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ABSTRACT OF THE DISSERTATION

Microfluidics for Quantitative Biology

by

Micha Adler

Doctor of Philosophy in Physics (Biophysics)

University of California, San Diego, 2012

Professor Alex Groisman, Chair

Microfluidics has been proven to be a valuable tool in the study of biological

systems.  The possibility for engineering microenvironments has allowed for more

sensitive and specific studies.  This dissertation discusses both novel methods for

generating microenvironments and improvements of systems already produced in our

laboratory.  Chapter 2 discusses many different gradient-generating devices for

exploring cellular activity.  It begins with improved devices for generating spatial



xv

gradients of chemical factors.  Devices for generating temporal gradients of chemical

factors are discussed next, and finally devices for generating dissolved-gas

concentration gradients are discussed. Devices discussed in this dissertation were

employed in biological research as described in the text.
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CHAPTER 1: MICROFLUIDICS

1.1 INTRODUCTION

Microfluidic devices manipulate fluid flows within channels and chambers

whose defining length scales are on the order of 1-100 microns.  The scale of

microfluidic devices, which ranges from a single cell to a colony, allows for the fine

control of microenvironments and for novel biological experiments.  The small size of

microfluidic chambers and channels also enables building devices with small

footprints and large numbers of identical elements to conduct massively parallel

experiments using small amounts of expensive biological reagents.  Microfluidics can

also be integrated with detection and sensing modules to create lab-on-a-chip

technologies for the realization of portable total analysis systems.

In fluid dynamics, an important dimensionless parameter is the Reynolds

number (Re) given by Re = VL/ν where V is a characteristic velocity, L is a

characteristic length scale, and ν is the kinematic viscosity of the fluid.  The Reynolds

number is a ratio between the inertial forces and the viscous forces in the fluid flow.

Flows with Reynolds numbers below ~2 x 103 are likely to be laminar, while above

that value turbulence can be an issue depending on the specific properties of the

channels and the fluids. For flows of aqueous media in microfluidic devices, typical

values for V, L, and ν are 0.01-1000 mm/s, 0.01-0.1 mm, and 1 mm2/s respectively,

giving Re = 10-4-102. Therefore, laminar flow can nearly always be safely assumed,

and much of microfluidic technology is based on this assumption.
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In general, the design of microfluidic devices is guided by a small set of basic

parameters, including channel dimensions (width, height, and length), channel

configurations, and applied hydrostatic pressure differences across the device.  These

parameters control fluidic resistances of channels, flow velocities, and patterns, which

in turn define shear rates, shear stresses, and the residence time of the fluid in different

channels.  The flow patterns and residence times are key parameters for diffusive

mixing in the channels.  Each application will have its own considerations and will

demand a specific, optimized design. Two fabrication techniques suitable for rapid

and low-cost production of small batches of customized microfluidic devices are soft

lithography, with microfluidic chips cast from Polydimethylsiloxane (PDMS), and

rapid prototyping, with the master mold fabricated by photolithography of photoresists

with appropriate thicknesses (without etching the underlying silicone substrate). The

substrates commonly used in the rapid prototyping of master molds are polished

silicon wafers with 3-6” diameters. Because the area of a wafer is much greater than

the footprint of a typical microfluidic device, multiple versions of a microfluidic

device can usually be fabricated at the same time.  This feature of the fabrication

technique allows exploring the effects of variations of different parameters of the

device and facilitates iterative improvement with a short turn-around time and rapid

convergence on the optimum configuration.  PDMS is also a good material for

biological experiments, because it is chemically inert; compatible with aqueous

solutions, cell-culture media, and live cells; and gas permeable, which facilitates

cellular respiration and allows for control of dissolved gas content.



3

1.2 DESIGN AND FABRICATION OF MICROFLUIDIC DEVICES

The process of creating devices begins with a design drawn in a drafting

software (Macromedia freehand is used by the lab, but Solidworks and AutoCAD are

two of the other common options). A drawing of a microfluidic device is always

made with the different layers of the device and heights of channels in mind.  All

features meant to be in the same layer of channels and have a single height are drawn

on a single layer of the drawing.  When the drawings for all the variations of a single

device are complete, they are arranged in a square 3-3.5” on a side to allow for many

devices (~4-40) to be fabricated at once.  To prepare the design for printing as a

photomask, the different layers are separated and arranged side by side on a single

sheet and sent to a high-resolution photo-plotting facility for the production of high

resolution photomasks, which are plotted in black ink on transparent mylar films.

Once the sheet is received, individual masks are cut out and glued to 4”x 4” glass

slides with the printed side facing out..

To do the fabrication, photoresist is patterned on a silicon wafer.  The

photoresist can be either positive (the AZ resist series from Electronic Materials,

Branchburg, NJ), with the areas exposed to UV light becoming soluble in the

developer, or negative (the SU-8 series, by Microchem, Newton, MA), with UV-

exposed areas becoming cured hard epoxy. The photomasks are printed as positives,

with black features on a transparent background for positive resists, and as negatives,

with transparent features on a completely opaque background, for negative resists. To

begin the preparation of a master mold, a layer of photoresist with the desired



4

thickness is spun onto a polished silicon wafer.  The thickness is determined by the

formulation of photoresist and the rotation speed of the spin coater.  Curves of resist

thickness vs. rotation speed are available for commercial photoresists.  After

photoresist has been spun onto the wafer, it is baked for an appropriate time

(depending on thickness and formulation of photoresist) and exposed to UV light

through a photomask.  Then, if the resist is of the SU-8 epoxy type, the wafer is baked

again to complete the curing of the epoxy in areas exposed to UV light, and

subsequently treated with a developer to remove uncured epoxy from areas that have

not been exposed. If the intended relief of the SU-8 epoxy has multiple depths, the

process is repeated multiple times with the addition of an alignment with respect to the

existing pattern of cured SU-8 epoxy before exposure through the photomask. Shorter

features, corresponding to shallower channels in the future microfluidic device, are

done first and a practical rule of the thumb is to do no more than three different layers,

as there is a possibility of failure at each step and each alignment is only accurate to

within ~10 microns.  When the wafer is complete with a multi-layer relief of cured

SU-8 epoxy, it is treated with trimethylchlorosilane (TMCS) to passivate the surface,

making it less sticky to PDMS pre-polymer, so cured PDMS comes off cleanly

(without destroying the SU-8 relief on the wafer) and the wafer can be reused multiple

times.

The most commonly used formulation of PDMS is Sylgard 184 by Dow

Corning, which comes as two liquid components, resin and cross-linker, with a

recommended mixing ratio of 10:1. The two components are mixed (sometimes in
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disproportionate ratio from 5:1 to 20:1) and the mixture (a thick liquid with a viscosity

of ~4 Pa·s) is poured onto the wafer, which has an aluminum foil cup formed around

it.  The wafer is then put into a desiccator to degas the PDMS pre-polymer and, when

all bubbles have been removed, is placed into an 85 °C oven to bake for 20-45 minutes

(until hard). The PDMS is then cut and peeled off the wafer and the slab of PDMS is

then diced into individual chips with engraved bottom surfaces.  Holes are punched in

the chips to create the inlet and outlet ports of the future microfluidic device.  A

microfluidic device is completed by bonding the engraved surface of the PDMS chip

to a microscope cover glass (usually #1.5). Reversible bonding is achieved by placing

chips on cover glasses and baking them in an oven at ~85 °C overnight or at ~150 °C

for ~30 min. Alternatively, PDMS can be bound irreversibly by using an oxygen

plasma treatment on the cover slip and the device prior to bonding.

1.3 STANDARD EXPERIMENTAL SETUP

Flows in devices are usually driven by applying a differential pressure between

the inlets and outlets of the devices.  Differential pressures can be generated

hydrostatically, with compressed air, or a combination of both. To generate

hydrostatic pressure the solutions are kept in reservoirs, made from modified syringes

or Eppendorf tubes, and attached to stages sliding along vertical rails.  Hydrostatic

pressure is controlled by adjusting the height of the stages.  All reservoirs are

maintained above the level of the microfludic device so as to create positive absolute

pressure inside the microchannels of the device and prevent formation of air bubbles
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in the microchannels (because of air from the atmosphere being driven into the

microchannels through the porous PDMS chip).  Syringes are held upright with their

Luer connectors at the bottom. The Luer connectors have blunt-tipped needles

attached to them.  The blunt-tipped needles are connected to segments of plastic

tubing (Tygon or PTFE) which is connected to the device ports (inlets and outlets)

through short segments of polyimide tubing, which fit snugly into both the tubing and

the ports.  Eppendorf tubes are sealed with PDMS stoppers, with two holes punched in

each stopper. A hard-plastic (PTFE) tubing is threaded through one hole, such that the

end of the tubing is 2-3 mm above the bottom of the tube, making it a siphon. The

other end of the tubing is inserted into a port of the device. The other hole in the plug

is either left open, venting the Eppendorf tube to atmosphere, or has a blunt needled

Luer connector inserted into it, making it possible to connect the tube to a source of

pressurized air. This way, when an application calls for pressures greater than ~10

kPa (a practical limit to the hydrostatic pressures which can be conveniently generated

in the lab), the hydrostatic pressure can be supplemented with pressure from

compressed air that is adjusted with a sensitive regulator and measured with an

accurate electronic gauge.

Channels in microfluidic devices can be filled with water (or an aqueous

solution) without bubbles by, first, injecting water into one of the ports with a syringe

and then placing the entire device into a water filled container, which is subsequently

pressurized to ~10 psi to force the small volume of air remaining in the microchannels

into porous matrix of the PDMS chip.  In applications where this type of device filling



7

is impossible, for example when there are channels that are meant to remain liquid-

free, the microchannel network of the device is filled with an aqueous solution from a

single inlet. To get rid of air bubbles, which might have been left, all ports of the

device are blocked, and a pressure of 2-4 psi is applied to the filling inlet. As a result,

the entire microchannel network is pressurized to the same level, and air from the

bubbles is slowly driven into the porous PDMS matrix. Once all channels are bubble-

free and all ports of the device are connected by a contiguous volume of liquid, the

device is generally ready to be run as intended.

1.4 ORGANIZATION OF DISSERTATION

Projects I have been involved with are described in this dissertation.

Collaborative projects are introduced along with a description of my contribution, and

the text of published papers are reproduced.  Papers for which I am the first author will

be presented with no introduction beyond that given in the papers.

Chapter 2 will discuss the generation of spatial and temporal gradients of

concentration of gases and soluble compounds in microfluidic devices and

applications of these gradients for studying eukaryotic and bacterial chemotaxis.

Applications of spatial gradients of soluble compounds for studies of Dictyostelium

discoideum chemotaxis will be discussed in section 2.1. Generation of temporal

gradients (time ramps) of dissolved chemicals and their application in a study of the

adaptation kinetics in the chemotactic pathway of Dictyostelium discoideum will be

presented in section 2.2.  Devices generating gradients of concentrations of gas
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dissolved in aqueous media and a study of aerotaxis of Escherichia coli bacteria using

a custom-built microfluidic device will be presented section 2.3.
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CHAPTER 2: GRADIENT GENERATION FOR CHEMOTAXIS

STUDIES

Gradients are known to be essential to directed cellular motion.  Studies of

directed cellular motion have used gradients generated in a number of different ways.

However, generating gradients that are stable, quantifiable, and reproducible has been

a challenge for the biological community. To provide a solution to this problem I

have designed microfluidic devices to generate gradients of chemical factors (e.g.,

cAMP) in both space and time.  Additionally, I have designed microfluidic devices to

generate spatial gradients of dissolved gas concentration (e.g., O2).  These gradients

are stable, quantifiable, and reproducible.  The devices have been used to study the

genetic and molecular foundations of chemotaxis in eukaryotes (i.e., D. discoideum)

and the aerotactic response of bacteria (i.e., E. Coli).

Section 2.1 will discuss the generation of spatial gradients of soluble

chemicals, section 2.2 will discuss the generation of temporal gradients of soluble

chemicals, and section 2.3 will discuss the generation of spatial gradients of dissolved

gas concentration.

2.1 CHEMICAL GRADIENTS

Chemical factors have long been known to affect directed cellular motion.

Microfluidics provides the tools necessary to study chemotaxis in stable, quantifiable,

and reproducible gradients of chemical factors.  Section 2.1.1 describes my role in a

study of D. discoideum in an exponential gradient and the devices used to generate
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those gradients. Section 2.1.1.1 is the published paper that resulted from the study.

Sections 2.1.2 and 2.1.2.1 are, repsectively, a description of my role in a study of D.

discoideum using a device designed to create linear gradients in confined channels and

the paper that resulted from that study.

2.1.1 Dictyostelium Chemotaxis in Exponential Gradients

During the course of this project I was involved in the design of the devices

and was responsible for all the fabrication.  I trained and provided support for Danny

Fuller in the Loomis lab who was responsible for running the experiments with D.

discoideum cells.  Because a detailed description of the devices used in the experiment

is ommitted from the published paper I will include it below.

Devices for experiments on D. discoideum chemotaxis in exponential gradients

were based on the gradient-making technique described in K. Campbell, et al., Lab

Chip 7, 264 (2007) (Campbell 2007) (Fig. 1) but were made without a control layer for

ease of use.  Individual devices were designed to generate exponential profiles of

chemoattractant concentration with different logarithmic slopes across the 550-µm

central area of an 800-µm wide channel.
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A logarithmic slope is defined as dln(C)/dx, where C is the attractant

concentration and x is the coordinate across the channel, it can be interpreted as a

fractional change in concentration over a given small distance across the channel (and

along the gradient). Separate devices were designed and built providing fractional

changes of concentration of 1.25%, 2.5%, 5%, 7.5%, and 10% over a 10 µm distance

(a standard cell diameter). For the channel width of 550-µm these fractional changes

Figure. 1 Splitting and redistribution of flux in a horizontal channel. (a)
Fluorescence micrograph of the right hand side of the horizontal channel of the 4th

stage in the gradient-making network generating an exponential profile, with
serpentine channel of the 3rd and 4th stage at the top and bottom, respectively. The
grayscale look-up table is nonlinearly adjusted for better visibility. Arrows indicate
the direction of flow. (b) schematic diagram showing splitting and redistribution of
flux between serpentine channels of the kth and (k + 1)th stages and illustrating the
meaning of the coefficients α and β. Serpentine channels of the kth and (k + 1)th

stages are shown as vertical channels at the top and bottom, respectively, and are
numbered from 1 to Nk and from 1 to Nk+1,  respectively. Coefficients at the arrows
show portions of flux in the channel of the (k + 1)th stage supplied by the channel of
the kth stage. (reprinted from Lab Chip 7, 264 (2007).)
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corresponded to ratios of 2, 4, 16, 64, and 256, respectively, between the highest and

lowest concentrations in the gradient (Chigh and Clow) (Fig. 2).

Figure 2. The microfluidic device used in the D. discoideum studies utilizing
exponential gradients. a. Inlets for Clow(light gray), Cmid(dark gray), and
Chigh(black).  The main outlet is used to load cells before the experiment and as the
outlet during the experiment.  The mixing stages depicted in Fig. 1a are colored red,
blue, and green for the 1st, 2nd, and 3rd stages respectively. The diversionary outlet
(purple) is used as the outlet before the experiment begins to avoid pre-exposing
cells to a gradient. The exposure of these cells to the gradient (and the chemotaxis
assay) was initiated by stopping the flow towards the diversionary outlet by either
pressurizing it or blocking the tubing line connected to it with a clamp. b and c
magnified view of the area around the diversionary channels (orange box). b.
Arrows represent direction of flow before the experiment is initiated. c.  Arrows
represent flow directions after experimient has been intitiated. Red crosses indidcate
that the diversionary outlet has been blocked.
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The actual concentrations in the exponential profile was defined by the choice

of concentrations fed to the three inlets of a device: Clow, Chigh (with the ratio Chigh/Clow

defined by the device design), and highlowmid CCC  .  The three solutions fed to the

device inlets were directed to a gradient-making channel network designed according

to the algorithm described in Campbell 2007 (Fig. 1),  where streams of solutions were

repeatedly split and recombined to generate an exponentially increasing number of

solutions with intermediate concentrations at consecutive stages of the network. The

gradient making network has three stages and 17 outlet channels, with the attractant

concentration varying by a certain constant factor between solutions in adjacent

channels (21/16 , 22/16, 24/16 , 26/16, and 28/16 for the concentration differences of 1.25%,

2.5%, 5%, 7.5%, and 10% per 10 µm, respectively). The 17 solutions were directed to

the 800 µm wide test channel of the device in side-by-side streams with the same

width of 32.4 µm, creating a 550 µm wide gradient stream, which was flanked by two

125 µm wide streams with uniform concentrations of Clow and Chigh. The introduction

of the flanking streams presented a two-fold improvement compared with the designs

in Campbell 2007 and P. Herzmark,et al., Proc. Natl. Acad. Sci. U.S.A 104 (33),

13349 (2007) (Herzmark 2007).  First, the flanking streams mitigated the inevitable

degradation of the exponential profile with increasing distance from the test channel

inlet. Second, the even widths of the streams with all individual concentrations

improved the shape of the gradient in its marginal regions (near Clow and Chigh).

The simplified design of the devices with a single layer of channels, in contrast

to the two layer of channels in the devices used in Herzmark 2007, precluded the use
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of membrane valves to switch the flow, making it necessary to find an alternative

technique for an abrupt exposure of naïve cells to a stable gradient. To this end, the

device had a dedicated diversionary outlet, towards which the entire gradient stream

(together with some flow from the primary outlet) was directed before the beginning

of a chemotaxis assay. The channels leading to the diversionary outlet (diversionary

channels) branched off from the two sides of the 800 µm wide test channel. So, cells

in the test channel that were located in areas more distal from the gradient-making

network than the diversionary channels did not get exposed to the gradient as long as

the flow to the diversionary outlet persisted. The exposure of these cells to the

gradient (and the chemotaxis assay) was initiated by stopping the flow towards the

diversionary outlet by either pressurizing it or blocking the tubing line connected to it

with a clamp.

Before the beginning of a chemotaxis assay, chemoattractant solutions fed to

the three inlets of the device need to be propelled to the outlets of the gradient-making

network.  This process could have taken considerable time because of the large fluidic

resistance of the channels connecting the three inlets to the gradient-making network

and relatively large volumes of the inlet wells (~1 µL), where the buffer initially

filling the channels had to be replaced with the chemoattractant solutions. Therefore,

the device had a vent which was connected to the three inlets through low-resistance

channels, greatly accelerating the replacement of medium in the inlet wells and

minimizing the time between connecting the device inlets to reservoirs of

chemoattractant solutions and the beginning of an assay.
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A chemotaxis experiment using the device starts with preparing D. discoideum

cells, as described in the manuscript, filling the device with a buffer, and getting rid of

air bubbles in the microchannels.  Cells are loaded into the test channel by injecting a

concentrated cellular suspension into the device outlet using a syringe. During the

injection, the three inlets and the vent are blocked, and the entire flow of the

suspension is directed towards the diversionary outlet. After cells are loaded at a

sufficient density and allowed time to adhere to the glass substrate, the two outlets and

vent are connected to reservoirs with plain buffer, and the three inlets are connected to

reservoirs with solutions of chemoattractant (cAMP), with concentrations Clow, Cmid

and Chigh. Whereas the ratios of the three concentrations remain the same for a given

device, their actual values vary between the experiments, making it possible to test

cellular responses to an exponential gradient with a given logarithmic slope for a

broad range of concentrations.  As explained above, initally, the flow through the main

outlet is towards the device. So, cells in the test channel between the main outlet and

diversionary channel do not get exposed to cAMP. The solutions of cAMP from all

three inlets are given time to traverse the gradient-making network establishing a

steady exponential profile just upstream of the diversionary channels.  Once the steady

profile is established a chemotaxis assay is begun by blocking the flow towards the

diversionary outlet and directing the entire gradient stream towards the main outlet.

Master molds for the devices were fabricated using a negative photoresist (SU-

8 2015 Microchem Boston MA) and 5” silicon wafers.  Photoresist was spun to a

thickness of ~30 microns, exposed through a mask printed by fineline imaging
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(Denver CO), and developed. Further details of the fabrication protocol are described

in Chapter 1.

2.1.1.1 External and internal constraints on eukaryotic chemotaxis

Introduction

Chemotaxis, the motion of cells guided by chemical gradients, plays an

important role in a variety of biological processes, including wound healing,

embryogenesis and cancer metastasis. The chemical gradients required for efficient

chemotaxis can be very shallow for eukaryotic cells. For example, the rapidly

crawling neutrophils of the mammalian immune system and the social amoebae,

Dictyostelium discoideum,(1-8) are able to sense shallow chemical gradients where the

concentration of chemoattractant differs by only a few percent from one side of the

cell to the other, over a wide range of local concentrations.(9-11)

The chemotactic response of these cells can be considered as the outcome from

two distinct steps: establishment of spatial differences in the distribution of receptors

with bound chemoattractant on the cell's surface(12) and the response to these

differences by the signal transduction pathways leading to directed motility.(13) The

first step is subject to the external fluctuations in chemoattractant binding to the

surface receptor. This external noise can be precisely characterized, either through

direct numerical simulations(14, 15) or through approximate analytical calculations.(16-18)

The second step involves a number of pathways that are subject to internal background

noise generated by any of the components that drive the extension and retraction of
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pseudopods leading to cell movement. Furthermore, these pathways can operate in a

nonlinear fashion that can reduce the amount of intracellular information transfer. The

internal noise and the effect of the nonlinearity of the pathways are difficult to

quantify. Multiple signaling pathways operating in parallel, each with a number of

unknown components, determine the direction of movement. The quantification of

noise necessitates knowledge about the number of involved molecules, their reaction

rates and their diffusion constants while quantifying the signal processing of the

nonlinear pathways requires a detailed and complete mechanistic motility model.

In this study, we investigate the chemotactic response of Dictyostelium cells in

stable exponential chemoattractant gradients generated in microfluidics devices. Using

this experimental data, we compute the mutual information between the external

gradient direction and the motility direction, which is a measure of the information

that these variables share.(19) We also calculate analytically the mutual information

between the external gradient and the spatial distribution of bound receptors. A

comparison of these two quantities allows us to evaluate when the chemotactic

response is being limited by sensing noise, (assuming that the directional motility

response is indicative of the goal of the chemotactic process), or alternatively by

suboptimal intracellular processing of the information from the bound receptors.

Results

Quantitative experimental studies of chemotaxis

We performed quantitative experiments of developed Dictyostelium cells in

exponential cAMP gradients using microfluidic devices. Within these devices, we can
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define a difference of the concentration between the front and the back of the cells,

C, along with the local concentration experienced by the cell, Clocal. The choice of an

exponential gradient ensures that the proportional concentration difference, i.e. the

ratio C/ Clocal, is independent of the position in the device. Furthermore, the fluid

flow within the microfluidic devices guarantees that signaling between cells can be

neglected. An example of an exponential gradient in the microfluidic devices using a

fluorescent dye is shown in Fig. 3A.

We examined the chemotactic response as a function of the two gradient

parameters: Clocal, and the gradient steepness, p, which can be expressed as the percent

difference in concentration between the front and the back. We used devices that

Figure 3. The chemotactic response of cells in exponential gradients depends on
the gradient steepness. a, The concentration as a function of the position along the
gradient direction in the microfluidic device. The exponential gradient spans a 550

m wide region and the concentration can be described by     x
L

P

local eCxC 0  where

L=10 m and p is a measure of the steepness of the gradient. The steepness is
expressed as the fractional difference in the concentration over 10 m and measures
5% for the data shown. b-c, Typical cell tracks, with their origins brought to a
common point, are shown for a steep (10 %) gradient where the concentration within
the microfluidic device varies between 1 nM and 256 nM (b) and for a shallow
gradient (1.25 %) where the concentration spans values between 1 nM and 2 nM (c).
The arrow indicates the direction of the gradient and the scale bars represent 20 m.
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generated gradients of different steepnesses, ranging from a 1.25% to a 10%

difference in concentration across a cell with a diameter of L=10 m, and tracked the

paths of cells over a period of 8 minutes. The chemotactic index (CI) was calculated as

the ratio of the distance covered in the direction of the gradient and the total distance

traveled. Cell tracks in a representative steep and shallow gradient are shown in Fig.

3.B-C.  In the steep gradient (10%, Fig. 3B), most cells move in the direction of the

gradient and the CI for this experiment was 0.56. On the other hand, in the shallow

gradient (1.25%, Fig. 3C) there was no detectable directional bias, resulting in a CI

that is indistinguishable from 0.

The chemotactic response was determined in devices that generated gradients with 5

Figure 4. Dependence of the chemotactic index, CI, on the gradient steepness
and the local concentration. a, Mean value of the CI as a function of the gradient
steepness for cell  migration trajectories with an average local concentration between
1nM and 10nM (circles) and between 10nM and 30nM (squares). b, The CI as a
function of the local concentration for two different values of the gradient steepness.
Each data point is an average value for cells exposed to local concentrations in a 2-

fold (for p = 1.25%) or 4-fold (for p = 2.5%) range, with the plotted value of



C local
corresponding to the geometric mean of the range. In both figures, the error bars
represent the standard error of the mean.
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different steepnesses (Fig. 4A). Cells that were exposed to an average local

concentration in a 1-10nM range are shown as circles while cells with an average local

concentration within 10-30nM are plotted as squares. For the 1-10nM concentration

range, the cells failed to recognize the shallowest gradient (1.25%) but responded with

increasingly accurate directionality to the steeper gradients (2.5% to 10%) with a

maximum CI that is consistent with previous reports.(20)

To investigate the effect of the local concentration on the CI we systematically

varied the concentration range in a 1.25% and a 2.5% exponential gradient and report

the CI as a function of the geometric mean of the minimal and maximal local

concentration within the microfluidic device



C local  (Fig. 4B). For a 1.25% gradient, the

CI increases for increasing average local concentration, reaches a maximum around



C local~15nM and decreases upon further increasing the local concentration. The

dependence of the CI on the local concentration in a 2.5% gradient is qualitatively

similar but peaks at a smaller local concentration. Thus, our experiments indicate that

the maximum CI is reached well below the reported value for the receptor dissociation

constant Kd=30nM.(21)

Analysis using information theoretic techniques

To quantify the fluctuations originating from the external binding process we

first computed the mutual information(22) between the external chemoattractant

gradient direction s and the resulting spatial distributions of bound receptors Y. This

mutual information is a measure of how much the uncertainty in Y is reduced by the

knowledge of s. It is typically expressed in units of bits and is always equal or larger
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than 0: a mutual information equal to 0 implies that knowing the external gradient

direction does not reduce the uncertainty in the spatial distribution of bound receptors.

We considered a circular two-dimensional cell, divided the cell membrane into

n segments containing an equal number of N/n receptors, where N is the total number

of receptors, and considered simple first-order ligand-receptor kinetics. An exact

formula for this external mutual information I(Y; s) for a single measurement is

derived in the Supporting Information and for shallow gradients this reduces to



I (Y; s) 
NKdC local p

2

16 ln(2) Kd C local 2
[1]

where Kd is the dissociation constant of the ligand-receptor binding process. Thus, the

external mutual information has a maximum at a local concentration equal to Kd and

the value of this maximum only depends on the number of receptors and on the

gradient steepness. Our choice of equal numbers of receptors per segment was

motivated by experimental data which show a homogeneous spatial distribution of

receptors on the membrane.(23, 24) The case of randomly placed receptors, leading to a

variable number of receptors in each segment, is analyzed in the Supporting

Information. We found that the mutual information in this case is almost identical to

the mutual information found using Eq. [1]. In the Supporting Information we also

discuss the mutual information for elliptical cells and show that the mutual

information can increase only by a modest amount (~20%) for highly elongated cells.

To determine how much additional information is lost in the internal

processing steps, we computed the mutual information I(r; s)  between the gradient

direction s and the motility direction r. This mutual information determines how
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much information an observer of the cell motion has about the gradient direction, and

takes into account both the external and the internal steps. It follows from the data

processing inequality that it can be at most equal to the external mutual information.

We determined, for each experiment, the instantaneous response angle r for all cell

tracks. Next, we divided the 3600 range of r in m bins and computed the fraction of

angles falling within each bin, Nj. The choice of the number of bins was optimized

using a procedure which minimizes a cost function that is a measure of the error

introduced by binning the data(25) (see Supporting Information). The resulting

histogram of r using the optimal bin size is shown in Fig. 5A for a 10% gradient.

