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ABSTRACT 

Temperature-based strategies are commonly applied 

to control microbial growth and mitigate the 

deleterious effect of biofilms on water systems. 

However, the impact of those thermal procedures on 

biofilm structure and stability is usually not 

evaluated. This study addresses specific aspects of the 

biofilm’s structure after being exposed to higher 

temperatures. Eight days old Pseudomonas 

fluorescens biofilms were formed in a Center for 

Disease Control (CDC) biofilm reactor under two 

distinct shear stresses and exposed to 70ºC during 15 

min. The biofilm structural features were evaluated 

1h and 24 h after disinfection. Biofilm 3D mesoscale 

structural characteristics have been analyzed through 

Optical Coherence Tomography (OCT). Biofilms 

formed under both shear stresses were partially 

removed after the temperature shock and suffered 

structural rearrangements over 1h and 24h. Both 

biofilms seem to rearrange after 24h into structures 

that combine enhanced compactness with increased 

porosity. The present work provides a methodology 

to address future studies concerning the impact of 

temperature increase on biofilm structural aspects. 

 

Author Keywords. Biofilm, biofilms 3D structure, 

temperature shock, water systems 

 

INTRODUCTION 

Biofilm formation in water networks, and 

particularly on heat transfer surfaces, has major 

operational and economical penalties as well as 

health associated problems. Biofilms are 

communities of microorganisms organized in a 

structured system that are enclosed in a self-

produced matrix of extracellular polymer substances 

(EPS). While microorganisms might be directly 

responsible for corrosion processes, food 

contaminations or public health issues (like the 

waterborne pathogen - Legionella), the reduction of 

heat transfer efficiency, the increase of pressure-

drop or the equipment failure in water systems are 

usually a consequence of the impact of the biofilms 

3D structure. For illustration purposes, the work 

from Melo and Flemming (2010) [1] shows that the 

condensation rate in a condenser might decrease 

~30% with the formation of a 100 µm thick biofilm 

(assuming that the heat transfer coefficient in the 

condenser is 2500 Wm2K, and that the biofilm 

thermal conductivity is 0.6 W/mK).  

Biofilm structure is vital for the survival and 

management of the microbial activities within the 

biofilm. The structure results of the combined effect 

of hydrodynamics and mass transfer [2], [3], and 

ultimately affects the biofilm detachment rates [4]. 

For example, Melo and Vieira [5] showed that 

Pseudomonas fluorescens biofilms formed under 

lower fluid velocity are more thick and less compact 

than the ones formed at higher fluid velocities. The 

later were not so easily detached when subjected to 

increased shear forces, as the biofilms formed at 

lower velocities. In water systems, biofilm structure 

is dynamic and changes over time and space 

depending on the local specific environmental 

conditions (hydrodynamics, temperature, pH, 

nutrients, surface materials, etc). [6]. 

Minimizing the operational impacts of biofilms 

is typically accomplished by the implementation of 

microbiological-control measures, such as thermal 

disinfection. Thermal disinfection involves 

increasing of water temperature above the operating 

temperature of the system, during a certain period of 

time. It aims to decrease the number of 

microorganisms in suspension [7], [8]. In water 

systems like hot water networks, it can be used to 

reduce the incidence of waterborne pathogens like 

Legionella pneumophila [9]–[12] or Pseudomonas 

aeruginosa [11]–[14]. Or, in the food industry, to 

control the presence of foodborne pathogens like 

Listeria monocytogenes [15]. Only a few works 

reported in the literature evaluated the effect of 

temperature shocks on biofilms.Most of those works 

tend to be focused on what happens to the 

microorganisms within the biofilm [16], [17] rather 
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than what happens to the biofilm in terms of its 

structure.  

The present study investigates how the biofilm 

mesoscale structure of an 8-day Pseudomonas 

fluorescens biofilm reorganizes itself, 1hour and 24 

hours after a temperature shock (70ºC, for 15 min), 

subject to 125 and 225 RPM rotational speeds. The 

following biofilm structure parameters have been 

analyzed: average thickness, porosity and 

compactness. A first discussion of the effect of the 

temperature shocks on other microbiological 

features of the biofilms can be found in Silva et al 

2022 [18]. 

