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Abstract

The wettability of soil particles defines important soil processes such as water infiltration in the
soil and sorption of various substances on mineral surfaces. Soil water repellency (SWR)
significantly impacts soil-water dynamics, often leading to reduced growth rates and crop
yields. This phenomenon arises from hydrophobic coatings formed on soil particles by non-
living organic compounds such as waxes, alkanes, fatty acids, free lipids and amphiphilic
molecules.

While previous research on soil microorganisms mainly focused on their degradation activities,
recent findings indicate a neglected aspect: the direct involvement of these microorganisms in
hydrophobic interactions with soil particles modifying soil wettability. Specifically, it was
found that the coverage of mineral particles by Gram-negative soil bacteria is associated with
high water repellency of the produced cell-mineral association. Moreover, bacterial adaptation
to drought stress increases cell surface hydrophobicity, suggesting a potential intensification of
microbial induced SWR under changing environmental conditions. However, the mechanism,
extent, and persistence of SWR caused by bacteria are poorly understood.

The aim of this work is thus to understand how a hypothesized increase of bacterial surface
hydrophobicity, as an adaptation strategy to stress, affects cell adsorption onto mineral surfaces.
My results are linked to scientific findings about cell growth processes under variations in soil
moisture to estimate the short and long-term consequences of the drought stress on soil wetting
properties. Key information at the single-cell level including cell size, stiffness, roughness and
adhesion, obtained by improved atomic force microscopy (AFM) techniques, were linked to
the stress induced changes of the bacterial surface hydrophobicity and surface composition
obtained by contact angle and X-ray photoelectron spectroscopy (XPS) analyses, respectively.
In addition, for the first time, a new AFM approach was developed to perform direct cell-
mineral adhesion measurements taking the effect of contact area of these irregular materials
into account. This helped to understand how cell growth environment and mineral type affect
adhesion.

The findings of this study provide valuable contributions to both environmental sciences and
biology by enhancing our understanding of soil-water dynamics. This knowledge helps to
understand how the response of the ecosystem to environmental stress affects biological
activities. In addition, it contributes to a broader understanding of soil processes such as the
transport of fluids and the sorption of organic molecules and microorganisms on minerals
surfaces. The results showed that stressed cells exhibit smaller size, higher stiffness and
elevated protein content relative to unstressed cells. In addition, stress increases the contact
angle in many strains, which indicates enhanced hydrophobicity due to the changes of the cell
envelope structure. Such structural changes at the cell envelope also resulted to higher single-
cell adhesion to hydrophobic than hydrophilic nanosurfaces (AFM tips) for stressed cells
compared to unstressed cells. It is discussed that cell shrinkage induces protein crowding in the
lipid bilayer while potentially releasing lipopolysaccharides (LPS) and lipids as membrane
vesicles (MVs). The higher protein content increases the number of hydrophobic nanodomains



per surface area, which enhances hydrophobic interactions and reduces affinity towards
aqueous solution.

Considering that by stress the ability of water to spread on cell surfaces becomes weaker, it is
addressed that, during drought conditions, cells tend to minimize exposure to the stressful
medium (aqueous solution). This is confirmed by increased adhesion pressure of
montmorillonite and goethite versus stressed compared to unstressed cells due to increased
hydrophobic interactions. In other words, the cells shield themselves from the stressful medium
by adsorption to the mineral phase. The role of hydrophobic interactions is evident by the
absence of stress induced increase of adhesion pressure towards quartz. Hence, quartz with high
hydrophilicity consistently exhibits surface wetting during separation from the cell surface
regardless of cell condition. Nevertheless, the unexpected weaker adhesion pressure towards
kaolinite under stress could not only be described by its wetting characteristics. The interfacial
properties of this mineral are highly affected by the specific surface (basal, edge or both planes)
interacting with the cell surface as discussed in the thesis.

Based on my findings and other research, a comprehensive model that elucidates bacterial
behavior and function throughout a drying-rewetting cycle is introduced. In conclusion, a
microbial induced soil hydrophobizing effect is suggested, albeit its persistence appears to be
sensitive to drought periods, showing only transient impacts among frequent shifts in moisture
content. Furthermore, the observed increase in cell surface hydrophobicity plays a critical role
in enhancing bacterial survival, fostering dynamic “beneficial” interactions within the soil
which maintain plant productivity under stress conditions. Nonetheless, extended periods of
severe dehydration, surpassing seasonal fluctuations, could lead to the cumulation of
hydrophobic materials in the soil matrix upon cell decay, which could feedback into persistent
hydrophobizing effect. This emphasizes the importance of understanding the balance between
the dynamics of soil microbes and the prolonged environmental stressors for sustaining soil
health and productivity.
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1 Introduction

1.1 Soil-water interactions

One of the most fundamental soil functions is to absorb and retain water and nutrients which
are subsequently accessed by the plant roots providing necessary elements for plant growth and
food production (Fageria & Moreira, 2011; Waraich et al., 2011). The availability of water at
the soil surface varies, ranging from situations of unlimited water, when water is ponded above
the soil, to limited water originating from rainfall, irrigation, condensation, snowmelt or other
sources (Nimmo & Shillito, 2023). However, the maximum amount of water that can infiltrate
into the subsoil is constrained by the water retention capacity, which in some cases might be
insufficient to accommodate the incoming water supply, resulting in runoff processes (Nimmo
& Shillito, 2023). The water retention capacity is influenced by various soil characteristics,
including soil hydraulic conductivity, sorptivity, hydrophobicity, layer structure and water as

well as air content (Gupta & Larson, 1979; Nimmo & Shillito, 2023).

The fraction of the interstitial spaces between the soil particles (pores) that is occupied by gas,
liquid solution, ice or a combination of these media can vary significantly, depending on the
type of soil and environmental conditions (Ball ef al., 1988; Watanabe & Flury, 2008; Keller &
Hakansson, 2010). Typically, soil exhibits a porosity ranging from at least 30% to as much as
70% (Nimmo, 2013). This porous soil structure serves multiple purposes, including the
retention of water and microorganisms within soil aggregates (Carter & Gregorich, 2007).
Furthermore, it facilitates the transportation of nutrients and chemicals through the soil pore
network (Petersen et al., 1996; Bronick & Lal, 2005). The specific surface area of soil is
influenced by the composition (clay and organic matter content) among other factors (Petersen
et al., 1996). Nevertheless, soil matrix is generally featured by a large specific surface area
where numerous physiological activities take place (Bachmann et al., 2021). Particularly, the
boundaries of soil’s solid particles serve as sites for interactions such as adsorption, hydrolysis
and condensation processes which impact capillary actions and soil properties like
hydrophobicity (Lambert, 2008; Majid et al., 2023). Therefore, a comprehensive understanding
of the interfacial properties of soil and the underlying interactions with the surrounding
environment is crucial for advancing our knowledge in the field of soil science and can help
humans to do management practices for improving crop yields and soil fertility (Fundamentals

of Soil Physics - 1st Edition).
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In general, most mineral particles are originally wettable meaning that water can readily spread
out on their particle surfaces after dry periods (Lewin et al., 2005; Uddin, 2008; Adamczuk et
al., 2022). High wettability of soil is conducive to water storage between soil particles (Heidar
Barghi, 2019). At low to moderate water content, water forms bridges or clusters that are held
against the force of gravity, partially due to capillary attractive forces toward the mineral phase
and partially due to cohesive forces between water molecules, referred to as surface tension
(Heidar Barghi, 2019). Soil water repellency (SWR) is defined as a reduction in the soil ability
to absorb water, to the extent that it either limits water infiltration into the soil or completely
prevents soil wetting and water retention for a duration that may last for few seconds, extend
up to weeks or even longer periods (Doerr et al., 2000; Hallett, 2007; Diehl, 2013; Caltabellotta
et al., 2022). Reports about SWR date as far back as 1917, but it was only after 1960, and
particularly in the 1980s it has been realized that water repellency is more widespread than

previously believed heading to an extensive research of this phenomenon (Doerr ef al., 2000).

It is agreed that SWR affects the availability and distribution of water in the soil matrix (Doerr
et al., 2000; Diehl, 2013). The consequences of this can be significant, as it can result in a
decrease of the soil fertility, formation of persistent preferential flow paths and changes in the
microbial community compositions (Doerr et al., 2000; Morales et al., 2010; Goebel ef al.,
2011). In soils exhibiting high levels of SWR, water tends to form droplets or intermittent water
films rather than continuous films on mineral surfaces (Goebel et al., 2007). Moreover, soil that
repels water can impede the infiltration of water causing increased runoff and soil erosion
(Doerr et al., 2000; Braun ef al., 2010). If water repellent properties persist over time, plants
might experience water stress due to reduced moisture availability, resulting in decreased
growth rates and lower yields (Goebel et al., 2011). Nonetheless, a certain level of water
repellency can be beneficial for protecting soil aggregates and enhancing soil stability (Tisdall,
1995; Hallett & Young, 1999). In addition, SWR can assist in minimizing water loss from the
soil through evaporation (Bachmann & van der Ploeg, 2001).

1.2 Properties and composition of soil organic matter (SOM)

Soil organic matter (SOM) refers to the complex blend of all organic materials found in soils
regardless of their source or level of decomposition (Navarro-Pedrefio ef al., 2021). These
substances can occur naturally like decomposing plant and animal matter or be introduced into
the soil through human activities, such as the application of fertilizers or other processes (de

Brogniez et al., 2015; Navarro-Pedrefio et al., 2021). The chemical interactions between these
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compounds and the different components of the soil play a role in various essential aspects of
soil health and productivity including aggregate stability, water retention capacity, nutrient
cycling frequency and cation exchange capacity (Lal, 2009; Murphy, 2015). This dynamic
interplay between SOM and soil functions can be attributed to that any change in the quantity
and nature of SOM leads to immediate impact on soil properties in contrast to other long-term

processes like weathering (Lauber et al., 2008; Navarro-Pedrefio et al., 2021).

The presence of microorganisms, such, as fungi and bacteria has an impact on the size of carbon
stock and the composition of SOM (Kabiri et al., 2016; Furtak & Gajda, 2018). The relative
abundance of bacteria and fungi varies based on factors like moisture content, soil type and pH,
density of cultivation, grazing pressure, nitrogen fertilization inputs, successional age and other
environmental factors, but they together make more than 90% of the total soil microbial
biomass (Bailey et al., 2002; Six et al., 2006; Lauber et al., 2008). Bacteria are the predominant
microorganisms inhabiting the root zones of plants alongside fungi (Furtak & Gajda, 2018).
Among these bacteria in the rhizosphere is the genus Pseudomonas that produces substances
including antibiotics, lytic enzymes, ethylene, auxin, and gibberellin (Ramos, 2004).
Remarkably, studies have shown that a large number of species of around 5 x 10'!' can be
present in just 30 grams of soil, with the common species typically account for between only
1% to 0.1% of this count (Dykhuizen, 2005). This high level of diversity is crucial for soil
functions as these microorganisms actively participate in nutrient cycles and help maintain soil
quality by aiding in detoxification processes (Silveira et al., 2006; Ko ef al., 2017). They also
contribute to plant growth by creating suitable conditions for seed germination, root
development and exchange of chemicals released by plants (Girvan et al., 2003; Furtak &

Gajda, 2018).

In soil ecosystem, it is suggested that most bacteria have closer associations with dissolved
organic matter, specifically the hydrophilic pool that contains a substantial portion of low
molecular weight compounds characterized by high carboxyl functional groups to carbon ratios
(Xia et al., 2020). However, the adaptation of bacteria to stress conditions leads to the
production of several compounds in the soil solution which may include: extracellular
polymeric substances (EPS), osmolytes, biosurfactants in addition to other compounds with
hydrophobic nature (Baumgarten et al., 2012; Miltner ef al., 2012; Achtenhagen et al., 2015).
Furthermore, in conditions marked by frequent drying and rewetting cycles, cells may undergo
damage, releasing significant quantities of microbial residues, predominantly cell wall
fragments, into the SOM which increase its lipids content (Miltner et al., 2012).
12



1.3 Causes of soil water repellency (SWR)

The study of causes of SWR is complicated (Caltabellotta et al., 2022) due to its association
with numerous factors including moisture content (Weber et al., 2021), soil texture and
structure (Harper & Gilkes, 1994; Vogelmann et al., 2013), soil temperature and its gradient
(DeBano, 1981), soil management practices (Hallett et al., 2001), vegetation type (Dekker &
Jungerius, 1990), fire severity (Caltabellotta et al., 2022), drying and wetting cycle frequency
(Caltabellotta et al., 2022), contaminations by petroleum hydrocarbons (Roy et al., 1999) or
microplastics (Cramer et al., 2023) and finally amount as well as composition of the SOM
(Davari et al., 2022). Intensive research has been conducted to unravel the potential causes of
SWR. Initially, researchers proposed that SWR originates from hydrophobic organic
compounds such as waxes, alkanes, alkanols, fatty acids, and humic acids which are either parts
of leaf surfaces or result from the microbial degradation of plant exudates (Doerr et al., 2000;
Six et al., 2006; Goebel et al., 2011; Mao et al., 2019). This has been observed by experiments
in which the originally wettable soil exhibited increased hydrophobicity when such water
repellent materials were added into the soil (Doerr ef al., 2005; Achtenhagen et al., 2015). In
some soil sites, the adsorption of the organic molecules onto mineral surfaces can lead to
enhanced hydrophobicity. In details, when the soil dries, the amphiphilic molecules can form
hydrogen bonds between their polar ends, causing them to contract and reveal some sites of the
hydrophobic SOM layers underneath them (Horne & Mclntosh, 2000; Doerr et al., 2000; Mao
et al., 2019). During the subsequent rewetting event, water has reduced affinity to interact with
these low energy surfaces, resulting in decreased water availability within these hydrophobic

domains of the soil (Diehl, 2013; Seaton et al., 2019).

When exploring how organic matter affects soil wettability, it is important to take into account
the type of soil because it affects the extent to which the hydrophobic compounds adhere to the
particle surfaces (Chenu et al., 2000; Adamczuk ef al., 2022). For instance, sandy soils with
large particles are more likely to develop SWR compared to loamy and clayey soils with smaller
particles (Majid et al., 2023). In addition, an experiment demonstrated that even a small amount
of microbial coating on mineral surfaces can notably increase the hydrophobicity of quartz
particles (Achtenhagen et al., 2015). Interestingly, this effect was not observed in silt and clay
minerals, since the microbial coverage was insufficient to induce substantial changes in their

surface properties because of their large surface area (Achtenhagen et al., 2015).
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As research on SWR progressed, it became evident that soil surface chemistry is quite complex.
SWR cannot be only attributed to root and plant secretions; instead, recent studies have
indicated that soil may become repellent through hydrophobic or amphiphilic substances that
were previously not considered, including microplastics (Cramer et al., 2023) and cell
membranes of certain fungi and bacteria (Achtenhagen et al., 2015). Changing the
environmental conditions is also known to have an impact on the wettability of soil and may

lead to the induction of SWR (Diehl, 2013; Bachmann ef al., 2021).
1.4 The potential role of microbial biomass for SWR

1.4.1 Fungi and bacteria: reviewing the bacterial contribution

The interaction between microorganisms and their surroundings is complex and there are many
factors that can affect the properties of the cell-mineral association (CMA) including primarily
the availability of food and water, the physicochemical characteristics of the soil, the type and
composition of the microbial community, and the presence of stress environments (Miltner et
al., 2012; Furtak & Gajda, 2018; Seaton et al., 2019). Considerable research has been devoted
to exploring the impact of fungi on soil wetting properties. Fungi receive attention for several
reasons: they constitute a substantial portion of soil biomass, they are believed to be more
hydrophobic than bacteria, and they have the potential to manipulate soil hydrophobicity,
stability, and water infiltration (Furtak & Gajda, 2018; Xia ef al., 2020; Salifu & El Mountassir,
2021). Indeed, it has been observed that certain fungi can hydrophobize initially wettable
surfaces through the secretion of proteins known as hydrophobins (Chau et al., 2012; Park &
Lin, 2022). This phenomenon implies that the wetting nature of the specific fungal strain
dominates the wetting properties of the soil they inhabit. For instance, research by Chau et al.
demonstrated that after fungal incubation in sandy soil, chrono-amphiphilic fungi reduced SWR
in originally repellent soil while increasing it in originally wettable soil (Chau et al., 2012). The
induced repellency by fungal treatment reduces the soil hydraulic conductivity maintaining
higher shear strength following rainfall events which helps for the deployment of a cost-
effective method to enhance the stability of slopes and retaining walls (Salifu & El Mountassir,

2021; Park & Lin, 2022; Salifu et al., 2022).

Initially, it was suggested that living bacteria could enhance soil wettability due to their
involvement in various biological processes in the soil. Early studies suggested that bacteria,
rather than fungi, play a key role in degrading soil hydrophobic compounds, thereby reducing

SWR (Hallett, 2001; Roper, 2004). To experimentally confirm this, Hallett et al. employed
14



biocide treatment to inhibit the activities of specific microorganism. They demonstrated that
soil wettability was improved when fungal activities were suppressed, while soil
hydrophobicity was increased when bacterial activities were suppressed (Hallett, 2001).
However, arguments arose later challenging the notion of estimating the effect of
microorganisms on soil wettability based solely on their metabolic activities neglecting the
effect of their surface properties (Achtenhagen et al., 2015; Seaton et al., 2019). It is proposed
that if a particular microbial species is itself characterized by a hydrophobic cell wall, it could
be involved in hydrophobic interactions, thereby increasing the water repellent property of the
soil, even though it might partially decompose non living organic matter (Chau et al., 2012).
Thus, for example, improving infiltration in severely repellent soil may require the use of a
microbial strain with robust degrading capabilities coupled with wettable cell surfaces (Chau et
al.,2012). Apart from that, bacteria can form biofilms with advanced water resistant properties.
According to Epstein et al., Bacillus subtilis can generate highly repellent biofilms that also
inhibit the penetration of antimicrobial agents into the soil (Epstein et al, 2011). These
characteristics are attributed to an interplay between multiple factors including cell surface
chemistry (the molecular composition and arrangement of the extracellular matrix), multiscale
roughness and the reentrant topography that prevents the liquid from contacting the whole
biofilm surface (Epstein et al., 2011). However, the concept of biofilms acting as "diffusion
barriers" against other materials should not be generalized to all microbial communities in the

soil network, as this phenomenon is specific to certain species (Seaton ef al., 2019).

