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It is important to quantify the distribution of behavior amongst a population of individual cells to
reach a more complete quantitative understanding of cellular processes. Improved high-
throughput analysis of single cell behavior requires uniform conditions for individual cells with
controllable cell-cell interactions, including diffusible and contact elements. Uniform cell arrays
for static culture of adherent cells have previously been constructed using protein micropatterning
techniques but lack the ability to control diffusible secretions. Here we present a microfluidic-
based dynamic single cell culture array that allows both arrayed culture of individual adherent
cells and dynamic control of fluid perfusion with uniform environments for individual cells. In our
device no surface modification is required and cell loading is done in less than 30 seconds. The
device consists of arrays of physical U-shaped hydrodynamic trapping structures with geometries
that are biased to trap only single cells. HeLa cells were shown to adhere at a similar rate in the
trapping array as on a control glass substrate. Additionally, rates of cell death and division were
comparable to the control experiment. Approximately 100 individual isolated cells were observed
growing and adhering in a field of view spanning ~1 mm? with greater than 85% of cells
maintained within the primary trapping site after 24 hours. Also, greater than 90% of cells were

adherent and only 5% had undergone apoptosis after 24 hours of perfusion culture within the

trapping array. We anticipate uses in single cell analysis of drug toxicity with physiologically
relevant perfused dosages as well as investigation of cell signaling pathways and systems biology.

Introduction

There is much interest in quantifying the range of biological
responses of individual cells to various physiologically-relevant
stimuli as opposed to bulk averages." Once the distribution of
responses to a stimulus have been characterized, this data
can then be used in quantitative predictions of cell behavior
in varied situations.! Particularly useful information can be
acquired if the environmental factors that contribute to
variable responses for individual cells are controlled.

One factor that may contribute to large distributions in
behavior is cell-cell interactions between cells grown in a
monolayer culture environment. Both contact and diffusible
elements may play a role in this situation. Perfusion culture has
been previously used and can reduce the effects of diffusible
elements on cell behavior by convecting away produced sub-
stances that may provide autocrine or paracrine signals.>™
Perfusion, however, does not effect randomness introduced
by cell-cell contact and communication through junctional
proteins,® lipid nanotubes,” and membrane-bound-receptor to
membrane-bound-ligand interactions.® Isolated cells in a
monolayer culture can be observed to remove cell—cell contact
contributions but this does not address diffusible elements. An
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1 Electronic supplementary information (ESI) available: Cell division
and apoptosis off-chip (figures) and a single cell culture under constant
perfusion (video). See DOI: 10.1039/b605937f

1+ The HTML version of this article has been enhanced with colour
images.

additional problem is the nonuniformity of environment
across the culture dish or well. For example, regions of high
cell density may have reduced nutrients and higher waste
concentrations than regions of sparse cell seeding. To address
these problems arrayed uniform environments can be provided
to culture cells and allow easy comparison of data between
cells without confounding factors. Ideally, both secreted and
contact signals can be controlled in these cases.

One widely used method of controlling contact signals and
providing uniform seeding is done by micropatterning of the
substrate and seeding cells on these controlled patches of
extracellular matrix (ECM).>*2° Most recently, this technique
was used to study how cell cytoskeletal distribution effects cell
division axis in hundreds of cells.” High density arrays of
individual adherent cells can be created using these techni-
ques.'*132! Other methods have also been demonstrated for
isolating arrays of single cells, without cell culture following.?* 24
The secreted microenvironment is not controlled using protein
micropatterning or other array techniques alone however, but
requires some method of dynamic perfusion control.

Large scale perfusion systems that do not recirculate media
consume large quantities of reagents, so as expected micro-
fluidic perfusion for cell culture has gained much attention.
Perfusion culture in microfluidic devices has been demon-
strated for large groups of cells>>* or individual cells®’ but
not for ordered arrays. Takayama et al?®*>° demonstrated
a computer-controlled system based on Braille displays to
provide perfusion to cells growing randomly on surfaces
in a microfluidic device. Additionally, Jeon et al**3** and
Folch e al®* demonstrated patterned cell culture within a
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microfluidic device, with continuous perfusion applied. In
most cases, multicellular patterns of cells were formed on the
modified surfaces. To multiplex several perfusion conditions
for a single experiment, Voldman er al®' developed a
logarithmically perfused microfluidic system and determined
differences in morphology and growth characteristics for
mouse embryonic stem cells and fibroblasts seeded randomly
in the device. Both shear stress differences and differences in
nutrient supply and convection of diffusible elements may play
a role in the varied behavior observed.

