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Study of cells in culture (in vitro analysis) has provided important insight |nto complex biological systems. Conventional methods and equipment
for in vitro analysis are well suited to study of large numbers of cells (>1O ) in milliliter-scale volumes (=0.1 ml). However, there are many
instances in which it is necessary or desirable to scale down culture size to reduce consumption of the cells of interest and/or reagents required
for their culture, stimulation, or processing. Unfortunately, conventional approaches do not support precise and reproducible manipulation of
micro-scale cultures, and the microfluidics-based automated systems currently available are too complex and specialized for routine use by
most laboratories. To address this problem, we have developed a simple and versatile technology platform for automated culture, stimulation,
and recovery of small populations of cells (100 - 2,000 cells) in micro-scale volumes (1 - 20 pl). The platform consists of a set of fibronectin-
coated microcapillaries ("cell perfusion chambers"), within which micro-scale cultures are established, maintained, and stimulated; a digital
microfluidics (DMF) device outfitted with "transfer" microcapillaries ("central hub"), which routes cells and reagents to and from the perfusion
chambers; a high-precision syringe pump, which powers transport of materials between the perfusion chambers and the central hub; and an
electronic interface that provides control over transport of materials, which is coordinated and automated via pre-determined scripts. As an
example, we used the platform to facilitate study of transcriptional responses elicited in immune cells upon challenge with bacteria. Use of the
platform enabled us to reduce consumption of cells and reagents, minimize experiment-to-experiment variability, and re-direct hands-on labor.
Given the advantages that it confers, as well as its accessibility and versatility, our platform should find use in a wide variety of laboratories and
applications, and prove especially useful in facilitating analysis of cells and stimuli that are available in only limited quantities.

Video Link

The video component of this article can be found at https://www.jove.com/video/50597/

Introduction

The study of cells maintained in culture (in vitro analysis) has provided invaluable insight into the fundamental principles and molecular
mechanisms governing complex biological systems and human health. The conventional methods for culture, stimulation, and collection of

cells for analysis, which utilize Petri dishes and microtiter plates, were designed for study of large populations of cells (>10 ) in milliliter-scale
culture volumes (=0.1 ml). However, there are many instances in which only limited quantities of cells are available (e.g. primary cells), or small
populations of cells are desirable (e.g. to reduce cell-to-cell variability across the population), or required reagents are difficult to obtain or
prohibitively expensive (e.g. purified cell-secreted factors). Such issues can be successfully addressed by scaling down culture size, which has
the added benefit of reducing consumption of all reagents required for in vitro analysis1 2 Unfortunately, conventional equipment and methods do
not support precise and reproducible manipulation of micro-scale cultures and the microfluidics-based automated systems currently available® "
are too complex and specialized for routine use by most laboratories.

In this report, we describe assembly and use of a simple and versatile technology platform for automated culture, stimulation, and recovery of
small populations of cells (100 - 2,000 cells) in micro-scale volumes (1 - 20 pl). The platform architecture (Figure 1) is modular in design: a set
of fibronectin-coated microcapillaries ("cell perfusion chambers" module) serves as the site for establishment, maintenance, and stimulation of
micro-scale cultures; and a digital microfluidics (DMF)1 "3 device outfitted with "transfer" microcapillaries ("central hub" module)14 '® routes cells
and reagents to and from the perfusion chambers. DMF enables the user to individually address multiple droplets simultaneously and to change
or re-order the manipulations (i.e. reconfigure sample processing trains) without altering the dewce hardware. Its tremendous flexibility is ewdent
in its recent emergence as a key technology in a wide range of applications, |nclud|ng cell culture'®!” , enzyme assays 819 , immunoassays

