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Abstract Visualizing the natural behavior of motile cells

over many hours is a challenge, as cells can leave the field

of view of a microscope in a matter of minutes. Many

interesting cell behaviors—such as cell division, motility

phenotype, cell–cell interactions, and multicellular colony

formation—require hours of observation to characterize.

We present a microfluidic device that traps hundreds of

single motile cells in isolated chambers, thereby allowing

observation over several days. This polydimethylsiloxane

device features 400 circular chambers, connected to a

central serpentine channel. Motile cells are loaded into

these chambers through the serpentine channel. The

channel is then purged with air, fluidically isolating the

chambers from each other and effectively trapping the

cells. We applied the device to observe the behavior of the

choanoflagellate Salpingoeca rosetta. Because of its ability

to live in both solitary and colonial forms, S. rosetta is a

useful model organism for the study of the evolutionary

origins of multicellularity. In particular, S. rosetta can take

on two distinct colonial forms: chain colonies and rosette

colonies. With our device, we are able to observe the for-

mation of these colonies from single cells more easily and

with higher throughput than ever before. This device has

the potential to be a powerful tool for studying the long-

term behavior of motile cells.

Keywords Microfluidic � Motile � Choanoflagellate �
Isolation � Visualization � Cell

1 Introduction

Microfluidic biological assays allow investigators to

address biological questions which are difficult to answer

with conventional techniques. With microfluidic trapping

technologies, single-cell assays can be performed in a high-

throughput manner using limited reagents (Breslauer et al.

2006; Ingham and Vlieg 2008; Kim et al. 2008; Murali-

mohan et al. 2009; Nilsson et al. 2009; Weibel et al. 2007;

Di Carlo and Lee 2006). Along with this advantage,

microfluidic has also made it possible to grow cells

indefinitely within a chemostat (Balaban 2005; Groisman

et al. 2005; Novick and Szilard 1950), study cellular
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chemotaxis with a steady-state concentration gradient

(Mao et al. 2003), and allow cell sorting and sample dis-

pensing all on one chip (Fu et al. 2002), to name a few

examples.

The choanoflagellate Salpingoeca rosetta is a flagellated

protozoan whose study would greatly benefit from an

effective microfluidic isolation device. Choanoflagellates

are the closest known extant relatives of metazoans

(Fairclough et al. 2010; King 2004, 2005; Lang et al.

2002). S. rosetta is a unique model organism for studying

the evolution of multicellularity because it can exist either

solitarily or in one of two colonial forms, chain or rosette,

depending on environmental cues (Alegado et al. 2012;

Fairclough et al. 2010). Visualizing the formation of S.

rosetta colonies from a single cell using conventional

techniques is an extremely time-consuming and challeng-

ing task, as it requires constant tracking of the cells for at

least 12 h. Furthermore, it is difficult to track more than

one cell/colony at a time. Long-term visualization would

be more accessible with the aid of a high-throughput

microfluidic device that could isolate single cells within

one microscopic field of view without hindering their

movement.

Designing such an isolation device presents several

challenges. Most microfluidic devices for single-cell ana-

lysis are designed for adherent cells with limited motility.

Motile cells, such as choanoflagellates, are capable of

escaping most device traps. Microwells, for example, are

effective with adherent cells for a wide range of applica-

tions (Lindstrom and Andersson-Svahn 2010, 2011)

including studying the dynamics of stem cell differentia-

tion (Lindstrom et al. 2009a), massively multiplexed PCR

genotyping (Lindstrom et al. 2009b), and protein-binding

assays (Friedman et al. 2009); however, microwells cannot

confine cells in 3D, and so motile cells can simply swim

out of the chambers (Lindstrom and Andersson-Svahn

2011). Another common method for studying non-motile

cells is a mechanical trap, which confines cells with a

variety of different physical structures. Examples of the

diverse techniques developed for mechanical traps include

using magnetic force to immobilize cells into an array (Liu

et al. 2009), capturing large cells by filtering cell solution

through a membrane microfilter (Zheng et al. 2007), and

trapping single cells within U-shaped structures (Di Carlo

et al. 2006). However, even if these traps could be adapted

for use with motile cells, they ultimately immobilize the

cells, thereby preventing the study of their natural move-

ment and behavior. The few devices that have been spe-

cifically designed for motile cells similarly immobilize the

cells using hydrodynamic trapping (Kumano et al. 2012;