Then, the external and internal mutual information was calculated as

Figure 5. Dependence of the mutual information MI on the gradient
parameters. a, Histogram of the instantaneous response angle r for the cell tracks
in a 10% gradient, showing a pronounced peak at r=, the gradient direction. b-c,
The external and internal MI between the input gradient angle, s, and r calculated
using the experimental data (dashed lines), and the external MI between s and the
spatial distribution of bound receptors Y, calculated numerically (solid lines), as a
function of the gradient steepness for cells with an average local concentration
between 1nM and 10nM  (b) and as a function of the mean local concentration for a
2.5% gradient (c). Parameters used for the computation of the external MI are
N=70,000 and Kd=30 nM.
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I ( r ; s)  N j log
j1

m

 N j  logm     [2]

(see Supporting Information for more details). In Fig. 5B we show this mutual

information as a function of the gradient steepness, along with the numerically

determined external mutual information and in Fig. 5C we show these quantities as a

function of



C local  for a gradient of 2.5%. The error bars in the external and internal

mutual information are due to the finite number of data points and the range of local

concentrations to which the cells are exposed.

Discussion

Recently, the role of fluctuations in chemotaxis has received significant

attention.(15, 16, 18, 20, 26, 27) Most studies, however, were either purely theoretical or were

performed under conditions that were difficult to quantify. Our approach, which uses

exponential gradients generated in microfluidic devices, has several benefits. It allows

us to precisely quantify the gradient presented to the cells, since the exponential

profile ensures that the fractional concentration difference is independent of the

position in the device. Moreover, the fluid flow abolishes any potential cell-to-cell

signaling.  The main parameters that determine the gradient (the steepness and the

local concentration) can be controlled in each device, allowing us to fix one and vary

the other.

Our experiments in which the local concentration was restricted to a narrow

range show that the CI increases for increasing gradient steepness (Fig 4A). These

results are in agreement with recent theoretical investigations of the directional

sensing process that predict a sigmoidal dependence of the CI on the gradient
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steepness.(16, 27) Our results also indicate that the minimum gradient steepness required

for a directional response depends on the local concentration: cells exposed to a 1.25%

do not respond directionally in a 1-10nM concentration range but do respond in a 10-

30nM concentration range. Hence, chemotaxis is controlled by both the gradient

steepness and the local concentration.  This is further illustrated when we keep the

gradient steepness constant and vary the local concentration (Fig. 4B). The

dependence of the CI on the local concentration in both a 1.25% and a 2.5% gradient

is qualitatively similar. However, the CI in the 2.5% gradient peaks at a smaller local

concentration. Thus, our experiments indicate that the maximum CI is reached well

below the reported value for the receptor dissociation constant Kd=30nM.(21)

To characterize the fluctuations originating from the external binding process

we computed the mutual information between the external chemoattractant gradient

direction s and the resulting spatial distributions of bound receptors Y. The result

shows that this external mutual information has a maximum when the local

concentration equals Kd. A similar result was also found from a signal-to-noise

analysis.(15) In other words, based purely on the spatial distribution of bound receptors,

chemotaxing cells would perform ideally when the local concentration is equal to the

dissociation constant. The optimal local concentration for neutrophils in an

exponential gradient was also determined to be around Kd
(10) while an analysis in

which receptors are randomly distributed can reduce the optimal concentration by at

most 50%.(26) Thus, our experiments, combined with this theoretical analysis, suggest

that the processing of the gradient cues inside cells reduce the optimal local
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concentration for chemotaxis and that this optimal concentration is determined

through a convolution of the external (i.e., receptor binding and unbinding) and

internal steps.(27)

This conclusion is unchanged when one takes into account that Eq. [1] is valid

for a single “snapshot” measurement and needs to be modified to include multiple

independent measurements of the receptor binding distribution. A typical correlation

time for this distribution can be calculated (15) using experimentally measured off rates

(12) and is around 5s, which is comparable to the pseudopod life time. In the

Supporting Information, we show that this leads to an estimated prefactor of order 1.

For shallow gradients (< 5%) we find that the external mutual information is

comparable to the mutual information for the entire chemotactic process (Fig. 5B).

This means that the information lost in intracellular signal pathways is negligible and

that the intracellular information processing is near optimal. In other words, the

receptor-ligand binding noise dominates the chemotactic process and determines the

precision of the cells in shallow gradients. Implicit in reaching this conclusion is the

assumption that the chemotactic process is evolutionarily designed to allow the cells to

track the gradient direction as accurately as possible. For steeper gradients, on the

other hand, the amount of information lost due to internal fluctuations is significant

and can be as high as 1.5 bits. A comparison between the two mutual informations for

a fixed gradient (Fig 5C) reveals that they are comparable for small local

concentrations.  For large (>10nM) concentrations, however, the external mutual

information is much larger than the external and internal mutual information. Thus, we
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conclude that for steep gradients and for high local concentrations the intracellular

information processing is sub-optimal and that intracellular pathways leading from the

receptor to the establishment of a leading edge determine the chemotactic limits. For

shallow gradients and low local concentrations, on the other hand, the receptor-ligand

fluctuations limit the chemotactic efficiency.

A possible interpretation of our results comes from realizing that the optimal

local concentration for the receptor-ligand process is at Kd. This suggests that the

intracellular signaling networks have an optimal concentration well below this value.

Increasing the steepness of the gradient increases the difference in the number of

bound receptors between the front and the back of the cell. This could enlarge the

relative contribution of the internal pathways, shifting the optimal local concentration

to smaller values. The mechanisms behind the observed intracellular information loss

are unclear. One possibility is that intracellular fluctuations become larger and limit

the information transfer. Another possibility is that the signaling pathways are

nonlinear and saturate for steep gradients and large concentrations, leading to a

reduction in transfer of information. The latter possibility can be studied using existing

models for directional sensing(15) and is currently under investigation.

Materials and Methods

Growth and Development

Transformed AX4 cells carrying integrated constructs in which the regulatory

region of actin 15 drives genes encoding a fusion of GFP to LimE as well as a gene

encoding a fusion of RFP to coronin (LimE-GFP/corA-RFP ) were a gift from Richard
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Firtel and were used in all the experiments. The cells were grown in suspension in

HL5 medium.(28) Only cultures with mass doubling times less than 10 hrs were used

since we found that slower growing cells were less chemotactically responsive.  When

exponentially growing cells reached 1-2 x 106 cells/ml, they were harvested by

centrifugation, washed in KN2/Ca buffer (14.6 mM KH2PO4, 5.4 mM Na2HPO4, 100

µM CaCl2, pH 6.4), and resuspended in KN2/Ca at 107 cells/ml.  Shaken cells were

developed for 5hrs with pulses of 50nM cAMP added every 6 minutes.

Chemotaxis

Developed cells were harvested, diluted 1:3 in KN2/Ca, and loaded into the

microfluidics test chamber via syringe/blunt canula. Prior to the introduction of the

preformed cAMP gradient the cells were in a continous flow of fresh KN2/Ca buffer

to prevent establishment of self-generated cAMP gradients. They were allowed to

settle and disperse on the coverslip for 15-30 minutes before imaging.  Most cells at

this time had a length to width ratio >3 and appeared to be polarized. Differential

Interferance Contrast (DIC) images were taken on a Zeiss Axio Observer inverted

microscope using a 10X objective and a Roper Cascade QuantEM 512SC camera.

Frames were captured and analyzed using Slidebook 4 (Intelligent Imaging

Innovations, Inc.).

Alexa594 (Invitrogen) fluorescent dye was added to the cAMP solutions used

to form the gradients in direct proportion to the concentration of cAMP. Fluorescent

images were taken periodically to record the actual shape and stability of the

exponential gradients in the various microfluidic devices. Only devices which
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generated gradients with good correlation to exponential gradients across the field of

capture were used.  DIC images were captured every 5 seconds for 1500 seconds. The

cAMP gradients were introduced at frame 20 and maintained through 300 captures.

Analysis of chemotaxis was performed on frames 150 through 250.

Quantitative measurement of cell movement

The centroids of all cells in the field were automatically tracked for 100

frames. Cells which moved the furthest without encountering another cell were chosen

for data analysis. Ten to twenty-five such cells were found in each experiment. The

average local concentration was determined for each cell by the average of the local

concentration at the beginning and end of the track. The chemotactic index (CI) was

calculated by dividing the distance traveled up gradient by the total distance traveled.

On average, cells moved at the rate of 15 ± 2 µm/minute irrespective of the steepness

of the gradient or the local concentration. Each experiment was carried out 3 or 4

times on separate days and the chemotactic indices of the cells were averaged. The

error bars in the figures represent the standard error of the mean. The instantaneous

angle was determined from the positions of the centroid in successive frames.

Microfluidics

Microfluidic devices used in the study were similar to those in recent

experiments on the chemotaxis of neutrophil-like HL60 cells.(10) Each device has three

inlets for cAMP solutions with three different concentrations, one main outlet, two

auxiliary ports, and a network of 30 µm deep microchannels with rectangular cross-

sections. The device contains a gradient-maker, which generates an exponential
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concentration profile, and a 800 µm wide channel in which cells can be observed. The

channel flow velocity is ~200 µm/s, and a 550 µm wide stream carrying an

exponential gradient is flanked by two 125 µm streams with uniform concentrations,

which are the minimal and maximal concentrations in the gradient. In the 5 devices

used in the study, the concentration varied by factors of 2, 4, 16, 64, and 256 across

the 550 µm wide gradient, corresponding to a 1.25, 2.5, 5, 7.5, and 10% variations

across 10 µm. One of the auxiliary ports of the device helps to fill the microchannels

while the other auxiliary port enables the rapid establishment of a well-defined

exponential.
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2.1.2 Dictyostelium Discoideum Chemotaxis in Confined Channels

During the entire course of this project, I was responsible for the design and

fabrication of the devices. Additionaly, I regularly communicated with Dr. Monica

Skoge at UCSD, who was the primary investigator, to provide support for the

microfluidic devices including operational procedures and troubleshooting. An

adequate description of the device is provided in Materials and Methods: Low ceiling

microfluidic devices.

The microfluidic devices were fabricated using a two step process, with a 2 µm

layer for the chambers and an 80 µm layer for the flow-through channels, using the

general protocol described in Chapter 1.

2.1.2.1 Gradient Sensing in Defined Chemotactic Fields

Introduction

Eukaryotic cells signal each other and respond to a wide variety of metabolites

and peptides. For instance, yeast cells respond to peptide mating factors by polarizing

in the direction of the source to facilitate fusion with cells of the opposite mating type.

1,2 Likewise, embryogenesis of many metazoans is orchestrated by the localized

release of morphogenetic factors from a subset of cells which determine the

transcriptional profile and shape of adjacent cells.3,4 Motile cells such as fibroblasts,

leukocytes and cancer cells can sense shallow gradients of peptides and respond by

moving toward sites of injury or infection.5,6,7 One of the most dramatic responses can

be seen in social amoebae as they move chemotactically to form aggregates of
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thousands of cells. In the well-studied social amoeba Dictyostelium discodieum it is

known that the chemoattractant cAMP is recognized by the G-protein linked receptor,

CAR1, and the signal is transduced within the cells to regulate the cytoskeleton such

that the cells move towards regions of higher level of camp.8,9,10,11 Under optimal

conditions the cells will move their own length every minute. They also respond by

synthesizing and secreting more cAMP thereby relaying the signal as a non-dissipating

wave resulting in complex motile behaviors that can extend for several centimeters on

a moist surface.11,12,13,14,15 To quantitatively study directional sensing, polarity and

motility in this model chemotactic organism, we have built several microfluidic

devices that generate stable gradients with known fields of cAMP concentration.16,17

In all these devices, chemoattractant gradients were embedded in a stream of a buffer

continuously flowing over cells adhered to a substrate. Therefore, chemotactic cells in

these gradients did not significantly affect the local concentration, either by release of

cAMP or degradation of the gradient by the action of secreted cAMP

phosphodiesterase. Such devices may also be useful for the study of polarized

responses of embryonic cells, leukocytes or fibroblasts.

The gradient channel in our initial microfluidic devices was 525 µm wide, 50

µm high and 5 mm long.17 These devices established a stable linear gradient of cAMP

across the stream. Chemotaxis was observed when the gradient, C/x, was steeper

than 10-3 nM/µm and was optimal at C/x between 0.01 nM/µm and 0.1nM/µm, in

excellent agreement with previous measurements under stationary conditions.18,19,20

These results established that developed Dictyostelium cells can respond to a stable
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spatial gradient by persistent chemotaxis. We calculated that in the middle of a 0 - 100

nM gradient only about 375 more receptors were occupied in the front half of the cell

than in the back half.17 However, this number changes as the cells traverse the

channel, since the concentration of cAMP at the low concentration end of the gradient

is negligible while it is up to 100 nM at the high concentration end. As a result, the

relative concentration difference across a cell, C/ Clocal, depends on where it is in the

gradient. To overcome this problem we shifted to using microfluidic devices that

generate exponential gradients such that cells are exposed to the same relative slope

over nearly the entire width of the gradient field.16

Exponential gradients were established in devices with chambers that were 800

µm wide, 30 µm high and 2 mm long by mixing input from three reservoirs containing

cAMP at concentrations forming geometric sequences such as 1 nM, 2nM and 4 nM or

1 nM, 4 nM and 16 nM.16 The relative concentration difference [C/ Clocal] under

these conditions was 2.5% and 5%, respectively, across the width of a 10 µM cell. We

could also control the concentration range while maintaining the values of C/ Clocal

by multiplying the concentrations in the reservoirs equally eg. 10 nM, 20 nM, and 40

nM. Using these devices we determined that cells that had developed in suspension for

5 h with pulses of 50 nM cAMP every 6 min could respond to gradients that generate

C/ Clocal as small as 1.25%, as long as the median concentration was above 5 nM.16

At these low concentrations and shallow gradients the accuracy of chemotaxis as

judged from the ratio of distance moved up the gradient divided by the total distance

moved (chemotactic index) was limited by stochastic variations in the number of
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external molecules of cAMP that bound to the finite number of receptors. At higher

concentrations and steeper gradients, these variations were less important to accurate

translocation of the cells than the internal limits.16 Maximal chemotactic indices

observed in the exponential gradient devices reached 0.7 ± 0.1, rivaling those observed

in the absence of flow.

Since amoeboid movement is driven by polymerization of actin at the anterior,

we attempted to follow the internal localization of F-actin by transforming the cells

with a construct that generates Green Fluorescent Protein (GFP) linked to a protein

domain that binds specifically to F-actin (limE - GFP).21 Confocal fluorescent

images (488 nm excitation) were captured every 5 s. Since pseudopods often extended

in the vertical plane, we collected z-sections at 1 µm intervals and reconstructed the

cell in 3D. We could clearly see increased fluorescence intensity at the anterior of

extending pseudopods, both before and after switching on the gradient. There was also

accumulation of limE - GFP on the membrane towards the back. However, we were

only able to collect 4D information for a few minutes before the cells showed clear

signs of phototoxicity induced by the fluorescence imaging.

Since several genetic lines of evidence indicate that activation of Ras by ligand

bound CAR1 is an early step in gradient sensing 11,22,23,24 , we also explored the

localization of RasGTP using a portion of Raf1 which includes the Ras Binding

Domain linked to GFP (RBD- GFP). In the absence of exogenous cAMP, only

transient patches of fluorescence were seen at the cell periphery, but within 4 s of

introducing a 5% exponential gradient, RBD-GFP accumulated at the tips of extending
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pseudopods. When we collected images in a single confocal plane, these patches often

disappeared within a few seconds. But when we took multiple z-sections and

reconstructed the cell, it became apparent that the patch had just followed the tip,

which moved out of the original confocal plane. However, the necessity of taking

multiple z-sections led to high phototoxicity that once again limited the time span of

tracking of individual cells to only a few minutes. Therefore, to collect images over

longer periods with high temporal resolution we needed to constrain cells in the

vertical direction so that most of the membrane associated RBD-GFP could be imaged

in a single confocal plane.

The task of flattening cells for high resolution microscopy was previously

approached using "under agar" chemotactic migration.25,26 In this technique a thin

layer of agar containing 50 nM cAMP with a well in the center is prepared on a cover

slip. Developed cells in buffer are positioned in the well where they are exposed to the

cAMP diffusing in from the sides. The cells also release cAMP phosphodiesterase

which reduces the concentration in the well and sharpens the gradient. Within 10 min

the cells migrate to the sides of the well and squeeze underneath. They will sometimes

migrate outward for 10 min or more, but stop as the gradient degrades. Besides the

problem of not having a stable and well-defined gradient, the thickness of the cell can

vary day to day depending on how the agar layer is prepared. Often the cells can be

seen to lift the agar, protruding upwards almost as high as unconstrained cells.

Therefore, we turned to silicone rubber (PDMS) microfluidic devices with gradient

chambers only 2 µm high. By chemotactically enticing cells into these shallow
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chambers, we found we could image "2D" cells with the high time resolution

necessary to follow moving cells for 30 min with no signs of phototoxicity as judged

by the rate of translocation.

Materials and Methods

Growth and development

Transformed AX4 cells carrying constructs in which the regulatory region of

actin 15 drives genes encoding a fusion of GFP to LimE (LimE-GFP) 21 or a fusion

of GFP to the Ras Binding Domain 23 were grown in suspension in HL5 medium.27

Plasmid pDM115, a non-integrating vector containing a truncated version of the Ras

binding domain of Raf1 tagged with GFP and driven by the actin15 promoter, was the

kind gift of Peter Van Haastert. Only cultures of these strains that had mass doubling

times less than 10 h were used since we found that slower growing cells were less

chemotactically responsive.  When exponentially growing cells reached 2-4 x 106

cells/ml, they were harvested by centrifugation, washed in KN2/Ca buffer (14.6 mM

KH2PO4, 5.4 mM Na2HPO4, 100 µM CaCl2, pH 6.4), and resuspended in KN2/Ca at

107 cells/ml.  Shaken cells were developed for 5 h with pulses of 50nM cAMP added

every 6 min. Most cells at this time had a length to width ratio >3 and appeared to be

polarized.

Low ceiling microfluidic devices

Microfluidic devices were made of silicon elastomer PDMS (Sylgard 184)

chips sealed to microscope coverslips. The channel structure was formed by soft

lithography. The design was similar to one used to study gradient sensing in yeast.2
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The functional region of the device consisted of two 80 µm deep, 500 µm wide flow-

through channels (long vertical channels with kinks in Fig. 6) and five clusters of 2

µm deep gradient chambers between the flow-through channels. The gradient chamber

lengths (horizontal dimensions in Fig. 6) were identical within a given cluster and

were 585, 390, 240, 150, 100 µm for different clusters from top to bottom (from the

most upstream to the most downstream). The depth of the gradient chambers was

reduced from 5 µm used in the previous devices of Paliwal et al. to 2 µm to study
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Figure 6. The microfluidic device. The microfluidic device. (A) Layout of
microchannels in the device. Buffer is introduced through "buffer inlet", while buffer
with chemoattractant is introduced through "attractant inlet". Linear concentration
profiles in 2µm deep gradient chambers (shown in blue) are established by molecular
diffusion between two 500 µm wide and 50 µm deep flow-through channels (long
vertical channels with steps). The flow-through channels are connected by clusters of
gradient chambers that are 585, 390, 240, 150,  and 100 µm in length (horizontal
dimension). Cells are loaded into the microchannels through the "cells in" port with
only the "cells out" port open. Those ports are then closed and the other three ports
opened to generate the gradients.  (B) Concentration profile of cAMP in a gradient
chamber of length L = 160 µm and width 50μm (vertical dimension) with a circular
cell of diameter d = 10 µm in the middle. The profile was obtained from a steady-
state two-dimensional numerical simulation in COMSOL. The boundary conditions
were C0 = 0 nM at the left boundary (corresponding to a flow-through channel with
plain buffer), C0 = 100 nM at the right boundary (flow-through channel with 100 nM
solution of cAMP), and no flux through the other boundaries (solid walls of the
gradient chamber). The concentration of cAMP is color-coded with the legend (in
nM) shown at the bottom.  (C) Concentration of cAMP along the segment marked by
the white dashed line in B for the gradient chamber with an occluding cell (black
curves) and for the same chamber with no cell (gray line). The difference in cAMP
concentration across the cell is 12.6 nM, which is twice the difference across the

same 10 μm segment in a chamber with no cell (given by



C  2C0R /L  6.3 nM).
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amoeboid cell migration in a "2D" environment. Stable linear gradients of cAMP in

the gradient chambers are generated by molecular diffusion between the two flow-

through channels, which are continuously perfused with buffer with and without

cAMP at a mean velocity of ~200 µm/s.

A short distance downstream of the last gradient chamber, the two flow-

through channels merge in a T-junction, where pressures in the channels are

equilibrated. Equal pressures applied to the cAMP and buffer inlets (ports 1 and 2) and

equal flow resistance of the microchannels connecting the inlets with the respective

flow-through channels result in nearly equal flow velocities in the flow-through

channels and nearly equal pressures at opposite ends of gradient chambers. Some

pressure differences across the chambers may still result from imperfections of

fabrication of the device. Nevertheless, because of the large ratio between the depths

of the flow-through channels and perfusion chambers (80 µm : 2 µm), these unwanted

differences have negligible effect on the gradients in the chambers. Indeed, at the flow

velocity of ~200 µm/s, the pressure at the most upstream chamber is ~2 Pa higher than

at the T-junction. Even if the cross-chamber pressure difference were 5% of this

number, corresponding to very poor fabrication, the flow velocity across the chamber

would be 0.05 µm/s. This number is much smaller than the characteristic velocity

associated with molecular diffusion, 67.0/ LD µm/s, where 400D  µm2/s is the

diffusion coefficient of cAMP and 600L  µm is the chamber length.

With no cells inside, the slope of the linear gradient in a chamber is determined

by the concentration of cAMP in the flow-through channel, C0, divided by the length
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of the chamber, LCxC // 0 . The presence of a cell in a gradient chamber affects

the diffusive flux and the concentration profile around the cell because it occludes the

chamber and blocks diffusion across the cell footprint (Fig. 6B). This can be easily

seen by solving the steady-state diffusion equation for a two-dimensional circular cell

in a linear gradient with an infinite spatial extent and slope



C0 /L . The solution, in

polar coordinates, can be found by using the zero-flux boundary condition at the cell

perimeter
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twice that across a length equal to the cell diameter in the absence of the cell. Two-

dimensional numerical simulations for circular footprints indicated that this two-fold

difference in concentration across a cell is essentially independent of the diameter of

the cell, its movement or its location in the gradient chamber, as long as R is

substantially smaller than the width of the chamber (50 or 80 µm) (Fig. 6C).

Both flow-through channels were initially filled with buffer with no cAMP

before the cells were introduced and allowed to settle onto the coverslip for 5 min in

the absence of flow. Flow down the side channels with buffer on one side and a cAMP

solution in the other then established the gradient by diffusion across the connecting

chambers. Cells were imaged as they migrated across the test chambers.  DIC images

were taken on a spinning-disk confocal Zeiss Axio Observer inverted microscope

using a 10X objective and a Roper Cascade QuantEM 512SC camera. Fluorescent
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images (488 nm and 561 nm excitation) were captured every 2 s with a 63X oil

objective on the same microscope equipped with a pair of Roper Quantum 512SC

cameras using filters to simultaneously collect light at 500 to 550 nm (green) as well

as at 575 to 650 nm (red). Images were collected in Slidebook 5 (Intelligent Imaging

Innovations, Inc.).

Cell tracking

 To characterize cell movement in the 2D devices in a high-throughput manner,

all gradient chambers were imaged in DIC every 15 s at 10x magnification using a

motorized stage for 2 h.  To ensure that cells did not affect the gradient by their own

production of cAMP, 3 mM caffeine was added to all solutions.  Cells were tracked

across the gradient chambers using Matlab (The MathWorks, Natick, MA 2008) and

the chemotactic index and average velocity were computed for each cell.  The

chemotactic index (CI) was calculated by dividing the distance traveled up the

gradient by the total distance traveled. Cells that came into contact with another cell

were manually identified and discarded.

To study the correlation between membrane fluorescence intensity and

membrane extension in chemotaxing cells at high resolution, an automated cell-

tracking and analysis program was developed in Matlab and made freely available on

our Web site. The fluorescence images were first segmented by an active contour

method to identify the cell.28 To reduce the effects of pixelation, the pixels comprising

the perimeter of the cell were next subsampled at a ratio 5 : 1 and the resulting pixels

interpolated by a closed cubic spline to give a smooth representation of the cell
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membrane.  The membrane was then parameterized by 100-200 nodes, which were

evolved in time as a coupled spring system.29 At each frame, nodes were first

initialized along the membrane to best match the spacing and number of nodes in the

previous frame.  Each node was connected to its two nearest neighbors, as well as its

previous position, by linear springs with spring constants kn and kprev, respectively,

and constrained to move on the 1-dimensional spline contour representing the

membrane.  The constraint was enforced by projecting the net force on a given node

onto the local tangent to the spline contour.  The final positions of the nodes were

determined by force balance using a nonlinear least squares (Marquard-Levenberg)

algorithm.

The ratio of the spring constants, kn and kprev, governed how the nodes evolved

in time.  Empirically we found that to keep the nodes from crossing required that the

ratio of spring constants (kn/kprev ) be greater than 5.    When kn/kprev < 10, the nodes

remained roughly stationary with respect to the substrate as the cell moved.  In this

case, nodes became wider spaced at protruding fronts and more densely spaced at the

rear of the cell.  To keep the distance between nodes within a given range, nodes were

inserted when the distance between two nodes reached an upper threshold and were

deleted when this distance reached a lower threshold.  When kn/kprev  >>10, the nodes

flowed with the cell and nodes were rarely inserted or deleted.  We used kn/kprev  = 10

in the current study.

Various quantities were measured for each node, such as intensity, curvature,

and local membrane extension.  Intensity was sampled by giving the membrane a
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specified depth through repeated erosions and assigning pixels in this region to the

nearest node.  The intensity at each node was the average of the pixels assigned to it.

We found all our results to be insensitive to the details of the erosion and assignment.

Membrane curvature was measured locally for each node by taking appropriate

derivatives of the spline contour.  Local membrane extension was defined as the

displacement of a node from frame t to frame t+1 in the direction of the local normal

to the membrane at frame t.

Patch and extension identification and correlation

RasGTP patches were identified in a given frame by first selecting all pixels

with intensity greater than Icyto+3 δIcyto , where Icyto and δIcyto are the mean and

standard deviations, respectively, of the intensity of the cytoplasm.  These pixels were

then clustered using a hierarchical clustering scheme based on the Euclidean distance

between pixel positions. Clusters containing four or more pixels were identified as

patches of membrane associated RasGTP.   The nearest nodes to each pixel in a given

patch were associated with the patch and used to correlate patches with extensions.

Extensions were identified by first selecting all nodes with local membrane

extension greater than 0.1 m/s and positive local curvature, then using hierarchical

clustering on the selected nodes based on the Euclidean distance of node positions,

and finally retaining clusters containing two or more nodes with at least one node

having extension greater than 0.2 m/s.  The correlation between extensions and

patches was calculated by associating a patch to an extension if they shared at least

one common node and finding the frequency of extensions with associated patches.
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Membrane associated RasGTP

To quantify membrane localization of RasGTP, cells expressing both RBD-

GFP and cytosolic free RFP were simultaneously imaged for GFP and RFP in

chemotaxing cells. The GFP and RFP were first aligned in Slidebook 5 via an affine

transformation. The parameters of the transformation were inferred from imaging

beads which were fluorescent in both channels. The RFP signal was then used to

correct the GFP signal for contributions from cytosolic RBD-GFP to give only

contributions from membrane RBD-GFP, as described in Bosgraaf et al., 2008.  In

brief, the RFP signal was multiplied by the ratio of average GFP to RFP in an inner

region of the cell containing only cytosol and then the normalized RFP signal for each

pixel was subtracted from the GFP signal for that pixel.  Cells were also corrected for

photobleaching in each channel by normalizing each image such that the total intensity

of the cell stayed constant over time.

