Surface Chemistry Guides the Orientations of Adhering E. coli Cells Captured from Flow
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Abstract

Motivated by observations of cell orientation at biofilm-substrate interfaces and reports that cell
orientation and adhesion play important roles in biofilm evolution and function, we investigated
the influence of surface chemistry on the orientation of Escherichia coli (E. coli) cells captured
from flow onto surfaces that were cationic, hydrophobic, or anionic. We characterized the initial
orientations of non-motile cells captured from gentle shear relative to the surface- and the flow-
directions. The broad distribution of captured cell orientations observed on cationic surfaces
suggests that rapid electrostatic attractions of cells to oppositely charged surfaces preserves the
instantaneous orientations of cells as they rotate in the near-surface shearing flow. By contrast,
on hydrophobic and anionic surfaces, cells were oriented slightly more in the plane of the surface
and in the flow direction compared with on the cationic surface. This suggests slower
development of adhesion at hydrophobic and anionic surfaces, allowing cells to tip towards the
surface as they adhere. Once cells were captured, flow was increased 20-fold. Cells did not re-
orient substantially on the cationic surface, suggesting strong cell-surface bonding. By contrast
on hydrophobic and anionic surfaces, increased shear forced cells to tip toward the surface and
align in the flow direction, a process that was reversible upon reducing the shear. These findings
suggest mechanisms by which surface chemistry may play a role in the evolving structure and
function of microbial communities.
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Introduction

The growth of a biofilm begins with the adhesion of individual bacterial cells to a device or
tissue surface. Each adherent cell can then divide on a timescale of hours, its progeny forming a
living community. It is now appreciated that, rather than a random mass of cells, biofilms
possess shape and organization that develop in ways that reflect the local environment.'™ This
organization is evident early in biofilm growth, for instance in microcolonies containing as few
as 100 cells, in a first layer on a surface.” ® Microcolony organization and shape play key roles in
further biofilm function,”® potentially related to the spread of infection,” antibiotic resistance,’
and the infiltration of confined spaces by biofilms.'® Surface interactions and their coupling to

external factors guide biofilm growth, and are therefore of prime importance.

The impact of surface chemistry on infection and biofilms has been studied predominantly from
a biomaterial perspective with the aim of developing resistant coatings. Surfaces that allow

bacterial adhesion are found to support infection and therefore surface chemistries that avoid cell
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capture or retention are sought. There has been limited effort to quantitatively distinguish

13-15

characteristics of biofilms on surfaces of different bacteria-adhesive chemistries, and we are

far from a general understanding. Studies have determined that adhesive interactions can

16-18 19-22

originate with pili and flagella, and these appendages further influence the motions of
adhered bacteria such as twitching and rotating.*”*> Adhesive interactions involving the cell
body with a surface are thought, at least in some cases, to be stronger than the adhesion via
appendages.”” Indeed, capsular bacteria present a “polar” spatial distribution of adhesion
molecules over their surfaces such that the ends of Escherichia coli or Pseudomonas aeruginosa

. . 27
are more adhesive than the sides.?*?



In some biofilms, for instance those involving rod-shaped cells, the cells growing in contact with
the surface exhibit substantial order, orientation, and transitions in orientation that further

28,29

predispose key aspects of biofilm character. The ability of cells to reconfigure on a surface is

thought to result, at least for some substrates, from stresses developed within and between

growing cells relative to the strength of surface adhesion.” !

These studies of colony
morphogenesis typically employ cells initially lying flat on a surface, for instance sandwiched at
an agar / glass interface.
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In natural environments cells are often captured on surfaces from flow or settling under

34,35
gravity.””

The capture process, combined with surface chemistry, may introduce a variety of
initial cell configurations on a surface. For instance, the vorticity of shear flow causes cells to
rotate as they travel along the surface,’® potentially creating a variety of cell orientations at the
moment of first surface encounter. The forces of rotation, the strength of the initial adhesion at
the sub-second timescale of first contact, and the ability of the initially formed bonds to adjust in
the moments of capture are all factors that potentially influence the initial cell orientation. Cells

captured in the resulting variety of initial configurations may ultimately evolve differently into

biofilms compared with cell populations where all the cells are initially flat to a surface.

