. Simulated temporo-spatial distributions of
E. coli cells in one circular chamber for each sieve geometry were
obtained every 10 s. Sample screen shots from each simulation
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are included in Fig. 2A-C, and images of actual trapped cells
from experiments are shown in Fig. 2D and E. Temporal data are
shown in Fig. S1 and S2}. The insets show sieve S2 for each case.
An animation showing a detailed dynamic single cell trapping
event is shown in Movie S17.

Ellipsoidal E. coli cell motion

Due to its elongated shape, at flow rates higher than the swim-
ming velocity, an E. coli cell in a laminar flow field will take on
a different trajectory than a similarly sized spherical cell
(Fig. 3A). The microbial cell was assumed to be a rigid ellipsoid
with a major length of 4 um and a minor length of 1 um (Fig. 3B).
An example of simulation data in Fig. 3C-E shows the contin-
uous motion streams of a selected ellipsoidal cell continuous
from the top and side views, the time-varying translational
velocity components and the cell’s orientation vector compo-
nents. Here, the motion of the ellipsoidal cell in the microfluidic
device was simulated using one-way coupled Lagrangian
approach'>'* and rigid body dynamics based on the coordinate
transformation (Fig. S31) between the motion-frame system
(X1, X, X3) and the body-frame system (X, X,, X3) in terms of
Euler’s four parameters (quaternion; ¢;, &, €3, 1)'¢ or the Euler
angles (6, ¢, and )" (Fig. S1BY).

A

—_—
40 um

Fig. 2 Representative still images of experimental and simulation
results. Simulation results for cell trapping based on an input cell density
of 2 x 107 CFU ml™', a flow rate of 0.1 ul min~' and a total physical time
of 0.5 min, and comparative experimental cell trapping results using
fluorescent K12 E. coli, with flow and cell density parameters matching
those used in simulations; (A), (B), and (C) refer to the 0°, 15° and 30°
aperture designs respectively.

A B

L o o e n f - |
Ellipsoidal cell 4 2a
\l

® ® ® & ©® ©° © ° @ o o 2b
Spherical cell

Ei )
| 4
§)
! AL
/ ol £
/ ’ c ’—JE
—
s e
F =

Fig. 3 Details of the computational model and selected results. (A) A
comparison of the simulated trajectories of an ellipsoidal cell and
a spherical cell in the same sized channel and same flow rate. (B) The
ellipsoidal cell model constructed from 32 spheres. (C) Selected simulated
trajectories of two ellipsoidal cells showing continuous motion streams
with images at every 2 ms and (D) a magnified view of the circle marked in
(C); the cell detours around the sieve at the volumetric flow rate of 0.1 pl
min~'. (E) A side view showing how cell orientation varies throughout the
flipping motion. (F) Superimposed images of the simulated data from (A)
with the fluorescence trajectories of real E. coli cells in the fabricated
device. (G) A magnified view of the circle marked in (G).

It should be noted that Fig. 3D and S2B7 are related to Fig. 3E
and S2CT, respectively; the flipping motion of one single ellip-
soidal cell in the circle marked S4 (Fig. 3D) is shown in view of
the yz plane (Fig. 3E). Longer distances between images of the
cell indicate higher cell speed, and are observed at the entrance of
the chamber (Fig. 3C-E). When the simulated cells were loaded
into the microchamber, the initial orientation of each cell was set
to the negative y-direction, parallel to the flow direction at the
inlet. Before passing between S2 and S5, the cell moved to
the tangential line of its center-connected trajectory, and the
tumbling motion was observed at = 12 ms. However, as the cell
approached S7, it decelerated due to increased hydrodynamic
resistance and stagnation flow near the sieve. The undisturbed
region of the stagnation point was located on the horizontal line
between two end tips of the U-type sieve as explained Fig. 1D.
Detailed evolution of the cell orientation during its motion
(Fig. 3C-E), and its orientations were found to be almost parallel
to the stagnation plane. Deceleration near S7 was also observed
during trapping experiments in fabricated devices (Fig. 3F and
G). It was recorded as the brightest fluorescence intensity
trajectory in a real device, where relatively bright intensity
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represents low cell velocity, since a slow cell is in front of the
camera longer than a fast cell. Images of simulated ellipsoidal
E. coli cell’s continuous motion streams (Fig. 3C and D) and
fluorescence intensity trajectories were superimposed (Fig. 3F
and G). The superpositions show agreement between the simu-
lation and experiment. Both the simulation and validation
experiments were carried out at a low volumetric flow rate of 0.1
ul min~'. Furthermore, our experimental results show that the
ellipsoidal cell follows a similar trajectory as observed real cells
(Movies S2-S5%, which if viewed in order show observed cells
and modeled cells in similar locations in the chip).

