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We applied this method to the chemotactic bacterium, Vibrio ordalii, which can actively climb
these dynamic chemical gradients while being tracked by video microscopy. Amino acids,
rendered biologically inert (‘caged’) by chemical modification with a photoremovable protecting
group, are uniformly present in the suspension but not available for consumption until their
sudden release, which occurs at user-defined points in time and space by means of a near-UV-A
focused LED beam. The number of molecules released in the pulse can be determined by a
calibration relationship between exposure time and uncaging fraction, where the absorption
spectrum after photolysis is characterized by using UV-Vis spectroscopy. A nanoporous
polycarbonate (PCTE) membrane can be integrated into the microfluidic device to allow the
continuous removal by flow of the uncaged compounds and the spent media. A strong,
irreversible bond between the PCTE membrane and the PDMS microfluidic structure is achieved
by coating the membrane with a solution of 3-aminopropyltriethoxysilane (APTES) followed by
plasma activation of the surfaces to be bonded. A computer-controlled system can generate user-
defined sequences of pulses at different locations and with different intensities, so as to create
resource landscapes with prescribed spatial and temporal variability. In each chemical landscape,
the dynamics of bacterial movement at the individual scale and their accumulation at the
population level can be obtained, thereby allowing the quantification of chemotactic
performance and its effects on bacterial aggregations in ecologically relevant environments.

INTRODUCTION:

Microbes rely on chemotaxis, the process of detecting chemical gradients and modifying motility
in response?, to navigate chemical landscapes, approach nutrient sources and hosts, and escape
noxious substances. These microscale processes determine the macroscale kinetics of
interactions between microbes and their environment?3. Recent advances in microfluidics and
microfabrication technologies, including soft lithography?, have revolutionized our ability to
create controlled microenvironments in which to study the interactions of microbes. For
example, past experiments have studied bacterial chemotaxis by generating highly controlled,
stable gradients of intermediate to high nutrient concentrations>®. However, in natural
environments, microscale chemical gradients can be short-lived—dissipated by molecular
diffusion—and background conditions are often highly dilute’. To directly measure the
chemotactic response of microbial populations first exposed to unsteady chemical environments,
we devised and here describe methods to combine microfluidic technology with photolysis,
thereby mimicking gradients that wild bacteria encounter in nature.

Uncaging technology employs light sensitive probes that functionally encapsulate biomolecules
in an inactive form. Irradiation releases the caged molecule, allowing the targeted perturbation
of a biological process®. Due to the rapid and precise control of cellular chemistry that the
uncaging affords®, photolysis of caged compounds has traditionally been employed by biologists,
physiologists and neuroscientists to study the activation of genes!, ion channels'!, and
neurons!?. More recently, scientists have leveraged the significant advantages of photolysis to
study chemotaxis!3, to determine the flagella switching dynamics of individual bacterial cells
exposed to a stepwise chemoattractant stimulus'#*°, and to investigate motility patterns of single
sperm cells in three-dimensional (3D) gradients®®.
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In our approach, we implement photolysis of caged amino acids within microfluidic devices to
study the behavioral response of a bacterial population to controlled chemical pulses, which
become near-instantaneously available through photorelease. The use of a low-magnification
(4x) objective (NA = 0.13, depth of focus approximately 40 um) allows both the observation of
the population-level aggregative response of thousands of bacteria over a large field of view (3.2
mm x 3.2 mm), and the measurement of motion at the single-cell level. We present two
applications of this method: 1) the release of a single chemical pulse to study bacterial
accumulation—dissipation dynamics starting from uniform conditions, and 2j) the release of
multiple pulses to characterize the bacterial accumulation dynamics under time-varying, spatially
heterogeneous chemoattractant conditions. This method has been tested on the marine bacteria
Vibrio ordalii performing chemotaxis toward the amino acid glutamate!’, but the method is
broadly applicable to different combinations of species and chemoattractants, as well as to
biological processes beyond chemotaxis (e.g., nutrient uptake, antibiotic exposure, quorum
sensing). This approach promises to help elucidate the ecology and behavior of microorganisms
in realistic environments and to uncover the hidden trade-offs that individual bacteria face when
navigating ephemeral dynamic gradients.

PROTOCOL:
1. Fabrication of the microfluidic device for the single chemical-pulse experiment

1.1. Design the channel using computer-aided design (CAD) software and print it onto a
transparency film to create the photo mask (Figure 1A).

1.2. Fabricate the master by soft lithography (under clean-room conditions).

1.2.1. Clean a silicon wafer (4 inches) in quick succession with acetone, methanol and
isopropanol, then dry using nitrogen. Bake the wafer in the oven at 130 °C for 5 min.

1.2.2. Place the wafer at the center of a spin-coater and pour SU-8 photoresist onto the wafer.
Ramp the speed of the spin-coater up to 500 rpm over 5 s, and keep at 500 rpm for 10 s. Ramp
up to the final speed over 10 s and maintain at this speed for 30 s.

NOTE: The exact value of the final speed depends on the targeted coating thickness and the SU-
8 used.

1.2.3. After the spin-coating process, bake the wafer at 65 °C and then at 95 °C. Let the wafer
cool at room temperature (RT) for at least 5 min.

NOTE: The baking time depends on the targeted thickness and type of photoresist used. As a
general rule, for every 100 um layer the wafer should be baked for 5 min at 65 °C and 45 min at

95 °C.

1.2.4. Place the photo mask onto the wafer to ensure that just the region of interest is exposed
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and polymerized. Expose to UV light for the time recommended in the SU-8 manual.

NOTE: Here, with exposure energy of 200 mJ cm™ at a wavelength of 350 nm, the wafer was
exposed for 150 s.

1.2.5. Bake the wafer at 65 °C and 95 °C for the time recommended in the SU-8 manual.

NOTE: As a general rule, for every 100 um layer the wafer should be baked for 5 min at 65 °C and
45 min at 95 °C.

1.2.6. Immerse the wafer in a beaker filled with polymethyl methacrylate (PMMA) developer in
order to obtain the master. Gently shake the beaker to ensure that the unpolymerized
photoresist is washed out. Bake the master at 200 °C to further cross-link the SU-8 layer.

1.3. Prepare a polydimethylsiloxane (PDMS) mixture by combining the elastomer with its curing
agent (Table of Materials) at a 10:1 ratio in a beaker (here, 40 mL). Mix vigorously until the liquid
is homogeneous.

NOTE: The PDMS mixture will look opaque because bubbles are generated during the mixing
process.

CAUTION: In order to prevent skin coming into contact with potentially hazardous chemicals or
biological material, always wear a lab coat and disposable plastic gloves throughout the protocol
and follow any specific safety protocols according to the Material Safety Data Sheet (MSDS).

1.4. Degas the PDMS mixture in a vacuum chamber for 45 min at RT. To expedite the process,
periodically release the vacuum in order to burst the bubbles that form at the interface.

NOTE: The degassing process must be performed within 1 h to prevent the PDMS mixture from
beginning to cure.

1.5. Remove dust from the surface of the master with a pressurized cleaner, then pour the
degassed PDMS mixture onto the master and bake in an oven at 80 °C for 2 h.

NOTE: Alternatively, baking overnight (or for at least 12 h) at 60 °C would achieve the same
hardened PDMS.

1.6. Cut the PDMS with a blade around the microstructures (at a distance of approximately 5
mm) and then carefully peel the PDMS from the master.

1.7. Punch holes to serve as inlet and outlet of the microchannel (here, one inlet and one outlet,
see Figure 1A). Ensure that nothing touches the bottom face of the PDMS where the features are
located.
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NOTE: The protocol can be paused here. The microchannel should be sealed with adhesive tape
to prevent accumulation of dust and other particles during storage.

1.8. Bond the PDMS microchannel to a glass slide.

1.8.1. Thoroughly clean a glass slide with soap, isopropanol and deionized water. Let the glass
slide dry or use compressed air to speed up the process.

