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Bacterial adhesion is a complex process influenced by many factors, including hydrodynamic conditions. They affect the 
transfer of oxygen, nutrients, and bacterial cells in a water supply and cooling systems. The aim of this study was to 
identify hydrodynamic effects on bacterial adhesion to and detachment from stainless steel surfaces. For this purpose we 
observed the behaviour of bacterium L. pneumophila in no-flow and laminar and turbulent flow conditions simulated in 
a fluid flow chamber. The bacterial growth in no-flow and laminar flow conditions was almost identical in the first 24 h, 
while at 48 and 72 h of incubation, the laminar flow stimulated bacterial growth. In the second part of this study we found 
that laminar flow accelerated bacterial adhesion in the first 48 h, but after 72 h the amount of bacterial cells exposed to 
the flow dropped, probably due to detachment. In the third part we found that the turbulent flow detached more bacterial 
cells than the laminar, which indicates that the strength of shear forces determines the rate of bacterial removal.
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Legionellosis is a disease caused by the gram-negative 
bacteria of the genus Legionella. It manifests itself as two 
distinct clinical syndromes: Legionnaires’ disease and 
Pontiac fever. It spreads through inhalation of aerosols from 
devices such as cooling towers, hot tubs, industrial 
equipment, and indoor fountains (1-3).

Legionellae are ubiquitous in natural and artificial water 
environments worldwide and can survive extreme 
environmental conditions (4). Present in natural aquatic 
environments in low concentrations, Legionellae may enter 
storage tanks and water supply systems, whose physical 
and chemical conditions stimulate their growth (5). An 
important measure against their proliferation is preventing 
their biofilm formation, because once the biofilm has been 
formed, it is difficult to remove it from complex piping 
systems.

The first step in the formation of a biofilm is the 
adhesion of bacteria to surfaces. Once attached to a surface, 
the bacteria communicate with extracellular signals, merge, 
and form biofilms (6). Bacterial adhesion presents a 
significant problem in food and pharmaceutical industry as 
well as building maintenance (7-13).

Bacterial adhesion to surfaces has been studied since 
1936 (14), but we still do not know everything about the 
formation of biofilms. Bacterial adhesion is a complicated 
process influenced by many factors: bacterial properties 
(hydrophobicity, flagellation, and motility), surface 
properties (hydrophobicity and roughness), and 
environmental factors such as temperature, pH, presence 

of nutrients for bacteria, and hydrodynamic conditions (15, 
16). Flow of water determines the transport of nutrients, 
oxygen, and bacterial cells that can form a biofilm (17).

One flow force that can greatly influence the physical 
properties of biofilms, such as density and strength, is the 
shear stress. Liu and Tay (18) found that biofilms exposed 
to high shear stress were denser than those exposed to low 
shear. Stoodley et al. (19) have determined that shear 
increases at greater unidirectional flows and that biofilm 
cell clusters become elongated in the downstream direction 
to form filamentous streamers. In contrast, Joseph et al. (20) 
report that the Legionella bacteria rapidly multiply in 
stationary water conditions at 20 °C to 45 °C.

The aim of our study was to establish how hydrodynamic 
conditions affect the growth and adhesion of Legionella 
pneumophila. We also wanted to establish the potential of 
shear stress in detaching the bacteria to see if it could be 
used to control adhesion.

MATERIALS AND METHODS

Bacteria

We conducted our experiment on the standard strain of 
Legionella pneumophila subsp. pneumophila ATCC 33153 
(L. pneumophila), obtained from the Czech Collection of 
Microorganisms (CCM, Brno, Czech Republic). Legionellae 
are Gram-negative microaerophiles with respiratory 
metabolism that do not encapsulate or sporulate. They are 
2-20 μm long and 0.3-0.9 μm wide (21). Most of the known 
species have one or more flagella (22).
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Bacterial growth, zeta potential, and contact angle

To measure bacterial growth we incubated L. 
pneumophila in a buffered charcoal yeast extract (BCYE) 
medium with the addition of cysteine at 36 °C for 24, 48, 
and 72 h in accordance with the ISO standard 11731:1998 
(23). One part was cultured in no-flow conditions 
(incubator) and another part in laminar flow conditions 
(flow chamber, Figure 1), in which the bacterial suspension 
circulated at a constant flow rate of Qmax=20 mL min-1.

