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Shear flow patterns antimicrobial gradients across

bacterial populations

Alexander M. Shuppara’, Gilberto C. Padron’, Anuradha Sharma’, Zil Modi?,

Matthias D. Koch?, Joseph E. Sanfilippo'*

Bacterial populations experience chemical gradients in nature. However, most experimental systems either ignore
gradients or fail to capture gradients in mechanically relevant contexts. Here, we use microfluidic experiments and
biophysical simulations to explore how host-relevant shear flow affects antimicrobial gradients across communi-
ties of the highly resistant pathogen Pseudomonas aeruginosa. We discover that flow patterns gradients of three

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

chemically distinct antimicrobials: hydrogen peroxide, gentamicin, and carbenicillin. Without flow, resistant P.
aeruginosa cells generate local gradients by neutralizing all three antimicrobials through degradation or chemical
modification. As flow increases, delivery overwhelms neutralization, allowing antimicrobials to penetrate deeper
into bacterial populations. By imaging single cells across long microfluidic channels, we observe that upstream
cells protect downstream cells, and protection is abolished in higher flow regimes. Together, our results reveal
that physical flow can promote antimicrobial effectiveness, which could inspire the incorporation of flow into the

discovery, development, and implementation of antimicrobials.

INTRODUCTION

Antimicrobial resistance is a severe threat to human health (1). Fun-
damentally, there are three problems: Our supply of effective antimi-
crobials is dwindling (1), the development of antimicrobials lacks
profitability (2), and most antimicrobials will likely succumb to resis-
tance. As obvious solutions to antimicrobial resistance are not emerg-
ing, creative ideas are required. One potential idea is to focus more on
how antimicrobials are delivered to target host microenvironments
(3, 4). During treatment, antimicrobials often fail to access the entire
target population, leaving a subpopulation of cells shielded from in-
hibition. While antimicrobial gradients are a fundamental feature of
targeted bacterial populations, it is largely unknown how the me-
chanical environment shapes antimicrobial gradients.

Mechanical features of the environment determine bacterial be-
havior and survival (5-9). In recent years, surface association and
shear flow have been shown to affect a wide range of bacterial pro-
cesses, such as adhesion (10-13), motility (14-16), signaling (17-23),
and virulence (24-28). While researchers have focused primarily on
mechanical forces (29), it is now clear that flow-based transport has
large impacts on chemical microenvironments (17, 18, 30, 31). For
example, cell-cell communication that relies on signaling molecules
such as autoinducers is typically inhibited by flow, unless cells are lo-
cated in the downstream portion of a population (30). In addition,
when one species consumes a metabolic by-product of another spe-
cies, flow can spatially pattern the two species in a population (32).
Furthermore, the ability of flow to replenish chemical stressors can
increase their effectiveness (17, 33, 34). However, the impact of flow
on local concentrations of antimicrobials has not been emphasized.

As flow drives antimicrobial delivery and shapes chemical mi-
croenvironments, we reason that studying how flow affects antimi-
crobial gradients should yield useful discoveries. Specifically, we
predict that flow will rapidly replenish antimicrobials, overwhelm
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bacterial resistance mechanisms, and shape antimicrobial gradients
across bacterial populations. Here, we implement a strategy that
combines biophysical simulations and microfluidic experiments to
study how antimicrobials are delivered by flow into bacterial popu-
lations. Our work connects the growing problem of antimicrobial
resistance to the emerging field of mechanomicrobiology and re-
veals how flow can pattern bacterial populations by boosting anti-
microbial delivery.

RESULTS

Shear flow patterns H,0, concentration gradients across
bacterial populations

To learn how flow affects antimicrobial delivery, we examined how
the host-generated antimicrobial hydrogen peroxide (H,0,) (35) is
delivered into populations of Pseudomonas aeruginosa. P. aeruginosa is
resistant to H,O, through multiple catalases and peroxidases (17, 36).
Using custom-fabricated 1-m-long microfluidic channels (fig. S1), we
aimed to gain a spatial understanding of H,O, delivery (Fig. 1A). To
guide our experimental design, we first simulated the effect of flow
on H,0, delivery. Our simulations included three key parameters:
flow, H,O diffusion, and H,O, removal by cells. By holding diffu-
sion and removal constant, we learned how increasing flow pro-
motes delivery deeper in the simulated resistant population (Fig.
1B). In addition, by holding diffusion and flow constant, we learned
how increasing removal restricts delivery into the population (fig.
S2). These simulations support our model that flow patterns H,0,
gradients and generate testable hypotheses regarding the interaction
between flow and H,O, concentration.

