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ABSTRACT: Bacteria traverse surfaces as part of colonizing solids, and [ Fiat surface [HNIRECH 1.8 um step

it is of interest to hinder this motion to potentially thwart infections in g
humans. Here, we demonstrate that topographical steps hinder the ability
of Pseudomonas aeruginosa PAO1 (P. aeruginosa) to traverse a solid—
liquid interface. Using time-lapse fluorescence microscopy and image
analysis, we analyzed the motion of P. aeruginosa that were challenged
with steps ranging in height from 0.4 to 9.0 um. Bacterial trajectories are
sensitive to the height of the step, the curvature of the step face, and the
direction of their motion relative to gravity. When the step height is >0.9 um, which is similar to the cell diameter, there is a
reduced probability of the cell crossing the step. For those bacteria that do cross a step, there is a time penalty for crossing steps
of height 2—3 um; this height is similar to the length of the bacterium. For higher steps, the bacteria reorient their cell body
while traversing the step riser. Our findings elucidate how topography influences the motion of bacteria and informs strategies
for hindering bacterial motion at surfaces.

KEYWORDS: Pseudomonas aeruginosa, twitching motility, surface topography, biofilms

B INTRODUCTION impacts the surface motility of a particular bacterium, P.
aeruginosa. P. aeruginosa is a rod-shaped bacterium, for which
surface twitching motility is important for biofilm forma-
tion.””*" Twitching motility is achieved by the extension and
retraction of several ym long polymeric appendages known as
type IV pili.**** The dynamics of type IV pili leads to a wealth of
motility behaviors* ™" that may assist P. aeruginosa with the
navigation of a surface, and the pili may even act as sensors for
biofilm formation.”” As we demonstrate, the motion of surface

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic
human pathogen known to form biofilms, which are
communities of bacteria encased in an extracellular matrix at
an interface."” Biofilms are particularly devastating in a hospital
setting as bacteria can colonize medical devices and cause
infections in patients that are difficult to treat.> Therefore,
researchers have been motivated to develop methods of

preventing bacterial biofilm growth on surfaces. Several methods ; e o
have been proposed in the literature such as the use of liquid- motile bacteria is impacted by surface topography; therefore, it is

infused surfaces,*> contact killing surfaces,®” dynamic sub- possible that the topography will also impact biofilm formation.
strates 510 and the use of microtopographical features 11-13 Meel et al. first investigated the effect of micrometer-scale
3 .

Our group has recently demonstrated that microparticle arrays grooves of 0.6 and 1 ym heights on the motility (.)f N eisseria
known as colloidal crystals with particle diameters on the ym gonorrhoeae .a.nd Myxococcus xar.lt.h;és, both of which exhibit
scale can hinder biofilm growth and that the effect of topography surfac'e motility via type IV P.’h' They fou.nd that both
is additive to the effect of an antimicrobial surface film or a organisms appeared to preferentially move within the grooves
solution antibiotic treatment. '+~ and that it was more difficult for them to i taller (1 ym)

While the effects of surface topography on bacterial biofilm grooves than shorter (0.6 ,um) grooves.”" We previously
formation have been studied, the mechanism(s) of action investigated the effect of periodic, close-packed, half-sphere
remains poorly understood and limits our ability to design better arrays on the surface H}Otﬂity of P. aeruginosa and found that
antibiofilm topographical surfaces. There are several stages in there was a threshold diameter between 1 and 2 ym where the

the biofilm formation process,'” and the behavior of bacteria in

each stage could be impacted by surface topography. Recent Received: May 22, 2019
work has examined how the probability of attachment is affected Accepted: October 28, 2019
by topography.'®'? Here, we focus on how the topography Published: October 28, 2019
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motion was hindered.”" This is similar to the dimensions of the
bacterium. We also found that the bacteria preferentially moved
in the grooves between particle caps and that bacteria were rarely
found on top of the spherical caps.”’ Importantly, the half-
sphere texture reduces the average displacement of the bacteria,
thereby demonstrating that topography can inhibit motility.
Other recent work has demonstrated that nanopillars also hinder
the motion of bacteria.”> The macroscopic migration of
Escherichia coli cells has also been examined on textured
surfaces.”

Here, we explore the effect of topographic steps on surface
motility under a negligible flow rate (surface shear stress ~4 X
107* Pa) so that we can isolate the effect of topography alone.
The low applied flow rate is to provide nutrients and remove
waste. Previous work has shown that much higher shear stresses
(100—10° times larger than in our work) cause bacteria to move
upstream.27 Low or zero flow rate is relevant to many
biomaterials, e.g., prostheses or catheters (e.g., central venous
catheters,” PICC lines,*® and PEG tubing36" 7) where there is
often zero flow for many hours. Both hydrodynamic and
gravitational forces are much smaller (107"*~107"° N) than the
forces that the pili can exert (typically 107'° N).**

