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Abstract

Total internal reflection fluorescence (TIRF) microscopy was used to investigate initial attachment and
stability of wild-type, curli-deficient (AcsgA), flagella-deficient (AflhDC) and type-1 fimbriae-deficient
(Afim) mutant E. coli strains. Suspended bacteria were injected into a flow cell where they deposited on
a silica cover slip and images were acquired over a 2 minute period. TIRF microscope image analysis
revealed that curli- and flagella-deficient mutants attached closer to the surface and required a longer
time to find their equilibrium position (i.e., bond maturation) as compared to the wild-type and
fimbriae-deficient mutants. Analysis of the change in bacterial surface area over the 2 minute period
also indicated that curli- and flagella-deficient mutants have less initial stability than the wild-type and
fimbriae-deficient mutants, evidenced by their fluctuating position at equilibrium. TIRF observations at
the microscopic level were complemented macroscopically using quartz crystal microbalance with
dissipation (QCM-D) and sand-packed column experiments, which support the distinctive behavior
observed at the microscopic scale. For each mutant strain, as fluorescence intensity increased in TIRF,
the negative frequency shift in QCM-D (related to the attached mass of bacteria) also increased. Packed-
column experiments indicated that curli- and flagella-deficient mutants exhibited a characteristically
different attachment behavior and more retention as compared to the wild-type and fimbriae-deficient
strains. This study utilized a new approach to understand bacterial attachment/detachment and

provides new insights on the role of various appendages on initial attachment and stability.



Introduction

Initial bacterial attachment to surfaces and stability of attachment are important mechanisms to
understand as they lead to biofilm formation. In the majority of cases, bacterial attachment to abiotic
surfaces is undesirable as this can lead to infections in humans !, food contamination 2 and corrosion in
industrial settings 3. In water distribution systems, biofilm can form on pipe walls, leading to increased
chlorine requirements to ensure safe drinking water *°. Moreover, the release of pathogenic bacteria
from groundwater aquifer grain surfaces can lead to public health concerns ©. Even with the advent of
numerous mitigation techniques and treatment technologies, the incidence of infection due to bacterial
contamination remains. Therefore, extensive research has been performed to understand bacterial

7. Bacterial

attachment and develop methods to better mitigate the risk of bacterial infections
attachment is different from that of non-biological colloids ®° due to the influence of appendages such
as curli %11, flagella >3, and fimbriae *°, which have all been shown to be important in attachment,
detachment and/or biofilm formation. Mutants that lack the genes responsible for selected appendages
can be used to determine the role of each appendage on attachment/detachment ®%, Understanding
the interactions of bacterial appendages with their abiotic environment and their effect on initial

attachment and stability is an area that requires much research, as these are commonly seen as initial

steps towards surface colonization or infection °, Microscopic methods to study bacterial
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attachment/detachment such as atomic force microscopy and optical tweezers ** are used to

B and quantify attachment

examine the force required to detach bacterial cells from a surface
characteristics. Atomic force microscopy and optical tweezers offer direct measurements of adhesive
forces and mechanical properties of the interface, but do so through mechanical manipulation, which
can have an effect on bacterial response. Additionally, the focus on detachment of cells fails to elucidate
initial attachment characteristics. A common macroscopic method used to study bacterial attachment is
a packed column, where suspended bacterial cultures are typically injected through a sand-packed
column and monitored at the outlet 2#?°. Also at the macroscopic level, flow devices 2° can be used to
study adhesion/detachment kinetics in a more realistic environment, in real-time, and thereby provide
insight into the dynamic processes occurring during the attachment event. The devices utilized for these
types of observations are often coupled with microscopic techniques to verify observations at the

macroscopic level. Recently, Olsson et al. ¥ used quartz crystal microbalance with dissipation (QCM-D)

and total internal reflection fluorescence (TIRF) microscopy to better understand the attachment and