To experimentally test how flow affects H,O, gradients, we used
our H,0O,-sensitive fro reporter strain. Previous work established
that fro reporter activity increases proportionately to H,O, concen-
tration and, thus, the fro reporter can function as a H,O, biosensor.
To improve our tracking of biosensor cells, we used a ApilA mutant
version that is unable to move on surfaces but retains indistinguish-
able H,0; sensitivity (Fig. 1C and fig. S3) (18). We seeded our
1-m-long microfluidic channel with fro reporter cells and subjected
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Fig. 1. Shear flow patterns H,0, concentration gradients across bacterial pop-
ulations. (A) lllustration of the microfluidic setup that allows for spatial analysis of
bacterial populations. Channels are 50 um tall, 500 pm wide, and 100 cm long.
Bacteria adhere naturally to the glass surface. Flow was generated with a syringe
pump, and images were taken at various distances across the channel. (B) Simula-
tion of H,0, molecules delivered at different flow intensities (shown as shear rates)
in simulated microfluidic devices after 3 hours. Green dots represent individual
H,0, molecules that experienced diffusion, flow from left to right, and removal when
they hit the bottom of the channel to represent bacterial removal. (C) P. aeruginosa fro
reporter expression (which serves as a H,0, biosensor) after 3 hours at different
shear rates with LB media containing 8 pM H,0; in a microfluidic channel. The
fro experiments in (C) closely matched the biophysical simulations in (B). Shaded
regions show SD of three biological replicates.

those cells to 8 pM H,O,. For these experiments, we used a syringe
pump to deliver H,O, at varied shear rates (80, 240, and 800 sh
that are commonly found in the human body (37). Consistent with
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our simulations, our experimental results show that increasing shear
rate increased fro reporter activity and lengthened H,O, spatial gra-
dients throughout the channel (Fig. 1C and fig. S4). In further sup-
port of our simulations, increasing cell density shortened H,O,
spatial gradients throughout the channel (fig. S2). While increasing
cell density could affect other processes, we interpreted this result to
indicate that increasing total H,O, removal shortened gradients.
Collectively, our simulations and experiments establish that flow
patterns H,O, concentration gradients across resistant populations
of P. aeruginosa.

P. aeruginosa cells are more sensitive to H,0, and
gentamicin in flow

How does flow affect bacterial resistance to H,O,? As H,O, resis-
tance relies on chemical degradation through catalases and peroxi-
dases (fig. S5) (38), we reasoned that increasing delivery with flow
could overcome bacterial resistance. To test our hypothesis, we
treated P. aeruginosa cells with varying H,O, concentrations with
and without flow. Without flow, cells were resistant to H,O,, as con-
centrations up to 64 pM had no impact on growth (Fig. 2, A and B).
With flow, cells were more sensitive to H,O,, as concentrations as
low as 8 pM affected growth and 16 pM completely blocked growth
(Fig. 2, A and B). H,O; acts as a bacteriostatic antimicrobial, as
flowing in media without H,O, can restore growth (fig. S6). Cells
exposed to 16 pM H,0O, at 240 s! for 2 hours were inhibited, while
cells exposed to 16 pM H,0, at 80 s~! for 6 hours grew normally
(fig. S7). As growth scaled with flow and not the total dose, we con-
clude that flow affects H,O, sensitivity independent of the total dose
delivered. These results suggest that H,O, in flowing host environ-
ments restricts bacteria growth, as host H,O, concentrations are
typically in the low micromolar range (17, 35). Thus, our results re-
veal that flow increases sensitivity of the resistant human pathogen
P. aeruginosa to host-relevant concentrations of H,O,.

