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We have developed a user-friendly microfluidic device for the study of gradient-

mediated bacterial behaviors, including chemotaxis. This device rapidly estab-

lishes linear concentration gradients by exploiting solute diffusion through

porous membranes in the absence of convective flows. As such, the gradients are

created rapidly and can be sustained for long time periods (e.g., hours), sufficient

to evaluate cell phenotype. The device exploits a unique simple bilayer configu-

ration that enables rapid setup and quick reproducible introduction of cells. Its

reusability represents an additional advantage in that it need not be limited to

settings with microfluidics expertise. We have successfully demonstrated the

applicability of this tool in studying the chemotactic response of Escherichia
coli to glucose. When coupled with our recent Python program, quantified

metrics such as speed, ratio of tumble to run, and effective diffusivity can be

obtained from slow frame rate videos. Moreover, we introduce a chemotaxis

partition coefficient that conveniently scores swimming behavior on the single-cell

level. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4993438]

I. INTRODUCTION

Concentration gradients of biomolecules are found throughout the human body and play

pivotal roles in regulating biological activities, including wound healing, immune responses,

and cancer metastasis.1–5 Microorganisms inside the human body can produce, sense, and react

to these chemical gradients in multiple ways, some involved in pathogenicity. For instance, bio-

film growth of pathogenic bacteria often results in infections. Bacteria within a biofilm exhibit

distinct gene expression profiles and metabolic activities in response to concentration gradients

of nutrients, signaling compounds, and bacterial wastes within the biofilm.6 This heterogeneity

protects cells inside the biofilm from environmental stresses and attacks from the immune sys-

tem or antimicrobials, thus decreasing therapeutic efficacy.7 While often considered from the

perspective of pathogenicity, some gradient-sensing behaviors could be also harnessed for
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therapeutic purposes. Bacteria can move up or down a chemical gradient in response to a natu-

ral attractant or repellent, which is referred to as chemotaxis.8 Leveraging this character, geneti-

cally rewired Escherichia coli (E. coli) were attracted to cancer cell lines9,10 and could serve as

vectors for drug delivery. Therefore, developing a robust platform for investigation of gradient-

mediated bacterial behaviors would be essential.

Over the last several decades, numerous platforms have been devised, such as the Boyden

chamber,11 the Dunn slide chamber,12 and the Zigmond chamber,13 which generate chemical

gradients mimicking physiological conditions. However, the reproducibility, controllability, and

stability of these approaches are limited.2,14–16 To address these issues, researchers have turned

to advanced microfluidic systems based on high resolution lithography and soft lithography.

Because fabrication methods are programmable, precise, and facile, these approaches have

enabled more detailed study of biological phenomena (e.g., morphogen-mediated develop-

ment,16,17 tumor cell migration,18,19 drug delivery and distribution20). Gradient generators built

within microfluidic platforms offer greater resolution and provide well-controlled hydrodynamic

and mass transfer conditions.21 Additionally, microfluidics facilitate the integration and manipu-

lation of multiple design spaces, predominately time, chemical species, and chemical concentra-

tions into a single platform.22

Due to the length scales and well-defined stream functions, the majority of microfluidic

gradient generators apply laminar flows to establish gradients.23–28 As such, parallel flows of

incompressible and miscible fluids mix only by diffusion. By appropriately designing the spatial

configurations and the solute concentrations in multiple adjacent streams, gradients can be

established across a channel.29 This methodology is particularly suitable for surface-adherent

cells as they can be exposed to a steady state gradient with small shear forces. However, these

flow-based platforms are unsuitable for many bacterial studies due to two major limitations: (i)

bacteria are often non-adherent (planktonic) and thus would experience unsteady concentration

gradients as they are transported along the channel by the flow29 and (ii) cells in the device

would experience both chemical gradients and shear forces, and because of this, it is challeng-

ing to discern the independent effects of each on cell movement.15,30 As a result, flow-free

gradient generators have been proposed.8,15,31–38

A common strategy to form chemical gradients within a flow-free device relies on chemical

exchange between source and sink reservoirs through flow resistive elements, such as hydro-

gels15,31–33 or membranes.8,34–38 Submicron-sized pores in these elements generate large hydro-

dynamic resistances that minimize convective flows and shear forces, leaving diffusive transport

unperturbed. Subsequently, concentration gradients can be established without disturbance