1.8.2. Remove dust particles by dabbing with adhesive tape. Bond the PDMS microchannel on
the clean glass slide, immediately after treating both surfaces with plasma (by using either a

corona system or a plasma oxygen chamber) for 2 min.

1.8.3. Place the microfluidic device to heat on a hot plate at 80 °C for at least 1 h to strengthen
the chemical bond with the glass.

2. Fabrication of the 3D-printed millifluidic device for the experiment with multiple pulses

2.1. Design the 3D shape using 3D-design software and print the master for the PDMS mold with
a high-resolution 3D printer (Figure 1B).

NOTE: See Table of Materials for the 3D printer and mold material used to create the master.

2.2. Repeat steps 1.3-1.4, then clean the surface of the master by dabbing with adhesive tape.
Put the master on a scale, then, while avoiding the central region of the master that will be
occupied by the membrane, pour on the exact quantity of uncured PDMS mixture (here, 23.4 g)
in order to obtain the desired height of PDMS by matching the height of the master (here, 0.5
mm). Remove any remaining bubbles with the help of compressed air.

2.3. Place the PDMS cast on the master in an oven at 45 °C to bake for at least 12 h.
2.4. Bond the 3D PDMS mold to a Petri dish.

2.4.1. Gently peel off the hardened PDMS layer and punch inlet and outlet holes for the injection
of the bacterial suspension (Figure 1C).

2.4.2. Activate both the surface of a Petri dish (90 mm x 15 mm) and the PDMS mold with oxygen
plasma for 2 min. Bond the PDMS mold on the Petri dish. Gently press the mold to the Petri dish,
but do not press where the features are located as this can collapse the interrogation chamber.

2.4.3. Place the Petri dish bonded to the PDMS 3D mold in an oven at 45 °C for at least 12 h to
strengthen the chemical bond.

NOTE: The protocol can be paused here.
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2.5. Membrane surface functionalization®

2.5.1. Activate the nanoporous polycarbonate (PCTE) membrane in an oxygen plasma chamber
for 1 min at RT.

CAUTION: Avoid using a corona system for the plasma activation because it will damage the
membrane.

2.5.2. Under a chemical hood, dilute a commercial solution of 3-aminopropyltriethoxysilane
(APTES) in deionized water to 1% by volume (here, 40 mL), by using a polypropylene tube.

CAUTION: The APTES solution is acutely toxic (MSDS health hazard score 3) and should be
handled with extreme care exclusively under a chemical hood with gloves. Change gloves
immediately after handling APTES solution. APTES fumes are destructive to the mucous
membranes and the upper respiratory tract. The target organs of APTES are nerves, liver, and
kidney. If a fume hood is not available, a face shield and full-face respirator must be
implemented.

2.5.3. Transfer the diluted APTES solution in a Petri dish and immerse the activated membrane
in the APTES solution for 20 min.

2.5.4. Remove the membrane from the APTES solution with tweezers and place it on a cleanroom
wipe to dry.

2.6. For the fabrication of the PDMS microfluidic channels that will lie on the membrane and
allow washing of the bacterial arena, repeat steps 1.1-1.7.

2.7. Bond the PDMS washing channels to the functionalized membrane.

2.7.1. Activate both the PDMS washing channel and the PCTE membrane with an oxygen plasma
chamber for 2 min.

NOTE: The membrane, which will be sandwiched between two PDMS layers, should be smaller
than the PDMS washing channel.

2.7.2. Immediately after the plasma treatment, bring the functionalized membrane and the
PDMS washing channel into contact by gently pressing the PDMS washing channel onto the

membrane.

NOTE: Do not apply excessive pressure at this stage, because it might cause (irreversible)
attachment of the membrane to the channel’s roof, blocking the channel.

2.8. Sandwich the membrane between two PDMS layers (Figure 1E).
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2.8.1. Activate both the bonded laminate PDMS washing channel-PCTE membrane and the 3D
PDMS mold previously bonded to the Petri dish with an oxygen plasma chamber for 2 min. Bring
them into contact and press together.

2.8.2. Place the Petri dish bonded to the sandwich structure in an oven at 45 °C for at least 12 h
to strengthen the chemical bond.

NOTE: The protocol can be paused here.

3. Cell culture

3.1. Grow a population of V. ordalii (strain 12B09 or 12B09pGFP) overnight for 20 h in 2216
medium?*® on an orbital shaker (600 rpm) at 30 °C and harvest cells in late-exponential phase. For

isolates harboring pGFP, add spectinomycin (50 ug mL™?) to maintain the plasmid.

3.2. Centrifuge a 1 mL aliquot of cells at 2500 x g for 3 min, remove the supernatant and re-
suspend the cells in 1 mL of filtered artificial seawater. Repeat this step.

3.3. Starve the population of V. ordalii on an orbital shaker (600 rpm) at 30 °C for 3 h.

3.4. Prepare a stock artificial seawater solution of 10 mM (here, 1 mL) of 4-methoxy-7-
nitroindolinyl-caged-L-glutamate (MNI-caged-L-glutamate) and store at -20 °C.

NOTE: Protect the MNI-caged-L-glutamate solution from ambient light to prevent photolysis.

3.5. Dilute the cells 50x by re-suspending the starved cells in an artificial seawater solution of 1
mM MNI-caged-L-glutamate.

NOTE: This will ensure a final bacterial concentration lower than 5x 10’ mL? (the exact value
depends on the initial concentration of cells in late exponential, which is typically ~10° mL?).
Bacterial concentration was estimated using a spectrophotometer at optical density (OD) of 600
nm.

4. Calibration of the uncaging protocol

4.1. Place a droplet (20 pL) of an artificial seawater solution of MNI-caged-L-glutamate?® at a
concentration Co = 10 mM on a glass slide. Encapsulate the droplet by covering it with a circular
PDMS chamber (diameter d =5 mm, height h = 250 um).

4.2. Place the glass slide on a microscope stage and expose the entire chamber for 20 ms to an
LED beam at a wavelength of 395 nm (power 295 mW) by using a 4x objective (numerical

aperture [NA] = 0.13).

4.3. Open the PDMS chamber and extract a droplet (1 upL) for analysis with a UV-Vis
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spectrophotometer.

4.4. Repeat steps 4.1-4.3 for different durations of LED illumination of 0.1s,0.5s,2.5s, 255, 250
s (or until saturation of the chemical reaction) and 0 s (to obtain the background). Replicate the
procedure steps 4.1-4.4 at least 3x (here, 4x).

4.5. From the absorption spectrum, extract the value at 405 nm, which represent the peak in the
absorption spectrum of the cage molecule?!. To determine the rate k of the chemical uncaging
reaction by the LED exposure4, use the following first-order kinetics equation for the numerical
fit of the experimental data'’

C(t) = Co (1 - e, (Eq. 1)

where C(t) is the value of the absorption spectrum of the solution at 405 nm (after background
removal) with an uncaging time of t seconds. For small uncaging time t such that kt << 1, Eq. 1
can be simplified to the linear formulation

C(t) = Cokt. (Eq. 2)
5. Single chemical-pulse experiment

5.1. Maintain the microfluidic channel under vacuum for 20 min to reduce the gas concentration
within the PDMS so that bubbles are less likely to form during the filling process.

5.2. Extract the channel from the vacuum pump and immediately introduce the dilute bacterial
suspension in 1 mM MNI-caged-L-glutamate in artificial seawater into the microchannel gently
using a micropipette to avoid flagellar damage by mechanical shearing forces (here, the entire
filling process took 5-10 s). After filling the channel with the bacterial suspension, suck the
solution in excess with paper towel, and seal inlet and outlet with PDMS plugs by gently pressing
them into the holes.

NOTE: In this way, fluid flow in the chamber is prevented.

5.3. Place the microchannel onto a microscope stage and move the stage to set the field of view
in mid-channel. Set up the microscope to perform imaging in phase contrast (4x objective) at a
frame rate of 12 fps.

NOTE: This value can be varied but should not be less than 10 fps to allow reconstruction of the
bacterial trajectories through image analysis (see protocol section 7).