Can flow overcome resistance to clinically relevant antibiotics?
Gentamicin is an effective antibiotic toward P. aeruginosa that tar-
gets protein synthesis (39). Introduction of a resistance gene encod-
ing an acetyltransferase that directly modifies gentamicin provides
P. aeruginosa with gentamicin resistance (fig. S5) (40). To test how
flow affects gentamicin resistance, we treated resistant P. aeruginosa
cells with varying gentamicin concentrations with and without flow.
Without flow, cells were resistant to gentamicin, showing growth at
concentrations up to 200 pg/ml (Fig. 2, C and D). With flow, cells
were sensitive to gentamicin, as concentrations as low as 25 pg/ml
limited growth (Fig. 2, C and D). Cells exposed to gentamicin (100 pg/
ml) at 240 s~ for 2 hours were inhibited, while cells exposed to
gentamicin (100 pg/ml) at 80 s ! for 6 hours grew normally (fig. S7).
As growth scaled with flow and not the total dose, we conclude that
flow affects gentamicin sensitivity independent of the total dose de-
livered. Together, our results reveal that flow increases sensitivity
toward two chemically distinct antimicrobials by replenishing mol-
ecules faster than bacteria can neutralize them.

Antimicrobial gradients are shaped by chemical
concentration and molecular size

Delivery of drugs to their target microenvironment is often a rate-
limiting step in therapeutic intervention (41). This is particularly evi-
dent when small molecules are chemically neutralized during the
delivery process, such as by resistant bacteria. One potential solution to
this problem is to increase the chemical concentration administered.
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Fig. 2. P. aeruginosa cells are more sensitive to H0, and gentamicin in flow. (A) Images of naturally resistant P. aeruginosa cells capable of growth in 16 pM H,0, over
6 hours (hrs) without flow. With flow, cells did not grow with 16 pM H,0,. (B) Growth of P. aeruginosa cells in M9 minimal media with flow (green) and without flow (gray)
over 2 hours at various H,0, concentrations. (C) Images of resistant P. aeruginosa cells capable of growth in gentamicin (100 pg/ml) over 6 hours without flow. With flow,
cells did not grow with gentamicin (100 pg/ml). (D) Growth of P. aeruginosa cells in LB media with flow (purple) and without flow (gray) over 4 hours at various gentamicin

concentrations. All growth experiments were performed at a shear rate of 240 5™

and were imaged near the beginning of a 2-cm channel. For each biological replicate,

28 cells were chosen at random for quantification. Error bars show SD of three biological replicates.

We simulated the impact of increasing H,O, concentration across a
resistant P. aeruginosa population. Our simulations generated the hy-
pothesis that increasing concentration allows deeper delivery into bac-
terial populations (Fig. 3A). While increasing concentration does not
change the shape of the gradients, having more molecules at the start
leads to more molecules at the end (fig. S8). Guided by our simulations,
we performed growth experiments in 27-cm-long channels (fig. S1)
with increasing H,O, concentrations delivered with a constant flow of
24057} (Fig. 3B). As we increased H,O, from 8 to 64 pM, we observed
that spatial growth gradients continually shifted downstream. These
spatial growth gradients closely match our simulations and reveal that
increasing concentration promotes delivery deeper into resis-
tant P, aeruginosa populations.

How does the physical size of an antimicrobial affect spatial gra-
dients? Antimicrobials come in different sizes, ranging from smaller
molecules (such as H,O,) to larger molecules (such as gentamicin).
According to the Stokes-Einstein equation, as molecular size in-
creases, diffusion decreases. Thus, the delivery of H,O, and genta-
micin could differ. To predict whether physical size affects delivery,
we simulated the delivery of gentamicin (Fig. 3C and fig. S9) and
compared with our H,0, simulations (Fig. 3A). Consistent with our
hypothesis that diffusion would affect delivery, our gentamicin sim-
ulations yielded delivery curves with flatter profiles and lower slopes
than our H,O, simulations. By simulating molecules with a wide
range of diffusion coefficients (fig. S10), we established how molecu-
lar size could affect drug delivery into cellular populations. To ex-
perimentally test how molecular size affects spatial gradients, we
repeated our long channel growth experiments with constant flow
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and increasing gentamicin concentrations (Fig. 3D). Supporting our
hypothesis, gentamicin generates growth gradients that are flatter
than those found for the much smaller antimicrobial H,O, (Fig.
3D). Collectively, our simulations and experiments demonstrate
how chemical concentration and molecular size of antimicrobials
shape spatial gradients of resistant bacterial populations.