In this work we probe the impact of surface chemistry on the orientation of cells captured from
flow for a flagella-free E. coli strain, focusing on model surfaces with cationic, hydrophobic, and
anionic functionality, and further addressing the stability of the adhered cells to increased shear.

We note that wild-type strains can be irregular in their flagella expression, sometimes/often not



expressing flagellae.”” Therefore studies such as the current work that focus on cell-body surface
interactions are broadly relevant. To distinguish the impact of flow and chemistry from a
settling-type behavior where cells accumulate on a surface driven by gravitational forces (the
focus of a separate study), we employ a slit-shear cell whose walls are oriented perpendicular to
the floor in the current work. Results are interpreted in the context of distributions of orientation
relative to the surface plane and to the flow direct and benchmarked against rod-shaped particles

of similar size as the E. coli bacterium.



Materials and Methods

Bacterial Cultivation and Characterization. E. coli strain JW1881 was purchased from the Coli

Genetic Stock Center (New Haven, CT). This strain is a genetic knockout of the f74D gene,
which encodes a transcriptional regulator of flagellar gene expression. The lack of flagella was
confirmed via electron microscopy and the lack of motility was confirmed in motility plate
assays.”’ E. coli were grown overnight at 37°C in lysogeny broth (LB). After 16 h

growth, bacteria were back-diluted 1:50 in LB, incubated at 37°C for 2 h, and harvested in log
phase. To remove residual proteins and other macromolecular constituents, cells were washed
three times with phosphate-buffered saline (PBS, 0.008M Na,HPO,, 0.002M KH,PO,, and 0.15
M NacCl) before resuspending in PBS. For all bacteria flow experiments, the re-suspended cells
(10® cells/ml) were used within 1 h of preparation. Viability screening with propidium iodide
(Sigma-Aldrich, excitation/emission at 535 nm/ 617 nm) before and after flow experiments
confirmed that the bacteria maintained viability throughout all experimental procedures. Drops
of the E. coli suspension were imaged at 100x in phase contrast and analyzed via Oufti®® using
the cell detection analysis tool to determine the length and width of each cell. From 350 to 400
cells analyzed for each of three suspensions grown on separate days, statistics were generated for

the average length and widths of cells and the standard deviations on those quantities.

Engineered Surfaces. Engineered surfaces were made using microscope slides (Fisher finest)
that had been soaked overnight in concentrated sulfuric acid and then rinsed thoroughly with
deionized water and dried under nitrogen. These slides were then used directly and immediately

as the anionic surface. Hydrophobic surfaces produced by applying a coating of C16:



hexadecyltrichlorosilane, 95% from Gelest. The dry acid etched slides were balanced on a petri
dish containing the chlorosilane inside a dessicator that was then held under vacuum for 30
minutes. The slides were used the same day. The advancing contact angle was consistently
between 104° and 106°. Cationic surfaces were produced in situ in the flow chamber, prior to
bacteria studies. After sealing an acid etched slide in the chamber, it was filled with flowing
PBS. A 100 ppm solution of poly-L-lysine hydrobromide (PLL, from Sigma Aldrich, 15,000-
30,000 g/mol nominal molecular weight) was flowed through the chamber at a wall shear rate of
5™ for 10 minutes, more than sufficient to saturate the surface, and then flowing buffer was
returned to the chamber. We previously demonstrated that this procedure produces an adsorbed
layer of PLL of about 0.4 mg/m”, which is flat (within a few nm of the surface),”” and is not
removed, in the time frame of a few hours, upon exposure to buffer of a variety of ionic
strengths;***! flowing micro or nanoparticles;** a variety of negatively charged proteins,

: 43 - 44
mammalian cells,™ or bacteria such as Staphylococcus aureus.