5.4. Set the pinhole of the LED beam at the minimum aperture. By setting the exposure time of
the camera to 5 s, record a few frames to obtain precise measurements of the spatial location
and size of the LED beam.
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NOTE: The LED light source connects to the microscope’s epi-fluorescence illuminator via liquid
light guide connection. The LED beam does not affect video capturing, because video acquisition
and LED stimulation are commanded independently via software.

5.5. Perform continuous imaging for a total duration of 10 min (20 min for the largest chemical
pulse), and simultaneously activate the focused LED beam at 395 nm for the desired duration (in
this experiment, t =20 ms, 100 ms, 500 ms) at a user-defined time point (here, 10 s after the start
of the video acquisition) via microscope software. To obtain multiple replicates of the same
process, move the stage to record the bacterial response over different positions of the
microfluidic channel. Replicate this procedure for each pulse size, using a new microchannel.

NOTE: The uncaging process generates an axisymmetric cylindrical pulse that diffuses radially
outwards in the imaging plane.

5.6. Conduct separate experiments without chemical uncaging at higher magnification (20x
objective, NA = 0.45) at a higher frame rate (50 fps) to record the unbiased swimming motion of
the bacteria.

6. Multiple chemical-pulse experiment
6.1. Maintain the millifluidic chamber under vacuum for 20 min.

6.2. Place the Petri dish containing the millifluidic chamber onto a microscope stage. Fill the
chamber below the membrane with the dilute bacterial suspension (here, the entire filling
process took 10-15 s) of GFP-fluorescent V. ordalii in 1 mM MNI-caged-L-glutamate solution in
artificial seawater. After filling the channel with the bacterial suspension, suck the solution in
excess with paper towel, and seal inlet and outlet with PDMS plugs by gently pressing them into
the holes.

NOTE: In this way, fluid flow in the chamber is prevented. To allow better visualization of bacteria
in this setup where the imaging occurs through the nanoporous membrane, it is strongly
recommended to use fluorescent strains instead of the wild type (as used in the single chemical-
pulse experiment).

6.3. Fill a syringe with an artificial seawater solution of 1 mM MNI-caged-L-glutamate and attach
tubing to the inlet and outlet of the washing channel above the membrane.

6.4. Connect the tubing to a waste reservoir and ensure that the tubing is entirely submerged in
the fluid waste reservoir to avoid pressure oscillations.

6.5. Set the appropriate flow rate on the syringe pump (here, 50 pL min) to obtain the desired
mean flow rate in the washing channel, which depends on the channel geometry.

6.6. Start the syringe pump to establish the flow in the washing channel above the membrane.
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6.7. Run the software controlling the LED beam and microscope stage to generate user-defined
sequences of pulses at different locations and with different intensities.

NOTE: The continuous flow of the artificial seawater solution of 1 mM MNI-caged-L-glutamate in
the washing channel above the membrane replenishes the caged compound solution and washes
the spent medium from the bacterial arena.

6.8. Record video using a 4x objective at regular time intervals over a period of several hours and
over multiple contiguous locations to cover a large surface (here, 1 cm x 1 cm, Figure 1F).

7. Image analysis and data analysis
7.1. Reconstruction of the bacterial trajectories

7.1.1. From the movies recorded with the 4x objective, reconstruct the bacterial trajectories
using tracking software?’.

NOTE: These trajectories represent the 2D projections of the 3D bacterial motion in the
microchannel.

7.1.2. From the reconstructed bacterial trajectories, determine the radial drift velocity of each
swimming individual by projecting its swimming speed over the direction towards the center of
the chemical pulse (Figure 2D). For the visualization of the spatio-temporal dynamics of the radial
drift velocity, use a binning grid with spatial size 75 um x 75 um and temporal window of 5-10 s
interval (Figure 2D,E).

NOTE: Because of the cylindrical symmetry of the process, data can be analyzed in polar
coordinates and averaged over the angular dimension (Figure 3).

7.1.3. From the reconstructed bacterial trajectories, determine the spatio-temporal dynamics of
the distribution of bacteria as they respond to the chemical pulses (Figure 2E).

7.1.4. From the higher resolution movies recorded with the 20x objective during the single-pulse
experiments, extract the distribution of swimming speed and run time for the bacterial

population as they respond to the chemical pulse (Figure 4).

7.2. Estimate the diffusion coefficient of bacteria by considering the dissipation dynamics of the
bacterial population after chemotaxis is completed?’ (here, for t > 300 s; Figure 3).

7.3. Estimate the diffusion coefficient of glutamate by applying the Stokes-Einstein equation

Dc = ks T/(6mnra), (Eq. 3)
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where the amino acid molecules are assumed to be spherical particles with hydrodynamic
radius®? rg, ks is the Boltzmann constant (1.38 x 1023 m? kg s2 K1), T is the temperature (296 K),
and n is the dynamic viscosity of the artificial seawater (salinity 36 g kg') at 23 °C (103 Pa s)?3.

REPRESENTATIVE RESULTS:

We used the microfluidic and millifluidic devices (Figure 1) to study bacterial accumulation
profiles under dynamic nutrient conditions. Bacterial trajectories were extracted from recorded
videos acquired by phase contrast microscopy of the accumulation-dissipation dynamics of a
bacterial population following a chemical pulse released by photolysis (Figure 2 and Figure 3). By
averaging millions of trajectories, the spatiotemporal dynamics of the radial drift velocity and
bacterial concentration were obtained. Statistics describing the swimming in the absence of a
chemical gradient were obtained in separate experiments with higher spatial and temporal
resolution (Figure 4).

FIGURES LEGENDS:

Figure 1: Microfluidic and millifluidic devices for bacterial experiments under dynamic nutrient
conditions. (A) Photomask of the microfluidic channel used to observe the bacterial
accumulation to a single chemical pulse. (B) Photomask of the microfluidics channel used to wash
the millifluidic bacterial chamber for the multi pulse experiments. The small dots are micropillars
(200 pm in size) that help the bonding of the membrane to the PDMS, and at the same time help
prevent the membrane from buckling or collapsing in the center. (C) Design of the 3D printed
master used to create the bacterial chamber. (D) The PDMS layer with the patterning of the
bacterial chamber. (E) The complete millifluidic device (top view, PCTE membrane in white). (F)
Schematic of the millifluidic device for the generation of dynamic nutrient conditions (side view).
Optics ray diagram is shown on the bottom of the device, where a violet beam (395 nm) performs
the uncaging of the chemoattractant, whereas an (independent) blue beam (470 nm) is used for
the observation of fluorescent bacteria (harboring pGFP) through a sCMOS camera, which
captures the bacterial density (bottom centre). The device is placed on a motorized stage (bottom
right), which can be moved in the x-y plane to release chemical pulses at user-defined positions
(controlled via NIS software, bottom left).

Figure 2: Representative bacterial responses to a chemical pulse. (A,B) Maximum intensity
projection showing bacterial position (white) over a 0.5 s interval, shown (A) immediately
following, and (B) 40 s after the pulse release (objective: 4x, NA = 0.13, Ph 2; video recording at
12 fps). (C) Bacterial trajectories (black) shown 60 s after the pulse release. The shaded region
represents the chemical pulse released by photolysis at t = 0 s in the middle of the field of view
(black cross), which subsequently diffuses. Trajectories were reconstructed using custom in-
house software. (D,E) Temporal dynamics of the radial drift velocity (D) and of the bacterial
concentration (E) following a pulse release in the center of the field of view. In panel D, negative
values of the drift velocity (in blue color) correspond to directed chemotactic motion towards the
center of the pulse. This figure has been modified after Brumley et al.'’.