from flows. Compared to hydrogel-based gradient generators that require in situ fabrication,

membrane-based devices are rapidly assembled from uniform components and are easily sealed

and integrated with ancillary flow and analytical systems.31,38 We have found that many

membrane-based gradient generators facilitate the study of mammalian cells and tissues, with

their designs taking advantage of the larger length scales of cell, organoid, and/or tissue mor-

phologies and relatively long time constants. These systems are not ideal, however, for studying

motile bacteria and are generally non-reusable.34–38

Previously, Wang et al. developed a bilayer microfluidic gradient generator for bacterial

study, which established linear gradients of chemicals by balancing the pressure between source

and sink inlets.33 Introduction of bacteria or solutions into their device was based on diffusion,

which increased experimental time (>1 h) and washing difficulty. Here, we describe a next gen-

eration bilayer membrane-based microfluidic gradient generator (Scheme 1) behavior that can

be easily operated in laboratories not specialized in microfluidics. It has the following features:

(1) the concentration gradient is formed by diffusion and is steady, sharp, and homogenous

for accurate experimental performance; (2) the experimental setup and washing procedures are

facile; (3) the device can be coupled to analytical software (e.g., similar to Mohari et al. for

non-gradient systems39); and (4) it is reusable. Herein, we describe its design and assembly

as well as its performance by illustrating the gradient generation and the tracking of E. coli
chemotactic responses.
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II. MATERIALS AND METHODS

A. Device fabrication

The device consists a top layer and a bottom layer (Scheme 1). The top layer [Scheme

1(a)] contains two parallel channels that deliver either an attractant/repellent (i.e., the source

channel) or a buffer solution (i.e., the sink channel). These two channels have a convergence

(i.e., the pressure balance) that is structurally similar to a previous work by Irimia et al.40 This

convergence dissipates pressure differences between the channels and stabilizes the concentra-

tion gradient formed downstream. The length of the convergence and the flow rates of both

sink and source channels are optimized in order to avoid chemical diffusion from the source

channel to the sink channel when the flow is fully developed. The bottom layer contains a sin-

gle channel. All channels are 50 lm tall and 500 lm wide. From a top-down view [Scheme

1(b)], the three channels in both layers form two intersections. At each intersection, a polycar-

bonate membrane is sandwiched between the top and the bottom layers and is large enough to

separate channels on both sides [see side views, Schemes 1(c) and 1(d)]. The membrane is

porous with each pore being 1 lm in diameter and generates high hydrodynamic resistance

(Rh¼8 ll/pr4, r¼ pore radius). Convective flows transmitting through the membrane are thus

negligible, and diffusive transport becomes the dominating communication between solutions in

the top and the bottom channels.

All layers were made from polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Co.,

Midland, MI) cast on an SU-8 master. The SU-8 master was fabricated using standard soft lithog-

raphy techniques performed in the Maryland Micro and Nano Fabrication Center. Patterns on

both layers were designed on AutoCAD (Autodesk, Inc., Mill Valley, CA), converted, exposed,

and developed onto a Mylar mask. A 4-in. silicon wafer was cleaned with Piranha solution (con-

centrated H2SO4 and 30% H2O2, 3:1, v/v) and spin coated with 5 ml SU-8 3050 photoresists

(MicroChem, Westborough, MA) at 3000 rpm for 30 s followed by 15 min baking at 95 �C. The

pattern was then transferred from the mask to the wafer by exposing the wafer to UV light

(405 nm wavelength) at 23.4 mW cm�2 using an EVG 620 mask aligner (Electronic Visions Inc.,

Phoenix, AZ). The wafer was subsequently developed for 8 min in an SU-8 developer

SCHEME 1. (a) A 3D rendering of a membrane-based bilayer gradient generator. (b)–(d) Schematic top and side represen-

tations of the device. Solution of a fixed concentration flows in the source channel while blank buffer flows in the sink

channel. The axis that is parallel to the source and sink channels is denoted as the x axis. The convergence of these flows

balances the pressure between the two channels. The top and bottom channels are separated by polycarbonate membranes.

Small biomolecules and other chemicals diffuse downward through the membrane, forming an orthogonal linear gradient

within the bottom channel. The cells are introduced into the cell inlet in the bottom channel. All channels are 50 lm in

height and 500 lm in width.
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(MicroChem, Westborough, MA). The residual photoresist was removed by rinsing with isopro-

panol and deionized (DI) water followed by air-drying. The resulting SU-8 master can be reused

almost indefinitely.