In the current work, we study bacterial interactions with
widely spaced, vertical steps to understand in more detail how a
motile bacterium copes with a single topographic feature. We
envision that to cross over that step, a bacterium must be able to
attach a pilus over a step and pull its body in a direction that
contributes to the overall motion. We hypothesize that there is a
minimum step height required to measurably hinder the motion
of P. aeruginosa. To test this, we fabricated topographical steps
(see Figure 1A) of various heights between 0.4 and 9 ym, which
spans the dimensions of the bacteria (diameter ~1 ym, length
2—3 pum) and the pili (several um).>* The bacteria were viewed
through the topographic sample using an upright microscope
such that gravity points from the solid to the liquid. Thus, we
refer to the part of the step that is higher with respect to gravity
as the “high” side and the other plane as the “low” side (see
Figure 1). We recorded the motion of constitutively fluorescent
P. aeruginosa cells on the interface between the stepped
topography and the liquid environment at 37 °C using time-
lapse fluorescence microscopy (Figure 1B). With image analysis
and particle tracking methods, we analyzed the trajectories of
single P. aeruginosa cells in relation to the topographical step. We
also tested the hypothesis that bacteria will traverse a
topographical step with or against gravity (Figure 1C) with
the same probability. Neglecting the weak force of gravity, these
paths are the same, except in the opposite order. Furthermore,
we analyzed the modes of motion of single P. aeruginosa while
crossing a step.

B MATERIALS AND METHODS

Bacterial Growth. A constitutively fluorescent strain of Pseudomo-
nas aeruginosa PAOI that produces the fluorescence protein tdTomato
was used for all studies (a gift from Prof. Joe Harrison, Univ. of
Calgary). All growth mediums were supplemented with 30 pg/mL
gentamycin. Tryptic soy agar plates were streaked with frozen stock and
incubated at 37 °C overnight. A 250 mL baffled flask with a foam
stopper and 50 mL of tryptic soy broth (TSB) were inoculated with a
single colony from the agar plate. This culture was grown overnight at
300 rpm and 37 °C. A subculture was started by inoculating 50 mL of
TSB with S0 uL of the overnight culture and incubating in a baffled flask
at 300 rpm and 37 °C for 4 h to reach the early exponential growth
phase, as monitored by optical density measurements. The suspension
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Figure 1. (A) Scanning electron microscope (SEM) images of a
fabricated topographical step: taken from a direction perpendicular to
the plane (plan view), parallel to the plane (cross-sectional view), and at
an intermediate angle (angled view). (B) Schematic of the experimental
setup. Note that the sample is at the top of the fluid cell so that the
gravity points away from the sample, in the direction of positive Z. (C)
Schematic to describe the terms used to refer to the motion of a
bacterium crossing a step. We refer to the part of the solid that is parallel
to the gravity as the riser. The dashed arrow in the left sketch shows two
hypothetical turns: an “inside turn” followed by an “outside turn;” the
order is reversed for the motion in the right sketch. (D) maximum
intensity image showing the positions visited by the bacteria over 100
min on a flat surface and when a single 1.8 ym step runs from the top to
bottom of the image in the middle. The fluid flow direction is from the
left to right.

was diluted to ODg, 0.01 and then immediately used for flow chamber
experiments.

Fabrication of Topographical Step Features. Silicon wafer
masters of topographical steps were fabricated using a standard deep-
reactive ion etching process (DRIE) at the UNC CHANL micro-
fabrication laboratory. Patterns were developed using photolithography
on a Si wafer ((100) N-type 100 mm diameter wafer purchased from
University Wafer). The wafer was initially coated with a primer using
spin-coating (MicroChem MCC Primer 80/20) at 3000 rpm for 30 s to
improve adhesion between the photoresist and the wafer during the
etching process. A positive photoresist (MicroChem S1813) was then
spin-coated onto the surface at 3000 rpm for 30 s and subsequently
baked for 1 min at 95 °C. The wafer was then selectively exposed via the
photomask to UV radiation using a dose of ~10 mW/cm? for 8 s and
then developed in MF1319 for 60 s to expose the pattern for the steps
on Si. Etching of the patterned Si wafer was performed using DRIE at 20
°C with alternating pulses of SFy at 200 cm®/min for 3 s (etching) and
C,F; at 100 cm®/min for 1.5 s (passivation) for a total etch rate of 1
pum/min. Finally, the remaining photoresist was stripped from the Si
wafer using O, plasma in the DRIE to expose the etched steps in silicon.