Bacteria Capture Studies. In studies of bacteria capture, test surfaces comprised one wall of a

laminar slit flow chamber. After the chamber was sealed PBS was introduced. The acid etched
and hydrophobic surfaces were employed directly while the cationic surfaces were made in situ
through deposition of PLL and re-introduction of PBS described above. The chamber was then
fitted into a custom-built lateral optical microscope with a 20x Nikon objective and the test
surface oriented perpendicular to an optical bench so that gravity did not act normal to the
surface, illustrated in Figure 1. After flowing PBS, video recording was initiated and E. coli in
PBS were flowed through the chamber at a concentration of 10° cells/ml. In most studies the

wall shear rate was 5s™' though some studies at 25 s were conducted, as mentioned. After 30



minutes of flowing E. coli suspension, flowing PBS at 5 s was reintroduced to flush away free
cells. The dynamic portion of the run was recorded at 20x to quantify cell accumulation in a
large field. The chamber was moved slightly to 3 positions near the center of the channel and
images were captured using a 40x Nikon objective for later analysis of cell orientation. The flow
rate was then increased to 110 s and the same 3 regions were imaged. Then the flow rate was

set back to 5 5™ and the same regions of the surface imaged again at 40x.

Figure 1. Schematic of the functionalized wall orientation of flow chamber, viewed from within the
solution, at perspective, looking towards the surface and showing velocity gradient in perspective. The
variety of cell orientations is meant to reflect a moment in time, with many of the cells freely moving.

From the viewing angle and perspective in solution towards the surface, it is not possible to indicate
which cells are in flow and which are in contact with the surface.

Images were analyzed by first background-subtracting a control frame prior to bacteria
introduction, to remove image features from aberrations on the camera’s detector array. Then
each cell was located in the frame of interest employ a self-written Python code implementing
the OpenCV library.* The vertical orientation of each cell was classified by human eye based
on its shape (round-like: standing; rod-like: tipped; other: leaning). When a cell was identified as
tipped, its shape was fit to an ellipse to determine its major axis. The cell angle was found by

calculating the angle between the major axis and the horizontal (flow) direction.



Data were measured on 3 of each type of surface, employing bacteria prepared separately on
different days. The resulting data sets facilitated analysis for more than 700 cells on each surface
type. Unpaired T tests (with equal variances) were conducted in Excel on the average
orientations of the cells on the different surfaces, to determine the significance of the reported

orientations.



Results and Discussion

Cell Characterization

E. coli suspensions were imaged by phase contrast at 100x to determine bacterial cell length and
width. Using three separate suspensions grown on different days and 350-400 cells from each,
the average cell length was determined to be 3.0 + 0.3 um and the average cell width was 0.96 +

0.05 um. These dimensions fall within the expected range for log phase growth.**

Cell suspensions contained fewer than 2% dead cells, as determined by propidium iodide
staining. In the studies below, cells captured on all the surfaces were also alive, with less than

2% dead cells in the captured populations.

Initial Cell Capture

In studies of cell orientation, cells were captured from shear flow onto test surfaces at a wall
shear rate of 5 s™'. Cationic surfaces were comprised of a saturated layer of physisorbed poly-L-
lysine (PLL) that was bound irreversibly on the time scales and under the conditions of this
study. C16-monolayers comprised the hydrophobic surfaces; the anionic surfaces were the silica
surfaces of acid-etched microscope slides. The vertical orientations of the test surfaces in the

flow chamber avoided the influence of gravity to drive cells towards or away from the surfaces.