In recent years, there has been an emerging concept that environmental stress can significantly
influence the characteristics of soil bacteria thus affecting soil properties (Achtenhagen ef al.,
2015). This has motivated new research that deepens our knowledge regarding microbial
interactions in soil ecosystems. Unlike fungi, bacterial communities are known to be highly
dynamic (Seaton et al., 2019) and respond quickly to changes in environmental conditions. For
example, Rousk et al. found that as soil pH levels increased from 4 to 8 both the abundance and
diversity of bacteria also increased, while fungi remained relatively stable within this pH range
(Rousk et al., 2010). This leads to the conclusion that bacteria have greater ability to adapt to
stress conditions compared to fungi. In fact, the fungal cell membranes consist of melanin and
chitin polymers and are more complex than the bacterial cell membranes which are composed
of phospholipids with embedded proteins and extended lipopolysaccharides (Koebnik et al.,
2000; Bailey et al., 2002; Six et al., 2006). The polymers in fungi are more resistant to
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degradation compared to phospholipids but less adaptable to various stress conditions (Bailey

et al., 2002; Six et al., 2006).

1.4.2 Mechanisms of bacterial adaptation to stress and the impact on soil
properties

As a reaction to drought stress, soil microbes can produce EPS that might be hydrophobic,
especially when they get dried (Hallett, 2001). The cover of lipopolysaccharide (LPS) extracted
from cultures of bacteria such as Pseudomonas aeruginosa, Pseudomonas fluorescens and
Echerichia coli on minerals like kaolinite and montmorillonite resulted in decreased contact
angles as detected by diiodomethane and formamide drops, along with an increased water
contact angle (Chen & Zhu, 2004). This emphasizes the significance of non-polar interactions
of cell-mineral associations. Drying and rewetting cycles have been shown to cause significant
changes in the microbial community composition, which in turn explain the observed
modifications in soil functions and processes (Fierer ef al., 2003; Braun et al., 2010; Seaton et

al., 2019).

A common feature of Gram-negative bacteria is the production of membrane vesicles (MVs) as
an adaptive mechanism to osmotic stress. These released vesicles consist of proteins and fatty
acids, which increase cell hydrophobicity and promote biofilm formation (Baumgarten et al.,
2012; Mozaheb & Mingeot-Leclercq, 2020). In addition, water stress can stimulate the release
of cytosolic compounds or the production of biosurfactants (Morales ef al., 2010; Achtenhagen
et al., 2015). The latter is known to reduce water surface tension at the adjacent regions which
can reach as low as 50 % of the original surface tension level (Morales et al., 2010).
Biosurfactants, associated with organisms like P. fluorescens, are known to significantly impact
cell surface properties, including hydrophobicity (Tuleva ef al., 2002; Vasileva-Tonkova et al.,
20006).

A review proposing a significant role of microbial biomass residues on SOM pointed that the
hydrophobicity in soil particles is partially attributed to the formation of cell envelope
fragments (Miltner et al., 2012). When bacterial cells die and decompose, their cell envelopes
can fragment releasing the lipid bilayers into the surrounding surfaces (Fierer et al., 2003;
Michel et al., 2017). Upon interaction with the particle surfaces and subsequent drying, the
adsorbed cell wall fragments can render certain areas of the soil hydrophobic (Miltner ef al.,

2012).
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Furthermore, it is well accepted that the stress leads to a reduction in bacterial growth rate
(Jozefczuk et al., 2010; Hachicho et al., 2017) due to limited energy resources available for
new biomass production, resulting in reduced cell maintenance activities (Oren, 1999). In such
low energy environments, bacteria may exhibit smaller sizes, with membrane adjusted turgor
pressure levels (Deng et al., 2011), compared to unstressed conditions, either through increased
cell division (Amy et al., 1993) or shrinking processes (Spagnoli et al., 2008; Francius et al.,
2011). Such changes in cell morphology are often associated with modifications in the
community composition and can influence the configurations as well as functions of the
membrane proteins (Lang, 2007; Miller et al., 2016). While the shrinkage of bacteria can result
in protein crowding or degradation to its basic structure, cell swelling stimulates higher protein

production to maintain the same density at the cell surface (Lang, 2007).

So far, there has been no study concentrated on the bacterial cells themselves, particularly on
whether they change the composition and structure of their cell walls to increase surface
hydrophobicity in response to stress. Besides, the broader implications of these potential
modifications at the microscale on the characteristics of the entire microbial colony at the
macroscopic level remain unexplored. Solving those research gaps illustrates if the bacterial
cell walls, which represent a significant portion of the SOM (Miltner et al., 2012), contribute

to the commonly observed decrease of soil wettability after severe dehydration.

However, how stress influences cell wettability at the single-cell level has not been tested yet.
This is because traditional soil science techniques do not capture fine-scale interactions or the
fast dynamics of microbial responses to environmental stressors. Atomic Force Microscopy
(AFM) provides detailed images and force measurements at the nanoscale. Additionally,
advanced analysis techniques enable the study of these phenomena on a larger scale, integrating
biological and chemical processes such as changes in charge, chemical composition, and
macroscopic wettability, upon stress which is complementary to the localized AFM
information. Nonetheless, there are no straightforward protocols to directly address these

research gaps, highlighting the need for the development of new methodologies.

1.4.3 Microbial mobility and colonization in the soil matrix

Many microorganisms live freely in a planktonic state within fluid environments before
initiating the process of adhesion and colonization on solid surfaces (Oh et al., 2007; Tuson &
Weibel, 2013). The motion of bacteria towards these substratum surfaces can be driven by self-
motorized activates of the pili known as “twitching” as well as external factors including
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gravitational or hydrodynamic forces (Anselme et al., 2010; Tala ef al., 2019). To survive in
stress conditions related to limited water availability, high acidity, or extreme salinity, bacteria
often form complex surface associated colonies called biofilms where they interact with each
other by membrane organelles and chemical signals (Anselme et al., 2010) ensuring higher
stability and increased resistance mechanisms in comparison to individual cells (Oh et al., 2007,
Tuson & Weibel, 2013). Nevertheless, it has been suggested that even isolated, randomly
adhered single-cells on surfaces can exhibit improved resistance properties in certain bacterial
strains (John et al., 2011). Hence, adhesion plays a pivotal role in the initial retention of
individual cells on solid surfaces until they firmly adhere, giving rise to the formation of larger

communities (Aguayo et al., 2015; Mulansky et al., 2017).

In soil ecosystems, bacterial adhesion can impact soil properties and functions significantly.
For example, the capability of cells to colonize mineral surfaces and the pore spaces of minerals
contributes to the development of soil aggregates and mineral weathering (Huang et al., 2015).
P. fluorescens shows a remarkable ability in colonization on soil, roots, and various biotic and
abiotic surfaces because of its biofilm development capability (El-Kirat-Chatel et al., 2014a).
At suitable environmental conditions, P. fluorescens cells produce surface proteins, which are
known for their role in promoting cell attachment towards both hydrophobic and hydrophilic
substrates (El-Kirat-Chatel et al., 2014a). In fact, even a slight enrichment of cells
(Achtenhagen et al., 2015) and biological molecules (Chen & Zhu, 2004; El-Kirat-Chatel et al.,
2014b) at mineral surfaces can lead to massive changes in surface properties, like surface
roughness, charge, adsorption affinities, and wettability. Consequently, bacterial adhesion plays

a crucial role in soil ecosystems (Cao et al., 2006; Elbourne et al., 2019).

The substrate surface properties such as morphology, roughness, chemistry, and initial protein
content on cell adhesion have been thoroughly studied (Mitik-Dineva ef al., 2009; Anselme et
al., 2010; El-Kirat-Chatel et al., 2014a). The role of cell surface extracellular appendages
including flagella, pili, and curli, is believed to be significant in mediating bacterial adhesion
to abiotic surfaces (Berne et al., 2018). Apart from that, the environmental conditions in the
vicinity, including factors like the ionic strength, the nutrient availability, the acidity level and
the osmotic stress potential, have a direct impact on the kinetics of bacterial accumulation on
solid surfaces and the subsequent processes of bacterial adhesion and biofilm formation (Hinsa

etal.,2003; Oh et al., 2007; Anselme et al., 2010; Baumgarten et al., 2012).
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Understanding how cell wall properties change in response to stress, and how these changes
affect the interactions between cell surfaces and soil particles is crucial. Nevertheless, there has
been no study to elucidate how stress affects the kinetics of bacteria to adhere to minerals
surfaces. Additionally, the fate of the microbial colony after adsorption to the mineral phase is
largely unknown. In details, it is not explored whether the hydrophobizing effect induced by
bacteria translates to persistent SWR or if improved environmental conditions enable the cells
to recover their unstressed physiology; featured by higher water content, reduced
hydrophobicity and new biomass production. Again, AFM is promising to understand these
complex interactions by allowing direct measurement of interaction forces between colloids
under environmental conditions. However, absolute quantification of adhesion forces between
natural materials must account for the "irregular" contact areas created by their morphological
heterogeneity. This research area is difficult and there has been no suitable approach for it, in

contrast to the intensive AFM research on engineered surfaces with well-defined shapes.
1.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) belongs to the family of scanning probe microscopy (SPM)
and is well established in the scientific community as powerful tool for surface analysis (Meyer,
1992). It provides the capability for imaging with sub-nanometer/nanonewton resolution
(Meyer, 1992; Sullan ef al., 2013b). In comparison with scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) it has a greater number of applications in
chemistry, physics, materials science, life and environmental sciences, biotechnology and
medicine because of its unique ability to study solid, molecular and bioengineered materials for
not only their nanostructures but also physicochemical properties (Yamashita et al., 2012; Toca-
Herrera, 2019; Yang et al., 2019). Along with the minimal sample preparation required for
AFM measurements, the advantage in microbiology research is the possibility to image the cell
wall ultrastructure without staining or labelling and under the native physiological conditions;
a critical aspect for understanding cellular functions (Dufréne, 2014; Alsteens et al., 2017; Qiu
etal.,2022). Taken together, AFM has revolutionized nanotechnology and opened new avenues
for discoveries in nanoworld (Green et al., 2003; Meister et al., 2009; Sun et al., 2011; Alsteens
et al., 2013; Longo & Kasas, 2014; Dufréne et al., 2017). With the continued development of
AFM techniques, it is anticipated that AFM will be used more in the future becoming
fundamental in the research of biointerfaces, which involve interactions between cells and

biotic/abiotic surfaces (Variola, 2015; Alsteens et al., 2017).
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AFM instrumentation is rather simple (Neuman & Nagy, 2008). It is based on nano sharp tips
fabricated at the very end of a beam or V-sharped micro sized spring (cantilever) fixed at a rigid
chip at the end opposite to the side where the tip is located (Meyer, 1992; Lévy & Maaloum,
2001). This entire system is referred to as probe and can be mounted to an AFM machine using
tweezers so that the tip is oriented towards the sample, which is placed on the AFM stage. The
deflection of the cantilever due to tip-sample interactions when scanning over the sample
surface is detected and magnified by a laser beam directed towards the end of the cantilever's
backside and reflected back to a position sensitive detector made of 2 or 4 segmented
photodiode (Meyer, 1992). A piezoelectric actuator (scanner) is normally used to drive the
cantilever in XYZ motion (Trache & Meininger, 2008). For the operation mode PeakForce
Quantitative Nanomechanical Mapping (PFQNM)), the tip scans over the sample surface in XY
raster motion (mapping) coupled with Z oscillations with low frequency in comparison to the
resonance frequency (Meyer, 1992; Lévy & Maaloum, 2001). During each oscillation cycle,
the sample shape as well as the tip-sample interaction forces are simultaneously captured
(Allegrini et al., 1992). Although the design of AFM probes can vary significantly with respect
to factors such as the tip position, height, and the cantilever spring constant in order to
accommodate a wide range of applications, producers seek to achieve the utmost tip sharpness,
aiming to provide the highest spatial accuracy possible (Yan et al., 2015). Even single atom
terminated tips have been developed and demonstrated the capability to expand our
understanding of the lattice structures of single crystals and the configurations of organic
molecules (Sun ef al., 2011). Most commercial AFM tips, however, possess a tip radius of

around 2 nm (information available online from Nanoworld and Bruker probes).

Nevertheless, a number of practical challenges can impact resolution. For instance, highly
elastic materials, such as bacterial cells, may undergo deformation (Touhami et al., 2004)
causing lateral movement alongside the tip, resulting in poor quality of tracking of the cell shape
(Fig. 1). Additionally, surface features with elevations greater than the tip radius become
enlarged due to interactions with the conical sides of the tip which is referred to as tip-sample
deconvolution (Markiewicz & Goh, 1994; Westra & Thomson, 1994). Due to matter with
matter collision, the tip may also modify the surface or get contaminated leading to changes in

resolution and altering the nature of the interaction (Pethica & Oliver, 1987).
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Fig. 1. Top left: single bacterial cell scanned with increased loading force from 5 to 75 nN in increments of 5 nN.
High loading forces lead to cell deformation, which affects the quality of cell profiling negatively. The inset (top
left) shows a subsequent scan of the cell at 5 nN, where the cell remains undamaged. Adhesion is influenced by
the loading force, as seen in the brighter color of the adhesion channel (top right) and increased adhesion forces

along the line scan (bottom) which is aligned with the direction of increased loading force (blue arrow).

1.6 Chemical force microscopy (CFM)

Chemical force microscopy (CFM) is similar to AFM system except the chemical
functionalization of the tip which allows it be sensitive to specific interaction forces (Frisbie et
al., 1994; Beaussart et al., 2020). One example is the study of the mutation of Aspergillus
fumigatus Conidia cells induced by Sodium dodecyl sulfate (Dague et al., 2007). Topography
images showed damage to the outer membrane exposing the smooth cell wall polysaccharide
underneath leading to reduced hydrophobic forces in comparison to intact regions (Dague et
al., 2007).

It is postulated that the strength of the bond formed when the interacting molecules on the tip
come into contact with the sample surface is initially determined by the balance between several
forces including electrostatic interactions, hydrophilic interactions (van der Waals forces and

hydrogen bonding) and specific non-polar interactions linked to the interfacial free energies of
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the two adhering surfaces (Xu & Logan, 2006; El-Kirat-Chatel et al., 2013). The dynamic
nature of organic molecules permits them to adjust their orientations, thereby optimizing their
adsorption to apolar sites or reducing their contact with the surrounding polar medium (Xu &
Logan, 2006; Huang et al., 2015). As the contact time between the tip and the surface increases,
these dynamic activities lead to a growing number of molecules from the tip being adsorbed to
their conjugate partners on the surface. Simultaneously, interfacial water is gradually displaced,
resulting in enhanced adhesion forces, until a saturation point is reached, at which all potential
bond partners have interacted (Xu & Logan, 2006; Huang et al., 2015). This phenomenon is
referred to as "bond strengthening" and it exhibits variations in terms of its extent and saturation

time among various bacterial strains (Meinders et al., 1995; Xu & Logan, 2006).

In fact, the capability of CFM to explore the mechanisms of complex phenomena along with its
high resolution makes it suitable for investigating the changes of the molecular interactions on

cell surfaces as they adapt to stress, an area where our knowledge is still limited.
1.7 Force spectroscopy

In force spectroscopy experiments, the CFM or AFM tip moves towards the cell surface in a
downward direction and then retracts upwards to its original position. Throughout this process,
the forces acting on the tip are measured in a relation to the separation distance from the sample
surface creation force-distance (FD) curve (Fig. 2). The series of events offers insights into how
the tip interacts with the sample. When the tip comes into contact with the cell surface,
molecules from the cell surface adsorb onto the tip (position 1 to 2, Fig. 2). During a short delay
at position 2, additional molecules diffuse within the contact zone and adhere to the tip. This
leads to bond strengthening (Huang et al., 2015). When the tip is withdrawn, it reaches position
3 of zero force. More retraction leads to opposing (negative) forces (position 4). The peak of
adhesion force is observed when the restoring force of the cantilever is equivalent to the
maximum adhesion force (position 5). At this point, the number of chemical bonds in the
stretched state reaches its maximum. Subsequently, the tip begins to detach from the cell surface
in a step-like fashion, involving rupture events that correspond to a gradual unbinding of
adsorbed molecules from the tip surface. This leads to a gradual shrinkage of the tip-sample
contact area which culminates in the final rupture event, that takes place a few hundred of
nanometers away from the surface just before complete separation (position 6). For details,

please refer to the works (Baumgartner et al., 2000; Dufréne, 2008; Sullan ef al., 2013a).
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Fig. 2. FD curve (left) obtained between a CFM probe and a bacterial cell with sketches of tip-cell configuration
(right) at the corresponding positions (numbers). The black curve illustrates the approach of the probe towards the
cell surface, marking the point of initial tip-cell contact (1). Continuing the approach, the tip deforms the surface
until reaching a predefined force setpoint (2). Subsequent retraction (red curve) shows force reduction, reaching
zero (3), followed by a slight negative (attractive) force at the cell surface position (4). This is followed by a
maximum adhesion peak (5). Then, a gradual unbinding of adsorbed molecules occurs reaching the rupture of the
final bond leading to a complete separation (6). Note: Positions 1, 3, and 4 merge to the same point when there is

no energy dissipation on the cell surface.