Figure 3: Spatio-temporal profiles of the radial drift velocity and bacterial concentration
following a chemical pulse release. (A,B) The radial drift velocity (A) and the bacterial



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

concentration (B) as a function of time and distance from the center of a 35 uM glutamate pulse.
In panel A, negative values of the drift velocity (in blue color) correspond to directed chemotactic
motion towards the center of the pulse. Values were calculated by averaging over all trajectories.
The black dashed line at t = 250 s roughly delimits the period of active chemotaxis (blue shading
in panel A, region 1), after which the cells diffuse isotropically outward (green shading in panel A,
region Il). (C) Bacterial concentration (rescaled over the background Bo) as a function of distance
at t =10, 30, 60 s after the creation of a diffusing chemical pulse. Bacteria aggregate close to the
site of the pulse due to chemotaxis. (D) Bacterial concentration takes ~20 min to relax to the
background Bo by bacterial diffusion. The inset shows the fit of the diffusive spreading with a
diffusion coefficient of Dg = 165 pm?st. Panels A, C, and D have been modified from Brumley et
al.V’.

Figure 4: Swimming statistics for a bacterial population in the absence of chemical gradients.
(A) Trajectories represent the two-dimensional projections of the three-dimensional bacterial
motion in the microchannel. Bacterial trajectories are extracted using a custom in-house tracking
script. Here the blue cross indicates the start of the track, and red and green symbols indicate
reorientation events. Data were recorded at 50 fps with a 20x objective, NA 0.45. (B) Probability
distribution of measured bacterial swimming speed (black) together with a gamma distribution
fit (blue). Because the depth of focus when imaging with a 20x objective (NA 0.45) is only a few
microns?, the recorded trajectories are essentially planar and measurements of the swimming
speed are not biased by the projection. (C) Probability distribution of the time between
successive reorientations. These data were required to effectively calibrate an individual based
model that takes into account the reorientation pattern, the distribution of swimming speed, and
the reorientation statistics of the organisms. This figure has been modified from Brumley et al.»’.

DISCUSSION:

This method allows researchers to study bacterial chemotaxis under controlled, dynamic
gradients in micro- and millifluidic devices, enabling reproducible data acquisition. The near-
instantaneous creation of chemical pulses at the microscale by photolysis aims to reproduce the
types of nutrient pulses that bacteria encounter in the wild from a range of sources, for example,
the diffusive spreading of plumes behind sinking marine particles?®, or the nutrient spreading
from lysed phytoplankton cells?®.

We presented two applications of this method: 1) the release of a single chemical pulse to study
the bacterial accumulation—dissipation dynamics starting from uniform conditions, and 2) the
release of multiple pulses to characterize the bacterial accumulation profiles under non-
equilibrium nutrient conditions. The first application is particularly suited to characterize the
behavioral responses of microbes when first encountering a nutrient source. Under such
conditions, in which the concentration of chemoattractant molecules is extremely low, the early
phase of chemotaxis is dominated by the stochastic binding-unbinding events of
chemoattractant molecules to the chemoreceptors!’. Our method, by rapidly and precisely
releasing a known mass of chemoattractant in a zero-nutrient background, offers significant
advantages over previous approaches to characterize the bacterial response under dynamic
conditions?’72°, Advantages include knowing the full distribution of chemoattractant at all
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locations and at all times (since its diffusivity is known), and completely avoiding the generation
of fluid flow that is inherently associated with other devices, such as the microinjector?’ or three-
inlet geometries3°,

In the second application, the chemical pulses occur in a large, quasi-2D domain according to a
user-defined sequence in space and time that is fully customizable via software, which can be
used to impose random sequences or particular patterns. Importantly, this method provides a
powerful link between the high-resolution behavioral dynamics of bacterial chemotaxis and
nutrient uptake over timescales of seconds and long-term dynamics, such as growth and
potentially evolution. The bacterial arena is considerably larger (2 cm x 2 cm) than the spatial
range of chemical interaction of the bacteria with a single pulse (from hundreds of micrometers
for the smallest pulses to a few millimeters for the largest pulses). Key to the maintenance of a
low chemical background (much lower than the concentration of the chemical pulses at their
release) is the inclusion of the nanoporous PCTE membrane sandwiched between the two PDMS
layers'®. By applying a fluid flow in the microfluidic channel placed at the top of the device, a
continuous wash-out of the uncaged compounds and spent medium in the bacterial arena is
realized by means of molecular diffusion through the nanoporous membrane, without creating
flow in the test section of the device where bacteria are located (Figure 1).

By modulating the focused LED beam in time, amplitude, size, and geometry, photorelease
technology endows the experimenter with great flexibility to generate different types of chemical
environments. At the same time, while the tests presented here were performed under quiescent
conditions, our method can be further expanded to test bacterial chemotaxis under different
flow configurations. By faithfully reconstructing the bacterial accumulation dynamics through
video microscopy, our method generates large quantities of high quality data that can be used to
estimate the statistics of bacterial behavior and the potential nutrient uptake by bacterial cells.
Our experimental microfluidic approach, mimicking nutrient landscapes that bacteria might face
under natural environmental conditions, allows the systematic study of the foraging behavior of
microbial species that are essential in the cycling of nutrients at the macroscopic scale?3. As such,
the type of data generated through this methodology is useful to effectively calibrate population
uptake rates and better derive nutrient kinetics in mesoscale ecosystem models.

The fabrication of the PDMS molds to make the large bacterial arena was performed using a
commercial 3D printing service. However, similar results can be achieved using a high-end 3D
printer in house, with a resolution of 50-100 um required to resolve the smallest features of the
microchannel designs. A smooth surface of the 3D-printed material for the PDMS mold is
required to achieve a good bonding between the cast PDMS and the other surfaces of the device
(i.e., glass, polystyrene, PDMS). For our application, the use of a polystyrene Petri dish (90 mm x
15 mm) as the lower surface of the 3D arena presents two advantages over the use of a glass
slide as commonly employed in microfluidics studies: first, it considerably reduces the
attachment of bacterial cells compared to a glass surface (although attachment might depend on
the particular surface properties of the microbe under consideration); second, it provides
secondary containment, which can prevent leakage of media over microscopy equipment in the
case of spills. The PDMS mold curing process typically occurs at a high temperature (70-80 °C),
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but in this application the experimenter must bake the PDMS mold at a considerably lower
temperature (45 °C in the current case, see Table of Materials), below the heat deflection and
the melting temperature of the material used for the 3D printing of the master. The lower baking
temperature considerably lengthens the curing process (overnight), but does not change the
mechanical and chemical properties of the PDMS.

Although our method has been applied to one particular combination of bacteria and
chemoattractant, the methodology is suitable to test diverse biological processes, including
nutrient uptake or antibiotic exposure, and can be applied to model systems of different species
and chemoattractants, given that a myriad of molecules have been (or can be) caged®. One
potential limitation arises from the costs of commercially available caged compounds, but these
costs are comparable to those incurred when using the molecular probes typically employed in
the life sciences for cell viability, counting, or intracellular staining. Notwithstanding this potential
limitation, the proposed methodology may find broad applications across biophysical and
biomedical sciences, to characterize early responses and adaptation dynamics of microbial
populations at single cell resolution to dynamic chemical gradients.

ACKNOWLEDGMENTS:

The authors thank the FIRST microfabrication facility at ETH Zurich. This work was supported by
an Australian Research Council Discovery Early Career Researcher Award DE180100911 (to
D.R.B.), a Gordon and Betty Moore Marine Microbial Initiative Investigator Award GBMF3783 (to
R.S.), and a Swiss National Science Foundation grant 1-002745-000 (to R.S.).

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1. Armitage, J.P., Lackie, J.M. The biology of the chemotactic response. Cambridge University
Press. (1991).

2. Azam, F., Malfatti, F. Microbial structuring of marine ecosystems. Nature Reviews
Microbiology. 5 (10), 782-791 (2007).

3. Buchan, A, LeCleir, G.R., Gulvik, C.A., Gonzalez, J.M. Master recyclers: features and functions
of bacteria associated with phytoplankton blooms. Nature Reviews Microbiology. 12 (10),
686-698 (2014).

4. Whitesides, G.M., Ostuni, E., Takayama, S., Jiang, X., Ingber, D.E. Soft lithography in biology
and biochemistry. Annual Review of Biomedical Engineering. 3, 335-373 (2001).