In Figure 2, following buffer flow, cell capture proceeded shortly after the flowing cell
suspension was introduced. On all three surface types, the numbers of captured cells increased
linearly with time but the rate of cell accumulation depended on surface chemistry. Cell capture

was highly reproducible as 3 separate runs, using bacteria prepared separately on different days,



and superimposed for each surface chemistry. Also on all three surfaces, captured cells were seen
to be immobilized and did not release from the surface when flowing buffer was later introduced.
The most rapid accumulation was seen on the cationic surface and the least rapid accumulation
on the anionic surface. Cell capture was terminated by reintroduction of flowing buffer at 5 s™
after 30 minutes of bacteria flow. The fixed 10-minute cell flow times for all runs ensured that

the ages of the cell-surface contacts were held constant over the course of this study.
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Figure 2. Cell accumulation from flowing suspensions containing ~10® cells/ml onto surfaces of
different chemistries. The field of view is 276 pm x 180 pm. The wall shear rate is 5 s™.

The slopes of the cell capture plots in Figure 2 represent cell accumulation rates. The observed
accumulation rates on the cationic surfaces are in good agreement with calculations for the
transport-limited capture of rod-shaped particles and with the observed capture of silica rod
microparticles having a size and aspect ratio close to that of the E. coli cells.*”” This is the
maximum observable capture rate, suggesting that processes involved in capturing and the initial

holding of cells occur more quickly than cell arrival to the interface by diffusion/convection.
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While the cell capture on cationic surface in Figure 2 was conducted at a wall shear rate of 557,
separate runs confirmed transport-limited capture at higher wall shear rates, up to at least 25 s,
By contrast, it was found that at 25 s™' there was negligible capture of E. coli on hydrophobic

surfaces. Thus, a more gentle shear of 5 5™ was employed here for all surfaces, in Figure 2.

A key point illustrated in Figure 2 is that, different from the rapid transport-limited capture on
the cationic surfaces, E. coli cells are captured considerably more slowly on anionic and
hydrophobic surfaces. This indicates that interfacial processes critical to cell capture on
hydrophobic and anionic surfaces occur more slowly than the transport of cells to the surfaces.
This might be expected since E. coli cells are negatively charged and experience nanometer scale
attractions (”'= 1 nm in PBS) towards the cationic surfaces. In the absence of a steric or other
barrier that is longer range, the electrostatic attractions may dominate as a cell first approaches a
cationic surface and could be sufficient for capture. By contrast the electrostatic repulsions
between the cells and the anionic surfaces may present a nanometer scale repulsive barrier that
must be overcome by other attractive interactions (for instance hydrogen bonding) in order for
negatively charged E. coli cells to be captured. The reasons for the relative slowness of capture at

hydrophobic surfaces is less clear but the slower capture rate in Figure 2 is notable.

While cells are not captured at all on hydrophobic surfaces at wall shear rates as high as 25 s™,
once cells have adhered to the hydrophobic surface for a few minutes at 5 s™', they are retained
even when the wall shear rate is increased to 110 s in the shear challenge studies below. The
inability to capture cells on hydrophobic surfaces at a modest shear rate of 25 s combined with

the inability to remove cells from the same surfaces at higher shears emphasizes that the
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observed accumulation rate is not a direct measure of adhesive strength. The ability to capture
cells at given conditions reflects the kinetics of the particular capture process, while separate
mechanisms leading to cell detachment depend, at least in part, on the tightness of binding which

may be influenced by factors other than those critical for initial capture.

Initial Orientation

Upon introduction of flowing buffer at 5 s after cell capture, three images of retained cells were
immediately acquired, at nearby positions on each slide. Only three images were obtained
because this enabled us to recognize the positions of the various cells and return quickly to these
surface regions at later times, to determine the fates of each cell. Taking more images would take
more time, potentially allowing undesired relaxation of orientations between the first and last

images on a slide. At least three specimens of each surface type were studied in this fashion.

Figure 3 illustrates how cells were classified as “standing” “leaning” or “tipped”. Cells were
classified as “standing” when, from the perspective of the microscope, the cell appeared mostly
as a dot. These cells were perpendicular to the surface within a precision of about 15 degrees.
“Leaning” means that the rod shape of the cell was barely evident in the micrograph but the
aspect ratio or length was smaller than that of other cells or the 3 pm length in characterization
studies. We estimate that the leaning category includes cells that were adhered by their ends,
having angles in the approximate range 15-70 degrees from the normal to the surface. The final
category, “tipped,” describes cells that appeared mostly in plane, with the largest aspect ratios.
We are careful to choose the term “tipped” rather than “side-on” or other language implying that

the side of the cell was in contact with the surface, since contact was not measured. It is

12



conceivable that cells could be substantially tipped and still only adhered at one end. Even so, in
the tipped configuration, captured cells possess a greater excluded surface area (blocking other

cells from accessing the surface) compared with cells in the leaning or standing configuration.
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Figure 3. (A) Diagram and (B) examples of cells that are standing (red circles), leaning (yellow
circles), and tipped (green circles). The marks that on the image that are not circled are on the
detector and not bacterial cells.

Figure 4, summarizing the orientation of cells captured on the three surface types reveals a
statistically significant impact (p < 0.01, T-test) of surface chemistry on whether cells captured at
55" were standing, leaning, or tipped. On the cationic surface, cells were captured in

proportions that might be expected: The fraction of cells “standing” is relatively small because
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modest deviations of cell orientations from perpendicular can be readily discerned, and those
cells would be classified as leaning. Within a random distribution of orientations, only a small
fraction would be classified as “standing,” while most will be leaning or tipped. While some
difference between leaning and tipped may be a matter of perspective, we found that two
researchers in a blind exercise, when given the definitions of standing, leaning and tipped, agreed
on the classifications of cells for 95% of the cells on a PLL surface, with all the discrepancies
falling between leaning and tipped. Thus while the exact characterizations of cell orientation
may vary slightly by researcher, there are clear differences, which turn out to be statistically
significant, in the orientations of populations of cells on the different surfaces. Most notably our
analysis reveals a statically significant (p < 0.01, T-test) greater proportion of cells captured on
the hydrophobic surface are “tipped” compared with the cells on the cationic or anionic surfaces.
There are also fewer cells leaning on the hydrophobic surface compared with the other surface
types. Thus on the hydrophobic surface, there is a smaller tendency for cells to protrude into the
flow compared with the charged surfaces. While we cannot say that the cell-surface contact is
greater on the hydrophobic surface, the cells are more “pushed over” compared on the cationic
surface. The cells captured on the anionic surface also exhibit a lower protrusion into solution
compared with cells on the cationic surface, though they are statistically different from the cells

on the hydrophobic surface which are more pushed over still.

In addition to the orientation of cells relative to the surface after initial capture, the histograms of
Figure 4 summarize the orientations of the tipped cells relative to the flow direction, with zero
being perfect alignment. Our analysis revealed a small but statistically significant cell alignment

relative to the flow direction (£ 15 degrees) on the cationic surface at 5 s™', and slightly greater (p

14



< 0.01, T-test) alignment of cells favoring the flow direction on the hydrophobic and anionic

(glass) surfaces.
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Figure 4. Orientation of E. coli on A) cationic, B) hydrophobic, and C) anionic glass surfaces after capture
during shear flow at 5 5. Pie charts show orientation relative to the surface while histograms indicate the
orientation of tipped cells relative to the flow direction.

Shear Challenge

After capturing and imaging cells in flow at 5 s, a process taking 30 minutes from start of
adsorption, the flow was increased to 110 s'. Additional images were then recorded, within
about a minute, for the same surface regions as before. Representative images for the cationic,