The attachment of microbial cells to the surfaces 
depends of many factors. One is the negative charge of the 
bacterial cell surface that interacts with positively charged 
material surfaces to which the bacteria attach. Simply put, 
the higher the charge the greater the interaction with the 
positively charged surfaces (24, 25). This interaction is 
known as electrophoretic (electrokinetic) mobility or zeta 
potential, which we measured with a Zetasizer Nano ZS 
(Malvern Instruments Ltd, Worcestershire, United 
Kingdom) and calculated according to the equation by 
Helmholtz-von Smoluchowski (25, 26). It is an indirect 
measure of net bacterial cell surface charge. To do that we 
centrifuged 24-hour bacterial culture at 10,000×g for 
10 min, resuspended the cells in a phosphate buffer solution 
(pH 7), and repeated centrifugation three times to separate 
the cells from the liquid medium. In the last step, we 
resuspended bacterial sediment in 7  mL of PBS buffer 
(0.026 g KH2PO4, 0.047 g K2HPO4 in 1 L).

Another important factor affecting bacterial adhesion 
(attachment) is the contact angle of the bacterial cells, which 
tells us whether the bacterium is hydrophilic or hydrophobic 
(27). Hydrophobic cells adhere more strongly to hydrophobic 
surfaces, while hydrophilic cells prefer hydrophilic surfaces 
(28, 29). Bacterial hydrophobicity was determined as 
described earlier by Bohinc et al. (26) and Kurinčič et al. 
(30). Sample preparation was the same as described above. 

After centrifugation, the cells were resuspended in 5 mL of 
pH 7 PBS buffer and we added 1 mL of xylene to 2.5 mL 
of bacterial cell suspension, mixed on a vortex mixer for 2 
min and incubated at 20  °C for 20  min to allow for 
separation of the two phases. The absorbance of bacterial 
suspension in PBS buffer and the lower aqueous phase were 
measured at the wavelength of 620 nm. Contact angle was 
calculated with the following formula:

h=(Ai- Af) /Ai
where h is hydrophobicity rate, Ai the absorbance of the 

initial bacterial suspension, and Af the absorbance of the 
aqueous phase after mixing with xylene (26).

Flow chamber measurements

To measure bacterial growth, attachment, and 
detachment we used a flow chamber with external 
dimensions of 399x325x265 mm (31). Figure 1 shows the 
heating/cooling chamber on the left and the flow cell with 
connector for turbulent and laminar flows on the right. For 
flow we used two peristaltic pumps: one for laminar flow 
with the flow rate of Qmax=20 mL min-1 and one for the 
turbulent flow rate of Qmax=1200 mL min-1.

Laminar flow effect on bacterial adhesion

L. pneumophila colonies were counted on plates after 
24, 48, and 72 h. For the medium we used 1 mL of serial 
10-fold dilution with 0.9% NaCl solution (from 10-4 to 10-9) 
mixed with melted nutrient agar.

To measure the effects of laminar flow on the adhesion 
of L. pneumophila we inserted clean and sterile 2 mm thick 
20×20  mm AISI 304 stainless steel coupons (Iskra Pio, 
Šentjernej, Slovenia) into the flow chamber and exposed 
them to the bacterial culture in liquid medium. The surface 
topography of the coupons was analysed with atomic force 
microscopy (AFM VEECO Dimension 3100, CSInstruments, 

