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Abstract
Spore-forming thermophilic bacteria of the genus Geobacillus and Anoxybacillus are frequent contaminants in dairy industry. 
This study is the first attempt to apply models of physicochemical interactions (thermodynamic, DLVO, and XDLVO) to 
quantify their adhesion properties to stainless steel particles (SSP). The predictions of interaction models were compared 
with experimental data (contact angles, zeta potentials, size) regarding interacting surfaces (cells and SSP). Adhesion 
intensities (AI) were determined experimentally taking advantage of the magnetic properties of particulate stainless steel. 
The importance of weak physicochemical interactions was estimated by comparison of experimental AI with model predic-
tions of colloidal interactions. The results revealed that the most reliable description of AI was obtained using the XDLVO 
model, including Lifshitz–van der Waals (LW), acid–base, and electrostatic (EL) interactions. The AI of cells to SSP at an 
ionic strength of 10 mM decreased in the order G. stearothermophilus DSM 456 > A. flavithermus DSM 2641 > G. stearo-
thermophilus DSM 22, and the differences were statistically significant. At a higher ionic strength (100 mM), the highest 
AI was observed for A. flavithermus DSM 2641, but the differences between species studied were statistically insignificant. 
The main driving force for bacterial adhesion to SSP at 10 mM was EL interactions, while at 100 mM, the XDLVO model 
predicted favorable interactions between A. flavithermus DSM 2641 and SSP due to attractive LW forces.

Keywords Geobacillus · Anoxybacillus · Thermophilic spore formers · Cell adhesion · Stainless steel · Surface interaction 
models

Introduction

Representatives of Geobacillus and Anoxybacillus sp. are 
Gram positive thermophilic rod-shaped bacteria. Strains of 
G. stearothermophilus are aerobic or facultatively anaerobic 
while A. flavithermus is described as facultatively anaerobic 
(Nazina et al. 2001; Pikuta et al. 2000; Sadiq et al. 2018). 
G. stearothermophilus contaminates canned products, milk 
powder, gelatin extracts or cocoa. A. flavithermus was iso-
lated from a gelatin extract or milk powder (Burgess et al. 
2010; De Clerck et al. 2004; Sadiq et al. 2018). For both 
G. stearothermophilus and A. flavithermus, the tendency to 
spoil dairy products is more likely than canned products 
(Lücking et al. 2013).

In contrast to thermophilic spores, vegetative cells can 
be inactivated by heat below 100 °C, although some strains 
could survive milk pasteurization (Reich et al. 2017). Addi-
tionally, biofilm cells can withstand steps like cleaning or 
sanitization better than planktonic cells (Shi and Zhu 2009). 
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From various possible dairy industry contaminants, the gen-
era Geobacillus and Anoxybacillus are the most important 
to treat because of their biofilm-forming potential (Sadiq 
et al. 2017). Previous studies have shown the potential of 
Geobacillus and Anoxybacillus sp. to form biofilms on mate-
rials used in dairy industry (Burgess et al. 2014; Cihan et al. 
2017; Zhao et al. 2013). Although there are other sources of 
thermophilic bacilli (TB), like parts of the plant that oper-
ate in the optimum thermophile temperature growth range, 
without biofilm formation the concentrations of TB in milk 
products would be insignificant (Hill and Smythe 2012).

Adhesiveness to solid surfaces and the biofilm-forming 
potential of thermophilic dairy spore formers have been 
studied, where active attachment and biofilm formation of 
these bacteria on stainless steel has been described (Bur-
gess et al. 2010; Sadiq et al. 2017). It was also found that 
cell surface properties play a key role in the attachment of 
TB to processing equipment (Parkar et al. 2001). However, 
the results are controversial. In one study, a reduced level 
of hydrophobic stainless steel (SS) surface (dynamic con-
tact angle) attracted more bacterial adhesion (Jindal et al. 
2016), while in others, the tendency of cells to adhere to 
SS decreased with lower cell surface hydrophobicity (adhe-
sion to hydrocarbon) (Jindal and Anand 2018). Agreement 
was found for cell surface charge, as adhesion of TB to SS 
decreased with higher cell surface charge (Palmer et al. 
2010; Jindal and Anand 2018). Nevertheless, both studies 
lacked quantitation of SS surface charge (Palmer et al. 2010; 
Jindal and Anand 2018). Based on the currently available 
data, it is impossible to quantitatively evaluate the contribu-
tion of hydrophobic, electrostatic, or other weak physico-
chemical interactions to the adhesion of TB to solid surfaces.