hydrophobic, and anionic glass surfaces before and during the imposition of 110 s shear
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challenge are shown in Figure 5. Cells identified as standing, leaning, and tipped are color-
coded. First, it is clear that there is negligible cell escape at the elevated shear flow, even on the
hydrophobic and glass surfaces. Next, because the same surface regions have been imaged in the
examples for each surface type, changes in cell orientation are evident. For instance, on the
cationic surface, not only are the cells originally classified as standing, leaning, or tipped
retained in those conformations, the cell orientation is largely unchanged relative to the flow
direction as well. By contrast on the anionic glass surface and to an even greater extent on the
hydrophobic surface, an increase in shear from 5 to 110 s produces a change in cell orientation.
The cells are pushed over somewhat, so that there are fewer cells standing at 110 s compared to
5s™', and there is an increased proportion of tipped cells. Further, the cells on the anionic glass

and hydrophobic surfaces become more aligned with the flow as the shear is increased.
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Figure 5. Example micrographs for A) cationic B) hydrophobic and C) anion surfaces, showing
cells within 30 minutes of capture from a wall shear of 5 s, during exposure to shear of 110 s™, and
finally in right-most panels, 2 minutes after the shear has returned to 5 s™'. The circles indicate how
cells were classified as standing (red) leaning (yellow) or tipped (green), while the images
themselves indicate alignment with shear in some cases.
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The impact of increased shear is summarized in Figure 6. We found no statistically significant
impact of increased shear on the orientations of cells on the cationic surface. In contrast,

increasing the flow to 110 s™ tips the cells on the anionic and hydrophobic surfaces toward the
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Figure 6. Orientation of E. coli on A) cationic, B) hydrophobic, and C) anionic glass surfaces shortly
after increasing shear flow to 110 s™'. Pie charts show orientation relative to the surface while
histograms indicate the orientation of tipped cells relative to the flow direction.

surface and aligns them in the direction of flow.

Relaxation

After the cells had been exposed to a shear rate of 110 s™ for about two minutes, the flow was
reduced back to 5 s, and images of the same regions of the surface were obtained a few minutes
later to determine the extent to which alignment was reversible. On the glass and hydrophobic
surfaces, flow had tipped cells away from the vertical; however, upon return to weaker shear

flow at 5 5™, cells did not fully recover to their original angles relative to the surface, and stayed
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slightly preferentially in a leaning configuration on the frame of minutes. However, following
reduction of the flow, cells were found to randomize their orientations with respect to the flow
direction though the original angular distribution was not attained at the short times studied.
These observations suggest that reorientations driven by flow tend not to be maintained by the
same type of bonding involved in cell capture, even though the exposure time at high shear

would be sufficient for bonds, like those involved in capture, to develop.
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Figure 7. Orientation of E. coli on A) cationic, B) hydrophobic, and C) anionic glass surfaces 2
minutes after returning to gentle shear flow at 5 5. Pie charts show orientation relative to the surface
while histograms indicate the orientation of tipped cells relative to the flow direction.
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Shear and Cell Rotation
Figure 8 schematically summarizes how surface chemistry and flow influence the orientation of

E. coli captured on a surface from flow.

anionic or hydrophobic

Figure 8. Summary schematic of the influence of surface interactions and flow on the orientation of
captured cells. In (A) on a cationic surface, the distribution of captured cell orientations includes those
that are tipped only slightly relative to the surface normal. When the flow is increased, the cells on the
cationic surface are mostly unperturbed. On hydrophobic or anionic surfaces in (B), the distribution
of initially captured cells includes more orientations that are further tipped over from the surface
normal. Then when the flow is increased, the cells lean over towards the surface even more.

The initial distribution of orientations of captured cells is explained, in part, by the tumbling

motions or “Jeffrey orbits°

undergone by ellipsoids in shearing flow prior to adhesion.
Depending on the orientation of the cell relative to the shear direction, flowing cells can undergo
cartwheel or log rolling rotations, or motions in between. Thus cells sample a variety of
orientations relative to the flow direction and the surfaces, as they diffuse towards the surface
and travel along it prior to capture. Flagella-free E. coli have been shown to quantitatively

follow the predicted frequencies of Jeffrey orbits, including a reduced rotation frequency as cells

