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ABSTRACT

Biofilm formation and removal from dead-ends is a particularly difficult and understudied area
of water distribution system biology. In this work, we have built a model drinking water
distribution system to probe the effect of different hydrodynamic flow regimes on biofilm
formation and removal in the main pipe and in the dead-end. The test rig was built to include
all major drinking water distribution system components with materials and dimensions used
in the standard plumbing system. We have simulated the effect of stagnant, laminar, turbulent,
and intense turbulent flushing conditions on the growth and removal of biofilms from the main
pipe and the dead-end. The growth of the biofilm in the main pipe was not prevented at a
volumetric flow rate of 9.4 L - min™ and flow velocity of 2 m - s™. Mature biofilms were more
difficult to remove. Biofilms grown under shear stress conditions could withstand significantly
higher shear stresses than those to which they were exposed to during the growth. The biofilms
grew twice as fast in the dead-end when flow in the main pipe was turbulent compared to
stagnant conditions. Biofilms in the dead-end were not affected by the flushing conditions in
the main pipe (Q =52 L - min?, Re = 9.0 - 10%). The computational fluid dynamics simulation
suggests that biofilms cannot be hydrodynamically removed from the dead-end at depths that
are larger than one pipe diameter. Biofilms beyond this limit present a possible source for

reinoculation and recolonization of the rest of the water distribution system.
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INTRODUCTION

A biofilm is a self-made composite of organic and inorganic material produced by
microorganisms on different surfaces in contact with water. A biofilm is a diverse microbial
community that includes bacteria, viruses, fungi, and protozoa. Biofilms in drinking water
distribution systems (DWDS) can cause a wide range of water quality and operational problems
(Liu et al., 2016). They can be responsible for increased bacterial levels in the distribution
system, reduction of dissolved oxygen, loss of distribution system disinfectant residuals, taste
and odour changes, water coloration (i.e. red or black color due to iron or sulfate-reducing
bacteria), microbial-induced pipe corrosion, hydraulic roughness, and reduced materials life

(Characklis and Marshal, 1990).

The primary reason that many water utilities are concerned with biofilms in DWDS is due to
growth of coliform bacteria in the pipe network that violate drinking water standards. The
occurrence of coliform bacteria in DWDS is influenced by water filtration, temperature,
disinfectant type, source of organic carbon level, corrosion control, pipe material selection,
faulty parts of the system or other operational defects (Liu etal., 2016; Simdes L. C. and Simdes
M., 2013). A majority of the DWDS that are affected by coliform bacteria can trace their
problems to the growth of biofilms (LeChevallier, 2003). Due to the protection offered by the
microbial self-produced extracellular polymeric matrix, biofilms are difficult to control and
practically impossible to eliminate. The extracellular matrix protects microorganisms within
biofilms from a variety of external adverse factors including fluid flow and chemical

disinfection (Douterelo et al., 2016).



High flow velocities may result in self-cleaning and are regularly applied in DWDS to ensure
the removal of sediment and biofilms. The effect of fluid-flow velocity on microbial growth
and biofilm formation has been studied in a pilot-scale water hydraulic system (Soini et al.,
2002). Microbes attached to surfaces both under low and high shear stresses. During flushing,
the shear stress is transiently raised to even higher values to mobilize particulate material and
bacteria from the pipe walls into the bulk flow. Although this prevents short-term water quality
issues, it is generally not capable of eliminating all the biofilm, and bacteria can regrow

(Douterelo et al., 2013).

Far more problematic than biofilms grown in the main pipe system are biofilms that grow in
zones of water stagnation or in parts of the system known as dead-ends with long water
residence times (Liu et al., 2019; Smith et al., 1999; Barbeau et al., 2005; Ling et al., 2018). It
is generally accepted that water in dead-end pipes is not circulated (Liu et al., 2006; Smith et
al., 1999; Zlatanovi¢ et al., 2017). Dead-ends are associated with high organic material
sedimentation, favourable corrosion conditions, absence of residual disinfectants and pose a
high risk to health (Barbeau et al., 2005; Carter et al., 1997). Studies of water distribution
systems have shown that bacteriological hot spots are three to four times more likely to occur
at dead-ends (Elgamal and Farouk, 2019). In purging saline solution from a dead-end pipe it
was shown that as the distance of purging location from the dead-end increased, the removal
time increases exponentially. This suggests that the removal of biofilms from dead-end zones
in DWDS is likely to be ineffective. There are, however, very few reports on the rate of growth

and removal of biofilm from dead-ends in real drinking water distribution systems.

The aim of the research reported here is to determine biofilm growth, removal, and mobilization
patterns in the dead-end zone of a model DWDS under different flow regimes in the main pipe.

The E. coli biofilms were either grown in the model DWDS or were grown exogenously in the



lab and introduced to the model DWDS. The test rig was built to include all the major DWDS
components (i.e. water storage tank, valves, pump, measuring cell, main flow, and dead-end
zones) with materials and dimensions used in the standard plumbing system. In the model
DWDS, we have simulated stagnant, laminar, turbulent, and intense turbulent flushing
conditions. The biofilm surface coverage in the main pipe and in the dead-end zone was

determined at different flow regimes in the main pipe.

