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Introduction

Biofilm proliferation in engineered water systems is an ongoing
concern for both municipal water infrastructure and medical

Study of Pseudomonas aeruginosa PPF-1 biofilm formation using
microfluidics: effect of magnesium on biofilm detachment in
engineered conduits

Jesse Greener,2* William Y. Harvey,>** Cynthia Gagné-Thivierge,>*® Sepideh Fakhari,! Jean
Barbeau® and Steve J. Charette®*>*

The bacterium Pseudomonas aeruginosa is an opportunistic pathogen in certain organisms, including humans, but can also
survive and proliferate in natural and engineered water systems. Microfluidic technology can address hydrodynamic
questions related to bacterial contamination of water flow systems and infrastructure. In this work, a microfluidic approach
was devised to study the effect of shear stresses on biofilms from a dental unit waterline (DUWL)-isolated P. aeruginosa
strain, PPF-1. During application of relevant shear stress levels to DUWLs, the response of the PPF-1 biofilm was observed
and compared to a clinical P. aeruginosa reference strain, PAO1. The response measurements were repeated for biofilms
exposed to additional Mg?* ions. Using a microfluidic approach to transforming optical density maps into three-dimensional
images, we applied computational fluid dynamics simulations and determined the critical shear stresses for biofilm
sloughing. In the absence of Mg?*, PPF-1 biofilms showed weaker attachment than PAO1 biofilms, resulting in continuous
slough/regrowth cycles triggered by applied shear stresses of 1.42 +/- 0.32 Pa. Introducing Mg?*into the PPF-1 biofilm
culture medium seemed to place the biofilm into a viscoplastic mechanical state, thereby increasing mechanical stability,
which resulted in elevated tolerances to shear stresses up to a critical value of 5.43 +/- 1.52 Pa. This resulted in a propensity
for less frequent but more catastrophic sloughing events like that observed for the PAO1 reference strain. This suggests that
in a low ionic environment, biofilms from the PPF-1 strain can result in higher and more continuous ejection of biofilm
materials, possibly leading to increased downstream colonization of engineered flow systems.

equipment in healthcare environments.123Research into those
systems under flow conditions is especially important due to
their prevalence and known effects of flow on biofilm
mechanical properties and bacterial proliferation.4>
Pseudomonas aeruginosa is an opportunistic pathogen
primarily known forits harmful role in the lungs of cystic fibrosis
(CF) patients,®butit also inhabits other environments, including
human-made water installations.”8 The P. ageruginosa PPF-1
strain was previously isolated from a dental unit waterline
(DUWL) and is representative of other strains found in the same
environment.>1! Interestingly, similar to P. aeruginosa strains
isolated from chronic CF lung infections, the gacS gene of PPF-1
is inactivated.!! This gene encodes a sensor kinase that is a
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expression of various virulence factors.?2 PPF-1 also contains a
lasR gene alteration,!! as observed in other P. aeruginosa
known to proliferate in engineered and natural water systems
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such as swimming pools, rivers and hydrocarbon-contaminated
soils, hospital sink drains, and meat/fish market
environments.13-15 The PPF-1 strain is an important producer of
biofilms,? and consequently, studying biofilm formation by PPF-
1 asamodelstrainis of interest.19 Biofilms are surface-attached
structures made of cells embedded in a self-produced
extracellular polymeric matrix. This helps to create a niche for
cell growth and proliferation in otherwise inhospitable
environments.1! As such, biofilm formation is likely the main
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strategy for efficient colonization of DUWLs and other
engineered water systems.’