Statistical analysis of device performance

We repeated the simulation ten times for each aperture case
(0°, 15° and 30°) using different cell seeding profiles for the
purpose of statistical analysis. For each simulation, the distri-
bution of initial positions and chamber entrance times for each
seeded cell were randomly generated using a uniform statistical
distribution function (Mathematica 7.0, Wolfram Research,
Champaign, IL) within the limitations of the inlet boundaries
and total computational time.

The statistical distribution of trapped E. coli cells per sieve is
illustrated in Fig. 4. Panels 4A and B show data from the
simulations, 4C is a reconstruction of the same data taken during
experiments. The error bars indicate the standard deviations
obtained by counting the number of trapped cells for each case
for each of the eight sieves. An ideal device would immobilize one
and only one cell in every sieve. Since our devices are passively
controlled, and trapping events are stochastically determined, we
did not expect this to happen in our device. The simulations
allowed us to predict, for a particular sieve aperture shape, what
cell loading rate would result in the maximum number of single
cell trapping events without overloading (more than one cell) the
sieves. At a cell loading number of 333 CFU, the majority of
sieves contain no cells (84%, 71%, and 69% for cases 0°, 15° and
30°, respectively). In all three cases, as more cells were loaded,
there were noticeable decreases in the fraction of sieves
containing zero cells: 69% (0°), 56% (15°), and 40% (30°) at 667
CFU and 58% (0°), 40% (15°), and 24% (30°) at 1000 CFU.

In addition to sieves with no trapped cells, there were also
some sieves that trapped multiple cells in each case, since the
trapping process follows Poisson statistics (Fig. 4A and B). Here,
we establish a simple equation to convert the cell loading
numbers into corresponding cell loading times on the condition
that volumetric flow rate and cell concentration are known:

o N, cell N, cell
Tcel] = =5
Meent Q X Peell

(@)

where T, represents “cell loading time [min]”, Ny is “number
of loaded cells [CFU]”, ritee is “cell loading rate [CFU min~']”, Q
is “volumetric flow rate [ml min~']”, and pc.y is “cell concentra-
tion [CFU ml~']”.

We also analyzed the trapping performance of each sieve
individually, and tried to find the correlation between trapping
rates and volumetric flow rates in each of the eight sieves for all
three cases 0°, 15° and 30° (Fig. S4+). The volumetric flow rate at
each sieve was normalized to the flow rate at the inlet (0.1 ul
min~'). By comparing the ratios of the volumetric flow rates at

Fraction of Occupied Sieves
[=]
2]

0.2 : ﬂ] B
0.1 L \{ ™~
o Il
l ‘ m \\\
| 1
7
Number of Cells Per Sieve
B
2 0
3 15
@ é
2 -
© 02
[&] g &
he] At
b Pt
o %
Q. P
o ~
'_
5]
@
a
£
=)
=
0 1
0 500 1000 1500 2000
Number of Loaded Cells (CFU)
C
[}
]
>
Q
2
T°
@
s
3
(5}
o
o}
s
c
2
]
[+
o
- - . 1
6 7

Number of Cells Per Sieve

Fig. 4 Statistical analyses of simulation and experimental results. (A)
Statistical analysis of the simulation results showing the distribution of
cells per sieve as a function of the fraction of occupied sieves. Each curve
represents a different sieve design, 0°, 15° and 30°. (B) Comparative
simulated results for the number of trapped cells per a sieve vs. the
number of loaded cells for the three different designs; the linear fits are
Y=-0.0721+6.71 x 10~* X (0°), Y =—0.1059 + 7.73 x 10~* X' (15°) and
Y = —0.0267 + 1.55 x 10~ X (30°) where X and Y correspond to the
number of loaded cells (CFU) and the number of trapped cells per sieve,
respectively. To trap, on average, a single cell per sieve (Y = 1), a loading
amount of 1596 CFU is recommended for the case 0°, 1158 CFU for the
case 15° and 662 CFU for the case 30°. (C) The identical analysis as in
panel A was carried out for the experimental results acquired by counting
cells trapped in each sieve using image analysis. Both plots indicate
a Poisson distribution of trapped cells.
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the inlet of S1 with that at the aperture of S1 in all three cases, the
ratio for the 30° case is around 1.5 and is 2.0 times higher than
those for cases 0° and 15°. This result implies that the design of
the sieve in the 30° case leads to a lower hydrodynamic resistance
around the sieve than in the other two cases. All three sieve
designs showed same descending order of volumetric flow rates
in the eight sieves: S1, S8, S7, S5, S4, S6, S3, and S2. Comparison
of trapped cell populations in the eight sieves shows significantly
higher values at sieve S1 in all cases. In addition, for case 0°, the
number of trapped cells per sieve predicted by theory (0.59 £ 0.80
cells per sieve) is comparable to the 0.6 + 0.77 obtained experi-
mentally. For cases 15° and 30°, the theoretical versus experi-
mental values are 0.88 £+ 0.88 vs. 0.79 +0.99 and 1.41 £+ 1.23 vs.
1.39 £+ 1.40 cells per sieve, respectively. The higher standard
deviation of the experimental results of cases 15° and 30° is not
surprising, as cell-cell clumping is quite common, even in well-
suspended cultures, leading to the deposition of small cell
aggregates in the sieves.’

To demonstrate the predictive value of the model against an
experimental platform, a comparison was made between the
simulated cell loading of a U-shaped sieve array for each of the
three designs 0°, 15° and 30° (with 0.8 um wide apertures at their
smallest point) and the experimental loading of PDMS
microfluidic array devices with fluorescent K-12 E. coli cells
(Fig. 2D-F)). Both simulations and experiments used a cell
concentration of 2.0 x 107 CFU ml™', a bulk flow rate of 0.1 pul
min~', and a total cell loading time of 30 s. The simulation results
at a loading time of 30 s showed efficient capture of small cell
populations in each sieve. Good agreement was shown between
the simulation results and experimental cell trapping of fluores-
cent E. coli cells in the PDMS microfluidic device with respect to
the number of individual sieves filled and the cell numbers per
sieve. For the acquisition of experimental data, trapped cells in
sieve arrays of 10 microchambers were counted using images
taken using an inverted microscope for each case.

Using the simulated data, a plot of cell number per sieve as
a function of the number of loaded cells ranging from 100 to 1000
CFU was constructed for all three designs, 0°, 15° and 30°
(Fig. 4B). The number of trapped cells in a sieve is linearly related
to the number of loaded cells, suggesting that the trapping rate
(slope) is uniform. Previously, a simulation for trapping
mammalian cells showed that the trapping rate was quadratic
with respect to time for a period of ~15 s, after which very few
cells are deposited in the traps for extended loading periods.'®
Thus, when a large enough number of cells are trapped, the
trapping rate with respect to the number of loaded cells is
saturated. For E. coli cells, which are much smaller than
mammalian cells, the time for saturation will be longer than for
mammalian cells because the sieves have a larger capacity for
trapping E. coli cells. These linear curves are useful for the
determination of the time needed to trap one and only one cell
per sieve before the onset of multiple trapping per sieve. The
number of loaded cells can be converted to loading time by

applying eqn (2).
Application of the single cell trapping device

To demonstrate the potential of the device in a systems biology
application, we performed the following experiment. In time-

lapse experiments, fluorescence was monitored from genetically
encoded RNA sensors expressed in live MB45 cells. MB45 is
a previously described strain of BL21(DE3) E. coli in which
fluorescence occurs upon the formation of a binary protein
complex on a 58 ribonucleotide aptamer tag encoded in a specific
target RNA sequence.”® The binary complex consists of two-
fusion proteins, each containing a portion of the eGFP protein
and a portion of the eukaryotic initiation factor 4A (eIF4A).
Alone, each eGFP fragment is insufficient to generate fluores-
cence. However, binding of eI[F4A portions of the fragments to
the aptamer sequence drives protein complementation of the
eGFP fragments, generating a functional fluorophore. Thus, the
fluorescence intensity indicates the local concentration of the
target RNA molecules within the cell.”” Cells were grown and
expression was induced by IPTG as previously described'® and
then transferred to PBS for imaging.'® Fig. 5A shows a repre-
sentative image of one such trapped E. coli in a device with the
30° sieve design. We tracked a single cell’s fluorescence over an
18 min time course; images were taken of the cell trapped in the
bottom right sieve (S8) at 2 min intervals (Fig. 5B).