Materials and methods

1. Model drinking water distribution systems (DWDS)

The customarily built test rig is shown in Fig. 1A. It was constructed of polyvinyl chloride
pipes (13 mm diameter), submersible pump Maxijet 1000 aquarium pump (Aquarium Systems,
France), with Qmax = 16.7 L - min™! controlled by a variable autotransformer HSN0303 (Metrel,
Slovenia), or a more powerful pump GP 4500 INOX (TIP Technische Industrie Produkte
GmbH, Germany) with a working volume of 1600 mL and Qmax of 72.5 L - min* controlled by
OPTIDRIVE E2 (Invertek Drives, United Kingdom), Processmaster 610 (ABB GmbH,
Germany) flow meter, and the customary made measuring flow cell that allowed growth of the
biofilm in the DWDS or enabled insertion of the exogenously grown biofilm in the test rig. The
working volume of the system was 600 or 2200 mL in the case of the more powerful pump.
The system allowed regulation of the flow in the Re range from 1 - 10%to 9 - 10*. Biofilms were
either grown on the microscopic slides in the flow cell or exogenously in the microbiological
lab and later inserted in the flow cell. After the experiment, the microscopic slides were
removed from the flow cell and microscopically analysed. To check the effect of the dead-end

zone on the growth and removal of the biofilm the test rig was modified as given in Fig. 1B.



Perpendicular to the main pipe system the dead-end pipe was attached via a T junction. The
length of the dead-end pipe was 56 mm. At the end of the dead-end pipe, a measuring flow cell

closed at the distal end was attached.

To clean it the model water distribution system was disassembled and the inside of the system
was mechanically scrubbed with a commercial detergent solution. The excess detergent was
rinsed with tap water. The system was assembled and disinfected with 70 % (v/v) ethanol and
rinsed again with tap water. Since only green fluorescent protein-expressing E. coli were used
in the experiments, the background bacterial contaminations introduced with tap water were
not visible in our experiments because they were not capable of growing on the selective growth

medium supplemented with kanamycin.

To study the effect of flow regimes on the growth and removal of bacterial biofilms, a stainless
steel flow cell was built to allow the insertion of the poly(methyl methacrylate) (PMMA) slides
with biofilms. The flow cell is shown in Fig. 1C,D. It is composed of the body of the flow cell
with a rectangular flow profile and a removable lid. The dimensions of the flow channel were

266 x 10 x 10 mm. The PMMA slides were attached to the flow cell with a rubber fitting.



Figure 1: Schematic illustration of the model DWDS used to determine the effect of flow regimes on growth and

removal of E. coli biofilms. (A) Model DWDS with the flow cell connected to the main pipe. (B) Model water
distribution system with the flow cell connected to the dead-end pipe. Inset: (C) Assembled flow cell, scale bar =
5 cm. (D) Disassembled flow cell with the lumen of the square duct exposed, scale bar = 3 cm. The flow direction
in A and B is indicated with an arrow, in C and D it is along the X-axis. Model water distribution system
components: reducing valve (1), flow meter (2), flow cell (3), aquarium or submersible pump (4), variable
autotransformer (when using aquarium pump) or frequency drive (when using submersible pump) (5), three-way
ball valve (6). During biofilm growth and removal experiments, the flow meter was not connected to the model

DWDS.

Prior to the insertion, the adhesive tapes on the PMMA slides, that limited bacterial lateral
growth, were removed. Next, the slide was inserted into the flow cell and the lid was screwed

into the flow cell. The assembled model DWDS was filled with tap water and excess air vented



through the valve. After insertion of the slides with biofilms into the flow cell, the biofilm was
incubated for 10 minutes under stagnant conditions. The samples were subjected to different

flow regimes as given in Table 1. The Reynolds number was calculated as:

Uayg  d

Re = (1)

v

where the pipe diameter d is used for the length scale and the average cross-sectional velocity
Uavg, V IS Kinematic viscosity. In the case of a rectangular channel, the hydraulic diameter was

determined as:

d= —— .(2)
where A is the cross-section area and C is the circumference (Elger et al., 2012).

Table 1: Flow regimes used in this study. Flow velocity and Reynolds number were derived from volumetric flow
rates. The transition from laminar to turbulent flow in a pipe usually occurs at Re between 2000 and 2500 in the
case of circular and rectangular cross-sections (Tosun et al., 1988). In this paper, Re = 2200 was denoted as a

transitional state.

Flow Average
Flow regime Volumetric
velocity Reynolds shear stress
(corresponding flow rate Q Pump used
Uavg number Re Twall
number) [L - min]
[m-s?] [Pa]
aquarium or
Stagnant conditions(0) 0 0 0 0 submersible
pump
Laminar flow regime
0.6 0.10 1000 0.07 aquarium pump
@)
Transitional flow
1.3 0.20 2200 0.32 aquarium pump

regime (2)



Turbulent flow regime

9.4 1.60 16000 7.53 aquarium pump
@)
Turbulent flow regime submersible
8.8 1.47 15000 6.71
(4) pump
Turbulent flow regime submersible
17.6 2.93 30000 22.71
(5) pump
Turbulent flow regime submersible
26.3 4.38 45000 46.82
(6) pump
Turbulent flow regime submersible
35.6 5.93 60000 80.24
(7) pump
Turbulent flow regime submersible
52.0 8.67 90000 158.84
(8) pump