DNA anaIyS|s , protein processmg,242 and clinical specimen processing. .27 Oyr central hub takes advantage of the erX|b|I|ty inherent

to DMF devices, and further enhances it through the addition of microcapillary interfaces, which provides opportunity to carry out a subset of
manipulations (e.g. cell culture) in specialized peripheral modules, rather than on the DMF device itself. Compartmentalization of processing
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trains in this way also simplifies design of the platform architecture (no need to build a DMF device that can carry out all processing steps) and
facilitates its evolution as new functions are required (simply integrate new peripheral modules as necessary). Transport of cells and reagents
within the central hub is driven by electrowetting forces generated by sequential activation of electrodes within the DMF device'®?® ; transport
to, from, and within the perfusion chambers is powered by pressure changes generated by a high-precision syringe pump. All of these fluid
movements are controlled via a simple electronic interface and automated through use of pre-determined scripts.

As a representative example, we demonstrate the use of the platform for the study of transcriptional responses elicited in immune cells upon
challenge with bacteria (Figure 2). Carrying out these experiments on the platform enabled us to work with small numbers of cells (~1,000 per
experimental condition), minimize experiment-to-experiment variability, conserve reagents, and re-direct hands-on labor. Given the advantages
that it confers, as well as its accessibility and versatility, this platform should find use in a wide variety of laboratories and applications and prove
especially useful in facilitating analysis of cells and stimuli that are available in only limited quantities.

This general protocol is designed to support application of the platform to a wide variety of studies; aspects specific to the representative study
described in this report are separated out in brackets. Figure 2 illustrates a representative study carried out using the protocol. Note that in the
protocol, all "instruct" commands are automated through use of pre-determined scripts. Note too that Step 2 can be carried out in parallel with
Step 1 (e.g. during Steps 1.7 and 1.8), and that Step 2.1 is often bypassed (because patterned/coated DMF device plates can be washed and re-
used; see Step 5.2).

1. Assemble and Populate the Cell Perfusion Chambers

1. Coat the interior surfaces of sterilized (autoclaved) microcapillaries (fused-silica; 679 um o.d., 534 ym i.d; 15 cm long) with fibronectin, by
instructing the syringe pump to draw a sterile fibronectin solution (30 ul of 50 ug/ml) into each microcapillary, incubating (37 °C for 2 hr),
instructing the syringe pump to withdraw the solution, and letting the microcapillaries dry (room temperature (RT) for 6 hr).

2. Connect each fibronectin-coated microcapillary (perfusion chamber) to polycarbonate tubing (500 um o.d., 100 ym i.d.) and the tubing to the
multi-port syringe pump, using CapTite fittings (6 perfusion chambers, 8-port syringe pump).

3. Using tape, secure the body of each perfusion chamber to a heat block set to desired temperature (37 °C).

4. Immerse the open ends of the perfusion chambers in a reservoir (microcentifuge tube or microtiter plate well) containing cells (P388D.1
murine macrophages suspended in fresh growth medium (RPMI-1640, 10% FBS, 500 units/ml penicillin, 500 ug/ml streptomycin) at desired
concentration (10° cells/ml).

5. Instruct the syringe pump to draw cells (10 pl, 10* cells) into each perfusion chamber followed by enough air to move the liquid plug (~4.5 cm)
to the section secured to the heat block.

6. Allow the cells to adhere to the fibronectin-coated interior surfaces of the perfusion chambers (37 °C for 1 - 2 hr). In the meantime, transfer
the open ends of the perfusion chambers from the cells reservoir to a new reservoir containing fresh growth medium.

7. After the adherence period, instruct the syringe pump to send the liquid plugs (conditioned media and unattached cells) to waste, withdraw
fresh medium (10 pl), and follow with enough air to position the new liquid plugs (fresh medium) over the adhered cells.

8. Continue to carry out medium exchanges (i.e. repeat Step 1.7) at regular intervals (every 2 hr) until the cell populations are sufficiently
equilibrated and expanded (16 - 24 hr of micro-scale culture generated populations of ~1,000 cells/chamber).

2. Fabricate the DMF Device and Assemble the Hub Architecture

1. As described previously14'29, pattern the bottom plate of the DMF device with forty-six indium tin oxide (ITO) electrodes (drivers of droplet
actuation) by photolithography and etching, and coat with 5 pm of Parylene-C and 50 nm of Teflon-AF. Form the top plate of the DMF device
by coating an unpatterned ITO glass substrate with Teflon-AF, as above.

2. Using metal compression frames, fix the DMF plates into a polymer cast with recesses that maintain a 400 ym spacing between the
plates; this spacing, combined with the actuation electrode size (2.5 mm ) defines the droplet volume (2.5 pl per electrode). Note that DMF
assembly can be accomplished by simpler means?*

3. Insert Teflon-coated transfer microcapillaries (360 um o.d., 100 pmi.d.; 3.5 - 4.0 cm long) into the space between the DMF plates, positioning
each to extend to the edge of its cognate actuation electrode.

4. To the opposite end of each transfer microcapillary affix a CapTite fitting.

5. Engage the electrical connectors to supply voltage to the ITO electrodes. Electrode activation sequences are automated through use of a
computer-controlled electronic interface running pre-determined scripts.

6. Optional: Move the assembled DMF hub onto the translational stage of a microscope (SZ-6145TR gOIympus Japan)) equipped with a
charge-coupled device (CCD) camera (DCR-HC96 (Sony, Japan)) to facilitate tracking of droplets.

3. Connect the Perfusion Chambers to the DMF Hub and Stimulate the Cell Populations

14,30

1. Remove the open ends of the perfusion chambers from the medium reservoir (see Step 1.6) and insert them into the CapTite fittings affixed
to the ends of the transfer microcapillaries of the DMF hub (see Step 2.4).

2. Instruct the syringe pump to send the liquid plugs (conditioned media) in the perfusion chambers to waste.

3. Instruct the DMF hub to draw stimulus (E. coli BioParticles at 100 pg/ml in fresh medium with 0.1% Pluronic F127 w/v) from an on-board
reservoir and deliver a droplet of appropriate size (10 pl) to each transfer microcapillary. The on-board reservoirs are comprised of cylindrical-
shaped compartments (1.5 x 1.5 cm each) and connected to the DMF Hub via tubing.

4. Instruct the syringe pump to draw the stimulus plugs into the transfer microcapillaries, and follow with enough air to position the plugs over
the cell populations in the perfusion chambers.
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5. Incubate the cells with stimulus (37 °C for 1 - 4 hr). Optional: Exchange for fresh stimulus (i.e. repeat Steps 3.2-3.4) at regular intervals.

4. Terminate Stimulation and Recover Cell Lysates for Analysis

1. Optional: If a post-stimulation period is required, exchange the stimulus-containing liquid plugs for fresh medium (i.e. repeat Steps 3.2 - 3.4,
substituting fresh medium for stimulus), and continue to incubate and exchange as needed.

2. Exchange the liquid plugs in the perfusion chambers for wash buffer (Prelude Direct Lysis Module Buffer B) (i.e. repeat Steps 3.2 - 3.4,
substituting wash buffer for stimulus), and incubate as needed (5 min).

3. Exchange the liquid plugs (wash buffer) for lysis solution (Prelude Direct Lysis Module Buffer A with 0.1% Pluronic F127 w/v) (i.e. repeat
Steps 3.2 - 3.4, substituting lysis solution for stimulus), and incubate as needed (5 min).

4. Instruct the syringe pump to send the liquid plugs (cell lysates) to the DMF hub.

5. Disassemble the DMF hub, remove the top plate of the DMF device (using care not to tilt the plate sideways, as this can result in droplet
mixing), and collect the lysates using a Pipetman or syringe for off-platform analysis (gene expression profiling via gPCR).

5. Clean Platform Hardware for Re-use

1. Immerse the transfer microcapillaries and CapTite fittings in 10% bleach (v/v in water) for 10 min at RT, rinse well with deionized water, and
dry using nitrogen gas.

2. Immerse the DMF device plates in 10% bleach for 10 min at RT, rinse well with isopropanol followed by deionized water, and dry using
nitrogen gas followed by baking at 160 °C for 10 min.

3. The syringe pump's polycarbonate tubing, and the DMF device's polymer cast and compression frame, can be re-used without cleaning. The
perfusion chamber microcapillaries are discarded after each experiment.

Representative Results

As a demonstration of the automated platform, we used it to carry out a study in which small populations of immune cells were grown in micro-
scale cultures, challenged with bacteria, and lysed for off-platform analysis of pro-inflammatory responses (Figure 2).

Each of six cell perfusion chambers was seeded with 10* immune cells (P388D.1 murine macrophages) resuspended in 10 pl of growth
medium. After an adherence period (37 °C for 2 hr) and a medium exchange, ~500 cells remained attached to the interior surfaces of each
chamber (Figure 3A), as measured through analysis of replicate microscale cultures (cells released via chelator treatment and counted via
hemacytometer and light microscopy). Further incubation at 37 °C for 16 hr, with medium exchanges at 2 hr intervals, expanded the cell
populations to ~1,000 cells per chamber (Figure 3B) (as measured through analysis of replicate microscale cultures, as described above).

In four of the six perfusion chambers, the cell populations were challenged with E. coli bacteria (pHrodo BioParticles), resuspended in growth
medium, and delivered at a multiplicity of infection (MOI) of 20 (i.e. each cell in the population was challenged with 20 BioParticles, on average).
In the remaining two chambers, the cell populations received a mock challenge (i.e. growth medium only). After incubation at 37 °C for 1 hr
(two bacteria-challenged cultures) or 4 hr (two bacteria-challenged, and two mock-challenged, cultures), the cells were washed and lysed, and
the lysates recovered from the DMF hub. Conventional bench-scale methods were used to prepare cDNA from the lysates, and to measure
transcript levels for inflammation mediators: Chemokines MIP-13 (CCL4) and RANTES (CCL5), inducible cyclooxygenase COX-2 (PTGS2), and
cytokine TNFa (TNF).

Figure 4 summarizes the results from three independently replicated experiments. We found that immune cells grown and challenged in micro-
scale cultures (red bars) mounted pro-inflammatory transcriptional responses that were essentially identical to those elicited in cells grown and
challenged in conventional cultures (blue bars). Moreover, the on-platform (micro-scale) experiments showed less variability (as indicated by
smaller error bars) and consumed smaller quantities of cells and reagents (Table 1).
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Figure 1. Photograph of Automated Platform for Micro-Scale Cell Stimulation Experiments.
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Figure 2. Overview of a Representative Platform-Enabled Experiment: Transcriptional Profiling of Inmune Cells Challenged with
Bacteria in Micro-Scale Cultures.

Expression

Figure 3. Photographs of Imnmune Cells Cultured in a Micro-scale Perfusion Chamber. Murine macrophages (P388D.1 cell line) were
resuspended in growth medium at a concentration of 10° cells/ml, and 10 pl (104 cells) used to seed a fibronectin-coated microcapillary
(perfusion chamber). Bright-field photographs were taken using a MVX10 microscope (Olympus) equipped with a CCD camera (Qimaging).

To measure population size, cells from replicate micro-scale cultures were released from the perfusion chamber surfaces using Cell Stripper,
stained using trypan blue, and counted using a hemacytometer and light microscope. A. After a 2 hr adherence period (incubation at 37 °C
without disturbance) and a medium exchange, ~500 cells remained attached to the interior surfaces of the perfusion chamber. B. After 16 hr of
culture (incubation at 37 °C with medium exchanges every 2 hr), the population had expanded to ~1,000 cells.
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Figure 4. Transcriptional Profiles of Inmune Cells Cultured and Stimulated in Conventional Vessels versus Micro-scale Perfusion
Chambers. Murine macrophages (P388D.1 cell line) were resuspended in growth medium at a concentration of 10° cells/ml. For conventional
cultures, 50 pl (5 x 10* cells) were used to seed 150 pl of growth medium in a well of a 96-well microtiter plate; for micro-scale cultures, 1OJJ|
(104 cells) were used to seed a fibronectin-coated microcapillary (perfusion chamber). After incubation at 37 °C for 16 hr, the cells (~5 x 10