The device fabrication involved three steps (Fig. 1). First, the SU-8 master was surrounded

with aluminum foil to prevent leakage. PDMS was prepared by mixing the base and the curing

agent (10:1, w/w) and cast over the SU-8 master followed by baking at 60 �C for 2 h. The cured

PDMS was peeled from the SU-8 master. Inlets and outlets were perforated using a 1 mm

biopsy punch (Miltex, York, PA). The last step was the sandwiching of porous polycarbonate

membranes (cut from Corning
VR

transwell) between the top and the bottom PDMS layers. The

membranes were first attached to the top PDMS layer at the desired positions. Then, both layers

were treated with oxygen plasma (IPC 4000 series plasma system) (Branson, Philadelphia, PA).

After the treatment, both layers were bonded with proper alignment.

B. Gradient profile characterization

The device was characterized using fluorescein isothiocyanate (FITC) (Thermo Fisher

Scientific, Rockville, MD). Initially, the device was filled with DI water using 1 ml syringes.

Outlets of the bottom channel were taped to prevent flow. Flows in the top channels were

driven by two independent syringe pumps (Kent Scientific, Genie Plus; Fisher Scientific, Single

Syringe Pump), each at a rate of 120 ll h�1. Subsequently, buffer solution in the source channel

was replaced with 1.5� 10�5 M FITC. To avoid FITC diffusion to the sink channel at the con-

vergent site, the pumping rate of FITC was set to a rate of 50 ll h�1. Excess solution at outlet

was wiped away. The time was set to be t¼ 0 when FITC was loaded. A CCD camera, an

inverted fluorescence microscope, a FITC filter cube, and a 20X Olympus objective lens were

used to image both bright-field and fluorescent images. Images were taken every minute for a

total of 100 min. ImageJ (shareware: https://imagej.nih.gov/ij/download.html) was used to ana-

lyze fluorescence intensity. The fluorescence intensity was normalized using Eq. (1)34

Inorm tð Þ ¼ I tð Þ � I0ð Þ= Imax � I0ð Þ; (1)

FIG. 1. Step-by-step device fabrication. (i) The SU-8 master on a silicon wafer is surrounded by aluminum foil. Freshly

mixed PDMS (base and curing agent, 10:1 w/w) is cast onto the SU-8 master. (ii) After baking at 60 �C for 2 h, the PDMS

is cooled at room temperature and then peeled from the SU-8 master. (iii) Inlets and outlets are perforated at the positions

indicated. The polycarbonate membranes are then sandwiched between the top and bottom PDMS layers.
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where I(t) is the intensity of pixels along the gradient at each time point, I0 is the intensity of a

pixel across the gradient channel before the introduction of fluorescein, and Imax is the intensity

of a pixel across the gradient channel with the highest fluorescein concentration (close to the

source channel) at 100 min after starting the gradient generation. Another full characterization

of the same device was repeated after 50 times of experiments/washing cycles, demonstrating

reusability.

C. Bacterial chemotaxis

E. coli K-12 strain W3110 was used in all chemotaxis experiments. Cells were inoculated

and grown overnight in Luria-Bertani (LB) media (Fisher, Pittsburgh, PA) with 50 lg/ml each

of ampicillin and kanamycin (Sigma-Aldrich, St. Louis, MO). Cells were reinoculated from the

overnight culture and grew to an OD600 of 0.45 at 37 �C, shaking at 250 rpm. Following, sam-

ples were spun at 400 g for 5 min and resuspended in freshly made chemotaxis buffer solution

(CB) (1� PBS with 0.1 mM EDTA, 0.01 mM L-methionine, and 10 mM sodium DL-lactate).

Prior to bacteria introduction, the bottom channel was primed with Pluronic F-127 (1%

w/v, Sigma-Aldrich, St. Louis, MO) for 1 h before replacing with CB. This minimized nonspe-

cific retention of cells to channel walls. Chemotaxis buffer was perfused through both the

source and sink channels using 1 mL syringes and syringe pumps. The pumping rate was 120 ll

h�1 for both channels. E. coli at an OD600 between 0.7 and 1.0 (in the late exponential growth

phase) was introduced into the bottom channel with the same volume for each test. Both ends

of the bottom channel were then taped to stop flow. Glucose solution (1 mM D-glucose (Sigma)

in CB) was then introduced at a rate of 50 ll h�1 to replace CB in the source channel. The

time when glucose was added was set to be t¼ 0. Bright-field images were taken at 0, 10, 20,

and 30 min by a 20� Olympus objective. Cell numbers in each image were counted using

ImageJ. The device was washed by manually pumping buffer solution through the system.