2. Growth of Escherichia coli biofilms outside the flow system

Escherichia coli MG1655, DE3 designated as E. coli was used in all experiments. The strain
carries a plasmid with resistance to kanamycin and contains a gene for constitutive expression
of a green fluorescent protein (gfp) (Horvat et al., 2019; Lorenzetti et al., 2015). Bacteria were
grown on Lysogeny Broth (LB-Km) agar (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 0.5%
(w/v) NaCl, and 1.5 % (w/v) agar), supplemented with kanamycin sulfate (50 pug - mL™?). A
single E. coli colony was aseptically transferred from the Petri dish to 10 mL of liquid LB
medium (without kanamycin). The inoculated medium was incubated overnight at 37 °C, 200
rpm. Next, 700 pL of the overnight culture was diluted to an optical density ODegso of 0.05 (a.u.)
and transferred to a pre-sterilized PMMA slide (6 % (v/v) hydrogen peroxide for 15 minutes,
rinsed twice with PBS) placed in a sterile Petri dish. The left and right sides of the PMMA
slides (75 mm x 25 mm x 2 mm Acrytech, Slovenia) were covered with adhesive tape to prevent
lateral biofilm growth. To grow immature biofilms the inoculated slides were pre-incubated for

two hours to allow the bacterial cells to adhere to the surface. The slides were then transferred



into a sterile 50 mL centrifuge tube with a conical bottom to which 30 mL of liquid LB medium
with 2.2 % (w/v) lactose was added (Bas et al., 2017). The tubes were sealed and incubated
horizontally at 37 °C without shaking. Every 24 hours, the spent medium was aseptically
drained and the same volume of liquid LB medium with lactose was replaced. After 72 hours
of incubation, the spent culture medium was discarded and the weakly adhered cells were
removed from the slide by immersing the slides in 50 mL of PBS. The submerged slides were
shaken gently in a circular motion for about 10 seconds, turned to the side and carefully
removed from the buffer. Excess fluid on the slides was removed by pressing the edge of the
glass for a few seconds against a paper towel. The process was repeated three times. The control
sample slides were prepared only with medium to check for contaminations. The washed
biofilm slides were kept in a sealed centrifuge to prevent desiccation prior to the transfer into
the measuring flow cell. To grow mature biofilms, pre-sterilized PMMA slides were incubated
with 500 pL of overnight E. coli, suspended in 21.5 mL of liquid LB medium with 2.2 % (w/v)
lactose. This time PMMA slides were incubated horizontally rotated by 90° along the slide’s
long axis so that a thick biofilm formed at the air-liquid interface. The spent growth media was
replaced every 24 h of incubation. With each replacement, 1 mL of extra growth media was
added, which allowed for an extra band of thick biofilm to grow at the air-liquid interface.
Different bands of the biofilm merged at the end of incubation, forming a mature biofilm. The
immature or mature biofilms were aseptically transferred to the flow cell. Biofilms that were

grown outside the flow cell were hydrodynamically treated at room temperature.

3. Growth of Escherichia coli biofilms in the flow cell

Before each experiment, the model DWDS was disassembled and the flow cell was
mechanically cleaned by scrubbing using a commercial detergent solution and rinsed with tap

water. The assembled model water distribution system was then chemically sterilized with 6 %



(v/v) hydrogen peroxide for at least 30 minutes at room temperature. Periodically turbulent
conditions were established for a shorter time (Q = 9.4 L - min?, t = 1 min). The hydrogen
peroxide was drained and DWDS rinsed with sterile deionized water. The ball valve was
sterilized by dipping it in 70 % (v/v) ethanol, which was then burned off. To maintain 37 °C
during the growth of the biofilm the model DWDS was placed into a microbiological incubator
room at 37 °C. All tests were performed in two independent experiments. The data for surface
coverage were determined at 16 different positions, for CFU three replicates were done. The
DWDS was filled with sterile LB medium with 2.2 % (w/v) lactose and inoculated with an
overnight culture of E. coli to the final concentration of 1 x 10® CFU - mL™. The biofilms were
grown at 37 °C for 48 hours under stagnant conditions or turbulent flow regime (flow regimes
0 or 3in Table 1, respectively). After every 24 hours, the spent medium was replaced with fresh
medium. The spent culture medium was drained, the ball valve re-sterilized, and the system
filled with the fresh LB medium with added lactose. The flow cell was inserted either in the
main pipe system (Fig. 1A) or in the dead-end (Fig. 1B). Biofilms grown under stagnant
conditions or turbulent flow regime were subjected to flow regimes 0 and 8 as described in
Table 1. Biofilms that were grown in the flow cell at 37 °C were, for technical reasons,

hydrodynamically treated at 20 °C.

4. Microscopy of biofilms

Biofilms were sampled by stopping the flow, removing the lid of the flow cell and removing
the PMMA slide with biofilm. The slides were washed three times in sterile PBS to remove
weakly adhered cells. Axio Observer Z1 inverted microscope (Zeiss, Germany) was used to
observe the biofilms with differential interference contrast technique (DIC) and fluorescence.