Lutz et al. 2006), likewise rendering these devices inade-

quate for studying cell motility, growth, or developmental

processes. Clearly, a need exists for a device that can be

used for visualization of motile cells without hindering

their movement or subjecting them to mechanical forces

that may alter their behavior.

We present a microfluidic device that traps single motile

S. rosetta cells in isolated chambers where cells can

function normally and move freely. Each chamber serves

as a miniaturized suspension cell culture for the isolated

motile cells. The cells can be visualized for over 65 h as

they divide, form colonies, and interact with other daughter

cells. The design is both simple to fabricate and simple to

operate. The chip consists of 400 circular chambers,

branching off of a serpentine channel and can be self-loa-

ded with the cell solution after vacuum treatment by degas-

driven flow (Cira et al. 2012; Dimov et al. 2011; Luo et al.

2008). Degas-driven flow is a simple loading mechanism

that is caused by the diffusion of air back into PDMS after

the device has been ‘degassed’ in a vacuum. As the PDMS

absorbs the air, this creates negative pressure inside the

channels of the device, which draws the sample fluid into

the isolation chambers. The chip can be vacuum-treated

just prior to an experiment. Alternatively, if a vacuum

system is unavailable in the laboratory, the chips can be

pretreated with vacuum at the time of fabrication and

hermetically sealed in plastic bags with an inexpensive

food vacuum sealer. In that case, the bag is simply cut open

and the chip immediately loaded with the cell solution.

After loading the cell solution, the chambers are fluidically

isolated by pumping air through the serpentine channel,

creating an air–fluid barrier that effectively traps the cells

in the chambers. Surface tension at the narrow chamber

opening prevents the media in the chambers from being

flushed out during this process. Once the cells are confined,

we can observe cell behavior, division, and colony for-

mation on a massive scale unattainable with conventional

techniques.

Media retention, chamber size parameters, and cell

media concentration have all been optimized for the study

of S. rosetta, but can easily be modified for application to

other types of motile organisms. This device provides a

simple and high-throughput way to study the division and

interaction of motile microorganisms through long-term

visualization.

2 Methods

2.1 Device fabrication

We fabricated the microfluidic device using standard soft

lithography (Xia et al. 1999). A 50-lm single-layer nega-

tive mold was photolithographically patterned with SU-8

photoresist. Polydimethylsiloxane (PDMS, Sylgard 184),

mixed at a 10:1 elastomer-to-curing-agent ratio, was
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poured over the mold and allowed to cure for 4 h at 60 �C.

PDMS devices were bonded to a glass slide via oxygen

plasma treatment. The devices included 400 trapping

chambers, 70 lm in radius, connected to a 60-lm-wide

serpentine channel via media retention bridges, 70 lm long

and 25 lm wide (Fig. 1).

2.2 Microfluidic device operation

The choanoflagellate suspension was loaded via degas-

driven flow, and the chambers were then isolated by

flowing air through the serpentine channel (Fig. 2). First,

we placed the device in a vacuum chamber for ten min at

*300 mTorr with the outlet hole covered with Scotch tape

(3 M). After removing the device from the vacuum, 20 lL

of cell suspension was placed on the inlet. After 30 min,

media had entirely filled the chambers, and cells were

distributed among the chambers (Online Resource 1). We

removed the tape covering the outlet and inserted a stain-

less steel catheter into the outlet hole. A 10-mL syringe on

a syringe pump (New Era Pump Systems) was connected

with tubing to the inlet hole of the device with a stainless

steel catheter. Since PDMS is permeable to water vapor,

the device was completely submerged in a petri dish filled

with deionized water to prevent media evaporation from

the chambers. The syringe pump pumped air through the

device at 10 mL/h until the loading channel had been

evacuated (Online Resource 2). Once the loading channel

was evacuated, the syringe pump was set to 0.1 mL/h for

the remainder of the study. This constant airflow provided

necessary oxygen transport to support cell viability.