D. Single-cell analysis

Twelve-second videos were taken in the center of the bottom channel (�350 lm wide in the

y-axis/�300 lm wide in the x-axis) at 0, 10, 20, and 30 min by a 20� Olympus objective.

Bacteria in each video were detected and tracked using a single-cell, analytic program developed

in Python by our group (freely available under request), which was a modified version of the

Trackpy code.35 We used Trackpy’s core modules for finding and tracking bacteria, whereas the

analysis of the measurements was performed using custom-built modules developed specifically to

the purposes of this work. The detection of features using Trackpy depended essentially on two

parameters: brightness and size. In order to detect as many features as possible in each frame of

the dataset, we tested different values and combinations for both parameters and then visually

inspected the results until most of the features present in the frame were detected (including arti-

facts created by the optical system). We found the best results when adopting values of 500 and

15 (in Trackpy’s units) for the brightness and size, respectively, and no significant improvement

could be achieved by varying these parameters. Based on the displacement of the features between

each pair of frames, we were able to filter the results and classify the features into two categories:

artifacts (no significant displacement between frames) and bacteria (displacement larger than

1.5 lm between frames). The latter was further divided into two classes: bacteria that were moving

and bacteria that were not (stuck in the same place). For the results presented in this paper, we

only took into consideration bacteria that were actually moving and tracked for more than 1 s (or

about 10 frames with our instrumental setup). The directionality of each bacterium was determined

based on the displacement direction along the y-axis comparing the initial and the final time

points. The chemotaxis partition coefficient (CPC) was calculated using Eq. (2)

CPC ¼ Nyþ � Ny�ð Þ= Nyþ þ Ny�ð Þ; (2)

where Nyþ is the total number of cells moving towards the positive y direction (towards

glucose), while Ny- is the total number of cells moving towards the negative y direction (away
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from glucose). In the control groups for all time points, both delivering channels were loaded

with CB.

E. Statistical analysis

The goodness of fit of regression models was determined based on the coefficient of deter-

mination. The level to accept a model was set at R2� 0.95. One-way ANOVA was used to

determine significant differences between groups. The level of significance was set at a¼ 0.05.

III. RESULTS AND DISCUSSION

A. Device characterization

The device was characterized using FITC. This method was based on the observation that

the fluorescent light intensity emitted by fluorescein solutions in a microfluidic channel (depth

100 lm) was linearly proportional to the fluorescein concentration. This linearity held when the

fluorescein concentration was less than 10�3 M.15 Based on this information, we chose a stock

1.5� 10�5 M FITC solution for all experiments. Figure 2(a) is a representative bright-field

image of both delivery channels in the top layer aligned perpendicularly to the channel in

the bottom layer. Two polycarbonate membranes are readily visualized at both intersections.

Figure 2(b) depicts a fluorescence image (ex/em: 490/525 nm) in which DI water and FITC

were perfused in parallel in the x direction. A FITC gradient is readily seen emanating from

the bottom channel, as indicated in the red box.

FIG. 2. Fluorescence characterization of the concentration gradient within the lower channel. Bright-field (a) and fluores-

cence (b) images show the bottom channel flanked by parallel sink (c¼ 0) and source (c¼ 1) channels. FITC and DI water

are flowed into each channel at a constant rate (b). The FITC is detected using an excitation wavelength of 490 nm and an

emission filter of 525 nm. The red box (b) marks the region over which the gradient is established. (c) Fluorescence inten-

sity profiles are plotted along the y-axis, the length indicated in (a), for 100 minutes at various increments as noted. A finite

element simulated steady state profile is also included. (d) Fluorescence intensity profiles of a freshly made device and an

old device (used 50 times) are overlaid. C: Concentration of FITC.
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Figure 2(c) depicts the quantified fluorescence intensity of FITC as a function of distance

from the sink channel to the source channel (2 mm apart). All data were normalized to the fluo-

rescence intensity at the source (i.e., a scale from 0 to 1). All datasets were least squares fitted

by 4th-order polynomial functions. It was not until 40 minutes that the gradient profile could be