Microscopy was performed at 20x magnification (20x/0.4 lens). At the end of microscopy,



PMMA slides were stained with crystal violet dye solution to determine the biofilm surface

coverage.

5. Biofilm surface coverage

The slides with biofilms were air-dried and flame fixed. The fixed biofilms were stained by 1
% (v/v) crystal violet solution (Merck, Germany) for 10 minutes, washed and air-dried. The
slides were analyzed with a DM300 light microscope (Leica Microsystems, Germany) or Axio
Observer Z1 inverted microscope (Zeiss, Germany). Images were captured at 400x
magnification every 5 mm along the centerline of the slide, from the inlet to the outlet side of
the flow cell, in total 16 images on each slide. The individual images for each slide were
analyzed with Fiji (version 1.52c) to obtain the biofilm surface coverage using a triangle method
and an ImageJ measuring function (Zack et al., 1977). The images were converted to binary
format with a black background and white biofilm, with an automatically determined threshold
value that separates the biofilm from the background. Visual noise was removed from all the
images in the set, using the “despeckle” function. The average surface coverage A [%] of

individual slides was then calculated using Equation 3:

2A

n

A= -(3)

where Ay is the percentage of the surface of the PMMA slide covered with biofilm at a certain
distance x [mm] from the inlet side of the PMMA slide and n is the number of microscopic

measuring sites.

6. Concentration of planktonic bacteria in the model DWDS



Planktonic bacteria in the model DWDS were sampled via the ball valve. Approximately 50
mL of liquid was sampled during the model DWDS operation to obtain a representative
microbiological sample. 10-fold serial dilutions were prepared from the sampled water. Next,
20 uL of serial dilutions were applied to the LB-Km agar plates using the plate drop method.
The plates were pre-incubated at room temperature until no liquid was observed and then
incubated at 28 °C for 16 hours. The plates with the number of colonies between 2 and 20
colonies were counted (Herigstad et al., 2001). The control of cleaning was performed in three
replicates on PCA agar plates (0.5 % (w/v) tryptone, 0.25 % (w/v) yeast extract, 0.1 % (w/v)
glucose and 0.9 % (w/v) agar; calibrated to pH value of 7.0). No growth was observed in the

control samples.

7. Hydrodynamic flow simulation

Computational fluid dynamics simulation as described by Teodosio et al., 2012 and Teod6sio
et al., 2013 has been applied using ANSYS R19.2 software to construct the flow cell and the
relevant regions of the model water distribution system. Based on the geometry of the model
DWDS, we created a computational grid with hexahedral elements. The basic size of each
control volume was 1 mm, while the size of the control volumes in the observation area was
0.5 mm. Three mesh sizes were tested in the main pipe and in the dead-end simulations. The

mesh sizes are given in Table 2.

Table 2: Mesh size selection (the number of control volumes) for the hydrodynamic flow

simulation in the main pipe and in the dead-end.

Mesh Size (main pipe) Size (dead-end)




Coarse 69676 90617
Medium 213300 255833

Fine 937938 922721

Velocity profiles at a position were compared and Richardson extrapolation (Ferziger and Peric,
2002) was used to evaluate the mesh dependence. In all, local flow velocities at 700 points were
compared. It was concluded that by using the mid-size grid, the error was approximately 3 %,
which was acceptable for the purpose of the present study. The computational domain in the
main pipe consisted of 213300 elements, while in the case of the dead-end, the computational
grid consisted of 255800 elements. In both cases, we resorted to the use of symmetry, so that
only half of the total geometry of the model distribution systems were calculated. The fluid
parameters were: density 998.2 kg - m™, dynamic viscosity of 1.003 - 10 Pa - s and operating
pressure 1013.25 hPa. The hydrodynamic flow simulations were performed at 20 °C. We have
also checked the effect of temperature on flow dynamics at 37 °C. The two flow regimes were
not statistically different. For the boundary conditions, an appropriate mass flow rate at the inlet
and the standard pressure at the outlet were defined. A stationary wall with no-slip condition
was assumed. In the case of turbulent flow, a standard roughness model was used (Sommerfeld
and Huber, 1999), with a roughness height of 0 m and a roughness constant of 0.5. For lower
volumetric flow rates (Q = 0.6 L - min™), laminar flow was assumed. For higher volumetric
flow rates (Q = 9.4 L - min?, 35.6 L - min™* and 52.0 L - min™®), turbulent flow was assumed,
the solution of which was obtained using the SST k-o turbulent model (Menter, 1994).
Numerical simulations were performed as steady-state Reynolds-averaged Navier-Stokes
equations with a pressure-based SIMPLE algorithm (Patankar, 1980) for the pressure-velocity
coupling method. Second-order spatial discretization was used for all equations and absolute
residuals were set to 1e-6, except for the continuity for which they were set to 1e-4. In addition

to the local values of flow velocity within the model DWDS, the model solutions also provided



values for local shear stress. Numerical simulation was done in 3D with a symmetry plane (half
of the domain was modeled). The results (contour plots) are only shown in planes in the middle
cross-section of the pipe. For graphical presentation, the data for the flow velocity and shear

stress were normalized. The values for the flow velocity were normalized using Equation 4:

Uj
Ujnorm = u_ ..(4)
max

where Ui, norm is the normalized value for the flow velocity, Umax [m - s1] is the maximum value
for the flow velocity within the data set, and u; [m - s™'] is a specific value for the flow velocity

within the data set. The values for the shear stress were normalized using Equation 5:

T

.(5)

Tinorm —
Tmax

where 7i, norm 1S the normalized value for the shear stress, mmax [Pa] is the maximum value for the
shear stress within the data set, and z; [Pa] is a specific value for the shear stress within the data

set.