 

MATERIAL AND METHODS 

The present work investigates how 3D biofilm 

mesoscale properties, especially average thickness, 

porosity and the compactness, change in relation to 

hydrodynamics and temperature shocks.  

To accomplish the goals of the present study, 

Pseudomonas fluorescens ATCC 13525T biofilms 

were grown in a Center for Disease Control (CDC, 

USA) biofilm reactor for 8 days under two distinct 

rotational speeds: 125 RPM (shear stress: 0.0205 

N/m2, Re: 1550) and 225 RPM (shear stress: 0.0573 

N/m2, Re: 2800) [19]. These two rotational speeds 

mimic low flow areas in water systems which might 

be critical for the development of thicker biofilms 

and settlement of pathogens like Legionella 

pneumophila. 

The CDC Biofilm Reactor is a standardized 

device commonly used as a drinking water system 

model to study surface contamination [20]–[23], and 

it allows biofilm formation under moderate to high 

fluid shear [24]. It consists of a 1-liter glass beaker 

with 8 polypropylene rods suspended from a ported 

lid [24]. Each rod accommodates 3 circular 

polyvinyl chloride (PVC) coupons with 1.27 cm 

diameter, that are positioned perpendicularly to a 

rotating baffle (Fig. 1 – detailed view). PVC was 

selected as surface material coupons since it is 

commonly found in drinking water networks where 

thermal shock are often applied for microbial control 

[25], [26].  

The experimental setup (Fig. 1) consists of the 

CDC bioreactor placed on top of a magnet stirred 

plate (in which the stirring velocities are defined), 

the nutritional medium and waste disposal tank. The 

bioreactor was filled with 500 mL of nutrient 

medium [5.5 g/L glucose, 2.5 g/L peptone, 1.25 g/L 

yeast extract in phosphate buffer (1.88 g/L KH2PO4 

and 2.6 g/ L NaHPO4] to which 1 mL of an overnight 

inoculum of ~108 CFU/mL Pseudomonas 

fluorescens was added. The bioreactor operated in 

batch mode for 24h, followed by the continuous 

addition of nutrient media in a 1:100 ratio at 10 mL/ 

min, till the end of the experiment. 

Biofilms were formed for 8 days (T= 25ºC). By 

day 8, two holder rods were sampled to characterize 

the biofilm prior to the T-shock. Bulk water was 

then replaced by sterile medium (1:100 dilution) at 

70ºC (kept constant) and recirculated for 15 min. 

Several water disinfection procedures at water 

systems, concerning for example the disinfection of 

water tanks or mitigation of Legionella pneumophila 

are accomplished at 70ºC.After that period, the bulk 

phase was replaced by diluted nutrient media at 

25ºC. Biofilms were sampled before and 1h and 24 

h after the thermal shock (using the different holders 

and coupons available). To accomplish the biofilm 

sampling, a holder rod (3 PVC coupons each) was 

aseptically removed, and coupons were carefully 

placed in 12-well microtiter plates filled with 3 mL 

of a sterile saline solution (8.5 g/L NaCl). Biofilms 

were imaged using a spectral-domain Optical 

Coherence Tomography (OCT) - Thorlabs 

Ganymede Instrument (Thorlabs GmbH, Germany) 

- with a central wavelength of 930 nm. All volumes 

are ~2.49×2.13×1.52 mm (y×z×x) and imaged using 

509×1024×730 voxels in the corresponding axes. 

The refractive index was set to 1.40 like the 

refractive index of water (1.33), as biofilms are 

mainly composed of water [27].  

OCT Images were then analyzed by the 

freeware software BISCAP (Biofilm Imaging and 

Structure Classification Automatic Processor) 

described by Narciso et al. [28] and available at: 

https://github.com/diogonarciso/BISCAP [28], [29]. 