Force spectroscopy measurements have become a routine approach for exploring phenomena
such as ligand binding, antibody-antigen interactions, and protein unfolding (Neuman & Nagy,
2008). Thereby, the maximum adhesion peak along with the number and magnitude of
secondary adhesion peaks could be evaluated statistically (Chen et al., 2011) to identify tip-
sample long and short range forces or quantitatively (Alsteens et al., 2017; Awassa et al., 2022)
to assign the type, length and stretching behavior of the specific molecules that promote cell
adhesion. Furthermore, the integration over the area between approach and retraction curves
gives the total energy required to break the tip completely free from the cell surface (Thewes et

al., 2015).
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1.8 Determination of cell shape and nanomechanical properties with AFM

Bacterial interfacial properties are determined by the specific chemical composition and
morphological features of the outer membrane e.g. the presence of various compounds which
consist of functional groups (Rijnaarts ef al., 1999) creating certain patterns (Variola, 2015;
Alsteens et al., 2017) or inducing roughness (Alsteens et al., 2013) on the cell surface. In this
context, AFM research of the individual cells gave profound insights into the macromolecules
architecture of the cell membrane including teichoic acids, extracellular polysaccharides
networks and peptidoglycan cables with involved protein domains (Beaussart et al., 2013;
Alsteens et al., 2013). For example, various Gram-positive species displaced major differences
in the cell wall composition reflecting distinct approaches to the assembly of these structural
elements on the microbial surface (Beaussart et al., 2013; Alsteens et al., 2013). It is well
established that the cellular molecules are susceptible to the influence of osmotic stress, leading
to phenomena such as conformational change of proteins (Lu & Schulten, 1999; Bremer &
Krédmer, 2019). The RmmH protein was observed to loss its highly ordered nanotubes
configuration through increasing NaCl concentration from 50 to 500 mM (Faulkner et al.,
2019). Beyond the examination of bacterial responses to stress conditions, the protein segments
were found to be sensitive to the scanning parameters of the AFM tip highlighting an urgent
need for deeper understanding of their characteristics. For instance, AFM high resolution
images (resolution 8 A) revealed reversible geometrical transformations of the membrane
proteins induced solely by changing the force applied to the scanning probe from 300 to 100 pN
(Miiller et al., 1997).

The nanomechanical properties such as cell deformation, stiffness (defined by the elastic
modulus) and viscoelasticity have been investigated using AFM indentation experiments
(Shibata-Seki et al., 2015; Efremov et al., 2017; Li et al., 2021). Apart from the quantification
of the rigidity of the cell outer membrane and the underlying core layers cells, stiffness
measurements facilitate the calculation of non-directly measurable parameters such as cell’s
circumferential surface tension and turgor pressure (Deng et al., 2011; Chen et al., 2012). The
study of bacterial adhesion offers novel insights into the functional properties of surface
polymers and appendages at both the single-cell and single-molecule levels (Alsteens et al.,
2013; El-Kirat-Chatel et al., 2014a). Researchers have explored the role of surface biopolymers
such as pili (Sullan et al., 2013a), proteins (El-Kirat-Chatel et al., 2014a) and glycopolymers
(Beaussart et al., 2013) in facilitating adhesion by changing the chemistry of the surface

interacting with bacterial probes to selectively adhere to specific biopolymers.
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1.9 Use of AFM to measure cell-mineral interaction (CMI)

1.9.1 Concept and application examples

AFM is the only technique for the study of interaction forces within biological systems at
nanometer resolution and in aqueous solutions (Jaschke ef al., 1996; Beaussart et al., 2013). In
this regard, the tip is normally modified with microorganisms facilitating the mapping of flat
or irregularly shaped natural surfaces (Huang et al., 2015). Alternatively, a less frequent
approach involves the attachment of a colloidal or mineral particle to the AFM probe to scan
over bacterial cells or other solid surfaces (Long et al., 2006; Feng et al., 2020). In both
methodologies, measured adhesion forces between the two interacting objects are theoretically
independent on the experimental design (which object is at the tip and which one is at the
sample). Instead, their interaction depends on their ability to adsorb to each other during
contact. Numerous research groups have used AFM to study how variations in surface
characteristics of cells, arising from changes in environmental conditions, impact microbial
adhesion. Diao et al., constructed various Acidithiobacillus thiooxidans bacterial coated probes
and investigated their interactions with pyrite mineral showing a negative dependency between
pH levels and adhesion forces (Diao et al., 2014). Bowen et al. developed a probe featuring a
single active yeast cell and quantified higher adhesion towards processed (hydrophobic) mica
surface compared to freshly cleaved (hydrophilic) mica surface in an aqueous environment
(Bowen et al., 2001). In fact, it turned out that bacterial strains irrespective of their wide range
of surface charges and hydrophobicity generally adhere preferentially to apolar surfaces

compared to hydrophilic surfaces (van Loosdrecht et al., 1990).

1.9.2 The effect of roughness on CMI

In my exploration of AFM research, it has become evident that the impact of surface roughness
and irregular shapes on adhesion strength is a relatively less explored area. The effect of surface
roughness, however, is more discussed than the contact geometry on irregular surface features.
Xu et al., reported a significant decrease of adhesion of Staphylococcus epidermidis and
Staphylococcus aureus Newman cells on textured surfaces compared to the smooth controls
shedding light on the role of surface topography in microbial adhesion (Xu & Siedlecki, 2012).
Medilanski et al., addressed that bacteria adhere more strongly to grooved and braided surfaces
compared to the flat ones (Medilanski et al., 2002). Edwards et al., highlighted that a significant
roughness effect takes place when the sample grooves or scratches conform with the cell

morphology (Edwards & Rutenberg, 2001). These observations were discussed in terms of the
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effective area available for bacteria-substratum interface. However, it was found that both
surface topography and the specific cell type play crucial roles in governing bacterial adhesion
to biomaterial surfaces (Abu-Lail & Beyenal, 2013). In cases when the bacterial cells attach
firmly on the rough surfaces, it has been postulated that not only the out-of-plane (adhesion)
forces but also the resistance to in-plane (shearing) forces increases (Berne ef al., 2018). SEM
micrographs showed that a single S. aureus cell produces EPS if it gets compressed against a
surface with rough pattern; a phenomenon that is absent at a smooth surface (Hizal et al., 2016).
A more comprehensive understanding of the nature of microbial adhesion on rough surfaces
was addressed by Mitik-Dineva et al. who revealed that the alterations in cell interaction forces
induced by surface roughness are not solely attributed to changes in the effective contact area
but also involve substantial changes in cellular metabolic activities including modifications in

the cell shape and the production of EPSs (Mitik-Dineva et al., 2008).

1.9.3 The effect of irregular surface geometry on CMI

Incorporating the effect of the contact area is fundamental for describing the mechanisms of
CMLI. Especially, as soon as it touches a solid surface with high adhesion affinity, the cell
progressively exposes its most binding sites towards the respective surface (Berne et al., 2018).
Such process is mediated by long range forces (Chen et al., 2014) attracting, thus deforming,
the cell surface in the vicinity of the initial contact area and eventually ends up with maximizing
the cell-surface contact area until a balance occurs between the attractive force from the host
surface and the counter membrane forces dictated by the rigid peptidoglycan layer (Carniello
et al.,2018). Consequences of this nanoscale deformation on the cell physiochemical properties
have been reported including changes of the cell shape, viability (Chen et al., 2014),
viscoelasticity (Chen et al., 2012), the polymer density (Berne et al., 2018) as well as
configuration (Carniello et al., 2018) at the cell-surface interface. Firstly, for instance, the
lateral extension of the original round cell modifies its profile into an ellipsoidal shape (Chen
et al., 2014). Secondly, under nutrient-rich conditions and appropriate temperatures, the
increase in membrane tension, driven by the expansion of the cell, triggers the activation of
membrane bound sensors, thereby, stimulating the adhering bacteria to produce surface
polymers that firmly anchor the cells to the surface (Carniello et al., 2018). The stimulated
increase of the adhesion affinity due to the dynamic processes addressed above is indispensable
for initially securing the cell to the surface until the irreversible adhesion processes evolve
(Berne et al., 2018; Carniello ef al., 2018). The latter takes place through “bond strengthening”

processes and requires prolonged contact periods (Berne et al., 2018; Carniello et al., 2018).
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In contrast to the controlled flat surfaces with specific roughness levels, natural materials with
irregular shapes pose a greater challenge to quantitatively decipher tip-sample interactions as
they can have multiple contact points (Neal et al., 2005), resulting to a more complex contact
geometry (Huang et al., 2015). For instance, a study has illuminated that E. coli cells exhibit
higher adhesion to needle-like goethite particles in comparison to the flat surfaces of goethite
crystals (Huang et al,, 2015). In line with this, fewer number of contact points and,
consequently, a reduced overall contact area elucidate why E. coli adhered less to larger

nanoparticles in contrast to smaller ones (Zhang et al., 2011).

The effect of the contact area is normally not considered primarily due to the lack of suitable
approaches to visualize and quantify it. Neglecting this factor still permits the determination of
the effect of changing the environmental conditions, e.g. solution pH (Chen et al., 2021), on the
adhesion forces between two interacting surfaces under identical experimental parameters i.e.
where variations in contact area can be excluded. But meaningful comparison of the adhesion
affinities between different samples, thus potentially with different contact areas and number
of contact sites, under the same environmental condition is not possible (Lau et al., 2009). Some
studies have successfully addressed this challenge and explored the adhesion mechanisms by
considering the effective tip-sample contact area. But such methods require at least one surface
of either the tip or the sample to have an ideal shape; normally flat or sphere (Zhang et al.,
2011; Chen et al., 2012; Spengler et al., 2017). Normalizing the adhesion force by the contact
area to get the so called adhesion pressure (Pa¢) was proposed by Lau et al. to study the effect
of cell maturation on biofilm-glass interaction of the P. aeruginosa strain (Lau et al., 2009). To
the best of my knowledge, no efforts have been made so far to estimate the contact area between
two interacting "non-ideal" systems, such as a single rod-shaped cell interacting with needle-
like goethite particles (Huang et al, 2015), pseudo-hexagonal shaped kaolinite particles

(Léazaro, 2015) or other particles with diverse shapes.

1.9.4 Quality control of CMI

While AFM is a powerful tool to perform interaction experiments between potentially any kind
of biological and abiotic materials, a valid concern arises regarding the reliability of the
observed results as long as it is not ensured that they are free from potential artifacts stemming
from improper experimental design or other factors. For example, in a relatively straightforward
scenario involving the interaction between a single-cell attached to the cantilever versus a flat

sample surface, artifacts can occur if the respective cell is killed (Beaussart et al., 2013) or
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degraded (Thewes et al., 2014) likely due to the heat generated by the laser beam (Beaussart et
al., 2013), detaches from the tip during measurements (Neal et al, 2005) or looses its
biopolymers due to binding with the sample surface (Thewes et al., 2015). In addition, given
the tiny thickness of the bacterial cell, qualified user should consider cell positioning at the very
end of the cantilever, otherwise the latter might touch the sample surface instead of the cell
(Thewes et al., 2014). The process of calibrating the deflection sensitivity necessitates both the
tip and the sample to be rigid, thereby permitting calibration before the probe is modified with
biological materials. This means after calibrating it without a cell, the probe must be removed
from AFM for modification and then remounted potentially resulting in laser misalignment that
could introduce errors into the measurements (Ricci & Braga, 2004). These challenges already
pose considerable complexities when conducting AFM spectroscopy in simplified systems. The
situation becomes even more complex when investigating interactions between two materials
with irregular shapes. Huang et al., suggested that the cantilever surface should be uniformly
coated with a bacterial film when scanning goethite particles, which could potentially make

contact with the cantilever surface at any point within the end zone (Huang et al., 2015).

In fact, scientists developed several strategies to avoid artifacts and verify the reliability of the
results. One straightforward approach involves confirming the specificity of the FD curves
achieved by bacterial probe by comparing their characteristics with those acquired using an
unmodified tipless probe (Thewes et al., 2014). Additionally, performing FD curves on a
calibration surface both before and after an experiment proves to be a rapid and effective
method (Chen et al., 2014). In the context of interaction between diverse natural materials under
environmental conditions, the shape and viability of the cells at the modified probes are
normally assessed before and after the application of the probes for AFM interactions through
one or multiple correlative techniques such as optical microscopy (Zeng et al., 2014),
fluorescence microscopy (Beaussart ef al., 2013; Zeng et al., 2014; Diao et al., 2014) and
scanning electron microscopy (Sheng et al., 2007; Diao et al., 2014; Gultekinoglu et al., 2016).
The advantages and limitations of the probe type used in the modification process (Mulansky
et al., 2017) as well as the method for the quality control (Vahabi ef al., 2013; Jost & Waters,
2019) of the AFM experiments, have been thoroughly examined. Nevertheless, current methods
provide only information about the general stability of the modified probes and do not have
enough resolution to visualize if the 3D nanostructure of the contacting segments between the
tip and the sample are stable during CMI. In addition, a validation method that can be applied

without the need to remove probe from the liquid medium is needed.

28



2 Research questions, hypotheses and approach

2.1 Research questions

Soil bacteria frequently face suboptimal growth conditions due to the competition for resources
under stress. While it is known that the cell wall configuration and its functions are modified
during drying, the specific changes in hydrophobicity directly at the cell surface i.e. before
potential cell damage processes, remain unclear. Investigating the stress effects at the single-
cell level and how they are correlated to the macroscopic scale, such as to bacterial films, may
highlight a potential hydrophobizing effect of the cells. That means even stressed “intact” cells
may contribute to the occurrence of SWR. Thus, the first focus of this study is to understand
the process and identify the extent of the development of repellent properties on single bacterial
cell surfaces due to hypertonic osmotic stress. In addition, how micro-scale microbial
adaptations processes, potentially leading to changes of the cell hydrophobicity, chemistry,
charge, morphology and stiffness, impact the culture on the macroscopic scale is to be

understood.

For a deeper understanding of the ecosystem response to the environmental stressors, it is
crucial to explore the effect of stress on cell adsorption at the mineral surfaces. The second aim
is to identify the specific adhesion forces that promote cell attachment to mineral surfaces under
varying environmental conditions. Thereby, the influence of cell history (stressed or unstressed)
and the properties of different mineral species (shape, wettability and charge) on adhesion
strength is addressed. To overcome cell-mineral interaction (CMI) research gaps, development
of a measurement procedure enabling the consideration of the effect of contact area between
irregular interacting materials is to be conducted. It is aimed to determine 1) whether by stress
the cell-mineral adhesion increases leading to a more stable association ii) which mineral
classes adhere stronger to bacteria making them less susceptible to degradation, ultimately

leading to an increased persistence of SWR.

The final objective is to enhance awareness about the long-term consequences of the drought
stress on the wetting properties of soil and thus conclude concerning the relation between
bacteria and SWR. This involves understanding how modifications in microbial hydrophobicity
and other interfacial properties due to changing moisture content affect soil-water dynamics.
Specifically, it is addressed whether the induced SWR persists following a rewetting event and

to what extent bacteria can survive leading to reversible processes which may potentially
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decrease their surface hydrophobicity.
2.2 Hypotheses

It has been accepted that the outer membrane plays a vital role in the cellular response to
stresses. | generally expect that the severity of SWR induced by bacteria in the soil matrix
strongly depends on the ability of cells to increase their surface hydrophobicity upon stress. It
is hypothesized that the hydrophobicity of individual cell surfaces increases by stress (H1). It
is further hypothesized that this increase is driven by changes in the physicochemical properties
of the “self” cells (H2), rather than by external factors. In chapter 5, more details about the
specific hypothesized changes of the cell properties that engage the cell in more hydrophobic
interactions due to stress are addressed. In addition, the stress induced SWR of single-cells is
expected to cumulatively lead to an enhancement of the microbial hydrophobicity at the

macroscopic scale (H3).

The extent to which bacterial cells adhere to minerals surfaces plays an important role in the
development of SWR at the mineral surfaces because it reduces the hydrophilic space available
for mineral-water interactions. However, direct comparison of cell-mineral adhesion necessities
considering the effect of contact size in adhesion forces. I suggest that the larger the interacting
surfaces, the larger their adhesion forces. Thereby, adhesion forces are hypothesized to increase
linearly with increasing the cell-mineral contact area, whereas the ratio adhesion force / contact
area (adhesion pressure P.q) is constant (H4). I also checked the commonly accepted hypothesis
that adhesion forces increase with increasing cell-mineral contact time due to bond
strengthening (H5). Paa was used to understand how cell growth environment and mineral type
affect adhesion. In aqueous dispersions, the level of cell-mineral P.q is hypothesized to increase
with increasing cell hydrophobicity (H6). In addition, the formation of the stable bacterial
coverage requires some sort of hydrophobicity of the hosting surface. Thus, the hypothesis that
less wettable minerals offer higher molecular interactions improving adhesion towards cells is

tested (H7).
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2.3 Approach

The focus of this work is to investigate the changes that happen directly at the cell surfaces
when the cells grow in stress compared to unstressed medium. Therefore, the commonly known
rod-shaped cells were tested in terms of the physiochemical properties, whereas those cells with
apparent damage of the cell wall as well as the heterogeneous features that are smaller in size
compared to the cell were not analyzed. These materials were more abundant in stress clusters
than unstressed ones and are likely lysis products from some cells that die and decay during

growth processes.