Figure 1 The system of liquid flow chamber with a cooling / heating unit (left), a polyethylene tray (right) and a peristaltic pump to 
determine the effect of laminar and turbulent flow on the attachment and detachment of microorganisms from material surfaces
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Les Ulis, France). The coupons were rinsed with 300 mL 
of bacterial culture (5.5 log CFU mL-1) using a peristaltic 
pump with constant laminar flow rate of 20 mL min-1 at 
36 °C. Adhesion was measured after 24, 48, and 72 h by 
staining the coupons with bacterial cells with 3 mL of 0.1 % 
crystal violet suspension (Merck, Darmstadt, Germany) at 
room temperature for 3 min. The coupons were then rinsed 
three times with PBS buffer. The dye in the cells was 
remobilised in 2 mL 96 % ethanol. The absorbance of the 
dye solution was measured spectrophotometrically at the 
wavelength of 620  nm with a microplate reader Infinite 
200® PRO (Tecan GmbH, Gröding, Austria). For negative 
control we used four samples of metal coupons without 
bacteria.

Laminar and turbulent flow effects on bacterial 
detachment

To measure the effects of laminar and turbulent flow on 
bacterial detachment, we exposed the coupons to bacterial 
cultures in the ratio of 1:30 and incubated them in 6-well 
microtiter plates at 36  °C for 72  h. After a 72-hour 
incubation, the coupons were exposed to the laminar flow 
of 1 L PBS buffer at a constant rate of 20 mL min-1 or to 
the turbulent flow of 1200 mL min-1 or to no-flow conditions 
with PBS buffer. Optical density was determined using the 
crystal violet assay as described above. For negative control 
we used metal coupons without bacteria and exposed them 
to the same conditions.

Statistical analysis

Statistical analysis was run on R software version 3.1.3 
(Bell Laboratories, New Jersey, NJ, USA). It included 
paired Student’s t-test of average optical densities of the 

attached and detached bacteria. The significance level was 
set at p<0.05.

RESULTS AND DISCUSSION

Zeta potential, contact angle, and bacterial growth

Our measurements have shown that L. pneumophila is 
hydrophilic (h=43 %). The contact angle of the brushed 
metal coupons was 74°, which means that the coupon 
surfaces were hydrophilic too and that the adhesion should 
be stronger. The cell-specific fimbriae and flagella (32) of 
L. pneumophila compensate for the hydration force between 
the cell and the material surface (33).

Figure 2 shows that no-flow conditions did not simulate 
bacterial growth, which is in contrast with the findings 
reported by Joseph et al. (20). The growth curves for no-
flow and laminar flow conditions were almost identical in 
the first 24 h, while at 48 and 72 h of incubation, laminar 
flow stimulated bacterial growth, and the difference in CFU 
between no flow and laminar flow was about 0.4 log 
CFU mL-1.

Laminar flow effect on bacterial adhesion

The second experiment aimed at determining the effects 
of laminar flow on L. pneumophila adhesion to metal 
coupons. Figure 3 shows adhesion under laminar flow and 
no-flow conditions. In the first 24 and 48 h of incubation, 
bacterial adhesion was higher under laminar flow, but after 
72  h, adhesion was higher under no-flow conditions. 
Differences in adhesion (determined through optical 
density) between no flow and laminar flow were statistically 
significant for all three incubation times (Table 1). In no-

Figure 2 L. pneumophila growth curve in no-flow and laminar flow conditions
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Figure 3 L. pneumophila adhesion on metal coupons in no-flow and laminar flow conditions; OD620 - optical density of CV dye; *p<0.05

Figure 4 The effect of turbulent and laminar flow on the removal of adherent L. pneumophila subsp. pneumophila ATCC 33152 
(expressed as the OD620 of CV dye) from the surface of metal coupons after 72 hours of incubation at a temperature of 36 °C; OD620 
- optical density of CV dye; *p<0.05
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flow conditions adhesion kept increasing with incubation 
time. Under laminar flow, it dropped at 72 h, which suggests 
that the bacterial cells most likely detached themselves from 
the surface. This was also observed by Teodósio et al. (34), 
who reported that microbial detachment from a surface 
depends on the magnitude and direction of detachment 
forces, and by Liu and Li (35), who established that fluid 
flow can be one of the main causes of biofilm detachment. 
Bakker et al. (36) reported that shear stress between 6 and 
8 Pa was sufficient to prevent adhesion of P. fluorescens to 
stainless steel and that a wall shear stress of 12 Pa could 
remove the attached cells.