Briefly, the pixels in each 2D image at the 

substratum are identified, a threshold of the pixel’s 

intensity is calculated, and all pixels are binarized 

according to the biomass or background, allowing to 

differentiate the full biofilm structure from the liquid 

bulk phase. The 2D image processing was extended 

to the 3D OCT images [29]. The final images (as the 

ones shown in Fig. 2) allows a detailed visualization 

of the biofilm as each 3D image comprises a set of 

509 OCT-2D images. By analyzing those 3D 

images, the BISCAP delivers a set of parameters 

commonly used to describe the biofilm structure. In 

the present work special attention was given to 

average thickness, porosity and compaction 

parameter. The average thickness is defined as the 

total length between the bottom and the top of the 

biofilm. The compaction parameter, as proposed by 

Narciso et al. [28], provides a measurement of the 

biofilm compactness based on the ratio between the 

continuous biomass pixels in the biofilm structure 

and the total number of pixels (biomass + water) 

between the bottom and top interfaces. It ranges 

between 0<Cp≤1, Cp values close to 1 being 

observed for biofilms with higher compactness (few 

empty spaces within the biofilm). Finally, porosity 

is defined as the fraction of background voxels in the 

biofilm region and changes between 0 and 1 (values 

close to 0 are observed for biofilms with no 

porosity). 

The experimental data were analysed using the 

software GraphPad Prism 9.0 for Windows 

https://github.com/diogonarciso/BISCAP
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(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. 

RESULTS AND DISCUSSION 

The 8-days Pseudomonas fluorescens biofilms, 

prior to the thermal shock, formed at lower 

rotational speed (125 RPM) were found to be more 

heterogenous (Fig. 2 and Fig. 3) and 3.5 times 

thicker (Fig. 4) than the ones formed at 225 RPM. 

The biofilms heterogeneity is shown by the profile 

observed in the topographical figures (Fig. 2). Not 

surprisingly, the biofilm formed at 125 RPM 

showed higher porosity and less compactness (lower 

compaction parameter) than the one at 225 RPM. 

Several works highlight that biofilms formed under 

low shear forces tend to be very heterogenous, and 

to have pores and protuberances [30]. These 

differences in the biofilm’s structures reflect the 

impact of the hydrodynamic conditions, particularly 

the fluid shear forces on the coupons which are 

known to affect mass transfer and erosion (removal) 

across the biofilm surface [30]–[32]. Increasing the 

fluid velocity, increases the turbulence near the 

surface, which favors the rate of mass transfer from 

the bulk phase to and from the biofilm, enhancing 

the exchange of nutrients, oxygen, metabolic waste 

(among others). However, simultaneously the 

biofilm is subjected to higher shear forces, thus 

increasing the removal rate and decreasing the 

biofilm thickness.  
 

After biofilms exposure to 70ºC for 15 min, 

biofilms exhibit different structural properties 

depending on the hydrodynamic conditions. 

Concerning the biofilm formed at 125 RPM, the T-

shock had a significant effect on average thickness 

reduction, which decreased from 132 µm (before the 

T-shock) to 43 µm (1h after the T-shock), indicating 

a significant biofilm sloughing-off. Consequently, 

the biofilm became more homogenous, as can be 

seen in Fig. 2 (2nd row). Simultaneously, these 

biofilms became slightly more compact (~0.65) – 

Fig. 6 - in response to the T-shock (or because of the 

biofilm removal), yet the porosity (~0.26) remained 

constant (Fig. 5).  

On the other hand, biofilms grown under 225 

RPM did not show significant changes in terms of 

average thickness (Fig. 4) which remained the same 

before and after the thermal shock (~ 41 µm), 

suggesting that biofilm sloughing-off was not 

significant. A detailed analysis of the topographical 

images shows that there is a greater heterogeneity on 

this biofilm after being exposed to the temperature 

increase. The maximum thickness (red color in Fig. 

2, d) found before, and 1h after the T-shock is 

respectively, 152 µm and 425 µm. The 425 µm 

thickness is expectedly due to parts of the biofilm 

that detached from the surface in one point but are 

still connected to the surface on the other extremity. 