For the main hypothesis of the change of hydrophobicity at the cell surfaces (H 1), chemical
force microscopy (CFM) was applied on single Pseudomonas fluorescens cells with the
expectation of enhanced adhesion forces towards the hydrophobic group —CH3 and reduced
forces towards the hydrophilic groups —COOH and —NH> due to stress. Furthermore, cell
properties including size and stiffness together with the cell surface composition were extracted
by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) analyses
(chapter 5), respectively. This helped to check if the specific structural changes operated at the
cell surface when they grow in stress relative to unstress medium may explain the enhanced
cell surface hydrophobicity (H2). Lastly, to address the issue of “scale effect” in (H3), the trend
of the change in hydrophobicity of bacterial cultures was directly correlated with the one at the
single-cell level. For that, the macroscopic contact angle (CA) detected by sessile drop
measurements on dried films of bacterial cells grown unstressed or under osmotic stress was

employed.

In the context of exploring CMI, I developed AFM methodology that allows measuring
adhesion forces between a single mineral particle and a single bacterial cell consideration the
effect of the “complex” contact area. This involved improvements to relocate nanosized objects
by multiple AFM probes using a reference grid system (chapter 3) and a method to modify
AFM tips with mineral particles which are then qualified by improved inverse imaging
(chapter 4). A description of the method for estimating the contact area and the underlying

assumptions are outlined in Supplemental Information of chapter 6. Briefly, a correlation

between the 3D area of the mineral tip versus the tip height enabled estimating of the contact

area at specific deformation level.

In chapter 6, Force-distance (FD) curves using mineral modified probes (kaolinite,

montmorillonite, goethite or quartz) were obtained on stressed or unstressed cells in
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10 mM KNOs solution. The cell-mineral contact area was increased by applying FD curves
with incremental increasing loading forces to assess whether the adhesion force increases
linearly with increasing the contact area. In addition, each adhesion force was normalized by
the respective contact area to get P.g which is assumed to be constant independent of the loading
force (H4) and thus allows meaningful comparison of adhesion between colloids (Lau et al.,
2009). In addition, the hypothesis that increased contact time results in higher cell-mineral

adhesion (HS5) was investigated by increasing the contact time of the FD curves.

That the stress promotes greater adhesion of bacterial cells to mineral particle surfaces (H6)
was checked by comparing Paq values of stressed cells with those of unstressed cells for
interaction with the specific mineral species. Paq values were also compared between the various
minerals interacting with stressed or unstressed cells to check if the reduced wettability of the

mineral surfaces leads to higher adhesion affinity (Paq) with the cell surfaces (H7).
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3 A new approach for repeated tip-sample relocation for AFM imaging of
nano and micro sized particles and cells in liquid environment
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ARTICLE INFO ABSTRACT

Keywords: The ability to repeatedly find exact the same nano region-of-interest (nROI) is essential for atomic force mi-
Atomic force microscopy croscopy (AFM) studies of heterogeneous environmental samples. The large variety of methods makes it difficult
Relocation to find the most suitable one for a specific research question. We thus conducted a literature research for nROI
Chemically functionalized tip relocation methods and organized the found references in order to give an overview over relocation methods
g[al:grai; including the advantages, limitations and documented applications. This survey of nROI relocation methods and

their key information facilitates the selection of appropriate methods with respect to a specific research question.
Based on this survey, we developed a new AFM relocation approach urgently needed for the study of nano and
micro sized particles and cells in air and aqueous environment. This approach uses commercially available TEM
grids fully embedded in a semitransparent resin as a glue body on top of which particles and cells are fixed.
Relocation of nROI within one grid is based on easily recognizable sample features in micro and nanometer scale.
The stable sticking of the studied mineral particles and bacterial cells allows repeated measurements of the same
nROI with differently functionalized tips in air as well as in water. Our simple, fast, and cost-effective method
allows relocation with an accuracy of 10-40 nm and enables the implementation of AFM/ESEM correlative

Liquid environment

microscopy.

1. Introduction

Atomic force microscopy (AFM) is proven to be a powerful tool for
the study of biological systems at the nano scale under different en-
vironmental conditions and temperatures [e.g., 1].

In general, prior to AFM scans, the surface of the sample is visua-
lized by an optical microscope integrated into most AFM devices to
choose a clean and proper sample area where the tip can engage.
However, images produced by the tip consist of nanofeatures that are
not detectable by the optical microscope [2]. This means that the op-
tical microscope is ”blind” for AFM features due to a “gap” between the
magnification range of both techniques. This causes one of the main
limitations of AFM: It is difficult to relocate the same sample area once
the AFM probe is withdrawn from the surface [2-6]. Such an issue
becomes more challenging or even impossible if the sample was re-
moved from the AFM and returned with an angular rotation and posi-
tional offset [7-11]. However, the capability to find the same nano-
target has a great advantage. It significantly broadens AFM applications
because it allows the implementation of complementary AFM experi-
ments as well as correlative microscopy [12]. Correlative microscopy is

* Corresponding author.
E-mail address: diehl@uni-landau.de (D. Diehl).

https://doi.org/10.1016/j.ultramic.2020.112945

defined as ”... the application of two or more distinct microscopy
techniques to the same region of a sample, generating complementary
morphological, structural and chemical information that exceeds what
is possible with any single technique...“ [13]. Furthermore, in contrast
to homogeneous and flat surfaces, natural samples are heterogeneous.
Thus it is even more important to relocate the same area and map it
under different conditions or after different treatments or using various
probes in order to detect small changes in, e.g., adhesion in an en-
vironment with high spatial variations.

Thus, in order to bridge the gap of relocation, researchers have
developed relocation methods with different strategies. However, the
large variety of methods makes it difficult to find the most suitable one
for a specific research question. Thus, the present study aims at giving
an organized overview over repositioning methods including the ad-
vantages, limitations and documented applications. This will facilitate
the selection and further development of relocation methods suitable
for a variety of research questions.
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2. State of the art: relocation methods
2.1. Literature research

In order to discover already existing relocation methods, we per-
formed a literature research (for more details, please refer to
Supplemental Information SI-1). The literature research showed that
relocation strategies opened the way for numerous new applications,
e.g., performing AFM nanomanipulation [14], studying bioelec-
trocatalytic surface activity [15], and investigating surface modifica-
tions as a function of external treatment such as annealing [6], freezing
[16], solvent fumigating [3], bacterial infection [12], etc. Furthermore,
numerous examples regarding correlative microscopy setups are cov-
ered.

As a general approach, the majority of relocation methods create
pattern or marker on the sample surface near the region of interest
(ROI). These markers can be relocated by the AFM optics in order to
move the probe to the desired position (micro-alignment). This is nor-
mally followed by fast mapping of a large low-resolution AFM image
including the desired region and a nano-alignment process by which the
nanofeatures that need relocation are matched (with previous images)
navigating the tip by the piezo tube to the desired location. Finally, a
high-resolution scan of the desired region is performed. For most
commercial AFMs, the last steps are facilitated by user friendly inter-
faces that enable rotational as well as positional tip offsets.

2.2. Categorization and evaluation of relocation methods

For a more detailed presentation of advantages and limitations, we
classified the methods by their methodical approach into the following
six categories (for a detailed list of methods and their applications and
requirements, please refer to Table SI-1 in Supplemental Information):

(i) reference relocation markers in the front side of the sample sub-
strate,

(ii) reference relocation markers in the backside of the sample sub-
strate,

(iii) large and fine markers in the back- and front side,

(iv) progressively smaller alignment patterns,

(v) particles solution drop-on-grid-and-dry procedure,

(vi) non-marker principle.

Although some advantages of their methods over others are dis-
cussed by several authors, this seems to be not straightforward as each
method has a functional specialty and thus a comparison of methods
with different applications would not be very helpful. For instance, the
method of Wu et al. [7] uses alpha-numeric relocation labels on mica
surfaces to provide a higher relocation accuracy compared to the grid-
guide relocation setup employed by Markiewicz und Goh [6]. In con-
trast, the method of Liu et al. [8] requires constructing a homemade
grid in the backside of a mica sheet as a guide to accurately marking the
front side by AFM nanolithography. Thus it was suggested to give a
better distinguishable markers at the substrate surface compared to the
methods of Markiewicz und Goh [6] and Wu et al. [7]. Nonetheless, the
method of Markiewicz und Goh [6] was used to study the influence of
annealing on a latex monolayer of polystyrene spheres and poly-
butylmethacrylate (PBMA) at temperatures up to 120 °C, whereas the
experiments of Wu et al. [7] and Liu et al. [8] were done at room
temperature. Therefore, the method of Markiewicz und Goh [6] is
better qualified for experiments at elevated temperatures. The method
of Su et al. [9] was stable even at 500 °C, a temperature that causes
failures in other relocation constructions. As a consequence, insights
into the different approaches with their advantages and limitations are
not given in comparison to others works, but rather in relation to their
potential applications. In this way, the working principle of each re-
location group is characterized by their specific advantages and limits.
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In category (i) the markers on the front side might damage the sample
surface or could be harmful to the tip if the markers have sharp edges or
rough character. However, if suitable markers were chosen, having
markers inside the image turns to an advantage in some cases: E.g., by
studying the impact of chemical etching on the nanoscale surface
morphology, characteristic sample nanofeatures normally used to re-
locate the target area may be washed away whereas stronger pro-
nounced markers remain allowing the relocation [17]. A general dis-
advantage of categories (ii) and (iii) is that they require a transparent
substrate to observe the markers on the backside. Categories (iii) and
(iv) lead to a fast relocation procedure, nevertheless, mostly involving
time-consuming marking procedures. Finally, category (vi) without
markers avoids artificial and maybe harmful alterations of the target
surface and has a long term stability compared to other methods with
markers as the latter may vanish after treatment [8].

2.3. Relocation methods suitable for our research question

In general, the background of our research is to understand which
role bacterial cells and their cell wall debris have for surface properties
of mineral surfaces in soil. For this aim we need to repeat measurements
of adhesion forces at exact the same location on bacterial cells or mi-
neral surfaces with AFM probes functionalized by different chemical
groups. In addition, we want to compare these measurements obtained
in air with others done in liquid environment in order to assess the
effect of capillary forces of water films. Therefore, a relocation method
is needed by which mineral particles and bacterial cells are fixed and
measured on the same sample holder in air as well as in liquid. Several
works discussed the relocation ability in fluids [9,12,16,18]. Both stu-
dies, of Su et al. [9] and of Kao et al. [16], require a configuration
equipped with a flat sample surface rather than powder systems as we
intend to investigate. The work of Janel et al. [12] allowed bacteria
imaging in buffer, but requires a special method for fixation and in-
cubation of the cells on photo etched coverslips at certain conditions.
The method of Hagan et al. [18] was used to investigated rat intestinal
epithelial cells which were properly attached at the substrate but such
cells are much larger than the set of particles and cells analyzed here.
Because none of the presented methods was suitable for our special
application, we developed an additional new method that is essential
for the relocation of nano and micro particles and biological materials
fixed on a sample holder for AFM measurement in aqueous solutions. A
successful method ensures the firm fixation of the investigated samples
at the glue surface as well as a repeated relocation of exact the same
sample region. Thus, our AFM experiments were divided into two
phases. The first phase aims at the shape of the investigated substances,
their fixation reliability and their adhesion properties. The second
phase aims at the error of the proposed relocation method.

3. Methods
3.1. Fabrication of a relocation system for liquid environment

Fig. 1a illustrates the fabrication of a relocation system. (1) Inspired
by Huang et al. [19], a small piece of the adhesive resin glue (tempfix,
PLANO GmbH, Wetzlar, Germany) was set on a steel disk (Stainless
Steel Metal Specimen Support Disc, 16,207-M, NanoAndMore GmbH,
Wetzlar, Germany), and (2) heated up to 130°C for 30 s to melt the glue
and form a flat glue surface. (3) After cooling to room temperature, a
locater numeric-indexed-grid (Gilder Finder Grid, G400F1-Cu, 400
mesh, cupper, Science Services, Miinchen, Germany) was set on the
center of the hard glue body and (4) the system was again heated up to
130°C for 20 s to melt the glue, let the grid sinking inside it, and form a
smooth glue surface over the grid. (5) A mica sheet (Mica Sheet, V5
Quality, Science Services, Miinchen, Germany) was set near the grid
and fixed by heating the system up to 80°C rendering the glue more
adhesive but not melted. The hard mica surface enables a direct
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Fig. 1. (a) Fabrication steps for a relocation unit (see further description in Section 3.1), (b) camera image of the sample illustrated in step (6).

liqui

Fig. 2. Experimental approach by a multi- loaded system: (a) AFM system operating in air and (c) in a liquid meniscus, (b) relocation system with a single particle
species scanned in air (down) and multi-particle species scanned in liquid (up) with a double arrow indicating the same particle in both systems.

calibration of the probe in water without changing the samples.

3.2. Fixation of minerals and bacteria on a relocation system

In order to fix quartz, montmorillonite, goethite and kaolinite par-
ticles on the surface of the glue, we followed the method described by
Huang et al. [19]. Briefly, a droplet of particles suspension with con-
centration of 2 g L™! was set over the grid spot and dried in air for
15 min in a laminar flow box (Figs. 1a and 6 b). The system was sub-
sequently heated up to 38°C for 10 min to fix the particles at the surface
of the glue. This was followed by rinsing the surface with ultrapure
water (18.2 MO-cm, MilliQ®, Merck Chemicals GmbH, Darmstadt,
German) and air drying for 15 min.

The used bacteria cells Pseudomonas putida mt-2 KT2440 (DSM
6125), Rhodococcus erythropolis (DSM 43066), Pseudomonas fluorescens
(DSM 50090), and Bacillus subtilis (DSM 10) were grown following the
method of Hartmans et al. [20]. In order to avoid effects on their bio-
films and ultra-structures by an elevated fixation temperature, bacterial
cells were adhered to the glue surface by air drying a bacterial sus-
pension (tenfold diluted suspension in ultrapure water with an original
optical density of 0.9) at room temperature for 20— 30 min followed by
rinsing the surface with ultrapure water. For P. fluorescens cells we
prolonged the time of air drying to 30 min and increased repetition (3
times) and the impact of ultrapure water rinsing using a washing bottle.

3.3. AFM and ESEM imaging

AFM images were obtained by the Peak Force Quantitative
Nanomechanical Mapping (PFQNM) mode using atomic force micro-
scope (AFM, Dimension Icon, Bruker Corporation, USA). Prior to scan,
the deflection sensitivity (Sv) was calibrated by averaging the slopes of
the linear deformation regimes of at least 7 force-distance curves per-
formed at different spots of a freshly cleaved mica sheet integrated in
the relocation system (Fig. la, step 5). The spring constant (k) was
determined by the thermal tune method taking into account at least 5
replicates resulting in less than 15% and 7% standard errors of Sv and k,

respectively. The tip radii (R) were measured by scanning a titanium
roughness sample (RS-12 M, Bruker, Santa Barbara, CA, USA) and ap-
plying a blind tip reconstruction algorithm into the resultant images
leading to (R = 3-10 nm) for silicon nitride probes (Bruker, SNL)
probes and (R = 30-60 nm) for functionalized probes (chemical
functionalized Pyrex-Nitride probes ST-PNP-CH;, -NH,, -COOH,
SmartTips®, NanoAndMore GmbH, Wetzlar, Germany). For imaging in
liquid (ultrapure water), we used the Bruker protocol with fluid me-
niscus [21].

In order to test AFM/ESEM correlative setup, the specific goethite
particle pattern was imaged using an environmental scanning electron
microscope FEI Quanta 250 ESEM (FEI Company, Hillsboro, United
States) in low vacuum mode (acceleration voltage 15 kV, pressure
100 Pa). These acquisition parameters ensured non-destructive imaging
of the goethite cluster avoiding degradation caused by the E-beam.

3.4. Experimental approach to test the fixation and relocation method

To reduce tip contamination, wear or degradation (especially for the
sensitive chemically functionalized tips), we constructed a single
system that contained different sample specimen and scanned them at
once. We started from a simple relocation system that was loaded only
with one type of particles or bacteria (Fig. 2b, down) and performed
AFM images in air of some areas of these specimen (Fig. 2a). The re-
location system was then removed from the AFM and other sample
specimens were successively added using the drop and dry method
mentioned above. After rinsing with ultrapure water, the reference area
was probed in ultrapure water yielding an image that contains all added
sample specimen (Fig. 2c and b, up, respectively). By matching AFM
images in air and water (Fig. 2b up and down, respectively), it was
possible to distinguish the first added samples from the newly added
ones and prove their fixation ability and their relocation during the
measurement in liquid environment. As a proof of concept, the fixation
and repeated relocation of 8 model particles and cells with various
surface properties were tested.

In addition, we produced relocation systems of individual minerals
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and relocated inner micro and nano areas by three functionalized
probes. We used notable surface features as correlations to align the
relocated frames. To estimate the relocation accuracy (or error), we
calculated the maximum possible drift between the relocated images.
Thereby, the size of the particles scanned by the three probes had a
slight deviation depending on the sharpness of the respective probes.
Thus, among the repeated images of the same object, we took the
smallest particle size (which reflects the sharpest tip) as a reference and
calculated the accuracy as the dimensional enlargement of this particle
in the other images with respect to the reference (measured at the fast
scan direction).

4. Results and discussion
4.1. Fixation of samples for measurements in air and water

Since the shapes of particles have a strong effect on their adhesion
properties, we employed eight samples with various forms in order to
test the functionality of the method with a variety of minerals and
bacteria (as described in Sections 3.1-3.2). To identify the different
mineral particles and their fixation ability, a multi-loaded system was
produced. We started with a simple system with one mineral type
(kaolinite particles) that was scanned in air (Fig. 3a and b). After
goethite and montmorillonite addition, the system was scanned in
water (Fig. 3c, d and e). While the same two kaolinite particles were
still observable in the same place, additionally, two goethite clusters
and one montmorillonite particle were added to the depicted area
(indicated by blue and orange frames in Fig. 3a and c). Discrimination
between montmorillonite and goethite was straightforward due to their
different shapes. The average adhesion of the minerals was calculated
and is given by the representative value nearby each particle or cluster
(Fig. 3e). The adhesion level of kaolinite and goethite is comparable to
each other, but is much higher compared to that of montmorillonite.
This highlights the power of the glue to adhere powders of different
shapes and surface properties.