Results

Gradients in the microfluidic device

To achieve a mean flow velocity of 200 µm/s in the two flow-through

channels, both inlets were pressurized at 5 KPa above the outlet by holding the level

of liquids in the reservoirs connected to the inlets at 50 cm above the level of liquid in

the reservoir connected to the outlet. To monitor gradient formation, we added the red

fluorescent dye Alexa 594 to the cAMP solution. With continuous flow of buffer in

one flow-through channel and buffer with 100 nM cAMP in the other, the cAMP

gradient in the 400 μm long chamber is C/x = 0.25 nM/ µm (100 nM/ 400 µm), the
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midpoint concentration is 50 nM, and the C/ Clocal over a 10 µm cell at the midpoint

is 5%. Shorter chambers have steeper gradients (Table 1). Gradients with lower mean

concentrations were generated by using 10 nM cAMP in one flow channel and buffer

in the other.

In order to test the effect of unintended differences in pressure between the

ends of the gradient chambers, which may arise because of imperfections in the device

fabrication and incomplete balance of the inlet pressures, we measured concentration

profiles of Alexa 594 in a 400 μm long chamber at different inlet pressure settings.

The pressure at the buffer inlet was constant at 5 kPa, and the pressure at the attractant

Table 1. Motility in the different chambers. A. Gradients established between 0
nM and 100 nM. B. Gradients established between 0 nM and 10 nM.  The relative
gradient, C/ Clocal, is given in percentage at the midpoint of the chambers. C is the
concentration difference between the front and back of a 10 μm long cell and C local is
the concentration at the midpoint of the chambers. Relative gradient in a given
chamber is the same whether the chemoattractant solution contains 100 nM or 10 nM
cAMP although the midpoint concentration differs by a factor of 10 [50 nM and 5
nM, respectively].

A.) 0 nM to 100 nM
Width of chamber
(μm)

Relative gradient chemotactic
index

rate of translocation
(μm/min)

150 13.2 0.96 ± .03 8.9 ± 1.9
240 8.0 0.95 ± .04 9.8 ± 2.1
390 5.0 0.96 ± .02 11 ± 2.7
585 3.2 0.93 ± .08 10.7 ± 2.4

B.) 0 nM to 10 nM
Width of chamber
(μm)

Relative gradient chemotactic
index

rate of translocation
(μm/min)

150 13.2 0.99 ± .02 10.3 ± 1.8
240 8.0 0.96 ± .03 8.9 ± 2.3
390 5.0 0.93 ± .06 8.8 ± 2.2
585 3.2 0.93 ± .05 11.0 ± 3.3
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inlet (where the Alexa 594 solution was fed) was decreased. A pressure difference of

0.75 kPa (15%) was required for the concentration at the center of the channel to

change by 10 percent. The results of this test indicated that the concentration profiles

in the gradient chambers are robust, remaining practically unchanged under substantial

changes in the driving pressures, and are also likely to have high tolerance to

imprecision of fabrication.

Chemotaxis of vertically constrained cells

In the absence of a cAMP gradient, cells seldom entered the cross-chambers.

However, soon after a gradient was established, cells were enticed to enter the gradient

chambers.  When high concentrations of cAMP were used as the source (e.g. in 0-100

nM gradients), almost all cells that got within 30 microns of the entrance were quickly

lured inside.  However, the frequency of cells entering the gradient chambers was

reduced at lower concentrations of cAMP (e.g. in 0-10 nM gradients). Using DIC

microscopy with a 10X objective we could follow cells all the way across a chamber

which took 5 to 60 min depending on the length of the chamber. Cells flattened as they

entered the chambers and sometimes had difficulty in pulling their posterior in with

them. Once they had fully entered, they moved rapidly (10 ± 2 μm/ min) up the

gradient with exceptionally high chemotactic indices irrespective of the steepness of

the gradient or the local concentration over the measured range (Table 1). We

previously found that unconstrained cells in a gradient move at 15 ± 2 μm/min.16 The

high accuracy of chemotactic translocation relative to a population of cells in high

ceiling microfluidic devices may be partly the consequence of our tracking cells which
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were properly oriented to start with and occasionally guided by the walls of the

chamber. We adjusted the density of cells loaded into the device such that most of the

time only a single cell was present in a gradient chamber at any given time. This

precluded chemotactic signaling between cells which might occur in the gradient

chambers where there is no flow. We also found that we could eliminate signaling

between cells at higher density by adding 3 mM caffeine, which blocks the stimulation

of cAMP synthesis in Dictyostelium. Caffeine had no detectable effect on the

chemotactic index or the rate of translocation in the gradient chambers.

Actin foci and cell movement

To get some idea how the cells were affected by the confined environment, we

collected fluorescent images of cells expressing limE - GFP in the gradient

chambers. By focusing first on the floor and then on the ceiling of the chamber it was

clear that actin foci were present on both surfaces, indicating that the cells were

pressed to both the ceiling and the floor over most of their area (movie S1).  The top

and bottom foci were seldom colocalized as would be expected if F-actin filaments

stretched vertically across the cell.  It has been suggested that these foci are points

where internal F-actin pushes on the surroundings to generate motile force.30,31,32 The

foci that we observed persisted for up to 20 s before disappearing. New foci would

appear in this time such that the surface had 10 to 30 such localizations of F-actin at

any given time (Fig. 7).
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Movement was driven by extending pseudopodia at regions of positive

membrane curvature, though occasionally regions of negative curvature showed

sudden broad expansions.  Once pseudopodia stopped extending, they remained

stationary with respect to the substrate as the cell moved past them and were only

retracted once the cell rear approached them, as shown for a representative cell in Fig.

8.

Figure 7. Actin foci. A cell expressing limE-GFP migrated into a low ceiling
gradient chamber and moved up the gradient to the right. Fluorescence from the
limE-GFP bound to F-actin was visualized either on the upper surface of the
chamber (red) or on the bottom surface of the chamber (green). F-actin was seen to
accumulate at the anterior as well as in foci at both the upper and lower surfaces.
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RasGTP patches

To follow the localization of activated Ras, fluorescent images of cells

carrying the RBD-GFP reporter construct were collected every 2 s as they crossed the

gradient chambers. We found that patches of RasGTP were present at the membrane

Figure 8.  Movement of pseudpods with respect to the substrate. Overlay of
contours of a representative cell chemotaxing in a gradient chamber.  The cell outline
was plotted every 2 seconds for 10 minutes and color coded by time (time increases
from green to red).  Two smaller time intervals are enlarged to show in further detail
that upon stalling, pseudopods remained stationary with respect to the substrate
while the cell moved past them. They were retracted only when the rear came
abreast.
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of the pseudopods and that these patches were almost always found at the apex of a

pseudopod (Figure 9 and movie S2). Often, chemotactically moving cells had two or

more leading pseudopods and each pseudopod had a RasGTP patch. Some of these

patches persisted for several minutes while others were more short-lived.

Figure 9.  Activated Ras. A collection of images of cells expressing RBD-GFP as
they migrated in the gradient chambers to showcase diversity of cell shape.
Fluorescence of RBD-GFP bound to RasGTP was seen to be more intense at the
leading edge of pseudopods.
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The design of the microfluidic devices allowed us to rapidly replace the stream

of buffer containing cAMP with a stream of buffer without cAMP by opening the

"cells out" port and closing the "outlet"  (Fig. 6). Under these conditions the buffer

flowed down the left channel and then up the right channel before exiting at the "cells

out" port. When we turned the gradient off, cells that were traversing the gradient

chambers rounded up or set out on random walks while the RasGTP patches

disappeared within a few seconds.  Cells that had their posteriors stuck at the chamber

entrances, rapidly retracted their anteriors as they rounded up. This is one of the few

cases where anterior retraction can be observed.

When we turned off the gradient for several minutes, cells expressing RBD-

GFP had patches at random orientation. When the gradient was re-established,

RasGTP accumulated within 2 s at the side facing the high end of the gradient.  It

appears that the system that controls localization of activated Ras has fast kinetics and

can turn on and off rapidly.

Quantification of membrane signals

Inspection of cells moving in the low ceiling gradient chambers indicated that

patches occur preferentially on anterior pseudopods.  Patches were seen to rapidly

appear and disappear along the membrane at the front of the cell but to persist longer

when associated with an extension that became the leading pseudopod.  To quantify

the intensity of the membrane RasGTP signal, we used the technique of Bosgraaf,

Keizer-Gunnink and Van Haastert 33 to delineate the membrane (Fig. 10 A,B). The

intensity of the membrane fluorescence was measured throughout the period the cells
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were crossing the middle half of the gradient chambers and the values at each node on

the membrane were averaged. In Fig. 10C we plot the patch frequency, defined as the

proportion of nodes that are part of patches, as a function of the distance of a node

from the cell's centroid in the direction of the gradient, x (open symbols). For the

three different cells we analyzed we found that the patch frequency at the back is not

statistically different from zero. The time-averaged GFP intensity for our three cells

Figure 10. Membrane associated Ras GTP in chemotaxing cells. Cells expressing
both RBD-GFP and cytosolic free RFP were imaged as they chemotaxed across a
chamber of width 150 um. A) Fluorescence of GFP. B) Merged fluorescence of RFP
and corrected GFP. C) Corrected membrane fluorescence at each node was used to
compute the patch frequency (the proportion of nodes that are part of patches). This
patch frequency is plotted as a function of the distance of a node from the cell's
centroid in the direction of the gradient for three cells (open symbols). The black
curve corresponds to the cell shown in panels A and B. The patch frequency directly
away from the gradient is not statistically different from zero. The red line (solid
symbols) shows the time-averaged distribution of bound receptors as the cell travels
across the middle-half of the channel (assuming a dissociation value Kd=30 nM).
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shows a qualitatively similar dependence on x with a zero signal in the back (data not

shown). We note that the GFP values without RFP signal correction show an apparent

non-zero signal at the rear of the cell (data not shown), demonstrating the necessity of

subtracting the cytosolic RBD-GFP contribution from membrane RBD-GFP.

To compare the cell’s response to the input it receives from the gradient, we

have also computed the distribution of bound receptors by averaging over the

distributions as the cell travels across the middle half of the channel (red line; solid

symbols). This time-averaged distribution is essentially linear and mimics the linear

external gradient. This is in sharp contrast to the patch distribution which is highly

non-linear with the vast majority of patches occurring in the front half of the cell and

almost no patches at the back. This switch-like response must be the consequence of

intracellular signal processing and we plan to further explore and quantify this

response.

RasGTP and pseudopods

If localization of RasGTP at the membrane is used as a signal for the formation

of a pseudopod, then we would expect a high correlation of extensions with RasGTP

patches. We analyzed the membrane nodes of 4 cells every two seconds for those

included in extensions and correlated them with nodes included in patches (see

Methods and movie S3). We found that 93 ± 3% of the extensions were associated

with a patch and this number increased to 99 ± 1% when the same criteria were

applied to cytosol-subtracted images. Using slightly different criteria for extensions

and patches for cells in these devices, we found that 92 ± 3% of the extensions were
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associated with patches.34

Discussion

Studies on chemotaxis carried out over the last 60 years have relied almost

exclusively on diffusion without active flow to establish chemotactic gradients. One of

the few exceptions was the experiment of John Bonner that first demonstrated that

cells can respond chemotactically to a signal released by other cells.35 He deposited a

few hundred Dictyostelium cells in buffer on a glass slide and added a coverslip. The

buffer was allowed to flow slowly under the coverslip from a reservoir at one end to a

slightly lower sink at the other end. After a few hours, cells in the middle were

observed to move upstream towards other cells but not downstream where the signal

would be weaker. This was essentially a microfluidic device but the gradient was ill-

defined since it was generated by the upstream cells. Subsequent work often used

diffusion of chemoattractant from a small drop deposited on the surface of agar nearby

a small population of developing Dictyostelium cells.14,36 This assay continues to be

used in a semi-quantitative manner by scoring the response to droplets with various

concentration of cAMP put at various distances from the test cells.18,33 Gradients of

different steepness and concentration will be generated but will not be stable in time.

Moreover, such gradients are difficult to directly measure.

A major improvement in generating reproducible gradients was the adoption of

the Zigmond chamber.37 In this device a source of chemoattractant is connected to a

sink by a thin layer of fluid under a coverslip where the cells are deposited. Since there

is no active flow in these devices, the gradient is set up by diffusion. Linear gradients
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are established within a few minutes that are stable for another few minutes but then

become progressively more shallow. In addition to the relatively short time window

when gradients have a well-defined linear shape, a limitation of analyses in Zigmond

chambers is that the cells can affect the local concentration of chemoattractant by

secreting or degrading it.

Another popular technique for studying chemotactic cells has been the use of a

micropipette filled with chemoattractant that diffuses into a small dish filled with

buffer. When the micropipette is positioned near to dispersed cells, they are exposed to

a steep gradient.  By adding fluorescent dye to the solution in the micropipette, the

concentration field could be visualized and was found to decrease exponentially

starting from a distance of 15 μm from the tip.33 Closer to the tip the gradient was

steeper than exponential. By observing the behavior of cells at various distances from

the micropipette, semi-quantitative measurements of responses to steep or shallow

gradients could be made. However, as the cells move toward the micropipette, both

the concentration and the steepness that they experience change, complicating the

analyses.

Microfluidic devices can generate robust chemotactic fields by controlling the

mixing of solutions with different concentrations of chemoattractant before passing

into small chambers which ensure laminar flow. Both linear and exponential gradients

are easily established in chambers where the cells can be imaged at high

magnification.16,17 By carefully controlling the developmental stage of cells and
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collecting data from a large number of cells, statistically significant measurements of

cell movement and chemotactic accuracy can be recovered.

Using these devices we were able to demonstrate that Dictyostelium cells that

had developed for 5 h were able to sense a gradient when the ambient concentration of

cAMP was only 1 nM and the difference in concentration across a 10 μm cells was

only 2.5%. The difference in number of ligand bound receptors in the front and the

back halves of the cell will be less than a hundred under these conditions, yet the cells

almost always move towards the high end of the gradient (C.I. = 0.42 ± 0.03). The

external signal must be highly amplified within the cells to generate such exquisite

sensitivity.

A similar amplification of the external signal could be seen in the positioning

of patches of RasGTP relative to the gradient direction (Fig. 10C). We had to use

microfluidic devices that limited the vertical extension of cells to be able to capture

localized fluorescence of RBD-GFP without imposing phototoxicity on the cells.

However, cells moved almost as rapidly in these devices as in full height chambers

and showed excellent chemotactic accuracy even in shallow gradients. This may be

the result of selection in their natural habitat, the soil, where they must often squeeze

between tightly packed grains and other obstacles.

Activated Ras not only acts as a good indicator of the chemotactic response but

also correlates strongly with pseudopodal extension. In fact, accumulation of RasGTP

may be sufficient under certain conditions to determine whether a pseudopodal

extension will form or not. However, it is still not clear if it is the size or persistence of



59

a RasGTP patch which is important for pseudopod formation since we often observe

transient small patches of fluorescence that do not result in pseudopods. Further study

of the interaction of adjacent patches and correlation of their size and persistence with

extension of pseudopods may set the rules for understanding how the signal

transduction mechanisms convert a weak external signal to a strong directional bias.

Conclusions

We show that chemotactic Dictyostelium cells can be easily enticed into low

ceiling microfluidic chambers by shallow gradients of cAMP. Although the cells are

closely apposed to both the top and bottom surface, they migrate at almost the same

rate as unconstrained cells and show excellent chemotactic directionality. Activated

Ras was localized at the tips of pseudopodia as long as the gradient was maintained

but rapidly dispersed when the gradient was removed. Our quantitative measurements

show that small differences in the spatial distribution of ligand bound receptors trigger

much larger differences in effectors that control directional movement.

Concentration profiles in the 2μm tall gradient chambers of the microfluidic

devices are robust, have little sensitivity to imprecision of device fabrication and retain

their well-defined linear shape under relatively large variations of the flow conditions,

making the devices simple to manufacture and easy to operate. The low ceiling

devices are well suited for high resolution fluorescent microscopy of cells in well

defined stable gradients. We are presently using them to define the subcellular

localization of various components of the circuits that direct chemotactic motility in
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both wild type and mutant strains. They should also be useful for studies of other

motile eukaryotic cells and might even help in the study of bacterial chemotaxis.
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2.2 TEMPORAL CHEMICAL GRADIENTS

New tools for imaging and quantifying cellular processes have enabled new

studies of the kinetics of cellular responses to changes in their environment.

Microfluidics can provide useful tools to exploit this new capacity.  Microfluidics

allows for the collection of quantitative biological data by providing tools which can

produce quantifiable and reproducible temporal stimulation of cells.  Section 2.2.1 is a

published paper describing a novel microfluidic device for the generation of temporal

gradients and step functions of chemical concentration.  Sections 2.2.2 and 2.2.2.1 are,

repsectively, a description of my role in a study of D. discoideum using the device

described in 2.2.1 and the paper that resulted from that study.

2.2.1 Linear Conversion of Pressure into Concentration, Rapid Switching of

Concentration, and Generation of Linear Ramps of Concentration in a

Microfluidic Device

Introduction

Generation of a solution with a desired concentration, C, out of a stock solution

with a high concentration, 0C , and solvent (or buffer) is one of the basic functions of

microfluidic devices. The small diameter of microfluidic channels typically leads to

relatively rapid equilibration of concentrations (mixing) across the channels. Mixing

can also be greatly accelerated by generation of 3-dimensional (3D) flow with a

microfluidic mixer.1, 2 Therefore, a desired solution can, in principle, be readily

prepared in a microfluidic device by combining a concentrated solution and solvent in
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appropriate proportions. Nevertheless, accurate control of the proportions can present

a practical problem. In a continuous flow system with controlled volumetric fluxes of

concentrated solution, Q1, and solvent, Q2, the resulting concentration can be

evaluated as )/( 211
0 QQQCC   and is thus a non-linear function of both Q1 and Q2,

when C is an appreciable fraction of 0C . Moreover, changing one volumetric flux at a

time leads to variation of the flow velocity and substrate shear stress that may be

undesirable. In addition, syringe and peristaltic pumps, which are commonly used to

control volumetric fluxes, often operate unevenly, thus leading to substantial

fluctuations of C, and do not allow rapid switching of concentration.

Small volumes of liquid can be accurately metered with integrated membrane

valves,3 making it possible to mix these liquids in well-defined proportions and

generate solutions with precisely controlled concentrations.3, 4 However, microfluidic

devices with membrane valves have relatively complicated two-layer construction. In

addition, the adjustment of concentration is discrete rather than continuous, has a

relatively long switching time, and involves variations of flow velocity. Rapid

concentration switching and low fluctuations are both achievable in pressure-driven

flows. Nevertheless, the linear conversion of pressure into concentration and variation

of concentration without concomitant variation of flow velocity still remain

problematic, and simultaneous variation of multiple concentrations presents an even

bigger challenge.

Problems closely related to the generation of a solution with a desired

concentration are the production of spatial gradients and temporal variations (waves)
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of concentration. Spatial gradients of concentration can be produced by mixing liquids

fed into the microfluidic device in different proportions and letting streams of the

resulting solutions with different concentrations flow side-by-side to create a smooth

spatial profile.5, 6 While the main application of microfluidic gradients has been

studies of chemotaxis,7 this technique has also been used to obtain a desired

concentration in a designated microchannel for the purposes of titration,8 studies of

cell dose response,9-11 and variation of refractive index of the medium.12

As has been shown in classic experiments on E. coli chemotaxis,13-15 exposure

of cells to specific temporal patterns (waves) of concentration of a stimulus is a

powerful technique for studying chemotaxis and the dynamics of cellular responses,

adaptation, and signal processing. Temporal variations of stimulus concentration

generated in microfluidic devices have been applied to study the dynamics of gene

expression of various cells16-20 and responses of budding yeast (S. cereviciae) to

osmotic shock.21, 22 It is worth noting, however, that whereas the time scales of

changes in gene expression and of response to osmotic shock are ~1 hour and ~1 min,

respectively, responses of chemotactic bacterial13-15 as well as eukaryotic cells23-26 to

changes in concentration of chemoattractant can occur on a timescale of 1 sec.

Therefore, studies of responses and signaling of chemotactic cells (as well as some

other non-transcriptional responses27) require particularly high time resolution and

accurate definition of temporal patterns of stimuli presented to cells.

Before the introduction of modern microfluidic technologies, temporal waves

of concentrations were generated by rapid discharge of a concentrated solution from
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micropipettes,13, 15 alternative injection of solutions with different concentrations,23

and by controlling volumetric fluxes with syringe pumps.14, 24 Injection of solutions

with different concentrations has also been used to generate binary temporal patterns

of concentration in microfluidic devices,16, 18, 22, 28 with the switching times as short as

~0.1 sec.29 Another, specifically microfluidic technique for generation of (mostly

binary) temporal patterns of concentration in a given area has relied on lateral shifting

of the interface between streams of solutions with different concentrations.19, 21, 30, 31

Various periodic waves of concentrations have been generated in pressure-driven

flows, with electronic pressure controllers producing specific temporal patterns of

pressure.17, 32 Pressure actuated membrane valves have been used to create complex

patterns of concentration of multiple substances33 and, in combination with

consecutive dilution channel networks, to switch between set concentrations,

generating desired concentrations bit-by-bit and generating temporal waves.34

Membrane valves have also been used to switch the feeding of a mixing channel

between a concentrated solution and solvent, setting proportions of the two liquids and

generating waves of concentrations by controlling and varying the duty cycle.35, 36 In

addition, temporal waves of concentration have been generated by dynamically

controlling the duty cycles of on-chip micropumps based on membrane valves.37,38

Control of the duty cycle of multiple pumps also enabled independent adjustment and

generation of temporal waves of concentration of multiple analytes.38 Out of these

microfluidic techniques, continuous ranges of concentration were provided by the

dynamic control of driving pressure17, 32 and of duty cycles.35-37 However, in the
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former case, control of concentration required concurrent variation of two pressures

and the frequency was limited to 0.2 Hz19 (or less34), whereas in the later case, the

devices had complex, multi-layer constructions and accessible frequencies were even

lower.

Here, we describe a simple single-layer microfluidic network enabling linear

conversion of pressure at an inlet into concentration of a substance in an observation

area, C, in the entire range from zero to the concentration of the stock solution fed to

this inlet, 0C , without changes in flow velocity in the observation area. The

microfluidic network also makes it possible to independently vary concentrations of

two substances by adjusting pressures at two inlets, with a linear relation between the

pressures and respective concentrations and without any cross-talk. The microfluidic

network has an integrated mixer with a steady three-dimensional flow that is chaotic in

the Lagrangian sense, whose design has been optimized to enable switching the

concentrations in the observation area within 0.25 sec (based on a 10% to 90%

criterion), while keeping the flow rate at a constant high value. A simple setup

consisting of a large-volume reservoir and a long narrow capillary, an analogue of an

electronic RC-circuit, is used to generate linear ramps of inlet pressure, producing

particularly smooth, prolonged linear ramps of concentration with various positive and

negative slopes, as well as various triangular (and saw tooth) waves of concentration.

Finally, the switching time of laminar microfluidic mixers and the use of chaotic vs.

laminar mixers for applications requiring rapid switching of concentration are

discussed.
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Experimental

The flow-driving setup and architecture of the microfluidic device

The microfluidic device [Fig. 11(a)] has a single outlet and three inlets, the

buffer inlet, for plain buffer, and the inlets 1 and 2 for stock solutions of two different

reagents. The flow in the device is driven by the application of differential pressures

between each of the three inlets and the outlet, bufP , 1P , and 2P ,  respectively.

Volumetric fluxes, Q, in channels of the device depend on the differential pressures,

P , applied across the channels and hydrodynamic resistances of the channels, R,

which are defined as QPR / . (The relation between P  and Q is linear, because

the device operates in the laminar flow regime.) The solutions fed to the inlets and

drawn out from the outlet are held in modified 140 cc plastic syringes that are

connected to the device through PVC tubing lines and short segments of hypodermic

tubing. The syringes are attached to stages sliding along vertical rails with a high-

resolution rules attached to the rail, making it possible to adjust pressure at the inlets

hydrostatically with an accuracy of ~2 Pa by setting the level of liquid in the

syringes.39 In addition, the syringes connected to the inlets 1 and 2 can be pressurized

by compressed air.
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Figure 11. Microfluidic device and pressure ramp generating setup. (a) Layout
of the microfluidic device. 50 and 180 µm deep channels are shown in green and
blue, respectively. Arrows indicate direction of flow. The region of the observation
channel, where concentrations are tested, is highlighted in red. Inset: 4× magnified
drawing of two consecutive segments of the mixer channel. (b) Microfluidic network
represented as a schematic wire diagram, showing volumetric fluxes through various
channels and junctions (arrows and Q-labels), hydrodynamic resistances of various
channels (resistance symbols and R-labels), and pressures, P, at various points
(inlets, outlet, and 6-way junction). (c) Micrographs of a region of the 6-way
junction [highlighted in yellow in (a)] taken under mixed fluorescence/brightfield
illumination. The center top of each micrograph is the lower edge of the buffer inlet

and the center bottom is the entrance of the mixer channel. Top: thbuf PPP  1  and

fluorescein solution with 40
1 C ppm fed to inlet 1 that arrives at the 6-way junction

is entirely diverted into bypass channel 1 and does not reach the mixer channel,

resulting in zero concentration of fluorescein in the observation channel, 01 C .

Bottom: overth PPP  1 and a part of fluorescein solution that arrives at the 6-way

junction enters the mixer channel, resulting in mixQQ  10 and
0
110 CC  . (d)

Results of a numerical simulation of flow in a segment of the mixer using Comsol.
Flow is shown by color-coded streamlines, with red corresponding to highest and
blue to lowest speed, respectively. (e) A setup based on a 140 cc syringe (analogue
of a capacitor) and thin capillary (fluidic resistor), comprising a pneumatic RC-
circuit for generation of linear ramps of pressure of the solution held in the syringe.
The 3-way valve alternatively connects the syringe to pressurized air or vacuum
through the capillary and the 2-way valve alternatively seals the syringe or vents it to
atmosphere.
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The device has channels of two different depths, 50 and 180 m, and consists

of three main elements: resistor channels, a mixer channel, and an observation channel

[Fig. 11(a)]. The resistor channels are all 50 m deep, the mixer channel is comprised

of 50 and 180 m deep elements as explained below, whereas the observation channel

is 180 m deep. The mixer channel is fed with plain buffer coming from the buffer

inlet and with two stock solutions coming from the inlets 1 and 2 and containing

substances 1 and 2 at concentrations 0
1C  and 0

2C , respectively. The mixer serves the

purpose of delivering to the observation channel a thoroughly mixed solution with

reduced concentrations of the two substances, 1C and 2C . The resistor channels form

four separate lines [Fig. 11(a)]: resistors 1 and 2, connecting the inlets 1 and 2 with the

mixer entrance that have identical resistances inR , and bypass channels 1 and 2 that

also have identical resistances, bpR , and connect the mixer entrance with the outlet on

the sides of inlets 1 and 2 [see equivalent circuit in Fig. 11(b)]. The bypass channels as

well as the channels connecting the three device inlets with the mixer entrance all join

in a small area, forming a 6-way junction [Fig. 11(c)].

The resistor channels of the device are designed to make 1C and 2C linear

functions of 1P  and 2P , respectively. To this end, the resistance of the channel

connecting the buffer inlet with the mixer entrance is made negligibly small compared

with the other channel resistances ( inR , bpR , and mixR ; see below) by making this

channel short, wide, and deep. In addition, the tubing line connecting the buffer inlet

with the buffer reservoir has a large diameter (1/16 inch) and thus a minimal
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hydrodynamic resistance. As a result, the differential pressure between the six-way

junction (mixer entrance) and the outlet, jP , is expected to be practically

indistinguishable from the differential pressure between the buffer reservoir and the

outlet, bufP , and independent of either 1P  or 2P . Therefore, the volumetric flux

through the mixer channel, mixjmix RPQ /  is practically equal to mixbuf RP /  and is thus

solely defined by bufP  and independent of either 1P  or 2P . (Here, mixR  is the combined

hydrodynamic resistance of the mixer and observation channel). Here and in what

follows we assume that solutions fed to all three inlets have identical viscosities and

densities, which is a reasonable assumption for biological experiments, in which

concentrations of active ingredients ( 0
1C  and 0

2C ) are usually low.

Because the resistor channels 1 and 2 are connected to the respective bypass

channels somewhat upstream of the mixer entrance [Fig. 11(c)], in the equivalent

circuit in Fig. 11(b), the six-way junction is represented by a combination of a four-

way junction and two T-junctions on its two sides. Because of the proximity between

the resistor 1, 2 and bypass channel 1, 2 connection points and the mixer channel

entrance [Fig. 11(a), (c)], the corresponding hydrodynamic resistances are negligible,

similar to the resistance of the channel connecting the buffer inlet with the mixer

entrance. Therefore, these connections are represented by simple wires in the circuit in

Fig. 11(b) and the pressures at both T-junctions are practically equal to bufP  as well.