The test samples for the bacteria experiments were Norland Optical
Adhesive replicates of the silicon masters. To fabricate these replicates,
we made a silicone mold that was a negative of the silicon pattern. The
silicon wafers with the step topography were first oxygen-plasma-
treated (Harrick Plasma) and then coated with nonafluorohexyltricho-
lorosilane (Gelest) via vapor deposition to act as an antiadhesion layer.
Polydimethylsiloxane (PDMS) negative molds were fabricated by
pouring mixed and degassed Sylgard 184 (Dow Corning, 10:1 base to
curing agent) onto the wafers and curing the PDMS at 60 °C overnight.
Positive replicates were then fabricated in Norland Optical Adhesive 81
(NOA, Norland Products) by spin-coating NOA onto cleaned cover
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glass slides at 3000 rpm for 10 s, pressing the PDMS mold, and then
UV-curing the NOA. The curing process took place in two stages, an
initial cure at 400 mW from 6 inches away for 120 s (Omnicure Series
1000, Excelitas Technologies) and a final cure in a UV/ozone cleaner
(Bioforce Nanosciences) for 10 min. We refer to the final step structure
as the “sample”. Figure 1A—C shows the scanning electron microscopy
(SEM) images of the positive NOA steps along with the coordinate
system we use in this work. The top-down view of the steps is the X—Y
plane (Figure 1A), and a cross-sectional view of the step (Figure 1B)
shows the X—Z plane. Note that the riser of the step is not perfectly
planar; it has a curvature in the Y direction but not the Z direction
(Figure 1C). Atomic force microscopy images showed that the flat
sample had an RMS roughness of ~2 nm over an area of 1 ym X 1 um,
much less than any of the step heights. We made two different sample
types: one with steps that were 200 ym apart and the other with steps S0
pum apart. Motility experiments were performed using both spacings
and, unless otherwise specified, the results of both experiments were
combined. Table 1 shows the measured step heights of both sample

Table 1. Measured Step Heights from Cross-Sectional SEM
Images”

nominal measured height measured height
height (um) (50 pm spacing) (um) (200 pm spacing) (um)
0.4 0.4 0.4
0.9 0.9 0.9
1.8 1.8 1.8
3 3.1 2.7
S S.1 5.0
9 9.1 9.4

“Images are shown in Figure S1. The measurement uncertainty in
step height is 0.2 pm.

types determined from cross-sectional SEM images. In the remainder of
the text, we refer to the step heights by their nominal values: 0.4, 0.9,
1.8, 3,5, and 9 pm. The flow chamber was finally created by gluing with
PDMS a topographic sample on its glass coverslip to a flow chamber
and curing the PDMS at 60 °C. Steps were always arranged such that
the edge ran perpendicular to the direction of flow.

Motility Experiments. Flow chamber experiments were performed
as previously described.*' The flow setup consisted of a medium bottle,
a peristaltic pump, a bubble trap, the flow chamber, and a waste bottle.
The channel is 4 mm wide, 1 mm deep, and S0 mm long. The flow setup
was autoclaved prior to use and then placed in a custom-built
microscope enclosure held at 37 °C. The medium used in flow
experiments was 100% (30 g/L) TSB and was pumped at ~4 mL/h.
The Reynolds number (Re) at this flow rate was calculated to be
~0.004. Prior to imaging, the flow was stopped and 150 uL of bacterial
suspension (see the section on bacterial growth) was injected into each
channel of the flow chamber to inoculate the surface. Bacteria were
allowed to attach to the surface for 10 min under no-flow conditions.
The flow of the medium was resumed to flush out nonattached bacteria
for 10 min; at the flow rate used, this exchanged the volume of the flow
chamber approximately 3 times. After flushing, the flow of the medium
continued to provide nutrients and remove waste, and the motion of
bacteria at the solid—liquid interface was recorded.

We imaged the surface motility of P. aeruginosa using a motorized
Zeiss Imager.M2 upright fluorescent microscope equipped with a 63 X
1.4 numerical aperture, oil immersion lens. Brightfield images were
collected to visualize the topographical step, and fluorescence images
(excitation: 545/25 nm, beam splitter: 570 nm, emission: 605/70 nm)
were collected to visualize the bacteria. Images were captured in
grayscale and colored green. Time-lapse movies were collected at a rate
of one image every 30 s for 2 h, starting ~20 min after the inoculum
period (10 min for attachment and then 10 min to flush), and ~200
bacteria were tracked in each experiment. Lamp intensities and
exposures were optimized to prevent phototoxicity; we previously
demonstrated that the surface motility of P. aeruginosa under these
imaging conditions is neither affected by fluorescence imaging nor does
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the motility of the fluorescent strain differ from the wild type.”" Since
bacteria could be located at different focal planes, low steps (0.4—3 ym)
were imaged twice, with one z-slice focused on the low plane and one on
the high plane. The high steps, 5 and 9 ym, were imaged with 3 and 4 z-
slices, respectively.

Image and Data Analyses. Tracking. All image and data analyses
were performed using MATLAB (MathWorks). For image analysis,
fluorescence images were used to identify and track bacteria and
brightfield images were used to detect the steps. Fluorescence images
were collapsed in the z direction to yield a 2-D image that showed
bacteria on both the high and low sides of the ste;). Bacteria were
tracked using standard particle tracking methods.”” The length of
bacteria was measured by binarizing fluorescent images and measuring
the long axis of an ellipse with the equivalent second moment using
built-in MATLAB functions.

Statistics. For the purposes of statistical analyses, we consider an
experimental replicate to be all of the results obtained from a fresh
culture of bacteria with a fresh solid sample on a new day. The
individual bacteria were not considered to be replicates. The standard
error, derived from the number of replicate movies, is indicated by error
bars or shaded regions in the figures. We repeated experiments with
each step height at least 3 times. Across all step heights and replicates,
we identified ~700 crossing events over ~10 000 frames (45 movies
total). Statistical testing was performed with t-tests or the analysis of
variance (ANOVA) followed by a multiple comparison test when
appropriate. In general, we considered differences with p-values less
than 0.0S to be significant.