All measurements of the adhesion properties of the minerals were
performed in liquid phase to exclude capillary forces always in present
in ambient air. By using the multi-loaded relocation system, the un-
certainty in adhesion calculations is minimized due to different reasons.
First, the number of AFM images, necessary to study the three minerals,
is reduced from three to one. This leads to a less scan-induced tip wear
such that we can assume a constant tip radius for one image. In addi-
tion, tip wear is also reduced because only one essential preliminary
relocation scan is needed to find the ROI. Finally, since we used the
same probe for all minerals, we exclude additional errors sources in the
determination of (k), (Sv) and (R) of various probes.

A system of two bacteria strains was prepared by the same strategy.
The subsequent fixation of P. putida and R. erythropolis for imaging in

(a) height (b)  peakForce (e)
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air worked very well (first and second rows of Fig. 4a—c). However,
during imaging in water only R. erythropolis remained fixed whereas the
culture P. putida became fully de-attached from the surface (third row
of Fig. 4a—c). Probably, P. putida exhibits a lower sticking ability than R.
erythropolis. This is further supported by a line scan of the adhesion
channel across the two different strains (see corresponding black and
blue line for scan in air and water in Fig. 4c). The level of adhesion of R.
erythropolis (measured at the cell center) is with 7.8 nN higher than that
of 4.9 nN for P.putida (Fig. 4d, black curve). Thus, only the cells with
high surface adhesion towards the SNL tips remained at the glue surface
after water addition. In order to improve the fixation of P. putida in
water, we optimized the fixation method as mentioned in Section 3.2
allowing imaging of P. putida in air and liquid (Fig. 4e). We also proved
the water fixation ability of P. fluorescens and B. subtilis (results not
shown).

The topographical images of P. putida and R. erythropolis in air and
water in Fig. 4a (second and third rows) and Fig. 4e (first and second
rows), respectively, show that the cells exhibit larger heights in liquid
than in air as observed by the higher brightness of the respective cells in
water than in air. In addition, R. erythropolis cells exhibit lower adhe-
sion in water than in air (Fig. 4c). As a result, our relocation method
opens a gateway to study responses of the same species to changes in
environmental conditions.

In order to compare our bacteria fixation method with methods
from another study [22], we determined the cell-shape-preservation
factor, i.e., the ratio of the cell dimensions width/height (W/H) ratio
and the root mean square (RMS) roughness. Naturally, W/H ratio is
close to 1 for an intact cell and rod-shaped bacteria [22]. This value
however increases after fixation as the cells become flattened on the
surface. For P. putida, the W/H ratio was with 4.6 * 0.5 (mean *=
standard error of 11 cells) in good agreement to the suggested best
fixation solution of the study of Chao and Zhang [22] with a W/H ratio
in the range of 3.2-4.5 for the same strain. Moreover, the cell RMS
roughness was with 8.7 in our method close to the value for no fixation
in the study of Chao and Zhang [22] of 8.10 nm. The use of all other
tested fixation solutions in this study resulted in much higher RMS
roughness between 13 and 23 nm [22]. This highlights that our method
is promising as it combines good W/H ratio and RMS roughness values
indicating minimal disturbance of the natural morphology of the bac-
teria and thus of their natural surface properties.

4.2. Repeated relocation of pROI and nROI

Using the light microscope integrated to the AFM, we visualized the
relocation systems. Although focus of the optics was set at the particles
plane (see white arrows indicating kaolinite particles in Fig. 5a) the grid
was still visible through the semi-transparent glue in which it was
embedded. Due to changes of optical focus, the same area appeared

Fig. 3. AFM images of a multi-loaded system
used to distinguish three kinds of minerals and
their adhesion properties measured with the
same tip: (a) height and (b) peakforce image in
air of an area loaded with kaolinite particles,
(c) height, (d) peakforce, and (e) adhesion
image in water of the same area after the ad-
dition of montmorillonite and goethite.
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Fig. 4. AFM images of a multi- loaded system used to study the fixation ability of two bacteria strains P. putida and R. erythropol in air and water: (a) height (b)
peakforce, and (c) adhesion image of the system loaded with P. putida probed in air (upper row), after the addition of R. erythropol in air (middle row) and in water
(lower row). The dashed yellow markers and white arrows highlight the same positions. (d) Adhesion line scans at black and blue line in (c¢) middle and lower row,
respectively, and (e) height image in air (up) and water (down) of P. putida after optimization of the fixation method.

different when a water droplet was introduced for imaging in liquid
(Fig. 5b). Thereby, the particles seemed to vanish while the grid re-
mained visible and enables the relocation of the region of interest at the
microscale (UROI). Using higher magnification in the optical micro-
scope (Fig. 5¢c and d), a region with specific particle pattern was chosen
(see e.g., “c” shaped goethite cluster in the inset in Fig. 5f) and scanned
in a preliminary large-fast-low-resolution AFM map (20 X 20 pm)
made in the corresponding grid-square. Once re-found, the pattern was
positioned in the center of the image of a high-resolution smaller scan
(6 X 6 um) using X/Y piezo-offsets. Within this pROI, further piezo
tunes were made to select a nano region (nROI) and to study the na-
nostructure of the goethite. The relative position of the nROI within the
pROI was memorized by taking a screenshot of the latter indicating the
scan area of the nROI by a zoom-square. Relocation of kaolinite and
montmorillonite together with the bacteria samples was conducted si-
milarly using first the “grid index” and second the “cluster or particle
pattern”. However, since the size of the quartz particles is much larger,
for the relocation procedure on their surfaces specific edge notches
(Fig. 5e) are used as references to relocate an adjacent area.

To study the relocation ability, we used three chemically modified
probes and investigated the same sample areas on four different mi-
nerals. These results are summarized in Fig. 6 where each row shows
images of the same chemical probe (NH,, COOH, CH3) and media
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(water, air) while each column shows the same area of the same mi-
neral with its respective inset referenced by a blue square. For instance,
the image with a star is an inset of a goethite particle that is scanned by
COOH probe in air. To find the same area of a “big” quartz particle, we
used a notable surface notch as relocation marker (indicated by the blue
arrow in the light microscope image in Fig. 5e and in the AFM image in
Fig. 6a). The other clay minerals, however, were small enough to fit
into one grid square and could be relocated only by the grid (Fig. 6b, ¢
and d). The ” ¢” shape of goethite which was noted in Fig. 5f by the
integrated optical microscope of the AFM could be accurately observed
(Fig. 60).

In order to investigate the relocation limitation, we performed local
scans as shown in the right columns Fig. 6a, b, ¢ and d. The three white
arrows of each column highlight a surface feature that was used to align
the images. For quartz, the nanostructure is made of linear pattern as
can be observed by the CH; and COOH groups (Fig. 2a). By the NH,
group in water, however, this pattern vanishes. To investigate the
reason, we made a subsequent air scan at the same area using a sharp
SNL probe and found that there is no pattern anymore and the surface
appears flat just similar to the NH, image (result not shown). It is thus
most likely that adding water to the surface has induced structural
changes and caused detachment or a drift of surface features. Thus, the
relocation accuracy deceases from ~10 nm for both, CH3 and COOH

Fig. 5. Optical images of relocation samples
with a focus on the top surface of the glue: (a)
low magnification image of a sample with
kaolinite particles in air, (b) the same area as
(a) in water, (c) high magnification image of
kaolinite particles, (d) high magnification
image of goethite particles with (f) an inset of
an area forming an “¢” cluster, (e) high mag-
nification image of a part of a single quartz
particle with the arrow indicating an “edge
notch” used as a marker to relocate the same
area.
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Fig. 6. Study of the relocation accuracy using three chemically modified probes. Height images on (a) quartz, (b) kaolinite, (c) goethite, and (d) montmorillonite
obtained in air by CHj tip (upper row), by COOH tip (middle row) and in water by NH, tip (lower row). As indicated by the blue squares, the right columns of each
mineral show insets of local areas of the images in the left columns. The three white arrows of each right column indicate the same position.

Table 1
Relocation error as the maximal enlargement of the smallest particle size be-
tween 3 repeated measurements.

Relocation error Kaolinite Montmorillonite Goethite
COOH tip ~11 nm reference ~30 nm
CHj; tip ~9 nm ~15 nm ~23 nm
NH,, tip reference ~13 nm reference

tips, to ~30 nm for NH, tip as there is no prominent feature that can be
used for alignment. For the other minerals, the images within each
column in Fig. 6 match well among each other, nevertheless, slight
variations were observed. Specifically, some surface features in the
down-right images of Fig. 6b and d show some differences compared to
the other images along the same column. We calculated a relocation
error as listed in Table 1. From the table it appears that the relocation
accuracy depends on both, the probe as well as the sample shape. The
best accuracy was obtained for kaolinite followed by the one of mon-
tmorillonite. For goethite with its needle-like structure the lowest ac-
curacy was reached.

The case study of the clay minerals covered a significant diversity of
forms, sizes and nano-structures. The capability to scan the same par-
ticle surface repetitively by tips with various chemical functionaliza-
tions is crucial, as this eliminates topographical interferences in the
experiments. Thus, differences between the functionalized tips in ad-
hesion towards exact the same particle surface can be attributed to
different chemical-bonding affinities between the functionalized tips
and the particle surface while a deviation of adhesion forces caused by
different contact geometries of different kaolinite particles can be

excluded.

The relocation time for each particle of Fig. 6 varied. In air, a re-
location-cycle required 10-15 min. This involves changing the sample,
moving the probe to a new target grid-square, adjusting the scan
parameters, engaging, doing a fast scan and performing offsets to re-
locate the ROI at the center of the image. Since changing the sample
lasts longer in liquid-based experiments, a relocation cycle required
~20 min. However, if there is no need to change the sample, i.e. if
several replicate measurements on the same grid are obtained, a re-
location process lasts less than 5-7 min.

4.3. AFM/ESEM correlative microscopy

As another application example (beside the repeated measurement
with differently functionalized tips) we used AFM/ESEM correlative
microcopy at the ”¢” shaped goethite cluster. The result of the AFM scan
presented by the peakforce channel (Fig. 7a) is superimposed by a white
color ESEM image (Fig. 7b). This superimposition shows a general
match between both images. However, it is evident that the ESEM
image reveals typical AFM dilation artifacts indicated by the size en-
largement of the goethite clusters at the underlying AFM image. An
example is indicated by the blue arrows in Fig. 7. In Fig. 7b, the max-
imum dilation length (values beside the arrows) as well as the re-
spective cluster height (values in brackets) is given. It is evident that the
higher the cluster height, the larger the dilation length. This is probably
due to the side interaction between the canonical tip and the particle
edge.

Fig. 7. Correlative AFM/ESEM microscopy: (a) peakforce AFM
image and (b) an overlay of (a) and a white ESEM image of the ”¢”
goethite cluster that was investigated in Fig. 6¢. The blue arrow
indicates a dilation artifact. Double arrows and white values
nearby in (b) indicate the dilation length (um) of some clusters
with the corresponding cluster height in brackets (um).
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4.4. General applicability of the relocation approach

The glue firmly holds particles and cells by its excellent sticking
ability which avoids the use of additional adhesion agents and their
potential negative effects on the natural state of the samples. The glue is
inert and long-term stable under ambient conditions and remains solid
up to a temperature as high as ~ 40°C. The relocation time-per-cycle
varies according to the experimental modification needed between the
cycles. However, the time needed to fulfill the relocation steps is with
5-7 min in many cases equal or lower than the time required to find an
appropriate region of interest on natural often quite heterogeneous
samples.

With these characteristics, the presented relocation method offers a
simple and robust tool for the physicochemical evaluation of nano and
micro sized objects in which variations of environmental or physiolo-
gical conditions are required. Thus, it has a great potential for appli-
cations in diverse fields of life sciences. The optimal size of the particles
in our method is less than 100 pm, whereas, larger opaque particles or
flat samples hide the grid and rather need another principle of reloca-
tion e.g. front side markers or non-marker techniques (category i or vi,
respectively, in Supplemental Information, Table SI-1).

The large variety of AFM modes also requires a variety of specific
relocation methods. The best scan modes for our method are those as-
sociated with less frictional forces e.g. non-contact, tapping, or peak-
force modes, rather than the contact mode which might remove the
particles. Only in this case, an additional adhesion agent, e.g., Poly-L-
Lysine, is needed.

As an example for correlative microscopy, we showed how the
proposed method allows correlative AFM/ESEM imaging which is an
essential tool for nano-biological investigations. Other combinations
with optical imaging technologies are applicable provided low-power
light is used (e.g., bright and dark field optical microscopy). However,
the method cannot be applied in analysis techniques that require spe-
cific properties of the substrate not fulfilled by the resin, e.g. electrical
conductivity for Conductive Atomic Force Microscopy (C-AFM),
thermal stability for annealing studies or carbon free substrates (e.g.,
for AFM-Raman). But modern coupled microscopic imaging systems
offer smart solutions for switching between multiple techniques (e.g.,
by simply rotating the microscope turret) without the need of a re-
location method.

5. Conclusions

The overview over different existing methods for relocation of nROI
together with their key information shows that a variety of methods
with different approaches already exist, each of them highly adapted to
specific applications. Our newly developed relocation method is es-
sential for the study of nano and micro sized particles and cells in air as
well as in aqueous solutions. The simple, fast and cost-effective ap-
proach can be applied to a number of materials and leads with a re-
location accuracy between 10-40 nm to highly reproducible results.
The multi-loaded relocation system reduces the number of images and
of relocation and calibration processes needed, to compare different
samples. Resulting reduced tip wear and a more stable tip radius as well
as other calibrated cantilever properties improve the comparability of
adhesion measurements of different samples. In addition, it enables the
implementation of non-coupled AFM/ESEM correlative microscopy
without any adaptation of the AFM or ESEM sample stages and can thus
help to detect AFM artifacts. The method relies on the presence of easily
recognizable sample features in micro and nanometer scale, e.g., par-
ticle clusters as well as arrangement of single particles. Thus, for larger
samples with relatively homogeneous areas, e.g., for quartz particles,
relocation in the nanometer scale is difficult. However, for larger
homogeneous surfaces, relocation in a nanometer scale is in most cases
not necessary but a larger scale is sufficient. Due to the temperature
sensitivity of the glue, the method is restricted to measurement

Ultramicroscopy 211 (2020) 112945

temperatures below 40°C. Hence, we developed a new valuable re-
location strategy for environmental samples, especially suitable for our
future studies of bacterial-mineral interactions and their role for surface
properties in soils.
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The study of interaction forces between biological and non-living systems requires in-house production of
probes modified with, e.g., bacterial cells or with minerals, in order to map irregularly shaped natural
surfaces. In order to avoid artifacts, it is essential to control the functionality of the modified probes.
Current methods for this purpose require removing the modified probe from the liquid-cell, inserting it
into another device and/or have a too low resolution to detect local changes within the interacting
areas. Therefore, we present a fast and cost-effective method that overcomes the above mentioned
problems by the inverse AFM imaging principle. First, the 3-D shape of a fresh sharp AFM tip is modeled
by measuring the shape of a standard rough pattern and post blind tip reconstruction analysis. The so
calibrated characterizer tip was extracted and upside-down fixed rigidly on a disc together with the
sample. Before and after the cell-mineral interaction, the modified probe is then inversely imaged by the
fixed characterizer controlling changes in finest 3-D details of the modified probe. The characterization
of probes modified with kaolinite and P. fluorescens cells and their interactions with R. erythropolis and
montmorillonite samples show that the method allows a fast precise investigation of tip modifications
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1 Introduction

Organic coatings on mineral substances play a crucial role for
wetting properties of soil particles' and thus for the ecological
functions of soils.” Large part of the organic material in soil is
represented by living and dead bacterial biomass.® The role of
bacterial biomass for soil wettability strongly depends on its
ability to adsorb to mineral particles and thus to reduce
hydrophilic surfaces for water adsorbtion.*

Atomic force microscopy (AFM) has an outstanding ability to
study the interactions between biological systems and abiotic
surfaces® because it offers high resolution studies under envi-
ronmental conditions with minimal sample preparation.®
However, a special tip-sample configuration is required for the
direct measurement of interaction forces between natural
abiotic and biological substances. These cell-mineral interac-
tions can be achieved by scanning a respective substrate with
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and mineral at the single-cell level can be excluded.

a probe modified with biological cells or vice versa by scanning
biological cells with a probe modified by, e.g., mineral parti-
cles.” Thereby, both, tip and sample are undefined and need to
be characterized before their interaction. In addition, natural
soft materials may be deformed or mineral particles may be
contaminated with organic material after interactions. Only
when they remain unchanged after interactions, artifacts due to
contamination can be excluded.

Several methods to validate the functionality of biologically
modified probes, like optical microscopy,® fluorescence micros-
copy,™ scanning electron microscopy (SEM),'*'* or force-distance
curves (FD curves) before and after the modification process as
well as before and after interactions of a bacterium with hydro-
phobic or hydrophilic surfaces' have been reported. Also multiple
quality control methods like a combination of both, SEM and FD
curves,”* or other correlative setups to test viability of bacterial
cells with FD curves® or SEM'® have been applied.