The physicochemical aspects of microbial adhesion to 
solid surfaces can be evaluated using three approaches: (i) 
the thermodynamic balance of interfacial interactions (Lif-
shitz–van der Waals and acid–base), used to predict the 
stability of cell–solid adhesion (van Oss 1995); (ii) DLVO 
(Derjaguin–Landau–Verwey–Overbeek) theory, estimating 
the apolar (Lifshitz–van der Waals) and electrostatic inter-
actions; and (iii) extended DLVO (XDLVO) theory, which 
integrates the two previous approaches (Bos et al. 1999; 
van Oss 2003). These models have not yet been used to (i) 
predict adhesion of TB, (ii) compare the prediction with 
experimental adhesion data and (iii) identify the main driv-
ing forces of TB adhesion to solid surfaces.

This work aims to quantify the surface properties of G. 
stearothermophilus (DSM 22, DSM 456) and A. flavither-
mus (DSM 2641) cells and their potential for interaction with 
SS (AISI 316L). The interaction of thermophilic bacteria 
with corrosion-resistant stainless steel used in food indus-
try was studied both experimentally and theoretically, using 
physicochemical models. Experimental adhesion of cells 
to SS was compared with predictions of thermodynamic 

and (X)DLVO models in order to identify the main driving 
forces of cell adhesion.

Experimental

Microorganisms and media

The strains used in this study were G. stearothermophilus 
DSM 22 (isolated from deteriorated canned food), G. stearo-
thermophilus DSM 456 (isolated from sugar beet juice), and 
A. flavithermus DSM 2641 (isolated from hot spring). Cul-
tivation medium (CM) of the following composition was 
used (in g/L): casein peptone (5.0, Alfa Aeasar, USA), beef 
extract (3.0, Sigma Aldrich, Czech Republic), and pH were 
adjusted to 7. Cultivation was carried out in 500 mL Erlen-
meyer flasks (250 mL medium; 150 rpm; 55 °C for Geoba-
cillus sp. and 60 °C for Anoxybacillus sp.; 24 h for Geobacil-
lus sp. and 30 h for Anoxybacillus sp.). After cultivation, a 
cell suspension was obtained by washing twice with distilled 
water and centrifuging (6000 rpm; 5 min) and immediately 
used for subsequent tests (image analysis, contact angle, and 
zeta potential measurements, adhesion tests). The number of 
spores in cell suspensions at harvesting was less than 6% as 
observed microscopically (Strejc et al. 2019).

Contact angles measurement

For the contact angle measurement (CA), a smooth layer of 
cells was deposited on a membrane filter (47 mm diameter, 
0.45 µm pore size, Whatman, USA) under negative pres-
sure using 2.6 mg of dry biomass per  cm2 of filter area. The 
cell lawns were then deposited on agar plates to stabilize 
their moisture content, fixed on a microscopy glass slide, 
and allowed to dry for 40 min at 25 °C (Sharma and Hanu-
mantha Rao 2002). Contact angles of stainless steel particles 
(SSP) (AISI 316L, 60–80 nm, SkySpring Nanomaterials, 
Inc., TX, USA) were measured in the form of compressed 
pellets. Pellets were prepared from 1 g of SSP by pressing 
(7 MPa, evacuable pellet press 13 mm, Pike Technologies, 
WI, USA). Contact angle measurements were carried out by 
the sessile drop technique on a CAM 200 goniometer (KSV 
Instruments, Finland). Drops (volume ≈ 3 µL) of water, for-
mamide, and 1-bromonaphthalene (all from Sigma-Aldrich, 
Czech Republic) were measured 1 s after placement, ten 
times for each sample, at 25 °C.

Zeta potential and cell size measurement

The zeta potentials (ZP) of cells and SSP in contact with 
electrolyte (10 and 100 mM KCl, pH 7) were measured 
at 25 °C using a Zetasizer Nano-ZS (Malvern, UK). The 
cell and nanoparticle suspensions had an absorbance of 
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0.1 (600 nm). All samples were measured three times with 
an experimental error ± 10%. The size distribution of SSP 
was determined microscopically using image analysis soft-
ware (Bittner et al. 2016). Images of G. stearothermophi-
lus (DSM 22, DSM 456) and A. flavithermus (DSM 2641) 
cells were taken using an Olympus BX51 microscope with 
Olympus C5050 digital camera (min. 100 readings for each 
strain). For cell size determination, image analysis software 
(ImageJ, NIH, USA) was used after cell cultivation in CM 
for 24 h for Geobacillus sp. and 30 h for Anoxybacillus sp. 
at 55 and 60 °C, respectively.