8. Statistical data analysis

Statistics were performed in OriginPro 2016. One-way analysis of variance ANOVA was used
at a significance level of « = 0.05. A post hoc Tukey test was subsequently performed to
discriminate between the sample pairs. To check for a significant difference between the initial
and final states of the samples, we used Student's t-test at a significance level of « = 0.05. We
used the Pearson correlation coefficient to determine the correlation between the data. A normal
distribution was assumed for all the data. A logistic function was used to fit the data of biofilm

surface coverage and the concentration of planktonic bacteria.



RESULTS

1. Biofilm removal from the main pipe

The effect of different flow regimes (laminar, transitional or turbulent) on the removal of E.
coli biofilms from the main pipe is shown in Fig. 2. The surface covered with biofilms and the
concentration of planktonic bacteria in the model DWDS were dependent on the flow regime.
As Reynolds number increased, the biofilm surface coverage decreased significantly (F(4,10)
=66.92; p <0.001), consistently the concentration of planktonic bacteria in the flow circulation
increased (F(4,10) = 7.91; p = 0.004). As indicated by the positive control sample, the insertion
of the biofilm in the flow cell perturbs the biofilm and significantly reduces its surface coverage
(p < 0.001). These results suggest that there are two populations of cells in the biofilm. A
population of weakly adhered (sedimented) bacteria, which can already be removed by inserting
the biofilm slide into the flow cell, and a population of strongly adhered cells, which can be
partially washed at different flow regimes. To study the effect of hydrodynamic flow on

strongly adhered cells, the sedimented bacteria were removed prior to the next experiments.
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Figure 2: Surface coverage of E. coli biofilm and the concentration of planktonic bacteria in the model DWDS
depending on the flow regime (positive control: Re = 0, t = 600 s; laminar: Re =1 - 10%, t = 330 s; transitional: Re
=22-10% t=150s; turbulent flow: Re = 1.6 - 10% t = 21 s). The negative control represents the slide, covered
with biofilm which was not inserted into the flow cell. The positive control was the slide with biofilm inserted into
the flow cell and incubated for 10 minutes under stagnant conditions and then removed from DWDS. In all flow
conditions, the same volume of fluid (3.3 L) was circulated over the biofilm. The mean values = SD (n = 3) are

shown.

Because biofilms were not completely removed from the surface of PMMA slides even after
90 min of exposure to the turbulent flow regime (Re = 1.6 - 10*, Q = 9.4 L - min'!), we increased
the flow by installing a stronger pump in the model DWDS capable of generating Q =52.0 L -
min™ and Re = 9.0 - 10%. The effects of increased flow rate on the immature and mature biofilm

removal are shown in Fig. 3. The biofilm surface coverage and the concentration of planktonic



bacteria in the circulating flow for both the mature and immature biofilm were dependent on
the Reynolds number. As Re increased, the surface coverage decreased and the concentration
of planktonic bacteria increased (r = -0.82; p < 0.001 and r = -0.84; p < 0.001 for the immature
and mature biofilm, respectively). We have fitted a logistic curve to the biofilm surface
coverage and the concentration of planktonic bacteria data. At Re values < 1.5 - 10* the removal
of cells from the immature biofilm was very small. Above Re = 1.5 - 10* (ECio) the
concentration of planktonic bacteria increased rapidly. Above Re = 3.8 - 10* (ECg) the
concentration of bacteria in the circulating flow no longer increased. Similar observations were
made for the mature biofilms. On the other hand, the biofilm surface coverage decreased rapidly
above Re = 1.9 - 10* (ECg) and 5.2 - 10* (ECq) for the immature and mature biofilms,
respectively. The biofilm surface coverage did not change much above Re = 8.1 - 10* (EC1o)
and Re = 9.6 - 10* (EC1o) for the immature and mature biofilms, respectively. The logistic model
suggests that for complete removal of bacterial cells in a mature biofilm, Re in excess of 10°

should be used, which is unattainable for most drinking water distribution systems.
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Figure 3: Above; representative images of the immature E. coli biofilms (A) and the mature E. coli biofilms (B),
stained with crystal violet. The dashed line separates the images of biofilms obtained after 10 min of incubation
under stagnant conditions and after flushing with Reynolds number 6 - 10* for the immature biofilm or 9 - 10* for
the mature biofilm. Scale = 200 um. Below; the surface coverage and the concentration of planktonic bacteria,
depending on the Reynolds number or volumetric flow rate in the main pipe. The primary Y-axis shows surface
coverage, the secondary Y -axis shows the concentration of planktonic bacteria in the circulation flow. The flushing
time was 1 min in all cases. Data for immature biofilms are shown on the left and for mature biofilms on the right.

The values of independent repetitions are shown (n = 3).



2. Biofilm removal from the dead-end

The results for the model DWDS with the included dead-end pipe are given in Fig. 4. During
the experiment, the volumetric flow rate in the main pipe was Q = 35.6 L - min™ and Q = 52.0
L - min* for the immature and mature biofilms, respectively. These flow rates were selected
because they had the highest biofilm removal rate in the main pipe. In sharp contrast, in the

dead-end pipe, neither surface coverage nor the concentration of planktonic bacteria changed

significantly with the flow in the main pipe.
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Figure 4: Surface coverage of immature and mature E. coli biofilms (A) and the concentration of planktonic
bacteria in the model DWDS (B) in the main pipe and in the dead-end depending on the volumetric flow rate of
the fluid in the main pipe. The figure also summarizes the results of Figure 3. Mean values + SD are shown (n =
3).

3. Removal of biofilm grown in situ in the model DWDS

The results presented so far were for biofilms grown on PMMA slides outside the model DWDS
under no shear conditions that were then transferred to the flow cell. To check if the results are
similar for the biofilms grown in the distribution system, we have grown biofilms in the model
DWDS under no shear or shear conditions. The representative morphologies of the biofilms
grown in the model DWDS are shown in Fig. 5. Under no shear conditions in the DWDS, a
patchy distribution of multilayer biofilms formed. Whereas under shear conditions in the main
pipe, much less biofilm formed. The biofilms were granular and formed small rounded clusters,
with an average diameter of (14 + 1) um containing on average (32 = 11) cells in a single layer.
When biofilms grew in the main pipe under shear conditions (Q = 9.4 L - min™) and after growth
were subjected to flushing conditions (i.e. Q = 52.0 - L min™), the surface coverage did not
decrease significantly. Biofilms that grew in the dead-end under no-shear conditions had a
similar morphology to the biofilms grown in the main pipe. Surprisingly, however, biofilms in
the dead-end growing under turbulent flow conditions in the main pipe formed very thick
multilayer biofilms. The biofilms in the dead-end were not affected by flushing conditions in

the main pipe.



Figure 5: Representative images of biofilms grown on PMMA slides under no shear or shear stress conditions in
the model DWDS obtained by DIC microscopy. The top row shows E. coli biofilms in the main pipe formed after
two days of growth under no shear (A) and turbulent (Re = 1,6 - 10%) shear conditions (B). The bottom row shows
biofilms, formed after two days of growth in the dead-end pipe of the model DWDS under no shear (C) and

turbulent shear flow regime in the main pipe (D). Scale bar = 200 um.

The biofilm surface coverage in the main pipe and in the dead-end grown under shear or no-
shear conditions are given in Fig. 6. In the main pipe, the biofilm surface coverage decreased
approximately 6-fold with turbulent flow (F(3,4) = 97.53; p < 0.001). On the other hand, in the
dead-end pipe, the opposite effect was observed. With shear in the main pipe, the surface

coverage increased approximately two-fold. Under no-shear conditions, there was no difference



between the main pipe and the dead-end (p = 0.367). During the experiment, the concentration

of planktonic bacteria increased significantly in all experiments (Fig 6B).
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Figure 6: (A) E. coli biofilm surface coverage of PMMA slides after two days of growth in LB growth medium in
the DWDS at different flow regimes in the main pipe. The flow cell was located either in the main pipe or in the
dead-end. (B) the concentration of planktonic bacteria at the beginning and at the end of the experiment. The initial

inoculum concentration was 10® CFU - mL%. Mean values + SD are shown (n = 2).

4. Simulation of hydrodynamic flow in the model DWDS

The significantly increased biofilm growth in the dead-end with an established turbulent flow
in the main pipe is surprising and could be due to the increased mass transfer into the dead-end.
To check this the hydrodynamic conditions in the flow cell located in the dead-end as well as
in the main pipe have been simulated. The results for the normalized flow velocity and shear

stress for the flow cell located in the main pipe are given in Fig. 7. Upon entry in the flow cell,



the flow velocity increases. This is due to the change of geometry from round to rectangular at
the inlet of the flow cell. Despite the uniform geometry in the flow cell, velocity increased along
the length of the flow cell, which indicates that the hydrodynamic flow was not fully developed
inside the flow cell. For instance, along the length of the biofilm, the flow velocity increased
by 7.5 % at 52.0 L - min"t volumetric flow. When the fluid exited the flow cell the flow velocity
decreased again due to the change of the geometry (from rectangular to round). In a cross-
section of the flow cell, a characteristic parabolic velocity profile was observed. The profile
was flatter in the case of turbulent flow. The average shear forces at the wall (zwan) increased
with the volumetric flow rate through the main pipe by more than three orders of magnitude
from 0.07 Paat 0.6 L - min™ to 158.84 Pa at 52.0 L - min volumetric flow. A marked decrease
in the normalized shear stress at the entry into the flow cell (Fig. 7D) was a result of pressure

drop.



C3)

7 o b
o o0 o

=2
B

|
=

Normalized flow velocity u, ..,

e
(9]

0.0

Q
*

S
B

Normalized shear stress 7.,

©
[¥]

0.0

X=0.1325m

|

«—Y=0m

|
=.