However, these methods have certain limitations. Except for
FD curves, all methods require moving the modified probe from
the AFM (liquid) holder to another imaging technique with
potentially different environmental conditions. This not only
consumes time but also subjects the biological cells to unfa-
vorable conditions risking dehydration, denaturation, and
eventual death.® Further, although SEM overcomes the low-
resolution of light and fluorescence microscopy, it is not only

© 2021 The Author(s). Published by the Royal Society of Chemistry
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time consuming” but also destructive for biological material by
its electron beam and vacuum.'®?° FD curves of bacterial coated
probes are characterized by randomness even on smooth
surfaces® and can, thus, only be used as a reference for the quality
of modified probes when the average of a large number of curves is
considered. Finally, natural surfaces are mostly rough and exhibit
a certain tilt. Therefore, the contact area of a tip with a calibration
sample might be different from the one with the real cell or
mineral surface at which the interaction takes place. Thus,
a method is needed by which the quality of the whole modified tip
area that is potentially in contact with the sample can be tested
between several applications in order to ensure that form and
material of the modified probe remained the same.

Blind tip reconstruction permits the geometry of a tip to be
accurately 3-D modeled by scanning over a reference sample,
e.g., made of a grating of sharp spikes which allows to calculate
the tip radius and thus to get a detailed estimation of the
dilation effect.> Inverse AFM imaging allows imaging the
surface of the modified AFM probe by scanning it against a rigid
sharp tip fixed upside-down at the AFM sample stage.>*** In this
work, we developed a method that combines blind tip recon-
struction and inverse imaging with the fabrication of a sample
disc on which beside the sample also a sharp characterizer is
inversely fixed. By this, scanning the sample with the modified
probe as well as repeated inverse images of the modified probe
before and after cell-mineral interaction under exactly the same
environmental conditions without changing the modified probe
is possible. By fixing the sample and the characterizer on the
same sample holder, no interruption is needed between the
modified tip characterization and the cell-mineral interaction.

2 Methods

2.1 Blind tip reconstruction of potential built-in
characterizers

Before a relocation system with a built-in characterizer could be
prepared, the potential characterizers had to be characterized
themselves. A detailed description is given in ESI (SI-1, step 1).T
Briefly, a sharp nitride lever tip (k= 0.12 N m ™, SNL-10, Bruker,
USA) was characterized by scanning a titanium roughness
sample (RS-12M, Bruker, USA, ESI-Fig. 1af) in Peak Force
Quantitative Nanomechanical Mapping (PFQNM) mode in air with
an atomic force microscope (AFM, Dimension Icon, Bruker
Corporation, USA) and further used as built-in characterizer for the
kaolinite modified probe. The titanium roughness sample allows
the characterization of the very end of the AFM tip*® which was
needed to precisely define the dilation length of the ~40 nm thick
kaolinite sheets. As a characterizer for the bacterial modified tip-
less probe, the more elongated Tap150A probe (k = 5 N m *,
Bruker, USA) was characterized by tapping mode using a test
grating TGT1 (NT-MDT Spectrum Instruments, USA). The TGT1
characterizes the overall tip shape at a sub-micron scale, which was
essential for the morphology imaging of the bacteria in pm scale.
We always used the frame down command, i.e., a horizontal fast
scan direction. The resultant images were flattened by first order
and subjected to blind tip reconstruction analysis using Nano-
Scope Analysis software (version 8.15, Bruker).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Fabrication of relocation systems with samples and
built-in characterizers

Two relocation systems were produced by submerging a TEM
grid (TEM-SG-CU, 3.3 mm diameter, 400 mesh, 47 um holes,
NanoAndMore GmbH, Germany) into resin glue (tempfix,
PLANO GmbH, Wetzlar, Germany) melted for 2 minutes at
130 °C covering each of two sample discs (Stainless Steel Metal
Specimen Support Disc, 16207-M, NanoAndMore GmbH, Wet-
zlar, Germany) and subsequent 2 minutes cooling at room
temperature. More details about the fabrication of a relocation
system are descried in SI-9.f An extracted and blind tip recon-
structed SNL tip was set directly beside each relocation grid
fixed by another heating for 30 minutes at 38 °C (as described in
detail in SI-1, step 2t). Then, a droplet of montmorillonite
suspension (2 g L") or of R. erythropolis cells (tenfold diluted
suspension in ultrapure water with an original optical density of
0.9) was pipetted on the disc at an area above the grid and dried
in air for 15 min in a laminar flow box.?® Thereby, care was taken
not to wet the built-in characterizer in order to avoid its
contamination. Other fixation methods might allow adding the
characterizer tip after the sample preparation. In order to
prevent loosely bound or freely moving particles during
measurement that might cause contamination of tips and
surfaces, a reliable sample fixation is one of the most crucial
steps and a basic requirement for the whole method. Fixation of
montmorillonite was improved by subsequent heating of the
sample disc at 38 °C for 30 minutes using a heater (MH 15,
Roth, Germany), while this could not be applied to the bacterial
sample. Finally, both samples were intensively rinsed by water
(for montmorillonite) or by a 10 mM KNO; solution (for R.
erythropolis) to remove loosely attached particles or cells. For
more details, please refer to Abu Quba et al. (2020)*® and to ESI-
Fig. 7a.T In the present study, the R. erythropolis cells adhered
well to the resin, however, in other cases an additional surface
preparation (e.g. with poly-i-lysine*) might be required to
improve the fixation of the bacterial cells.

For preliminary studies, for which the fixation strategy still
has to be developed, we propose a system with removable built-
in characterizer which allows checking quality control of the
characterizer after the imaging process (SI-9t).

2.3 Characterization of the samples in the relocation system

The grid index of a single montmorillonite particle, which was
later used for cell-mineral interaction against the bacterial
coated probe, was recorded using the light microscope inte-
grated in the AFM. Then, the structure of the respective particle
was studied in PFQNM mode at 5 nN in air using a new SNL
probe (k = 0.12 N m~ ', SNL-10, Bruker, USA). The same process
was applied to a single R. erythropolis cell before its interaction
with the kaolinite probe.

2.4 Preparation of the modified probes

For the cell-mineral interaction between montmorillonite and P.
fluorescens, we attached the bacterial cells on a tipless cantilever (k
= 0.1 N m ', MLCT-010, Bruker, USA). Therefore, the tipless
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cantilever was cleaned by immersing it several times in ethanol
and then in Milli-Q water, three times immersed in a P. fluorescens
suspension with an optical density (OD) of 0.9 and shortly air dried
to form a bacterial film. Finally, it was rinsed with 10 mM KNO; to
remove loosely attached cells (SI-4t).

For the cell-mineral interaction between kaolinite and R.
erythropolis, a little amount of resin glue (tempfix) was placed
on a steel disc and heated up to 130 °C melting the glue. The
substrate of an SNL probe (k= 0.12 N m ", SNL-10, Bruker, USA)
was fixed at a custom made XYZ navigation system which is
driven manually by micrometer screws and has a stage that
links the substrate by an X type tweezer. Visually controlled
using a binocular, the SNL probe was driven towards the melted
glue (Fig. 1a). Thereby, the cantilever was hold with a horizontal
inclination of ~30° in order to get minimal contact between
glue and the end of the probe. The cantilever-glue contact was
indicated by visible changes in the light reflection. After this,
the probe was driven back away to cool down and let the
attached glue solidify again. Afterward, the substrate of the glue
tip was fixed by a double-sided adhesive tape on a steel disk on
its backside (Fig. 1b). Kaolinite was sprinkled over the substrate
and distributed evenly by a spatula forming a pile which fully
covers the probe (Fig. 1c). By heating for 30 min at 38 °C in an
oven, the kaolinite-resin contact was strengthened. Then, the
probe was cleaned by rinsing with Milli-Q water in order to
remove displaceable particles (Fig. 1d). After drying, the probe
was carefully detached from the adhesive tape using a tweezer
and mounted to AFM.

2.5 Calibration and characterization of the modified probes
by inverse imaging

For calibration, the bacterial coated tipless probe was used to
obtain FD curves at its built-in characterizer in air using 600 nm
ramp size and 1.03 Hz ramp rate. The FD curves were analyzed
as described in our work* in order to get the deflection

formation
f‘
—
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sensitivity which allows calculation of the spring constant k by
the thermal noise method using the NanoScope software. The
calibration of the spring constant could be also done in fluid.*®
Then, the bacterial probe was introduced to the liquid envi-
ronment by forming a meniscus of 10 mM KNO; solution
between the AFM liquid holder and the relocation sample. Every
time before the ramp mode was applied, once again some FD
curves were obtained in KNO; solution in order to get the
deflection sensitivity in the new environment. Therefore, a small
inverse map (2 x 2 pum) of the modified probe was imaged at
a local area free of microbial modification. Then FD curves with
nano offsets between them were obtained at this area. It is
essential to find an area which is free from any microbial modi-
fication to ensure a rigid contact between the characterizer tip and
the original tipless surface which leads to a pure deflection of the
modified probe with increasing load. Then a 26 x 30 pum map of
the end of the modified part of the probe was obtained by inverse
imaging in KNO; solution using PFQNM mode at 5 nN. After-
wards, fine tunes were made to image a local area within the large
map. Using the grid, the modified probe relocated and interacted
with the montmorillonite particle studied in Section 2.3. The
modified probe was moved back to the built-in characterizer in
order to make a subsequent scan of the same local area and check
if the cells remained intact.

To calibrate the kaolinite probe, however, FD curves were
obtained by the kaolinite cluster at the top of the glue tip on the
built-in characterizer using the same ramp parameters mentioned
above. A detailed description of the alignment process of the glue
tip apex over the characterizer is given in SI-7.7 By analyzing the FD
curves as done in our previous work,*® we obtained the deflection
sensitivity which the NanoScope software used to calculate the
spring constant k. The modified probe was characterized by an
inverse image (2 x 2 pm) of the glue tip apex and the geometry,
deformation and adhesion of the kaolinite cluster trapped at the
top of the glue were studied using cross-sectional analysis.

particles trapped
into the glue

Fig.1 Preparation steps for the kaolinite probe: (a) in the order from 1 to 3 a glue-tip formation by withdrawal process from the molten glue stain
is demonstrated, (b) the substrate of the same probe glued to a double-sided adhesive tape onto a steel disc, (c) coverage of the whole probe
with kaolinite particles using a spatula and post heating of the system at 38 °C for 30 minutes so the glue becomes more adhesive and (d) the

probe and the tip after cleaning with Milli-Q water.
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Fig. 2
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O =mm 94.6 nm

(@) Roughness image obtained by scanning a sharp SNL probe against titanium sample, (b) 3-D view of the tip that was blind tip

reconstructed based on the rough patternin (a), (c) 2-D sections of the tip at (b) at two Z levels (inner at Z =10 nm and outer at Z = 25 nm starting
from the tip apex as an origin), (d) roughness image obtained by scanning a Tap150A probe against TGT1 grating sample. The inset shows 3-D
view of the TGT1 spikes, (e) and (f) are the same as (b) and (c) by analyzing (d) image. Using the grating yields better tip reconstruction in terms of
the smoothness of the tip shape (e), however, leads to more elongated profile (f) compared to tip obtained at the titanium sample (b) and (c),

respectively.

2.6 Measurement of the cell-mineral interaction

The cell-mineral interaction between P. fluorescens and mont-
morillonite was exerted in 10 mM KNO; using PFQNM mode at
5 nN following the same steps as described in the third para-
graph of SI-4.7 For a detailed investigation of the cell-mineral
adhesion, 45 force-distance (FD) curves (1.03 Hz ramp rate)
were recorded at the cell center and 30 FD curves at the left and
right cell edges of a single cell with nano offsets between them
to avoid repetitive sweeps at the same point. The ramp size of
600 nm was determined in preliminary measurements with 2
pum ramp size as sufficient to break free from the sample
surface. The cell-mineral interaction between the kaolinite
probe and the single R. erythropolis cell was exerted in air and
adhesion was measured using PFQNM mode at 5 nN.

3 Results and discussion
3.1 Quality of the characterizers

The titanium roughness sample that was used to qualify the
SNL tip which was later used as built-in characterizer for the
kaolinite probe is dominated by jagged sharp peaks (Fig. 2a). In
order to deduce the tip shape, the NanoScope software identi-
fied a number of peaks with the sharpest characters (examples
indicated by arrows in Fig. 2a). Based on the identified peaks,
the blind tip reconstruction calculations result in a 3-D model
of the tip (Fig. 2b). Considering the tip apex to be the coordinate
origin in Z direction, the cross-section at Z = 10 nm corresponds
to a cut face area of 189 nm? (inner section in Fig. 2c) and a tip
surface area of 280 nm” while at Z = 25 nm these two values
increase to 1037 nm? (outer section) and 1429 nm?, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Inspection of the tip morphology showed that the shape of the
cross-section at Z = 25 nm resemble a kite with one sharp and 3
more rounded corners which is in line with a pyramidal tip
shape with lower front and higher back angle of the edges as
specified from the producer. However, at Z = 10 nm, the cross-
section was fairly approximated to a circle with the same 2-D
area yielding a radius of 8.14 nm. In fact, we found that above Z
=~ 15 nm, the sections tend to be elongated. The low PeakForce
value of 5 nN used in this work ensured a maximum deforma-
tion depth of ~10 nm. Thus, the very sharp and more symmetric
part of the characterizer is the one which engaged all surface
interactions ensuring a high precision of dimensional and
other measurements.

The TGT1 grating used to study the Tapl50A probe as
a characterizer for the bacterial probe revealed very regularly
distributed sharp spikes (2-D view in Fig. 2d with an inset of a 3-
D view). The result of the blind tip reconstruction of the
Tap150A tip represented by the 3-D model in Fig. 2e appears
smoother compared to that of the SNL tip studied at the tita-
nium sample in Fig. 2b. The 2-D sections reveal a rotated tip
shape in line with specifications from the producer (Fig. 2f).
Other 2-D sections at various Z levels (results not shown)
exhibited that the rotated shape of the tip is sustained up to Z =
40 nm which suggests that this characterizer is especially suit-
able for applications with larger deformation or for objects with
higher elevations like the bacterial cells. Nevertheless, the
model generated at the grating is elongated in the fast scan
direction as shown by the 2-D sections in Fig. 2f. The high
aspect ratio of the spikes probably caused a poor sample
tracking in this direction and lead to the apparent elongation.

RSC Adv, 2021, 11, 5384-5392 | 5387
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3.2 Characterization of the bacterial coated probes before
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seems to be more stable than on the colloidal tip because the

and after the cell-mineral interaction inverse images before and after cell-mineral interaction are

Inverse images of the bacterial coated probes show that their identical (Fig. 3g and j, respectively).

interaction areas were fully and evenly covered with bacterial
films before their first use for cell-mineral interaction (Fig. 3a
and ESI-Fig. 8at). When the distribution of bacterial cells was
uneven the respective probe was not used for cell-mineral
interaction (ESI-Fig. 8ct). This shows that inverse imaging using
a build-in characterizer enables a fast check of the functionality
of the modified probes avoiding artifacts due to uneven tip
functionalization. The inverse image of the bacterial probe after
cell-mineral interaction with a montmorillonite particle under

3.3 Cell-mineral interaction between P. fluorescens and
montmorillonite

The cell-mineral interaction image of the bacterial coated tip-
less probe by the montmorillonite particle (Fig. 3a and b)
compared with the inverse image of the probe at the built-in
characterizer (Fig. 3g and h) generally reveal similar features,
although the bacterial cells and their sub-micron fragments
appear larger in the cell-mineral interaction image (Fig. 3a).
The montmorillonite particle characterized by a sharp SNL
probe (Fig. 3c) exhibits nano-shaped features that probably
played the tip role of the cell-mineral interaction and imaged
the bacterial cells although the size of the montmorillonite

the same environmental conditions shows that the microbial
coverage was removed from the tip apex (ESI-Fig. 8bt). There-
fore, the use of alternative fixation method is recommended.
The attachment of P. fluorescens cells on the tipless cantilever
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Fig. 3 (a) Image of cell-mineral interactions between a bacteria (P. fluorescens) coated tip and a montmorillonite particle, (b) inset inside (a) of
two bacteria cells, (d) inset inside (b), (c) height image of the respective montmorillonite particle made by a sharp probe in air, (e) line-scan as
shown in (c), (i) cell-mineral FD curves at the locations indicated by the corresponding numbers in (d), (f) distribution of the minimum-adhesion-
force-jump-magnitude in a relation to the rupture length of 45 FD curves from the cell center (x) and 30 FD curves from the cell edge (circles), (g)
inverse image of the bacterial probe over the Tap150A characterizer before the cell-mineral interaction, with the inset (h) at the same location of
(b), (j) inverse image with the insets (k and ) at the same locations of (b and d) after the cell-mineral interaction, (m) high resolution inset made to
check the local structure of the investigated cell after the cell-mineral interaction. It is clear that the right-low edge of the cell (right cell in (h))
rearranges after the repetitive FD curves during the cell-mineral interaction as shown in (k and ). However, the cell center remains pure after the
cell-mineral interaction (m) which indicates a valid adhesion experiments at the center. Scale bar 400 nm. If not stated otherwise, images were
made in 10 mM KNOsz and images show the PeakForce error channel.
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particle is much larger than that of a single bacterium. A tran-
sect line over the particle surface (Fig. 3e, see black line in
Fig. 3c) is characterized by sharp peaks which supports our
interpretation.