5. Segall, J.E., Block, S.M., Berg, H.C. Temporal comparisons in bacterial chemotaxis. Proceedings
of the National Academy of Sciences of the United States of America. 83 (23), 8987-8991
(1986).

6. Waite, A.J. et al. Non-genetic diversity modulates population performance. Molecular Systems
Biology. 12 (12), 895 (2016).

7. Stocker, R. Marine Microbes See a sea of gradients. Science. 338 (6107), 628-633 (2012).

8. Ellis-Davies, G.C.R. Caged compounds: photorelease technology for control of cellular
chemistry and physiology. Nature Methods. 4 (8), 619-628 (2007).



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660

9. Kaplan, J.H., Somlyo, A.P. Flash photolysis of caged compounds: New tools for cellular
physiology. Trends in Neurosciences. 12 (2), 54-59 (1989).

10. Ando, H., Furuta, T., Tsien, R.Y., Okamoto, H. Photo-mediated gene activation using caged
RNA/DNA in zebrafish embryos. Nature Genetics. 28 (4), 317-325 (2001).

11. England, P.M., Lester, H.A., Davidson, N., Dougherty, D.A. Site-specific, photochemical
proteolysis applied to ion channels in vivo. Proceedings of the National Academy of Sciences
of the United States of America. 94 (20), 11025-11030 (1997).

12. Fino, E. RuBi-Glutamate: Two-photon and visible-light photoactivation of neurons and
dendritic spines. Frontiers in Neural Circuits. 3, (2009).

13. Khan, S., Spudich, J.L., McCray, J.A., Trentham, D.R. Chemotactic signal integration in bacteria.
Proceedings of the National Academy of Sciences of the United States of America. 92 (21),
9757-9761 (1995).

14.Sagawa, T. et al. Single-Cell E. coli Response to an Instantaneously Applied Chemotactic Signal.
Biophysical Journal. 107 (3), 730-739 (2014).

15. Xie, L., Lu, C., Wu, X.-L. Marine Bacterial Chemoresponse to a Stepwise Chemoattractant
Stimulus. Biophysical Journal. 108 (3), 766-774 (2015).

16. Jikeli, J.F. et al. Sperm navigation along helical paths in 3D chemoattractant landscapes.
Nature Communications. 6, 7985 (2015).

17. Brumley, D.R. et al. Bacteria push the limits of chemotactic precision to navigate dynamic
chemical gradients. Proceedings of the National Academy of Sciences of the United States of
America. 116 (22), 10792-10797 (2019).

18. Aran, K., Sasso, L.A., Kamdar, N., Zahn, J.D. Irreversible, direct bonding of nanoporous polymer
membranes to PDMS or glass microdevices. Lab on a Chip. 10 (5), 548 (2010).

19. ZoBell, C.E. The cultural requirements of heterotrophic aerobes. Journal of Marine Research.
4, 42-75 (1941).

20. Canepari, M., Nelson, L., Papageorgiou, G., Corrie, J.E.T., Ogden, D. Photochemical and
pharmacological evaluation of 7-nitroindolinyl-and 4-methoxy-7-nitroindolinyl-amino acids as
novel, fast caged neurotransmitters. Journal of Neuroscience Methods. 112 (1), 29-42 (2001).

21. Trigo, F.F., Corrie, J.E.T., Ogden, D. Laser photolysis of caged compounds at 405nm:
Photochemical advantages, localisation, phototoxicity and methods for calibration. Journal of
Neuroscience Methods. 180 (1), 9-21 (2009).

22. Ribeiro, A.C.F. et al. Mutual diffusion coefficients of L-glutamic acid and monosodium L-
glutamate in aqueous solutions at T=298.15K. The Journal of Chemical Thermodynamics. 74,
133-137 (2014).

23. Sharqawy, M.H., Lienhard, J.H., Zubair, S.M. Thermophysical properties of seawater: a review
of existing correlations and data. Desalination and Water Treatment. 16 (1-3), 354-380
(2010).

24. Nikon depth of field calculator: https://www.microscopyu.com/tutorials/depthoffield.
(2019).

25. Kigrboe, T., Thygesen, U.H. Fluid motion and solute distribution around sinking aggregates:
Il. Implications for remote detection by colonizing zooplankters. Marine Ecology Progress
Series. 211, 15-25 (2001).

26. Blackburn, N., Fenchel, T., Mitchell, J. Microscale nutrient patches in planktonic habitats
shown by chemotactic bacteria. Science. 282 (5397), 2254-2256 (1998).



661
662
663
664
665
666
667
668
669
670
671

27. Stocker, R., Seymour, J.R., Samadani, A., Hunt, D.E., Polz, M.F. Rapid chemotactic response
enables marine bacteria to exploit ephemeral microscale nutrient patches. Proceedings of the
National Academy of Sciences of the United States of America. 105 (11), 4209-4214 (2008).

28. Altindal, T., Chattopadhyay, S., Wu, X.-L. Bacterial chemotaxis in an optical trap. PLoS ONE. 6
(4), e18231 (2011).

29. Zhu, X. et al. Frequency-Dependent Escherichia coli Chemotaxis behavior. Physical Review
Letters. 108 (12), (2012).

30. Baraban, L., Harazim, S.M., Sanchez, S., Schmidt, O.G. Chemotactic behavior of catalytic
motors in microfluidic channels. Angewandte Chemie International Edition. 52 (21),
5552-5556 (2013).



Spent medfm

D /—\CII

m CE ec\jcc')c\évrrl]a! e‘d ﬂ:og/u r‘]afresl\{ lc:ilgr%re gJTJt?ISol\*/bg;cterlal
| inlet | out |e

N I—l_l

PDMS v

. |PCTE | |

membrane

NLED beam
4x Objective
Dichroic mirror
== Emission filter

1
o Bacterial
Petri dish suspension

Excitation filter
LED source

NIS software €«——sCMOS camera Motorized stage
Spatio-temporal y 3 1

distribution of pulses P
en |82

(XLyut1; o s XnoYhotn)
Bacterial density Chemical pulses



https://www.editorialmanager.com/jove/download.aspx?id=1117310&guid=378e1d30-2ff5-487b-9f0d-e289584d3456&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117310&guid=378e1d30-2ff5-487b-9f0d-e289584d3456&scheme=1

Click here to access/download;Figure;JoVE_Figure2.pdf £

C Single-cell trajectories

Figure2 n
i 7~

t =20 t =50 t =90

Bacterial concentration B/B,

=295 t=10 t =20 t =50 t =90 t =180


https://www.editorialmanager.com/jove/download.aspx?id=1117311&guid=b752ac1c-1b18-443b-bbdc-82d065785c26&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117311&guid=b752ac1c-1b18-443b-bbdc-82d065785c26&scheme=1

Radial drift velocity (um s™)

Click here to access/download;Figure;JoVE_Figure3.pdf £

B Bacterial concentration B/B,

1.5 = 1.5 ! f
—_ . |l | g +6 .} 1. 4
e . P 4 :

| ! i 2
1 : I ! iment C,=35uM - 0
O | | | _6 O-f | : e*perlmen .O .M
0 100 200 300 0 400 800 1200
Time (s) Time (s)
Co " Aggregation (chemotaxis) D Relaxation (diffusion)
% — background 4 — 5 min
s 3 10s 3l — 10 min
= 30s 7 e | — 15 min
S , 60 s 3, — 20 min
s 7 / increasing time 2] ' '
)
‘Ig 1 N e ———— 1 B
m . . . . .
0 0.5 1 0 0.5 1 1.5

Distance from pulse (mm)

Distance from pulse (mm)


https://www.editorialmanager.com/jove/download.aspx?id=1117313&guid=293f5235-6e73-4bc9-b83e-5d92e63be1cf&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117313&guid=293f5235-6e73-4bc9-b83e-5d92e63be1cf&scheme=1

>’5‘-
c
=
(0]

SN

Bacterial tracks

\i

760
| /!

740 |

800

N
oo
O

Position, y (um)

560 580 600 620
Position, x (um)

B

002-

0.01 -

Swimming speed

46.5.pm/s

—— exp

— fit

0

40
Velocity,

80

v (um/s)

120

C

LL
Q

0.06¢

L 0.04|

0.02¢

Click here to access/download;Figure;JoVE_Figure4.pdf =

Reorientation time



https://www.editorialmanager.com/jove/download.aspx?id=1117314&guid=58375e9a-6742-44e1-9189-fc7464ee5426&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117314&guid=58375e9a-6742-44e1-9189-fc7464ee5426&scheme=1

Table of Materials

Name of Material/Equipment
(3-Aminopropyl) triethoxysilane (APTES)
CELLSTAR tube
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Digital Incubators Incu-Line
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Hot plate

Isopropanol

LightSafe micro centrifuge tubes
MATLAB

Microcentrifuge tube
Microscope glass slide
Microscope Nikon Eclipse TiE
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Mold printing equipment

Mold printing service

Nanodrop One UV-Vis Spectrophotometer
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Oven Venti-Line
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Plasma chamber Zepto
Polycarbonate membrane
Polyethylene microtubing
Polystyrene Petri dish
Scale
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SolidWorks 2015

Spectra X light engine

Sylgard 184
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Syringe Needle

Syringe Pump 11 Pico Plus Elite
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Vortex-Genie

Company
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Eppendorf
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Sigma-Aldrich
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Mathworks
Eppendorf
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Stratasys

3D Printing Studios

Thermo Fisher Scientific
Nikon Instruments
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MicroChem Corp.
Diener Electronic
Sterlitech
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VWR-CH
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Oxford Instruments
Instant Ocean
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Dow Corning

B Braun Omnifix
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Catalog Number
A3648

210261
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390-0384
16650-22
444-0601
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MEA53100
1490
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466-3516
SU8-3050
ZEPTO-1
PCT0447100
BB31695-PE/2
25373-100
611-2605

Product No. SS1-160p

110-41-155
4616308F
A228
70-4506

SI-0236

Comments/Description

> 98% purity, highly toxic

50 ml

to eliminate spent media from the bacterial culture
to bake 3D master

to clean the wafer and microchannels

to bond the microchannels

1.5 ml
for image analysis and bacterial tracking
1.5 ml

with motorized stage

>98 % purity, photosensitive
Objet30 3D printer
https://www.3dprintingstudios.com/

to calibrate the uncaging
Microscope Imaging Software
to bake PDMS (with forced convection)

to functionalize the surfaces before bonding
0.4 um pore size, 19 % open area, 24 um thickness
I.D.x O.D.: 0.015"” x0.043" / 0.38mm x 1.09mm

bottom surface (90 mm x 15 mm) to bond the millifluidic device

to weight PDMS mixture

for phase contrast and fluorescence microscopy (max 100 fps)

Used to design the mold
for LED 395 nm
PDMS Si Elastomer Kit; curing agent

from 10 to 30 ml

Terumo Agani 23 gauge 5/8 inch (16mm)
Dual Syringe Pump

Mold Material


https://www.fishersci.ch/shop/products/falcon-50ml-conical-centrifuge-tubes-2/10788561#
https://www.editorialmanager.com/jove/download.aspx?id=1117307&guid=b01f885a-3932-44ad-b586-b25c55c306bc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117307&guid=b01f885a-3932-44ad-b586-b25c55c306bc&scheme=1

Click here to access/download;Author License Agreement b4

Author License Agreement (ALA)
(ALA);JoVE_LicenseAgreement_Carrara.pdf

<) ;
1 Alewife Center #200
Cambridge, MA 02140
JOURNAL OF tel. 6‘?'945'9051
VISUALIZED EXPERIMENTS www.jove.com

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

‘A /W\Q,%ﬁorl, (o‘v ?(MMM«& CGW{'/'W&U’L ’ olymo.wtz QeQMM (,cQ; Z)MQZIXZC'-PQ/ (,'6 Dtm‘t'o\o‘q-{eﬁ

Author(é):

R. Stacklan.

IE: Cannone. , DR Buanlley, Al foin, Yoboussds., 11 SQIC ICS lue  F. Gusrle, SA. L.,

Item 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via: @ Standard Access [j Open Access

Item 2 (check one box):

,&The Author is NOT a United States government employee.

D The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

D The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

612542.6

2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.



https://www.editorialmanager.com/jove/download.aspx?id=1116060&guid=2eda36f8-a32f-48a2-a1a9-a229ad768d96&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1116060&guid=2eda36f8-a32f-48a2-a1a9-a229ad768d96&scheme=1

® ,
1 Alewife Center #200
Cambridge, MA 02140
JOURNAL OF tel. 617.945.9051
VISUALIZED EXPERIMENTS wWww.jove.com

4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JOVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-

exclusive right to use all -or part of the Article for the non-.

commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JOVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to. the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7.. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are

not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict shall
be deemed to be amended so as to provide to JoVE the maximum
rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize JoVE to take
steps in the Author(s) name and on their behalf if JoVE believes
some third party could be infringing or might infringe the
copyright of either the Author’s Article and/or Video.

9. Likeness, Privacy, Personality. The Author hereby grants JoVE
the right to use the Author’s name, voice, likeness, picture,
photograph, image, biography and performance in any way,
commercial or otherwise, in connection with the ‘Materials
and the sale, promotion and distribution thereof. The Author
hereby waives any and all rights he or she may have, relating to
his or her appearance in the Video or otherwise relating to
the Materials, under all applicable privacy, likeness, personality
or similar laws.

10. Author Warranties. The Author represents and warrants that
the Article is original, that it has not been published, that the
copyright interest is owned by the Author (or, if more than one
author is listed at the beginning of this Agreement, by such
authors collectively) and has not been assigned, licensed, or
otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of this
Agreement are the only authors of the Materials. If more than one
author is listed at the top of this Agreement and if any such
author has not entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been authorized by
each of the other such authors to execute this Agreement on his
or her behalf and to bind him or her with respect to the terms of
this Agreement as if each of them had been a party hereto as an
Author. The Author warrants that the use, reproduction,
distribution, public or private performance or display, and/
or modification of all or any portion of the Materials does not
and will not violate, infringe and/or misappropriate the patent,
trademark, intellectual property- or other rights of any third
party. The Author represents and warrants that it has and
will continue to comply with all government, institutional
and other- regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and animal
treatment, privacy, and all other rules, regulations, laws,
procedures or guidelines, applicable to the Materials, and that all
research involving human and animal subjects has been approved
by the Author's relevant institutional review board.

11. JoVE Discretion. If the Author requests the assistance of JoVE
in producing the Video in the Author’s facility, the Author shall
ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JOVE may, in its
sole discretion, elect not take any action with respect to the Article
until such time as it has received complete, executed Article
and Video License Agreements from each such author. JoVE
reserves the right, in its absolute and sole discretion and without
giving any reason therefore, to accept or decline any work
submitted to JoVE. JoVE and its employees, agents and
independent contractors shall have ;
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
" contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
hhuman and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination -
due to the making of a video by JoVE its employees, agents or
independent contractors. . All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JOVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Zurich, September 26, 2019

Dear Editors,

Thank you for your time in handling our manuscript and thank you to the Reviewers for their positive
reception of our work and their constructive comments. We have now addressed all comments, as
detailed in the attached point-by-point response.

Specifically, we expanded the summary to include a general description of the method and its
applications, as requested by the editorial comments. In addition to adding further details to each
step, which will supplement the actions seen in the video, we also expanded our figures: we added
an optic ray diagram as requested by Reviewer #2 and we added a schematic of the single pulse as
requested by Reviewer #5.

We hope you will find that our revised manuscript suitably addresses the comments from the Editors
and Reviewers. We remain grateful for their insights and time, and look forward to hearing from you
in due course.

With best regards,

Francesco Carrara

(on behalf of all authors)

I+


https://www.editorialmanager.com/jove/download.aspx?id=1116039&guid=9194e6a2-69e2-47a9-a1e5-9952bb8eddd4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1116039&guid=9194e6a2-69e2-47a9-a1e5-9952bb8eddd4&scheme=1

Response to Editorial Comments

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

We thank the editors for the suggestion. We took the opportunity to thoroughly proofread the
manuscript, including a round of editorial revision with our lab editor. We did our best to avoid any
errors in this version.

2. Summary: Please expand to include a general description of the method and its applications.

We expanded the summary as requested. This now reads: “A protocol for the generation of dynamic
chemical landscapes by photolysis within microfluidic and millifluidic setups is presented. This
methodology is suitable to study diverse biological processes, including the motile behavior, nutrient
uptake, or adaptation to chemicals of microorganisms, both at the single cell and population level.”

3. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please
ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references
to published material specifying how to perform the protocol action. See examples below.

We thank the editor for providing additional information in helping clarifying the protocol. We have
followed the suggestions and implemented the changes where needed throughout the manuscript.

4. 1.2.1: Please specify the size of the silicon wafer.

We used 4 inches wafers. We now give this information in the text.

5. 1.2.3, 1.2.5: Please specify the baking time and the targeted thickness.
We have now added this important information in the text.

6. 1.2.4: Please specify the UV exposure time.

The UV exposure time was calculated based on the light intensity. In our case with exposure energy
of 200 mJ cm™2 at 350 nm, the wafer was exposed for 150 s. We have now provided this additional
explanation.

7. 1.3: Please specify the curing agent used. What volume is used?

The curing agent is part of the kit Sylgard 184 by Dow Corning, and the exact chemical formulation
for the curing agent is proprietary of Dow Corning. We added this information at step 1.3 to clarify
this point. We also added the information on the volume used, which is 40 mL.

8. 1.7: How many holes are punched?

This information has been added.

9. 2.5.1: At what temperature?



This information has been added.

10. 2.5.2: What volume of the solution is needed? What container is used?
This information has been added.

11. 3.4: What volume of the solution is needed?

This information has been added.

12.7.1.1: Please describe how to reconstruct the bacterial trajectories. Alternatively provide a
relevant reference here.

We provided the relevant reference (Brumley, Carrara, et al., PNAS 2019) here, where the
reconstruction process of the bacterial trajectories is explained.

13. 7.1.2: Please describe how spatio-temporal dynamics are determined.
We have now provided a better characterization of the the spatio-temporal dynamics.
14. 7.2: Please describe how to estimate the diffusion coefficient of bacteria.

We provided the relevant reference (Brumley, Carrara, et al., PNAS 2019) here, where the method
for the estimate of the diffusion coefficient of bacteria is explained.

15. After you have made all the recommended changes to your protocol section (listed above), please
highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including headers and
spacing) to be featured in the video. Bear in mind the goal of the protocol and highlight the critical
steps to be filmed. Our scriptwriters will derive the video script directly from the highlighted text.

Thank you for the explanation regarding the highlighting of text for video purposes. We have now
identified 2.75 pages to be featured in the video.

16. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
steps form a cohesive narrative with a logical flow from one highlighted step to the next. The
highlighted text must include at least one action that is written in the imperative voice per step. Notes
cannot usually be filmed and should be excluded from the highlighting.

We have adopted these criteria.

17. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

We have adopted these criteria.

18. When reviewing the highlighting length for the protocol, please watch out for repeated steps.
Please ensure that the repeated step has been highlighted previously.

We have ensured that repeated steps are avoided.

19. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial



policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has
been modified from [citation].”

Thanks for the information. We have now provided the link to the editorial policy from PNAS website
that refers to re-prints.

Response to Reviewer #1

The manuscript is well written and its subject matter may be of interest for investigators in the field of
microbial cell behavior. | recommend publication of the manuscript.

We thank the Reviewer for their positive assessment of our manuscript.

Response to Reviewer #2

Manuscript Summary:

In the submitted manuscript entitled "A method for generating controlled, dynamic chemical
landscapes to study microbial behavior", Francesco Carrara et al. demonstrate a microfluidic design
using light patterns and photolysis of caged amino acids to generate desired chemical patterns in the
microbes swimming environments. The dual-layers design with a permeable membrane allowing
continuous removal of spent media. The use of low magnification objective allows large area
observation of bacterial response to the stimuli. The describe method will be valuable not only for
bacterial chemotaxis research but also more general bacterial behavior investigation.

Overall the manuscript is well written and the protocol is clear for the microfluidic device
construction. | believe the read with little microfluidic device experience would be benefit from the
protocol. However, some optical descriptions are needed for the general reader to understand the
protocol.

We thank the Reviewer for their positive assessment of our manuscript, and for their comments,
which we address in detail below.

Major Concerns:
1. Protocol 4.2. | am not sure if a LED beam through 4x objective can expose the entire chamber. The
LED power is also an important reference for reader application.

We thank the Reviewer for their comment. We confirmed that the diameter of a LED beam through
4x objective is at least 5 mm (see Figure R1 below). We also added the information in the text on the
power of the LED (295 mW).

Figure R1: The picture shows the LED beam through
4x objective used for the calibration of the
photolysis method. For getting a size reference, a
piece of paper (the size of the square patternis 5
mm) was placed on top of the glass slide sitting on
the microscope stage, at the z-position at which the
LED is focused. This confirms that the LED beam
through 4x objective used for the calibration is at
least 5 mm in diameter, as stated now in the text.




2. Protocol 4.5. The calibration curves are important and should be shown or referenced.

We have now provided the relevant reference (Brumley, Carrara, et al., PNAS 2019) here, where the
calibration curves of the uncaging kinetics are shown.

3. Protocol 5.5. Line 305 said a focus LED beam... However, the Figure 1E shows a parallel beam?
Which one is the optical setup in your experiments? | would suggest a clearer optics ray diagram for
reader to understand.

Thanks for the comment. The beam shown in the figure was for illustration purposes only, but the
Reviewer is right when stating that the beam is instead focused. We have now corrected this feature
of the beam, by adding some curvature to the beam. We have now added an optic ray diagram in
Figure 1E, which include the optical setup used in our experiments.

4. Figure 2 AB. Are these two images phase-contrast images? Or fluorescent? Please state clearly the
imaging method and the image process.

These two images are phase-contrast images, captured with a Ph2 condenser annulus. We added this
additional detail in the caption. As stated in the figure caption, these are maximum intensity
projections showing bacterial positions (in white) over a 0.5 second interval.

Minor Concerns:
1. Protocol 3.5, Line 255. It would be better to mention the method you used to measure cell density
(OD 600?).

Thanks for the suggestion. We have now added the method used to measure cell density
(spectrophotometer at OD 600).

Response to Reviewer #3

Manuscript Summary:

The manuscript described a method to generate spatiotemporally controlled chemical fields in
microfluidic/millifluidic devices to study bacteria chemotaxis. The chemoattractants were first ‘caged’
by chemical modification and can be released later by a LED beam. This method would be of interest
to the researchers who would like to investigate the chemotaxis of vary biological organisms.

We thank the Reviewer for their positive assessment of our manuscript, and for their comments,
which we address in detail below.

Major Concerns:
1.2.6. Why use PMMA developer but not SU-8 developer for the developing step?

We used a solvent-based developer recommended for SU8 - mr-Dev 600.

2.1 What type of 3D printer did you use, fused deposition modeling (FDM), stereolithography (SLA), or
Digital Light Processing (DLP)? And what material was used? The material selection is important for
PDMS molding. Some 3D printing materials can prevent PDMS from polymerization. Any post-
processing was applied to the 3D printed master?