Hence, the volumetric fluxes through the bypass channels, bpQ , are equal to each

other, both given by bpbufbp RPQ /  , and, just as mixQ , independent of either 1P  or 2P .
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The parameters controlled by 1P  and 2P  are the volumetric fluxes through the

respective inlets, inbufinj RPPRPPQ /)(/)( 11
0
1   and inbuf RPPQ /)( 2

0
2  . The

device is operated in a regime with bufPP 1  and bufPP 2 , so both 0
1Q  and 0

2Q  are

positive, from the inlets towards the respective T-junctions. (Alternatively, one of the

inlets may be blocked). Nevertheless, as long as bpQQ 0
1 , corresponding to

bpbufinbuf RPRPP //)( 1   and bpinbufbuf RRPPP /1  , the entire flux from inlet 1 is

diverted to the bypass channel 1 and does not reach the mixer channel. Therefore, as

long as 1P  is below a threshold level, bpinbufbufth RRPPP / , the value of 1C  is

exactly zero. By the same token, 2C in the observation channel remains zero for

thPP 2 . However, once 1P  exceeds this threshold level ( thPP 1 ), there is a flow of

solution 1 towards the four-way junction and through the mixer channel at a

volumetric flux inthbp RPPQQQ /)( 1
0
11  . [When bpQQ 0

1  , in terms of the

equivalent circuit in Fig. 11(b), the flux 1Q  is negative.] The flux 1Q  is proportional to

the level of 1P  above the threshold, thPPP  11 , because the flux through the bypass

channel, bpQ , is independent of 1P  and remains unchanged. Moreover, because the

total flux through the mixer channel does not depend on variations of 1P  either (it is

mixbufmix RPQ / ), the part of the flux of solution 1 in the total flux through the mixer

is
inmixmix RQ

P

Q

Q 11 
 and is a linear function of 1P  as well. (The flux of solution 1

through the mixer grows with 1P  at the expense of the flux of the buffer that linearly
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decreases with 1P  as
inmix

buf
mix R

P

R

P
QQ 1

1


 .) After the solution from inlet 1 is mixed

with the buffer, the ratio between the concentration of substance 1 in the observation

channel and its concentration in the stock solution, 0
11 / CC , becomes the same as the

flux ratio,
inmixmix RQ

P

Q

Q

C

C 11
0
1

1 
 , so

inmixRQ

P
CC 10

11


 . Therefore, just as 1Q , 1C  is also a

linear function of 1P  and 1P .

This linear dependence is only violated when mixQQ 1  . In this case, the entire

liquid entering the mixing channel comes from inlet 1, resulting in 0
11 CC  . The value

of 1P , at which this overflow occurs, overP , is found from the condition mixQQ 1 ,

giving mixinbufthinmixthover RRPPRQPP /  and the operation of the device at

overPP 1  can result in flow of the solution of substance 1 towards the buffer inlet and

is generally to be avoided. However, if inlet 2 is blocked, 1Q  can exceed mixQ  by as

much as bpQ  without causing the buffer flow inversion. This fact can be used to

experimentally find overP  as the value of 1P  at which the solution of substance 1 starts

penetrating into bypass channel 2 and the growth of 1C with 1P  in the observation

channel is saturated. Once thP  and overP  are experimentally determined, 1C  can be

found as
thover

th

PP

PP
CC




 10
11 , providing a straightforward practical way to calculate the

value of 1P  required to obtain a desired concentration, 1C ,
0
1

1
1 )(

C

C
PPPP thoverth  .



75

The analysis in the previous paragraphs can be equally applied to the flow

from inlet 2, leading to a conclusion that the concentration of substance 2 in the

observation channel should be
thover

th

PP

PP
CC




 20
22 , where thP  and overP  are the same as

before. (Both of these parameters are independent of either 1P  or 2P .) Nevertheless,

when the inlets 1 and 2 are both contributing flux to the mixer, an obvious restriction

applies that the sum of the fluxes of solutions 1 and 2 through the mixer, 21 QQ  , is

smaller than the total flux through the mixer, mixQ , corresponding to 1
0
2

2
0
1

1 
C

C

C

C
.

Indeed, the device does not function properly if mixQQQ  21 , due to inversion of the

buffer flow.

The above analysis of the device operation can be reduced to three major

statements. (1) When solutions of substances 1 and 2 with concentrations 0
1C and 0

2C ,

respectively, are fed to the inlets 1 and 2, the concentrations of the two substances in

the observation channel, 1C and 2C , are linear functions of pressures at the

corresponding inlets, 1P  and 2P , as long as 1P  and 2P  are in the range between thP

and overP . If 1P  or 2P  is lower than thP , the concentration of the corresponding

substance in the observation channel is zero. (2) The conversion of pressures 1P  and

2P  into respective concentrations 1C and 2C has a simple form

thover

i
i

thover

thi
ii PP

P
C

PP

PP
CC








 00 , with the constants thP  and overP  identified

experimentally as the values of 1P  (or 2P ) at which substance 1 (or 2) first appears in
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the observation channel and at which it penetrates to bypass channel 2 (or 1) ,

respectively. (3) The concentrations 1C and 2C  are individually controlled by the

pressures 1P  and 2P , respectively, without any dependence of 1C on 2P  or 2C on 1P

other than in the case of the overflow (buffer flow inversion).

Mixer channel

The mixer channel of the device [Fig. 11(a)] is a modification of the

microfluidic mixer from a previous publication2 and consists of a chain of 22 mirror-

symmetric segments with 50 and 180 m deep elements, generating three-dimensional

(3D) flow with stretching and folding that promotes efficient mixing [Fig. 11(d) and

insets in Fig. 11(a)]. (Some parts of the mixer chain are tilted at 45° to reduce the

device footprint.) Briefly, at the entrance of each segment, the stream is split three-

ways, forward towards a tall and narrow (180 m deep and 30 m wide) central

channel and to two shallow (50 m deep) side channels on the bottom left and bottom

right, resulting in stretching of the stream in the direction out of plane of the device [z-

direction; Fig. 11(d)]. At the end of the segment, the three streams merge into one,

resulting in folding. The mixer channel of the device is different from the mixer in

Ref. 2 in several respects. First, the segments are mirror-symmetric rather than

identical [Fig. 11(a)], and different geometries of the side branches lead to different

flow resistances. As a result, according to numerical simulations of the flow using

Comsol, the volumetric flow rates through the side branches differ ~2-fold, leading to

uneven splitting of the flow [43, 34, and 23% for the right, central, and left branches

for the segment shown Fig. 11(d)]. This uneven splitting and the alteration of the
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segments with larger flow to the right and to the left branches are designed to make

the mixing more chaotic (in the Lagrangian sense) and, by breaking the right/left

symmetry, to prevent the undesirable situation when the solution coming from inlet 1

(or 2) mostly remains on the left (right) side of the mixer.

Second, the design of the mixer segments is optimized through numerical

simulations in Comsol to reduce the passage time of the solution through them

(residence time) and the variation of passage time along different streamlines

(variation of residence time), without compromising the efficiency of mixing or

making their flow resistance excessively high. The mean passage time through the

mixer defines the delay between changes of the inlet pressures ( 1P  and 2P ) and of the

concentrations in the observation channel ( 1C and 2C ). No less important, the passage

time is one of the factors defining the concentration switching time, which is the

duration of transition from the old to the new levels of 1C (or 2C ) after 1P  (or 2P ) is

abruptly switched. For example, for a laminar mixer (straight channel with rectilinear

flow), the switching time is proportional to a square root of the passage time (see eq. 5

in Discussion). The main factor defining the switching time is the variation of the

passage time between different flow trajectories (dispersion), and for generation of

both abrupt steps and well-defined temporal waves of concentration, it is desirable to

have the variation of the mean passage time as small as possible.

The mean passage time at a given volumetric flux is inversely proportional to

the total volume of channels in the mixer. Therefore, the channels in the segments of

the present mixer were made substantially shorter and narrower than in Ref. 2,
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resulting in ~6 fold reduction of the volume of a segment, from ~100 nL to ~17 nL [cf.

Fig. 11(d) and insets in Fig. 11(a) vs. Fig. 1 from Ref. 2]. To reduce the variation of

the passage time, the 180 m deep channels in the mixing segments were streamlined

by introducing smooth round turns instead of corners present in the design in Ref. 2,

thus eliminating regions with particularly slow flow (where the liquid can stay for a

prolonged time). In addition, an effort was made to reduce differences between the

mean passage times (volumetric fluxes divided by volumes) through the central and

side branches of a segment, given other requirements of the design and constraints of

the microfabrication.

Generation of linear ramps of concentration

To use the linear relationship between the inlet pressures, 1P  and 2P , and the

respective solution concentrations, 1C and 2C , in order to produce linear time ramps

of concentration, we needed to generate linear time ramps of pressure. To this end, we

inserted an O-ring sealed plug into a 140 cc plastic syringe, inserted a long and thin

steel capillary (40 mm length, 50 m effective internal diameter) into a through-hole

in the plug, and connected the distal end of capillary to a common port of a 3-way

solenoid valve (P251SS-O12 by Ingersoll Rand), with its two other ports connected to

sources of pressurized air and vacuum [Fig. 11(e)]. The plug had another opening,

connecting the interior of the syringe to atmosphere through a normally closed 2-way

solenoid valve [Fig. 11(e)].

Actuation of the 2-way valve rapidly vents the syringe, equilibrating the

pressure in the syringe with the atmospheric pressure. (We note that in the following
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discussion of the pneumatic setup all pressure values are absolute rather than gauge

pressures.) When the 2-way valve is closed, and the distal end of the capillary is

connected to a source of pressurized air with pressure pP , air flows into the syringe at

a volumetric flux csps RPPQ /)(  , where sP  is the pressure inside the syringe and

cR  is the hydrodynamic resistance of the capillary. This flow of air causes the pressure

inside the syringe to increase at a rate VPQdtdP sss //  , where V is the volume of air

in the syringe. This system is similar to an electronic RC-circuit, with the roles of the

resistance and capacitance (R and C) played by cR and V, respectively. In the first

approximation (the fractional change in sP being small, which is true as long as sP

remains close to the atmospheric pressure), sP  varies like the voltage of a charging

capacitor, 00 )]/exp(1)[()( ssps PtPPtP   , where 0/ sc PVR  and 0
sP is the

initial pressure in the syringe. Furthermore, at times t , sp PP   is nearly equal to

0
sp PP  and sQ  remains nearly constant, leading to a practically linear increase in the

pressure inside the syringe at a rate /)(/ 0
sps PPdtdP  . Therefore, if one chooses a

capillary with sufficiently large hydrodynamic resistance, cR , to obtain a large value

of  , one can achieve practically linear ramp of pressure in the syringe over an

extended period of time. (The choice of the syringe volume at a relatively high value

of 140 cc was also intended to achieve large  .) Most importantly, the proposed setup

does not have any moving mechanical parts, relying instead on a simple pneumatic

process, and can thus provide practically smooth ramps of pressure, sP .
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We further note that the above reasoning also applies in the case, when the

distal end of the capillary is connected to a source of vacuum [negative gauge

pressure; vacP  in Fig. 11(e)], resulting in a flow of air out of the syringe and a linear

reduction of sP with time at t . We also note that a practical recipe to have the

rate of pressure change nearly constant is by keeping 00
spss PPPP  , that is

limiting variations of pressure in the syringe to a small fraction of 0
sp PP  .

Finally, the above equations need to be amended by accounting for variation of

the volumetric flux along the capillary due to the compressibility of air and

conservation of mass. Specifically, the flux sQ  is evaluated at the pressure inside the

syringe, sP , which in our experiments was always close to the atmospheric pressure,

atmP , whereas the pressure pP  was usually well above or well below atmP . The

volumetric flux at the distal end of the capillary, pQ , can be calculated as

patmspssp PPQPPQQ //  , assuming an isothermal process. Similarly, the local

volumetric flux, Q, along the capillary varies with the local pressure, P, as

PPQQ ss / . Because the viscosity of air is nearly pressure independent, for laminar

flow in the capillary, the local pressure gradient along the capillary, dxdP / , is given

by PPkQkQdxdP ss //   (where k is a coefficient of resistance of the capillary),

leading to non-linear distribution of P along the capillary. Integration of this

differential equation with the boundary conditions of sP and pP at the two ends of the

capillary, gives )2/()( 22
cssps RPPPQ  , suggesting a non-linear dependence of sQ
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and dtdPs /  on pP  that for atms PP   becomes )2/()(/ 22 VRPPdtdP catmps  .

Nevertheless, this non-linearity does not change the fact that the rate of syringe

pressure growth, dtdPs / , is nearly constant as long as t  and 00
spss PPPP  .

Results

Characterization of flow

The device was tested with pH 7.5, 10 mM phosphate buffer fed to the buffer

inlet and to inlet 2 and a solution of fluorescein sodium salt (called fluorescein in what

follows) in this buffer fed to inlet 1. In some experiments inlet 2 was blocked. The

device was operated at a buffer inlet pressure 0.5bufP  kPa, which was set

hydrostatically. The flow velocity in the 300×180 m observation channel was

measured by tracking 2 µm green fluorescent beads added to the buffer and had a

maximal value of ~10 mm/s, corresponding to a mean flow velocity of ~5 mm/s and a

volumetric flux 27.0mixQ L/s (as calculated using laminar flow equations for

rectangular channels 40). With a 10 ppm fluorescein solution fed to inlet 1 and inlet 2

blocked, we varied the pressure at inlet 1, 1P , to observe the thresholds for penetration

of fluorescein into the mixer channel and into bypass channel 2 and established the

values of 1P  at the two thresholds at 4.5thP  and 5.14overP  kPa, respectively.

Quality of mixing

We then set 1P  at ~12 kPa and tested the quality of mixing in the mixer

channel by taking a stack of fluorescence micrographs of the observation channel

[region highlighted in red in Fig. 11(a)] with a spinning-disk confocal microscope.
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The objective lens was Zeiss 20×/0.8 and the step in the z-direction was 1 µm.  The

stack of confocal micrographs was used to reconstruct the distribution of fluorescence

in the yz-cross-section of the channel (the plane perpendicular to the flow, Fig. 11; see

also Ref. 2).  The background was evaluated by taking a stack of confocal micrographs

of the PDMS chip and subtracted from the yz-profile of fluorescence in the channel,

resulting in a background-corrected fluorescence profile in Fig. 12(a). The experiment
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was repeated with the buffer inlet blocked to measure the distribution of fluorescence

with homogeneous 10 ppm fluorescein solution [Fig. 12(b)]. The yz-profile of

fluorescence in the observation channel in Fig. 12(a) does not have any apparent

features that may result from incomplete mixing (cf. Fig. 2 in Ref. 2) and is generally

uniform apart from some long-range variations that are also seen in Fig. 12(b) (likely

due to uneven illumination and light collection), sharp changes in near-wall regions,

Figure 12. Profiles of fluorescence in the yz-cross-section of the observation
channel (300×180 µm in the yz-plane) of the microfluidic device reconstructed
from confocal scans at different conditions. (a) Pressure at the buffer inlet is

0.5bufP
 kPa, pressure at inlet 1 is 121 P  kPa with a 10 ppm solution of

fluorescein fed to it, and inlet 2 is blocked, resulting in 10 ppm fluorescein solution

and buffer fed to mixer at ~3:1 ratio. (b) 121 P  kPa, whereas the buffer inlet and
inlet 1 are blocked, resulting in pure 10 ppm fluorescein solution in the observation
channel.



84

and some vertical and horizontal lines, which are likely instrumental artifacts. In a

central region of the channel cross- section, spanning 70% of its width and height

(210×128 µm in the yz-plane), the mean pixel values and standard deviations (SD)

were, respectively, 152 and 9.9 for Fig. 12(a) and 199 and 12.4 for Fig. 12(b). The

values of SD were reduced to 3.5 and 5, respectively, for regions spanning 30% of

both width and height near the center, corresponding to a coefficient of variations of

~2.5% for profiles in both Fig. 12(a) and 12(b). These results indicate that the

variation of pixel values in Fig. 12(a) primarily originates from instrumental noise and

long-range non-uniformity of illumination and light collection. Therefore, within the

resolution of the imaging system, the 10 ppm solution and buffer were completely

mixed after passing through the mixing channel.

Linearity of conversion of pressure into concentration

We tested the linearity of the conversion of pressure into concentration, as

suggested by the equation
thover

th

PP

PP
CC




 10
11 above, by measuring the level of

fluorescence in the observation channel as a function of inlet pressure, 1P , at

0.5bufP  kPa and with inlet 2 blocked.  The experiments were performed on a video-

microscopy setup, consisting of an inverted fluorescence microscope (Nikon TE2000)

with a FITC filter cube and a 20x/0.45 objective and a 12-bit cooled digital camera

(Spot-RT6 by Diagnostic Instruments). The source of fluorescence illumination was a

high-power air-cooled LED with a center wavelength of 455 nm. The LED was driven

by a stabilized DC power supply, resulting in the fluorescence illumination intensity
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varying by <0.1% in a 20 min period.41 We took fluorescence images of the

observation channel near its central axis, ~200 m from its entrance and averaged the

pixel values over an area ~25 m in diameter to reduce the measurement error. For

background correction, we took a fluorescence image of the same region without

fluorescein in it, calculated the average pixel value of the region in this image and

subtracted it from averaged pixel values in all other images. The solution fed to inlet 1

in this experiment had a fluorescein concentration 40
1 C ppm. From our previous

calibration,42 we expected the intensity of fluorescence in the 180 m deep

observation channel to be a linear function of fluorescein concentration, 1C , in the

range from 0 to 4 ppm. Therefore, by measuring the fluorescence intensity and

dividing it by its value when the observation channel was flooded with the solution

from inlet 1, we evaluated the fluorescein concentration normalized to its maximal

value, 0
11 /* CCC  .

The dependence of *C on thPPP  11  was found to be a nearly perfect

straight line in the entire range tested, from 0 to 5.2 kPa in 1P  and from 0 to 0.56 in

*C  (Fig. 13, black circles). (Higher values of 1P were not tested, because they

required 5.101 P kPa that could not be generated hydrostatically with the existing

setup, while the control of 1P with compressed air provided ~20 times lower

accuracy.) The root-mean-square of the differences between individual data points and

a linear fit to the whole data set (21 points) was 0.0010, whereas the mean value of *C
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was 0.287, indicating only ~0.35% average deviation of the values of *C  from the

linear fit.

To test for possible dependence of 1C on 2P , we repeated the experiment with

inlet 2 unblocked and with thPPP  22  set at 1 and 2 kPa (blue crosses and red plus

signs in Fig. 13). These two values of 2P  were expected to result, respectively, in

~10% and 20% of liquid in the mixer channel to come from inlet 2. This liquid that

can be the stock solution of substance 2 was plain buffer in our case. The dependences

of *C  on 1P  with blocked inlet 2 and with 2P  at 1 and 2 kPa were practically

Figure 13. Concentration of fluorescein in the observation channel normalized

to fluorescein concentration in the stock solution,
0
11 /* CCC  , as a function of

the level of pressure at inlet 1 above the threshold value, thPPP  11 , at different
conditions: inlet 2 is blocked (black circles); buffer is fed to inlet 2 at

122  thPPP  kPa (blue crosses); buffer is fed to inlet 2 at 22 P  kPa (red plus
signs). Continuous line is a linear fit to the data points with inlet 2 blocked.
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identical (Fig. 13), with slopes of 0.1062, 0.1060, and 0.1059, respectively, obtained

from linear fits. (All 3 linear fits had 0*C  at 04.01 P  kPa, most likely due to a

0.04 kPa error in the evaluation of thP ). Therefore, the experimental results showed no

detectable dependence of 1C on 2P , validating our analysis of the microchannel circuit

and indicating that concentrations of substances from inlets 1 and 2 in the observation

channel ( 1C and 2C ) can be controlled and adjusted independently, by setting

pressures at the respective inlets ( 1P and 2P ).

Abrupt switching of concentration

We tested the response time of the mixer channel by connecting the syringe

with 4 ppm fluorescein solution feeding inlet 1 to a source of pressurized air through a

fast-acting solenoid valve with a low flow resistance (direct-acting P251SS-O12 by

Ingersoll Rand with a ~ 7 ms switching time and a flow coefficient, Cv = 0.69 ). When

the valve was off, the pressure at inlet 1 was thPP 1  ( 2.51 P  kPa) and no fluorescein

was fed to the mixer channel, resulting in 01 C . When the valve was on, the pressure

at inlet 1 was thPP 1  ( 101 P kPa), and the steady state concentration of fluoresein in

the observation channel was ~ 0
15.0 C . The valve was switched on and off with a period

of ~4 sec. The measurements of 1C  followed the same protocol as in the two previous

experiments, with the difference that a Basler A102f digital camera was used,

providing a sampling rate of 50 frames per second. The time dependence of the

normalized concentration (evaluated as fluorescence divided by its value at a steady

state with the valve on) showed sharp transitions that occurred within t 250 ms
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(based on the 10% to 90% criterion) for 1C both increasing and decreasing [Fig.

14(a)]. Given the total volume of the mixing channel, 374.0mixV L, (22 segments

with 0.017 L volume each) and the volumetric flux 27.0mixQ L/s, leading to a

mean passage (residence) time  mixmix QVt / 1.39 s, the relation between the

transition and passage times was tt 18.0 . We also measured the mean

concentration as a function of time during the periodic switching at various other

points along the mixer channel, where the solution might not be completely mixed

[Fig. 14(b)]. The switching time (based on the 10% to 90% criterion, again) varied as

a square root of the distance from the mixer entrance, as counted by the number of

mixing segments from the entrance, N, [Fig. 14(b)] the same as predicted by the

Taylor-Aris theory 43, 44 for rectilinear channel (see also Discussion). The dependence

found from the best square root fit was Nat  , with 051.0a s, corresponding to

5.0btt  with 20.0b



89

s0.5.

Linear time ramps and waves of concentration

We initially tested the pneumatic setup for generation of linear ramps of

pressure [Fig. 11(e)] by filling the 140 cc syringe with ~20 cc of water and connecting

it to a long segment of transparent tubing with an internal diameter 0.5 mm (small

enough to have minimal changes in the volume of air in the syringe, while large

enough to have a low hydrodynamic resistance). The distal end of the capillary [Fig.

11(e)] was connected to a source of compressed air with a pressure 40pP kPa. The

transparent tubing was oriented vertically and placed in front of a ruler, and the height

Figure 14. Abrupt variation of fluorescein concentration by periodic switching
of pressure at inlet 1 between ~5.2 kPa and ~10 kPa using a solenoid valve. (a)
Time dependence of concentration of fluorescein in the observation channel
normalized to its equilibrium value with the valve on, as measured by (background
corrected) intensity of fluorescence using a digital camera operating at 50 frames per
second. Dashed grey lines are drawn at 10% and 90% of the equilibrium
concentration to guide the eye. Transitions between 10% and 90% occur within

~0.25 sec for both rising and falling concentration. (b) Switching time, t , defined
as the transition time between 10% and 90% of the equilibrium level, at different
positions along the mixer channel as a function of number of mixing segments from
the mixer entrance, N (blue circles). Continuous line is a fit to a square root

dependence, Nt  .
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of the water column in the tubing was measured as a function of time after the 2-way

valve was actuated, causing air flow through the capillary to raise pressure in the

syringe. During ~100 sec of observation, the water column height was observed to

linearly increase in time (within ~3% experimental error), indicating a linear time

ramp of pressure in the syringe.

We then filled the syringe with ~20 cc of 4 ppm solution of fluorescein in pH

7.5 phosphate buffer and connected it to inlet 1 of the microfluidic device. Inlet 2 was

blocked and the buffer inlet was fed with plain buffer at 0.5bufP  kPa, as in the

previous experiments. The pressure at inlet 1 was adjusted hydrostatically to a level

just below thP . The normalized concentration of fluorescein in the observation

channel, 0
11 /* CCC  , was measured as a function of time, t, after the 2-way valve was

actuated, while the capillary was connected to pressurized air with different pP . The

plots of *C  vs. t at 20pP , 40, 60, and 80 kPa [Fig. 15(a)] had several salient

features. They were all smooth functions without appreciable fluctuations or

irregularities. They were all well-fitted by functions )]/exp(1[)(* tAtC   with

the same time constant, , in agreement with our analysis. The value of  was 3390

sec, indicating that the growth of concentration with time remained linear within 1%

for the first 34 sec and within 5% for the first 170 sec. The pressure-dependent pre-

factors A that (together with ) defined the initial slope of the time ramps had values of

1.37, 2.94, 4.77, and 6.68 at 20pP , 40, 60, and 80 kPa, respectively. The ratios of

the pre-factors were 1 : 2.15 : 3.48 : 4.88, close to the ratios 1 : 2.18 : 3.54 : 5.09
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predicted by the equation )2/()(/ 22 VRPPdtdP catmps  , further validating our

analysis of the setup operation. (The values of pP  entering this equation are absolute

pressures equal to 120, 140, 160, and 180 kPa.)

As a final demonstration of capacities of the system, we used it to generate

triangular concentration waves with different slopes on the falling side. To this end,

Figure 15. Generation of linear ramps and triangular waves of concentration
using the microfluidic device and pneumatic setup with a capillary and syringe.

(a) Normalized concentration of fluorescein in the observation channel,
0
11 /* CCC  ,

as a function of time after the 2-way valve is actuated sealing the syringe, while the

distal end of the capillary is connected to compressed air with pressures, pP
, of 20

kPa (black line), 40 kPa (blue line), 60 kPa (red line), and 80 kPa (green line). (b)
Various triangular waves of fluorescein concentration generated with the normally

open port of the 3-way valve connected to compressed air with
60pP

kPa and with
valve switched at ~100 sec intervals. Black lines: normally closed port of the 3-way

valve is connected to vacuum at 80vacP kPa; the 3-way valve is switched off at 0
at ~200 sec and switched on at ~100 and ~320 sec; the 2-way valve is briefly
switched on at 0, ~200 sec and ~420 sec, generating nearly equilateral triangles. Blue
lines: normally closed port of the 3-way valve connected to vacuum at

40vacP kPa; the 3-way valve is switched off at ~420 at ~630 sec and on at ~530
and ~7400 sec; the 2-way valve is briefly switched on at ~420, ~630 sec and ~840
sec, generating triangles with positive slopes ~1.5 times steeper than negative slopes.
Red lines: the 2-way valve is briefly switched on at ~840, 940, and 1050 sec,
generating a saw-tooth wave of concentration.
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the 3-way solenoid valve [Fig. 11(e)] had its normally open and normally closed ports

connected to a source of pressurized air with 60pP kPa and to a source of vacuum

with variable negative gauge pressure, vacP , respectively. The vacuum was first set at

80vacP  kPa and the valve was switched on and off for ~100 sec during two ~200

sec long cycles that generated a triangular wave of 1C  with nearly identical raising and

falling slopes [equilateral triangles; Fig. 15(b), black lines]. After each 200 sec cycle,

the syringe was vented to the atmosphere [by briefly actuating the 2-way valve, Fig.

11(e)], resulting in an abrupt drop of 1C to zero, so the second cycle was started from

the same point as the first one. The value of vacP  was then changed to -40 kPa,

resulting in a falling slope ~1.5 times smaller that the rising slope, and two periods of

a different triangular wave were generated [blue lines in Fig. 15(b)]. Finally, a saw-

tooth wave of concentration was generated with *C  raising to ~0.13 within 100 sec

and then abruptly falling to zero [red lines in Fig. 15(b)]. It was achieved by having

the 3-way valve permanently on (the capillary connected to 60 kPa), while venting the

syringe to the atmosphere every 100 sec (by briefly actuating the 2-way valve).