interpreted as a linear and steady function (R2¼ 0.95). We evaluated the long-term stability of

the gradient and found that it was maintained at least until 100 min, a period long beyond our

need. The steady state gradient profiles displayed no significant differences with results from

finite element modeling (Comsol Multiphysics). Due to the linear relationship between fluores-

cence and fluorescein concentration and the similarity between diffusion coefficients of FITC in

water (D¼ 0.64� 10�9 m2 s�1)36 and glucose in buffer solution (D¼ 0.72� 10�9 m2 s�1),37

we surmised that glucose concentration gradients at different time points could be estimated

based on the already measured FITC fluorescent gradient profiles. Also, after 50 repetitions of

chemotaxis experiments, the device was re-evaluated and characterized using the same gradient

protocols. The profile after 50 uses was not significantly different than that from the freshly

made device [Fig. 2(d)].

B. Chemotaxis demonstration

We next demonstrated the chemotactic response of E. coli on both population and single-

cell levels. We first examined the bacteria’s spatial population distribution under glucose stim-

uli. Bright-field images of cells in the channel were taken every 10 min at two positions along

the bottom channel: position a was close to the sink channel, whereas position b was close to

the source channel [Fig. 3(a)]. It should be noticed that the polycarbonate membrane blocked

FIG. 3. Bacterial chemotaxis experiment. (a) Bright-field image indicating the bottom channel (top to bottom) flanked by paral-

lel sink and source channels (horizontally aligned). Imaging positions a and b are selected along the bottom channel but outside

the region of the permeable polycarbonate membrane. Position a is closer to the sink channel (CB), while position b is closer to

the source channel (Glu). (b) Bright-field images of positions a and b at 0 and 20 min. Cells are marked with purple circles

using Imagej TrackMate software. CB�CB: the control group in which chemotaxis buffer (CB) is flowed in both sink and

source channels. CB�Glu: the experimental group in which CB in the source channel is replaced with 1 mM glucose in CB.

Quantitative results of (b) are shown in (c) and (d). The cell number is normalized to the total cell number in both imaging

areas. Data are collected at 0, 10, 20, and 30 min. CB: chemotaxis buffer. Glu: glucose. C: concentration of glucose.
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cells beneath from being observed visually. Therefore, positions a and b were not chosen at

exactly C¼ 0 (sink) or C¼ 1 (source). Instead, they were shifted slightly towards the channel

center (�1.36 mm apart) to ensure that cells were properly viewed. As a result, the glucose con-

centration at position a was higher than 0 and that at position b was lower than 1 mM at steady

state. Cell numbers in a and b were normalized as

Na norm ¼ Na= Na þ Nbð Þ; (3)

Nb norm ¼ Nb= Na þ Nbð Þ; (4)

where Na and Nb are the total number of cells in a and b, respectively.

Before glucose addition, cells were unevenly distributed in the channel: the initial cell con-

centration was much higher at position a than at position b [Fig. 3(b)]. This was due to the

loading procedure and importantly can be accommodated in our design. In the control group

where both sink and source channels were loaded with chemotaxis buffer, the cell numbers at

positions a and b became closer at 10 min and were nearly equal at 20–30 min [Fig. 3(c)]. This

result was due to the cell’s random dispersion from high cell density areas to low-density areas

in the absence of a chemoattractant so that the cell concentration eventually became homoge-

neous throughout the channel. In contrast, in the experimental group where glucose was intro-

duced at the source, the population distribution changed dramatically, as noticed in the first

sample just 10 min into the experiment. The number of bacteria at position b reached nearly

three times that of position a. This was remarkable and statistically significant. Interestingly,

this population distribution remained the same for the full 30 minutes [Fig. 3(d)]. This result

was in accord with the expectation that in the presence of a chemoattractant gradient, cells

sensed stimuli and altered the direction of rotation of their flagella to improve their chances of

migrating towards the higher concentration of attractant.38 The fact that chemotaxis occurred

quicker than the time required for establishing a steady state was due to the minimum glucose

concentrations necessary to induce chemotaxis (1� 10�6 M) being less than the concentrations

available to cells in a steady state gradient.39

C. Single-cell analysis

In addition to observing changes in the overall population distribution, we analyzed bacte-

rial chemotactic behavior on the single-cell level by video tracking cells in the center of the

bottom channel [Figs. 4(a) and 4(b)]. At every 10 min increment, 12 s videos were recorded and

analyzed, as described above. The trajectory of every moving target in a video was marked by

a white tail [Fig. 4(c)]. To further quantify the degree of chemotaxis, we calculated a chemo-

taxis partition coefficient (CPC), a parameter that represented the difference between cell popu-

lations that moved towards the chemoattractant and the opposite direction, for each video.24 A

CPC of 1 or �1 suggested an absolute net directionality towards or away from the chemoattrac-

tant, while a CPC of 0 indicated no net directionality.