Shear flow patterns bacterial growth by shaping
antimicrobial gradients
Antimicrobial resistance often depends on the collective ability of
bacterial populations to neutralize molecules. Bacteria can effec-
tively shield one another from antimicrobials and generate spatial
growth gradients. On the basis of our discovery that flow can pro-
mote delivery, we reasoned that increasing flow could overcome
cell-cell shielding and restore antimicrobial effectiveness through-
out the entire population. To test the impact of flow, we treated
resistant P. aeruginosa populations in 27-cm-long channels with
16 pM H,O; delivered at different shear rates (80, 240, and 800 s7h
(Fig. 4A). While low flow (80 s™') did not inhibit any growth, me-
dium flow (240 s™') generated spatial growth gradients where cells
at the start of the channel shielded cells at the end of the channel
(Fig. 4A). In contrast, high flow (800 s71) overwhelmed cell-cell
shielding and restored the antimicrobial effectiveness of H,O,. Thus,
our results highlight how flow can overcome population-level resis-
tance by enhancing the physical process of delivery.

To explore whether flow can overcome population-level shield-
ing of other antimicrobials, we replicated our experiments with
gentamicin. Gentamicin is an aminoglycoside that inhibits protein
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Fig. 3. Antimicrobial gradients are shaped by concentration and molecular size. (A) Simulations of cell growth after 2 hours across a microfluidic channel with increas-
ing concentrations of H,O, predict that growth gradients shift downstream as concentration increases. (B) Experiments measuring P. aeruginosa growth closely match the
simulations in (A). Experiments were performed for 2 hours in M9 minimal media supplemented with various H,0, concentrations. (C) Simulations of cell growth after
4 hours across a microfluidic channel with increasing concentrations of gentamicin predicts that growth gradients shift downstream as concentration increases. The
predicted gradients have flatter slopes than those in (A) for H,O,, as gentamicin is larger and diffuses more slowly. (D) Experiments measuring P. aeruginosa growth
closely match the simulations in (C). Experiments were performed for 4 hours in LB media supplemented with various gentamicin concentrations. All simulations included
molecular diffusion, flow, removal, and the relationship between concentration and growth from Fig. 2. All growth experiments were performed in 27-cm-long channels

at a shear rate of 240 s™". For each biological replicate, 28 cells were chosen at random for quantification. Shaded regions show SD of three biological replicates.

synthesis (39), and we used P. aeruginosa cells with an acetyltrans-
ferase that provided resistance to gentamicin (40). Using 27-cm-long
channels, we delivered gentamicin (100 pg/ml) with varied shear
rates (80, 240, and 800 s~) (Fig. 4B). Similar to H,O,, low flow (80 s™")
did not inhibit growth, medium flow (240 s™') generated spatial
growth gradients because of cell-cell shielding, and high flow (800 s™")
restored the effectiveness of gentamicin throughout the entire
population (Fig. 4B). These results reinforce our conclusion that
flow can overcome population-level shielding and suggest that this
is a broadly conserved biophysical phenomenon.

To further explore the effect of flow on antimicrobial shielding, we
extended our experimental approach to the p-lactam antibiotic car-
benicillin. Carbenicillin inhibits cell wall biosynthesis (42), and we
used P. aeruginosa cells with a f-lactamase that provides resistance to
carbenicillin (fig. S5) (43). Flow increases the sensitivity of cells to
carbenicillin (fig. S11) such that carbenicillin (30 pg/ml) inhibits cell
division and increases cell length (fig. S12). Using 27-cm-long chan-
nels, we delivered carbenicillin (30 pg/ml) (Fig. 4C) with varied shear
rates (40, 80, and 800 s~ ). Similar to H,O, and gentamicin, low flow
(40 s71) did not inhibit growth, medium flow (80 sh generated spatial
growth gradients because of cell-cell shielding, and high flow (800 s™*)
restored the effectiveness of carbenicillin throughout the entire
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population (Fig. 4C). Together, our experiments with H,O,, gentami-
cin, and carbenicillin demonstrate that flow has a powerful ability to
pattern spatial gradients of bacterial growth by boosting antimicro-
bial delivery.

DISCUSSION

Our experiments and simulations demonstrate how flow patterns
gradients across bacterial populations by enhancing antimicrobial
delivery. Without flow, bacteria can resist many antimicrobials
through degradation or chemical modification. In low flow, resis-
tant cells generate local zones of depletion, shield downstream
cells, and generate short spatial gradients (Fig. 5A). In medium
flow, the system reaches a tipping point where removal by cells
and replenishment by flow occur at similar rates, leading to longer
spatial gradients of concentration and growth (Fig. 5B). In high
flow, delivery is faster than removal, concentration gradients do
not form, and antimicrobials are effective (Fig. 5C). Thus, fast de-
livery by flow allows antimicrobials to penetrate deeper into target
populations, preventing a subset of cells from escaping treatment
(Fig. 5). Collectively, our results reveal a simple biophysical phe-
nomenon that enhances antimicrobial effectiveness and could be
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Fig. 4. Shear flow patterns bacterial growth by shaping antimicrobial gradi-
ents. (A) Experiments measuring P. aeruginosa growth for 2 hours in M9 minimal
media with 16 uM H,0, at various shear rates. (B) Experiments measuring P. aeruginosa
growth for 4 hours in LB media with gentamicin (100 pg/ml) at various shear rates.
(C) Experiments measuring P. aeruginosa growth for 4 hours in LB media with
carbenicillin (30 pg/ml) at various shear rates. Higher shear rates increase the
effectiveness of H,0,, gentamicin, and carbenicillin against resistant P. aeruginosa
strains. We interpret that growth gradients for gentamicin and carbenicillin have
flatter slopes than H,0, because H,0, is smaller and has a higher diffusion coeffi-
cient. All experiments were performed in 27-cm-long channels. For each biological
replicate, up to 30 cells were chosen at random for quantification. Shaded regions
show SD of three biological replicates.

Shuppara et al., Sci. Adv. 11, eads5005 (2025) 12 March 2025

Zone of
depletion

T @ 9

Short antimicrobial gradient

Zone of
depletion

fg08

[edeodes

Long antimicrobial gradient

Y

[ X & & X

No antimicrobial gradient

Concentration Growth

Low flow > Pt
Medium ﬂow ‘ _4
High flow [

Fig. 5. Shear flow patterns antimicrobial gradients and bacterial populations.
(A) In low flow, cell populations remove antimicrobials faster than delivery, allow-
ing for growth and shielding downstream cells. (B) In medium flow, the delivery
rate is similar to the removal rate, allowing antimicrobials to penetrate deeper into
populations. Upstream growth is inhibited, but downstream cells can still grow.
(€) In high flow, the delivery rate exceeds the removal rate, allowing antimicrobials
to penetrate the entire population. Thus, high flow blocks the growth of the entire
resistant population. (D) Increasing flow patterns antimicrobial gradients, which
then pattern bacterial growth gradients.

leveraged to revitalize antimicrobials that appear neutralized by
bacterial resistance.

How generalizable is the phenomenon that flow shapes antimi-
crobial gradients? As our experiments have been performed with
three chemically distinct antimicrobials (H,O,, gentamicin, and
carbenicillin), we conclude that the ability of flow to pattern antimi-
crobials is widely relevant. We have shown that flow can enhance the
effectiveness of two clinically important antibiotic classes: amino-
glycosides (represented by gentamicin) and p-lactams (represented
by carbenicillin). As gentamicin is modified via a cellular acetylase
(40) and carbenicillin is broken apart by a cellular p-lactamase (fig.
S6) (42), flow can overcome different mechanisms of resistance. On
the basis of our model, resistance mechanisms that decrease antimi-
crobial concentration should be affected by flow, while resistance
mechanisms that do not affect concentration (such as modification
of the target site) may not be affected by flow. Also, the ability of flow
to shape antimicrobial gradients does not depend on attributes
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exclusive to P. aeruginosa, indicating that flow should have similar
impacts on populations of other bacterial species. Consequently, for
any antimicrobial that is chemically destroyed or modified by resis-
tant bacteria, it is logical to infer that flow has an important role in
shaping antimicrobial gradients across target populations.