- ®-Q=06Lmin%u,, =018ms"’
te-a=94Lmin%u,,,=207ms?
4&-Q=356Lmin?%u,, =747ms?

V- Q=520Lmin%;u, =10.82ms?

mné_ _
:
4
-

T T T
0.0 0.1

X [m]

T
0.2

0.3

g, 0
S

Lo s =l

-®-Q=06Lmin"; 7, =017Pa
-®-0=94Lmin"; 1, =10.72Pa
1-#&-q=356Lmin"; 7, =98.08Pa
V- Q=520LminY ¢ =191.93 Pa

max

1 4" . )

1
\
|

...-III-...-

|
i
i
\

!
i

T g T
0.0 0.1

X [m]

0.2

0.3

Normalized flow velocity v, .,

Normalized shear stress 7,

| |

1 1

1.0 | |
I I

! 1

[ 1

| |

5= | I
1A I

1 I

! f# W ‘Bl

064 X H \! # !
| I . 1

1 * m ] ’ 1

1] * [

. i Wi
0.4 ']i ’ o
1 fi ! Al

:¥i —®-Q=06LminYu,, =016ms? \-.'I

1 1

2 |'),' -@-Q=94Lmin%u,,, =1.97ms? i
:rf —d&--Q=356Lmin"; u,, =7.10ms™ .:

1 ¥ - Q=520Lmin%u,, =1027ms? .\!|

00l =+ : +

-0.005 0.000 0.005
Y [m]

0.6 - *"
3w i
2 LA
| @
0.4 & LY
1 o® "o
'm m!
L= I
- —~®-Q=06Lmin"; 7, =010Pa ih'
02 ® conq
1 ~@-Q=94Lmin"; 7, =883Pa |
: —&-Q=356Lmin% z _ =9124Pa :
1 V- Q=520Lmin"; 7, =179.43 Pa 1
0.0 } T }
-0.005 0.000 0.005
Y [m]
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The flow conditions in the dead-end were very different (Fig. 8). Upon entry of the flow in the
dead-end, secondary flow developed and eddy formation was observed. The formation of eddies
became less intense as the flow moved deeper into the dead-end. The flow velocity decreased
exponentially from the entry point (Fig. 8A) to the site of biofilm growth (Fig. 8D) by more
than four orders of magnitude. The fluid velocity in the dead-end was depended on the
volumetric flow rate in the main pipe. Under laminar flow conditions, the flow did not ingress
the dead-end pipe deeper than the entry point (Fig. 8A). As the volumetric flow rate in the main
pipe increased, fluid flow entered the dead-end and eddies formed deeper in the dead-end (Fig.
8B) where the flow swirled and began to flow out of the dead-end. In the case of laminar flow,
the flow velocity was 40 nm - s, which is very low and comparable to the diffusion of a glucose
molecule over a distance of 1 cm (i.e. Péclet number, Pe = 0.8). On the other hand, in the case
of turbulent flow in the main pipe, the flow velocity was several orders of magnitude higher
(i.e. 2.6 mm - st at 52.0 L - min%, respectively). This indicates that nutrients in the dead-end
can reach the flow cell with the biofilm via an advective flow. This may increase the growth
rate of bacteria as observed. One should, however, be careful not to over-interpret the low
velocities observed beyond the entry point in the dead-end. Flow velocities inside the flow cell
further decreased (Fig. 8C) and were, at the location of biofilm (Fig. 8D), lower than 13 um - s
! even in the case of flushing turbulent conditions in the main pipe. This is apparently not

sufficient to remove the biofilm.
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DISCUSSION

In this work, we have studied the effect of hydrodynamic forces on the growth and removal of
biofilms in the main pipe and in the dead-end of a model drinking water distribution system.
The results suggest that growth of the biofilm in the main pipe cannot be prevented at a
volumetric flow rate of 9.4 L - min't and flow velocity of 2 m - s™*. Nevertheless, the surface
coverage was significantly reduced compared to no shear conditions. It has been suggested that
in drinking water distribution systems circulating flow velocities should not be less than 1 m -
st in order to prevent biofilm growth (Melo, 2003). Thomen et al., 2017 even reported that
shear stress as low as 11 mPa was sufficient to prevent the initial biofilm formation. In our case,
the E. coli biofilms formed at 2 m - s™* and the average shear stress of 7.53 Pa. The shear force
threshold for biofilm removal has been shown to fluctuate markedly (by 4 orders of magnitude)
among different bacterial species and depends on the surface properties as well as the method

used (Boks et al., 2008).