B RESULTS

Effect of Flow on the Flat Surface Is Insignificant. All
results are for cells that were allowed to adsorb for approximately
20 min before imaging was commenced. At this point, most of
the cells are exhibiting surface motility and there are no clusters
of cells at the solid—liquid interface. We designed our
experiments such that the very slow fluid flow should not
influence the motion of bacteria. To verify this, we calculated the
mean displacement of bacteria in a given time interval on a flat
surface in the X and Y directions, (d,) and (d,). We find that (d,)
= —0.06 + 0.07 ym in § min and (d,) = —0.16 + 0.12 ym in §
min, showing that the presence of flow (in the +X direction)
does not bias the motion of bacteria. Furthermore, we find that
the mean absolute displacements in X and Y, (Id,|) and (Id,l), are
not statistically different from each other (¢-test, p-value = 0.67),
indicating that bacterial motion is isotropic.

Steps Reduce the Crossing Probability of Bacteria.
Fluorescence images of bacteria suggested that bacterial
trajectories on the solid—liquid interface are affected by the
presence of a step (see Figure 1D). The first metric that we used
to quantify the effect on trajectories was the probability of
crossing a step. To define a crossing, we needed a starting line on
one side of the step and a finish line on the other side, and we
defined a step zone between these lines. The inspection of
brightfield images of the step showed that the edge is not exactly
straight; thus, we fitted the edge with a line and defined a step
zone that extended 1.8 ym on each side of the step (see the inset
of Figure 2A). We defined the crossing probability as

number of bacteria that traversed entire width of step zone

number of bacteria that were ever in the step zone
(1)

Figure 2A shows that the measured crossing probability is
dramatically reduced from 0.68 + 0.03 on a flat surface to ~0.2
on steps taller than 0.9 ym (Figure 2A). For a flat surface, we
drew artificial steps and noted that the crossing probability is not
1 because bacterial motion is not ballistic. We analyzed the
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Figure 2. (A) Probability of P. aeruginosa crossing a step. Circles
represent individual experimental replicates. Black indicates experi-
ments performed with a single topographical step in a field of view; red
indicates experiments with multiple steps in a field of view. The average
for each step height is shown in square markers, and the error bars are
the standard error. We identified 736 crossing events across all
experiments. Statistical comparisons: 0 vs 0.4 um, p = 0.20, p < 0.001
for each pair-wise comparison between 0 and 0.9—9 ym and between
0.4 and 0.9—9 pum, p >> 0.1 for each pair-wise comparison between step
heights in the range 0.9 —9 um. Inset: schematic showing the step and
both successful and unsuccessful attempts to cross. The black line
represents the step in the image, the red line is the fitted line, and the
dotted red lines show the limits of the step zone. (B) Rectification of
motion of P. aeruginosa crossing a topographical step. We did not
include data from steps where the total number of crossings was less
than 10. Circular markers show data for a single experiment, square
markers show the average, and the error bars are the standard error. The
step heights are grouped into two groups: 0—0.4 and 0.9—9 ym heights.
The negative rectification for 0.9—9 ym heights shows a bias for motion
against the direction of gravity.

results by performing an ANOVA followed by a Tukey—Kramer
multiple comparison test and found that the crossing
probabilities for 0 and 0.4 um were both different from the
crossing probabilities for all steps taller than 0.9 ym (p < 0.001
for each pair-wise comparison between 0 and 0.9—9 ym and
between 0.4 and 0.9—9 ym). We hypothesized that there might
be an intermediate step height, of the order of the length of the
bacteria (~3 um), that was more difficult to cross; however, we
did not find a statistically significant difference in the crossing
probability for any pairs of heights in the range 0.9—9 ym.

We then tested whether the crossing probability was affected
by either (1) the direction of gravity or (2) the direction of flow
relative to the direction of motion. An ANOVA showed that the
direction of motion relative to gravity was significant (p =
0.017), but the flow direction was not (p = 0.59), nor was the
interaction between factors (p = 0.34) (see the Supporting
Information Section 1, Figure S2).

Having demonstrated that the flow was unimportant under
the conditions studied, we further examined the motion up and
down the steps with the concept of rectification, defined as

number of crossings with gravity — number of crossings against gravity

total number of crossings
2)

The average rectification for 0—0.4 ym steps was —0.08 +
0.0S indicating no preference for or against gravity, whereas for
step heights in the range of 0.9—9 um, the average rectification
was —0.27 + 0.07 (Figure 2B). Thus, we have resolved a
preference for travel against gravity (p = 0.003 for comparison
between 0.9—9 ym steps and no step).

Bacteria Are More Likely To Be Found Near a Step
Edge. We examined the positional distribution of bacteria on
the high and low sides of the step by measuring the
perpendicular distance between a bacterium and the step (see
the inset in Figure 3). Figure 3 plots a distribution of these
positions. Flat surfaces with fictional step edges were used as
zero step height controls, for which we found the time-average
probability to be spatially homogeneous (gray data in Figure 3).
The data were similar to the 0.4 ym step heights.