PPF-1 can form biofilms in static conditions and in pseudo-
dynamic environments, such as within lightly shaken microplate
cultures where bacteria exist under uncontrolled shear stress.10
The imposition of shear stresses produced by flow systems such
as DUWLs may enhance biofilm downstream colonization
through biofilm removal (sloughing) and control of oxygen
availability.18 Flow systems also provide a supply of substrate
and other molecules and avoid build-up of metabolic by-
products. To investigate flow-assisted biofilm sloughing, well-
defined flow conditions should be applied while passive
measurementsareacquired. Amongstthe numerouslaboratory
approaches available to study biofilms,’® the main tools
(microtiter dish biofilm2%and Calgary Biofilm Devices??) provide
a static growth environment and are therefore not useful for
this study. Common flow reactors (drip flow reactors?? and the
Center for Disease Control biofilm reactor?3) do not provide a
high degree of control over shear stresses, and other flow
reactor types are not well adapted forlong duration studies due
to the large volumes of liquids required.?* To address these
challenges, the biofilm research community is increasingly
turning to microfluidic tools.2>26 In addition to reduced solution
consumption, even for fast flow andlong-duration experiments,
the excellent optical properties of microfluidic fabrication
materials enable straightforward transmission microscopy as a
tool for high-quality time-lapse imaging. Due to their small
dimensions, parallel flow microchannels, e.g., containing a
sample and reference strain, can be monitored in the same field
of view. Previously, we exploited these benefits to create three-
dimensional biofilm re-constructions and then used them to
study the dynamic properties of Pseudomonas sp. biofilms in
microchannels.27-2° This, combined with a complete lack of
turbulence, results in highly predictable applied shear stress
against wall-adhered Dbiofilms, opening the way for
computational fluidic dynamic simulations with realistic
boundary conditions.

In a previous study, we demonstrated that in a shaken culture,
divalent magnesium ions (Mg?*) from added MgCl, (20 mM) to
the LB medium resulted in an increase in adhered biofilms.10 It
should be noted that LB medium typically contains only 0.05 to
0.3 mM of Mg?*.3% The increased adherence was unique among
the P. aeruginosa strains included in this study (PPF-1, PAO1,
LESB58, and Urg-7). The effect of di- and trivalent ions on
biofilm mechanical
sloughing from applied shear stresses are contradictory in the
literature.31-33 Studies using microfluidics stand to clarify such
discrepancies, especially, for example, contemporary questions
related to the role of Mg?2* in biofilm accumulation and
mechanical properties.34

In this work, we investigate the role of Mg2* in stabilizing PPF-1

properties and their ability to resist

biofilm adhesion using new advances on previous microfluidic
experiments and simulations studying biofilm mechanical
properties.2’-22 The results are compared with those from PPF-
1 biofilms under control conditions (no additional Mg?2*).
Comparisons to biofilms from the P. aeruginosa clinical strain
PAO1 isolated from a human wound3°> were used as a reference
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because they are well represented in a range of earlier
microfluidic studies,3¢-3° albeit differently focused than the
present research into the consequences of applied shear stress
on biofilms. Specifically, we present quantitative results on
critical shear stress for biofilm sloughing and cumulative biofilm
release profiles over time. We also investigated the effect of
Mg?2*ions, which caused anincreased in mechanical stabilityand
a propensity in PPF-1 for infrequent but catastrophic biofilm
sloughing events, similar to the PAO1 reference strain. In
contrast, PPF-1 that is not exposed to an increased Mg2*ion
concentration may more easily lead to downstream
contamination.

Materials and Methods

Flow cell fabrication and microfluidic setup

The biofilms were grown inside microfluidic flow cells and were
studied using a protocol adapted from a previous work.*° Using
computer-aided design software (DraftSightTM, Dassault
Systémes, France), a flow cell containing two independent but
closely spaced microchannels was designed to enable
visualization of the sample and reference biofilms at the same
time. A mould was fabricated using a dry (negative) photoresist
film (Photopolymer Film 55, Mungolox, Germany) that was
adhered to a glass slide with a heated laminator (304 Model,
Fortex, UK). After lamination, the photoresist film was
measured to have a thickness of 45 um. This distance defined
the channel height. The lateral dimensions of the microchannels
were defined using a photomask, which was printed in-house
using a high-resolution photoplotter (FPS 250000, Fortex, UK).
A UV exposure system (UV-AY315, Fortex, UK) selectively
crosslinked the photoresist through the photomask. After the
unexposed photoresist was removed with a developer solution,
the mould retained the features according to the design
pattern. The flow cell was then made by casting a mixture of
polydimethylsiloxane (PDMS) and a crosslinker against the
mould. The PDMS device was subsequently sealed with a
microscope glass coverslip by air plasma activation (PCD-001,
Harrick Plasma, US). The final device featured two parallel
microchannels with a height and width of 45 and 600 um,
respectively (Figure 1). A small inter-channel separation
distance (500 pum) enabled microscopy measurements of both
channels in the same field of view while background light could
be obtained from the space between them. Fluidic connections
to the devices were made with perfluoro-alkoxy tubing (1514L,
IDEX Corporation, Canada) at the entry and exit of each channel
from the device PDMS side. Syringe pumps (SP300, Next
Advance, USA) supplied a constant volumetric flow rate (0.3
mL-h-1) to the system. For each channel, a four-way diagonal
flow valve (V-100D, IDEX Corporation, Canada) enabled a
constant flow of liquid in the flow cell and air removal in the
feed lines between syringe replacements. An upstream channel
position was selected for observation to ensure contact with