approach a surface.*®
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The transport-limited capture of E. coli on the cationic surface in Figure 2 indicates that the
underlying adhesion kinetics, driven by electrostatic attractions, are rapid. Thus cells may
become trapped in the orientation occurring at the moment of a surface encounter. Notably,
transport limited capture of spherical microparticles carrying negative surface charge’" > has
been observed on cationic surfaces for shear rates up to 800 s and at least 15 s for negatively
charged silica rods microparticles* supporting the possibility that capture driven by electrostatic
attractions is rapid. The distributions of standing, leaning, and tipped configurations reported
here for E. coli are similar to those in a previous study of negatively charged silica rod-shaped
particles of similar size and aspect ratio.* That previous study with silica rod-shaped particles
also reported a similar angular distribution relative to the flow direction as we report here for .
coli. Thus, the rapid and irreversible bonding of particles with an oppositely charged surface
appears to lead to similar approximate particle orientation distributions. Further the rod shaped
silica particles, like the E. coli studied here on the cationic surface, did not reconfigure when
flow was increased to 110 s™'. Also, while E. coli are known to adhere by their poles as a result

2427 the similarities between the behavior of E.

of adhesion molecules on the ends of the cells,
coli and negatively charged silica rods of the same size and shape suggests that non-specific

electrostatic attractions, rather than particular surface proteins, are responsible for the observed

behaviors.

The observed tendency for capture on a cationic surface to “lock in” the instantaneous
orientation of E. coli cells encountering a surface provides a point of contrast for the same cells
on hydrophobic and anionic surfaces. Even at gentle flows of 5 s, cells on hydrophobic and

anionic surfaces appear more aligned with the surface and the flow compared the configurations
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on the cationic surfaces. This suggests that on the hydrophobic and anionic surfaces, the
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Figure 9. Schematic of adhered cell of length L, showing tilt angle relative to the surface, and Ic are
length / along the cell.
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y similar to the timescale of cell rotation in flow. Here the rotational period™ of ~3 s for a cell
with an aspect ratio of 2.5 and a wall shear rate of 5 s™' suggests a capture time on the order of
0.1 s to rotate a fraction of turn. As cells encounter a surface and start to be captured, they rotate
down towards the surface and align slightly in the flow direction at the same time as adhesion
strength grows stronger, producing fewer standing cells even at low flow rates. Further the
overall adhesion on the hydrophobic and anionic surface may be weaker than on the cationic
surface, as cells on the hydrophobic and anionic surfaces can be manipulated by increases in
shear applied minutes after initial capture. On cationic surfaces, E. coli and the previously

studied silica rod microparticles resisted reorientation in increased shear up to 110 s™.

The observation that increased flow is able to orient cells on hydrophobic and anionic surfaces

but not on cationic surfaces motivates calculations of the force and torques imposed by shear on

adherent cells. Modeling cells of length L and radius , adhered by one end and tipped at angle ¢
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relative to the surface in Figure 9, the integrated force and torque was calculated, as detailed in
supporting information. The calculations employed a drag coefficient for laminar flow across an
elliptical cylinder,” which is the effective shape, in the direction of flow, for the cross section of
a tilted, end-adsorbed bacterial cell. In shear, the tip of the cell experiences stronger flow than
the part nearest the surface, and so force and torque were integrated up the length of the cell to

account for variations in flow over its length, giving:

_ 3 Re(L) Re
F = 7257y fo 3 dR, (1)
_ ”#4 Re(L) Rez
T 4r3p3y2 fo s dR, (2)
where
1 Re
S=2(1+ a)—c—ln(8(1+a)) 3)
1- sinf

and where 0 = and ¢ = 0.57721 (Euler’s constant.)