Discussion

Performance of the setup

The proposed experimental system comprising the microfluidic device and the

pressure ramp generating setup in Fig. 11 has several useful practical features. First,

the system enables linear conversion of inlet pressure, 1P , into concentration of a

substance in solution in an observation area, 1C , for 1C  ranging from zero all the way
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to the concentration of the stock solution fed to the inlet, 0
1C . The linear conversion is

a consequence of the architecture of the microchannel network, with the mixer channel

entrance connected through a negligible resistance channel to the buffer inlet and

through high-resistance channels to the inlets 1 and 2. Second, the setup makes it

possible to control concentrations of two substances independently by setting

pressures at two inlets, with a linear conversion of pressures into respective

concentrations and without any interdependence (cross-talk), as long as the sum of

concentrations of the two substances ( 1C  and 2C ) normalized to their concentrations

of the stock solutions ( 0
1C and 0

2C ) is less than 1. (Independent control of

concentrations of multiple substances was shown before with membrane pump

metering.36) The microchannel network can be easily modified to enable independent

variation of concentrations of 3 or more substances. Third, the switching of

concentrations in a continuous range from 0 to 0
1C occurs on a time scale of 0.25 sec

(based on the 10%  to 90% criterion), which is expected to be shorter than the

response time of most cells.13-20 The switching time of 0.25 sec is roughly equivalent

to a maximal switching frequency of 2 Hz, about an order of magnitude higher than

shown before.17 Fourth, the system enables generation of smooth linear ramps of

concentrations with a range of positive and negative slopes and triangular waves of

concentration with various slopes. In the current system, the ramps remain linear

(within 5%) over time scales <170 sec, and the range of linearity can be readily

extended if the time constant of the system, , is increased by augmenting the flow

resistance of the capillary [smaller diameter or larger length; Fig. 11(e)]. We also note



94

that the proposed microfluidic device could be used to rapidly switch concentration

between a large number of discrete values, if the pressure at inlet 1 is derived from a

specialized pneumatic setup, such as a 4-bit system based on solenoid valves with ~25

ms pressure switching time.45 Alternatively, electronically controlled pressure

regulators or appropriately programmed motorized vertical stage could be used to

generate concentration waves with harmonic profiles.

One of the advantages of the presented system as compared to previous

microfluidic devices producing solutions with desired concentrations on demand and

generating specific temporal profiles of concentration is the simplicity of the

microchannel network. The network has a single channel layer and no integrated

valves, and the control of concentration only requires a single source of regulated

pressure that is linearly converted into concentration. In addition, the device operates

continuously, with the flow velocity (and substrate shear stress) in the observation

channel defined by a constant pressure of the buffer inlet and remaining constant at

varying concentrations. Therefore, cells on the substratum in the observation area are

only presented with changes in concentration without concomitant changes in

hydrodynamic stress.26 In addition, the time ramps produced by the system are

practically fluctuation-free.

Comparison of chaotic and laminar mixers

The combination of a relatively high volumetric flow rate, 27.0mixQ L/s,

short switching time, 25.0t sec, and low driving pressure, 5bufP  kPa, is made

possible by the mixer channel with chaotic 3D flow. It is instructive to compare this
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mixer with a laminar mixer, a narrow channel with a rectilinear flow, in which mixing

occurs by diffusion only. Basic requirements to this laminar mixer are that it provides

complete mixing, has short switching time, can handle sufficiently high volumetric

fluxes, and operates at a reasonably low driving pressure.

An abrupt change in the ratio of flow rates of buffer and solution fed to the

inlet of a laminar mixer would create a front propagating along the channel and

spreading in the longitudinal direction. According to the Taylor-Aris theory,43, 44 for a

round channel with a diameter d and mean flow velocity v, the spreading would occur

with an effective diffusion coefficient

D

dv

D

dv
DDeff

22
)(

192

1

192

1
1 


















 , (1)

where D = 500 m2/s is the diffusion coefficient of fluorescein. The resulting width

(longitudinal extension) of the front can then be estimated as

2/1)2( efftDx  , (2)

where the mean time of passage through the channel, t, can be calculated as the

quotient of the channel length, L, and v, vLt / . The switching time, t , is the time

it takes the diffusion-broadened front to pass through the mixer exit. Because the front

has width x and moves with a mean flow velocity, v,

2/32/12/1 /)2(/)2(/ vLDvtDvxt effeff  , (3)

Plugging in the expression for effD from eq. 1 into eq. 3, we obtain

2/122/32/12 )]96/([/)]96/()([ DvLdvDdvLt  (4)
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an equation relating the diameter of the channel, d, its length, L, coefficient of

diffusion, D, the mean flow velocity, v, and the switching time, t  . Its alternative

form, using vLt / , is

2/122/1 )/()96/( Ddtt  , (5)

showing that t is proportional to the product of square roots of the passage time, t,

and characteristic time of diffusive mixing across the channel, Ddtdiff /2 .

The condition for achieving good mixing by diffusion between two streams

moving side by side through the channel is difftt  . If we set difftt   for a minimal

passage time, eq. 5 becomes

96/tt   or )96/(96/ 2 Ddtt diff  , (6)

indicating that, when t is set to a minimal value enabling good mixing, t is

proportional to Ddtdiff /2 .  Solving eq. 6 for d and plugging in D = 500 µm2/s and

25.0t sec, we obtain 35)96( 4/122  tDd  µm as the diameter of a laminar mixer

channel providing the same switching time as our chaotic 3D mixer.

We now compare this laminar mixer with our 3D mixer in terms of the

volumetric flux and driving pressure. A volumetric flux 27.0mixQ L/s corresponds

to a mean flow velocity 28.0)/(4 2  dQv mix   m/s through the 35 m round channel,

and the condition difftt  requires a channel length 69.0/2  DvdvtL diff  m.

According to the Poiseuille equation, for an aqueous solution with viscosity  = 0.001

Pas, these values of v and L would necessitate a driving pressure
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62 104.6)/(128  dvLP  Pa or ~64 atm. This pressure is 3 orders of magnitude

higher than 5bufP  kPa in our microfluidic system and would be practically

impossible to achieve in a microfluidic device made of PDMS. If a pressure of 5  kPa

is applied to a laminar mixer with d = 35 m, the conditions difftt  (good mixing) and

25.0t sec are met for a channel length 19L  mm and 8.7v mm/s,

corresponding to a volumetric flux of 0.0075 L/s, which is  ~36 times smaller than

27.0mixQ L/s achieved in our mixer. This greatly reduced volumetric flux would

make the microfluidic device substantially less practical (e.g., by diminishing the

region that can be exposed to the temporal wave of concentration with

uncompromised time resolution). Therefore, the use of the chaotic 3D flow mixer

rather than a diffusive laminar mixer in the microfluidic device was indeed essential,

enabling large volumetric flux with a short switching time and low driving pressure.

We finally note that the length of a mixer channel required for a given quality of

mixing increases proportionally to the mean flow velocity, v, in the case of laminar

mixers, but only as 4/1v  in the case of chaotic flow mixers.2, 46 As a result, the driving

pressure increases as 2v  for laminar mixers, but only as 4/5v  for chaotic mixers,

making laminar mixers increasingly impractical when high flow rates are required.

Prospective applications of the technique

The system presented here has been recently applied to study the response of

social amoebas (D. discoideum) to abrupt changes in concentration of chemoattractant

(cyclic AMP).26 Cellular responses were visualized with a fluorescent marker and



98

were found to occur on a 1 – 10 sec scale, which was well within the range of time

resolution of the proposed system.26 The system can also be applied to other

chemotactic eukaryotic cells, such as primary neutrophils and HL60 neutrophil-like

cells, where the elucidation of temporal response to specific stimuli can help better

understand the workings of chemotactic signaling pathways, and find multiple other

applications in cell biology. In particular, it can enable repeating the classic

experiments on exposure of chemotactic E. coli to time ramps of concentration of

chemoattractant14 in a microfluidic format with a reduced level of fluctuations and

high linearity of the ramps, potentially enabling finding the limits of sensitivity and

adaptation (a rate of concentration variation that does not elicit a detectable

response).14 Moreover, because the proposed system allows independent variation of

concentrations of two substances, it can be used to challenge cells with conflicting

external signals, such as an increase of concentration of one attractant with

simultaneous reduction of concentration of another (or increase of concentration of a

repellent).47, 48 Responses of cells to stimuli of this type with varying strength of the

two signals may provide valuable information about cellular signal processing. More

broadly, the temporal ramps of concentration in a microfluidic device of the type

presented here can help study the signaling dynamics or behavior of any cell21, 22 or a

small model organism (e.g., C. elegans worm49) that responds to the chemical content

of the medium on a 1 – 100 sec time scale.

The capacity to accurately control multiple concentrations by varying pressures

and to apply slow time ramps could also prove useful for studies of concentration
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dependence of conformations and states of assembly of bio-molecular complexes

(proteins, nucleic acids, and their aggregates) on the substratum in the observation

channel using TIRF microscopy.50-52 The observable could be the intensity of

fluorescence or efficiency of Förster resonance energy transfer (FRET), which are

well suited for microfluidic experiments.53-55 Specifically, variation of concentrations

of two (or more) reagents can help obtaining two- (or multi-) dimensional biochemical

phase diagrams of the type previously obtained with spatial two-dimensional

gradients.53 As it has been recently shown with a membrane valve based microfluidic

system,55 coordinated variation of concentrations by steps and continuous ramps,

could also be particularly suitable for single-molecule spectroscopy in solution using

confocal microscopy, where the analysis is normally limited to a singe point in space.
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2.2.2 Dictyostelium Adaptation to Step Functions

Devices used in this chapter were modifications of the devices described in

chapter 2.2.1. They had the same basic structure of the mixing elements and temporal

gradient generation, with the addition of a five-way split at the end of the mixing

elements to individually address one of five observation chambers to allow for all

other observation chambers to adapt to initial conditions, while an individual chamber

is used to conduct an experiment.  Devices were run using the step function

capabilities.

I was responsible for device fabrication and for training and supporting Kosuke

Takeda over the course of the experiment.

2.2.2.1 Incoherent Feedforward Control Governs Adaptation of Activated Ras in

a Eukaryotic Chemotaxis Pathway

Many biological systems that exhibit perfect adaptation employ an integral

control strategy in which a buffering component of the signaling network integrates

the difference between the response and desired basal level. This difference is then fed

back to achieve perfect adaptation through negative regulation. Examples include:

bacterial chemotaxis (1-4), yeast osmo-regulation (5), and calcium homeostasis in

mammals (6). Integral control, however, is not the only way to accomplish perfect

adaptation. A systematic computational analysis of a three-node network revealed that

a second network topology can achieve robust perfect adaptation (7, 8). This topology

employs an incoherent feedforward mechanism (9) in which two nodes of the network
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are activated proportionally by the input stimulus. These two nodes then act on the

third node with opposite effects (i.e., one activates and one inhibits), leading to a

transient response that adapts perfectly. To date, no clear examples of biological

networks that use the incoherent feedforward strategy have been identified. This is

perhaps surprising since it can be shown that networks that contain incoherent

feedforward loops perform better than networks that employ integral control (8).

Eukaryotic cells can respond to steep or shallow chemotactrant gradients over

a wide range of chemoattractant concentrations (10, 11). Not surprisingly, it has been

suggested that adaptation is a key component of eukaryotic chemotaxis and is essential

for gradient sensing (12-15). Indeed, many downstream biochemical components

involved in the chemotaxis pathways display adaptive behavior (16, 17). The precise

mechanism of this adaptation, however, is not clear although it has been shown that it

occurs downstream from the chemoattactant receptors and coupled heterotrimeric G

proteins (18). Furthermore, even though many components of the chemotactic

pathways have been described, the precise mechanisms of gradient sensing are not

fully understood. A number of models have been proposed, most of which contain a

global inhibitor that provides communication between the different parts of the cell

(12, 13, 19-22). It remains a challenge to distinguish between the different proposed

mechanisms in the absence of quantitative data for the kinetics of the underlying

pathways.

To measure the adaptation kinetics of a eukaryotic chemotaxis signaling

pathway, we exposed cells of the social amoeba Dictyostelium discoideum to sudden
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uniform (global) increases and decreases in the concentration of the chemoattractant

cAMP using a microfluidic device (Fig. 16A) and examined the dynamics of activated

Ras, Ras-GTP. For this, we used the Ras binding domain of human Raf1 (RBD-GFP)

as a reporter, which preferentially measures activated RasG, the upstream activator of

PI3K (15, 23, 24). Ras proteins are molecular switches that bind to and activate

downstream effectors when in their activated GTP- but not GDP-bound state, with

different Ras proteins activating a range of effectors. Ras proteins are activated by

RasGEFs (guanine nucleotide exchange factors), which exchange Ras-bound GDP for

GTP, and are inactivated by a slow, intrinsic GTPase activity which can be stimulated

>103 fold by RasGAPs (GTPase activating proteins). In unstimulated cells, RasG-GDP

is distributed uniformly along the plasma membrane. Following the sudden exposure

to a chemotactic gradient, RasG is rapidly and locally activated within seconds at the

front of the cell (23). This is followed by the Ras-GTP-dependent activation of PI3K

and the translocation of PI(3,4,5)P3-binding PH domains to the sites of RasG

activation (23, 25-27). This activation of RasG, and a second Ras, RasC, at the leading

edge are the earliest measurable signaling event in a sequence of spatially-localized

cellular redistributions of signaling molecules that eventually lead to chemotactic
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motility (23, 28-30).

Using a microfluidic device (see details in the supporting online material (SOM)), we

switched the chemoattractant concentration in the medium surrounding the cells

within <1 second (Fig. 16B). Multiple cells were imaged every 0.63 s using spinning

disk confocal microscopy and the dynamics of activated Ras was followed by  the

Figure 16. Sudden change in uniform chemoattractant results in a transient
reponse of RBD-GFP to the membrane.  (A) Drawing of channels of the
microfluidic device employed in our experiments. (B) The concentration in a test
chamber of the device is switched within 1 s, as demonstrated by recording the
fluorescence intensity of  a dye. (C) Images of a Dictyostelium cell undergoing a
sudden increase in cAMP concentration at t=0s. (D) The cytosolic fluorescence
intensity of RBD-GFP, normalized by the fluorescent intensity before stimulation
and corrected for bleaching, as a function of time following a sudden 1 M cAMP
increase at t=0s. The amplitude of the maximum response, Ipeak, and its time point,
Tpeak, are recorded for each experiment.
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translocation of RBD-GFP to the cell cortex (Fig. 16C). We quantified the dynamics

of Ras-GTP by selecting a cytosolic region of interest and measured the RBD-GFP

intensity as a function of time (SOM). Fig. 16D shows a typical time course of the

cytosolic fluorescence intensity, I(t), normalized by the average cytosolic intensity

before cAMP stimulation and corrected for bleaching (see material and methods).

Prior to a change in the chemoattractant concentration, RBD-GFP is uniformly

distributed in the cytosol, with a low, basal level at the plasma membrane. Following

an increase in chemoattractant, RBD-GFP translocalizes rapidly to the cell membran

by binding Ras-GTP, reaching a maximum at ~3 s. This is followed by a more gradual

return to the cytosol and the RBD-GFP intensity reaches its basal level in <35 s. A

quantitative analysis demonstrated that the kinetics of intensity changes in membrane-

associated and cytosolic RBD-GFP pools were inversely related, indicating that there

is a transient and quantitative translocation of RBD-GFP from cytosol to the

membrane and back (see SOM).

We quantified the degree of adaptation of Ras-GTP by exposing previously

unstimulated cells to different chemoattractant concentrations, ranging from 1.0 x 10-2

to 1.0 x 103 nM. The results for the 5 highest concentrations are shown in Fig. 17A

and represent the average response of n=60 cells from three different experiments. The

response increases for increasing concentrations and saturates by 1 M. Furthermore,

the peak time, Tpeak, defined as the time from the addition of the stimulus to the peak

of the response, decreases with increasing concentration. As shown (Fig. 17B), by 35

s, the normalized RBD-GFP level has returned to the pre-stimulus level for all
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chemoattractant concentrations, indicating that Ras-GTP adaptation is near perfect

over a wide range of stimuli.

To further quantify the adaptation kinetics of Ras-GTP, we exposed cells to a

constant chemoattractant concentration for 10 min, followed by a sudden increase in

chemoattractant concentration. We computed the response (maximum decrease in

Figure 17. Ras response adapts over a large range of concentrations. (A) The
RBD-GFP cytosolic fluorescence intensity I(t) as a function of time for different
levels of stimulation. (B) The cytosolic fluorescence intensity of RBD-GFP after 35s
as a function of the cAMP concentration. (C) The RBD-GFP dose-response curves
for different pre-treatment concentrations. The symbols are the experimental results
while the solid lines are the results of our numerical simulations using the incoherent
feedforward network. The error bars here, and elsewhere in this paper, represent the
standard deviation. (D) The time of the maximum RBD-GFP response for different
pre-stimulation and stimulation levels of cAMP (experiments: symbols, simulations:
solid lines). (E) and (F), I(t) as a function of time following a sudden increase (at 15
s) and a sudden decrease (at 75 s) of cAMP concentration. The symbols correspond
to the experimental results while the solid lines represent our numerical results. In E,
the concentration increased from 0 to 0.2 nM, then decreased back to 0 nM. In F,
cells were exposed to 100 nM, followed by a sudden increase to 1 M and a
subsequent drop back to 100 nM. (G) The dose response curve for untreated cells
following a sudden increase of cAMP with (red) and without latrunculin B (black).
(H) The peak time of the response as a function of cAMP concentration with (red
line) and without latrunculin B (black line).
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cytosolic RBD-GFP fluoresence), Ipeak, which reflects the translocation of the reporter

to the membrane. These values were normalized by the maximum response in naïve

(not pre-treated) cells following a 1 M stimulus. The results are shown in Fig. 17C

for four different levels of pre-stimulation (0, 1, 10 and 100 nM). Cells that were not

pre- treated with cAMP were able to respond to a chemoattractant increase that

spanned 3-4 orders of magnitude with an EC50 of approximately 0.25 nM.

Furthermore, even cells that were pre-treated with 100 nM showed a significant

response to a sudden increase in stimulus. Fig. 17D shows Tpeak, which, for the four

different pre-stimulus levels, decreases for increasing chemoattractant.

Finally, we also examined the Ras-GTP kinetics in cells that were exposed to a

sudden increase and a subsequent sudden decrease in cAMP. The results for two of

these experiments are shown in Fig. 17E and F. In Fig. 17E, the concentration went

from 0 nM to 0.2 nM and back to 0 nM. As before, the cytosolic RBD-GFP

fluorescence decreased (due to translocation of the reporter to the cortex) following

the increase in chemoattractant, while the decrease in cAMP concentration led to a

rapid increase in the cytosolic RBD-GFP fluorescence and a subsequent slow return to

the basal level. Fig. 17F shows the results of a similar experiment where the

concentrations changed from 100 nM to 1000 nM and back to 100 nM. Compared to

the experiment in Fig. 17E, the return to basal level after the decrease in cAMP

concentration is markedly faster.

Previous studies identified a number of feedback loops that involve activated

RasG, PI3K, and F-actin polymerization (23, 31-34). To determine the role of the F-
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actin feedback loop in the observed adaptation, we treated cells with latrunculin B to

block F-actin polymerization. Again, we found that the cytosolic RBD-GFP levels

return to basal levels following a sudden change in chemoattractant concentration,

indicating adaptation was not affected (data not shown). Furthermore, latrunculin B

treatment does not have a significant effect upon either the dose reponse curve (Fig.

17G) or the characteristic response time (Fig. 17H). These results show that RasG

adaptation does not involve feedback loops containing actin and that the signaling

network resposible for the observed perfect adaptation is upstream from F-actin

polymerization.

This finding, combined with previous experimental results that demonstrate

that adaptation occurs downstream from the receptors (18), motivated us to construct a

mathematical model for adaptation that only contained Ras-GTP, RasGEF, and

RasGAP. To determine which network topology is consistent with our experimental

data, we constructed models that incorporate the two known three-node network

topologies that can produce perfect adaptation (Fig. 18A and B) (7, 8). In the

incoherent feedforward topology, Fig. 18A, both the RasGEF and the RasGAP are

activated by the chemoattractant signal through the receptors R. In the integral control

topology, Fig. 18B, the output of the model, Ras-GTP, is fed back using the RasGAP

as a buffering node. In both models, the external stimulus is translated into an internal

response through the binding of the chemoattractant cAMP to the receptors. Previous

studies have identified several species of receptors with different binding affinities for

cAMP (35). Thus, we include two types of receptors in our models, one with a high
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affinity (R
1
, dissociation constant K

1
d=60nM) and one with a low affinity (R

2
,

K
2
d=450nM). We assume that the two types of receptors activate downstream

components in an identical fashion. The consequences of including two receptor

affinities are discussed in the SOM. These models can be cast in terms of ordinary

differential equations (see SOM) that can be integrated in time to determine the

dynamical response for various temporal patterns of the stimulus as a function of

stimulus changes. To compare the dynamic  response of the two topologies to the

experimental results, we performed mathematical fits using a subset of the

experimental data. Specifically, we used the dose response curves (Fig. 17C), the

response time curves (Fig. 17D), and data from the experiments in Fig. 17E and F (the

peak times and amplitudes following the decrease in cAMP concentration and the

response amplitude 60 s after the decrease in Fig 17E (see SOM)). We employed a

simulated annealing fitting procedure (36) and, to avoid overfitting the data, used only

two data sets from Fig. 17C and D (non-pretreated cells and cells pretreated with 100

nM). The resulting numerical fit using 21 data points constrained the 9 free model

parameters in both topologies (details of the fitting procedure can be found in the

SOM). Our simulation results indicate that the integral control mechanism is

incompatible with our experimental results. In particular, this mechanism displays a

significant dependence of the adaptation kinetics on the size of the stimulus step. This

is shown in Fig. 18C, where we plot the response of our integral feedback model to a

range of stimulus steps. Contrary to our experimental results, for small concentration

increases this network leads to oscillations and, more importantly, the time to reach
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the basal level increases markedly as the step size increases. This dependence can be

analyzed analytically, as shown in the SOM. Additionally, other ways to implement

integral control are also incompatible with the experimental data (see SOM).

The results of the best fit using the incoherent feedforward network are shown

as solid lines in Fig. 17C and D. In contrast to the integral control topology, the RBD-

GFP level in the incoherent feedforward model can respond to a wide range of

chemoattractant stimuli and adapts quickly. Specifically, this network topology is able

to respond quickly even when the stimulus is large. Furthermore, the numerical results

track the experimental data well for all stimulus strengths, including the data sets that

were not explicitly fitted. The model parameters obtained by our fitting procedure are

listed in SOM Table 1.
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A closer inspection of the results of our fitting procedure reveals that the

RasGEF activation kinetics is faster than that of the RasGAP. This is to be expected

since a positive Ras-GTP response following an increase in cAMP requires that the

Figure 18. Only one possible network topology is consistent with the
experimental data. (A) The incoherent feedforward model of Ras adaptation
considered in this study. The chemoattractant binds to G-protein coupled receptors,
leading to the activation of both RasGEF and RasGAP which activates and de-
activates Ras, respectively. (B) An implementation of the integral control topology.
The receptor activates a RasGEF which, in turn, activates Ras. The RasGAP is
activated by Ras-GTP and, through a negative feedback, inactivates Ras, thus
functioning as a buffering node. (C) The response of the integral control network,
normalized to the pre-stimulus level of RBD-GFP concentration, for different levels
of chemoattractant stimulation. (D) A typical time course of the RasGAP, RasGEF,
and Ras-GTP for the incoherent feedforward model following  a sudden increase in
chemoattractant at 0 s. (E) The full dynamical response of RBD-GFP in the
experiments (symbols) and in the fitted model (solid lines) for two different
concentration increases.



115

activation step initially is larger than the de-activation step. Eventually, the RasGAP

kinetics catches up, resulting in a steady-state Ras-GTP level, Ras-GTP0, that is

independent of the stimulus strength: Ras-GTP0=RasGEF0/(RasGAP0+RasGEF0).

The kinetics of our model components is shown in Fig. 18D where we plot RasGAP,

RasGEF, and Ras-GTP as a function of time, following a sudden increase in

chemoattractant concentration. In Fig. 18E, we plot the full dynamical response in our

simulations together with experimental results for two jumps in the chemoattractant

concentration. Finally, our simulation results for the two experiments in which the

concentration is increased and then subsequently decreased are shown as solid lines in

Fig. 17E and F. The agreement between the experiments and the simulations is

excellent for the entire time course of the experiments.

Our combined experimental and theoretical analysis suggests that adaptation in

the RasG signaling pathway does not rely on integral control mechanisms that contain

negative feedback loops. Instead, and unlike any other biological systems analyzed to

date, adaptation is achieved through the simultaneous activation of an activator and

inhibitor. In the model we have analyzed here, the signal directly activates RasGEF

and RasGAP. Of course, an alternate possibility is that adaptation is achieved

downstream from the receptors and upstream from RasGEF. The output of this

adaptation module, containing unknown components, would then activate RasGEF

while RasGAP is constitutively active. In either case, our network is consistent with

the Local Excitation, Global Inhibition (LEGI) model (12) for gradient sensing that

postulates that the response to an external chemoattractant signal is governed by an
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intracellular membrane-bound activator and an inhibitor that is diffusing throughout

the cell. Such a gradient sensing model can convert the external gradient of bound

receptors into an internal gradient, especially if it is coupled to a module that further

amplifies the internal asymmetry (37, 38). Our model suggests that the activator

RasGEF is the local, membrane bound component while the inhibitor RasGAP is the

diffusive cytosolic component. This is consistent with previous results showing that

the RasG-GAP Dictyostelium NF1 is an essential component of the directional sensing

mechanism and that in the absence of NF1, cells are unable to effectively sense the

chemoattractant gradient’s direction (15). Further, our results argue that the RasG-

GAP, most likely NF1, is not passive but is activated in response to chemoattractant

stimulation and that this activation of both the RasGEF and the RasGAP are required

components of the network.
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2.3 DISSOLVED GAS GRADIENTS
Dissolved gas concentration has long been known to affect directed cellular

motion.  As with chemical factors, microfluidics provides the tools necessary to study

aerotaxis in stable, quantifiable, and reproducible gradients.  Because of the

permeability of PDMS, the ability to make multi-layer devices, and the small distances

separating the layers, microfluidic devices are ideal for imposing dissolved gas

concentrations on a liquid filled channel.  Section 2.3.1 will discuss a device for the

creation of arbitrary oxygen concentration profiles in a liquid-filled channel. Section

2.3.2 will discuss a novel assay for conducting quantitative aerotaxis experiments in

linear gradients of oxygen along with an application to E. coli aerotaxis.

2.3.1 Generation of Oxygen Gradients with Arbitrary Shapes in a Microfluidic

Device

Introduction.

The concentration of oxygen in the biosphere varies from ~21% in the

atmosphere to nearly zero in deep sea and soil. Some living creatures are adapted to

significant variations in the oxygen concentration, [O2], whereas others, such as

anaerobic organisms or microaerobic soil bacteria populate niches with well-defined

levels of oxygen. Many bacteria1 and some unicellular protists2 and multicellular

organisms3 are oxygen-tactic (aerotactic). They can detect spatial gradients of oxygen

and move towards higher or lower [O2]. Gradients of oxygen also form in the human

body, especially during development of tissues and tumors and when the normal blood

supply network is disrupted due to tissue injury.  The oxygen gradients may play a



122

role in directing angiogenesis and guiding the migration of immune cells towards

oxygen-deprived (hypoxic) regions formed in developing tissues, tumors, and

lesions.4-7 Studies of all these phenomena would benefit from a reliable instrument

generating robust gradients of oxygen with desired shapes.

A traditional method of setting and controlling [O2] in a liquid medium is by

saturating it with a gas mixture with the desired level of oxygen (e.g., by bubbling the

gas mixture through the medium). The high gas permeability of polydimethylsiloxane

(PDMS), a common material for microfluidic devices, offers an alternative method for

controlling [O2] in microchannels. In a two-layer microfluidic device, [O2] in channels

filled with a liquid medium can be set by flowing a gas mixture with the desired [O2]

through gas channels directly above the flow channels.8 As we previously

demonstrated,9 with this method, [O2] in a PDMS microchannel can be controlled

down to 0.1%, where 100% corresponds to a medium saturated with pure oxygen.

Moreover, we and other researchers9, 10 showed that a set of gas mixtures with linear

or exponential series of [O2] can be generated from two source gases by on-chip gas

mixing in a specialized microchannel network. Microfluidics also makes it possible to

create O2 gradients in the gas phase,3 and in several publications, generation of gas

gradients in liquid media was described.11-15 The gradients were formed by diffusion

from a source (or to a sink) or by O2 consumption due to cellular respiration, but the

control of the gradient shapes was limited. Maharbiz and co-workers16 built and

characterized a series of microfluidic devices, in which a variety of 1-dimensional and

2-dimensional O2 gradients were generated using controlled local release of O2 by the
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electrolysis of an electrolyte with the aid of various arrays of microelectrodes.