fresh liquid media and to prevent interference from upstream
biofilm ejecta.
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Figure 1. Microfluidic bioflow cell. (a) Photograph of the PDMS parallel-flow cell with the
bonded microscope glass coverslip and coloured liquids to enhance the channel contrast.
(b) Schematic view of the flow cell with measurements (mm) of the two channels and

the space between them. The dashed square indicates the microscope observation zone.

Bacterial strains and pre-culture

Two P. aeruginosa bacterial strains were used in this study: the
PAO1 reference strain is a clinical isolate from a human
wound,35and the PPF-1 strain is a DUWL isolate, which is the
focus of this study.? From a single colony of bacteria grown
overnight on tryptic soy agar (TSA, Wisent, St-Bruno, Canada), a
bacteria pre-culture (room temperature, 200 revolutions per
minutes, 25 +5 h) was prepared in 3 mL of 1/10 diluted lysogeny
broth (LB 1/10) (EMD, Mississauga, Canada) and used to
inoculate the system.

Biofilm formation in the microfluidic system

A solution of 70% ethanol was injected into both device inlets
at 0.35 mL-h'1for 1 hour to disinfect the system. Sterile bi-
distilled water was then injected at 0.35 mL-h-1for 1.5 hour to
wash away any residual ethanol. The channels were inoculated
by injecting the bacteria pre-culture at 0.25 mL-h-1 for 1.5 hour.
Next, sterile LB 1/10 medium was injected into the system at
0.30 mL-h'1. The biofilms were oxygenated due to both the high
gas permeability of the PDMS and the natural oxygenation of
the medium. For experiments assessing the effect of additional
Mg2*, 20 mM of MgCl, was added to the nutrient broth. LB 1/10
medium contains less than 0.03 mM of Mg2+*.30 All experiments
were conducted at room temperature.

Time-resolved imaging and analysis

The flow cell was fixed atop an inverted microscope (LS620,
Etaluma Inc., USA) with a 4x objective for the duration of the
experiment. Transmission images were automatically captured
each hour, thereby creating a time-lapse image stack. The
captured images were analysed using open source software
(Imagel, NIH, USA).41 The first image (t=0) in each experiment
was used as a background for calculating the x-y biofilm optical
density (OD) maps, OD¢(x,y), according to:

0D (x,y)=-log ("*2) (Eqn. 1)

t lo(x.y)

where l;is the pixel intensity at time t, lpis the pixel intensity at
t=0 h, and the argument (x,y) represents the horizontal and
vertical pixel indices. To avoid inconsistencies associated with
light flicker or changes to ambient light levels in the laboratory,
the pixel intensities in all images were normalized to average
background light Ilevels obtained between the two
microchannels where no biofilms existed. Following the
creation of OD x-y maps, the average OD value at a given time
slice was obtained from OD=).xy OD:(X, y)/n, where n is the
number of pixels in the region of interest. This procedure has
the effect of creating images on a black background with the
pixel brightness corresponding to the quantity of biofilm
present.2 The 3D biofilm structure was estimated using a
previously validated calibration method to convert time-varying
OD maps (ODx(x,y)) into biofilm topographical maps (hp,t(x,y)) at
each pixel.#043 Because the optical density to biofilm height
calibration is applied individually to every experiment, it
produces unique and self-consistent results for each
experiment, irrespective of strain, growth conditions or even
microchannel geometry. This approach was been showntoyield
more reliable values for hy than direct measurements using
confocal laser scanning microscope, especially for thin, early-
growth-stage biofilms,*3 or residual biofilm layers after
sloughing, as in the present case. In this work, we used an
improved multipoint calibration approach instead of the
previous two-point method. See Electronic Supplementary
Information for more details (Section S1).