How does flow increase antimicrobial effectiveness and shape
gradients? Our results show that the relationship between delivery
with flow and removal by cells can determine antimicrobial effec-
tiveness. Our results demonstrate that shear rate and antimicrobial
concentration affect spatial gradients independent of the total dos-
age administered (fig. S13). As an analogy, we compare our results
to the concept of alcohol consumption in humans. When humans
consume alcohol, the total amount is often less important than the
rate of consumption. For example, drinking 10 alcohol equivalents
in 10 hours may have negligible effects, while drinking 10 alcohol
equivalents in 1 hour will have extreme negative effects. In our
study, we identified a parallel situation where the rate at which anti-
microbials are delivered determines the magnitude of their effect.

How could increasing flow improve antimicrobial treatments? Now,
itis assumed that host flow will deliver oral and intravenous antimicro-
bials to their target environment. However, antimicrobial treatments
often fail when the entire target population is not inhibited. In addition,
fears of resistance or persistence increase when a bacterial subpopula-
tion escapes treatment. Thus, it is a great challenge to understand how
flow-based delivery modulates antimicrobial effectiveness. The results
we present here suggest that flow can increase delivery, abolish protec-
tive gradients, and increase antimicrobial effectiveness. We make the
notable observation that increasing concentration and increasing flow
have very similar impacts on bacterial populations. While it is widely
accepted that increasing concentration will increase effectiveness, the
idea of increasing flow has not been explored. Our results lead to the
tempting idea that increasing flow during antimicrobial treatment
could improve patient outcomes. At this point, it is unclear how in-
creasing flow would be implemented safely in a clinical setting. How-
ever, we are cautiously optimistic that the fundamental discovery we
present here could inspire innovative approaches that leverage flow as a
strategy to increase antimicrobial effectiveness.

Clinical measurements of bacterial antibiotic susceptibility are
performed without flow. Our results reveal that the absence of flow
could misrepresent bacterial susceptibility. We have shown that the
human pathogen P. aeruginosa can appear resistant to antimicrobi-
als in diagnostic assays without flow while retaining sensitivity to
antimicrobials in assays with flow. Our results provide a proof of
principle that measuring bacterial resistance in static cultures can
underestimate antimicrobial effectiveness under host-relevant con-
ditions. In addition, our work reveals that even when dosage is held
constant, drug effectiveness can be enhanced simply by increasing
flow. Thus, we argue that there is a great opportunity to improve
bacterial diagnostics through the incorporation of flow and propose
that fine-tuning flow could represent a physical strategy to combat
antimicrobial resistance.

METHODS

Bacterial strains and growth conditions

P, aeruginosa PA14 and mutant strains used in this paper are described
in table S1. P, aeruginosa cultures were grown in either LB broth or M9
minimal medium on a cell culture roller drum and on LB plates (1.5%
Bacto Agar) at 37°C. LB broth was prepared using LB broth Miller (BD
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Biosciences). M9 minimal medium was prepared as 1X M9 salts, 0.4%
glucose, 2 mM MgSOy, and 100 pM CaCl,.

Preparation of antimicrobial solutions

LB with H,O, was generated as previously described (17). Briefly,
LB was conditioned to remove endogenous H,O, and then defined
concentrations of H,O, were added back. Conditioning was done
by diluting P. aeruginosa from an overnight culture into LB at a
1:100 ratio, incubating for 1 hour at 22°C, and filtering to remove
cells. H,0O; solutions were prepared from a 30% (w/w) stock solution
(Sigma-Aldrich). Gentamicin stock solutions were prepared from
gentamicin sulfate (VWR) dissolved in water. Carbenicillin stock
solutions were prepared from carbenicillin disodium salt (Gold Bio-
technology) dissolved in water.

Fabrication of microfluidic devices

Microfluidic devices were prepared as previously described (17). Brief-
ly, photomasks were designed on Illustrator (Adobe Creative Suite) and
printed by Artnet Pro Inc. Using soft lithography techniques, photo-
mask patterns were transferred onto 100-mm silicon wafers (University
Wafer) that were spin coated with SU-8 3050 photoresist (MicroChem).
Microfluidic devices are made of polydimethylsiloxane (Dow SYL-
GARD 184 Kit) at a 1:10 ratio and are plasma treated to bond on a su-
perslip micro cover glass (60 mm by 35 mm by 0.16 mm; Ted Pella Inc.).
Growth experiments used channels with dimensions of 500 pm wide by
50 pm tall by 2 cm long or 500 pm wide by 50 pm tall by 27 cm long
with eight turns. fro reporter experiments used channels with dimen-
sions of 500 pm wide by 50 pm tall by 100 cm long with 32 turns.