Single FD curves between the montmorillonite particle and
the bacterial coated probe at the cell center and cell edge (Fig. 3i
for 4 exemplary locations indicated in Fig. 3d) show that the cell
center retraction curves 1 and 2 look quite similar and show
a delayed adhesion peak, whereas the retraction curves 3 and 4
at the cell edge exhibit adhesion peaks at various positions.
Such delayed adhesion peaks at the cell center may be caused by
a stretch of the cell*?° or may indicate the presence of extra-
cellular polymeric (EPS) layers on the cell surface.* The average
adhesion of ~130 pN at the center is in the same range with
values reported for single detachment events from the cell
wall.*** The jumps in adhesion force, i.e., local force minima in
the detachment peaks, plotted versus the rapture length show
that most peaks of both positions, cell center and cell edge, are
in the same range between 75 and 225 pN (Fig. 3f). This suggests
that these values represent single unbinding events between tip
and molecules at the cell surface'® which are independent from
the contact geometry. The rapture length, however, distributes
quite differently. At the cell center, data is restricted to a narrow
range at ~100 nm, whereas, the edge data are scattered between
0-300 nm. Obviously, the reproducibility of the rapture length
arises from geometrical aspects. In the center, the
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montmorillonite tip faces almost a flat cell surface leading to
the same interaction area at each point, whereas for the edge-
edge contact between montmorillonite tip and cell wall the
interaction area depends on, e.g., slope and form of the
respective contacting edges. Edge effects on adhesion
measurements were also reported elsewhere.*® Thus, Méndez-
Vilas et al.,, recommended avoiding force measurements on
the edges of microbial organisms in order to prevent a signifi-
cant underestimation of adhesion forces.*”

After cell-mineral interaction, the cell on which FD curves
were obtained slightly changed its morphology (compare right
cell in Fig. 3h with k and the corresponding height images in
ESI-Fig. 11a with c,T respectively), whereas the left cell and the
sub-micron fragments appear similar before and after the cell-
mineral interaction which confirms that the detected change of
the morphology of the investigated cell on the right side is not
an artifact due to contamination of the built-in characterizer.
Closer images (Fig. 31, m, and ESI-Fig. 11d¥) revealed the purity
of the investigated cell center which indicates that adhesion
measurements at the cell center cause no or only negligible
changes whereas the edges should be avoided as they are very
likely subjected to structural changes by these measurements.
This case study highlights the importance of inverse imaging
before and after cell-mineral interaction measurements under
the same environmental conditions because it enables an easy
quality control and prevents undetected artifacts.
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Fig. 4

(a) 3-D view of the glue tip showing fine kaolinite clusters trapped at and around the tip apex, (b, d and g), inset from (a) showing height,

deformation and adhesion channels, respectively, of an area at the kaolinite—glue interface, (c and e) sections of height, deformation channels,
respectively, (f) Z extension of kaolinite cluster (yellow, red and orange lines in (a)) at the top of the glue, and (h) an imaginary series showing the
influence of the kaolinite edge on the spatial resolution of the SNL characterizer (the dilation L is indicated by the golden arrow).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Distribution of kaolinite particles and clusters in Fig. 4a

Cluster or particle index 1 2 3 4 5 6 7 8 9 10 11 12 13 14
# particles in the cluster 3 4 2 9 1 1 6 5 10 2 5 15 3 2
Cluster-area/total-area (%) 2.8 3.3 1.4 10.9 0.4 0.1 0.9 1.4 4.6 0.6 3.6 6.1 1.7 0.5

3.4 Characterization of the kaolinite modified probe

Kaolinite aggregates were attached at and in the vicinity of the
apex of the glue tip (Fig. 4a). Evaluation of the surface ratio
revealed that ~38% of the glue tip surface was covered by
kaolinite particles and clusters. Thereby, a cluster refers to
a group of particles having at least one boundary in common. A
counted number of 12 clusters and only 2 individual particles
(Table 1) indicate that the kaolinite particles tend to be trapped
in clusters which leads to a quite inhomogeneous distribution.

Height comparison of transect lines over the most extended
kaolinite cluster (consisting of three particles) at the tip apex
(Fig. 4f) show that the most extended part of the kaolinite probe
was reached by the particle of the representative cluster crossed
by the orange line in Fig. 4a. Further, the extension of the three
particles forming the cluster on the top are all larger than the
adjacent glue which is essential for the intended cell-mineral
interaction experiment.

A more detailed image of the edge of the most extended
cluster (black frame in Fig. 4a) including height, deformation
and adhesion channels are shown in Fig. 4b, d and g respec-
tively. Inspection of transects of height and deformation
channels (Fig. 4c and e) crossing the cluster edges at different
points (blue lines in Fig. 4b and d) highlight edge effects in
dependence of the characterizer tip shape. The resolution at the
edge of the kaolinite cluster decreases due to dilation. Fig. 4h at
position 2’ illustrates the maximum dilation situation where the
dashed profile of the characterizer is captured instead of the
actual blue profile of the kaolinite edge. In order to calculate the
dilation, the cross-section of the characterizer at a Z level equal
to the height of the kaolinite cluster of ~40 nm, has to be
considered. As the cross-section of the characterizer is more
elongated at a Z level >15 nm and was approximated to a kite
(Section 3.1), its long diagonal (L) at Z = 40 nm well coincides
with the dilation length of 36 nm (demonstrated by the gold line

0O EED 215nm

Fig.5

in Fig. 4h). The deformation levels were comparable for the
kaolinite and the glue background except at the edge of the
cluster, where it increased dramatically for the dark blue line
section (Fig. 4d and e). Since the PeakForce was constant during
the scan, an explanation could be that the probe became less
constrained at the steeper edge (position 2 in Fig. 4h) and slided
off the sharp characterizer causing seemingly additional
deformation as an artifact. The average adhesion of kaolinite
(Fig. 4g) was in good agreement with a value obtained by
a “normal setup” in which an SNL probe scanned a kaolinite
particle fixed at the AFM stage (SI-67). Thus, it can be concluded
that the interaction was independent from the set-up. This
shows that the proposed inverse imaging method is essential to
check the reliability of the modification process.

3.5 Cell-mineral interaction between kaolinite and R.
erythropolis

In order to determine the adhesion between kaolinite and R.
erythropolis, we scanned a single cell by the kaolinite probe
(Fig. 5a). Comparison of the cell-mineral interaction image with
an image produced by a sharp probe of the same cell (Fig. 5¢)
shows that the kaolinite probe produced a triplicate image of
the cell as a consequence of the interaction of the cluster con-
sisting of the three kaolinite particles with the respective cell.
This highlights that inverse images of modified probes are
mandatory for an understanding of the results obtained by
probes modified with natural material. That the kaolinite
cluster interacted with the cell is also supported by the
dimension of the imaged cell after correction for the dilation.
The width of the triplicated cell image of 2.113 um (Fig. 5a) is close
to the sum of the dilation corrected width of the cluster at the tip
apex (Fig. 4a) and the dilation corrected width of the single cell
measured by the sharp probe (Fig. 5¢): (1.16 pm to 2 x 36 nm) +
(0.959 um to 2 x 30 nm) resulting in 1.088 + 0.899 pm = 1.987 pm.

0 EED215nm

(a) Height image of cell-mineral interactions produced by scanning the kaolinite modified probe against a single R. erythropolis cell fixed

at the AFM stage, (b) adhesion channel of the cell-mineral interaction addressed in (a), and (c) the respective R. erythropolis cell scanned by
a sharp SNL probe. The finite details of the cell morphology in (c) appear triplicated in (a) which originates from the interaction between the

kaolinite cluster at the top of the glue tip and the respective cell.
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The small deviation is probably caused by errors in positioning
and analyzing the cross-sections. For the first and the third trip-
licated cells, adhesion of the cell-mineral interaction (Fig. 5b)
measured at the cell center showed with 9.2 and 10.9 nN, respec-
tively, comparable values. The second triplicated cell, nevertheless,
exhibited a higher value. Since the second middle kaolinite particle
(red line in Fig. 4f) is not as extended as the yellow and orange
ones, it is very likely that its interaction with the cell was affected by
the glue or the edges of adjacent kaolinite clusters and thus
exhibited higher adhesion values. We thus excluded the second
triplicated cell from our adhesion calculation.

4 Conclusions

In this work, inverse AFM imaging was applied in order to test
the functionality of modified AFM probes. Our method proved
an excellent ability to track the topography of inorganically and
biologically modified tips with low and high aspect ratio and to
quantitatively investigate parameters, like distribution, dimen-
sions, adhesion, and deformation of the modifying substances.
In addition, the method allowed detecting the cell-mineral
adhesion at the single-cell level avoiding artifacts such as edge-
edge contact between the cell wall and montmorillonite
particle. Main advantages over current validation methods of
modified probes are that it is fast, it can be done directly before
and after the cell-mineral interaction under exact the same
environmental conditions, and it enables detection of smallest
local changes in the tip modification due to a high resolution.

Our future research aims at applying this method in the
direct determination of cell-mineral interaction.
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Abstract

Determination of the effect of water stress on the surface properties of bacteria is crucial to study bacterial induced soil water re-
pellency. Changes in the environmental conditions may affect several properties of bacteria such as the cell hydrophobicity and
morphology. Here, we study the influence of adaptation to hypertonic stress on cell wettability, shape, adhesion, and surface chem-
ical composition of Pseudomonas fluorescens. From this we aim to discover possible relations between the changes in wettability of
bacterial films studied by contact angle and single cells studied by atomic and chemical force microscopy (AFM, CFM), which is still
lacking. We show that by stress the adhesion forces of the cell surfaces towards hydrophobic functionalized probes increase while
they decrease towards hydrophilic functionalized tips. This is consistent with the contact angle results. Further, cell size shrunk and
protein content increased upon stress. The results suggest two possible mechanisms: Cell shrinkage is accompanied by the release
of outer membrane vesicles by which the protein to lipid ratio increases. The higher protein content increases the rigidity and the
number of hydrophobic nano-domains per surface area.

Keywords: hypertonic osmotic stress, hydrophobicity, chemical force microscopy, cell surface, Pseudomonas fluorescens, X-ray photo-

electron spectroscopy

Highlight: Changes in chemical composition and nanomechanical
properties of cell surfaces due to adaptation to hypertonic NaCl
stress explain the increase in hydrophobicity measured at nano-
and microscale.

Introduction

Soil water repellency (SWR), defined as a property which limits or
completely prevents water infiltration into the soil (Diehl 2013),
attracts a lot of attention as it may essentially change soil prop-
erties and functions (Doerr et al. 2000). A microbial cover, often in
combination with biofilm formation, can change the surface prop-
erties of pure mineral interfaces (Schneider et al. 1997, Berquand
2011). Especially in soil ecosystems, bacteria have a great influ-
ence on the physicochemical properties of solid surfaces. The bac-
terial biomass residues and in particular cell envelope fragments
form a significant part of the soil organic matter (SOM) (Miltner
et al. 2012) and, thus, contribute to the lipid pool causing water
repellency (Schurig et al. 2013). For example, it was detected for a
soil chronosequence that even a low biological cover of ca. 10% of
P. putida cells on quartz grains significantly increases the contact
angle of the resultant cell-mineral association compared to the
uncovered quartz particles (Achtenhagen et al. 2015). Therefore,

bacterial wetting properties are of major concern in soil ecosys-
tems (Cao et al. 2006).

Bacteria adapt to stress inducing surroundings by several
mechanisms by which they undergo a rapid or gradual change
of several physicochemical properties (Baumgarten et al. 2012b).
Thereby, the outer membrane of Gram negative bacteria plays an
essential role in the cellular response to changes in the environ-
mental conditions (Inoue and Horikoshi 1989). Adaptation mech-
anisms may include an increase in cell hydrophobicity (Baum-
garten et al. 2012a), a reduction in negative cell surface charge
(Baumgarten et al. 2012b), a change in membrane fatty acid com-
position (Heipieper et al. 2007), a change of cell morphological
characteristics like a reduction in size and cell wall rigidity upon
a decrease in cell turgor pressure (Deng et al. 2011), and finally
a release of outer membrane vesicles as a first step of biofilm
formation (Baumgarten et al. 2012a). Furthermore, it is well ac-
cepted that osmotic stress can lead to conformational changes of
the proteins embedded in the bilayer of Gram negative bacteria
(Bremer and Kramer 2019). The regulation of the cell volume due
to stress by shrinking reduces the stretch of the cell wall and de-
creases the lateral membrane tension (Spagnoli et al. 2008, Fran-
cius et al. 2011), thus reducing the cell stiffness. However, changes
in cell volume may also be associated with a modification of the
protein content. More specific, the swelling of bacteria leads to
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a higher protein synthesis to maintain the same density at the
cell surface (Lang 2007, Wood 2015), whereas, cell shrinkage stim-
ulates the degradation of proteins to amino acids (Botsford et al.
1994, Lang 2007). Thereby, due to its incompressible structure (We-
ber and de Bont 1996, Hwang et al. 2018), the protein density at
the cell surface has an influence on the cell rigidity. An enrich-
ment of the proteins content has a stiffening effect on the cell
outer membrane as they reduce the fluidity of surrounding lipids
(Dombek and Ingram 1984, Weber and de Bont 1996, Hwang et al.
2018).

However, previous research on the impact of osmotic stress on
cell envelopes and on the effect of drought on cell fragments in
soil lacks a comprehensive relation between the resulting modi-
fications in morphology, elasticity, chemical composition and hy-
drophobicity of bacterial cell surfaces which is needed for under-
standing the mechanisms involved.

A promising tool to analyze nanoscale surface properties of
cells under environmental conditions is atomic force microscopy
(AFM). Especially chemical force microscopy (CFM) allows to mea-
sure specific chemical interactions, i.e. the adhesion of AFM tips
modified by different specific chemical groups towards the cell
surface molecules. Thus, CFM has been widely applied to study
the properties of microbial surfaces because it is the only tech-
nique that offers high resolution investigation of chemical inter-
actions under environmental conditions (Beaussart et al. 2020).
For example, an increasing gradient along the cell in adhesion
forces between -CHs probes and the cell surface of R. erythropolis
could be attributed to a gradient in the distribution of the chem-
ical composition along the cell length which is essential for cell
division process (Dorobantu et al. 2008). CFM could also be per-
formed by attaching a single cell or a cell film to an AFM probe
and scanning functionalized surfaces with this probe as, e.g. done
by El-Kirat-Chatel et al. (2014) with a single Pseudomonas fluorescens
cell. The force spectroscopy analysis towards hydrophobic (-CHs)
or hydrophilic (-OH) substrates revealed that a sequential unfold-
ing of the large adhesin protein LapA+ only occurred during inter-
action with the hydrophilic substrate (El-Kirat-Chatel et al. 2014).

Our research project aims at a more comprehensive view on
the relation between adaptation to hypertonic stress, cell surface
properties of soil bacteria and their effect on soil water repellency.
Repellent properties in soil appear when soil dries out, but often
persist even after the following rewetting event and thus result
in persistent irregular wetting patterns with wet and dry soil do-
mains (Tdumer et al. 2005). Our interest is therefore focused on
the long-term effects of drying stress on surfaces of soil bacte-
ria, e.g. in the range of days to weeks. Hence, in the present study
we asked the question: Which mechanisms lead to a long-term
increased cell surface hydrophobicity of the Gram negative soil
bacterium P. fluorescens upon growth under hypertonic stress?

To answer this question, P. fluorescens cells grown under NaCl
induced hypertonic stress and under optimum ionic strength con-
ditions for bacterial growth (unstressed) were investigated under
similar condition excluding osmotic stress at the time of anal-
yses. A hypothesized stress dependent higher hydrophobicity of
cell surfaces (hypothesis H1) was tested by the macroscopic con-
tact angle (CA) obtained from sessile drop measurements on dried
cells and by the adhesion of cells towards hydrophobic (-CHs) and
hydrophilic (-COOH, -NH,) functionalized tips both in an aqueous
medium with low ionic strength using CFM. We choose these two
hydrophilic groups for CFM because they are present in proteins
and lipids as two main cell wall constituents and are typical abun-
dant functional groups in SOM. Furthermore, the use of these tips
allows to identify the effect of surface charges. Both functional

groups have a different pH dependent charge. While -NH, groups
(pka ~ 9-10) are uncharged at the experimental pH of ~ 6, -COOH
groups (pks ~ 2-4) are usually deprotonated and thus negatively
charged (Vezenov et al. 1997). Thus, a hypothesized lower surface
charge of stressed cells (H2) can be detected by a higher adhesion
towards —COOH tips. Differences in size and in nanomechanical
properties of the stressed and unstressed cells, like a hypothesized
smaller size and softer cell surface of the stressed cells (H3), were
obtained from height images and the DMT Modulus (Derjaguin—
Miiller-Toporov model of the Young's Modulus) using AFM. To de-
tect the hypothesized reduced protein and increased lipid content
in the cell surface composition of the stressed cells (H4), the AFM
results are related to the proportion of surface carbon associated
with proteins (Cp,/C), polysaccharides (Cps/C) and hydrocarbon-
like compounds (Cyc/C) as well as to the surface elemental O/C,
C/N and N/P ratios obtained by X-ray photoelectron spectroscopy
(XPS).

Methods

Bacterial Strain and Growth Conditions

Pseudomonas  fluorescens (DSM  50090) was obtained from
DSMZ/UMB strain collection and grown in 250 ml of sterile
mineral salt media, consisting of 7 g Na;HPOy, 2.8 g KH,PO4, 0.5 ¢
NaCl, 1 gNH4Cl, 0.1 g of MgSQO, - 7H,0,0.01 g of FeSOy - 7H,0, 5 mg
of MnSOy - H,0, 6.4 mg of ZnCl,, 1 mg of CaCl, - 6H,0, 0.6 mg of
BaCly, 0.36 mg of CuSQO, - 7H,0, 0.36 mg of CuSOy - 5H,0, 6.5 mg of
H3BOs3,0.01 gof EDTA, 146 ul of HC1 37% per liter of distilled water
with supplementation of 1 g/l of yeast extract and 4 g/l sodium
succinate as carbon source (Hartmans et al. 1989). Osmotic
potential of the media was reduced by addition of 0.5 M NaCl by
—2.5 MPa to induce osmotic (hypertonic) stress. Control and NaCl
amended media were inoculated with freshly grown overnight
cultures, to obtain initial optical densities (ODsg) of 0.05 in 250 ml
glass vials. The vials were incubated at 30°C on an orbital shaker
(160 rpm). Cell growth was monitored by optical density measure-
ment (ODsgo) using a Perkin Elmer UV/VIS Spectrophotometer
(UV-Vis Spektrometer: Lambda2S, Perkin/Elmer, Waltham, USA).
Cells were harvested after 6 hours by centrifugation at 11000 g
for 15 min (Hermle Z383K), resuspended in 2 ml KNOs3 (10 mM,
pH 7.0) and transferred to 2 ml reaction tubes. Each sample was
washed twice with 2 ml KNOs followed by 1 min centrifugation at
10000 g. The washed biomass was resuspended in 1 ml KNO3 and
stored at 5°C until further analysis. Thus, we tested long-term
differences of cells grown under stress in a hypertonic medium
as compared to cells grown in a control medium that persist even
when the cells were immersed in low ionic strength solution or
shortly air dried for sample preparation.