Laminar and turbulent flow effects on bacterial 
detachment

The third experiment determined the effect of shear 
forces on the detachment of L. pneumophila that had 
previously adhered to surfaces. Figure 4 shows that 
turbulent flow, which generates very strong shear forces, 
removed almost all the bacterial cells from the metal 
surfaces. The less intensive rinsing with laminar flow also 
detached significantly more bacteria from coupon surface 
than no flow at all. Table 1 shows differences in detachment 
between turbulent flow, laminar flow, and no flow. They 
were significant between turbulent and no flow, laminar and 
no flow, and between laminar and turbulent flow. Our earlier 
study (31) showed that laminar and turbulent flow can 
remove between 80 % and 90 % of bacterial population 
from material surface. Combined with a washing agent at 
37 °C turbulent flow can remove more than 95 % of bacteria. 
Choi and Morgenroth (37) studied the impact of shear stress 
on a mixed-culture biofilm and found that a sudden increase 
in shear stress also caused significant detachment of bacteria 
from the biofilm.

CONCLUSIONS

Our findings show that laminar flow promotes the 
growth of L. pneumophila, although some of the research 

indicates that no-flow conditions are more favourable. 
Therefore, dead legs in water supply systems do not present 
as much of a problem as we have thought. Instead, we 
should pay more attention to laminar flow, as it seems to 
favour bacterial adhesion to surfaces, but only in the first 
48 hours. After 72 hours, bacterial cells start to detach.

In no-flow conditions biofilm continued to form 
throughout the 72 hours. Bacteria in the pieces of a detached 
biofilm can reattach to new surfaces downstream of the 
system. Moreover, in the third experiment, we have 
demonstrated that turbulent and laminar flow significantly 
detach L. pneumophila from surfaces. These results indicate 
that shear forces can be used to remove bacterial cells from 
water supply systems. In fact, they are already being used 
in food and pharmaceutical industry, and such a system is 
known as “cleaning-in-place” (CIP). Our future research 
will focus on the most efficient methods for biofilm removal 
in water supply systems.
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Vpliv strižnih sil na adhezijo bakterije Legionella pneumophila

Oprijem bakterijskih celic je kompleksen proces, ki je odvisen od mnogih dejavnikov, kot so hidrodinamični pogoji, ki 
vplivajo tudi na prenos kisika, hranila in tudi bakterijskih celice po sistemu. Cilj te raziskave je bil analizirati vpliv 
hidrodinamičnih pogojev na bakterijsko razmnoževanje, na adhezijo bakterij na površine in na odcepljanje celic iz površin 
iz nerjavnega jekla. Opazovali smo bakterije v pogojih brez toka in v dinamičnih pogojih. Uporabili smo sistem pretočne 
komore, ki simulira laminarni in turbulentni tok. Razmnoževanje bakterij je bilo v pogojih brez toka in v pogojih z 
laminarnim tokom prvih 24 ur in 48 ur skoraj enako, po 72 urah inkubacije pa je laminarni tok pozitivno vplival na 
bakterijsko razmnoževanje. V drugem delu naše raziskave smo ugotovili, da laminarni tok pospešuje bakterijsko adhezijo 
prvih 48 ur, po 72 urah pa je količina oprijetih bakterijskih celic, ki so bile izpostavljene laminarnemu toku manjša, v 
primerjavi s tistimi, ki so bile v pogojih brez toka. Predvidevamo, da je prišlo do odcepljanja celic iz površin. V tretjem 
delu raziskave smo ugotovili, da je turbulentni tok odstranil bistveno več bakterijskih celic iz površin kot laminarni tok 
(p<0.05), kar kaže na to, da moč strižnih sil določa stopnjo odstranjenih bakterijskih celic.
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