Phase contrast and fluorescence microscopy

Time-lapse images were captured on a Nikon ECLIPSE Ti2-E inverted
microscope using the NIS Elements interface. For all imaging, we
used a Nikon 40x Plan Ph2 0.95-numerical aperture objective, a
Hamamatsu ORCA-Flash 4.0 LT3 Digital complementary metal-
oxide semiconductor camera, and a Lumencor SOLA Light Engine
light-emitting diode light source.

Preparation of microfluidic devices with bacteria

Microfluidic devices were loaded with bacteria as previously de-
scribed (17). Briefly, all experiments were performed at ~22°C and
with midlog bacterial cultures. Cultures were loaded into microflu-
idic devices via a syringe (BD Biosciences) on a syringe pump (KD
Scientific Legato 210) set at 10 pl/min. Cells were allowed to adhere
for 10 min before experimental flow exposure. For experiments
changing population density, midlog bacterial cultures were either
diluted or concentrated 10-fold in LB media before loading into mi-
crofluidic devices. Device inlets are attached to a length of polyeth-
ylene tubing [0.015" (inner diameter) by 0.043" (outer diameter);
Brain Tree Scientific] that is sheathed over a hypodermic needle
(26-gauge by 1/2; Air-Tite Products) that is affixed on a syringe.
Device outlets contain another length of tubing for vacating spent
media into a bleach-containing waste container. Medium-filled
syringes were fastened on a syringe pump that was set at flow rates
between 0.5 and 10 pl/min, which corresponds with shear rates
between 40 and 800 s~

Shear rate calculations
The shear rate experienced in microfluidic devices was calculated
using this equation
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where Q is the flow rate, w is the channel width, and 4 is the channel
height. The shear rate is specified throughout in units of s

Quantification of fro expression

Expression of fro reporter activity was quantified as previously de-
scribed (17). Briefly, images were captured every 30 min for 4 hours.
Quantification used a MATLAB (MathWorks)-based program to
identify and quantify single-cell fluorescence intensity. Yellow fluo-
rescent protein fluorescence was used to quantify fro expression,
and mCherry fluorescence was used as a normalization control. Re-
porter strains expressed mCherry from a chromosomally encoded
constitutive promoter (Pa1/04/03) (18). fro reporter activity was quan-
tified as the ratio of yellow fluorescent protein to mCherry. Experi-
ments measuring fro expression used wild-type reporter cells (JS16)
or ApilA mutant reporter cells (JS27).

Quantification of cellular growth

To measure cell growth during antimicrobial treatments with and
without flow, images were captured every 5 min for up to 6 hours.
Cell growth quantification was performed manually on Image]
software by counting total divisions and dividing by time. At
least 28 cells per field were chosen at random for growth tracking.
All growth experiments were performed with cells lacking pilA,
which prevented twitching motility and allowed for easy cell
tracking. H,O, and carbenicillin growth experiments used strain
JS176, which contained an unmarked ApilA::FRT mutation. Genta-
micin growth experiments used strain JS177, which contained a
ApilA::aacCl mutation that provided resistance to gentamicin.
H,0, growth experiments were performed in M9 media with glu-
cose. Gentamicin and carbenicillin growth experiments were per-
formed in LB media.

Biophysical simulations

Simulations of molecular advection and diffusion were performed as
previously described (17). Briefly, simulated channels were randomly
filled with molecules that were assigned diffusive behavior by combin-
ing laminar transport and Brownian dynamic simulations. Channel
parabolic flow speed profiles were modeled using the Hagen-Poiseuille
equation. Molecules were allowed to diffuse along the x axis and y axis
of the channel. H,O, was simulated with a diffusion coefficient of
1.5 x 10~ m*/s. Molecular removal was estimated to be 1 of every 100
molecules that reached the channel bottom (where cells are located).
Gentamicin simulations were performed using flow and removal pa-
rameters matching the H,O, simulations. The diffusion coefficient
used for gentamicin was 1.5 x 107" m%/s, which is 10-fold less than
H,0,, accounting for the molar mass of gentamicin being ~10-fold
greater than H,O,. Growth simulations were generated by combining
concentration simulations with the quantitative relationships between
concentration and growth established in Fig. 2.
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