Contact Angle

Contact angles of P. fluorescens cells were determined with the ses-
sile drop method (Baumgarten et al. 2012a, van Loosdrecht et al.
1987) using a CCD-equipped contact angle microscope (OCA 15,
DataPhysics, Filderstadt, Germany). Bacterial samples were pre-
pared by filtering P. fluorescens cell suspension through cellulose
acetate filters (0.45 um pore size). The filters with a dense multi-
layer of bacterial cells were air-dried for two hours and the cen-
tral part of the air-dried filters was fixed on microscopy glass
slides using double-sided adhesive tape. Directly after prepara-
tion, a 1-ul drop of deionized water was placed on the sam-
ple surface and the initial solid-water contact angle was evalu-
ated at the intersections of the drop contour line with the solid
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surface by automatic drop shape analysis using the software
SCA20 (DataPhysics, Filderstadt, Germany). Contact angles are
given as arithmetic means of nine independent measurements.

X-ray Photoelectron Spectroscopy

Part of the results of the X-ray measurements have been recently
published and the method described in detail (Karagulyan et al.
2022). Briefly, surface elemental composition of P. fluorescens cells
was analyzed by XPS using an Axis Ultra DLD (Kratos Analytical,
Manchester, UK) with monochromatic AlKe radiation (1486.6 eV;
emission current: 20 mA, voltage: 6 kV). For the measurement, the
central point of an air-dried filter, prepared the same way as for the
contact angle analysis, was fixed on a bar using conductive carbon
tape (Agar Scientific Elektron Technology UK Ltd., Stansted, UK).
Bacterial cell envelopes can be considered to consist of three
major classes of constituents, namely proteins (Pr), polysaccha-
rides (PS), and hydrocarbon-like compounds (HC). By combining
information on the chemical composition of these model con-
stituents with the surface elemental composition measured by
XPS it is possible to estimate the molecular composition of the
cell surface (Genet et al. 2008). The proportion of surface car-
bon associated with proteins (Cp,/C), polysaccharides (Cps/C) and
hydrocarbon-like compounds (Cyc/C) was estimated from the ob-
served elemental concentration ratios [N/C]y,s and [O/Clops With
the following set of equations (Equ. 1-4). The coefficients in Equ.
1 and 2 are based on data computed for the major outer mem-
brane protein of P. fluorescens and the general chemical formula of
proteins and polysaccharides ([CeH10Os]n) (Genet et al. 2008):

[N/Clps = 0.279 (Cpr/C) (1)
[O/C}obs = 0.325 (cPr/C) +0.833 (Cps/c) 2)
[C/Clobs = (Cpr/C) + (Cps/C) + (Cuc/C) = 1 3)

The mass percentage of the respective constituent i (i.e. Pr, PS,
HC) is then calculated as
(Ci/C) 1

. 4)
M; (Ces/C) (Crr/C) (Ciic/C) (
! K/?Pr + Mps + IU[CHC

Constituent i (mass %) =

where M; is the carbon concentration in the constituent (43.5,37.0,
and 71.4 mmol C g~! for Pr, PS and HC, respectively) (Genet et
al. 2008). Statistical significance of differences in contact angle
and surface chemical composition between control and stressed
cells was tested by paired t-tests when normality was met (tested
by Shapiro-Wilk test) or by Wilcoxon signed-rank test, using
SigmaPlot 13.0 (Systat Software, Inc., San Jose, USA).

Atomic and Chemical Force Microscopy

The cells were fixed on poly-L-lysine coated coverslips. The cover-
slips were cleaned first with acetone (ROTISOLV® Pestilyse® plus
>99,9%, ROTH, Germany) and immediately, before drying, left for
30 minutes in a conventional ultrasonic bath containing ~70%
ethanol (ROTIPURAN® >99,8%, p.a, ROTH, Germany) and ~30%
ultrapure water. After air drying, a drop of poly-L-lysine (P8920,
Sigma-Aldrich, Germany) was pipetted near the center of the cov-
erslips and air dried again. Finally, a drop of the bacterial suspen-
sion (tenfold diluted suspension in 10 mM KNOs with an original
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optical density of 0.9) was pipetted on the top of the poly-L-lysine
spot (located by the ring effect), air dried and intensively rinsed
by a 10 mM KNOs solution to remove loosely attached cells. The
air drying step was important to ensure good fixation of the cells
at the glass surface but was kept as short as possible to avoid
drought stress (i.e. < 1 minute).

AFM maps were executed by atomic force microscope (AFM,
Dimension Icon, Bruker Corporation, USA) operated in the Peak
Force Quantitative Nanomechanical Mapping (PFQNM) mode in
10 mM KNOs solution at a force setpoint of 5 nN. In order to main-
tain the same concentration of 10 mM KNOs; over time, we com-
pensated for the loss of water via evaporation by a custom built
pump (SI-1). We used OLTESPA-R3 probes (ASYLUMRESEARCH,
USA), calibrated their deflection sensitivity (Sv) on mica and es-
timated their spring constant (k) by the thermal noise method.
The tip geometries were obtained by imaging the topography of
a titanium roughness sample and post blind tip reconstruction
analysis as done in our previous work (Abu Quba et al. 2020). To
compensate for that fewer cells were found in the stressed com-
pared to control cultures, a higher number of regions of interest
(ROIs) of the stressed (25 ROIs) than of the control cells (16 ROIs)
was imaged by height and DMT Modulus channel.

CFM experiments were performed using chemically modified
AFM probes. The probes (SmartTips®) were chemically functional-
ized by the producer (NanoAndMore GmbH, Wetzlar, Germany) as
follows: The gold surface of the probes were cleaned (UV-Ozone),
before being submerged in a 1 mmol thiol solution overnight. Af-
terwards, the probes were cleaned with ethanol and stored in
solution in individual containers. The specific thiols used are 1-
octadecanethiol, 11-mercaptoundecanoic acid, and 11-amino-1-
undecanethiol for -CHs, -COOH and -NH,, respectively. The de-
flection sensitivity (Sv), the spring constant (k) and the tip radii
were obtained as mentioned above. A 3 um ramp size and 1.03 Hz
ramp rate were sufficient to break free from the surface. In order
to enhance the chemical interaction, the tip-sample contact time
was set to one second using the surface delay function.

We aimed to protect the CFM probes from damage or contami-
nation by ensuring minimal use of the probes. Thus we applied a
low force setpoint and obtained a quality control (adhesion tests)
on freshly cleaved mica (Mica Sheet, V5 Quality, Science Services,
Minchen, Germany). As long as quality control on mica revealed
no changes before and after the CFM experiments, we considered
the measurements as reliable, i.e. without damages in the organic
layer of the CFM probes. To locate cells, low resolution maps (32
to 64 lines) were captured using the point and shoot function at
a force setpoint < 3 nN. Then, several force-distance (FD) curves
were obtained at a force setpoint of 5 nN on the center of the cells
found in the image.

In total, we used eight —CH3 probes (4 for control and 4 for
stressed cells), six -COOH probes (3 for control and 3 for stressed
cells) and four -NH, probes (2 for control and 2 for stressed cells).

Processing of AFM Data and Statistical Analysis
of Data

To get the cell height and length, sectional analyses of the
NanoScope Analysis software (version 2.0, Bruker) were applied
in the height maps (Fig. 1le). The shape of the cells was approx-
imated to cylinders with diameter and length equal to the cell
height and length, respectively. This allowed estimating their to-
tal surface area and volume. For more details, see (SI-2) and (SI-3).
The roughness (Rq) was evaluated using the roughness function
of the NanoScope Analysis software in the height maps. To avoid
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Figure 1. AFM maps of (A) height and (B) log DMT Modulus of control
(left) and stressed (right) P. fluorescens cells, (C) digital zoom into a single
cell with a marker on the area considered for measuring the stiffness,
(D) the same cell as in (C) in Height Sensor channel with a threshold of
200 nm to measure Rq, (E) two sections along the cell length and width
made to measure the cell length and height, respectively.

the dilation effect recently shown in Abu Quba et al. (2021) on
biological ‘irregular’ samples we considered only the top of the
cell for Rq estimation using a threshold of Z = 200 nm (Fig. 1D).
The elastic Modulus described by the Derjaguin-Muller-Toporov
(DMT) Modulus was estimated using the roughness function at
the logDMT Modulus channel (Fig. 1C). The adhesion force in the
FD curves was determined as the minimum force in the baseline
corrected retraction curve using R (R Core Team 2020) and the R-
package {afmToolkit} (Benitez et al. 2017). Each adhesion force was
normalized by the radius of the respective tip in order to account
for the different contact areas achieved by the tips with various
tip curvatures (e.g. Vezenov et al. 1997, Poggi et al. 2004, Vadillo-
Rodriguez et al. 2004, Gourianova et al. 2005, Uner et al. 2006, Jiang
and Turner 2016). The ‘jump to contact’ events were searched in
the approach curves to check if there are attractive interactions
between the functionalized probes and the cell surfaces.

Data of height, length, Rq, and Log DMT Modulus revealed un-
equal variances (Levene’s test, R package {car}; Fox and Weis-
berg 2011) and were not normally distributed (Shapiro-Wilk test,
R package {stat}). Thus Wilcoxon rank sum tests (R-package {stat})
were applied to detect significant differences in these parameters
between control and stressed cells. The differences in cell height,
cell Rg and Log DMT Modulus were expressed in percentage of the
control values.

Linear mixed effect models (R packages {lme4} (Bates et al.
2015) and {lmerTest} (Kuznetsova et al. 2017)) were applied to test
the effect of stress on the adhesion force of FD curves with differ-
ent individual tips or different individual cells as random effect:
force~stress+(1|tip) / force~stress+(1|cell) for the eight -CHjs, the
six —COOH or the four -NH, tips which were used for FD curves
on randomly selected control and stressed cells. In order to en-
sure validity of the models (Levene’s and Shapiro-Wilk test of the
residuals), adhesion forces were Box-Cox transformed (R package
{caret}; Kuhn et al. 2016).

Results

Wettability and Surface Chemical Composition
(XPS)

The hypertonic stress resulted in a lower cell surface wettability
as the contact angle of the dried stressed cells (93° + 2°) was by
~24° significantly larger than the one of the dried control cells (69°
+ 5°; Table 1).

The XPS measurements (partly already published in Karag-
ulyan et al. (2022)) revealed some pronounced differences in the
surface elemental composition of P. fluorescens as a result of adap-
tation to hypertonic stress. As shown in Fig. 2, we found a signifi-
cantly lower surface K content as well as a significantly higher sur-
face Fe, S, Na, and N content for the stressed cells as compared to
the control cells. In contrast, surface P, O, and C tended (not signif-
icant) to be lower for the stressed cells than for the control, which
was reflected by significant differences in the C/N and N/P ratios.

Estimation of the mass percentage of main cell surface com-
pounds revealed a stress induced higher amount of surface car-
bon associated with proteins and a lower amount of surface car-
bon associated with the polysaccharides and hydrocarbon-like
compounds (Table 1). In a study of bacterial biofilm, P. fluorescens
contains up to 50% of proteins (Baum et al. 2009) which is in accor-
dance with our results from XPS measurements on the stressed
bacteria.

Atomic and Chemical Force Microscopy

The height of the control cells scatters with a symmetric distri-
bution around ~ 620 nm (Fig. 3a). In contrast, the heights of the
cells grown under hypertonic stress were significantly (P < 0.001)
shifted to smaller values scattering around ~ 360 nm, however
with a strongly right-skewed distribution (Fig. 3a). The length of
the cells grown under stress was with ~ 1.9 nm only slightly but
significantly (P < 0.001) shifted by ~ 0.2 nm to lower values com-
pared to the length of the control cells with ~2.1 nm (Fig. 3b). Thus,
the stress more strongly reduced the cell height of P. fluorescens by
42% than the cell length by 12% leading to a 50% lower surface
area and a 70% lower volume (Table 1). Line scans across height
maps (Fig. 4a and b) show that the stressed cells besides having
lower heights also tend more strongly to form clusters. This clus-
tering made the height determination more difficult and might
have led to an overestimation of the heights of individual cells and
thus to the right-skewed hight distribution of the stressed cells.
The log DMT Modulus values of the control cells was confined
within 6-8 log(Pa) with a monomodal distribution and a maxi-
mum around 7 log(Pa), whereas the values of the stressed cells
ranged from 3 up to 9 log(Pa) with a trimodal distribution around
density peaks at 8.5, 7.5, and 5.5 log(Pa) with decreasing density
(Fig. 3C). Obviously, the stress resulted in different effects rang-
ing from a rather strong decrease of the DMT modulus (7.5-5) to
a pronounced increase (7-8.5), whereas a third group of cells re-
mained almost unchanged (7.5-7). The surface roughness Rq of
the stressed cells was symmetrically distributed (Fig. 3D) and with
~53 nm by ~ 3 nm slightly but significantly (P < 0.001) higher than
of the control cells with ~ 50 nm (Table 1). Thus, the stress appli-
cation had less effect on cell Ry and log DMT Modulus than on the
cell size with an increase by only 6% and 5%, respectively. The log
DMT Modulus values of the control cells was confined within 6-8
log(Pa) with a monomodal distribution and a maximum around 7
log(Pa), whereas the values of the stressed cells ranged from 3 up
to 9 log(Pa) with a trimodal distribution around density peaks at
8.5,7.5,and 5.5 log(Pa) with decreasing density (Fig. 3c).
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Table 1. Medians, standard deviations and differences of chemical cell surface composition, cell shape, and physical cell parameters
studied by sessile drop method, XPS and AFM (errors of differences reflect the 95 percentile, asterisks indicate significance with * P <

0.05,* P < 0.01, ** P < 0.001).

Control cells Stressed cells Difference
Contact angle (%) 69 + 5 93 + 2 24 + 13%
Hydrocabons (%)? 18.6 126 6
Proteins (%)* 37.8 51.6 13.8
Polysaccharides (%)? 43.7 35.8 7.9
Height (nm) 616 + 100 358 + 161 235.00 + 21.50"*
Length (um) 2.11 + 0.68 1.85 + 0.64 023 £ 011
Volume (um?) 0.63 + 0.33 0.19 + 0.15 0.44
Surface area (um?) 4.68 + 1.94 2.28 + 1.47 2.4
Rq (nm) 50.50 + 7.43 53.50 + 6.07 3.00 + 1,10
log DMT Modulus (log Pa) 7.17 + 0.38 7.54 + 1.10 0.28 + 0.15%*
@Data published in Karagulyan et al. (2022)
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Figure 2. Surface chemical composition of control and stressed cells of P. fluorescens. Error bars indicate the standard deviation (n = 3). Asterisks
indicate significant difference between control and stressed cells (significance levels: * P < 0.05, ** P < 0.01, ** P < 0.001). Data are partly already

published in Karagulyan et al. (2022).

In all force-distance curves of the present study, ‘jump to con-
tact’ events as well as repulsive barriers could not be detected.
Thus, long-range repulsive or attractive electrostatic interactions
were virtually absent or smaller than the detection limit. After
contacting the cell surface for one second, all CFM tips adhered to
control and stressed cells in different strengths (Fig. 5). The stress
induced an increase in the adhesion forces of -CHj tips from 12.5
+ 1.3 pN nm~! towards control cells to 16.4 + 1.3 pN nm~! to-
wards stressed cells, and thus results in a difference of 4.0 & 1.8
pN nm~! (P < 0.05). In contrast, the stress induced a decrease in
the adhesion forces of the -COOH from 13.9 & 1.2 towards control
to 10.2 £ 1.2 towards stressed cells with a difference of 3.7 + 1.7
pN nm~! (P < 0.001). While the adhesion forces of the -NH, tips
decreased from 24.6 £ 1.9 pN nm~* to 15.5 & 1.9 pN nm~! result-
ingin a difference 0of 9.0 £ 2.7 pNnm~! (P < 0.01) between stressed
and control cells.

In Fig. 5, it is remarkable that the -NH, group adheres stronger
than the other chemical groups towards either control or stressed
cells, and also stress seems to have a stronger impact on the adhe-
sion forces towards the -NH, group than the other two tip types.

Although there is a common trend of the distribution of the vio-
lins with a maximum density around the mean and elongated ex-
tension upward, i.e. a right-skewed distribution, the distribution
differed for a given tip and does not always look like the violins in
Fig. 5. We refer to (SI-4) for more details.

Discussion

Effect of Hypertonic Stress on Cell Surface
Hydrophobicity

We studied the changes in elasticity, surface chemistry and wet-
tability of P. fluorescens cells upon adaptation to hypertonic stress.
The enhanced tendency for hydrophobic interactions detected by
the adhesion of -CH; group and the reduced tendency for hy-
drophilic interactions detected by the adhesion of -NH, and -
COOH groups towards the NaCl stressed P. fluorescens cells com-
pared to control cells is in good agreement with their reduced
macroscopic wettability and supports our hypothesis (H1) that
cells grown under hypertonic NaCl stress increased their cell
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Figure 3. Histograms of (A) height, (B) length, (C) Log DMT Modulus and (D) Rq of the control and stressed P. fluorescens cells.
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Figure 4. (A) