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Temperature-based strategies are commonly applied to control microbial growth, but the impact of those pro-
cedures on biofilm structure is usually not evaluated. This study investigates how thermal disinfection proced-
ures affect pre-established Pseudomonas fluorescens biofilms, formed in a Center for Disease Control (CDC) biofilm
reactor. It also assesses the biofilm regrowth potential over 24 h, under 125 and 225 rpm. Biofilms structure was
compared at the mesoscale (thickness) and at the microscale (biovolume and surface coverage). Results showed
that the impact of the thermal disinfection on the biofilm structure depends on the hydrodynamic conditions,
which are also critical to the biofilm structural rearrangement upon regrowth. A thickness reduction of 80 % was
found after the shock for biofilms formed under 125 rpm, however there was no significant biofilm sloughing off
for the 225 rpm. Surface coverage was reduced by 65 % and 6 % after the thermal shock for 125 and 225 rpm,
respectively. Furthermore, results seem to indicate that regardless the biofilm structural characteristics, bacteria
recovered their culturability and viability to similar values to the ones before the thermal shock. This work
provides an initial framework to develop more sustainable and effective thermal disinfection procedures in
engineered water networks.

1. Introduction

Thermal disinfection (or heat sanitization) approaches are widely
applied to control microorganisms’ growth [1]. Increasing the water
temperature, above the operating temperature for a certain period (the
shock period), is known to decrease the number of microorganisms in
suspension [2]. In engineered water systems it can be used to minimize
the incidence of waterborne pathogens like Legionella [3-6] or Pseudo-
monas aeruginosa [5,7,8]. Each specific aim of the thermal disinfection
requires different temperatures, different shock periods and adjusted
periodicities.

Real-field studies have been performed to evaluate thermal disin-
fection effectiveness [3,9,10]. For example, thermal disinfection efficacy
was evaluated at 33 hot water distribution systems colonized by
Legionella [3]. The temperature at the water storage tank was set to
70-80 °C, with water circulation through the system for up to 3 days,
ensuring at least 65 °C at the end-points of the networks (e.g. taps).
Results showed that, unless repeatedly implemented over time, thermal

disinfection was not effective enough to eliminate pathogenic bacteria.
The authors argue that Legionella prevalence after the thermal shock was
most probably due to the protection conferred by biofilms.

Indeed, many temperature-time studies found in the literature target
the impact of thermal treatment on the inactivation of planktonic mi-
croorganisms [11], too often ignoring the role of biofilms in shielding
such microorganisms against external harsh conditions, including ther-
mal shock [11,12]. But, the work of Farhat et al. (2010) [12] who
compared the impact of a heat shock treatment (70 °C for 30 min) in
Legionella populations in water and in biofilms showed that the heat
shock did not completely destroy the biofilm, which rapidly increased in
cell density. Similarly, Wahlen et al. (2016) [13] studied the inactivation
kinetics of Sphingomonas parapaucimobilis in planktonic and sessile states
at temperatures ranging from 65 to 80 °C, and observed greater resis-
tance of the biofilm (lower cell culturability reductions) to the hot water
when compared with the planktonic cells.

From the operational point-of-view of engineered water networks, it
is important to assess what happens to the bacterial cells and to the
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biofilm structure upon thermal disinfection. The biofilm structure is
intrinsically linked to the effect of hydrodynamics on mass transfer
[14,15], and will ultimately affect the detachment rates [16].

Understanding what happens to the biofilm structure after a thermal
shock and whether the thermal effect is similar or not under different
flow velocities can provide important contributions to designing and
implementing better thermal procedures. The present work addresses
these two points, evaluating the biofilm structural parameters with
microscale (Confocal Laser Scanning Microscopy, CLSM) and mesoscale
imaging (Optical Coherence Tomography, OCT). For that, Pseudomonas
fluorescens biofilms were formed in a Center for Disease Control (CDC)
biofilm reactor for 8 days.

The biofilm was subjected to thermal shocks (70 °C over 15 min) and
coupons were sampled prior to the shock and post-shock after 1 and 24
h. The biofilm micro- and mesoscale changes and the regrowth potential
after the shock were evaluated under two turbulent flow stirring ve-
locities (125 and 225 rpm). Additionally, biofilm culturability (by
colony-forming unit (CFU) counts) and viability (by Adenosine
Triphosphate (ATP) bioluminescence assay) were also determined. To
the best of the authors’ knowledge, this is the first study that assesses the
impact of a temperature shock on biofilms structure at the micro- and
mesoscale under different shear stress conditions. This paper describes a
proof-of-concept undertaken in a reproducible and standardized biofilm
model to investigate and validate the role of biofilm structure on thermal
disinfection efficacy.

2. Material and methods
2.1. Bacteria culture and growth media

The bacterial strain used to form biofilm was Pseudomonas fluorescens
ATCC 13525", obtained from the American Type Culture Collection.
Pseudomonas fluorescens is a well-studied Gram-negative bacterium, a
good biofilm producer and commonly used as a model bacterium in
several biofilm studies [17-20]. It is a frequent inhabitant of freshwater
environments and one of the first colonizers of water supply networks
[21]. Multispecies biofilms are more complex than monospecies ones
and provide a more realistic representation of what happens in real-field
water systems [22], while monospecies biofilm models can offer
simplicity, standardization and a good reproducibility [23]. Besides,
P. fluorescens is often found in water samples along with waterborne
pathogens, such as Legionella pneumophila [24]. Overnight cultures were
grown at 30 + 3 °C under agitation (120 rpm) in 100 mL of a sterile
nutrient medium. This medium consisted of, per liter, 5.5 g glucose, 2.5
g peptone, 1.25 g yeast extract in phosphate buffer (1.88 KHyPO4 and
2.6 NaHPOy). All components were purchased from Merck (Darmstadt,
Germany).

2.2. Biofilm formation

The CDC Biofilm Reactor (Biosurface Technologies, USA) was used
for biofilm formation. This platform is a standardized device commonly
used as a drinking water system model [25-28], and it was designed to
have the characteristics of a biofilm grown under moderate to high fluid
shear [29]. This device consists of a 1-liter glass beaker with 8 poly-
propylene rods suspended from a ported lid (https://biofilm.montana.
edu/standardized-biofilm-methods-training-videos.html) [29]. Each
rod accommodates 3 circular polyvinyl chloride (PVC) coupons with
1.27 cm diameter (Neves & Neves, Portugal), that are positioned
perpendicularly to a rotating baffle. Polyvinyl chloride (PVC) was
selected since it is commonly found in residential plumbing [30,31].

Coupons were cleaned according to the ASTM E2871 [32]. Briefly,
coupons were sonicated in a 10 % sodium dodecyl sulphate (VWR In-
ternational, Portugal) solution for 5 min. To remove any remaining
detergent, coupons were rinsed with tap water and then sonicated again
in ultrapure water. Afterwards, coupons were rinsed in ultrapure water,
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air dried, and sterilized with ultraviolet (UV) radiation for 30 min.
Meanwhile, the CDC biofilm reactor was sterilized, and the coupons
were placed in the rods aseptically.

On day 0, the bioreactor was inoculated with 1 mL of the overnight
culture (10% CFU/mL P. fluorescens) in 500 mL of sterile nutrient me-
dium. The baffle was set to rotate at either (a) 125 (0.0205 N/mz) or (b)
225 (0.0573 N/m?) rpm [33].

The bioreactor ran in batch mode for 24 h at room temperature.
Afterwards, continuous flow for a total period of 10 days was initiated
with 1:100 nutrient broth medium at 10 + 0.5 mL/min.

2.3. Thermal shock treatment

Biofilm was formed for 8 days and a rod was aseptically removed to
characterize the biofilm (prior to thermal shock). Then, the reactors bulk
suspension was replaced by sterile nutrient medium (1:100 dilution) at
70 °C, which was maintained for 15 min, under the specified stirring
velocity. The temperature remained constant throughout the 15 min
period by turning on the heating plate. After that, the bulk phase was
removed again and replaced by new diluted media at room temperature.
Reactor holders were removed 1 and 24 h after the thermal shock for
biofilm analysis.

The three major steps of this study are: (i) biofilm formation for 8-
days at room temperature (temperature of the suspension: 25 °C), (ii)
thermal shock treatment, 70 °C for 15 min, and (iii) biofilm regrowth at
room temperature after thermal shock for 24 h. Flow conditions have
been kept constant in all the steps.

Preliminary experiments (available as Supplementary data) showed
that the biofilm log-density reached a plateau 4 days after starting
biofilm formation. Other former studies also relied on 8-days-old biofilm
models [1,21].

2.4. Biofilm analysis

2.4.1. Optical Coherence Tomography (OCT)

Biofilms were imaged using a spectral-domain Optical Coherence
Tomography (OCT) using a Thorlabs Ganymede instrument (Thorlabs
GmbH, Germany) with a central wavelength of 930 nm. The visualiza-
tion field was 3.66 x 2.98 mm at the X-Z section, corresponding to 1024
x 1024 pixels. The refractive index was set to 1.40 to be similar to the
refractive index of water (1.33), since biofilms are mainly composed of
water [34]. Each coupon was placed inside a sterile 12-well microtiter
plate (VWR International, Portugal) and each well was filled with 3 mL
of a sterile saline solution (8.5 g/L NaCl, VWR International, Belgium)
and imaged. For each coupon, 2D imaging was performed with a mini-
mum of five different fields of view to ensure the accuracy and repro-
ducibility of the results.

The acquired images were analyzed with the novel freeware software
BISCAP (Biofilm Imaging and Structure Classification Automatic Pro-
cessor), available at https://github.com/diogonarciso/BISCAP. This
software requires minimal user input and the full details of the under-
lying image processing strategy are described in Narciso et al. [35]. In
brief, firstly all pixels at the substratum are identified, exploring the fact
that these are usually very bright. Then, a threshold intensity is calcu-
lated and all pixels binarized accordingly (biomass vs. background). At
last, using 2 complementary pixel continuity checks, the full biofilm
structure, and all pixels at the boundary with the liquid bulk are iden-
tified. All steps are fully automatic, except for thresholding where the
threshold intensity may be manually set if required. BISCAP delivers
multiple image outputs for detailed biofilm visualization and analysis. It
also delivers a set of common biofilm structural parameters, including
average thickness.

The mean biofilm thickness can be calculated as the length between
the interfaces (top and bottom) that delineates the biofilm structure
[35], from the 2D-OCT images.
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2.4.2. Confocal Laser Scanning Microscopy

Biofilm samples were stained with 5 pM SYTO® 61 (Invitrogen Life
Technologies, Alfagene, Portugal), a cell-permeant fluorescent nucleic
acid marker, and observed with a helium-neon laser at an excitation
wavelength of 633 nm and using a 40x water objective lens (Leica HC
PL APO CS, Leica Microsystems, Germany) in an inverted microscope
Leica DMI6000-CS. A minimum of six stacks of horizontal plane images
(512 x 512 pixels, corresponding to 387.5 x 387.5 pm) with a z-step of
1 pm were acquired for each sample. Three-dimensional (3D) pro-
jections of biofilm structures were constructed from the CLSM image
acquisitions using the “Easy 3D” tool of IMARIS 9.1 software (Bitplane,
Switzerland). Additionally, the plug-in COMSTAT2 associated with the
ImageJ software was used to quantify the biovolume (um®/pm?) and
surface coverage (%) [36]. The biovolume was defined as the volume of
biomass (pme') from a certain biofilm area divided by the surface area of
the substratum (PVC coupons) (umz). The surface coverage (%), which is
the fraction of the area occupied by biomass in the surface horizontal
plane, reflects how efficiently the surface is colonized.

2.4.3. Culturability

The coupons taken from each rod were washed twice in sterile saline
solution (8.5 g/L NaCl), and then aseptically transferred to 50 mL falcon
tubes with 10 mL of saline solution for disaggregation. Each coupon was
submitted to three alternate cycles of 30 s sonication (Ultrasonic Cleaner
USC-T, 45 kHz, VWR International, Portugal), followed by 30 s of vor-
texing. Serial dilutions were performed and plated in triplicate in RoA
agar (Oxoid) for colony-forming units (CFU) enumeration.

2.4.4. ATP bioluminescence

To measure the adenosine triphosphate (ATP) released from the
cells, the BacTiter-Glo™ Microbial Cell Viability Assay (Promega Cor-
poration, USA) was used. This kit allows the determination of the
number of viable bacterial cells in culture based on quantification of the
ATP that is present in the sample. ATP is an indicator of metabolically
active cells [37,38]. To measure ATP from bacteria, 100 pL of the bac-
terial suspension was mixed with 100 pL of BacTiter-Glo™ reagent
(prepared according to manufacturer’ instructions) on an opaque-walled
multiwell plate. Control wells containing medium (saline solution or a
bulk phase sample) were also prepared to obtain a value for background
luminescence (negative control). Plate contents were mixed, incubated
for 5 min, and read in a bioluminometer (FLUOstar Omega, BMG LAB-
TECH, Germany). The output values are in relative light units per cm?
(RLU/cmz).

2.5. Statistical analysis

The experimental data were analyzed using the software GraphPad
Prism 9.0 for Windows (GraphPad Software, USA). All measurements
were performed in duplicate, and all experiments were performed in
three independent replicates. The mean and standard deviation (SD) for
each set of results were calculated. Differences between measurements
were evaluated using an ANOVA single factor statistical analysis. The
level of significance was set for p-values < 0.05.

3. Results

The effect of temperature shock (70 °C, 15 min) on the 8-days-old
Pseudomonas fluorescens biofilms was accomplished by assessing, prior
to and 1 h and 24 h after the shock: a) the biofilm structural changes (at
the meso- and microscale); b) the microbiological indicators (cultur-
ability and ATP bioluminescence).

3.1. Thermal shock impact on biofilm mesoscale structure

The biofilm structure at the mesoscale was investigated before the
thermal shock and 1 and 24 h after the thermal shock, using Optical
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Coherence Tomography (2D-OCT) imaging. The 2D-OCT biofilm images
depicted in Fig. 1 suggest that different structures were observed for the
biofilms formed at the two tested shear stresses (comparison between
images before the thermal shock for 125 and 225 rpm). Furthermore,
when comparing the immediate impact of the thermal shock on each of
the biofilms it seems that the biofilms rearrange differently depending
on such shear stress (comparison between Fig. 1a) and b)).

3.1.1. Thermal shock impact on biofilm thickness

The results for the 125 rpm biofilm (Fig. 2a) show that the thermal
shock had a significant impact on the biofilm thickness reduction. Such
reduction is up to 80 % when comparing the data before the shock (BS) -
108 + 25 pm, and 1 h after the shock (1 h AS) - 20 + 11 pm.

These results suggest that for 125 rpm grown biofilms, the thermal
shock leads to immediate biofilm detachment, at least from the outer
layers, which are probably less cohesive when compared to the basal
layers. This phenomenon has been named by other researchers as
‘stratification of the biofilm cohesion’ [39]. It is interesting to note that
24 h after the shock (24h_AS), the biofilm thickness increased as
compared to 1 h after the shock (1h_AS), but to values significantly
lower than the ones observed before the shock.

Considering the thickness results observed for the biofilms formed at
the higher rotational speed (225 rpm, Fig. 2b), no significant impact of
the thermal shock on the biofilm thickness was observed. Indeed,
thickness was similar before (BS) and 1 h after the shock (p > 0.05), with
an average value of 66 &+ 17 pm.

When comparing the effect of shear stress on biofilm formation
(Fig. 2), the biofilms formed at 125 rpm (BS_125 rpm) (108 + 25 pm)
were thicker than the ones formed at 225 rpm (BS_225 rpm) (64 + 20
pm). These thickness values were found to be statistically different (p <
0.0001).

3.2. Thermal shock impact on biofilm microscale structure

To further evaluate the effect of a thermal shock on mature
P. fluorescens biofilms, their microstructure was examined by Confocal
Laser Scanning Microscopy (CLSM) before shock (BS), and 1 (1h AS) and
24 (24h AS) hours after shock. The 8-days-old biofilms formed under
both hydrodynamic conditions and before the temperature shock were
very dense. However, the biofilm grown at 125 rpm was thicker than the
biofilm formed at 225 rpm, as previously observed by OCT (Figs. 1 and
2). This lower thickness of biofilms formed at higher shear stress is in
agreement with the lower biovolume of this biofilm when compared to
the biofilm formed at 125 rpm (about 55 % less; Fig. 4a, b). Regarding
the biofilm regrowth behavior after the heat treatment, the differences
in biofilm structure between 125 and 225 rpm are evident. There was a
drastic reduction in the biomass of the biofilm formed at 125 rpm
(Fig. 3a), such that after 1 h of exposure to fresh culture medium, the
surface coverage of the biofilm was only 29 % (as opposed to 83 % of
biofilm surface coverage before T-shock) and the biovolume of 18 pm?/
um? (as opposed to 80 pm3/pm? determined before T-shock) (p <
0.0001; Fig. 4a, c). Indeed, the representative image of biofilm 1 h after
T-shock (Fig. 3a, second line) shows a thinner biofilm arrangement and
isolated bacterial colonies heterogeneously distributed on the surface.
The effect of heat treatment was not as aggressive on the biofilm formed
at 225 rpm, where after 1 h the biovolume and surface coverage reduced
by 6 % (p > 0.05) and 23 % (p < 0.0001), respectively (Fig. 4b, d). When
the regrowth time was extended to 24 h, the biofilm under 125 rpm had
a thicker and denser structure (Fig. 3a, third line), reaching a biovolume
of 34 pm®/pm? (p < 0.0001) and surface coverage of 76 % (p < 0.05;
Fig. 4a, c), similar to that obtained before the T-shock. In the case of
biofilms exposed to 225 rpm, 24 h after the T-shock, the biovolume
remained similar to that determined for the control sample (BS) and the
biofilm 1 h after T-shock (p > 0.05), but the surface coverage suffered a
gradual decrease, attaining 59 % (Fig. 4b, d).
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(a) 125 rpm

Before T-shock

1-hour after T-shock

24-hours after T-shock
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(b) 225 rpm

Fig. 1. Representative images obtained by Optical Coherence Tomography (OCT) of 8-day-old biofilms developed under (a) 125 and (b) 225 rpm before the thermal
shock, and 1 and 24 hours after thermal shock (T-shock). White scale bars are 100 pm. These images were obtained using BISCAP software and show biofilm

vertical stacks.
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Fig. 2. Thickness of 8-day-old biofilms developed under 125 rpm (a) and 225 rpm (b), before shock (BS) and 1 (1h AS) and 24 (24h AS) hours after shock (AS). The
data present the mean + standard deviation (SD) of three independent experiments. Statistically significant differences are represented for <0.0001 by **** when

compared with BS samples.

3.3. Culturability

The log colony-forming units per em? (CFU/em?) of biofilm cells
over time (before and 1 and 24 h after the thermal shock) is shown in
Fig. 5. Biofilms formed under 125 rpm had 10® CFU/cm? before the
thermal shock (biofilm age of 8-days). In Fig. 5a, it was possible to
observe the reduction of colony forming units per cm? (a 4-logig
reduction was achieved) 1 h after the shock, which demonstrates the
effectiveness of the thermal treatment on cell culturability reduction.

Regarding the post-shock period (24 h), thermally treated biofilms
showed a high culturability increase during the first 24 h after the
thermal shock, so the biofilms seemed to have recovered and reached
their previous population plateau (8.01 x 10’ CFU/cm?).

Regarding the 225 rpm grown biofilms, the culturability values
before and after (1 and 24 h) thermal shock were similar to those ob-
tained for biofilms grown under 125 rpm (p > 0.05; Fig. 5b).

3.4. Viability

To investigate the metabolic activity of P. fluorescens cells in the
biofilm, ATP was quantified. Fig. 6a shows the luminescence values that
were recorded (in RLU/cm?) for 125 rpm biofilms before and after (1
and 24 h) the thermal shock. The thermal shock had significantly
reduced the ATP production (reduction of ~98 %; p < 0.0001) 1 h after
the shock. This conclusion seems to agree with the fact that upon
exposure to stress events, bacteria tend to significantly reduce their ATP
levels [40].

In the present study (Fig. 6a), the ATP decrease was only observed in
the sampling point of 1 h after the shock, as in the following time-point
(24 h) cells recovered their viability to levels like the ones determined
prior to the shock (p > 0.05).

Furthermore, when comparing these results with the ones from
Fig. 6b, it can be seen that the viability of the cells in the biofilm formed
at 225 rpm followed a similar trend as the one from 125 rpm. Indeed, the
RLU/cm? values before and after thermal shock were all similar to those
obtained for biofilms grown under 125 rpm (p > 0.05) issuing, as
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(a) 125 rpm

Before T-shock

1 hour afterT-shock

24 hours after T-shock
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(b) 225 rpm

Fig. 3. Representative three-dimensional (3D) confocal images of P. fluorescens ATCC 13525 biofilms developed under (a) 125 and (b) 225 rpm before the thermal
shock, and 1 and 24 hours after thermal shock (T-shock). White scale bars are 50 pm. These images were obtained by IMARIS software and show the biofilm aerial
view, with the virtual shadow projection on the right (illustrative of biofilm thickness).

expected, that the tested shear stress does not seem to affect the
P. fluorescens viability within the biofilm, nor to promote different
response after the thermal shock.

4. Discussion

The main results discussed so far, are summarized in Fig. 7.

4.1. The role of biofilm structure on temperature shock

4.1.1. Biofilm characteristics prior to the shock

Biofilms formed under the tested shear stress conditions were found
to be structurally different in terms of: i) mesoscale properties (thick-
ness) and ii) microscale properties (surface coverage and biovolume). As
discussed, the biofilms formed at higher rotational speed (225 rpm)
were found to be significantly thinner than those formed under 125 rpm.
This is in accordance with former studies [41,42]. In fact, it is widely
established across literature that hydrodynamics strongly affects biofilm
structures [43], and ultimately the mass transfer processes [44,45]. For
example, under higher fluid velocities, more nutrients and oxygen reach
the biofilms surface [45], but diffusion inside the biofilm depends on its
cohesiveness [46].

In the present study, regardless the structural differences already
mentioned, the number of culturable cells and the ATP levels per area
were comparable for both tested rotational speeds, respectively ~10°
CFU/cm? and ~10° RLU/cm?. Looking into the biofilm cell density
(calculated by dividing CFU/cm? by the biofilm thickness), it becomes
clear that although the total number of culturable cells per area was the
same, the cell density was much lower for the thicker biofilm - the one

formed at 125 rpm. This might be explained by the fact that under lower
fluid velocities, a lower number of cells will be available to adhere to
surfaces and colonize them, thus lower cell densities will be achieved
[471.

4.1.2. Biofilm characteristics after the thermal shock

Similarly to what happens when biofilms are exposed to other
stresses like flow increase or biocides [48,49], the biofilm structural
characteristics seem to be key to what happens when the biofilms are
thermally shocked. As shown in Fig. 7, the thermal shock has a signifi-
cant impact on the biofilms formed at the lower velocity (125 rpm), due
to biofilm detachment (sloughing off), corresponding to an 80 %
decrease in thickness and biovolume after the stress event. This
detachment was followed by a quick structural reorganization of the
biofilm in terms of micro- and mesoscale into a thinner layer with a more
homogeneous matrix. This reorganization was noticeable in terms of
thickness, biovolume and surface coverage, 1 h after the shock and did
not significantly change over the 24 h period (Fig. 7). Similarly, Chang
et al. (2017) [50], reported that Bacillus subtilis biofilms became thinner
with reduced volume and surface coverage, after thermal shocks under
different temperatures and exposure times.

On the other hand, biofilms formed under higher rotational speed
(225 rpm) were found to be more stable (less susceptible to slough-off
caused by thermal shock) as no significant differences are observed in
terms of mesoscale thickness over time. In fact, it is widely known that
biofilms formed at higher shear stress conditions tend to be more
resistant to external stresses (biocides, flow increase, etc.) [51,52]. For
example, a former study demonstrated that P. fluorescens biofilms grown
under higher shear stresses are more strongly adhered, have stronger
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Fig. 4. Biovolume (a, b) and surface coverage (c, d) of 8-day-old biofilms developed under 125 rpm (a, ¢) and 225 rpm (b, d) before shock (BS) and 1 (1h AS) and 24
(24h AS) hours after shock (AS). Values were extracted from confocal files with the COMSTAT program. The means + standard deviation are shown. Statistically

significant differences are represented for p < 0.05 by * and <0.0001 by **** when compared with BS samples.

(more compact) EPS matrix and, thus, tend to be more stable upon un-
expected stress events [41].

4.2. Different impact of the thermal shocks on the biofilm structure versus
cells” culturability and viability

It is interesting to note that the thermal shocks have a different
impact on the structure and on the microbiological features (cultur-
ability and viability) of the biofilm. For example, when considering the
225 rpm rotational velocity, even though thickness was similar prior and
after the shock (1 and 24 h), there was a significant decrease in cul-
turability and ATP levels 1 h after the thermal shock. Other authors also
found that the application of chemical treatments could cause a signif-
icant reduction on biofilm cells’ count even though biomass does not

significantly decrease [53]. Then, in the 24 h after the shock these in-
dicators increased to levels comparable to the ones prior to the thermal
shock. A similar trend was observed for the lower stirring velocity. This
data suggests that exposing P. fluorescens biofilms to 70 °C over 15 min
‘endangered’ the bacterial cells within the biofilm to an extent that was
still found 1 h after the initial bulk conditions were restored (~25 °C).
However, it seems that the thermal effect on the biofilm cells was very
limited in time, as for both tested shear stresses, 24 h after the shock,
culturability and viability (ATP) recovered to values like the ones
observed in the biofilm before the shock. Former work from Ricker et al.
(2018) [7] showed that above a ‘critical post-shock bacterial loading’ (of
approximately 10% CFU/cm?) of Pseudomonas aeruginosa biofilms ther-
mally shocked can regrowth to their initial population density. Barros
et al. (2022) [19] also showed that previously labelled ‘dead’
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P. fluorescens cells after biodical exposure [18] are able to regain
viability (increased ATP production) when optimum growth conditions
are restored.

Other authors concluded that a heat shock (70 °C for 30 min) did not
destroy a drinking water biofilm, that rapidly increased in log density
[12]. Apart from the arguments already provided, the culturability and
viability recovery after 24 h might also be related to: a) the fact that 1 h
after the shock, the temperature inside the biofilm was still above the
bulk temperature, thus promoting an ‘inhibition’ effect on the functional
behavior of cells [54]; b) cells adhering to the PVC coupons might also
attach to the reactor’s walls (this was clearly observed), which might be
responsible for a fast recolonization; c¢) high temperatures (80-90 °C)
might have a ‘baking’ effect on the attached biofilms, increasing its
adherence to the surface and enhancing a rapid recolonization [55]; d)

dead biomass can be a source of nutrients, by promoting necrotrophic
growth upon regrowth [1]. It is also worth noting that the shift in cell
culturability and viability followed the same trend regardless of biofilm
structural characteristics.

To design appropriate thermal disinfection procedures, an under-
standing about the fundamental impact of thermal shock on biofilm
structure should be known. Using a reproducible biofilm model,
assessed with a micro- and mesoscale analysis, this work provides new
insights on the need of studying biofilm structure. Future studies should
be performed with more complex biofilm models, different temperature
and time conditions, and different pipe materials to better understand
the points herein discussed.
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5. Conclusions

Thermal disinfection procedures are widely used across engineered
water systems to address microbiological control. This study, while
combining micro- and mesoscale imaging of the biofilm with microbial
culturability and viability, highlights important findings regarding the
impact of thermal shocks on 8-days-old Pseudomonas fluorescens bio-
films. Those findings are: a) the effect of thermal shock on the biofilm
structure seems to depend on the prevailing hydrodynamic conditions;
b) there is a different structural spatial arrangement of the biofilm after
the thermal shock, and c) the thermal shock affects differently the bio-
film structure and its cell culturability and viability.
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