per conventional culture, ~10° per micro-scale culture) were challenged with E. coli bacteria (pHrodo BioParticles) at a multiplicity of infection
(MOI) of 20 (that is, 20 BioParticles for every cell in the culture); negative control (mock-challenged) cultures received only fresh media. After
further incubation at 37 °C for 1 or 4 hr, the cells were washed and lysed using reagents from the Prelude Direct Lysis Module. Lysate RNA was
amplified and converted to cDNA using Ovation PicoSL WTA, the larger (=200 nt) cDNA products purified using Agencourt RNAClean XP, and
these products used as template in TagMan gPCR assays to measure transcript levels for MIP-13 (CCL4), RANTES (CCL5), COX-2 (PTGS2),
and TNFa (TNF), as well as GAPDH (for normalization of cDNA levels between lysates). Each gPCR assay was carried out in triplicate, and
the results averaged. Each experiment was independently replicated three times. Bars indicate average fold increase in transcript levels in
conventional cultures (blue) or micro-scale cultures (red) challenged with bacteria, as compared to negative control (mock-challenged) cultures;
error bars indicate standard deviation across the three experiments.

Requirement

Conventional Experiment

Micro-Scale Experiment

60,000

Cells 3,000,000

Growth Medium 2.4 ml 0.7 ml
BioParticles 200 pg 4 ug
Wash & Lysis Reagents 300 pl each 60 pl each

Table 1. Requirements for Conventional versus Micro-Scale Cell Stimulation Experiments. Numbers are drawn from the representative
experiment described in this report (Figure 2), in which murine macrophages (P388D.1 cell line) were grown in six conventional (96-well
microtiter plate) versus micro-scale (perfusion chamber) cultures, challenged with E. coli bacteria (pHrodo BioParticles) at an MOI of 20, and

lysed for gPCR analysis.

We have developed a simple and versatile automated platform for micro-scale cell culture and stimulation experiments. The platform enables
us to work with small culture volumes and cell populations (1 - 20 pl and 100 - 2,000 cells, per chamber); culture sizes could be further reduced
through use of microcapillaries of smaller diameter. Working at these scales reduces the cost of routine studies and makes feasible studies that
require use of precious reagents and/or cells. Platform-executed experiments also show less variability, presumably due to the precision and

reproducibility with which cells and fluids are handled by the automated platform.

The current configuration of the platform draws cells and media from off-board reservoirs (microcentrifuge tubes or microtiter plate wells) for
seeding, equilibration, and expansion of cell populations in the perfusion chambers. This is a simple way to address the mismatch between
growth medium requirements (e.g. 700 pl consumed in the representative experiment described above) and the capacity of the DMF device's on-
board reservoirs (24 pl each). However, this configuration necessitates mid-experiment manual intervention, to switch between two reservoirs
(Step 1.6) and connect the perfusion chambers to the DMF hub (Step 3.1). Future configurations could include large-capacity (e.g. 1 ml)
on-board reservoirs, which would enable routing of all materials through the DMF hub, thereby eliminating need for mid-experiment manual