biofilm forming characteristics of Pseudomonas aeruginosa (PAO1) in a non-destructive manner. While
several studies exist using QCM-D to study bacterial adhesion 2°2, TIRF microscopy has not received
much attention for bacterial adhesion studies. Extending the TIRF technique in ’ by introducing a flow
device, we were able to investigate differences in initial attachment as a result of appendage knockout
with four separate mutants of the rod-shaped model organism Escherichia coli K12. TIRF is traditionally
used in static conditions 273° to examine particle-surface interactions 3! but introducing a flow allows for
unique insight into bacterial surface approach and, more importantly, attachment stability (i.e., a
bacterium’s ability to remain attached when subjected to shear forces) within the thin layer (~200 nm)
where surface interaction occurs. This work presents new insights on how bacteria attach to silica in
flow conditions on the micro scale using TIRF microscopy with validation at the macro scale using QCM-
D and packed-column studies. A novel way to analyze TIRF imagery using area changes over time is used
to obtain an improved understanding of how specific bacterial appendages play important roles in initial

attachment and deposition stability.

Experimental
Bacterial species and inoculum preparation

Wild-type E. coli K12 (WT), acquired from ATCC (ATCC #MG1655), and three knockout mutants; no curli
(AcsgA), no flagella (AflhDC), no fimbriae (Afim) (Table S1, Supplementary Information), were streaked
from -80 °C frozen stock culture onto lysogeny broth (LB; Luria-Bertani formulation) agar plates and
incubated overnight at 35 + 2 °C. AflhDC and Afim strains were mutated from the WT according to ¢ and
obtained from A.G. Hay at Cornell University. AcsgA mutants were created for this study using the
transduction technique described in the Supporting Information. Each strain produced the green
fluorescent protein (GFP) to allow for visualization under fluorescence microscopy. A schematic
representation of each bacterial strain is shown in Figure 1a-d. 5 mL of LB was inoculated with a single
colony from an LB agar plate and incubated at 35+ 2 °C and 130 rpm in a 50 mL sterile Falcon tube
overnight. 100 pL of the overnight culture was used to inoculate 5 mL of sterile LB, which was incubated
at 35+ 2 °Cand 130 rpm for 4 hrs to reach the mid-exponential growth phase. The resulting culture was
then centrifuged for 5 min at 3000g to form a pellet, which was re-suspended in 10 mL of 100 mM KCl at
pH 5.5. Three centrifuge washes were completed and a final re-suspension into 100 mM KCI (pH 5.5)

was performed to achieve an optical density (OD) of 0.25 (at 600 nm). This final suspension was used for



TIRF, QCM-D and packed-column experiments. Optical densities were correlated to culturable cell
counts of 10% cells/mL. Cell sizes (hydrodynamic diameters) of each mutant in 100 mM KCl were
measured using dynamic light scattering (DLS) and cell electrophoretic mobilities were determined using
laser Doppler velocimetry (ZetaSizer, NanoZS, Malvern Instruments) at 25 °C. Cell surface
hydrophobicities were determined with a modified microbial adhesion to hydrocarbons (MATH) assay 32.
Briefly, 300 uL of n-hexadecane (Sigma) was transferred to a round-bottom borosilicate glass tube with
5 mL of bacterial suspension. The tube was vortexed for 2 min and allowed to phase separate for 15
min. 10 pL of the aqueous phase was carefully removed and placed on a Helber counting chamber
(230000, Hawksley) for viewing on an inverted light microscope (Olympus 1X71). Cells in the aqueous
phase were easily distinguishable and counted. The fraction partitioned to the hydrocarbon phase was
calculated (FPx = 1 - Co/C), where Cp was the initial cell concentration and Cr was the cell concentration
in the aqueous phase after vortexing and phase separation. All cell diameter, electrophoretic mobility
and hydrophobicity measurements were performed in triplicate with separately cultured bacteria. Cell
shape for each strain was verified by direct microscopic observation in an inverted light microscope

(Olympus IX71).

Bacterial attachment to model silica surface observed via TIRF microscopy

TIRF experiments were performed by injecting a suspended culture in 100 mM KCI (pH 5.5) into a
custom made Chamlide CF-S25 chamber flow cell (Quorom Technologies, Guelph, ON, CA). The flow
chamber (Figure 1e) was designed to mimic a QCM-D flow cell with a circular chamber diameter of 1 cm
and a 200 um height to approach hydrodynamic similarity. Flow (50 puL/min) was introduced above the
chamber near the outer edge of the circle using a peristaltic pump (Ismatech, Cole-Palmer, Germany)
and exited through an outlet symmetrically opposed to the inlet. A TIRF-Discovery Platform (Spectral
Applied Research, Exton, PA, USA) with a 63x Plan Apochromat, NA = 1.47 Qil, DIC from Leica, a 488
Diode laser with FLCRtm control and a Hamamatsu ImageMX2 EMCCD Digital Camera were used to
collect TIRF images. Images were acquired using MetaMorph® software (Molecular Devices Corporation,
Downingtown, PA, USA) with a 60x objective, an exposure time of 0.1 s, a penetration depth of 200 nm,
and an image acquisition rate of 0.1 s. Images were taken over a 2 min period and image stacks were
created (1201 images). Image stacks were further analyzed using Imagel) v1.48. A minimum of 60
individual bacteria per strain, divided over two separately grown cultures for each strain, were selected

by defining a rectangular area (region of interest, ROI) just large enough to encompass each bacterium



of interest. For each image stack, a threshold was determined to exclude background intensity. In this
way, only intensities and areas above the chosen threshold intensity were incorporated into each
strain’s dataset. The average intensities (16-bit grayscale) and area of threshold intensities (square

pixels) of these ROIs were measured for each image within the collected time series.
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Figure 1: Schematic of Escherichia coli K12 (a) WT, (b) AcsgA, (c) AflhDC, (d) Afim and (e)
Chamlide CF-S25 flow cell.

QCM-D real time monitoring and physical observation (microscopy)

For QCM-D experiments, silica-coated crystals were cleaned with 2% SDS (w/v) by sonication for 2 min
and Hellmanex™ by overnight soak and an additional 2 min of sonication. Crystals were then dried and
UV irradiated for 20 min before mounting into the QCM-D chamber. QCM-D temperature control was
set to 21 °C. A 4 chamber QCM-D system (Biolin Scientific, Gothenburg, Sweden) was used and the setup
(i.e., tubes, junctions, crystals and chambers) was primed with 0.45 pum filtered 100 mM KCI until a
stable baseline was reached for at least 10 min. Bacterial suspensions (in 100 mM KCI) were then
injected for 1 h (phase I), followed by a 100 mM KCl rinse for 1 h (phase ll). During the entire
experiment, the flow rate was set to 50 pL/min with a peristaltic pump (Ismatech). Frequency shift (Af)
and dissipation shift (AD) values were measured over the 2 h time period. At the end of phase I, two
QCM-D crystals from two of the QCM-D flow modules were removed and observed using an inverted
fluorescence microscope (Olympus IX71). Bacterial counts (adhesion numbers) were acquired by
mounting the crystal onto a glass slide (using a glycol droplet to prevent crystal slippage), taking 30

images of each crystal at random locations and averaging the number of adhered bacteria for each



crystal. At the end of phase II, the remaining two QCM-D crystals were removed from their respective

QCM-D flow modules and similarly imaged to observe any apparent bacterial detachment.

Packed-column experiments

A glass column (ID = 10 mm) was packed with clean quartz sand having mean size of 256 um (US
standard mesh size -50/+70) (Sigma-Aldrich). Sand cleaning and drying procedures were previously
reported ¥. The clean sand was wet packed into the column (to a height of 100 mm) with vibration to
prevent trapping of air bubbles in the column. The porosity of the water saturated packed bed was 0.36.
All column experiments were conducted at room temperature (23 °C). The packed column was
equilibrated by injecting 6 pore volumes (PVs) of a background electrolyte solution (100 mM KCI, pH 5.5)
at 0.4 mL/min (equivalent to a Darcy velocity of 7.3 m/d). Packed-column experiments were conducted
using cells that had been re-suspended in fresh electrolyte to a final concentration (Co) of 102 cells/mL
and equilibrated for 1 h at 23 °C. Twelve PVs of the bacterial cell suspension (at concentration Cp) were
injected into the column at the same flow rate, followed by a cell-free electrolyte solution for 3 PVs. The
effluent cell concentration, C, was monitored in real-time using UV-visible spectroscopy (Agilent

HP8453) at a wavelength of 600 nm using a 1 cm flow-through cell.

Results and Discussion
Analysis of intensity of attached bacteria vs. time in TIRF flow cell

TIRF theory suggests that given an interface between two transparent materials, fluorescence intensity
of a particle decreases exponentially with distance from the interface ! when light is directed at the

interface at an incidence angle greater than the critical angle (Snell’s Law) according to equation 1:

I,=1,e F? (1)

where [y is the fluorescence intensity at the interface, z is the distance from the interface and 6 is a
constant related to the light incidence angle and the refractive indices of the two materials. Thus,
bacterium-surface separation distance is linearly proportional to the natural logarithm of the change in

intensity In(/,/lo) 22°.



We studied the attachment of four different E. coli strains onto a silica surface (glass cover slip) using
TIRF microscopy. Stack imagery at initial attachment for WT and AcsgA is shown in Figure 2a-b over a 0.8
s period. Each image is taken 0.1 s after the previous. Additional stack images (videos) for all mutants
are shown in Figure S1. Image) was used to analyze a minimum of 60 bacteria for each strain to
determine the change in intensity and area over time for defined ROIs (i.e., where bacterial attachment
is observed). All strains showed an exponential increase in intensity with time within the first few frames
(0-0.5 s) (Figure 3a) up to an equilibrium position. However, both the time required to reach equilibrium
and the intensity values at saturation (i.e., a bacterium’s equilibrium position) differed between the
strains. This indicates that a bacterium’s surface approach exhibits a dynamic behavior that is governed
by its appendages. To show that equilibrium is maintained after the initial attachment, representative
intensity values for each bacteria strain can be observed over a 30 s period in Figure S2. Fluorescence
intensity as a function of time in the current study can be expressed by a limited exponential function

represented by equation 2 %7:

I = Ioq (1 - e‘@) 2)

where l¢q is the bacterium fluorescence intensity at its equilibrium position (i.e., at t = =), I; indicates the
bacterium fluorescence intensity at its surface residence time t, and tis the characteristic bacterium
surface approach time constant. Data for all mutants acquired from TIRF microscopy were fitted to

equation 2. The time to reach its equilibrium position is termed a bacterium’s “bond maturation” time.

When the WT strain attaches to the silica surface, the fluorescence intensity at equilibrium is
significantly less than that of the AcsgA and AflhDC strains (p<0.05) but not of the Afim bacteria (Figure
3a). Comparing a representative bacterium for the WT and AcsgA mutants, we also see a distinct
difference in approach time (Figure 3b). The AcsgA mutant requires twice as long as the WT to reach
equilibrium (0.4 s vs. 0.2 s, respectively), which suggests that the curli have an important function in
initial attachment of E. coli to silica surfaces. Similarly, the AflhDC mutant exhibits the same
characteristic time lag with respect to initial attachment and a higher intensity at equilibrium in
comparison to the WT strain (Figure 3a). Also, from intensity histograms (Figure 3c-f) for each mutant, it
is clear that the incidence of higher intensities is greater in AcsgA and AflhDC than WT and Afim strains.
The higher intensity values are indicative of a closer attachment for AcsgA and AflhDC mutants ?° (Figure
3a). Previously, both curli and flagella have been shown with genetic approaches to be important for

attachment and eventual biofilm formation >34, Afim mutants showed similar intensities and approach



times as the WT strain, suggesting that the removal of fimbriae does not affect the initial attachment
(surface approach) of E. coli (Figure 3a). Summaries of average intensities at equilibrium and t values are
presented in Table 1, where lower T values represent a faster attachment time. The t values for the WT
and Afim strains show that they attach to the silica surface quickly while maintaining a larger distance

from the surface. The opposite is generally observed with AcsgA and AflhDC mutants.

Cell hydrodynamic diameters and zeta potentials are similar between E. coli mutants in 100 mM KCl
(Table 2), suggesting that observed differences in the TIRF study cannot be fully explained with
traditional DLVO (Derjaguin-Landau-Verwey-Overbeek) theory 3>3¢ and are attributed to the specific lack
or presence of appendages. Moreover, even with the improved “extended” DLVO theory that

incorporates cell surface hydrophobicities, some biological factors cannot be completely accounted for

24,37,38

65535
49613
33692
17770
1848
65535
49609
33684

17758

1832

Figure 2: Attachment intensity (gray values) at initial attachment (0-0.8 s) for (a) WT strain and
(b) AcsgA mutant for representative bacteria (TIRF microscopy).
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Table 1: TIRF intensity at equilibrium, time constant (t) (95% C.I, n 2 60)

Intensity at Equilibrium T
E. coli strain (16-bit gray value) (s?)
Wild Type 14284 + 1332 0.13+0.01
Afim 15711 +1171 0.10+0.00
AcsgA 19764 + 2393 0.20+0.03
AflhDC 20124 + 1412 0.17£0.03

Table 2: Zeta potentials, hydrodynamic diameters and relative hydrophobicities (MATH assay)
of E. coli mutants (100 mM KClI, pH 5.5), with standard deviations.

Hydrodynamic Diameter (1um) Zeta Potential Hydrophobicity
E. coli strain (mV) (%)
Wild Type 2.8+0.2 -19.0+1.2 459+3
Afim 244103 -20.5+4.2 3356
AcsgA 2.7+04 -175+1.3 4812
AflIhDC 2.7+03 -20.8+0.8 47.2+2

Analysis of area of attached bacteria vs. time in TIRF flow cell

An analysis of the area that each bacterium occupies over time reveals that the initial stability of the
bacterial attachment is also dependent on the curli and flagella. In Figure 4a, the change in area (pixel
coverage) over time for AcsgA requires a longer period to reach equilibrium as compared to the WT
strain. This shows that the AcsgA mutant may have a longer bond maturation time (i.e., it takes longer
to reach its equilibrium position), which is consistent with time constant values discussed previously in
the intensity analysis. For clarity, Figure 4b shows results for only a AcsgA bacterium and a WT

bacterium. In Figure 4b, the area of the AcsgA mutant is approximately 1.5 times larger than that of the



WT bacterium, 110 versus 70 square pixels, respectively. Figures 4c-f show area histograms for WT,

AcsgA, AflhDC and Afim, clearly indicating that the AcsgA mutant has a higher frequency of large areas.
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We interpret the larger projected area of AcsgA as an attachment orientation along the length of the
bacterium’s rod-shaped body (Figure 5). Different modes of attachment can be observed in the
histograms with incidence peaks for all mutants centered around 40-60 or 120 pixels? (1 pixel = 0.155

um), which suggests an attachment tendency either along a bacterium’s width or its length. Without



curli (AcsgA), the high incidence of 120 pixels? area coverage can indicate an attachment along the
length of the bacteria while the high incidence of 60 pixels? area coverage for the WT suggests an
attachment along the width. This 2-mode attachment can also be seen in Figures 2a-b, where the WT
bacterium has a circular shape and the AcsgA bacterium is more rod-shaped. A more uniform
distribution is seen for AflhDC and Afim but incidence peaks are still apparent at 40 and 120 pixels?
(Figures 4e-f). To confirm that the different shapes observed in TIRF microscopy were not caused by
differences in cell shape between the different strains studied, fluorescence microscopy was used to
image suspended (planktonic) cells for each strain. This analysis confirmed that the four different strains

were all rod-shaped cells approximately 2.0 um in length and 0.5 um in width (Figure S5).

Image stacks viewed at a frame rate of 10 fps show a distinct difference between the initial attachment
stability of the WT versus the AcsgA mutant (Figure S1). For the WT, bacteria attach quickly to the
surface and remain at equilibrium with little change in intensity or area. This is represented in Figure 4b
by the constant value attained at equilibrium. However, for the AcsgA mutant, the initial attachment is
not only slower (i.e., larger T value) but the bacteria also exhibit an apparent fluctuating position in the
flow chamber when they do attach. This can also be seen in Figure 2b over the 0.8 s period as the AcsgA
mutant shifts position within this initial attachment timeframe (the bacterium in frame 8 is rotated
slightly counter clockwise with respect to the bacterium in frame 3). In contrast, the WT exhibits a quick
and non-fluctuating initial attachment without changing its position (Figure 2a). Additionally, the varying
area at equilibrium for the AcsgA mutant visibly suggests a fluctuating attachment following initial
attachment (Figure 4b), which is likely observable only in flow conditions. Area variances were acquired
by calculating the statistical variance of area values at equilibrium for each strain for at least 60 bacteria.
These variances are shown in Table 3 to quantify the relative instability between the different mutants.
AcsgA and AflhDC mutant area variances at equilibrium are higher than those of the WT and Afim
mutant. Note that “initial stability” defined in this work does not refer to a bacterium’s ability to remain
attached. Rather, it refers to the change in area (variance) or the phenomenon of fluctuating position