For all steps of greater height, there was an increased
probability of finding bacteria at or near the step edge (<S ym

0.4 um 0.9 um 1.8 UM [~ 0pm no step
0.2 U) —High
samuns® '{6 —-Low
>, 0.1 ©
§ SEE S e AT
O o
3
3 um
O o2
o
0.1
0
0 5 10 15 0 10 15 0 5 10 15

Distance to step, D/ ym

Figure 3. Probability distribution of the distance to a step. High means that the bacterium is on the high part of the step, and low means the bacterium is
on the low side of the step (see Figure 1C). For each step height, we compare to results for a flat surface, which is labeled in the legend as 0 #m no step.
The distance is measured from a line that is fitted to the image of the step. Bacteria are more likely to be found near steps when the step height is greater
than about 0.9 ym. Only data from samples with a 50 ym spacing between steps were used in this analysis. Data include a total of ~400 000
measurements. The average probability at a certain distance is drawn as a solid line, and the standard error is shown as a shaded region around the

average.
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away; see Figure 3). Previous work has shown that bacteria can
be aligned with topographic features.'>40*! Interestingly, here,
we have shown that the bacteria have a higher probability of
being on both sides of a step: where it is near a wall (concave to
liquid in the X—Z direction) or when on the low side, near a void
(convex to the liquid in the X—Z direction). Overall the high
side of the step does not have a consistently lower or higher
density than the low side of the step. To summarize, not only is
crossing a step reduced (Figure 2A) but also this leads to an
accumulation of bacteria near the step, rather than “reflecting”
them away from the step.

Motion toward a Topographical Step Is Reduced Near
the Step. We next investigated how bacteria move near the step
edge. We calculated the displacement vector of each bacterium
over a S min time interval, Ar, as a function of the perpendicular
distance to a step edge at the start of the measurement period.
We decomposed Ar into components that were parallel (Ar;)
and perpendicular (Ar)) to the step, as shown in the inset of
Figure 4. The average value of Al is independent of the step

0.4 pm 1.8 ym [+-Highl
£°
€ 4 L
= = R v, VA I S
g 2
=
= o
e

£ 3um
o 8 Ar,
A -
= emao==o
=, Ar
o 5 10 15 0 5 10 15

Distance to step, D/ pm

Figure 4. Average displacement of cells in 5 min as a function of the
initial distance from the step. The distance was measured to a line fitted
to the brightfield image of the step. The perpendicular component of
displacement (as shown in the schematic) is plotted, and each panel is
labeled by the step height. Data from samples with a 50 gm spacing
between steps were used. Lines are the average, and shaded regions
indicate the standard error. A total of ~200 000 displacements were
measured. Data for a S um step height are shown in Figure S4.

height and proximity of the bacterium to the step (Figure S3).
For perpendicular motion, we only considered displacements
toward a step edge. Figure 4 plots the average value, (IAr ), asa
function of the starting distance to the step, D, for different step
heights. For 0.9—9 um steps, (|Ar,|) gradually decreases by half
for those starting within 10 ym of step edge. Since type IV pili
are several ym in length, this could be the range in which type IV
pili are sensing the step. These data suggests that motion of
bacteria toward a topographical step is hindered if the step is of
sufficient height (> 0.4 ym).

Steps Are Not Simply Extra Distance for a Bacterium
To Travel. When a bacterium crosses a step, it must also travel
over an extra distance to traverse the height of the step. In the
simplest model, the extra distance could be modeled as an extra
section of flat terrain (see Figure SA), and turning the corners
(Figure 1C) would not require any extra time or otherwise affect
the trajectory. Because motion is not ballistic, the extra distance
would not simply add a proportional amount of time; in fact, we
have shown previously that the mean-squared displacement is
proportional to (At)", where t is the time.”’ We examined this
simple model by comparing the time for a bacterium to cross a
real step (Figure SA, left), ¢, to the time to cross a section of a flat
surface of the equivalent distance as a step (Figure SA, right), teg:
The data in Figure 5B suggest that for both 1.8 and 3 um steps
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Figure S. (A) Bacterium takes a time, t, to traverse the step zone. In the
model, a bacterium on a flat sample takes a time, t,,, to cross a step zone
that is widened by a length equal to the height of the step. (B) Time for
P. aeruginosa to traverse a topographical step as a function of the step
height. The arithmetic mean time to cross of individual replicates is
plotted as circular markers, and the grand average (average of the
averages) is plotted as square markers. The error bars indicate the
standard error. The time to cross a real step, t, is compared to the time
to cross a flat surface with a step zone widened by a length equal to the
height of the step, t.;. Note that markers for the grand average t and f
for the flat (0 pum) surface overlap each other. We identified 736
crossing events across all experiments. A two-factor ANOVA with a step
height (p 0.003) and experiment versus model (p 0.008)
demonstrated that, in general, steps are not just extra distance to travel.

there is an additional time, but for both higher and lower steps,
the additional time is difficult to resolve. Of course, for the
higher steps, many bacteria fail to cross at all (Figure 2A); the
data of Figure SB are only for those bacteria that succeed in
crossing a step.