intervention.
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Our experiments required only short-term (<24 hr) culture of cells on the platform. We have verified that cell viability on the platform is
comparable to that in conventional cultures for at least 24 hr (data not shown). However, we have not yet attempted to maintain cultures on the
platform for longer periods of time. Evaporation is not a major concern because the platform's perfusion chambers and growth medium reservoirs
are partially closed systems and the liquid plugs covering the cells are easily replenished via medium exchange. On the other hand, to maintain
pH in long-term cultures it may be necessary to house the growth medium reservoirs in a 5 - 10% CO, atmosphere or switch to a growth medium
that does not include a CO,-bicarbonate based pH buffer. Additionally, long-term culture of actively dividing cells would expand populations to
the point of confluency (i.e. coverage of all available surfaces within the perfusion chamberg, which would necessitate passaging of the cells
(release, wash, dilute, and re-seed). Others have accomplished this in microfluidic regimes 5897 and in its current configuration the platform
should be able to carry out all of the required manipulations. In summary, we anticipate that with modest modification (primarily to protocols,
rather than hardware) our platform should be capable of supporting long-term mammalian cell culture. This would seem a particularly promising
future direction because conventional methods are time-consuming and labor-intensive; adding a long-term culture capability to the repertoire of
our automated platform would further enable its users to re-direct their labor more productively.

Although we have tested only a few different cell types thus far (e.g. murine macrophage cell line RAW264.7; murine bone marrow derived
macrophages (BMDM)), the platform should be able to accommodate virtually any adherent cell type. In some cases, it may be necessary to
change the perfusion chamber coating from fibronectin to another extracellular matrix component (or mixture of components), or to change
the growth medium, but these modifications are easilyé made. Work with non-adherent cell types could be more challenging, but cell tethering
strategies have been successful in similar contexts*>*, It should also be possible to create mixed cultures comprised of multiple cell types;
indeed, the precision with which the platform handles cells and fluids should ensure that construction of mixed cultures is highly reproducible.

With regard to stimuli, virtually any substance that can be transported within an aqueous liquid plug should be compatible with our
platform5’13’16’35. In the case of large or dense particles, which can settle out over time, it may be necessary to periodically resuspend them within
the reservoirs; in the past, we have addressed this issue through use of high-density carrier fluid® or a simple agitation system (data not shown),
solutions that should be easy to implement on our platform.

Thus far, our characterization of cells cultured and stimulated on the platform has primarily focused on gRT-PCR analysis of hallmark pro-
inflammatory responses. As a next step, comprehensive analysis of the cell population's transcriptome (via DNA microarrays or Generation
Sequencing (SGS) (i.e. RNA-Seq37'38)), is well within reach; with modest modification of the cDNA preparation step, our platform and protocols
should be fully capable of supporting global transcriptional profiling studies. Similarly, analysis of cell population responses at the protein level
(via ELISA, immunoprecipitation, mass spectrometry, or protein microarrays) should require only modification of the lysate preparation steps.
The platform also supports imaging-based analysis of cell responses. Cells can be imaged within the perfusion chamber (e.g. Figure 3); use

of flat-surfaced (rather than rounded) microcapillaries for the perfusion chamber module would facilitate this type of analysis. Additionally, cells
can be imaged on the DMF hub ™3, prior to seeding of the perfusion chambers and/or after release from them. Released cells also may be
imaged off of the platform. Thus far, we have used light and fluorescence microscopy to image cells at all of these stages in order to analyze
their morphology, viability, proliferation rate, and physical interactions with stimuli (e.g. BioParticles) and each other (data not shown). Microscopy
also should enable analysis of metabolite content (assessed through use of fluorescent dyes), transcriptional activity (assessed through use of
reporter constructs), and protein levels/localization (assessed through use of reporter constructs, fluorescent protein fusion constructs, and/or
immunocytochemistry). Released cells could be analyzed using flow cytometry as well. Many of these analyses could be carried out entirely on
the platform in its current configuration; others would require off-platform analysis or integration of specialized microfluidics-based modules (e.g.
see References 203%4 ) into the platform via connection to the DMF hub. Taken together, it seems likely that our platform will prove valuable

in enabling multi-dimensional analysis of small populations of cells, which otherwise can be achieved only through use of very complex and
expensive robotic systems.
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