However, the construction of the devices was relatively complicated, the generation of

the gradients depended on a balance between the rates of O2 production and its

diffusion through the device to the atmosphere, and achieving [O2] <21% required an

atmosphere with reduced [O2] around the device.

Here we present a microfluidic device and a method of generating oxygen

concentration profiles with arbitrary shapes in liquid-filled microchannels. The device

(Fig. 19) is made of a monolith PDMS chip sealed with a cover glass and has two

layers of microchannels, a flow layer and a gas layer. As in the previously reported

devices, 9, 10 the device has a set of gas channels with different [O2]. However, in

contrast to the previous devices, the gas channels are made relatively narrow and

positioned close to each other, making it possible to convert discrete series of [O2] in

the gas channels into smooth gradient profiles of [O2] in the flow channels. In

addition, whereas the previous devices had two gas inlets and generated gas mixtures

with intermediate [O2] by on-chip mixing, 9, 10 the present device has 9 gas inlets and

is fed by O2/N2 mixtures from an off-chip multi-channel gas mixer. The gas mixer is

computer-controlled and [O2] in each of its channels is set individually, making it

possible to generate [O2] gradients with linear, exponential, and non-monotonic

profiles in a single device and to reconfigure the profiles and reverse the gradient

directions in <0.5 min.
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Figure 19. Microfluidic device. (a) Drawing of microchannels in the device (xy-
plane), with the flow channels shown in dark gray and gas channels shown in light
gray. Gas inlets are marked by numbers 1 – 9. (b) Color-coded concentration of
oxygen, [O2], in the yz-cross-section of the device in the functional area (where the
gas and flow channels overlap) from a 2D numerical simulation in FEMLAB. A
4×1.25 mm center bottom fragment of the 10×4 mm computational domain is shown.
White rectangles near the bottom are cross-sections of the 150 μm deep gas channels,
which are numbered according to the numbers of the gas inlets in (a). The boundary
conditions of the simulation are [O2] = 21% at the upper and side boundaries
(atmosphere air; not shown) and insulation at the bottom of the domain (cover glass).
The conditions at the walls of the gas channels are [O2] = 0% (pure N2) for channels
1, 6, and 7, [O2] = 50% (1:1 O2:N2) for channels 2, 5, and 8, and [O2] = 100% (pure
O2) for channels 3, 4, and 9, as in the experiment shown in Fig. 20c, curve 1. The test
channels (not shown) are immediately adjacent to the bottom of the computational
domain (and the bottom of the shown fragment). Arrows near the bottom indicate
lateral boundaries of an 2.25 mm wide internal region (between the centers of the
800 μm wide gas channels 1 and 9), in which [O2] just above the bottom is >99.95%
when all gas channels are filled with O2 ([O2] = 100% at all gas channel walls).
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Experimental.

The design and operation of the gas mixer are described in the Supplementary

Information. Each of its 9 channels has a 3-way solenoid valve with two inlets and one

outlet. The valve produces mixtures with different fractions of the two gases fed to its

inlets by periodic switching with different duty cycles. O2/N2 mixtures with [O2]

between 0 and 100% and with an absolute accuracy of ~0.5% in [O2] (with 100%

corresponding to pure oxygen) are generated by feeding the gas mixer with N2 and O2;

O2/N2 mixtures with [O2] between 0 and 21% and with an absolute accuracy of ~0.1%

in [O2] are generated by feeding the gas mixer with N2 and air.

The fabrication of the microfluidic device followed the same general protocol

as in Ref. 9. The device has a single gas outlet and 9 separate gas channels with a

depth of 150 µm, each connected to an individual inlet (Fig. 19a). The flow layer

network consists of channels with a depth d = 30 μm and has a simple layout, with

one inlet, one outlet, and three parallel test channels with widths of 30, 60, and 90 μm,

which are connected to the inlet through a serpentine-shaped resistance channel. The

gradients of [O2] are produced in the functional region of the device, where the test

channels overlap with the gas channels (Fig. 19a). In the functional region, the gas

channels are separated by 50 μm wide partitions and are 150 μm wide (except for the

two marginal channels, which are both 800 μm wide), forming a linear array with a

period L = 200 μm.

The thickness of PDMS between the flow and gas channels, h = 120 μm (Fig.

19b), is chosen to ensure the conversion of a discrete set of [O2] in the gas channels
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into a smooth profile of [O2] in the test channels. The characteristic time of O2

exchange is estimated as 46.0)6/(  Ddh  s,9 where 5103.1 D  cm2/s is the

diffusion coefficient for O2 in PDMS measured in our previous work,9 and the factor

of 6 is added because the solubility of O2 in PDMS is ~6 times higher than in water. 17

(The time of equilibration of [O2] inside the flow channels, )2/(2
wf Dd , where

5102 wD  cm2/s is the diffusion coefficient of O2 in water, is 0.23 s, which is

shorter than τ.) Flow through the device was driven by hydrostatically generated

differential pressure between the inlet and outlet,9 which  was normally set at 1 kPa,

resulting in a mean flow velocity of 8.5 μm/s in the 90 μm wide test channel, in which

the [O2] profiles reported below were measured. At this flow velocity, the O2

exchange time of 0.46 s corresponded to a distance of ~4 μm along the test channel,

which was less than d and much shorter than L. The gas flow rate, Q, was normally at

~0.2 mL/s for each gas inlet.

To measure [O2] in the test channel, we used a 250 ppm (by weight) solution

of an oxygen-sensitive fluorescent dye, Ruthenium tris(2,2’-dipyridyl) dichloride

hexahydrate (RTDP; obtained from Sigma),9, 14 in a 10 mM phosphate buffer with pH

= 7.5. Fluorescence of RTDP was measured on an inverted fluorescence microscope

(Nikon TE300), using a 10×/0.50 Nikon Planfluor objective, 0.42× video relay lens,

and a 2/3” CCD camera (Basler A102F). The field of view of the setup was ~2.0 mm

wide, covering nearly the entire length of the functional region. The fluorescence light

source was a blue LED (455 nm central wave length) with the illumination intensity

varying by <0.1% in a 20 min period.9
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Results and Discussion.

Fluorescence of RTDP is quenched by oxygen, and its intensity in the presence

of oxygen, I, is reduced compared to the intensity without oxygen, I0, according to the

Stern-Volmer equation, ]O[1/ 20 qKII  , where qK is a quenching constant. To

evaluate qK  (which is temperature and solution dependent9), we measured the

intensities of fluorescence in the 90 μm wide test channel, 0I  and 100I , when pure N2

([O2] = 0) and pure O2 ([O2] = 100%), respectively, were fed to all gas inlets, and

calculated 1/ 1000  IIKq .9 (A background correction was performed by imaging a

region without fluorescent dye in it.) The value of the ratio 1000 / II  remained

unchanged at 3.20 within an experimental error of 0.03 when the gas flow rate was

varied between Q = 0.1 and 0.25 mL/s, indicating that no significant gas

contamination occurred on the way to the device and the measured values of 0I  and

100I  indeed corresponded to [O2] = 0 and 100%, respectively.9 The measured value of

1000 / II  was constant in a 2.25 mm long segment of the test channel, which

corresponded to the overlap of the test channel with the gas channel array, excluding

two 400 μm wide marginal regions under the external sides of gas channels 1 and 9

(region between two arrows in Fig. 19b). Hence, in the entire 2.25 mm long segment

of the test channel, the local value of [O2] at given conditions was calculated from the

local fluorescence intensity, I, as qKII /)1/(]O[ 02  , using the previously obtained

values of I0 and qK (see Ref. 9 for a detailed discussion).
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The system was tested in three sets of experiments, in which we produced [O2]

profiles of various linear, exponential, and non-monotonic shapes (Fig. 20) by feeding

the gas channels with O2/N2 mixtures with [O2] listed in Table 1. To generate linear

profiles of [O2] in the test channels (Fig. 20a), [O2] fed to the gas inlets 1 – 9 followed

linear series (Table 1). The first two profiles (curve 1 and 2) had [O2] varying between

0 and 100% with gradients of 12.5% per L = 200 μm, but with opposite directions of

the gradients. We also generated an [O2] profile with a doubled gradient (curve 3) and

with gradient reduced to half (and with [O2] varying between 0% and 50%; curve 4).

All four [O2] profiles (Fig. 20a) had extended linear regions in the middle and plateaus

on their margins (under gas channels 1 and 9).

To generate exponential profiles of [O2] in the test channels (Fig. 20b), we fed

gas inlets 1 – 9 with mixtures in which [O2] followed geometrical series with the

Table 2. Concentrations of oxygen, [O2] (in %), in the 9 channels of the device for
different curves in Fig. 20a – d.

Figure
and
curve

1 2 3 4 5 6 7 8 9

20a, 1 0 12.5 25 37.5 50 62.5 75 87.5 100
20a, 2 100 87.5 75 62.5 50 37.5 25 12.5 0
20a, 3 0 25 50 75 100 100 100 100 100
20a, 4 0 6.25 12.5 18.75 25 31.25 37.5 43.75 50
20b, 1 1 1 2 4 8 16 32 64 64
20b, 2 1 1 1 3 9 27 81 81 81
20b, 3 1 1 1 4 16 64 64 64 64
20c, 1 0 50 100 100 50 0 0 50 100
20c, 2 100 50 0 0 50 100 100 50 0
20d, 1 0 10.5 21 21 10.5 0 0 10.5 21
20d, 2 21 10.5 0 0 10.5 21 21 10.5 0
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Figure 20. Oxygen Concentration Profiles. Concentration of oxygen, [O2], as a
function of position, x, along the 90 µm wide test channel in the microfluidic device,
as evaluated from fluorescence of RTDP, with different gas mixtures flowing
through the gas channels. The values of [O2] in the gas channels 1 – 9 for different

panels and curves are listed in Table 1. 0x  corresponds to the middle of gas

channel 5 (the center of the gas channel array; Fig. 1); 725.0x  and 0.725 mm
correspond to the inner edges of gas channels 1 and 9, respectively. The gas flow rate
was 0.2 mL/s in each channel. (a) Four [O2] profiles obtained with four different
linear series of [O2] in the gas channels. (b)  Three [O2] profiles (plotted in semi-
logarithmic coordinates) obtained with three different geometrical series of [O2] in
the gas channels. Curve 1 is shifted by 0.075 mm along the x-axis for better
visibility. Some undulations in the curves, with a period of ~0.2 mm, are likely due
to fluorescence background originating from the scattering of the fluorescent light by
the gas channel walls, which is difficult to correct for. (c) Two [O2] profiles (orange
and cyan curves) obtained with two non-monotonic series of [O2] in the gas
channels. Thin black curve shows the result of a numerical simulation in FEMLAB
(with no fitting parameters) for the series of [O2], at which curve 1 was obtained (cf.

Fig. 1b). Some differences in the height of the peaks at 3.0x  and 0.3 mm
between the experiment and simulation could be due to the fact that the simulation
was 2D and did not account for the presence of the test channel. (d) Two non-
monotonic [O2] profiles obtained when the gas mixer was fed with N2 and air and
[O2] in the gas channel varied between 0 and 21%. The [O2] profiles appear noisier
than the similar profiles in (c) because of the 5-times higher resolution in [O2].
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common ratios of 2, 3, and 4 (curves 1 – 3, respectively). All three [O2] curves (Fig.

20b) had exponential shapes in their internal regions (straight lines in the semi-

logarithmic coordinates). Exponential fits to the curves in these internal regions

resulted in exponents of 3.6/mm, 5.3/mm, and 6.2/mm, which were all within 4% of

the values obtained from numerical simulations with the same computational domain

as in Fig. 19b. Two non-monotonic profiles with wavy shapes (Fig. 20c) were

produced by feeding the gas inlets 1 – 9 with gas mixtures that had [O2] = 0%, 50%,

100%, 100%, 50%, 0%, 0%, 50%, and 100% (Table 2 and Fig. 20c, curve 1) and with

the same series of gas mixtures in a reversed order (Fig. 20c, curve 2). The two

profiles were symmetric with respect to the line [O2] = 50% and their shapes were in

good agreement with the results of our numerical simulations (black curve in Fig.

20c). The last two [O2] profiles (Fig. 20d) had shapes similar to the profiles in Fig.

20c, but had [O2] varying between 0% and 21% (physiological range). They were

produced by supplying the gas mixer with N2 and air (instead of O2).

We repeated the experiment that resulted in curve 1 in Fig. 20c at mean flow

velocities of 1, 2, 4, 17, and 34 μm/s. The differences between the [O2] profiles in the

entire velocity range were within experimental errors (not shown), indicating that the

flow of the RTDP solution through the test channel was sufficiently slow for

equilibration of [O2] in the solution with [O2] in PDMS around the channel.9 When the

gas mixer was reprogrammed (all 9 channels simultaneously) from [O2] = 0% to 50%,

[O2] in the test channel reached 45% (90% way through the switching) after ~24 s, and

the transition time between [O2] = 5% and 45% (from 10% to 90% through the
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switching) was ~12 s (see Supplementary Fig. S-4). Therefore, [O2] gradients in the

device take ~24 s to reconfigure, and the actual transition time is ~12 s.

The presented system composed of the microfluidic device and multi-channel

gas mixer differs from the previously described devices9, 10 in two major respects:

conversion of discrete series of [O2] in the gas channels into continuous [O2] gradients

in flow channels and supply of gas mixtures with adjustable [O2] from a computer-

controlled off-chip mixer. The [O2] profiles in Fig. 20 showcase the versatility of the

system. The shapes of [O2] profiles it can create are only limited by the finite number

of the gas channels, finite period of the gas channel array, and finite thickness of the

PDMS layer between the gas and flow channels in the microfluidic device. The system

easily generates low levels of [O2] (Fig. 20d), which are relevant for experiments on

microaerobic bacteria and mammalian cells under hypoxia, and can also be used to

produce graded profiles of concentration of other biologically relevant gases (e.g.,

CO2 and NO) in liquid media. The depth of the flow channels (30 μm) and the velocity

of liquid medium used in our tests (1 - 34 μm/s) are adequate to support a variety of

cell cultures, and the estimated time of O2 exchange (0.46 s) is expected to be

sufficiently short to prevent changes in [O2] in the medium due to cellular respiration.9

In many respects, the presented system is more versatile and robust in

generating gas concentration gradients than the devices reported in the literature are in

generating gradients of soluble compounds. 18-22  Most of these devices  are

specifically designed for a desired gradient shape, whereas with the presented system,

a wide variety of concentration profiles can be generated using a single device and the
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magnitude and direction of the gradient at a given position can be modified in <0.5

min. Moreover, the shapes of the [O2] gradients have little sensitivity to resistances of

the gas and flow channels and to the rates of gas and liquid flow.

Possible applications of the presented system include studies of oxygen-taxis

of bacteria and other unicellular organisms as well as of the development of

mammalian cell cultures (including tissue-emulating co-cultures of different cell

types) under gradients of oxygen and other gases. In addition, graded profiles of [O2]

produced by the system can be used as an alternative to the previously reported

discrete sets of [O2] for studies of cells under hypoxia. Graded concentration profiles

of other gases (e.g., CO2 and NO) can be used to study dose responses of cells to

various concentrations of these gases. The graded profiles would provide the

advantage of continuous variation of concentration with a possibility to increase the

resolution in a selected range by reducing the gradient in this range.
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2.3.2 Studies of Bacterial Aerotaxis in a Microfluidic Device

Introduction

Bacterial aerotaxis, directional motion of bacteria in gradients of oxygen

concentration (sometimes called oxygen taxis), was discovered 130 years ago 1 and

has since then been reported in a variety of bacteria. 2, 3 These bacteria range from an

obligate aerobe Bacillus subtilis,2-8 to a facultative anaerobe Escherichia coli,2, 3, 5, 9-14

to a microaerophile Azospirillum brasilense,15-20 to an aerotolerant anaerobe

Desulfovibrio vulgaris. 21-23 Nowadays, aerotaxis is often considered as a part of more

general energy-sensing behavior2, 18, 24, which enables bacterial cells to find

microenvironments with the best growth conditions, including optimal concentrations

of nutrients, temperature, and oxygen, and for photosynthetic bacteria, also optimal

light intensity. Aerotaxis is considered to be an important mechanism of spatial

organization for various bacterial species in stratified microbial mats growing on

submerged moist surfaces.2, 25 In addition, some pathogenic bacteria have been shown

to be sensitive to [O2] in their environment: Helicobacter pylori are microaerophilic,

preferring environments with the oxygen concentration, [O2], of ~5%, 26 and

Salmonella typhimurium 4, 9, 11 and Vibrio cholerae27 exhibit full-scale aerotactic

behaviors.

Bacterial aerotaxis has been studied with several experimental techniques. In a

temporal gradient assay, a bacterial culture in a thin film is exposed to abrupt

variations of [O2] by changing the gas mixture surrounding the culture (between O2,

N2, and various O2/N2 mixtures), and changes in the swimming behavior of cells are
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monitored. More frequent tumbling is associated with a change to less favorable [O2]

conditions, whereas less frequent tumbling (smooth swimming) is associated with a

change to more favorable conditions.4, 17, 28 The temporal assay can be performed

rapidly and is useful for testing the aerophilic and aerophobic responses of cells to

different [O2], for establishing the approximate range of [O2] preferred by different

cells, and for testing the effects of various genetic modifications on aerotaxis.14, 17,

28 However, this technique is not very practical for accurate quantification of the

preferred values of [O2] and cannot fully substitute for studying bacterial aerotaxis in

spatial gradients of [O2].

In several different spatial aerotaxis techniques, gradients of [O2] are generated

in bacterial cultures in capillaries or narrow slits by the combined action of bacterial

respiration and diffusion of O2 from an O2-rich gas phase into an O2-deficient culture.

2, 4, 17, 28 Bacterial cells in the capillaries often form distinct bands across the

gradient direction, suggesting the existence of preferred values of [O2], which are

estimated from the analysis of the diffusion of O2 and distributions of cells in the

cultures. 4, 17, 28 Nevertheless, the actual profile of [O2] in the capillary is difficult to

evaluate, because it is directly related to the spatial distribution of cells and the rate of

O2 consumption per unit volume. The O2 consumption rate is the product of the local

density of cells and their average rate of respiration, which by itself is expected to

depend on the local value of [O2]. Improved estimates of the range of [O2] preferred

by given bacteria can be obtained by varying [O2] in the gas phase and monitoring the

resulting changes in the spatial position of the bacterial band17. However, the
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precision of these estimates is always limited by the incomplete knowledge of the [O2]

distribution as well as by the finite width of the bacterial band and variation of [O2]

across the band. Direct measurements of [O2] in a capillary with a cell culture were

performed with microelectrodes, but their precision was limited by the technique’s

sensitivity of ~1%. 17

With a combination of temporal changes of [O2] in thin films and aerotaxis

experiments in [O2] gradients in capillaries, the preferred levels of [O2] were evaluated

as 3 – 5 μM (0.2 – 0.4%) for A. brasilense17 and ~250 μM (21%) for B. subtilis.4 The

preferred level of [O2] for D. vulgaris (aerotolerant anaerobe) was measured with a

capillary gradient assay at <0.5 μM (<0.04%). Aerotaxis of E. coli is one of the most

extensively studied 2, 3, 5, 9-14, 29 , with two key receptor proteins clearly identified: Aer,

which is specifically responsible for [O2] sensing (along with other types of energy-

sensing), 12, 14 and Tsr, which is also important for chemotaxis in gradients of some

soluble factors. 2, 5, 14, 29 Temporal and spatial tests have shown that aerobically

cultured E. coli are repelled by both anoxic (pure N2) and hyperoxic (pure O2)

conditions, while being attracted to moderate levels of [O2].4, 14, 28 Nevertheless, the

exact range of [O2] preferred by E. coli has remained evasive (likely, due to the

difficulty of interpreting results of the capillary gradient assays), with some references

to unpublished results stating it as 40 - 50 μM 2, 14 (corresponding to an O2 content of

3-4% in the gas phase).

Microfluidic technologies developed in the last decade have been applied by

several groups to studies of bacterial chemotaxis in gradients of soluble factors.30 In an
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early work, Mao et al. fed a suspension of E. coli to an inlet of a long channel, with a

gradient of an attractant or a repellant across the channel, and measured the

distribution of cells across the channel.31 This approach was conceptually different

from previous assays of bacterial chemotaxis. It took advantage of new possibilities

provided by microfluidics by enabling the interrogation of a large number of cells in

each experiment. This approach also enables the assessment of various parameters of

chemotaxis by measuring the distributions of cells across the channel at different

distances from the inlet.32 Nevertheless, in chemotaxis experiments with the

continuous-flow devices, 31 33 the analysis of results is complicated by gradual

variation of the gradient with the distance from the inlet due to diffusion of the

attractant (or repellant) across the channel.

Detailed studies of bacterial chemotaxis have been performed in microfluidic

devices with microchannels cast in hydrogel.34 In these devices, stable linear and non-

linear gradients of chemoattractants are established by molecular diffusion between a

source and a sink in the absence of flow in the medium. 34-37 One important

understanding derived from these experiments 36 as well as from experiments on

chemotaxis of eukaryotic cells38-41 is that it is more appropriate to characterize a

gradient in terms of fractional rather than absolute change of concentration, C, per unit

distance, that is, in terms of a logarithmic slope, dxCd /)ln( , rather than, dxdC / .

Several groups have also used high gas permeability of microfluidic devices made of

polydimethylsiloxane (PDMS)  to generate gradients of [O2] in liquid media42-51 and
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aerotactic responses of B. subtilis47 and Magnetospirillum magneticum strain AMB-151

in microfluidic gradients of [O2] have been demonstrated.

Here, we built and characterized an experimental setup consisting of a

computer-controlled three-channel gas mixer48 and a two-layer microfluidic device

made of PDMS generating stable linear profiles of [O2] across a long gradient channel,

with [O2] as low as 0.25% (corresponding to microaerobic conditions) in the middle.

This setup was used to perform the first quantitative study of bacterial aerotaxis in

well-defined gradients of [O2]. As in Ref. 31, the gradient channel was continuously

perfused with a suspension of E. coli cells, which were allowed sufficient time to

explore the [O2] concentration profile and find their preferred position in it. The

distributions of cells across the channel near the channel exit were measured, with data

on aerotaxis of ~105 different cells collected within <1 hour. Extensive series of

experiments on aerotaxis of E. coli cells were performed in linear gradients of [O2]

with identical logarithmic slopes, dxd /])Oln([ 2 , and varying [O2] in the middle, as

well as in [O2] gradients with identical [O2] in the middle but different slopes.

Experimental

Microfluidic device

The microfluidic device we constructed and used in the experiments on E. coli

aerotaxis (Fig. 21 and Supplementary Fig. S-1) is made of two layers of PDMS and

has two layers of channels. The lower layer of channels, which is adjacent to the cover

glass, has channels of two depths, 37 and 150 m, forming three disconnected

networks. The channel network in the middle is used to perfuse a bacterial suspension
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from the inlet to the outlet through a long rectilinear gradient channel (long channel

oriented along the y-axis in the middle in Fig. 21a), which has a width 500w m and

a depth of 37 m. A long serpentine-shaped 37 m deep channel between the end of

the gradient channel and the device outlet (with a 30 m width and ~110 mm total

length) provides hydrodynamic resistance to achieve a mean speed of ~33 m/s in the

gradient channel at a differential pressure of 1 kPa applied between the inlet and

outlet. The vent, which is connected to the inlet by a low-resistance 150 m deep

channel, enables rapid flow from the inlet to the gradient channel entrance, when the

device is loaded with a bacterial suspension. The vent is blocked during normal

operation of the device (aerotaxis assay).
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Figure 21. Microfluidic device for experiments on bacterial aerotaxis. (a)
Drawing of microchannels in the device. 37 m and 150 m deep liquid-filled
channels in the lower layer are drawn in red and orange, respectively. 150 m deep
gas channels in the lower layer (in-plane networks A and B) are drawn in green, and
340 m deep gas channels in the upper layer (out-of-plane network C) are drawn in
partially transparent light blue, which is overlaid on the drawing of the lower layer
channels. Gas inlets A, B, and C and gas outlets A, B, and C are labeled as gas in A,
B, and C and gas out A, B, and C, respectively. (b) Results of a two-dimensional
steady-state numerical simulation of the distribution of [O2] (color-coded) in the xz-
cross-section of the PDMS chip along the dashed line in (a). The computational
domain was 20×5 mm (size of the chip) with an impermeable boundary at the bottom
(cover glass) and [O2] = 20.8% at the top and on the sides. Other boundary
conditions were [O2] = 0 at the boundaries of the gas channel network A, [O2] = 16%
at the boundaries of the gas channel network B, and [O2] = 8% at the boundaries of
the gas channel network C. A bottom-central 11×4 mm fragment of the
computational domain is shown. (c) [O2] as a function of the position across the
gradient channel, x, counted from the left edge from a numerical simulation with
[O2]A = 0, [O2]B = 1%, and [O2]C = 0.5% (black curve). Red curve shows results of a
simulation for a device without the gas channel network C, with [O2]A = 0 and [O2]B

= 1%.
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The two other channel networks in the lower layer (Fig. 21a) are mirror-

symmetric gas channel networks A and B, which consist of 150 m deep channels

with low flow resistances and are ventilated with different O2/N2 gas mixtures fed to

their inlets, gas inlet A (gas in A in Fig. 21a) and gas inlet B (gas in B in Fig. 21a),

respectively. The gas mixtures are released to the atmosphere from two outlets, gas

outlet A (gas out A) and gas outlet B (gas out B), respectively. The two gas channel

networks, which are in the same plane as the liquid-filled channels (in-plane gas

channel networks), create a gradient of oxygen concentration, [O2], across the liquid-

filled gradient channel. The upper channel layer has a single gas channel network,

network C, consisting of 340 m deep channels, which are ventilated with a third

O2/N2 mixture fed to gas inlet C, (gas in C in Fig. 21a), and released from gas outlet C

(gas out C). This out-of-plane gas channel network is essential for generation of near-

linear profiles of [O2] in the gradient channel, as explained below. The microfluidic

chip is assembled out of two layers of PDMS (Sylgard 184 by Dow Corning) with

thicknesses of 1.1 and ~4 mm for the lower and upper layer, respectively, which are

cast using two separate master molds. Each master mold is a silicon wafer with a relief

of SU8 UV-curable epoxy on it and is fabricated using standard photolithography and

rapid prototyping protocols. The two PDMS layers are aligned with respect to each

other under a microscope and bonded together using oxygen plasma treatment. The

two-layer chip is bonded to a #1.5 cover glass by overnight backing in an 80 °C oven.

The goal of the aerotaxis assays was to obtain steady-state distributions of

motile bacteria in various linear profiles of [O2] applied across the gradient channel
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(along the x-axis; Fig. 21). In a widely used biased random walk (one-dimensional

diffusion with drift) model of chemotaxis52, 53, when a gradient of a chemoattractant is

applied along the x-axis, cells move randomly with an effective diffusivity D and have

a chemotaxis-driven velocity (bias), v, along the x-axis. The steady state distribution of

cells is given by equation )/exp()( 0 DvxCxC  , where )(xC  is the concentration of

cells at location x and 0C  is their concentration at 0x . The equation indicates that at

given D and v, the difference in the concentrations of cells along the gradient field is

an exponentially increasing function of the x-axis extension of the field. For the

proposed experimental system, this extension is limited by the width of the gradient

channel, w. Therefore, to clearly observe the effects of chemotactic or aerotactic

migration, it is preferable to have large w. On the other hand, to reach a steady state

distribution starting from a near-uniform distribution (as at the gradient channel inlet)

in a gradient stretching over a distance w, cells need time, t , on the order their

diffusion time across the gradient, )2/(2 Dw .

The time available to cells in the microfluidic aerotaxis assay is their residence

time in the gradient channel, fe vLt / , where Le is the effective length of the

gradient channel and vf  is the mean flow velocity in it. Therefore, )2/(2 Dwt 

implies 2/2 wDLv ef   for the maximal allowed flow velocity. So, at given Le, large w

necessitates low vf, leading to a low experimental throughput. The throughput can be

defined as the number of cells interrogated per unit time and is thus proportional to the

concentration of cells, the depth of optical field of the video-microscopy system, the
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width of the gradient channel, and the flow velocity in the channel. In addition, large

w leads to a quadratically long transition period (characteristic time Dwt /2 ), after

the gradient is modified.