This aspect is clear when comparing the 2D images 

selected from the 3D images stacks (Fig. 3 a) and c)) 

that have similar maximum biofilm thicknesses. It is 

not surprising that the 225 RPM can sustain such a 

thick biofilm not fully supported at the surface, as 

the adhesion and cohesion forces of biofilms formed 

at higher shear stresses are higher than for lower 

shear stresses [33]. The existence of a significant 

sloughing-off for the 225 RPM condition is further 

confirmed by the surface area coverage reduction 

determined via Confocal Laser Scanning 

Microscopy in a complementary study [18]. It is 

widely reported that biofilms formed under higher 

shear stress conditions tend to more resistant to 

external stresses like biocides, flow changes (etc.) 

[34], [35], but grounding sloughing off conclusions 

solely on the average thickness, as represented in 

Fig. 4, can be misleading. At 225 RPM, the other 

structural parameters significantly changed before 

and 1h after the T-shock: compactness (Fig. 6) 

decreased from 0.88 to 0.55 and porosity (Fig. 5) 

increased from 0.11 to 0.28.  

Biofilm thermal resistance is proportional to the 

biofilm thickness [2] and is also dependent on the 

hydrodynamics conditions: as fluid velocities 

increase the fouling thermal resistance decreases [2]. 

Given that at lower fluid velocity (125 RPM) the 

biofilms were initially thicker - both aspects 

(hydrodynamics and thickness) contribute to the 

thermal resistance increase. As so, the heat transfer 

rate along the biofilm (from the top to the surface) 

will be lower at 125 RPM than at 225 RPM. Thus, it 

might be feasible to accept that after 15 min, the 

temperature profile along the biofilm will be 

different for the two evaluated conditions. Probably 

this justifies why there were no significant 

differences on porosity and compaction parameter 

for the 125 RPM biofilms before and after the T-

shock, yet those were very significant for the 225 

RPM. Additionally, Pavlovsky et al. [36] showed 

that the mechanical properties of Staphylococcus 

epidermidis biofilms changed when exposed to 60ºC 

during 1h. The authors hypothesized that 

temperature weakened the mechanical integrity of 

the biofilm matrix, even though no significant effect 

was found regarding the chemical EPS constituents. 

Another important aspect that might be considered 

is the effect of temperature on the viscoelasticity of 

the biofilms. Viscoelasticity is known to be an 

essential feature underlying biofilms protection to 

chemical and physical stresses [37]. Mechanical 

stresses might lead to cohesive failure (when the 

detachment forces acting in the biofilm exceed the 

forces between the different organisms in the 

biofilm) and/or adhesive failure (when the 

detachment forces action in the biofilm exceed the 

forces of adhesion to the surface – biofilm 

dislodgement). 
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The 1h after-the-shock data seem to represent a 

transient effect of the 70ºC on the biofilm at the 

same conditions under which it was formed (25ºC). 

The 24h data represents a more stable condition of 

the structural rearrangements of the biofilms. 

Analyzing the biofilm structural parameters 24h 

after the thermal shock shows that, regardless the 

rotational speed considered (125 or 225 RPM), the 

biofilms reached similar average thicknesses (Fig. 4) 

~ 64.7 µm, and compaction parameters (Fig. 6) ~ 

0.80. It is worth to note that the 125 RPM biofilm, 

like what was observed before the shock, is more 

heterogenous than the 225 RPM one (higher shear 

stress).  