Model calculations

Three physico-chemical interaction models were used to 
quantify the intensity of interactions between cells and SS 
particles. The thermodynamic approach was used to calcu-
late the total free energies of interaction from CA values 
(Table 1) according to van Oss (1995). As representatives 
of colloidal interactions, the classical DVLO and extended 
XDLVO theories were used (van Oss 2003). Predictions 
according to (X)DLVO theories were calculated for model 
environments (10 and 100 mM KCl, pH 7). For XDLVO 
the Hamaker constant was estimated from the ΔGLW val-
ues (Table 2)’; the characteristic decay length for acid–base 
(AB) interactions was 0.6 nm (van Oss 2006), and the inten-
sity of AB interactions was expressed using ΔGAB values 
(Table 2).

Adhesion tests

Quantification of adhesion between cells and SS particles 
was tested in defined model environments. Cell suspen-
sions (2 mL) of a defined concentration (0.3 ± 0.03 g/L) 
in electrolyte (10 and 100 mM KCl, pH 7) were mixed 
(5 rpm, orbital mode, Hulamixer, Invitrogen, USA) with 
specific amounts of SS particles for 10 min in plastic 
test tubes. Subsequently, SS particles were exposed to 
an NdFeB magnet (25 × 10 mm, Neomag, Czech Repub-
lic) for 10  min followed by measurement of superna-
tant absorbance (600 nm). Adhesion intensity (AI, %) 
was calculated according to the following equation: 
AI = [(A0 − A1)/A0] × 100, where A0 is the absorbance of the 
cell suspension and A1 is the absorbance of the supernatant 
after accelerated magnetic sedimentation. Due to the small 
size of Geobacillus and Anoxybacillus, self-sedimentation 
of cells was negligible. All experiments were performed in 
triplicate and results are presented as mean values.

Adhesion tests were analyzed by two-way analysis of 
variance. A post hoc Scheffe’s test was used to assess sig-
nificant differences between the materials. All statements 
of significance were based on a probability of p < 0.05. 
Statistical analyses were performed using MS Excel 
software.

Table 1  Average contact 
angles and zeta potentials of 
Geobacillus stearothermophilus 
(DSM 22 and DSM 456), 
Anoxybacillus flavithermus 
(DSM 2641), and SSP in 
electrolytes (10 and 100 mM 
KCl) at pH 7

W water, F formamide, B 1-bromonaphthalene, SSP stainless steel particles

Surfaces Contact angle (°) ZP (mV)

W F B 10 mM 100 mM

DSM 22 30.9 ± 1.9 54.5 ± 4.0 69.3 ± 1.1 − 24.0 ± 1.1 − 14.3 ± 1.7
DSM 456 35.1 ± 4.5 25.9 ± 2.3 69.9 ± 2.3 − 32.9 ± 1.5 − 15.6 ± 0.9
DSM 2641 27.2 ± 1.2 58.5 ± 3.8 61.0 ± 2.5 − 23.3 ± 1.0 − 11.6 ± 1.1
SSP 25.4 ± 1.1 26.9 ± 2.1 19.3 ± 2.4 17.1 ± 0.8 − 0.8 ± 1.2

Table 2  Total surface tensions (γTOT) and their apolar (γLW) and polar 
(γAB) components and total free energies of interaction (ΔGTOT) and 
their apolar (ΔGLW) and polar (ΔGAB) components as calculated 
according to the thermodynamic theory for the system cell–water–

cell (cwc) and cell–water–surface (cws) consisting of Geobacillus 
stearothermophilus (DSM 22 and DSM 456), Anoxybacillus flavither-
mus (DSM 2641), and SSP (stainless steel particles)

Surfaces Surface tension (mJ/m2) ΔGTOT (cwc) ΔGLW (cws) ΔGAB (cws) ΔGTOT (cws)

γLW γAB γTOT

DSM 22 20.3 13.1 33.4 58.2 0.6 48.7 49.3
DSM 456 20.0 34.8 54.8 9.6 0.7 19.2 19.9
DSM 2641 24.5 1.7 26.1 81.0 − 1.0 57.8 56.8
SSP 41.9 8.1 50.0 31.5 – – –
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Results

Physicochemical surface properties of cells 
and stainless steel particles

Contact angle measurements of the TB studied revealed 
statistically significant (p < 0.05) different CAs of water 
and formamide for G. stearothermophilus DSM 456, 
and of bromonaphthalene for A. flavithermus DSM 2641 
(Table  1). The thermodynamic balance of interaction 
energies based on CA data revealed a broad range of total 
surface tensions from 26.1 to 54.8 mJ/m2 (Table 2). Cal-
culations of surface tensions revealed prevailing electron 
donor characteristics (γ− = 37–83 mJ/m2, γ+ = 0.01–8 mJ/
m2) of all TB studied.

The CA values of TB were also reflected in total free 
energies of interaction (ΔGTOT) as calculated according to 
the thermodynamic model for the system cell-water–cell 
(cwc). Hydrophilic surfaces are characterized by positive 
ΔGTOT (van Oss 1995). Given this definition, all TB stud-
ied are hydrophilic, although G. stearothermophilus DSM 
456 was significantly less hydrophilic than the remaining 
two strains (Table 2).

The CA values of SSP (Table 1) were determined by 
the compressed pellets method (Bittner et al. 2016) and 
were used to calculate the appropriate surface tensions 
(Table 1), which together with positive free energies of 
interaction (ΔGTOT) of SSP indicate a hydrophilic charac-
ter of the material (Table 2). Stainless steel particles have 
a somewhat greater propensity to provide apolar (γLW) 
interactions, as compared to TB (Table 2).

The average ZP values of TB at pH7 in symmetri-
cal model electrolytes (10 and 100 mM KCl) indicate 
that the cells had a prevailing negative surface charge, 
which somewhat diminished at higher ionic strengths 
(IS) (Table 1). The size of SSP in an aqueous environ-
ment was determined by Bittner et al. (2016). In colloidal 
interaction models (DLVO and XDLVO), a diameter of 
SSP agglomerates of 2 μm was used. The surfaces of SSP 
could acquire both positive (10 mM) and slightly negative 
charges (100 mM) independent of the IS (Table 1).

Prediction of cell–surface interactions and their 
comparison with adhesion tests

Comparing ΔGTOT with real adhesion data (Fig. 3), the 
thermodynamic approach was not able to sufficiently dis-
criminate interaction intensities between TB and SSP. 
For all combinations of TB with SSP, a negative adhe-
sion energy balance (ΔGTOT > 0) was obtained. This 
suggests that cell-SSP adhesion would be unfavourable 

from an energy balance point of view (Table 2), which 
experimentally was not confirmed, in particular at 10 mM 
(Fig. 3). Since the thermodynamic model was not able to 
provide a generalized description of bacterial adhesion to 
model materials, the classical DLVO and extended DLVO 
(XDLVO) theories were used.

For (X)DLVO calculations, image analysis was per-
formed to determine the size of vegetative TB cells. Veg-
etative cells of G. stearothermophilus (DSM 22, DSM 456) 
and A. flavithermus (DSM 2641) had the following mean 
lengths, 4.91 ± 2.38, 4.82 ± 1.73, and 4.69 ± 2.88 μm, and 
mean diameters, 0.65 ± 0.35, 0.50 ± 0.28 and 0.82 ± 0.14 
μm, respectively. In (X)DLVO model predictions, using an 
approximation of the geometry of a sphere-cylinder, and 
based on Israelachvili (2011), the mean diameter of rods 
was chosen as the characteristic size for cells. A simplifica-
tion neglecting surface roughness of interacting entities was 
applied in both model predictions.