Discussion

The simulations and experiments presented here allow for the
fabrication and assembly of very simple cell trapping devices
capable of creating arrays of single cells that are observable using
light microscopy. The main features of our method are: (1) the
trapped cells are minimally impacted due to the pure hydrody-
namic mechanism employed; (2) continuous perfusion of trapped
cells during experiments is enabled; (3) the observed relationships
between the cell loading parameters and cell trapping behavior
determined by simulation and experiment can be used to predict
the trapping ability of the setup.

For example, for a particular loading time, if the loading rate is
known, the cell seeding time can be adjusted to achieve the
optimal seeding density. Ideally, one wants one cell per sieve and
no more or no less than one cell. By controlling the seeding
conditions, one can closely approach these ideal conditions.
Specifically, using a cell loading rate of 2000 CFU min~! and the
linear fits in Fig. 4B are Y = —0.0721 + 6.71 x 10~* X (case 0°),
Y=-0.1059 + 7.73 x 10~* X (case 15°) and Y = —0.0267 + 1.55
x 1073 X (case 30°) where X and Y are the number of loaded cells
(CFU) and the number of trapped cells per a sieve respectively.
Total cell loadings of 1596 CFU for the case 0°, 1158 CFU for
the case 15° and 662 CFU for the case 30° are recommended to
trap a single cell per a sieve (¥ = 1). Thus, the corresponding cell
loading times leading to the greatest number of filled sieves with
the least number of sieves with more than one trapped cell for the
three cases, 0°, 15° and 30° are approximated as 48 s, 35 s, and 20
s, respectively.

There are some notable limitations to our technique. The
simulations were carried out using a single circular chamber,
while the experiments were carried out a larger device comprising
10 circular chambers. As a result, the loading time in the simu-
lation was limited to a single chamber. That is to say, the cell
loading time in the experiment is longer than in the simulation
due to the longer entrance channel to the circular chamber and
the larger number of chambers. Further, due to the low proba-
bility for one and only one cell trapping, this method is not
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(a)

(b)

Fig. 5 Demonstration of imaging a living cell trapped in a device over a time course. (A) Image of trapped E. coli in a device with the 30° sieve design.
(B) Time course fluorescence images taken every two minutes of the cell trapped in the bottom right sieve, demonstrating the ability to track a single cell

over an 18 minute time course.

suitable for very low input concentrations of bacteria, which
would require very long cell loading times. The third case, case
30°, showed the highest trapping rate of 10 cells trapped per 1000
cells loaded (1%). In general, this will not be a problem, since
most bacterial cultures provide significantly larger populations in
relatively short amounts of time. This method is also not suitable
for very high flow rate loadings. Increasing flow rate significantly
may lead to lysis of the trapped bacteria. This feature may be
used, however, to lyse a small population of cells after an
experiment is finished for further analysis. If one wanted to
remove cells for analysis without lysis, a simply reversing the
direction of flow should be sufficient.

The numerical studies presented here simulating individual
bacterium motion apply Lagrangian methods and rigid body
dynamics to the design of a microfluidic device to trap single
bacterium in specific locations. Our computational model is
different from the computational swimming models?*?! in several
respects (see ESIt, Discussion). Particles that entered the device
parallel to the direction of flow all exhibited similar orientations
as they flowed through the device. However, the trajectory of an
ellipsoidal particle is strongly dependent on its initial orientation
as it enters vortices;?* for instance, when an ellipsoidal particle
enters a stagnation flow region and its initial orientation is 45
from the flow direction, it moves further away from the stagna-
tion point (center) than a cell whose initial orientation as parallel
to the principal directions of the flow field (see ESIT, Movies).
This observation may facilitate a better understanding of the
ellipsoidal cell trapping conditions.

Most importantly, the cell trapping device described here is
suitable for use in any research lab with access to simple
microfabrication techniques. Since many devices can be made
from a single mold, the microfabrication work can be done
outside of the lab for time and cost savings. No special surface

treatments are necessary to hold the bacteria in place, and
a simple syringe pump and fittings are suitable for running
experiments.