To enable multiple comparison tests, we calculated the
difference between the experimental and model times, At =t
— to- We found that At was significantly different from zero
only for 1.8 and 3 ym steps (p = 0.04 for 0 vs 1.8 ym and p =
0.006 for 0 vs 3 um) and not for the higher steps. Since the p-
value for the comparison between 0 and 1.8 ym was close to the
value that we set for significance, we performed three additional
entirely independent experiments on only the 1.8 ym steps. The
p-value for new experiments yielded p = 0.15; so, we are not in a
position to make a conclusion that the 1.8 ym step, in particular,
requires additional time beyond the time to traverse the distance
of the riser. However, we do conclude that the bacteria took
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Figure 6. (A) Fluorescence image of several P. aeruginosa cells of different aspect ratios on a flat surface. The image shows the cross section in the X—Y
plane. The large aspect ratio is the crawling mode and the low aspect ratio is the walking mode. (B) Schematic of the bacterium (green) on a riser as
seen in the X—Y plane and from the side (X—Z plane). (C) Fluorescence image (green) of P. aeruginosa on a9 ym topographical step (gray) shown for
the X—Y, X—Z, and Y—Z planes. The same bacterium is circled on the three images. This bacterium appears circular in the X—Y image but is more
elongated in the X—Z, and Y—Z planes. The dashed white line shows the position of the step; the white dashed arrow shows the direction of the
bacterial motion; the blue arrow shows the direction of the flow. The Z scale has been rescaled in the X—Z and Y—Z images. (D) Time course of the
measured X—Y length of the bacterium shown in (C). The dashed line in (D) indicates the time of the image shown iin C. The dashed line in D
indicates the time of the image shown in C. Prior to being on the riser, the bacterium is crawling. The bacterium then reorients to crawl on the riser and
then reorients again as it travels on the plane on the far side of the step. (E) Probability distribution of the X—Y lengths of bacteria in the step zone on
tall topographical steps (step height 3—9 ym) compared to the distribution on a flat topography. On the flat, the distribution is bimodal, representing a
majority of crawlers (large X—Y length) and a minority of walkers (short X—Y). On the step, there is a large peak for small X—Y lengths, which we
interpret as a majority of crawlers. (F) Probability distribution of the measured X—Y lengths of P. aeruginosa while crossing small topographical steps
(0.4—1.8 um). For (E) and (F), the average is plotted as solid lines, and shaded regions indicate the standard error.

extra time, about 2.5X aslong, to cross the 3 ym step. We explore resolve a difference from the probability distribution on the flat.
the implications of this finding further in the Discussion section. It is also difficult to define a walker and crawler because the
On higher steps (S and 9 ym), the main effect of the step appears bacterial length is similar to the height of the step.
to be the extra distance required for travel; the extra time to turn Local X-Y Step Curvature Influences Bacterial
the corners was small. Passage over the Step. In the analysis so far, we have
Bacteria Crossing Tall Steps Predominately Do So in ignored the fact that the risers in our samples have curvature in
the Crawling Mode. We investigated the mode in which the X—Y plane with the radius of the same order as the bacteria
bacteria crawled up a step. It is well known that on a flat surface, (~1 pum). We hypothesize here that the bacteria that do cross are
P. aeruginosa can adopt different modes of surface motility. The more likely to do so when the step topography is concave toward

bacteria can “crawl”, where the long axis of the body is parallel to
a surface, or “walk”, where the long axis is perpendicular or
angled to the surface.*” We cannot directly measure the tilt
angle, but the projection onto the X—Y plane can be used as a
proxy for it: in an X—Y image, crawlers on the high or low plane
appear as rods and walkers appear as circles (Figure 6A). We also
infer the motility mode on the riser by measuring the X—Y
length, but on the riser, a short X—Y length indicates a crawler
(Figure 6B). Figure 6C shows the data for a bacterium on the
riser: the bacterium has a small X—Y length and therefore is
crawling down the riser. Figure 6D shows a time course of the
same bacterium. The time course shows two changes in the X—Y
length, demonstrating that the bacterium started as a crawler on
the flat, then rotated once so that it could maintain the crawling
model on the riser, and then rotated again on the flat after it
passed the step. That was data for only one bacterium, but Figure
6E compares the measured probability distribution of the
projected bacterial length on a flat surface to the probability of

them (assigned negative; see Figure 7A). Regions of a negative
curvature would give a greater cone angle where the pili could
strike the riser (see Figure 7A). This hypothesis was inspired by
the author’s experience that we find it is easier to climb rock faces
that have a negative curvature on our human scale than to climb
rock faces with a positive curvature.

To test this hypothesis, we first characterized the local
curvature by fitting a curved line in the X—Y plane to the image
of the step edge and then characterized the local radius of
curvature at each point on this curve (see Figure 7B and the
Supporting Information Section 2 and Figure S5 for further
details). The distribution plotted in Figure 7C shows that the
positive and negative curvatures are equally likely in each
curvature range, and there are many radii in the range of 0—2
um. We compared this distribution to the distribution of local
curvature at the bacterial crossing points. For each bacterium in
each frame, we fitted an ellipse to the image of the bacterium and

tall steps (3—9 pm) while crossing. On the flat, there is a bimodal measured the overlap of the ellipse and the curved step edge line.
distribution with most of the probability in the long X—Y Any point of overlap was considered to be an interaction (Figure
(crawling) mode, as described previously.*” On the tall steps, 7C inset), and the curvature at the interaction point was
there is a much greater probability for short X—Y lengths, which included in the distribution of interactions. Figure 7C compares
corresponds to the crawling mode on the vertical step risers. the distribution of step curvature with the distribution of
There is a broad tail in the distribution for long lengths, i.e., the interaction curvatures. Comparing the distribution of step
walking mode on the steps. Thus, the bacteria primarily crawl up curvature to the distribution of interaction curvature, there is an
the tall steps. On the short steps (0.4—1.8 um), it is difficult to excess of interactions on the small negative curvature. This
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Figure 7. (A) Schematic showing the curvature of the step. A possible
zone of pilus attachment points has a greater overlap on the concave
(negative curvature) region of the step. (B) Sample results of the
measurement of the radius of curvature. The color indicates the radius
of curvature. (C) Probability distributions of the curvature. Step
curvature is the distribution of the curvature on the steps. Interaction
curvature is the distribution of curvatures where the bacteria interacted
with the steps (see the inset). Crossing bacteria were more likely to
interact with the concave regions of the step. Error bars indicated the
standard error, and signs above the columns indicated a positive or
negative curvature.

suggests that the bacteria are more likely to cross a step at the
locally concave curvature sites.

B DISCUSSION

Increasing the Impediment to Motility. We investigated
how the opportunistic human pathogen P. aeruginosa navigates
topographical steps of heights 0.4—9 ym. Our data demonstrate
that steps of 0.9 yum or taller significantly hinder the ability of the
bacteria to traverse a solid—liquid interface. Since surface
topography has been shown to be important for bacterial biofilm
formation, our results could have implications for the design of
topographical surfaces for biofilm prevention or help elucidate
the mechanisms of topography in slowing down the biofilm
growth. First, the demonstrated reduction in movement by the
steps may hinder the bacteria from finding each other and
therefore hinder the biofilm growth. Second, the reduction in
movement may slow the spread of the bacteria from one point to
another. For example, it might potentially slow the progression
of the bacteria up catheters and into patients.

To increase the impediment to the bacteria, we fabricated
samples with a greater density of steps and steps running in both
X and Y directions: a S0 X SO um’ raised square patterns
(checkerboard) of a 2 ym height. Figure 8A shows a maximum
intensity image from a 2 h time-lapse movie of P. aeruginosa on
this checkboard. The image indicates that trails of P. aeruginosa
interact with the walls of the checkerboard pattern. We tracked
the bacteria, quantified the average speed on a 2 um
checkerboard pattern, and compared that to the average speed
of the bacteria on a flat surface. We found that on the 2 ym
checkerboard pattern, the average displacement in S min was 4.7
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Figure 8. (A) Maximum intensity image of a P. aeruginosa time-lapse
motility experiment on 2 ym tall checkerboard patterns over the course
of 2 h. The fluorescence image of the bacteria (green) is overlaid with a
brightfield image of the checkerboard (gray). The steps are spaced by
50 pym on the checkerboard. The blue arrow indicates the direction of
the nutrient flow. Some P. aeruginosa trajectories are hindered by the
walls, and others run alongside the walls. (B) Probability distribution of
the displacement of bacteria in S min on a flat (solid blue) and a 2 ym
tall checkerboard pattern (dashed black). The average is plotted as a
solid line, and the shaded regions indicate the standard error.

+ 0.1 versus 6.1 & 0.6 ym on a flat surface. Figure 8B shows a
probability distribution of displacement in 5 min of bacteria on a
flat surface and a 2 um tall checkerboard pattern. Compared to a
flat surface, the bacteria on a 2 ym tall checkerboard pattern have
more short displacement events and fewer long displacement
events. It is reasonable that if the steps were to be even closer
together, then there would be an even lower probability of long
paths.

Mechanism for Motility Inhibition on Steps. There are
to date only a few studies of bacterial motility on micrometer-
scale topography; so, we are not yet in a position to prove how
topography affects motility, but our results provide some insight.
Both the work of Meel et al. (Neisseria gonorrhoeae and
Myxococcus xanthus) on grooves”’ and our work (P. aeruginosa)
find a threshold where topographical barriers of ~1 ym in height
are more difficult to cross. Thus, the critical length scale is similar
to the dimensions of the bacterium and the length of pili. Recent
work has also shown that nanopillar arrays influence surface
motility (P. aeruginosa), and the authors hypothesize that the
available area for attachment for type IV pili may be important,**
which is similar to the concepts discussed in ref 31.
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Meel et al. state “that grooves provide a larger adhesive area
for the bacteria than the ridges, explaining why bacteria remain
preferentially within the groove...”.’" In prior work, we showed
that the motion of P. aeruginosa in our systems was lost for
mutants lacking pili.”' Here, we again hypothesize that an
important factor is the availability of attachment sites for the pili.
This may include the area available for pili attachment and a path
for the pili to reach an attachment site.”" If the topography in a
particular direction is not favorable for pili attachment, then that
direction of motion may be disfavored. Since our microscopy
cannot resolve the type IV pili interactions, we cannot provide
direct evidence of how the pili attach on various topographies;
we can only discuss the consistency with the observed motion of
the bacterial body. We envision that there may be a
conformational space in which type IV pili may explore while
trying to attach to a surface. We hypothesize that a bacterium’s
ability to navigate topography is related to the intersection of
this conformational space with the surface (Figure 9).