In contrast to the above techniques, here we present a
technique for both ordered single cell array formation and
culture of an adherent cell line without chemical treatments of
surfaces. Previously, we have shown single cell isolation and
enzyme kinetic analysis using this platform,*® but did not show
maintenance of adherent cells and their behavior over long time
periods. This technique allows dynamic microfluidic control of
perfusion with uniform environments for individual cells. Cells
within the trapping structures are also shielded from the higher
shear stress in the main flow. The device is easily operated, with
single cells loaded in arrays in less than 30 seconds.

Materials and methods
Microfluidic chip fabrication

The molds for the trapping array culture device were
fabricated using negative photoresists (SU-8 50 and SU-8
2002, Microchem Corporation, 3000 rpm spin speed, 40 um
and 2 pm thick) as in Di Carlo er al.*® Poly-dimethylsiloxane
(PDMS, Sylgard 184, Dow Corning) was prepared according
to the manufacturers instructions, degassed in a vacuum
chamber for 1 hour and then poured on the mold and cured in
a 70 °C oven for 2 hours. The PDMS was cut from the mold
with a surgical scalpel and then carefully peeled off the mold.
The fluid inlet and outlet were punched by a flat-tip needle for
tube connections. Both a glass slide and the PDMS structures
were treated with oxygen plasma (0.5 Torr, 40 W) for
20 seconds before bonding.

Cell culture and preparation

HeLa (human cervical carcinoma) cell line was used in
experiments (American Type Culture Collection, Bethesda,
MD). The cells were maintained by passaging twice weekly
with Dubelcco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). For loading,
adherent cells were detached from 100 mm diameter culture
dishes with 5 mL trypsin EDTA (0.25%, Gibco, Carlsbad,
CA). An equal amount of DMEM + FBS was then added to
deactivate remaining trypsin. Cells were then centrifuged to a
pellet and resuspended in phosphate buffered saline pH 7.4
(PBS, Gibco, Carlsbad, CA). A key experimental detail is to
trap suspended cells within 15 minutes of trypsinization to
reduced non-specific adhesion to surfaces. Freshly suspended
cells were introduced into previously PBS filled devices by a
syringe connected to a three way valve. For control experi-
ments, suspended cells were introduced onto a glass slide
contained by a PDMS well and cultured in either an incubator
or (37 °C) heated stage for time-lapse experiments.

On-chip cell culture

Tubing, valves and devices were first sterilized with 70%
ethanol for 5 minutes prior to loading. Sterile PBS was then
used to prime the device and tubing. The previous steps were
all done within a biosafety hood to reduce contamination.
Then, cell solution was added and cells trapped to the desired
density. Next, a valve was switched to sterile media + 10%
FBS and flow was initiated to perfuse the cells. A flow rate of
0.75 pl min~" using a syringe pump (Cole-Parmer) yielded an
average velocity of ~25 um s~ ! in the trapping region. Cells
were either maintained in an incubator between images, or
were heated to 37 °C on a microscope stage for time-lapse
experiments.

Microscopy and data analysis

For time-lapse experiments an Olympus MIC-D microscope
was outfitted with a heated stage. Time-lapse images were
collected using the provided MIC-D software every 3 to
6 minutes. Images were analyzed to determine morphology
and cell division using IrfanView. Cells with a long axis
1.3 times the short axis were considered to be ““adherent”. Cells
were identified as dividing if they retracted from adherent
morphology, became spherical and then separated into two
daughter cells (see Fig. S17). Cells were identified as apoptotic
if they showed blebbing, no movement or shape change over
6 hours, or other apoptotic characteristics seen in Fig. S2.}

Device modeling

For cell culture it is important to understand and control the
shear stress on cell surfaces, since cell pathways can be
activated by high shear stress leading to unwanted -cell
behavior.*” For our device the flow fields around an isolated
trapping structure were modeled in 3D using the finite element
method (FEMLAB 3.0, Comsol Inc.). The Navier—Stokes
equations were used to model fluid flow with only viscous
terms (ie. p = 0 in the subdomains). Boundary conditions
consisted of an average velocity of 25 pm s~ ! at the inlet
and pressure set to 0 at the outlet. The side walls of the
computational domain were set to symmetry, simulating a row
of trapping structures. A single trap (coarse mesh) was
simulated instead of an array because an array became too
computationally intensive to successfully solve with our
current computational resources. Both velocities throughout
the domain and shear stress components at the boundaries of
the domain were collected.

Results and discussion
Single cell trapping arrays

Trapping arrays were successfully fabricated and tested. The
device consists of branched trapping chambers linked in
parallel (Fig. 1A), while the arrays within the chambers consist
of U-shaped PDMS structures that are 40 um in height and are
offset from the substrate by 2 um (Fig. 1B-C). Each chamber
contained between 4 and 5 traps over its width (Fig. 1C). Also,
each row of traps was asymmetrically offset from the previous
row (Fig. 1C). It was qualitatively observed that asymmetric
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Fig. 1 Single cell trapping arrays. (A) A photograph of the cell
trapping device is shown demonstrating the branching architecture and
trapping chambers with arrays of traps. The scale bar is 500 pm. Cell
and media flow enters from the left and enters the individual trapping
chambers where it is distributed amongst the individual traps. (B) A
diagram of the device and mechanism of trapping is presented. Traps
are molded in PDMS and bonded to a glass substrate. Trap size biases
trapping to predominantly one or two cells. The diagram is flipped
from the actual device function for clarity; a functioning device is
operated with the glass substrate facing down towards the earth. An
inset shows the geometry of an individual trap. The device is not drawn
to scale. (C) A high resolution brightfield micrograph of the trapping
array with trapped cells is shown. In most cases cells rest at the
identical potential minimum of the trap, while in some cases two cells
are trapped in an identical manner amongst traps. A magnification
shows the details of the trapped cell. Trapping is a gentle process and
no cell deformation is observed for routinely applied pressures.

rows of traps were better at filling throughout the chamber
when compared to symmetrically offset rows. Several lengths
for the depth of the trap were examined for the best isolation
of individual cells (10 pm, 15 pm, 30 um, and 60 um). It was
found that ten micrometre deep traps most consistently
trapped individual HeLa cells (average diameter ~15 pm).*
For other cell types with different average diameters, the
optimum trap size should vary. Additionally, since there is a
distribution of cell sizes amongst a population, there may be
a bias to trap smaller cells that can more easily occupy the
trapping sites.

Model of flow and shear stress in trap structures

The fluid velocity and shear stress were simulated as described
in ‘Materials and methods’ for a single 3D trap structure
containing a spherical trapped cell. This was conducted to
determine shear stress conditions for trapped cells, to compare
to physiologically relevant shear stresses. For a flow rate of
0.75 pL min~ ! used in experiments the maximum velocity
reaches ~50 pm s ! and the distribution of velocity
magnitudes around a single occupied trap is shown in
Fig. 2A at a position z = 20 pm from the substrate in the
middle of the channel. In the region in front of and behind the
trap the velocity is reduced as is expected. Shear stresses on a

spherical trapped cell were also modeled and the distribution is
plotted over the trapped cell and on the bottom surface of the
channel for the same flow conditions (Fig. 2B). The shear
stress of the bottom surface approximates that which an
adherent cell would feel. Here, the average shear stress,
observed outside the trapping structure is 6 x 10”2 dyn cm ™2
and the average shear stress in the trap is 2.5 x 107> dyn cm 2.
This leads to a ratio of shear stress between the main flow and
within the trap of ~24. The average shear stress on a spherical
trapped cell is also 3.5x% 107> dyn cm ™2 These numbers are
much below physiological shear stress of ~ 10 dyn cm™2 that
vascular endothelial cells experience but comparable to shear
stress caused by interstitial flow.*® The shear stress ratio
observed in our device will remain independent of flow rate for
low Reynold’s number and is a number characterizing how
“shielded” the trapped single cells will be from the main flow.

Arrayed single cell culture

We demonstrate culture of ordered arrays of single Hela
cells under constant perfusion of media + 10% FBS. For a
flow rate of 25 pL min~ ! time-lapse images were taken every
3 minutes of a trapped array of HeLa cells on an incubated
microscope stage (Fig. 3). Cells are shown after 12 and 24 hours
in Fig. 3B-C. Initially, the single cell trapping rate for this
sequence was 70% (Fig. 3A). After 12 hours small changes in
morphology are observed away from a spherical morphology
towards an adherent morphology. Also, cell division is
observed in a few cases (top arrow — Fig. 3B). After 24 hours,
a majority of cells display an adherent morphology and both
cells identified with arrows have divided. In some cases cells
are observed to escape the trapping structures as well.
Behavior of several cells in the trapping structure over time
is shown for dividing and adhering cells in Fig. 4. It should be
noted that in most cases after cell division both daughter cells

50

Fig. 2 Modeling shear stress. Velocity magnitude and shear stress
magnitude is plotted for a 3D model of the trapping structure with a
trapped spherical cell. Velocity magnitude is plotted for a z distance
20 um from the substrate, while shear stress magnitude is plotted for
the boundary surface of the microchannel and trapped cell. (A)
Velocity magnitude is plotted showing a region of reduced velocity
within the trapping structure. The scale goes from a maximum of
50 um s~ ! to a minimum of 0 ym s~ '. (B) Shear stress magnitude is
plotted on the lower boundary of the device. Here the scale extends
from 0 to 0.12 dyn cm ™2 in the main graph. An inset shows a close-
up of the trapping region with a new scale extending from 0 to
0.025 dyn cm 2. Notice the reduced shear stress within the trapping
structure. Scale bars are 25 pm.
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Fig. 3 Arrayed single cell culture. Micrograph images of cells
cultured within the microfluidic arrays are shown. Cells were cultured
under continues perfusion of media + 10% FBS with an average
velocity (25 pm s~ 1) for over 24 hours (Video S17). Pictures are shown
at times (A) 0 h, (B) 12 h, and (C) 24 h. The arrows indicate cells that
undergo cell division within this time period. Scale bar is 50 pm.

remain isolated in the trapping structure. Another interesting
observation is the directionality of adherence in HeLa cells
that are trapped. It is observed that a large fraction of growing
HeLa cells have a long axis parallel to the long axis of the
trapping structure. It also appears that the cells became
adherent to the PDMS structure as opposed to the glass
substrate in these cases. This may be due to serum containing
adhesion-promoting proteins that may adhere to the hydro-
phobic PDMS surface biasing attachment. Adhesion on the
PDMS structures may limit microscopic analysis in some
cases, due to diffraction at the interface of the trap. To limit
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Fig. 4 Uniform cell behavior. Characteristics of growth for single
trapped cells are shown. Frames from a movie of cell growth in the array
are shown demonstrating both cell division (first three rows) and
morphologies indicative of cell adhesion (rows 4 through 6). Notice
the uniformity in morphology observed amongst adherent and amongst
dividing cells. The hours after seeding are shown underneath each image.
After division daughter cells remained within the trapping region.

adhesion, future studies could employ treatments with high
concentrations of bovine serum albumin (BSA) that will coat
the PDMS surface.

Quantitative analysis of the dynamics of cell adhesion,
death, division, and escape from traps were performed for a
24 hour period (Video S17) and are plotted in Fig. SA. Here it
was observed that 50% of cells displayed adherent morphology
after 15 hours. After 24 hours 6% of cells showed charac-
teristics of apoptosis, while 15% had escaped from the vicinity
of the initial trapping site. The high level of maintenance
within the trapping structures after 24 hours may be due to
shear sheltering within the trapping structure. Additionally,
5% of cells had undergone cell division after 24 hours. These
results were compared to cell behavior in a control experiment
using the same glass substrate with no traps or perfusion
(Fig. 5B). In this experiment 50% of cells were adherent after a
similar 14 hours, while 5% of cells were apoptotic after
24 hours, and only 1% of cells had undergone cell division.
Typical behavior of dividing cells and apoptotic cells as
observed in the control experiment is shown in Fig. S1 and
S2.1 The requirement for a cell to be considered “‘adherent”
was a length 1.3 times its width.

Adherent morphology was confirmed by comparing cell
behavior in the trapping structure to cells cultured under
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Fig. 5 Cell behavior in trapping structures and the control substrate.
(A) Cell adhesion, division, and death are reported every hour for
individual cells in the single cell array. (B) The same characteristics are
plotted for culture on a control glass slide without perfusion.
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Fig. 6 Morphology in trapping structures and control substrate.
HeLa cell morphology is shown after 24 hour growth on a glass
substrate without perfusion (A) and after 24 hours of perfusion in the
trapping array (B). Notice the similar adherent morphology. Some
differences are observed due to attachment of cells to the PDMS
structures in (B). Scale bars are 25 pm.

similar conditions in the control experiment (Fig. 6). Similar
adherent and elongated morphology is observed in the
images seen on a glass slide (Fig. 6A) and in the device (Fig. 6B).

Conclusions

We have demonstrated a microfluidic-based hydrodynamic
trapping method for creating arrays of single adherent cells
with dynamic control of perfusion possible. HeLa cells are
cultured and a high level of maintenance in the original
position of trapping is observed after 24 hours. Additionally,
cell division, adhesion, and apoptotic behavior was compar-
able to static culture on the same substrate, indicating cells
are not stressed above normal culture conditions. After cell
division, daughter cells were also observed to be maintained
within the original trapping structure. As compared with
previous single cell arrays, cell-cell communication by both
contact and diffusible elements is a controllable parameter
in this device. We anticipate this technique will be useful in
single cell studies of metabolism, pharmacokinetics, drug
toxicity, shear stress activation, and chemical signaling path-
way activation and inhibition.
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