Cumulative biofilm release and regrowth were calculated based
on cumulative reductions and
respectively (OD=Yij OD(j, j) / n, where i and j are pixel indices
and n is the total number of pixels being averaged). The
coefficient of variance (CV) was calculated as a quantitative
measure of the biofilm heterogeneity at any given time using:

increases to average OD,

ODSTP

CVi= /ODt

X 100% (Eqn. 2)

where ODFTD js the standard deviation in ODt.

Flow simulations

Computational fluid dynamic simulations were used to
determine the average applied shear stress as a result of the 3D
biofilm shape in the flow channel and the flow rate. Simulations
(COMSOL Multiphysics 4.2a, Stockholm, Sweden) were run
using three-dimensional biofilm models with the software
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option for “fine mesh” used with physics for laminar flow of an
incompressible liquid. A series of control simulations were
conducted to verify that the calculated shear stress results were
independent of biofilm distribution across the upper and lower
microchannel walls (Electronic Supplementary Information,
Section S2).

Results and discussion
Biofilm growth rates and structure

In the first experiment, we compared the differences in the
biofilm growth rate and structure of P. aeruginosa strains PPF-
1 and PAO1. Separate channels were inoculated at the same
time (t=0) with an inoculum of either strain. Afterinoculation, a
constant flow of LB 1/10 nutrient solution was passed through
both channels. The volumetric flow rate of 0.3 mL-h-1applied to
the initially clean microchannel resulted in a shear stress of 0.37
Pa (Electronic Supplementary Information, Section S2). Imaging
was conducted in the next 140 hour period to obtain time-lapse
OD maps as biofilms of each strain grew in their respective
channel. The full video of the PAO1 and PPF-1 biofilm
accumulation and subsequent disruption events is available in
the Electronic Supplementary Information (Video S1). Very little
changed in the first 20 h, corresponding to a lag phase in which
the planktonic bacteria adapted to sessile life on the
microchannel walls. After 20 hours, small, separated colonies
were observable by microscopy. Initially, OD was nearly zero in
both channels, while the CV values were large. Within just a few
hours, the CV values for both channels were rapidly reduced as
the colonies grew and merged. Both biofilms displayed similar
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growth rates in the first 40 hours based on the average OD
versus time curves (Figures 2a and 2b). In the same time
interval, significant differences in appearance were evident
(Figure 2c). A textured surface was initially observed for the
PAO1 strain, which is consistent with mushroom-like structures
regularly described for PAO1 and other Pseudomonas
strains.3644 After the initial formation of mushroom-like
structures in PAO1, a process of reticulation occurred, which
was clearly visible around 41 hours. This phenomenon was
observed but was less obvious for the PPF-1 strain, which
tended to produce a biofilm with a less textured topography.

Biofilm displacement under shear flow

Previous studies have shown that the adhesion strength of
Pseudomonas biofilms can increase with applied shear
stress,*>46including for the PAO1 strain.*” Although this feature
can improve adherence under temporary flow increases in
engineered water systems, overgrowth of small conduits will
eventually resultin biofilm disruption due to the corresponding
increases in shear stress. This process was observed after
growth of both PPF-1 and PAO1 strains, with the initial effects
presenting as a shifting-type displacement at approximately 41
hours in both cases. We define displacement as an abrupt
movement of the biofilm, which nevertheless remains surface
adhered. The changes in biofiim morphology due to
displacement were initially more extensive for the PPF-1 strain,
which demonstrated a significant corrugated structure
afterwards. It appears that the PPF-1 may have only maintained
contact with the walls via tethering to the channel while the
biofilmlargelylost contact with the horizontal channel surfaces.
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Figure 2. Comparison of results from time-lapse imaging of representative biofilms from PPF-1 and PAO1 strains of P. aeruginosa formed in a microfluidic bioflow