In both control and experimental groups, bacteria showed small directionalities (CPC< 0.05)

at t¼ 0 [Fig. 4(d)]. After 10 min, however, bacteria in the experimental groups exhibited nearly 10

times stronger directionalities towards glucose than the control groups. This difference remained at

this level for 20 min and eventually grew to �15� by 30 min. These results were in agreement

with the regional concentration gradient profiles exhibiting over these time domains within the

video, as depicted in the time resolved gradient profiles in Fig. 4(b). That is, at t¼ 0, there was no

concentration gradient within the experiment during the course of the video. Thus, at early times

(e.g., 1 and 5 min) bacteria swam randomly and barely exhibited net directionality. As the glucose

concentration gradient gradually became established [concentration profiles transitioned to gold,

yellow, and green in Fig. 4(b)], bacteria presumably upregulated chemotaxis machinery and moved

towards the source, as demonstrated by significantly increased net directionalities. We observe

increased CPC values at 10 minutes when the maximum glucose concentration in the video scope
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reached �1� 10�4 M (not shown). These results are consistent with a minimum D-glucose con-

centration needed to trigger a chemotactic response of E. coli (�1� 10�6 M).41

IV. CONCLUSIONS

In summary, we have demonstrated that this bilayer membrane-based gradient generator is

able to establish stable and sharp concentration gradients in a user-friendly manner. In this

device, bacterial introduction and experimental setup can be completed in a simple and quick

manner. Furthermore, the device can be reused for at least 50 experiments or as long as the

polycarbonate membranes remain intact. Therefore, multiple experiments can be conducted con-

tinuously within a short time period. Based on our fluorescence characterization, the gradient

evolves to a steady state in less than 40 min and lasts for at least 100 min. Using this device,

we have studied the E. coli chemotactic response on both population and single-cell levels. We

envision that this gradient generator will be amenable for use in microbiological laboratories

with only limited access to microfluidics (just need a microscope and a syringe pump).

We envision this device can also be reconfigured to suit various purposes owing to its

unique bilayer structure. For instance, the bottom channel could be replaced by modalities that

immobilize planktonic bacteria, thereby resembling biofilms. Such a modification would enable

the study of bacterial genetic responses to signal molecules of various concentrations (e.g.,

autoinducer10) and broaden the range of possible biofilm studies. Also, by including an accessi-

ble cell reservoir adjacent to the lower channel, one could subject cells to a steady gradient

FIG. 4. Single cell analysis. (a) Bright-field image indicating the bottom channel (top to bottom) flanked by parallel sink

and source channels (horizontally aligned). Videos are taken at the center of the gradient channel as indicated. Each video

scope is about 350 lm wide on the y-axis and 300 lm wide on the x-axis. (b) Fluorescence intensity profiles of FITC are

used to predict glucose concentration gradient profiles. The data inside the red box indicate the regional glucose gradient

profiles within the video scope. (c) Cells in the video are tracked by a Python single cell analytics program, which generates

a trajectory tail after each captured cell in a 11.7 s tracking. (d) The chemotaxis partition coefficient (CPC) of both experi-

mental (CB�Glu) and control (CB�CB) groups is calculated at 0, 10, 20, 30 min. CB: chemotaxis buffer. Glu: glucose.
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(e.g., by exposing cells after 30 min). Further, by integrating modalities that enable co-culture

of bacteria with mammalian cells in the bottom channel, this device could find utility in investi-

gating inter-kingdom communication under various chemical stimuli. These, in turn, will enable

a more detailed study of human disease. Electrochemical and other biosensors may also be inte-

grated into the system to interrogate biochemical information and otherwise monitor cellular

metabolic activities in situ and in real-time.42,43 Overall, these contributions advancing both

microfluidic technology and in vitro gradient generation will prove beneficial to further investi-

gations of cell and tissue biology.
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