In conclusion, a novel simulation method to model the trap-
ping of ellipsoidal E. coli cells in sieve structures within
a microfluidic device has been improved by considering rigid
body motion (translation and rotation) with a one-way coupling
approach between the particle motion and the surrounding flow
field. In addition, a novel model of an ellipsoidal cell made up of
thirty-two connected beads was constructed to model the inter-
actions between the cell surface and the solid wall boundaries of
the PDMS microfluidic device. As a result, using this simulation
method, the most efficient of three designs for the trapping of one
single cell per sieve was readily acquired by counting the number
of trapped cells at the individual sieve after specific cell loading
times. We found two interesting phenomena in this single cell
trapping microfluidic device; first, the probability of immobiliz-
ing cells in a sieve decreases as you decrease the aperture size,
enabling single cell trapping of E. coli even with a high cell
density loading (~107 CFU ml™"). Second, the stagnation point
flows near the sieve appear to enhance trapping. In addition, the
developed simulation method is modifiable and could be further
applied to solve for the motion of any axially symmetrical cells
while considering elastic deformation of the cell.

Methods
Design based fluid modeling

A user-specified computational model of the microfluidic system
was built (Fig. S47). First, 2-D CAD drawings of the proposed
systems were drawn and extruded into 3-D solid models using
AutoCAD software (Autodesk, Inc, San Rafael, CA). The STL
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(stereolithography) file format was used and the objects were
extruded in the direction of the channel height. Second, the
surface geometry of STL file was imported into auto-meshing
software (PRO-AM, CD-adapco, London, UK),* and compu-
tational cell shapes were optimized (Fig. S4%, left panel). In
particular, the selection of minimum and maximum lengths for
surface triangulation in the trapping sieves was based on the sieve
aperture size (Fig. S47, right panel). Once the surface mesh was
optimized, the subsurface was generated, which involved
shrinking the original model in all areas except the inlet and
outlet regions. Extrusion layers were made from the subsurface.
Extrusion layers are useful for computations of cell rolling in the
near-wall region, ie. for interactions between cells and the inner
surface of microchannel. Finally, the 3-D computational model
was completed by joining the two types of mesh at the inner
domain of the tetrahedron and extrusion layers of the triangular
prism.'>?

Computational fluid dynamics (CFD) simulations were
carried out using the commercial CFD tool STAR-CD version
4.06 (CD-adapco, London, UK),** which is based on finite
volume method (FVM). An aqueous solution was selected to
transfer cells into patterned micro-chambers. The momentum
equations and the continuity equation were solved using the
SIMPLE (Semi-Implicit Method for Pressure Linked Equation)
algorithm?® with a tolerance of 1.0 x 107%. The SIMPLE algo-
rithm was used for the calculation of steady problems with one
predictor stage and one corrector stage iteratively. The algebraic
multigrid (AMG) approach was used as the linear solver, since it
is independent of geometry.** For the numerical scheme, UD
(upwind scheme; 1% order of accuracy) for the spatial
discretization was used with residual tolerances of 0.1 for each
velocity component and 0.05 for pressure. An aqueous solution
containing ellipsoidal cells was supplied with a flat velocity
profile and a uniform flow rate of 0.1 pl min~! at the inlet
boundary. At the outlet, a pressure boundary condition was
imposed.

E. coli trapping experiments

Stainless steel connectors (New England Small Tube Corp.,
Litchfield, NH) were inserted into the ports of the devices and
linked to 3 cm? syringes (Becton Dickinson, Franklin Lakes, New
Jersey) by Tygon microbore tubing (Cole Parmer, Vernon Hills,
IL). Images of the photolithographic masks and device molds are
included in Fig. S5t. The devices were first primed by flushing the
channels with PBS followed by the injection of PBS containing
E. coli at a concentration of 2 x 107 CFU ml ™" at a flow rate of
0.1 ml min~' through each trap using a syringe pump (Harvard
Apparatus, Holliston, MA). E. coli trapping events were imaged

using a Zeiss 40x 1.1 NA water immersion microscope objective
in a Zeiss Axiovert 100M inverted microscope. Images at higher
magnifications were obtained using an optional 1.6x magnifi-
cation tube lens. A beam from a 488 nm laser (Coherent, Santa
Clara, CA) was expanded through the objective to epi-illuminate
the device over the field of view of the camera. Fluorescence
emission from the bacteria was collected through a 525/50 nm
bandpass filter (Semrock, Rochester, NY) and detected with an
iXon EMCCD camera (Andor, South Windsor, CT).
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