Increasing the volumetric flow rate in the main pipe increased biofilm removal from the surface.
This is consistent with the findings of Moreira et al., 2014a; Moreira et al., 2014b; Stoodley et
al., 1998. The removal of the biofilm was dependent on the biofilm maturity. Mature biofilms
were more difficult to remove in our DWDS. The dependence of biofilm morphology on flow
conditions has been described previously (Stoodley et al., 1998; van Loosdrecht et al., 1995).
Biofilms grown in the turbulent flow regime form monolayers, which are more resilient to
removal (Laspidou et al., 2005). Consistently cells farther from the wall are easier to remove
by shear stress (Hwang et al., 2017; Jayathilake et al., 2017; Paul et al., 2012). Although the
results suggest that more biofilm is removed with increased shear force, hydrodynamic stress
alone was not sufficient to completely remove biofilms. Similar conclusions have been reached

by Salta et al., 2013; Stoodley et al., 1998; and Thomen et al., 2017. Furthermore, we have



observed that if biofilms were grown in the model DWDS under shear stress conditions, they
could withstand significantly higher average shear stresses (about 20 times higher) than those
to which they were exposed during growth. This is consistent with the results of Hwang et al.,
2014 who noticed that biofilms could not be removed by shear forces 10 times higher than those
under which the biofilms grew. Laspidou and Aravas (2007) predicted that the value of Young's
modulus can be influenced by the change of biofilm porosity during deformation. As a result,
biofilm consolidation occurs (i.e., closing or collapsing of voids), which leads to an increase of
the elastic modulus. In particular water extrusion from the biofilm makes the structure more
rigid. This biofilm hardening effect was observed experimentally (Picioreanu et al., 2018). In
our experiments, we have used high inoculum concentrations (10° CFU - mLt) and rich growth
medium to probe the potential of bacteria to form biofilms under shear stress conditions. This
represents a worst-case scenario for DWDS. Such conditions increase the frequency of
collisions of bacteria with the surface, but should not interfere with the hydrodynamic
prevention of biofilm formation. If a bacterium has the potential to adhere to the surface, itis a
question of time when it will adhere and grow to a mature biofilm. In real DWDS the potential
is usually realized in the course of months or years (Martiny et al., 2003), whereas in our case
we have sped this up considerably. The results of this study indicate that for a complete removal
of biofilms from the main pipe, Reynolds numbers above 10° and the average shear stress in
excess of 150 Pa would be required. This is not feasible in real water distribution systems.
Nevertheless, applying a high shear rate can significantly decrease biofilm-related surface

coverage problems.

Much less is known about the growth and removal of biofilms in dead-ends of water distribution
systems. Dead-ends may account for 25 % or more of the water distribution system volume

(Tzatchkov et al., 2002). Development of biofilm in a dead-end filtration system has been



described (Kerdi et al., 2019). Biofilms had structural behavior similar to elastic material.
However, a hysteresis-like trend appeared with maturation suggesting the viscoelastic nature of
the biofilm. Conditions inside the dead-end are often compared to stagnant conditions (Liu et
al., 2006; Smith et al., 1999; Zlatanovi¢ et al., 2017). In our model DWDS, we have observed
that with increasing volumetric flow rate in the main pipe the biofilm surface coverage in the
dead-end increased significantly. This suggests that mass transfer into the dead-end is possible.
The flow simulations in the dead-end indicate the existence of eddy formation and secondary
flow at the entrance into the dead-end. Deeper into the dead-end flow velocity decreased
exponentially. This is not consistent with the generally accepted notion of stagnant conditions
in the dead-end. Further support for non-stagnant conditions inside the dead-end comes from
an increased biofilm growth during the turbulent flow in the main pipe, but not during the
stagnant conditions in the main pipe. At the location of the biofilm (200 mm into the dead-end),
the flow velocity was 9 orders of magnitude lower compared to the main pipe. At such low flow
velocities comparable to the diffusion of molecules, no significant removal of biofilms can be
expected. Consistently, we have observed that flushing the system with Q = 52.0 L min™* had
no effect on the removal of biofilm from the dead-end. The simulation results show that at the
depth of one pipe diameter inside the dead-end, the flow conditions are already not sufficient
to remove the biofilm. Dead-ends with lengths that are larger than one pipe diameter are
frequently found in DWDS and are very problematic because bacteria can colonize them and
find refuge that protects them from flushing. More worrying, the results seem to imply that
bacteria grow faster in such locations due to the constant influx of nutrients and therefore
represent a possible source for colonization of the rest of the water distribution system. Thick
biofilms that can grow in the dead-ends are also much more resistant to chemical challenges

(Costerton, 1999; Mah and O’Toole, 2001; Stewart, 2015).



CONCLUSIONS

A major challenge for the drinking water industry is to provide a microbiologically and
chemically safe product with appropriate organoleptic properties. Controlling biofilm growth
in water distribution systems remains one of the major challenges. The results of this study
suggest that biofilm growth and removal in the main pipe system can be, to a limited extent,
controlled with different flow regimes. Water flow velocities higher than 2 m - s reduced
bacterial adhesion significantly, but could not prevent biofilm growth. Far less effective was
the control of biofilms in the dead-end. Bacteria found refuge in the dead-end and grew faster
with established flow in the main pipe. The hydrodynamic flow simulation and biofilm growth
experiments suggested that water in the dead-end was not stagnant. Although the flow velocity
inside the dead-end decreased exponentially, it allowed increased biofilm growth at large
distances from the entrance (i.e. 200 mm). Compared to stagnant conditions, biofilm grew twice
as fast inside the dead-end when conditions in the main pipe were turbulent. We conclude that
biofilms cannot be hydrodynamically removed from the dead-end at depths that are larger than

one pipe diameter.
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