cell exposed to LB 1/10 medium under continuous flow at 0.3 mL-h. Graph displaying average time-varying optical density (OD, black) and coefficient of variance
(CV, purple) of the PPF-1 (a) and PAO1 (b) strains. Colour-coded arrows point to the relevant axis. The coloured dots in the graph highlight the key moments during
the biofilm formation shown in (c). Prominent mushroom-like structures are shown in the PAO1 biofilm (highlighted at 41 and 42 hours). Corrugation in the PPF-1
strain is highlighted at the same times. Maximum biofilm density is highlighted at 72 and 49 hours, and the first biofilm sloughing events are finalized at 81 and 53
hours for PAO1 and PPF-1, respectively. Biofilms at the end of the experiment are shown at 139 hours.
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Two factors were likely responsible for the propensity for these
displacement events after a certain time. The first is related to
rapid changes to biofilm viscosity following the growth phase,*°
which is especially pronounced in media solutions with high
ionic strength,*? and this has been linked with changes to
biofilm morphology via sudden partial detachment events.4®
The second factor is a gradual increase in fluid velocity in the
continuously decreasing head space above the growing biofilm,
which increases the applied shear stress.*® After displacement,
OD continued to increase, indicating the progression of biofilm
overgrowth in the channel.

Biofilm sloughing/re-growth cycles

Forthe duration of the experiment, repeated slough/re-growth
cycles in the PPF-1 strain were observed, as indicated by the
continuous variations in the biofilm OD. Temporaryincreasesin
CV correlated with sloughing events indicating an increase in
heterogeneity, likely due to a roughening of the exposed biofilm
surface. After sloughing, the residual biofilm was largely
contained in the microchannel corners where the applied shear
stress was lower, and the larger local surface provided a higher
density of anchor points. Following sloughing of the PPF-1
strain, regrowth occurred from the residual biofilm segments in
the corners, causing a narrowing of the effective channel width
and increases to the shear stress, as observed in other biofilm
studies in low-aspect-ratio microchannels.#%49 |n the case of the
PAO1 strain, a two-stage sloughing event followed the
maximum biofilm accumulation at 72 hours, and a less
significant sloughing event occurred at 100 h. It appeared that
sloughing was less frequent for PAO1 than for PPF-1.
Additionally, in contrast to PPF-1, sloughing played almost no
role in modifying the heterogeneity of PAO1 (Figure 2b),
indicating removal along afracture boundary thatresultedin no
appreciable restructuring of the remaining biofilm. With
temporary exceptions during and immediately following
sloughing of the PPF-1 biofilm, the CVs of both biofilms
generally tended toward lower values (more homogeneous)
with time, but the PPF-1 strain was more heterogeneous than
PAO1 throughout the experiment. Even after 140 hours, the CV
of the PPF-1 was nearly twice that of the PAO1. Heterogeneous
biofilm topographies are generally associated with higher
exposed surface area,>® which is known to increase biofilm
growth rates due to enhancements in nutrient loading.51.52
Because biofilms are known to present weaker mechanical
properties (e.g., lower viscosity and Young’s modulus) during
fast-growth stages and to possess different cohesivity in the top
versus base layers,5354 it appears that the growth-slough cycles
may produce a feedback loop that maintains the biofilm in a
state that is conductive to pseudo-continuous production of
ejecta into the flow stream.