We thank the Reviewer for raising this point. We have now added this information in our manuscript.
We used the Objet30 3D printer, which uses Polylet technology. It works by jetting photopolymer
materials in ultra-thin layers onto a build platform. Each photopolymer layer is cured by UV light
immediately after it is jetted, producing fully cured models that can be handled and used
immediately, without post-curing. Vero material, a rigid and opaque photopolymer, was used for our
specific purpose. This material has already been tested in other studies, including Lambert et al.
Nature Microbiology 2017, and it does not prevent PDMS from polymerization. No post-processing
was applied to the 3D printed master.



5.2 Did you add bacterial suspension only to inlet, or to both inlet and outlet? How long did it take to
fill the whole chamber? How did you prevent the fluid flow in the chamber? These questions should be
addressed for step 6.2 as well.

Thank you for your comments. Following these suggestions, we have now provided additional
explanations in the text.

How did you integrate the LED to the microscope? If the LED beam is introduced using the same
microscope objective, does it affect the video capturing?

The LED light source connects to the microscope’s epi-fluorescence illuminator via liquid light guide
connection. The LED beam does not affect video capturing, because it is possible to independently
command video acquisition and LED stimulation via software.

Minor Concerns:
1.8.2. | think air plasma treatment is good enough to bond PDMS to glass slide.

We thank for the comment. We added this additional note to the manuscript. However, we still
recommend treating the surfaces with oxygen plasma for bonding PDMS to PDMS, and PDMS to
polystyrene, which is more difficult that bonding PDMS to glass.

What are the small dots in Figure 1A?

The small dots are micropillars (200 um in size) that help the bonding of the membrane to the PDMS,
and at the same time help prevent the membrane from buckling or collapsing in the center. We have
now added this additional detail in the figure caption.

Response to Reviewer #4

The authors describe a detailed protocol for the creation of chemical landscapes that can be used to
study chemotaxis. These landscapes are controllable with high precision in space and time through
the projection of light patterns, and therefore very useful for both the development of fundamental
research and the direct applications. The protocol itself is written out in much detail, which will be
helpful for students and experts alike to reproduce this type of advanced experiments.

Thus, | strongly recommend publication.

We thank the Reviewer for their positive assessment of our work.

I only have a few minor points:

1) The protocol described here is almost identical to the methods in PNAS 116 (22), 10792-10797, doi:
10.1073/pnas.1816621116 (2019). Also the figures are very similar. The authors and editorial board
should check that copyrights are not infringed, just to make sure that (self) plagiarism is not an issue
here. | am not a legal expert and | personally think that this publication should be fine. But | think |
should at least point it out.

We thank the Reviewer for pointing this aspect out. We checked on the PNAS policy at
https://www.pnas.org/page/about/rights-permissions, which allows PNAS authors for reprint of their
own figures, when properly cited as we do.

2) The protocol involves a few steps with safety risks. For example, "the APTES solution is acutely
toxic" but also other steps involve potential hazards. Can the authors write a bit more about where
possible issues could arise and how these risks can be mitigated?

We thank the Reviewer for this comment. We have now provided additional information on how to
avoid risks when handling hazardous chemicals. Specifically, we have now added a note at the
beginning of the protocol about the compulsory use of a labcoat, disposable plastic gloves, and
adherence to the individual Material Safety Data Sheet precautions.


https://www.pnas.org/page/about/rights-permissions

3) In some steps it is not completely clear how much material is used, in terms of volume for a given
experimental setup.

We now provided the volume of material used when needed.

4) Perhaps it is helpful to provide a price list or budget of the most important pieces of equipment and
consumables?

We have not added a price list in the text because we think that the interested reader could easily
find this information online based on the Table of materials, which is already provided in the main
text. Moreover, we expect that prices are subject to geographical variation, and should be identified
specifically for each user. However, we would be happy to provide rough estimates if the Editors
deem it reasonable for completeness.

Otherwise | think this a very interesting paper and | look forward to seeing the video.

We thank the Reviewer again for his/her time. We look forward to producing the video of our
method.

Response to Reviewer #5

Manuscript Summary:

The manuscript by Carrara et al. describes a novel method to create engineered dynamic chemical
landscapes to study the motile behavior of bacteria exposed to these landscapes. The method is
based on the use of micro- and millifluidic structures, caged chemoeffector compounds and structured
UV illumination of the sample. The clever combination of these makes it possible to create precisely
controlled chemical gradients or more complex patterns which may be used to study the chemotactic
response to specific patterns, or mimic natural scenarios (nutrient plumes). Although the method is
demonstrated by measuring the spatiotemporal distribution and velocity distribution of Vibrio ordalii
bacteria, the concept and the method has potentially much broader implications (for example in
studying microbial communication, stress response, adaptation, etc on the single cell and the
population level). Therefore | think the method is well worth of publication in Jove.

The manuscript is written clearly, and gives enough details of the procedures used. All the needed
chemicals and instruments are specified, and every step of the protocol is described with sufficient
details. Generally, the figures are expressive and informative. In summary, my opinion is that this high
quality manuscript deserves a publication in Jove. I'm looking forward to the produced video based on
the manuscript.

We are grateful to the Reviewer for his/her positive assessment of our manuscript.

However, | have a few minor critiques that would be desirable to address before publication.

Minor Concerns:

1. There are two distinct PDMS structures fabricated. The microfluidic design is used for two purposes:
either as bacterial chamber in single pulse experiments, or as a washing channel when sandwiched
together with the millifluidic piece. This double use is not described very clearly in the text. For
example, the caption for Fig. 1A refers to this microfluidic structure as the washing channel only,
while step 1.1 of the single pulse device fabrication protocol refers to this figure. | think the figure
caption should be changed. Additionally, a new panel on this figure similar to Fig. 1E, but showing the
single pulse device would be useful. Also a clear labelling of the microfluidic and millifluidic parts on
Fig. 1E would help understanding the protocol.

We thank the Reviewer for pointing this inconsistency out, which could have generated some
confusion. As suggested by the Reviewer, we introduced a new panel in Figure 1 (panel A), which
shows the single pulse microfluidic device. Following the suggestions of this Reviewer (and of



Reviewer #2), we have decided to expand the schematics of the millifluidic setup by adding clearer
labeling and the optical ray diagram that was implemented.

2. All experimental demonstrations of the method are done with single nutrient pulses only, although
the multi pulse capabilities are just as important (most of the steps described, as well as the major
part of Fig. 1. deals with the multi pulse capabilities). | think it would be desired to show some results
in a multi pulse scenario.

We thank the Reviewer for pointing this out. It is, of course, important to demonstrate the working
capacity of the device, and this is fully accomplished in a quantitative way by using the single nutrient
pulse scenario. We have now significantly expanded panel F in Figure 1, where we added bacterial
accumulation (qualitative) results in multi pulse scenario. Given the focus of the manuscript is
methodological in nature and that the multi-pulse response of bacteria is driven by the same
mechanisms illustrated by the single pulse results, we feel that the quantitative single-pulse results
are sufficient to demonstrate that there is a behavioral response to these kinds of chemical
manipulations. As such, the video will be primarily focused on the method of multi pulse generation,
rather than explicit scientific results. Finally, since the method is expected to find broad appeal for
investigating a range of microbial behaviors — including quorum sensing, antibiotic resistance,
nutrient uptake, chemotaxis — we believe it most impactful to highlight the generality of the method
rather than a specific use.

3. Fig. 4 shows practically a control experiment. | don't see much reasons to include this on a figure by
itself, without presenting similar data in case of a nutrient pulse. So I'd suggest to either leave this
figure out, or extend with nutrient pulse data.

We thank the Reviewer for their suggestion. The Reviewer is right when stating that Figure 4 shows
the swimming statistics for a control experiment. The data shown here, namely the distribution of
the swimming speed and the reorientation statistics, is required for the determination of bacterial
diffusion, which is an important parameter for the chemotactic process and for the calibration of the
individual based model used in Brumley, Carrara et al. 2019. We have now further clarified the need
for the unbiased swimming statistics in the text. For these reasons, we decided to keep this figure in
the text. We refer the Reviewer to the panels in Figure 2D for a visualization of the radial
chemotactic drift in case of a nutrient pulse.
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