1+ siné

Here the particle Reynolds, R., number is defined R, = %, with p and u the fluid density and

viscosity, respectively. Notably, the velocity U, and hence the Reynolds number, varies linearly
from zero up the length of the cell, allowing the integration to be developed employing R, as the
integration variable. For cells of length L= 3 pum, and radius 0.5 um, the Reynolds number at the
free tip of the cell reaches 1.5 x 10™ when the cell is oriented vertically and it approaches zero as

the cell’s orientation becomes increasingly flat to the surface.
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Figure 10, plotting equation 3, shows that the torque on the cell can be as large as 0.21 x107™'*

6e-12- 55—1
Se-12- — 110s71

90 70 50 30 10
©(°)

Figure 10. Decrease of torque as the tilt angle increases, bringing a cell closer to the surface.
Calculation is for a cell, 3 um long and 1 um in diameter that is aligned in the flow direction as its
angle increases such that it tips more towards the surface.

g*em?/s” at 557, and 6.1 x 1072 g*cm?/s* at 110 s™. As the cell angle @ is rotated towards the
surface, the torque on the cell is reduced. While this explains the tendency of cells to rotate
towards the surface, it is also evident that the torque diminishes as a cell becomes increasingly
tipped. The observation that cells tip in flow on the glass and hydrophobic surfaces is further
consistent with the calculated maximum force of 3 x 10® g cm/s” or 0.3 pN parallel to the surface
for cells in the vertical configuration and a wall shear rate of 110 s™. This lateral force is
substantially less than the 0.3-0.9 nN forces measured by AFM to remove E. coli from glass.>* >
Thus cells tend to tip in flow on glass and hydrophobic surfaces on the surface without being

removed. The substantial reduction in torque in Figure 10 with rotation angle further suggests

that flow may not push cells into extensive contact with the surface.
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Even without surface contact along the full length of the cell, however, a more tipped cell
configuration can prevent cells in solution from reaching the surface and potentially influence
the arrangements of daughter cells through excluded area interactions. Conversely, one might
imagine that surface forces could drive further cell adhesion in a wetting type mechanism, in
some situations. Hence tipping of cells by shear forces produces multiple potential routes for

surfaces to influence evolving colony morphology.

Conclusions

This work demonstrated that, while shear tends to align E. coli cells during and after the process
of surface capture, the extent of alignment depends on surface chemistry, as summarized
schematically in Figure 8. For surfaces of fundamentally different chemistries (anionic, cationic,
hydrophobic), the rates of cell accumulation from gentle shearing flow (5 s™') correlate with the
orientation of the initially captured cells, with more alignment on the slower binding surfaces.
For instance, cells were found to be captured on cationic PLL layers at a rate limited by
diffusion, which indicated rapid development of adhesive contact. In this case a distribution of
cell orientations reflected cell rotation in free flow near the surface prior to capture, suggesting
cells were trapped in their instantaneous orientations at the moment of initial surface contact. By
contrast, on the hydrophobic and anionic surfaces, a cell accumulation of less than 25% of the
transport limited rate suggested slower development of adhesion upon cell-surface contact. Here

the captured configurations of the cells were more tilted towards the surface and aligned with the
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flow. This suggests the cells continued to rotate progressively with the flow during the process

of adhesive capture.

Separate from processes influenced by capture rate, the binding strength or ability to slip at the
cell-surface contact region was also found to be important. On the cationic surfaces, the
insensitivity of the cell configurations to increased shear evidenced strong cell binding, able to
withstand torques of 6 x 10"'? g cm?/s>. The immobility E. coli on the cationic surface, where
cells did not tilt or align when flow was increased, was similar to behaviors observed with
negatively charged silica micro-rods adhering to the same cationic surfaces. This suggests
electrostatic attractions produce relatively strong adhesion that is also resistant to slippage at the
point of contact. By contrast, E. coli on hydrophobic and anionic surfaces aligned with shear, a
process that was partially reversible on the timescale of several minutes. The cell
reconfiguration suggests slippage in the region of cell-surface contact, while cells were retained
on the surface. With cell orientation on a surface now understood to influence biofilm structure
and cell function within a bacterial community,*® the current findings demonstrate how surface

chemistry and shear couple to influence biofilm development.
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