Critical shear stress

Biofilm growth has a strong effect on the available channel free
space and in turn can affect the local hydrodynamic conditions
applied to the biofilm (specifically shear stress). We define the
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critical shear stress (1) as the maximum shear stress
experienced by the biofilm as it reached its critical volume, just
before sloughing. To quantify T, we used a computational fluid
dynamic model to simulate the shear stress based on a three-
dimensional representation of the biofilm shape in advance of
each sloughing event. Estimates of the biofilm three-
dimensional shape were obtained as described in the Material
and Methods section. In this way, we quantified the restrictions
in channel free space as well as the corresponding changes in
shear stress. As explained in the Electronic Supplementary
Information (Section S3), the quantity of biofilm distributed on
the top and bottom walls did not affect the calculated shear
stress if the total biofilm volume was conserved along the
channel cross-section. Therefore, for simplicity of visualisation
and reduction of computational time, we represented the
totality of the biofilm as adhered to the bottom wall. Visual
representations of channels containing the PPF-1or PAO1 strain
at maximum overgrowth just before a sloughing event and the
same channelsimmediately after sloughingare shownin Figure
3. In this case, the 1. values generated due to flow of 0.3 mL-h1
across the headspace, just before sloughing, were t.= 2.6 and
6.1 Pa for PPF-1 and PAO1, respectively. The shear stresses
applied to the residual surface adhered biofilms layers after the
sloughing events shown in Figure 3 were 1.2 and 1.9 Pa for PPF-
1 and PAO1, respectively.

PPF-1 PAO1

Critical volume

Post-slough

Figure 3. Three-dimensional rendering of PPF-1 (left) and PAO1 (right) biofilms at their
critical volumes (top) and after sloughing (bottom) for the experiments shown in Figure
2. Times are indicated in the top left corner for each rendering. Distances along the x-
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and y-axes are shown in units of um. Colour bar associates false colour scale to height.
Flow is from bottom to top in all images.

We conclude that biofilms from the PPF-1 strain are more likely
to slough than those from the PAO1 strain. This is the result of
three characteristics of the PPF-1 biofilm: (i) lower attachment
strength to the microchannel, (ii) rapid and nearly continuous
regeneration of new growth biofilms, and (iii) lower t. required
for sloughing. Each factor is linked to the biofilm mechanical
properties and is evidenced by the higher number of sloughing
events observed for PPF-1 compared to PAO1.

Stiffening of PPF-1 biofilm at a high concentration of magnesium
salt

Based on previous studies reporting that biofilms from PPF-1
exposed to MgZ*in a shaken culture resulted in an increase in
adhered biofilms, we chose to study the impact of Mg2*ions on
biofilms under dynamic flow conditions. The experiment was
repeated four times with PPF-1 exposed to Mg2*and under
control conditions in the reference channel (no Mg2* addition).
Due to the differences in the OD versus time profiles, including
differential effects from the lag phase, growth rate and timing
of biofilm sloughing events, the results from four individual
experiments for each condition are plotted in Figures 4a rather
than their mean results. Despite the variability in these results,
certain observations are possible. First, in the presence of Mg2+
ions, biofilms accumulated into more optically dense and
thicker layers while also demonstrating greater resistance to
shear stress and detachment compared to those under control
conditions. This is shown in Electronic Supplementary
Information, Section S3 for each individual experiment via hy
and the cumulative release profiles versus time. Second,
preceding the detachment, displacement events occurred that
resulted in corrugated topographical structures, as observed
previously under control conditions. Such displacements
preceded sloughing, but continued nearly continuously
between sloughing events for low-ionic-strength nutrient
solutions, compared to those with added Mg?*, but never
showed signs of catastrophic by sloughing ripping (Figure 4c).
Based ontheincreasesto the PPF-1 biofilm surface attachment,
stiffness, and accumulated material before reaching the critical
volume strain in the presence of Mg?2*ions, we conclude that
the biofilm more closely resembled PAO1 than PPF-1 under the
control conditions. Third, after reaching a critical volume (and
corresponding 1), the Mg2?*-exposed biofilms sloughed off
abruptly and massively via a tearing process (Figure 4b). The
clean edges at the fracture boundary indicate that the biofilm
had become brittle. This evidence points to a viscoplastic
deformation behaviour (e.g., as described by Binham and
Herschel-Buckley models). Generally, biofilms are treated as
viscoelastic materials, which can respond to both long-term
shear stresses by viscous flow and to short-term perturbations
by a reversible elastic response. However, the concept of
biofilm plasticity is a new idea, one by which large internal
stresses are irreversibly relieved.>*%5 In this case, biofilm
plasticity can be viewed as the irreversible deformation that
occurs by rippingatthe stress fracture boundaries asaresponse
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to large shear stresses applied to a highly viscous state obtained
by the mature biofilm when it is exposed to a high-ionic-
strength nutrient.*3 Therefore, this observation may help to
accelerate further inquiry, including the creation of predictive
models for critical shear stress based on viscoelastic
parameters. This type of deformation,
catastrophic sloughing, was observed in 3 out of 4 experiments
using added MgCl,. In the one experiment in which the
sloughing was not observed at all, the biofilm height was only
32.2 um by the end of the experiment, whereas in the other 3
experiments, the average biofilm height was significantly higher
(hp=39.1 + 3.0 um). Therefore, it seems likely that a critical
biofilm volume had not been reached before the end of the 68
hours in the experiment in which sloughing was not observed.

which we call

Cumulative release

The accumulated difference in the height-calibrated OD before
and after each sloughing event was used to calculate the
cumulative biofilm loss into the effluent (Figure 4d). This view
shows that in the control experiments (no Mg?* addition),
release of biofilm segments into the effluent phase started
approximately 10 hours before that of Mg2*-exposed biofilms.
As well, during the control experiments, the biofilm release
occurred continuously, displaying a continuous periodic
sloughing mode, which we refer to as ‘pseudo-continuous
sloughing’, whereas the Mg2*-exposed biofilms followed a
stepwise release pattern resulting from singular catastrophic
sloughing events. Interestingly, by the end of the experiment,
the cumulative release of control and Mg?+-exposed biofilms
were statistically the same. Nevertheless, it is expected that the
liberated biofilm segments from the Mg2*-crosslinked biofilm
would not be as efficient in downstream colonization as the
control samples because most bacteria would be contained
within dense and highly crosslinked ejecta with relatively low
surface-area-to-volume ratios. In addition, large solid biofilm
segments present the opportunity for filtration, whereas
smaller deformable biofilm segments from control experiments
may pass through filters to access and colonize downstream
conduits. These results suggest that the application of divalent
solutions coupled with high flow conditions could resultin shear
removal and filtration of large biofilm as a potential route to
better decontamination. This goal could be achieved without
aggressive antibacterial agents by provoking catastrophic
sloughing after Mg?2* exposure or by applying antibacterial
treatments after Mg2+-aided catastrophic sloughing to limit or
prevent regrowth from exposed residual layers.
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Figure 4. Effect of MgCl, on biofilm formation of the PPF-1 strain of P. aeruginosa. (a) Time series of optical density measurements for PPF-1 biofilms under
0.3 mL-h! flow of LB 1/10 medium supplemented with 20 mM of MgCl, (orange) or control conditions without MgCl, addition (blue dashed) (a.u. = arbitrary
units). (b) Average cumulative release profile data in (a). Colour coding is the same in (a) and (b). Error bars in (b) are the result of the standard deviation from
cumulative release (n=4). Representative results from sloughing events for (c) MgCl,-exposed samples and for (d) control experiments. Subfigures are labelled
in the order that they appear in the main text, but (d) is placed under (a) for better comparison between OD and cumulative release time profiles.