We chose w = 500 m (similar to the width used before in experiments on E.

coli chemotaxis)36, leading to an equilibration time of 312)2/(2  Dwt s at

400D m2/s, which was previously reported for random motion of motile E. coli.52

The effective length of the gradient channel was relatively large at Le  = 13.3 mm, so

the equation 2/2 wDLv  suggested a flow speed of 43 m/s. The value of Le is

defined as the y-axis extension of the segment of the gradient channel where the [O2]

profile can be considered constant. It is somewhat smaller than the length L = 15.7

mm from the most upstream to the most downstream point where the gradient channel

is surrounded by the gas channels (see below). The relatively large depth of the

gradient channel, 37 m, leads to low hydrodynamic shear (~5 s-1 at vf = 33 m/s) and

also makes sure that occasional defects in the channel roof (as well as cells and debris

stuck to the roof and the floor of the channel) are sufficiently far from the channel

mid-plane. Therefore, when cells are imaged at the mid-plane, these defects are out of

focus and do not complicate the automated detection of cells. On the other hand, the

depth is small enough to allow for rapid establishment of a stable [O2] profile across

the gradient channel (see below) and for the supply of [O2] through the porous PDMS

chip to be sufficient to prevent bacterial respiration from altering the [O2] profile (see

Discussion).
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There had been two general configurations of microfluidic devices made of

PDMS, in which the oxygen content of liquid-filled channels was set by the flow of

O2-containing gas mixtures through nearby gas channels. In most devices, the liquid-

filled and gas channels were in different layers42, 46-50, 54, 55  (usually, gas channels

above liquid-filled channels, as in the device in Fig. 21) that allowed for a lot of

flexibility and enabled generation of a variety of [O2] profiles. However, we did not

consider this configuration optimal for the intended aerotaxis experiments, because the

[O2] profile in the liquid-filled gradient channel would depend on the thickness of the

PDMS layer separating it from the gas channels and on the exact alignment of the gas

channels with respect to the gradient channel. Indeed, the aerotaxis experiment

required a well-defined profile of [O2] across the 500 m width of the gradient

channel that would remain unchanged along its 15.7 mm extension in the y-direction

(Fig. 21a). To this end, an array of gas channels oriented along the y-axis (in the upper

layer of PDMS) with different [O2] in them would have to be aligned parallel to the

gradient channel (in the lower layer of PDMS) with a precision of alignment on the

order of 10 m over 15 mm, a condition difficult to meet. Furthermore, numerical

simulations with an array of 150×150 m gas channels in an upper layer (as in Ref. 48)

indicated that in order to obtain a linear profile of [O2] in a 500 m wide liquid-filled

channel with a concentration ratio of ~5 between the channel edges (cf. Fig. 21c), the

gas channels would have to be <200 m above the gradient channels. This relatively

small thickness of the PDMS layer above the gradient channel would likely make the

gradient channel depth sensitive to the pressure in it and in the gas channels. In
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addition, the brightfield microscopy of cells in the gradient channel would likely be

complicated by the scattering of light from the gas channel walls.

In other devices51, 56, the liquid-filled and gas channels were in the same layer

that allowed reaching [O2] as low as 0.3% in the liquid-filled channels. However, our

numerical simulations indicated that with this configuration, it would be very difficult

to achieve linear gradients of [O2] across a 500 m wide gradient channel with [O2] in

the middle of 1% (cf. red curve in Fig. 21c) or smaller, as was intended for the present

study. Therefore, we used a “hybrid” two-layer design, with gas channels both in the

same layer as the gradient channel (in-plane gas channels) and in a layer above it (Fig.

21a,b). In this design, the [O2] profile across the gradient channel is primarily defined

by [O2] in the mirror-symmetric in-plane gas channel networks A and B on the two

sides of the gradient channel. Specifically, the two marginal in-plane gas channels,

which are closest to the gradient channel on either side (both 150 m deep and 400

m wide) and are 700 m away from each other, set the boundary conditions of [O2]

in the xy-plane of the gradient channel. Importantly, the alignment of the gas channel

networks A and B with respect to the gradient channel is made at the stage of

lithographic fabrication of a master mold, where it is easy to achieve a practically

parallel orientation of the relief features for the gas channels and the gradient channel.

The out-of-plane gas channels, forming the gas channel network C, which are ~340

m deep and at a distance 1.1gh mm above the cover glass, are always ventilated

with an O2/N2 mixture with [O2] equal to the arithmetic average between the values of

[O2] in the networks A and B. The role of the out-of-plane gas channels is to actively
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shield the gradient channel from the atmospheric air (which has [O2] = 20.8%),

facilitating the establishment of linear [O2] profiles with low [O2] in the middle in the

gradient channel. (As we did in our previous publications, here and in what follows we

report [O2] in percents, corresponding to the molar fraction of O2 in the gas mixture.)

Numerical simulations, in which the microfluidic device was represented by a

20×5 mm two-dimensional domain in the xz-plane with an impermeable boundary at

the bottom (cover glass) and [O2] = 20.8% on the sides and at the top (Fig. 21b),

indicated that the shielding by the gas network C was very efficient. With pure N2 in

all gas channels ([O2] = 0; not shown), [O2] in the gradient channel was <5·10-5 %,

equivalent to a medium at equilibrium with an O2/N2 mixture with 0.5 ppm [O2] by

molar content, which would be practically zero even for anaerobic bacteria. An [O2]

profile in the gradient channel obtained from a simulation with [O2] = 0 and 1% in the

gas channel networks A and B, respectively, and [O2] = 0.5% in the network C is

shown in Fig. 21c (black curve). Due to the good shielding from the atmospheric air,

the profile is symmetric with respect to the middle of the channel (x = 250 m), with

[O2] equal to 0.500% at x = 250 m. In a region of x from 50 to 450 m (>50 m

away from the side walls), where the cross-channel distribution of E. coli was

measured in the aerotaxis assays (see below), the oxygen gradient, dxd /]O[ 2 , had a

mean value of 1.31·10-3 % per m. Importantly, the standard deviation of dxd /]O[ 2

in the μm450μm50  x internal region was 6.0·10-5 % per m, which was <0.05 of

the mean gradient, indicating that [O2] profile was nearly linear. On the other hand, a
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simulation without the out-of-plane gas channel layer, showed a greatly distorted [O2]

profile (red curve in Fig. 21c), which would be clearly unsuitable for aerotaxis assays.

Nearly constant value of dxd /]O[ 2  in the gradient channel (Fig. 21c) implies

that the logarithmic gradient defined as
]O[

1]O[])Oln([

2

22

dx

d

dx

d
 varies nearly 5-fold

from a maximum at 0x  (where [O2] = 0.16%) to a minimum at 500x m (where

[O2] = 0.84%). However, the [O2] profile in the gradient channel can still be

characterized by a representative logarithmic gradient, which is calculated as the

concentration difference across the channel, )0](O[)](O[]O[ 222  w , divided by the

concentration in the middle of the channel, mid]O[ 2 , and by w, )]O[/(]O[ 22 midw  .

The value of the logarithmic gradient is 0.0027 m-1 and it remains unchanged, when

[O2] fed to gas inlet B, [O2]B,  varies, as long as [O2] fed to gas inlet A, [O2]A, remains

zero and [O2] fed to gas inlet C, [O2]C, is 0.5·[O2]B, because ]O[ 2  and mid]O[ 2

change proportionally. In fact, the logarithmic gradient of 0.0027 m-1 obtained with

[O2]A = 0 is the highest value for linear [O2] profiles achievable with the device in Fig.

21a. The logarithmic gradient decreases, when [O2]A is made non-zero.

A simulation with gh reduced to 0.7 mm produced an [O2] profile nearly

identical to that with 1.1gh  mm (with the root-mean-square, rms, of the local

differences in [O2] between the two profiles at 1/250 of mid]O[ 2 ). Therefore, the [O2]

profile in the gradient channel had little sensitivity to the thickness of PDMS between

the two channel layers. The lateral displacement of the out-of-plane gas channels by as



149

much as 500 m along the x-axis resulted in an even smaller rms of local differences

of [O2], indicating that the sensitivity of the [O2] profile in the gradient channel to the

alignment of the out-of-plane gas channels was very little as well. Finally, due to the

large width of the central out-of-plane gas channel (1 mm vs. 0.5 mm for the gradient

channel width) and its large z-axis distance from the gradient channel, the scattering of

light from the walls of the out-of-plane gas channels had nearly no effect on the

brightfield micrographs of bacteria in the gradient channel.

In addition to the steady-state simulations discussed in the preceding

paragraph, we also performed a dynamic simulation to establish the time required for

[O2] in a solution flowing through the gradient channel to reach the steady-state [O2]

profile (such as shown in Fig. 21c). With a diffusion coefficient of O2 in PDMS of

3400 m2/s 57 and ~6-times lower solubility of O2 in water as compared with PDMS,

the characteristic equilibration time was found to be 44.0 sec. This value of 

implied that for an [O2] = 0.25% steady state value ( mid]O[ 2  in a 0 to 0.5% gradient

field, which was the lowest mid]O[ 2  in our experiments; see below), [O2] would

change from the initial 20.8% to 0.26% (which is within 1/25th of the steady state

value) within time 5.3)]25.026.0/()25.021ln[( eqt  sec. For a mean flow

velocity of 33fv m/s, as in our experiments (see below), this time was equivalent

to an ~120 m distance along the gradient channel, which was small compared to the

15.7 mm length of the channel. We also performed a three-dimensional simulation

with a simplified configuration of the gas channels to account for the diffusion of O2
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through the bulk of the PDMS chip near the entrance and exit of the gradient channel

along the y-axis from regions not enclosed by the gas channel network. The simulation

showed that at [O2] = 0.25% in all gas channels, [O2] in the gradient channel reaches

0.26% at a distance of 1.2 mm from the most upstream point, where the gradient

channel is enclosed by the gas channel networks. Therefore, the effective length of the

gradient channel, eL , was ~13.3 mm, 2.4 mm smaller than the apparent length L =

15.7 mm, (Fig. 21a).

Gas supply

The mixtures of O2 and N2 fed to the gas inlets A, B, and C were prepared

using a modified version of the computer-controlled multichannel gas mixer

(Supplementary Fig. S-1c) described in our previous publication48. The mixer has

three independent channels, each consisting of a miniature, fast-action 3-way solenoid

valve with a small inside volume (LHDA 1223111H by The Lee Company), a low-

volume fluidic resistor connected to the common port of the valve, and a segment of

tubing with a relatively large diameter (0.25 in.) and length (150 mm). This tubing

segment is positioned downstream from the fluidic resistor and serves as a diffusive

mixer for two gases intermittently emerging from the common port of the solenoid

valve.48 Each channel of the gas mixer is connected to a gas inlet of the microfluidic

device through polyethylene tubing with a 0.5 mm inner diameter (Supplementary Fig.

S-1b). The fluidic resistors are ~20 mm long segments of a 150 m inner diameter

fused silica capillary (TSP150375 by Polymicro Technologies) with a laminar flow
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resistance greater than the resistance of the gas channel networks A and B (and >10

times greater than the resistance of the gas channel network C).

The normally open port of the solenoid valve is connected to a source of high

purity N2 (>99.999% by Airgas) pressurized at 5 psi (34.5 kPa), and the normally

closed port of the valve is connected to either air or a 2.5%/97.5% O2/N2 mixture

(Supplementary Fig. S-1c), which are always at the same pressure as N2. The

pressures are set by two sensitive regulators (Bellofram Type 10 with a 2-25 psi

pressure range) and measured with a single high-resolution electronic gauge (Heise

test gauge with an accuracy of 0.015 psi). Each of the three solenoid valves is

switched on and off with the same period of 2 sec using a home-made driver, a

National Instruments PCI-6503 card, and a code in MatLab. The ON time (and the

duty cycle) of a valve is calculated to achieve the desired proportion of O2 in the

O2/N2 mixture emerging from the common port of the valve, using the known values

of viscosities of N2, air, and the 2.5%/97.5% O2/N2 mixture (1.747×10-5, 1.837×10-5,

and 1.758×10-5 Pa·s, respectively, at 20 °C). 48 The 2.5%/97.5% O2/N2 mixture was

used in experiments, where gas mixtures fed to all gas channel networks had [O2] <

2.5%; air was used in all other experiments.

All parts connecting between the N2 cylinder, N2 pressure regulator, solenoid

valves, and the gas inlets of the microfluidic device are made of materials with low

gas permeability: hard plastics (acrylic, polypropylene, and polyethylene for the 0.5

mm tubing), metals, and black rubber tubing (Viton™) (Supplementary Fig. S-1c).

The use of such materials prevents contamination of N2 with the atmospheric O2 on
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the way from the N2 cylinder to the device and potentially allows reaching very low

[O2] inside the device. The volumetric flow rate, Q, through the gas networks A and B

was measured at 0.36 mL/sec, and Q through gas network C was measured at 0.57

mL/sec. We performed a numerical simulation of the diffusion of O2 through the

PDMS chip (cf. Fig. 21b, c) with [O2] = 0, 1%, and 0.5% fed to the gas inlets A, B,

and C, respectively, to evaluate the total diffusive flux of O2 through the walls of the

in-plane gas channel with [O2] = 0, which is closest to the gradient channel. The

simulation indicated that at Q = 0.36 mL/sec, the O2 diffusion would increase the

mean value of [O2] in that gas channel from zero to 1.2×10-4 % (equivalent to 1.2 ppm

of O2), suggesting that the flow of gas through the channel was sufficiently fast to

prevent O2 contamination (or change in [O2] in general) due to diffusion through the

chip. In another simulation, [O2] was set to 0 in all three gas channel networks, and the

cumulative diffusive flux of O2 into the channels of the gas network C was calculated.

At a N2 flow rate Q = 0.57 mL/sec, the calculated diffusive flux would increase [O2] in

the network C from 0 to 0.0042% or 42 ppm. This simulation thus indicated that the

proposed two-layer geometry of the PDMS chip with the active shielding from

atmospheric O2 can potentially be used to create near-anaerobic conditions in a large

area of liquid-filled channels at the cover glass.

Measurements of oxygen concentration

As in many previous works45, 48, 55, profiles of [O2] in the gradient channel

were measured using a solution of O2-sensitive fluorescent dye, ruthenium tris(2,20-

dipyridyl) dichloride hexahydrate (RTDP; obtained from Sigma). The intensity of
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fluorescence of RTDP, I, is related to its fluorescence intensity at [O2] = 0 (pure N2 in

all gas channels), I0, through the Stern-Volmer equation, ]O[1/ 20 qKII  , where

qK is a quenching constant. The value of qK  is calculated from measurements of

fluorescence intensity, Iair, when all gas channels are ventilated with air ([O2] =

20.8%) as %8.20/)1/( 0  airq IIK . Therefore, once the values of I0 and qK  are

found, [O2] in a given location in the gradient channel can be evaluated by measuring

the value of I in this location as

)1/(

)1/(
%8.20/)1/(]O[

0

0
02 




air
q II

II
KII  (1).

(some representative fluorescence micrographs of the gradient channel with an

RTDP solution are shown in Supplementary Fig. S-2).

Unlike in most previous works on controlling [O2] in microfluidic devices,

when high resolution in [O2] was required, RTDP was dissolved in a 66% solution of

ethanol in water (by mass) rather than in water. Solubility of O2 in this ethanol

solution is almost 3 times greater than in water, thus enhancing its quenching effect at

a given percent concentration, increasing the value of qK , and leading to a greater

change in I per 1% of [O2] and greater measurement sensitivity. The fluorescence

illumination was derived form a high-luminosity blue LED (with a 455nm center

wavelength) connected to a stabilized DC power supply, with the illumination

intensity varying by <0.1% in a 20 min period. 55 Fluorescence and brightfield

microscopy were performed on an inverted microscope (Nikon TE300) with a

20×/0.45 Plan Fluor Ph1 objective, 0.6× video relay lens and a 2/3” digital CCD
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camera (Basler A102f). The field of view of the video microscopy setup was ~700 m

wide, covering the entire 500 m wide gradient channel as well as most of the PDMS

partitions between the gradient channel and the flanking in-plane gas channels.

Bacterial culture

Aliquots of a single E. Coli cell culture (strain RP437 58 obtained from Prof.

J.S. Parkinson) were prepared and frozen at -79.0 °C. Aliquots were grown overnight

in TB (Tryptone broth, with 10 g Tryptone from Becton and Dickinson and 5 g NaCl

added to 1 L of water and brought to pH = 7 with NaOH)  and then resuspended in

fresh TB for ~4 hours at a temperature of 31 °C and shaken at 275 rpm until an OD600

of 0.51±0.03 was reached.  Cells were spun down and washed with 1x phosphate

buffered saline (PBS) solution (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2

mM KH2PO4) and then spun down again in a 1.5 mL Eppendorf tube and diluted 2:1

in a motility buffer containing 0.1 mM EDTA and 10 mM lactic acid, with pH

adjusted by addition of NaOH and the 1x PBS buffer to a final value of ~6.5. The

Eppendorf tube with the cell suspension was connected to the microfluidic device

through a line of PTFE tubing using a specially made PDMS plug with two small

holes in it (Supplementary Fig. S-1). The PTFE tubing was inserted into one of the

holes, and the plug was inserted into the Eppendorf tube, such that the end of the

PTFE tubing was several millimeters above the bottom of the tube, forming a siphon.56

(The other hole in the plug vented the tube to the atmosphere). A similar Eppendorf

tube filled with PBS was connected to the outlet, with the level of the buffer set ~100

mm below the level of the cell suspension, creating an ~1 kPa differential pressure
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between the inlet and outlet (Supplementary Fig. S-1). Before an aerotaxis assay, the

device was filled with a 1% solution of bovine serum albumin (BSA) in PBS for ~30

min to prevent cells from sticking to the glass surface; the BSA solution was

subsequently replaced with PBS.

Results

Measurements of oxygen concentration profiles in the gradient channel

The measurements of [O2] were performed using a 167 ppm solution of RTDP

in 66% ethanol in water. The solution was perfused through the gradient channel by

applying a 1 kPa differential pressure between the inlet and outlet. To evaluate the

quenching constant, qK , [O2] was first set to 0 (pure N2 in all three gas channel

networks) and then to 20.8% (pure air in all gas channel networks). The profiles of

fluorescence across the gradient channel were measured at these two [O2] settings

(with an ~10 min interval allowed for equilibration). In each case, the fluorescence

background was accounted for by fitting a second-order polynomial along the x-axis

(across the gradient channel) to the pixel values of the images of the PDMS partitions

between the gradient channel and the gas channels flanking it (corresponding to ~100

m on each side with no fluorescent dye; Fig. 21a,b). After the background

polynomials were subtracted from the pixel values of the images of the gradient

channel, the resulting ratio of the local RTDP fluorescence intensities, airII /0 , had a

practically flat profile across the gradient channel at μm450μm50  x (not shown)

with a mean value of ~2.28, corresponding to 15.6qK . (The 0I  and airI  profiles

were both strongly perturbed near the gradient channel walls, and fluorescence in
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these regions was not analyzed). This value of qK  was a factor of ~2.7 greater than

25.2qK  for solutions of RTDP in water.48, 55 The eq. 1 connecting local values of

[O2] in the gradient channel with the local values of 0I  and I thus became

)1/(%5.16]O[ 02  II (2).

When the profiles of fluorescence with [O2] = 0 and [O2] = 20.8% in all gas

channel were taken repeatedly, we noticed drift in both 0I  and airI  that was as much

as 1/12 (in relative units) within a day and might have been due to evaporation of

ethanol from the solution. When [O2] is near zero, its value calculated from Eq. 2 is

very sensitive to the exact value of 0I . Therefore, after performing the gradient

measurements described in the next paragraph, we reevaluated the 0I  profile and used

interpolations in time to estimate the values of 0I  at the time points when the profiles

of I were measured. On the other hand, the ratio airII /0  fluctuated much less than 0I

and the effect of its fluctuations upon the calculated value of [O2] was much smaller.

Therefore, a constant ratio 28.2/0 airII  (as in eq. 2) was used for all calculations.

We used the intensity of fluorescence of RTDP to measure [O2] profiles in the

gradient channel at 6 sets of conditions, which according to our numerical simulation,

were expected to result in linear profiles of [O2] with the same logarithmic slope

0027.0)]O[/(]O[ 22  midw m-1 and with the mean absolute slopes, w/]O[ 2 ,

different by factors of 2. In all cases we had [O2]A = 0 and [O2]C = 0.5[O2]B, while

[O2]B was set at 0.5, 1, 2, 4, 8, and 16%. In each case, the intensity of light in a

fluorescence micrograph was measured across the gradient channel, and the
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background was evaluated (using the procedure described in the previous paragraph)

and subtracted from the light intensity, providing the local values of the RTDP

fluorescence intensity, I. The values of [O2] vs. the position across the channel, x, were

calculated using eq. 2 at different [O2]B and plotted in a 400 μm wide internal region,

μm450μm50  x  (Fig. 22a,b). The [O2] profiles at [O2]B = 4, 8, and 16% (Fig. 22a)

are all close to straight lines and are nearly symmetric with respect to the middle of the

channel, μm250x . The [O2] profiles at [O2]B = 0.5, 1, and 2% (Fig. 22b) are

substantially more noisy, because the fluorescence ratio II /0  varies across gradient

channel by only 0.02 – 0.08, but are also well fitted by straight lines. The values of

[O2] at μm250x , mid]O[ 2 , in Fig. 22b are systematically higher by ~0.15% than

[O2] expected from the numerical simulations. It is likely due to ~0.01 relative drift in

0I , which is unaccounted for. Importantly, the slopes of the linear fits to the

experimental plots of [O2] vs. x (which have little sensitivity to the drift in 0I ) are all

very close to the numerical predictions (inset in Fig. 22b) and vary by factors very

close to 2, as [O2]B is varied by a factor of 2 from 0.5% to 16%.
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To measure the time it takes an [O2] profile in the gradient channel to establish,

after [O2]A, [O2]B, and [O2]C are changed, we initially set [O2]A, [O2]B, and [O2]C  to

Figure 22. Profiles of [O2] across the gradient channel evaluated from
measurements of RTDP fluorescence intensity. (a) [O2] as a function of position,
x, across the gradient channel for [O2]B = 4% (blue curve), 8% (red curve), and 16%
(green curve). In all cases, [O2]A = 0 and [O2]C = 0.5[O2]B. Black lines are linear fits.
(b) [O2] as a function of x for [O2]B = 0.5% (blue curve), 1% (red curve), and 2%
(green curve). [O2]A = 0 and [O2]C = 0.5[O2]B in all cases. Black lines are linear fits.
Inset: slopes of the linear fits to the experimental curves vs. slopes of linear fits to
the results of numerical simulations at the same [O2] settings (red circles). Black line
corresponds to identical experimental and numerically calculated slopes. (c) Profiles
of [O2] vs. x at different time intervals (as stated in the legend), after [O2]A, [O2]B,
and [O2]C have been abruptly switched from their initial value of 0 (pure N2 in all gas
channels) to 0, 20.8, and 10.4%, respectively. (d) [O2] as a function of time for
different selected positions, x, as stated in the legend (with um standing for µm),
after [O2]A, [O2]B, and [O2]C have been switched from 0 to 0, 20.8, and 10.4%,
respectively
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zero (pure N2 in all gas channels), then abruptly switched [O2]B to 20.8% (air) and

[O2]C to 10.4% (0.5[O2]B), and monitored [O2] vs. x in the gradient channel over time.

Because of a relatively large variation of [O2] across the gradient channel in this test

(from 3.3 to 17.5%), we used water (rather than 66% ethanol) as the solvent for

RTDP, thus reducing the drift in 0I  at expense of lower sensitivity of I to [O2] (see

Supplementary Fig. S-2). The results of the measurements indicated that the transition

to a new [O2] profile was ~9/10 complete within ~4 min (Fig. 22c and d). (The version

of the device used in this test had hg = 1.4 mm, and the transition time in the devices

with hg = 1.1 mm used in the aerotaxis assays described below was expected to be

~1.6 times shorter.) After the transition, the [O2] profile remained practically steady

during the measurement time of ~1.5 hour (Fig. 22c and d). The small variations of

[O2] that were recorded during this time could have been due to a combination of a

slow drift in the optical system and fluctuations of temperature in the room (modifying

the water solubility of O2 by ~0.02 per °C and changing the actual amount of O2

contained in the solution at a given percentage of O2 in the gas phase).

Measurements of distributions of E. coli in the gradient channel

The aerotaxis of E. coli in the linear profiles of [O2] in the gradient channel

was quantified by measuring the distributions of E. coli cells along the x-axis (across

the channel) at ~1 mm from the channel extit. E. coli suspension was perfused at ~50

m/s maximal flow velocity (as measured by tracking fluorescent beads at the gradient

channel mid-plane), corresponding to ~33 m/s mean flow velocity at

μm450μm50  x and to >400 sec cell residence time in the 13.7 mm long segment
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of the gradient channel with a constant linear profile of [O2]. Every 10 sec, two

brightfield micrographs (Fig. 23a) of a ~500 m long (y-axis extension) segment of

the gradient channel near the mid-plane (~18 m above the cover glass) were taken

with ~0.1 sec interval. The second of the two micrographs was digitally subtracted

from the first one to obtain an image revealing moving objects (Supplementary Fig. S-

3).

The images resulting from the micrograph subtraction were analyzed in a batch

mode with a home-made Matlab code that recognized cells and recorded their

positions along the x-axis. The parameters of the cell recognition code were optimized

by running it on a series of representative images and verifying the results against the

assessment of an operator (Supplementary Fig. S-3). The internal region of the

gradient channel, μm450μm50  x , was divided into 14 equal segments (bins) and

the number of cells in each segment was counted at each time point. The total number

of cells in the field of view was typically ~600 (Fig. 23a and Supplementary Fig. S-3).

The data at each set of [O2] was taken for 15 – 30 min, bringing the cumulative

number of interrogated cells to 0.5 – 1·105. Importantly, with the 10 sec interval

between the consecutive images, the 500 m y-axis extension of the field of view, and

the 33 m/s mean flow velocity, ~66% of the interrogated cells were counted only

once. Therefore, the collected entries to the cell distribution bins were mostly

statistically independent and represented different individual cells at the end of their

400 sec passage through the gradient channel.
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Representative distributions of E. coli cells along the x-axis (Fig. 23b) at [O2]B

= 1%, 4%, and 16% and [O2]A = 0 all show clear bias of cell positions towards higher

[O2]. The distributions also indicate that the bias decreases at greater [O2]B. The biased

random walk model predicts exponential distribution of cells. However, given that in

all cases the fractions of cells, )(xn , varied between different channel segments by

factors ≤2, we found it appropriate to use linear fits, baxxn )( . The strength of

aerotaxis at a given set of conditions can be quantified by the slope of the linear fit, a.

Given the normalization of the distribution, 1)(  xn  and 14/1)( xn , the slope is

Figure 23. Distributions of E. coli cells in the gradient channel of the
microfluidic device. (a) A brightfield micrograph of the gradient channel with E.
coli cells taken at [O2]A = 0, [O2]B = 1%, and [O2]C = 0.5% using a 20×/0.75
objective lens. The lens did not have a phase ring, and to enhance the contrast, the
microfluidic device was illuminated with a narrow beam directed at an angle to the
vertical, resulting in visible short-range non-uniformity of illumination. Scale bar is
100 µm. (b) Fraction of E. coli cells in various ~30 m wide segments of the
gradient channel (x-axis extension) as a function of the position of the segment
center, x, at [O2]B = 1% (blue circles), 4% (red squares), and 16% (black triangles).
Each set of data points is fitted by a color-matching straight line. For all data sets
[O2]A = 0 and [O2]C = 0.5[O2]B. The data was collected on the same day within
several hours. The total number of interrogated cells was 0.6·105, 1.2·105, and 1.8·105

for [O2]B of 1%, 4%, and 16% respectively.
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readily converted into the ratio of the fractions (and numbers) of cells between the

segments with the largest and smallest x (and thus highest and lowest [O2]):

xan

xan
k




 , where 180x m is the distance between the center of the channel and

the center of the leftmost (and rightmost) segment. For the distributions in Fig. 23b,

the slopes are a = 1.32·10-4, 1.01·10-4, 4.9·10-5m-1 for [O2]B = 1, 4, and 16%,

respectively. These slopes correspond to the cell number ratios, k = 2.0, 1.68, and

1.28, whereas the ratio of [O2] between the centers of the highest and lowest [O2]

segments is ~2.8 in all 3 cases.