2.3 Cell culture

The choanoflagellate cell line S. rosetta (ATCC) with E.

pacifica bacteria was cultivated in cereal grass media,

which is processed by steeping artificial sea water in

Ward’s cereal grass (Scholar Chemistry), followed by filter

sterilizing. The cells were grown at room temperature and

subcultured every 1–2 days.

In preparation for cell injection into the microfluidic

chip, cells were subcultured daily at a 1:5 cell-to-media

concentration to progress the cells into log-phase growth.

We concentrated the cells by centrifugation, followed by

aspiration of the media. To form rosette colonies, one

colony of A. machipongonensis was added to the cells.

Since the culture was still dominantly composed of single

cells up to 18 h after induction, we waited approximately

12–18 h before loading the induced cells into the chip.

2.4 Visualization of cells on chip

Cells were visualized on the chip under phase-contrast

microscopy. For long-term visualization of a small number

of chambers, one field of view of the microscope was

recorded for 24 h with images taken at 10-s intervals. For

experiments involving many chambers, an automated stage

was used to take pictures of each chamber in the device

once per hour for 68 h. ImageJ was used to conduct particle

tracking of the cells in the chambers, and MATLAB was

used to process the data from ImageJ.

2.5 Media retention analysis

Media retention capabilities of submerged and non-sub-

merged devices were examined with a fluorescence-based

assay. After loading the devices with a 1 lM solution of

green fluorescent protein (GFP) in deionized water, we

submerged one device in a petri dish filled with water and

left another device non-submerged. We evacuated the

serpentine channels of the devices, leaving GFP only inside

the chambers, and imaged three consecutive rows of each

device at 0, 3, 6, 12, and 24 h after evacuating the ser-

pentine channel. The images were captured using an

Fig. 1 The device consists of

400 trapping chambers

branching from a serpentine

channel. Narrow retention

bridges between the chambers

and the serpentine channel

decrease media loss in the

circular viewing chambers. Air

is pumped through the

serpentine channel to achieve

fluidic isolation of each

chamber
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inverted epi-fluorescence microscope with a 409 objective

magnification (Motic AE31). The cross-sectional area of

media retained was determined across [20 chambers at

each time point using ImageJ.

2.6 Chamber size comparison

Three different devices were fabricated with chambers

of 30, 50, and 70 lm radii to investigate the effect of

chamber size on the rate of proliferation of trapped

cells. A cell suspension containing 2.5 9 106 cells/mL

of media was injected into the chip and loaded into the

three different devices simultaneously. Cell numbers

were recorded in each chamber of five rows for each

device at 0, 12, and 24 h after loading.

2.7 Trapping efficiency analysis

The distribution of the number of trapped cells per chamber

given different cell concentrations was analyzed. The

device was loaded with four different concentrations of

choanoflagellates in media, ranging from 100,000 cells/mL

to 8.35 million cells/mL. To allow the cells to become

more evenly distributed across the device, cells were

allowed to move naturally for 30 min after loading the

devices, before counting began. After the incubation, the

number of cells in each trapping chamber from four rows

of the device was recorded.

3 Results and discussion

3.1 Visualization of cells on chip

We were able to visualize the S. rosetta cells in the device

under phase contrast for over 2 days as they moved

throughout the chambers, interacted with each other, pro-

liferated, and formed colonies.