observed in stack images.

Without curli, it appears that the bacteria are tumbling towards the surface and sticking to the silica at
the cell membrane interface along the length of their bodies (higher fluorescence intensity and larger
area) while the WT bacteria utilize their curli appendages to attach without fluctuating and at a farther
distance along the width of their bodies (lower fluorescence intensity and smaller area) (Figure 5). For

the AfIhDC strain, the areas are distributed more evenly (Figure 4e) but the variance (Table 3) is also



high, suggesting a fluctuating position at equilibrium much like the AcsgA strain. When a bacterium is
subjected to a flow field, gravitational and shear forces can hydrodynamically direct it towards the
substrate %2° and without flagella (i.e., mobility) the bacterium is unable to swim away from the surface
3 which translates to a higher intensity (Figure 3c) at equilibrium as the bacterium is essentially being
pressed onto the substrate without the ability to swim away. The initial attachment instability exhibited
by the AfIhDC strain as compared to the WT suggests that, much like curli, flagella also play an important
role in initial attachment stability; an observation confirmed by !213. In addition to the variance
parameter, this instability at equilibrium can visually be observed in stack imagery (Figure S1). Thus, with
TIRF microscopy, we observe similar intensity values with the AflhDC and AcsgA mutants (Figure 3a) and

comparable initial attachment instability at equilibrium (Figure 4a).

Table 3: Average variance of area at equilibrium (with standard deviations, n > 60) and
percentage detachment of WT, Afim, AcsgA, AflhDC

Area Variance at Equilibrium Flow Detachment
E. coli strain (square pixels)? (%)
Wild Type 36121 1.5
Afim 10.0+2.2 121
AcsgA 18.5+4.0 3.2
AflhDC 19.7+2.9 2.2
Wt - * / Acsgh
'/; il

Figure 5: Modes of attachment of wild type vs. AcsgA strains (schematic)



Physical interaction of cell appendages with silica surface

Cellular appendages can also affect bacterial attachment at the macro scale. Bacterial counts from direct
imaging show that AcsgA and AflhDC have the highest number of bacteria after 1 hr deposition (phase 1)
in the QCM-D (Figure 6a). The higher count may be attributed to the fact that the curli and/or flagella
act to reduce the probability of the WT from attaching to the surface %°. The AcsgA strain, lacking the
curli, is essentially tending towards the surface with gravity and the flow and thus, attaching with higher
incidence, as it is unable to repel itself using appendages. However, with curli present (as in the WT and
Afim), though the probability of attachment may be lower because of repulsive forces imposed by the
appendages, once attachment does occur, the bond is fast and does not fluctuate. Without flagella
(AflhDC), the bacteria lose their motility and are more susceptible to shear forces that can direct the

immotile bacteria towards the surface 1%°

, which also results in a higher attachment incidence and cell
adhesion number (Figure 6a). Adhesion numbers also reveal that the Afim mutant is more susceptible to
detachment (during phase Il of QCM-D experiments) as the number of attached cells after the rinse step
significantly drops (Figure 6a). This detachment can also be observed in stack imagery from TIRF
microscopy for the Afim mutant (Figure S1). For all ROIs chosen for each mutant, image stacks were
analyzed for evidence of detachment within the deposition phase (i.e., how often bacteria attach and
then detach within the 2 min image acquisition). The percentage of empty ROIs (Table 3) at the end of 2
minutes of deposition flow revealed that the Afim mutant is the only strain that showed significant signs
of detachment (12.1%). Literature has indicated that fimbriae are associated with the phenomenon of
catch bonding, acting as hooks onto a surface when subjected to shear forces (as in a flow field). These