We conclude this study with a comparison of critical shear stress
values for the three experimental conditions used in this paper.
This was accomplished by simulations using the three-
dimensional reconstructed biofilm shape to calculate the shear
stress (t¢) immediately before the sloughing events, and shear
stress after sloughing was determined in the same manner.
Average t.values were obtained from multiple sloughing events
recorded during time-lapse videos from each experiment to
obtain statistical significance. We also compared the average t.
values with the shear stress values after sloughing to determine
how significantly sloughing affected the hydrodynamic
conditions in the vicinity of the biofilm. Data for PPF-1 in the
control condition (no Mg?* addition) were averaged over 4
separate experiments, yielding a critical shear stress value of tc
= 1.42 +/- 0.32 Pa. Due to the relatively insignificant effect of
the pseudo-continuous sloughing events on the remaining
biofilm volume, the post-sloughing shear stresses (0.95 +/-0.27
Pa) were not statistically different from t.. It can be concluded
that the slough/regrowth states became intertwined after the
sloughing started, leading to a pseudo-continuous biofilm
ejection. Interestingly, in a previous study, a similar observation
was made for the release of planktonic cells from Pseudomonas
sp. biofilms in a microchannel at subcritical shear stresses by
counting CFU from effluent.5¢ In comparison, the addition of 20
mM MgCl, to the nutrient solution (LB 1/10 medium)
dramatically increased the PPF-1 resilience to sloughing,
enabling the biofilm to continue to grow until critical shear
stress values of t.=5.43 +/- 1.52 Pa were applied. As areminder,
the LB 1/10 medium used in this study contains less than 0.03
mM of Mg?2*.30 The stronger cohesion that enhanced resistance
to shear stress also resulted in the tendency for the self-
cohesive and brittle biofilm to rip from the channel in a large
single ejecta via a similar viscoplastic deformation observed for

PAO1 biofilms. The large loss of biofilm led to a significant
reduction in applied shear stress after sloughing of ©. = 0.50 +/-
0.38 Pa, after which the biofilm began to grow again. Thus, the
addition of MgCl, causes the sloughing and regrowth phases to
become separate and distinct. This behaviour was similar to
that of the PAO1 reference strain, which experienced distinct tc
and post-sloughing shear stresses of 4.23 +/- 1.22 Pa and 1.67
+/- 0.22 Pa, respectively. We also note that elevated critical
shear stress values correlated to larger slough volumes during
any singular event. However, it should be reiterated that the
total cumulative detached biofilm volume involving PPF-1
strains under different ionic concentrations was similar despite
the significant differences in the biofilm volume released per
sloughing event. Figure 5 also estimates the average biofilm
volume lost during a sloughing event for PPF-1 under control
conditions, under MgCl, exposure, and for the PAO1 reference
experiments. As expected, the volume lost during a single
sloughing event was largest for PPF-1 exposed to Mg?*.
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Figure 5. Average shear stresses before and after sloughing events (red and green,
respectively). Error bars show the standard deviation in the average measurements.
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Measurements were the result of multiple sloughing events during each of the
experiments. In total, 5 experiments were run using PPF-1 control (no Mg2* addition), 4
experiments using PPF-1 with 20 mM MgCl, added and 1 experiment using PAO1.
Average volume (mm?3) of biofilm removed from the microchannel during each sloughing
event is shown in blue. Statistical significance in shear stress values before and after
sloughing events from a pairwise t-test is indicated by *.

Conclusion

Strains of PPF-1 from Pseudomonas aeruginosa isolated from
dental unit water lines were studied in microchannels using
time-lapse imaging, and the results were compared to those
from a reference strain of PAO1. Using height-calibrated OD
maps, three-dimensional biofilm topographies were created,
and the applied shear stresses were modelled using
computational fluid dynamics simulations. While marked
differences existed between biofilms from PPF-1 and the
reference PAO1, PPF-1 exposure to Mg?* ions changed its
mechanical properties and became similar to those of the
reference strain. These properties included an increased ability
to resist sloughing until the applied shear stresses surpassed a
critical value. The resulting catastrophic sloughing showed
evidence of viscoplastic failure, an understudied mechanical
regime in the biofilm literature. The extreme differences in the
Mg2+-exposed PPF-1 biofilm shape after sloughing points to
highly distinctive sloughing and post-sloughing growth states.
Conversely, in alow-ionic-strength environment, shear stresses
applied before and after PPF-1 biofilm sloughing were not
significantly different. For the latter case, this indicates that the
sloughing and post-sloughing growth states were highly
intertwined, which can result in a nearly continuous process of
bacterial ejection and downstream colonization. Therefore,
Mg2*addition could play a role in future strategies for limiting
Pseudomonas aeruginosa contamination of dental unit water
lines and other engineered water systems.
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