We performed an extensive series of experiments on E. coli aerotaxis with

[O2]A = 0 and [O2]B = 0.5, 1, 2, 4, 8, and 16%. We note that all [O2] profiles tested in

these experiments had the same logarithmic slope of 0.0027 m-1, but different

mid]O[ 2  (as always, equal to [O2]C). Normally, on each day of experimentation, data

were collected data on aerotaxis at all six settings of [O2]. Subsequently, normalized

distributions of cells in the 14 segments across the channel were plotted and fitted with

straight lines. The slopes, a, were extracted from the fits and the corresponding cell

number ratios, k, were calculated. A set of data was collected with the number of runs,

N, of 14, 8, 13, 11, 12, and 6 for mid]O[ 2 = 0.25, 0.5, 1, 2, 4, and 8%, respectively. The

data analysis revealed substantial day-to-day variability. For each mid]O[ 2 , we

followed a standard procedure to identify outliers as points whose value is either

greater than the upper quartile plus 1.5 times the inter-quartile distance or smaller than
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the lower quartile minus 1.5 times the inter-quartile distance. The outliers were

removed and the averages were calculated.

The plot of average values of the cell number ratios, k, vs. mid]O[ 2  (with SEM

as error bars) showed a clear trend of reduction in the aerotaxis efficiency with

growing mid]O[ 2  (Fig. 24a). The value of k at mid]O[ 2  = 0.5% was the largest and was

significantly greater than the values of k at mid]O[ 2  of 1% and 2%, whereas these last

two values of k (when pooled together) were significantly greater than the values of k

Figure 24. Results of aerotaxis assays on E. coli cells in linear profiles of [O2] at
the gas inlet concentrations [O2]A = 0 and [O2]C = 0.5[O2]B, such that [O2] in the
middle of the gradient channel, mid]O[ 2 , is equal to [O2]C, and the representative

logarithmic slope of the [O2] profile in the gradient channel, )]O[/(]O[ 22 midw  ,
is 2.7·10-3 μm-1. The middle ~400 μm wide part of the gradient channel was divided
into 14 equal segments along the x-axis, the fractions of E. coli cells in individual
segments were measured, the distributions were fitted with straight lines, and the
ratios of cell numbers between the last and first segments, k, were calculated from
the slopes, a, of the linear fits. The ratio of [O2] between the centers of the last and
first segment was ~2.8 in all experiments. (a) Cell number ratio, k, as a function of

mid]O[ 2 . The numbers of experiments, N, are 11, 8, 13, 11, 12, and 6 for mid]O[ 2 =

0.25, 0.5, 1, 2, 4, and 8%, respectively, with an average of 7·104 cells interrogated in
an experiment. Error bars are SEM. (b) Mean value of the slope of the linear fit, a,
normalized to the slope of the fit to the distribution in the gradient with mid]O[ 2 = 1%

on the same day of experimentation, as a function of mid]O[ 2 . Error bars are SEM.
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at mid]O[ 2 = 4% and 8% (when pooled together). The ratio of the cell numbers in the

highest and lowest [O2] segments of the channel was ~1.3 and significantly greater

than 1 at the largest mid]O[ 2  of 8%, whereas the highest cell number ratio was ~1.7.

We note that for an effective E. coli cell diffusivity D = 400 μm2/s, these cell number

ratios over a distance 360x  μm correspond to aerotaxis-driven drift velocities,

xkDv  /)ln( , of 0.3 to 0.6 μm/s. Our numerical simulations of biased diffusion

(random walk) in Comsol with D = 400 μm2/s, w = 500 μm, and v = 0.3 and 0.6 μm/s

indicated that a distribution forming after 400 sec, starting from a uniform distribution,

is indistinguishable from a steady state distribution. Therefore, the simulation

confirmed that the 400 sec residence time in the gradient channel was sufficiently

long. It is also important to note that our cell-counting technique did not distinguish

between motile and non-motile E. coli cells. The presence of non-motile cells leads to

reduced values of k. Therefore, the values of k in Fig. 24a should be considered as

conservative estimates.

In an attempt to better account for the day-to-day variability between the

aerotaxis assays, we used a different treatment of the data, with the slopes, a, of the

linear fits on each day normalized to the slope of the distribution with mid]O[ 2  = 1%

on the same day. The normalized slopes at each mid]O[ 2  were averaged between

different days and plotted against mid]O[ 2  (Fig. 24b). The plot of the normalized

slopes (Fig. 24b) was largely similar to the plot of the cell number ratios, k, (Fig. 24a).

(We note that the zero-aerotaxis baseline for the normalized slopes in Fig. 24b is 0,
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whereas the baseline for k in Fig. 24a is 1.) However, the error bars (SEM values) in

Fig. 24b were smaller, revealing a clearer trend of decay of aerotaxis efficiency with

the growth of mid]O[ 2  and a significant difference between mid]O[ 2  of 0.25 and 0.5%.

We note that in the biased random walk model, the aerotaxis efficiency, as measured

by the value of k or a, is a function of the ratio Dv / . Therefore, the reduction of

efficiency can be due to reduction of the aerotaxis-driven velocity, v, or increase in the

effective diffusivity, D, due to more intense random motion of cells.

We also performed a series of experiments with mid]O[ 2  set at a constant level

of 2% (by setting [O2]C to 2%) and with Δ[O2]BA = [O2]B - [O2]A varied between 0,

0.5%, 1%, 2%, and 4%. The resulting gradients had logarithmic slopes

)]O[/(]O[ 22 midw  of 0, 3.4·10-4, 6.8·10-4, 1.36·10-3, and 2.7·10-3   μm-1, respectively.

As in the experiments described in the previous paragraphs, normalized distributions

of cells in the 14 segments across the gradient channel were plotted and fitted with

straight lines; the slopes, a, were extracted from the fits; the corresponding cell

number ratios, k, were calculated; outliers were identified and removed. The data were

used to plot the mean values of k vs. Δ[O2]BA with SEM as error bars (Fig. 25a). Also

as before, we used an alternative treatment of the data, with slopes, a, of the linear fits

to cross-channel cell distributions for all Δ[O2]BA normalized to the slope of the

distribution with Δ[O2]BA = 2% on that day, and plotted mean values of the normalized

slopes vs. the values of Δ[O2]BA (Fig. 25b). As expected, the efficiency of chemotaxis,

as measured by both the cell number ratio, k, and the normalized slope of the cell

distribution, monotonically increased with Δ[O2]BA (and with the logarithmic slope of
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the [O2] profile). Somewhat surprisingly, however, the increase was substantially

slower than linear. For Δ[O2]BA changing 8-fold from 0.5% to 4%, k only increased

from 1.23 to 1.48, which for a biased random walk with a constant value of D, would

correspond to an increase of the cell drift velocity, v, by a factor of <2.

Discussion

The aerotaxis assay that we developed and applied is based on the approach

proposed of Ref.31, in which a suspension of motile cells is continuously fed into a

long channel with a gradient of an attractant across the channel, and the distribution of

cells is evaluated at the channel exit. This approach enables achieving a high

Figure 25. Results of aerotaxis assays on E. coli cells in linear profiles of [O2] at

mid]O[ 2  = [O2]C = 2%, with  [O2]B + [O2]A = 2[O2]C and [O2]BA = [O2]B - [O2]A

varied between 0 and 4%, resulting in constant mid-point gradients of [O2] with
logarithmic slopes, )]O[/(]O[68.0)]O[/(]O[ 2BA222 midmid ww  , varying
between 0 and 2.7·10-3 μm-1. The data analysis was the same as in the experiments
with a constant logarithmic slope (Fig. 24). (a) Cell number ratio, k, between the last
and the first segment of the gradient channel (~360 μm apart) as a function of
[O2]BA. The numbers of experiments, N, are 2, 8, 9, 8, and 8 for [O2]BA = 0, 0.5, 1,
2, and 4%, respectively, with an average of 9·104 cells per experiment. Error bars are
SEM. (b) Mean value of the slope of the linear fit, a, normalized to the slope of the
fit to the distribution in the gradient with [O2]BA  = 2% on the same day of
experimentation, as a function of [O2]BA. Error bars are SEM.
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experimental throughput by collecting data on a large number of different cells, each

of which is allowed sufficient time to explore the gradient field. However, this

approach is problematic when applied to chemotaxis of motile bacteria in gradients of

small-molecule attractants that are not gases, because the diffusivity of small-molecule

attractants, Da, is usually comparable with the effective diffusivity, D, of the random

motion of motile bacteria (~400 μm2/s for E. coli52). An attractant gradient with a

well-defined shape can be readily generated at the gradient channel entrance, using a

variety of microfluidic techniques30, 33, 59, 60. Nevertheless, the gradient will

continuously deteriorate as the bacterial suspension moves along the channel,30-32 and

the deterioration will become severe at a time scale )2/(2
aDw  [corresponding to a

distance )2/(2
af Dwv ], which is comparable to the time )2/(2 Dwt   [and distance

)2/(2 Dwv f ], required for bacteria to explore the gradient. Therefore, when assays on

chemotaxis of motile bacteria are performed in continuous-flow gradient channels, 31,

33 the analysis of the experimental results is always complicated by the variation of the

gradient profile along the flow.

Some of the most informative quantitative experiments on bacterial chemotaxis

in microfluidic devices were performed in channels without flow, where nearly-linear

attractant gradients were generated by molecular diffusion between a source and a

sink, by making microfluidic devices out of attractant-permeable hydrogels.34-37 This

technique has a relatively low throughput, however, because for distributions of cells

across the gradient channels to be completely statistically independent, the interval

between consecutive measurements (cell distribution snapshots) should, strictly
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speaking, be on the order of )2/(2 Dwt  . This interval is ~300 sec for a 500 μm

wide channel (and ~200 s for a 400 μm wide channel as in Ref. 36), much longer than

the 15 sec time required in our experiments for the content of cells in the field of view

to be completely replaced.

Similar to the chemotaxis experiments in microchannels cast in hydrogels, 34-37

the [O2] profile in the aerotaxis experiments is established by diffusion between a

source (gas channel network B) and a sink (gas channel network A; with the gas

channel network C playing a role of an intermediate). As a result, unlike the

continuous-flow experiments on chemotaxis,31, 33 the [O2] profile does not vary along

the gradient channel. The continuous-flow aerotaxis experiments in the proposed

device are made possible by the high solubility of O2 in the PDMS material of the

microfluidic chip (~6 times higher than in water at room temperature) and its

relatively high diffusivity in PDMS (~3400 μm2/s) and in water (~2000 μm2/s). The

[O2] gradient profile is imbedded in the bulk of the device and is mainly set by the

diffusion of O2 through the material of the device rather than through the gradient

channel (Fig. 21b). In this respect, the PDMS material of the device is somewhat

similar to hydrogel around the gradient channels in the no-flow chemotaxis devices.30,

34-37 However, the solubility and diffusivity of common chemoattractants in hydrogels

(about the same as in water and ~500 μm2/s, respectively) are substantially lower that

the solubility and diffusivity of [O2] in PDMS. Because of the high diffusivity of [O2]

in PDMS and water and ~6 times higher solubility of [O2] in PDMS as compared to

water, the time, eqt , required for the [O2] profile in a bacterial suspension entering the
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gradient channel to reach equilibrium is only ~3.5 sec (from numerical simulations),

which is two orders of magnitude smaller than the bacterial diffusion time, t .

Therefore, the continuous flow of bacterial suspension through the gradient channel

represents only a minor perturbation to the imposed [O2] gradient.

Because eqt << t , one can potentially use the device to study the dynamics of

establishment of an equilibrium distribution of bacterial cells across the gradient,

starting from specific initial conditions. (We note that such type of experiment would

be difficult to perform for bacterial chemotaxis in hydrogel-based no-flow

microfluidic devices.) To this end, one could confine the bacterial suspension to a

certain segment of the channel along the x-axis by hydrodynamically focusing it

between two streams of the motility buffer.31, 33 Measurements of the distribution of

bacteria along the x-axis at different distances from the inlet (converted to residence

times) would then provide direct information on the affective diffusivity, D, and

migration velocity, v, of bacteria at different positions, x, in the gradient.

A common problem with bacterial chemotactic assays (both microfluidic and

conventional) is the possibility that the imposed gradient profile is modified by

cellular metabolism. (As a remedy, non-metabolizable analogues of natural attractants

are sometimes used.) By the same token, respiration of E. coli could potentially

change an imposed [O2] gradient. In fact, as discussed in the Introduction, in the

capillary assays used in some previous works on bacterial aerotaxis, 2, 4, 17, 28

spatial gradients of [O2] are formed as a result of cellular respiration. The O2

consumption of E. coli was reported to increase linearly with the division rate,61, 62
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reaching 20 mmol per hour per 1 g of dry mass (20 mmol/hr/g) at a growth rate of ~1

division per hour, which is an upper estimate for E. coli growth rate at room

temperature. The concentration of E. coli in the gradient channel in our experiments

was ~5×108 mL-1, which for a cell dry mass of ~0.3×10-12 g (taken to be 27% of the

live cell mass63) corresponds to a dry mass of  ~1.5×10-4 g/mL and [O2] consumption

of 3×10-3 mmol/hr/mL or 0.83×10-3 mmol/sec/L at 1 division per hour. Given that [O2]

= 100% at room temperature (20 °C) and atmospheric pressure corresponds to [O2] of

~1.3 mmol/L in fresh water, the [O2] consumption rate of 0.83×10-3 mmol/sec/L is

equivalent to 0.064 %/sec. When this [O2] consumption rate in the gradient channel

was plugged into our 2D simulation of O2 in the device (cf. Fig. 21b; taking into

account the ~6 times lower O2 solubility in water as compared with PDMS) with [O2]A

= 0, [O2]B  = 2%, and [O2]C  = 1%, the perturbation to the [O2] profile caused by the

bacterial respiration was found to be minimal. It amounted to a reduction of mid]O[ 2

from 1.0% to 0.97%, with the slope of the [O2] profile remaining unchanged. The

perturbation to the [O2] profile was even smaller at larger [O2]B. The perturbation

became more significant at lower [O2]B. Nevertheless, reduced levels of [O2] have

been found before to reduce the growth rate, to as little as 0.2 divisions per hour (thus

likely leading to ~5 times reduced respiration rate) at [O2] = 0.2% at room temperature

even in a reach medium, 55 and the low nutrient content of the motility buffer is likely

to result in additional reduction of the metabolism and respiration rate. Thus, our

estimates and simulations indicate that the bacterial respiration had little effect upon

[O2] profiles in the gradient channel.



171

With microfluidic devices made of monolithic PDMS, it was relatively

straightforward to have gas channels both in the plane of the liquid-filled channels and

at a height hg ≈ 1.1 mm above it. The flow of an appropriate gas mixture through the

out-of-plane gas channels shields the gradient channel from the atmospheric air,

facilitating the generation of near-linear [O2] profiles in the gradient channel even at

mid]O[ 2  as low as 0.25%. Our simulations also showed that, if pure N2 ([O2] = 0) is

ventilated through an extensive network of out-of-plane gas channels, it would create a

nearly O2-free (anoxic) region at the cover glass with an area comparable to that of the

out-of-plane gas channel network. This approach could be used to create O2-free

conditions, which are favorable for photostability of fluorescent dyes56 and for

anaerobic cell cultures, without significantly compromising the structural properties of

microfluidic channels near the cover glass (because hg is relatively large).

Our numerical simulations also indicate that modified versions of the gas

channel networks can enable the generation of various exponential profiles of [O2]

across a liquid-filled gradient channel (see Supplementary Information). To this end,

the internal edges of the in-plane gas channel networks A and B are positioned

asymmetrically with respect to the gradient channel, and a proper hg is selected

(Supplementary Fig. S-4). In three specific examples we considered (Supplementary

Fig. S-4a-c), the gas channel arrangements produced near-perfect exponential profiles

with logarithmic slopes, dxd /])Oln([ 2 , of ~0.002, ~0.004, and ~0.008 m-1, all at

[O2]A and [O2]C both set to 0. We note that the slope of ~0.008 m-1 is ~3 times

greater than the maximal representative logarithmic slope of 0.0027 m-1 produced by
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the device in Fig. 21. In addition, the slope of ~0.008 m-1 corresponds to an ~50-fold

variation of [O2] across a 500 m wide gradient channel, as compared to the ~5-fold

variation of [O2] in the device in Fig. 21. Importantly, the logarithmic slopes in the

devices in Supplementary Fig. S-4 remain unchanged when [O2]B is varied, as long as

[O2]A and [O2]C both remain zero, whereas the actual value of [O2] at given x is

proportional to [O2]B. Therefore, the actual ranges of [O2] in the gradient channels of

the devices in Supplementary Fig. S-4 can be readily adjusted by varying a single

parameter, [O2]B. Based on the results in Fig. 25, [O2] profiles with greater logarithmic

slopes are expected to elicit stronger aerotactic responses. In addition, a profile with a

large logarithmic slope covers a broad range of [O2] and could thus be efficiently used

for testing the preferred levels of [O2] of different bacteria.

There are several conclusions that can be drawn from the results of our

aerotaxis experiments on E. coli (Fig. 24-25). First, in a range of [O2] from 0.08%

(lowest in the 0 – 0.5% profile) to 11.5% (highest in the 0 – 16% profiles), E. coli cells

always prefer regions with the highest available [O2] (Fig. 24). This result contradicts

some previous unpublished reports that E. coli prefer O2 concentrations of 50 or 40

μM, 2, 14 which at room temperature correspond to [O2] = 3 – 4%. Significant positive

aerotactic response to the linear profile with mid]O[ 2 = 8% (Fig. 24), which extends

from 3.5% to 11.5% of [O2], does not agree very well with the previous report on a

very low value of [O2] of 0.07% (0.8 μM) eliciting half-maximal positive (attractive)

aerotactic response in E. coli.28 On the other hand, the positive aerotaxis in the [O2] =

3.5% – 11.5% profile is consistent with a value of ~80% (1.0 mM) for [O2] causing
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half-maximal negative (repulsive) aerotactic response starting from an initial [O2] of

15% in the RP437 strain of E. coli. 28 Furthermore, the lowest value of [O2] of ~33%,

to which a negative aerotactic response starting from [O2] = 15% was observed in Ref.

28, does not contradict our experimental findings either.

Second, as expected, at a given average [O2] ( mid]O[ 2  in Fig. 25), the

efficiency of aerotaxis is an increasing function of [O2] gradient, dxd /]O[ 2 .

Surprisingly, however, the efficiency of aerotaxis, as measured by both the slope, a, of

the cell distribution and the estimated cell migration velocity, v, increases with

dxd /]O[ 2 substantially slower than linearly. So, in the framework of a biased random

walk model, assuming a constant effective diffusivity, D, the apparent migration

velocity, v, grows by a factor <2, when dxd /]O[ 2 is increased as much as 8-fold (Fig.

25). Third, in linear profiles with a constant mean logarithmic slope dxd /])Oln([ 2 ,

the efficiency of aerotaxis (as measured by the steady-state distributions in Fig. 24)

significantly decreases with the average concentration, mid]O[ 2 , in a range of mid]O[ 2

from 0.5% to 8%. (In the biased random walk model, this apparent reduction of

aerotactic efficiency could be due to reduction of v or growth of D with mid]O[ 2 .) This

reduction of the aerotaxis efficiency with mid]O[ 2  is consistent with a suggestion that

RP437 E. coli has its preferred range at [O2] somewhere between 12 and 33%. It is

also worth noting that the preferred level of [O2] is expected to depend on the exact

conditions in the bacterial culture prior to the aerotaxis assay.

Conclusions
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The proposed microfluidic device generates robust near-linear profiles of [O2]

and enables high-throughput experiments on aerotaxis of swimming bacteria in a

continuous flow, where distributions of cells in a steady gradient of [O2] are measured

after cells are allowed sufficient time to explore the gradient. The device can also

potentially be used to explore the dynamics of development of a steady state

distribution from various initial distributions of cells in the gradient, thus enabling

more detailed studies of bacterial aerotaxis. A modification of the proposed design

would enable the application of exponential profiles of [O2], making it possible to

present cells with steeper gradients and measure their responses in broader ranges of

[O2] in a single experiment. High-throughput experiments in steady gradients of [O2]

are enabled by a high O2-permeability of the PDMS material of the microfluidic

device, making bacterial aerotaxis assays to some extent easier to perform than

chemotaxis assays. The experiments on E. coli aerotaxis presented here are the first

detailed study of aerotaxis of any bacterial species in stable well-defined gradients of

[O2]. The study provides new quantitative data on E. coli aerotaxis in different linear

profiles, in particular, the dependence of the efficiency of aerotaxis on the gradient and

mean value of [O2]. The technique of shielding the gradient channel form the

atmosphere with an out-of-plane gas channel network implemented in the device

enables generation of gradients with low mean values of [O2]. Therefore, in addition to

more extensive experiments on aerotaxis of E. coli and other aerobic bacteria, the

device and technique can be used to study the behavior of microaerobic organisms and

could potentially be applied to anaerobic bacteria.
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Supplementary Information

Figure S-1. Experimental setup. (a) A vertical rail with the inlet and outlet
reservoirs (both made of modified Eppendorf tubes) attached to it. (b) Microfluidic
device on the microscope stage with the tubing line feeding a bacterial suspension to
the device (bacteria in, connected to the inlet reservoir), tubing line drawing the
bacterial suspension from the device (bacteria out, connected to the outlet reservoir),
and three gas tubing lines (gas mixtures in, connected to the 3-channel gas mixer)
inserted into the inlets and outlet of the microfluidic device. (c) 3-channel gas mixer
on a optical table, with different gas tubing lines and power lines connected to the
mixer. The N2 distribution unit is connected to a pressure-regulated source of N2 and
delivers compressed N2 to the normally-open ports of the three solenoid valves of the
mixer (which are situated beneath the metal board). The air/2.5% O2 distribution unit
is connected to a pressure-regulated source of either air or a mixture of 2.5% O2 and
97.5% N2 and delivers compressed gas to the normally-closed ports of the three
solenoid valves of the mixer. The common ports of the solenoid valves are connected
to the three gas inlets of the microfluidic device through the black tubing lines and
gas mixtures in tubing lines seen in b (with gas mixing segments inserted in the
middle48; not shown).



176

Figure S-2. Fluorescence micrographs of a segment of the gradient channel with
a solution of RTDP in a PBS buffer in water taken at different [O2] in the gas
channels of the microfluidic device. The field of view is 500×100 µm. The images
are flat-field corrected to compensate for unevenness of the illumination and light
collection. (a) [O2]A = [O2]B = [O2]C = 0 (pure N2 in all gas channels), resulting in
[O2] = 0 everywhere in the gradient channel. (b) [O2]A = 0 , [O2]B = 20.8%, and [O2]C

= 10.4%, resulting in [O2] linearly varying from ~3.3% to ~17.5% across the
gradient channel. (c) [O2]A = [O2]B = [O2]C = 20.8 (air in all gas channels), resulting
in [O2] = 20.8% everywhere in the gradient channel. We note that, because RTDP
was dissolved in water (rather than 66% solution of ethanol in water), the ~14%
variation of [O2] across the gradient channel in b, corresponded to a change of only
~31% in the RTDP fluorescence. Scale bar 50 µm.
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Figure S-3. Identification of individual E. coli cells in the gradient channel. (a)
and (b) Two consecutively taken (~0.1 sec interval) brightfield micrographs of the
gradient channel with E. coli cells at [O2]A = 0, [O2]B = 1%, and [O2]C = 0.5%. The
micrographs were taken with a 20×/0.75 objective lens, which did not have a phase
contrast ring, and to enhance the contrast, the microfluidic device was illuminated
with a narrow beam directed at an angle to the vertical, resulting in visible short-
range non-uniformity of illumination. (c) A result of digital processing of the images
in a and b. The image in a was subtracted from the image in b; the range of the
grayscales in the difference was magnified to enhance the contrast; the resulting
picture was smoothened to reduce the spatially uncorrelated noise (the cumulative
result of the read-out noise and shot noise due to final number of incident photons in
individual pixels of the camera). As a result of the image subtraction, the high-
contrast stationary features in a and b (channel side walls, a bright spot on the right,
etc.) are suppressed in c, whereas moving E. coli cells are seen as pairs of bright and
dark spots at the locations of individual cells in a and b. (d) Individual E. coli cells
are identified using a code in Matlab that recognizes dark spots in c with user-
defined range of sizes and with a brightness level below certain user-defined
threshold. Locations of individual cells are highlighted by yellow ovals. Because the
darkness/brightness and the size of the spots depend on the size of E. coli cells, their
three-dimensional orientation, and their distance from the focal plane of the objective
(which is near the mid-plane of the channel), the recognition code does not identify
all cells in the field of view. Nevertheless, the identification is not biased with
respect to the position across the channel, making the procedure consistent. Scale bar
100 µm.
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Numerical simulations of microchannel configurations generating exponential

profiles of [O2].

To generate exponential profiles of [O2], the internal edges of the in-plane gas

channel networks A and B (cf. Fig. 21) are positioned asymmetrically with respect to

the gradient channel, and a proper distance between the gas channel network C and the

cover glass, hg, is selected. As an example (Fig. S-4a), hg can be reduced to 200 m,

and the distances between the edges of the 500 m wide gradient channel and the

edges of the networks A and B, Ax  and Bx , can be set to 225 and 175 m,

respectively (as compared to hg = 1.1 mm and 100 BA xx m in the linear

gradient device in Fig. 21a). With [O2]A = 0, [O2]B = 8%, and [O2]C = 0, the resulting

[O2] profile across the gradient channel is a nearly perfect exponent (blue curve in Fig.

S-4d) extending over an ~50-fold range between [O2] ≈ 0.04% and 2%. The profile

has a logarithmic slope 008.0/])Oln([ 2 dxd m-1, which is ~3 times greater than the

representative logarithmic slope of the linear profile in the device we used for the

aerotaxis experiments (Fig. 21). In another example (Fig. S-4b), with hg = 400 m,

675 Ax m, 475 Bx m, and [O2] in the gas channels the same as before, the

exponential profile extends ~7.5-fold, between [O2] ≈ 0.45% and 3.4%, with a

logarithmic slope of ~0.004 m-1 (a factor of ~1.5 greater than in the device in Fig. 21;

red curve in Fig. S-4d). In a third example (Fig. S-4c), with hg = 800 m, 950 Ax

m, 550 Bx m, the exponential profile extends ~2.9-fold, between [O2] ≈ 1.39%

and 4.03% with a logarithmic slope of ~0.002 m-1 (green curve in Fig. S-4d).
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The results of the simulations (Fig. S-4) show that, with a proper selection of

the three geometrical parameters, hg, Ax , and Bx , exponential profiles of [O2] with

a range of logarithmic slopes can be generated. It is worth noting, however, that

exponential profiles with large logarithmic slopes require small hg, making the

gradient channel less structurally stable (more flexible roof). Also, the shapes of the

profiles generated by the devices in Fig. S-4a-c as well as the values of [O2] at given x

are substantially more dependent on hg, as compared to the device in Fig. 21.

Therefore, the casting of the PDMS chips for the devices in Fig. S-4a-c would need to

be controlled more rigorously.
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Figure S-4. Two-dimensional numerical simulations of PDMS chips generating
exponential profiles of [O2] in a liquid-filled gradient channel. (a) – (c) Color-
coded distributions of [O2] in bottom-central areas of xz-cross-sections of chips with
different gas channel layouts (cf. Fig. 1b). The color legend is shown by a bar on the
right with numbers indicating [O2] in percents. 500 m wide gradient channels are
shown by white strips at the center bottom of each panel, with their left edges
marked by red arrows. The computational domain is 20×5 mm in the xz-plane, with
an impermeable boundary at the bottom (cover glass) and [O2] = 20.8% at the top
and on the sides. In all three cases, [O2] is 0 in the in-plane gas channels to the left
from the gradient channel (network A) and in the out-of-plane gas channels (network
C) and 8% in the in-plane gas channels to the right from the gradient channels
(network B). The distances between the cover glass and out-of-plane gas channels,
hg, are 200, 400, and 800 m in a, b, and c, respectively. (d) Oxygen concentration,
[O2], across the gradient channels for the devices in a (blue line), b (red line), and c
(green line) in semi-logarithmic coordinates. In all three cases, the lines are visually
indistinguishable from exponential fits. The exponents, dxd /])Oln([ 2 , are  ~0.008,

~0.004, and ~0.002 m-1 for the blue, red, and green lines, respectively.
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