A simulation of total interaction energies (GDLVO) 
between TB and SSP, as a function of the separation distance 
at different IS, predicted either the absence or presence of 
potential energy barriers at the collision of surfaces (Fig. 1). 
The presence of GDLVO > 0 at close contact represents an 

Fig. 1  Total interaction energy  (GDLVO) as a function of the separa-
tion distance between Geobacillus stearothermophilus (DSM 22 and 
DSM 456), Anoxybacillus flavithermus (DSM 2641) and SSP in elec-
trolytes 10 mM KCl (a) and 100 mM KCl (b) according to the DLVO 
theory
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energy barrier that the approaching surfaces may not over-
come. This depends on their kinetic energy. Conversely, a 
GDLVO < 0 predicts an attraction between interacting sur-
faces. The absence of an energy barrier was predicted for 
all interactions of TB cells with SSP in 10 mM KCl. For 
interactions in 100 mM KCl, the absence of energy barri-
ers was predicted for A. flavithermus (DSM 2641) vs. SSP, 
while for G. stearothermophilus strains DSM 22 and DSM 
456, energy barriers were predicted (Fig. 1). Comparing the 
DVLO predictions with AI of TB to SSP at an IS of 10 mM 
(Fig. 3a), it can be seen that the model was unable to qualita-
tively predict the adhesion of TB to SSP. The  GDLVO predic-
tions were very similar, while the AIs were DSM 456 > DSM 
2641 > DSM 22 with a statistically significant difference 
(p < 0.05) at the highest SSP-to-cell biomass ratio (Fig. 3a). 
Similarly, the prediction of no energy barrier at 100 mM for 
A. flavithermus (DSM 2641) does not correspond with the 
AI, which was higher (statistically not significant) than for 
the remaining two strains at the highest SSP-to-cell biomass 
ratio (Fig. 3b).

Although direct contact was unfavorable when there 
was an energy barrier, the interaction of TB with SSP can 
take place in a so-called secondary minimum (Redman 

et al. 2004) (Fig. 2). The depths of secondary minima (SM) 
predicted by XDLVO were DSM 456 (− 207 kT) > DSM 
2641 (− 125 kT) > DSM 22 (− 108 kT) for an IS of 10 mM 
(Fig. 3a). The main driving forces of TB vs SSP interac-
tions at low IS (10 mM) were the electrostatic interac-
tions (EL), while the acid–base (AB) and Lifshitz–van der 
Waals (LW) interactions were repulsive, with the excep-
tion of LW interactions for A. flavithermus DSM 2641. 
For interactions of TB with SSP at an IS of 100 mM, the 
XDLVO predicted SM (− 3.2 kT at 7 nm separation dis-
tance) only for A. flavithermus DSM 2641 (Fig. 2). In this 
case, the contribution of the LW interaction forces to over-
all interactions was prevailing and attractive, while the 
EL and AB interactions were repulsive. Adhesion of TB 
to SSP increased with increasing MB-to-biomass ratio, 
often reaching a plateau (Fig. 3). A qualitative agreement 
was seen between AI (Fig. 3) and the depth of SM, as pre-
dicted by the XDLVO model at an IS of 10 mM (Fig. 2). 
Similarly at an IS of 100 mM, the only SM identified for 
for A. flavithermus DSM 2641 was in accordance with the 
highest AI observed experimentally (Fig. 3b).

Fig. 2  Total interaction energy  (GXDLVO) as a function of the separa-
tion distance between Geobacillus stearothermophilus (DSM 22 and 
DSM 456), Anoxybacillus flavithermus (DSM 2641), and SSP in 
electrolytes 10  mM KCl (a) and 100  mM KCl (b) according to the 
XDLVO theory

Fig. 3  Adhesion intensity of Geobacillus stearothermophilus (DSM 
22 and DSM 456), Anoxybacillus flavithermus (DSM 2641) to SSP 
in 10 mM (a) and 100 mM KCl (b) at different SSP-to-cell biomass 
ratios



302 Chemical Papers (2020) 74:297–304

1 3

Discussion

Spore forming TB are important members of the group 
of spoilage bacteria in the dairy industry (Burgess et al. 
2010). Members of TB contaminate through their presence 
in multispecies biofilms as a consequence of their ability 
to adhere to solid surfaces. It can be hypothesized that 
thermoduric milk spoilers can spread from biofilms either 
through an aqueous environment and/or by transfer of cells 
in aerosols (Brandl et al. 2014).

Particulate stainless steel powder was used instead of 
flat coupons, which are widely applied to study microbial 
adhesion and/or biofilms (Zhao et al. 2013; Jindal et al. 
2016). Although SS is not used widely in the food industry 
as a particulate material, its advantage lies in its magnetic 
properties, ease of application, and reproducible character 
of quantitative adhesion tests (Bittner et al. 2016). In addi-
tion, (X)DLVO models take into account the geometry of 
interacting entities, so predictions are qualitatively valid 
for any shape of SSP.

In the thermodynamic approach for predicting micro-
bial adhesion to solid surfaces, LW and AB interactions 
are taken into account. This, however, neglects the role 
of EL interactions and, therefore, is only valid at close 
contact (Bos et al. 1999). Yet, the thermodynamic model 
is capable of quantitatively expressing the contribution 
of LW and AB forces. Studies available on Geobacillus 
and Anoxybacillus species have used microbial adhesion 
to hydrocarbon (MATH) tests in order to evaluate cell 
surface hydrophobicity (Palmer et al. 2010; Jindal and 
Anand 2018). However, no correlation was found between 
hydrophobicity determined by water CA and MATH tests 
(Hamadi and Latrache 2008). This paper presents the 
first surface characterization of these bacterial species 
by CA measurements and thermodynamic model calcula-
tions. The mismatch between thermodynamic interaction 
energies and experimental AI suggests that electrostatic 
interactions play a significant role in TB adhesion to SSP. 
This was also stated in previous studies; however, due to 
the absence of ZP measurements of (modified) SS cou-
pons, the data were not applicable in colloidal interaction 
models, and consequently, the EL interactions were not 
quantifiable (Palmer et al. 2010; Jindal and Anand 2018).

Experimental data on ZP of TB and SSP were obtained 
and applied in the DLVO model, which integrates short-
range LW and long-range EL interactions (Sharp and 
Dickinson 2005). The comparison between model predic-
tions and adhesion experiments showed that the DLVO 
model was not able to qualitatively predict the adhesion of 
TB to SSP. Probably the reason was that the DLVO model 
neglected AB interactions. Indeed, the XDLVO model, 
integrating the previous two approaches, showed that AB 

interactions at separation distances equal to or smaller than 
the SM, by their repulsive character, equalized and over-
came the EL attraction between surfaces. Predictions of 
XDLVO models were in qualitative agreement with adhe-
sion experiments. More significantly, experimental AI was 
confirmed by the presence of deeper SM in-model predic-
tions. The consistency between XDLVO model predictions 
and experimental AI was valid at two IS, varying only at 
the low IS, where differences between AI of TB were sta-
tistically significant (p < 0.05). This systematic approach 
using information on the surface properties of TB and SSP 
can, therefore, avoid inaccurate conclusions. For instance, 
an inverse relationship between ZP and bacterial attach-
ment was reported without knowing the ZP of SS coupons 
at pH 7.4 in phosphate buffer with an unknown IS (Jindal 
and Anand 2018). The explanation for this observation is 
that SS at pH 7.4 and IS = 100 mM can have a negative ZP 
leading to EL repulsion between TB and SSP. However, 
in an environment with a lower IS at neutral pH (e.g., 
rinsing water), EL attractions can be stimulated by the 
positive ZP of SS (Bittner et al. 2016). The importance 
of EL interactions increases as the IS of the environment 
decreases. Careful selection of environmental conditions 
(IS and pH) can, therefore, help to suppress undesirable 
surface interactions of microorganisms (Sirmerova et al. 
2013; Bittner et al. 2017).

In real dairy industry equipment, the formation of bio-
films by A. flavithermus and Geobacillus spp. in milk 
powder manufacturing lines is mediated predominantly by 
bacterial physiological factors, e.g., the expression of sur-
face-exposed adhesins (Somerton et al. 2013). Data suggest 
that both biofilm formation and spore formation of A. flavith-
ermus can occur rapidly and simultaneously (Burgess et al. 
2009). A previous study demonstrated greater attachment of 
G. stearothermophilus spores to SS coupons compared with 
vegetative cells (Jindal and Anand 2018). The validity of the 
XDLVO model for spore attachment should, therefore, be 
validated in the future.

Conclusions

In this study, the AI of vegetative cells to SSP was studied 
in order to quantify the adhesion of TB and demonstrate 
the prediction potential of colloidal interaction models. 
Confronting three interaction models with experimental 
adhesion data resulted in identification of EL interactions 
as the main driving force for adhesion at low IS, while LW 
interactions under favourable surface conditions can be 
attractive even at a higher IS. Consequently, the suppres-
sion of unwanted adhesion of TB to SS can be controlled by 
selecting environmental conditions for cleaning procedures 
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(IS, pH), the composition of the cleaning agent, and surface 
treatments of construction materials.
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