Low High Low High X ‘_1
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Figure 9. Schematic of the possible available attachment points as P.
aeruginosa navigates a step. We envision that there is a region of possible
conformations that type IV pili may have as they extend (dashed green
cone). We hypothesize that the attachment to a surface is less likely
when there is minimum intersection of the pilus conformational space
with a solid surface, such as for an outside turn (left image). When the
bacterium approaches an inside turn (right), the pilus may need less
time to find a suitable attachment point on the step, but that attachment
may not lead to a crossing.

We propose that when a bacterium crosses a simple step, it
must navigate three features: an outside turn, the riser, and an
inside turn (see Figure 9). These are the same three features
whether the bacterium is going up or down the step. In the limit
of a long riser, we assume that the interaction with these three
components is independent. Given that the probability of
crossing is diminished by the presence of the step (Figure 2), we
expect that at least one of these features inhibits the bacterium.
When a bacterium approaches an outside turn, it increasingly
faces a void ahead, and thus diminishing areas for pilus
attachment (see Figure 9, left diagram), which we propose,
will inhibit the ability to move forward. A bacterium approaching
an inside turn may have a greater area of attachment points for
pili due to the presence of the riser (see Figure 9, right diagram)
but these attachment points pull the bacterium to the riser, not
necessarily over the step. So, both the inside and outside turns
could inhibit the crossing. Considering now only those bacteria
that do cross, we found that for the long risers (S and 9 ym), the
extra time to cross the step was explained simply by the extra
distance to traverse the riser (Figure 5). Somehow, the particular
bacteria that do cross do not spend significant extra time to find
the appropriate attachment points for their pili for the inside and
outside turns. In contrast, for the 3 ym riser, those bacteria that
do cross are delayed by the need to turn: they take 2—3X longer
than for the equivalent distance on the flat surface. The 3 ym
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riser is similar in length to the bacterium; so, the three
components of the turn cannot be negotiated independently.
The combination slows down the bacterium.

Furthermore, we observed some rectification: the bacteria are
more likely to cross a high step in the direction against gravity.
Rectification requires both asymmetry in the Z direction and
some active motion. The active motion is clearly driven by type
IV pili. There are several possible sources of asymmetry in our
system: the fluid flow, the topography, and the direction relative
to gravity. We have shown that the effect of the direction of fluid
flow is negligible in our system (see Results and Supporting
Information Section 1). The steps were originally etched from
top to bottom in silicon; so, in principle, the steps could be
asymmetric in this direction, but we could not detect asymmetry
in the SEM images. It is also possible that the order of taking the
inside and outside turns is the cause of rectification. In our
particular setup, the movement across a step in the direction
against gravity requires an outside turn followed by an inside
turn while the order of turns is reversed for the movement with
gravity. So, the rectification may not be due to gravity itself, but
due to the different order of crossing the step components.
Finally, we explore the possibility that the asymmetry arises from
gravity itself. We observed that AfliC mutants, which lack
flagella and therefore are unable to actively swim against gravity,
do settle. So, although the force of gravity is insignificant
compared to the force of the pilus, the gravitational energy is
significant compared to thermal energy (kT). This gravitational
force could bias the body to be below the pili on the riser.
Because pili-mediated motion is in the direction from the body
toward the pili, a body position below the pili would mean a
tendency for the bacterium to move in the direction opposing
gravity, which is the observed direction of rectification.

B CONCLUSIONS

The ability of P. aeruginosa to navigate a surface is affected by
steps of height greater than 0.4—0.9 ym. Specifically, we find (a)
a reduced magnitude of speed perpendicular to the step when
the bacteria are very near the step, (b) the probability of crossing
the step is drastically reduced compared to crossing a point on a
flat surface, and (c) that bacteria are more frequently found near
steps, on both the high and low sides. For bacteria that do cross a
step, we find a mild rectification of motion against the direction
of gravity. Furthermore, there is a time penalty to cross step
heights that are similar to the length of the bacterium; however,
we do not resolve a time penalty to cross tall steps (5 and 9 um)
in excess of the additional time expected to cross the riser of the
step. Images show that P. aeruginosa predominantly crawl on the
step riser, which means that some bacteria rotate on
encountering a step such that the orientation relative to the
local topographic plane is similar on the step riser and a flat
plane. The bacteria more commonly cross a step where the step
is concave relative to the fluid in the X—Y plane. Overall, these
findings show that steps with heights similar to the dimensions
of the bacteria affect motility. The observed retardation of
motion across a plane may be useful for inhibiting colonization
and biofilm formation.
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