The present study only considered the 

mesoscale structural aspects of the biofilms, 

ignoring for example microbiological aspects. Yet, 

from the perspective of the biofilm's history, after 

being subjected to an external stressors, it is 

expected that it rearranges into a more ‘robust’ 

structure that becomes better prepared for future 

external impacts [18]. As so, it is not surprising that, 

even keeping the same balance between mass 

transfer and shear forces as in the initial biofilm, the 

125 RPM matrix rearranges into a thinner and more 

compact biofilm. On the other hand, the 225 RPM 

biofilm seems to have made a trade-off between 

keeping its compactness and increasing porosity (the 

225 RPM biofilm before the T-shock has reduced 

porosity). The water-filled areas withing the biofilm 

(direct contributors to the porosity) have very 

important functional characteristics for the bacteria 

survival and biofilm preservation, like for example 

to transport nutrients, waste-products (etc) or to 

store key components to cells [38], and was 

suggested that water inside biofilms (in pores or in 

water-channels) can be seen as a human rudimentary 

vascular system [38]. In this assumption, it is not 

surprising that after a shock the balance between 

porosity and compactness is duly considered by the 

microbial films. Furthermore, the rapid regrowth 

and rearrangement of the biofilms after 24h is an 

important argument supporting the implementation 

and proper monitoring of temperature-based 

microbiological control approaches [7].  

Further research is needed to explore the 

mechanisms behind structural rearrangements in 

response to thermal shocks. The compactness of the 

biofilm layers, as well as their susceptibility to 

sloughing-off, are critical to heat exchanger thermal 

performance, pressure drop across water systems 

and to health prevention in the case for example of 

Legionella control in cooling water systems or in hot 

water networks. It might be also important to 

understand how the thermal shock affect biofilm 

recalcitrance, stability and resilience upon new 

mechanical stresses (temperature, flow shifts, etc). 

Figures 

 
Fig. 1 Photography of the experimental setup. A 

detailed view of the CDC reactor is provided on the 

right. 

Fig. 2 Pseudomonas fluorescens biofilms 3D-

topographical view, prior the temperature shock (T-

Shock) and 1h and 24h after the Temperature 

shock. Each image is the reconstruction of 509 

images 2D-OCT stacks. In brackets the rotation 

speed imposed during biofilm formation and T-

shock. Image colors: red corresponds to the 

maximum thickness of the biofilm; black to the 

lowest biofilm areas (0 µm). 

 

a) [125 RPM] - Before T-Shock b) [225RPM] - Before T-Shock 

  

 

c) [125 RPM] – 1h_After T-Shock d) [225 RPM] – 1h_After T-Shock 
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Fig. 3 OCT 2D images selected from the 3D image 

stack corresponding to the topographical views in 

Fig. 2, at the position marked with an arrow. Only 

the representative conditions of 125 RPM_before 

T-Shock, 225 RPM_before T-shock, 225 RPM_1h 

after T-shock. The scale bar corresponds to 100 

µm. 

 

 
Fig. 4 Biofilm average thickness calculated from the 

3D biofilm images represented in Fig. 2. The error 

bars correspond to the standard deviation. 

 

 

 
Fig. 5 Biofilms porosity before and 1h and 24h after 

the temperature shock (T-shock) for the tested 

rotational velocities 125 RPM and 225 RPM. Data 

corresponds to the biofilms depicted in Fig. 2. 

 
Fig. 6 Biofilms compaction parameter before and 1h 

and 24h after the temperature shock (T-shock) for 

the tested rotational velocities 125 RPM (blue bars) 

and 225 RPM (orange bars). Data corresponds to the 

biofilms depicted in Fig. 2. 

 

 

Copyright permissions.  All images are original. No 

copyright permissions are required. 

 

 

CONCLUSION 

The present work provides a preliminary study 

about the impact of temperature shock on biofilms 

mesoscale structure. It also establishes a 

methodological approach that can, in future works, 

address specific aspects of the impact heat transfer 

on the biofilm structure to design better adjusted 

thermal procedures and minimize the operational 

penalties of biofilms. 

The main conclusions point out that the thermal 

shocks effects depend on the hydrodynamic 

conditions, particularly 1 h after the shock. The 

biofilms regrow and rearrange rapidly and 24h after 

the thermal shock both structures seem to reach a 

trade-off between porosity and compactness, 

reaching similar values.  

NOMENCLATURE 

 

Re Reynolds number, dimensionless 

T Temperature, °C 

RPM Rotation per min, RPM 
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