catch bonds have been shown to prevent detachment once a stable attachment is achieved *#? and can

be acting as anchors as seen in this study.
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Figure 6: (a) Cell counts of mutant strains (attachment and detachment) on the QCM-D crystal
(*indicates a significant difference, p<0.05, attachment vs. detachment). Example of (b) Af vs.
time (attachment and detachment) and (c) AD vs. time (attachment and detachment) for all
mutant strains at fundamental resonance frequency.

Longer-term attachment characteristics at macroscopic level: QCM-D analysis

Bacterial attachment in QCM-D has recently been analyzed within the context of a coupled resonance

model 23, In the coupled resonance model, the inherent resonance frequency f of attached particles

(e.g., colloids or bacteria) as governed by their mass m and contact stiffness k (f « \/k/_m) couples to
that of the sensor surface %, Firmly attached particles (stiff contacts), on the one hand, move more or
less with the sensor’s oscillative movement, whereupon the sensor senses the particle’s mass leading to
a negative frequency shift per conventional mass-loading theory. Weakly coupled particles (less stiff
contacts), on the other hand, move off-sync with the sensor’s oscillative movement, and this can lead to

positive frequency shifts. When frequency shifts are plotted as a function of the QCM'’s various discrete



harmonics, a transition from negative to positive frequency shifts (referred to as frequency of zero

crossing, fzc) indicates the sample’s inherent resonance frequency *%’.

Performing measurements in aqueous solution (such as the current study) adds a viscous component
rendering any coupling viscoelastic. Quantifying the elastic and viscous contributions of this contact has
been described by a model for spherical colloids *® and relatively rigid Gram-positive spherical cocci
bacteria *3. The rod-shape geometry and softness of Gram-negative bacteria (such as E. coli herein) add
to the complexity and are not easily accounted for . Semi-quantitative comparison of the mechanical
properties of particle-surface contacts by means of identifying the sample’s resonance frequency from
the zero-crossing frequency (fzc) is a simpler approach and is applicable within the available range of

harmonics in the QCM-D (5-65 MHz).

The mutants in this study do not significantly differ in size and can be assumed to be of the same
masses, meaning that any difference in either Af/N or AD/N (change in frequency/dissipation normalized
by bacterial attachment numbers after phase | and phase 1) is caused by differences in their coupling
with the surface. We found that all investigated mutants have fzc values that fall between the
fundamental frequency and the third overtone (Figure S6). Thus, they appear indistinguishable with
respect to inherent resonance frequencies obtained at the rather limited MHz scale, defined by the
available harmonics in QCM-D. This, in turn, suggests that none of the appendages missing for the
various mutants is significantly modifying the mechanical properties of E. coli K12 contact with the silica

surface.

Importantly, though, the QCM-D responds to forces acting lateral to the surface in shear mode. While
the fzc value indicates the resonance frequency of the particles, it does not indicate the quantity of
particle deposition response shown in the QCM-D that translates into other oscillative modes (i.e.,
rolling and bending). Only some component of these modes is translated into lateral shear force and it is
difficult to know how much. For modeling, this has been accounted for by the introduction of a pre-

factor termed “oscillator-strength” 4546,

Marcus et al. *® suggest that deformation of a predominantly viscous contact formed between
hydrophilic bacteria and hydrophilic surfaces may “decouple” the bacteria from the sensor surface (i.e.,
bacterial slip at the finite liquid layer at the interface). Such decoupling would directly affect the
translation of particle deposition into lateral stress (i.e., the oscillator-strength), and thus, the

magnitude of Af and AD. Our E. coli mutants are not only hydrophilic to various degrees (Table 2) but



they are also located at different distances from the substrate (Figure 3a). Intuitively, a bacterium
attached closer to the sensor would yield a larger QCM-D response and interestingly, there seems to be
such a trend, albeit weak (not statistically significant), for this set of mutants (Figure 6b-c). Compared to
the mutants, the WT strain yielded the lowest average fluorescence intensity in the TIRF data (Figure 3a)
and highest frequency of small contact areas at equilibrium (Figure 3c), indicating a coupling that puts
the bacterium cell body farther from the surface and preferentially along its width. Also of note, this
strain gave rise to the lowest shifts in both frequency and dissipation (as normalized with bacterial

numbers) (Figure S6).

Longer-term attachment characteristics at macroscopic level: packed-column analysis

Packed-column tests show that longer-term attachment is also characteristically different at the
macroscopic level between the WT strain and AcsgA and AflhDC mutants. Particles or cells attached
onto a surface may repel the deposition of additional particles by a phenomenon referred to as blocking
% For a non-biological particle, blocking is attributed to a repulsive interaction between particles and is
reflected as a gradual rise in particle elution over time (in particle breakthrough curves). In Figure 7, we
observe this rise in the elution of bacteria from the packed column for the case of mutant AcsgA. For
bacteria (as in this study) the dominant mechanism contributing to the observation of blocking is not
likely to be electrostatic repulsion (all strains have similar charges, Table 2) but rather, this observation
may be attributed to the lack of curli, which has been shown to be important in the tendency of
organisms to attract and attach to each other 3*4°. Effectively, a AcsgA mutant can be attaching to the
silica sand and taking up available sites, but incoming bacteria would not readily attach to already
deposited cells, which can explain the observed blocking in the AcsgA mutant. Furthermore, as seen in
QCM-D experiments, the AcsgA mutant has a higher adhesion number (Figure 6a) as compared to the
WT and this is in accordance with the higher retention noted at the beginning of the breakthrough curve
compared to the WT (Figure 7). The AflhDC mutant exhibits more retention in the packed column than
the WT (Figure 7), which is also consistent with observations in QCM-D experiments (i.e., higher
adhesion number). This phenomenon can be explained as bacteria with no motility are not able to swim
away from surfaces and hydrodynamic flow can cause the bacteria to move towards these surfaces °.
While bacteria with flagella may not always swim away from surfaces, their mobility presents the
possibility, whereas flagella-deficient bacteria are entirely subject to external forces. Additionally, as

noted with TIRF microscopy, certain physical structures on cell surfaces can contribute to repulsion



between cells and the silica surface, which can act to reduce the probability of deposition, resulting in
higher retention of bacteria lacking flagella and/or curli *°. In Figure 7, the Afim mutant elutes in a very
similar manner (with slightly more retention) as the WT, an observation that is consistent with
microscopic TIRF observations (i.e., initial attachment is fast and stable). Overall, it is clear that the
difference in attachment behaviors of the mutants observed at TIRF microscopic levels can affect their

overall adhesion behavior at macroscopic QCM-D and packed-column levels.
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Figure 7: Breakthrough curves from packed-column experiments for WT, AcsgA, AflhDC and
Afim (100 mM KCl)

Conclusion

We show that initial attachment and stability of fluorescently marked bacteria can be monitored in real-
time using TIRF microscopy and a flow cell. While monitoring of particles and bacteria in TIRF
microscopy has been demonstrated in earlier studies, we show that in addition to changes in response
time and fluorescence intensity, changes in area can be used as a metric for characterizing a rod-shaped
bacterium’s initial attachment position and stability. Furthermore, we demonstrate that E. coli without
curli and/or flagella exhibit significantly different responses than WT strains in a flow cell, which has
implications on long-term attachment stability. AcsgA and AflhDC mutants exhibit a higher intensity
when attached as well as a slower surface approach time in comparison to WT and Afim mutants. The

stability (i.e., lack of variation in area with time) of bacteria at initial attachment is also lower for AcsgA



and AfIhDC mutants, which might also suggest a less stable bond in the longer term. The observations at
the microscopic level are further corroborated with macroscopic QCM-D and packed-column
experiments, showing a clear and consistent difference in attachment behavior between WT, AcsgA and
AflhDC mutants. For Afim mutants, we also observe that more detachment occurs compared to other
mutants during a rinse phase in the QCM-D flow cell as well as during initial attachment in the TIRF flow

cell, a phenomenon that is consistent with other literature on fimbriated bacteria.
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