Figure 3a shows a rosette colony that formed in the

device from a single cell after induction with A. machi-

pongonensis 18 h prior to loading. The image was cap-

tured 18 h after loading the device. Due to the extreme

difficulty in using conventional methods to visualize

motile cells, the formation of a rosette colony has been

captured on video only once before (Fairclough et al.

2010). Our device has the potential to procure hundreds

of recordings of rosette formations within a single

experiment. Figure 3b demonstrates tracking of several

Fig. 2 To operate, the device is degassed in a vacuum chamber for

5 min (1). After removal from the vacuum chamber, a drop of cell

solution is loaded on the inlet, which fills all the chambers (2). Next, a

syringe pump flows air through the device evacuating the serpentine

channel and effectively trapping the cells in the chambers (3). Finally,

the device is submerged in water to retain media (4). The cells can

then be visualized under a microscope (5)

Fig. 3 a Phase-contrast image of a rosette colony that formed in the

device, starting from a single cell. b This image shows the path of

several choanoflagellates in an isolated chamber over a short period of

time. Each ‘x’ represents the location of a cell after five frames of

video (at 30 frames per second)
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choanoflagellates in a chamber over a period of 10 s

(Online Resource 3). Such tracking can enable high-

throughput studies of motility phenotype.

Using an automated stage, we captured data from many

chambers over a 68-h period. We investigated colony

formation of S. rosetta cells by recording the percentage of

cells which formed colonies versus those that remained

solitary based on the proximity of neighboring cells. Ele-

ven chambers which had a single, healthy cell at the start of

the experiment were selected for analysis. Cells which had

a centroid spacing within 10 lm of one another were

considered to be part of a colony; all others were consid-

ered solitary.

After 68 h, the average cells per chamber had grown

from 1 cell to 6.9 cells, corresponding to a doubling time of

21.4 h, which is within the range of doubling times of

11–25 h seen in bulk culture conditions (Wain 2011;

Fairclough e al. 2010). This indicates that the device does

not adversely affect cell proliferation. Approximately 25 h

into the experiment, the average number of cells per

chamber reached two, and the percentage of solitary cells

decreased below 20 % as the cells began forming chain

colonies (Fig. 4a, b). As the colonies increased in size,

cells began to bud off the colonies, resulting in an increase

in the percentage of solitary cells approximately 45 h after

loading (Fig. 4b, c). One possible explanation for this

observation is that colony size is limited by mass transport

of nutrients, so beyond a certain size, colonies tend to

disaggregate. Figure 4d shows representative images of

one chamber at different time points illustrating a single

starting cell (3 h), a chain colony of three cells (31 h),

partial disaggregation of this colony as it grows to five cells

(45 h), and complete disaggregation with seven cells in the

chamber (67 h).
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Fig. 4 a This graph shows the average number of cells per chamber

across 11 selected chambers. b This graph shows the percentage of

solitary cells over time. At the start of the experiment, each chamber

had exactly one cell; therefore, all of the cells were in a solitary form.

As the average cells/chamber increased, the cells began to form chain

colonies, causing the percentage of solitary cells to fall. The

percentage of solitary cells increase after 48 h, as cells begin to bud

off the colonies. c This graph illustrates how the percentage of

solitary cells vary depending on the number of cells in the chamber.

From 1 to 5 cells per chamber, there is a sharp decrease in the number

of solitary cells. As the chain colonies grow in size, cells begin to bud

off, increasing the percentage of solitary cells. d Phase-contrast

images of one chamber at four time points. At 3 h, a single cell is

present in the chamber. The images at 31 and 45 h show that the cell

has divided and begun forming a chain colony (with 3 and 5 cells,

respectively). After 67 h, the number of cells in the chamber has

grown to 7, and the colony has completely disaggregated. Full time-

lapse of this chamber is available in Online Resource 5
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3.2 Media retention analysis

Because PDMS is gas-permeable and microfluidic devices

contain very small volumes of fluid, evaporation is a major

concern. To address this issue, we submerged devices in a

shallow dish of deionized water. This method substantially

reduced media depletion due to evaporation and PDMS

absorption. Even after 24 h, the submerged chips still had

approximately 90 % of the GFP solution in the chambers,

whereas the non-submerged chips had only 12 % of the

solution remaining (Fig. 5).

Submerging the devices in water has proven to be an

effective and simple means of retaining media in the

trapping chambers, enabling long-term experiments.

Retention of media is important not only for visualizing

cells long term but also for maintaining the concentration

of the media components, since solvent evaporation will

lead to an increase in solute concentration. For short-term

applications where the maintenance of solute concentration

is of less concern, submerging might not be necessary. The

retention bridge provides time to complete short-term

experiments with non-submerged devices. Applying a

previously developed algorithm (EPA 1999), we calculated

a bridge retention time of 3.65 h, while our experiment

showed depletion of bridge media after only 3 h

(‘Appendix’). We attribute the increased rate of media

depletion to PDMS absorption of the media (Regehr et al.

2009).

3.3 Chamber size comparison

We found a positive correlation between chamber size and

the rate of proliferation (Fig. 6). For the smallest chambers

with 30 lm radii, we observed no proliferation, even after

24 h. However, for chambers with 50 and 70 lm radii,

after 24 h the number of cells increased by 30 and 50 %,

respectively.

We propose that the significant effect chamber size has

on proliferation can be attributed to nutrient consumption

and interactions with the PDMS. Cell growth and division

have been shown to be directly related to the cell media’s

nutrient condition and concentration (Umehara et al. 2003).

By fluidically isolating the cells in a given amount of

media, we are forming microecosystems with specific

ratios of organisms to consumable nutrients. Since most

chambers with choanoflagellates contain only one or two

cells after loading (regardless of chamber radius), the larger

volumes provide more nutrients for these cells and thus

increase viability and potential growth rates. Additionally,

PDMS oligomers are known to leech into microfluidic

devices and adversely affect cell health (Regehr et al.

2009). Increasing the chamber size, thereby decreasing its

surface-area-to-volume ratio, may reduce this effect.
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Fig. 5 a Epi-fluorescence photographs taken at 0, 12, and 24 h after

evacuation of the serpentine channels demonstrate the effect of

submerging the chip on media retention. In the submerged chip, little

solution was lost after 24 h; however, the majority of the solution was

lost in almost every chamber of the non-submerged chip after 24 h.

b This graph shows the percent of the initial volume of GFP solution

in the chambers after 3, 6, 12, and 24 h after loading. All values,

obtained by image processing of epi-fluorescence photographs,

represent the cross-sectional area of GFP solution retained in the

chambers. The blue bars represent the submerged chips, while the red

bars represent the non-submerged chips. After 24 h, the non-

submerged chips lost approximately 88 % of the solution, nearly 8x

more than the submerged chips (color figure online)

12 240

Time After Loading (hrs.)

P
er

ce
nt

 In
cr

ea
se

 o
f N

um
be

r
of

 C
el

ls
 in

 D
ev

ic
e

30 µm radius 50 µm radius 70 µm radius

20

40

60

Fig. 6 This graph shows the percent increase in number of cells in

the device for three different chamber sizes. The largest chambers of

70 lm radius showed the largest percent increase in cells, more than

50 % after 24 h. The 30-lm-radius chambers had no increase in cells,

and the 50-lm-radius chambers had a 30 % increase
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While the trend would suggest further increasing

chamber size to increase cell proliferation, we chose 70 lm

as an ideal radius because it allowed visualization of

multiple chambers in one field of view while simulta-

neously yielding adequate proliferation. The specific

chamber size needed for a given organism will depend on

its specific nutrient consumption rate.

3.4 Trapping efficiency analysis

The distribution of cells in the devices varied based on the

loaded cell concentration. At very low cell concentrations

(100,000 and 500,000 cells/mL), most chambers had no

cells, while less than 5 % had only one cell. At 2,500,000

cells/mL, over 80 % of the chambers were occupied by at

least one cell, and nearly a third of the chambers had

exactly one cell trapped inside. At the highest concentra-

tion of 8,350,000 cells/mL, almost every chamber was

filled, but over 85 % had two or more cells inside.

We compared the distribution of cells in our device to a

Poisson’s distribution, which assumes that the cells act

independently of one another (Fig. 7a); therefore, the

trapping of one cell in a chamber neither increases nor

diminishes the chance of another cell being trapped.

Although the Poisson’s model accurately predicts the

general trend for the likelihood of a chamber containing 0,

1, or [2 cells, it deviates in certain places, particularly in

predicting the percentage of chambers with 1 or [2 cells.

This is likely due to the fact that some cells load as

clumps.

The following equation will provide the optimal con-

centration, assuming a Poisson’s distribution, for obtaining

the highest percentage of chambers with a desired distri-

bution. We encourage the modification of our device for

the specific organism of study; therefore, the equation will

accommodate any changes in area, volume, or number of

chambers in the device.

Optimal concentration ¼ kðAþ BÞn
AV

k desired number of cells/chamber, A area of trapping

region (Fig. 7), B area of non-trapping region (Fig. 7),

V volume of device (mL), and n number of chambers.

4 Conclusion

Our novel microfluidic platform allows high-throughput

visualization of the movement and behavior of motile cells

for extended time periods. The device offers a number of

advantages over conventional visualization methods, as

well as similar microfluidic devices. The conventional

method of visualizing cells in a petri dish is low throughput

and requires constant tracking to keep the motile cell in the

field of view of the microscope. Our easy-to-operate device

confines cells to one of many chambers which can be

individually observed using an automated stage. Unlike

other devices designed for motile organisms, our device

traps cells in a hydrostatic environment without immobi-

lizing them, thereby allowing them to move and behave

normally.

Our device can be used in a number of different ways.

Depending on the study, it could be used either to visualize

cells in a few chambers for a long time period or to image

every chamber in the device using an automated stage in

order to obtain large sample sizes. The number of cham-

bers, as well as their shapes and sizes, may be tailored to

particular experimental needs. We have provided equations

for determining the evaporation time of media in the device

and the optimal concentration of cells for a desired distri-

bution, which will also aid in experiment design. We

anticipate this platform finding many applications in the

study of motile cell behavior.
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Fig. 7 a The observed frequencies of 0 cells/chamber, 1 cell/

chamber, and 2? cells/chamber are plotted against the expected

Poisson’s distribution for the four different concentrations that we

tested. The Poisson’s distribution provides a reasonable approxima-

tion of the distribution of trapped cells in the device. b The green area

(labeled a) represents the trapping region, and the red area (labeled b)

represents the non-trapping region. These areas are used for the

equation to obtain the optimal concentration for a desired distribution

of cells/chamber. The size and shape of these areas could be modified

for different organisms and purposes (color figure online)
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Appendix: Media retention equations

US EPA method

E ¼ 0:1288 � A � P �M0:667 � u0:78

T

E evaporation rate (kg/min), u wind speed just above the

pool liquid surface (m/s), M pool liquid molecular weight,

A surface area of the pool liquid (m2), P pool liquid vapor

pressure at the pool temperature (kPa), T pool liquid

absolute temperature (K).

Retention bridge evaporation time

t ¼ tevac þ
ð2:21� 1011Þ � lB � T � ws � hð Þ0:78

P �M0:667 � Q0:78
s

� tevac � Q0:78
evac

Q0:78
s

t time for media in bridge to evaporate (min), tevac time

syringe pump set to Qevac (min), lB bridge length (m),

T media absolute temperature (K), ws serpentine width (m),

h channel height (m), P vapor pressure of media at T (kPa),

M media solvent molecular weight, QS study flow rate

(mL/h), Qevac serpentine evacuation flow rate (mL/h).
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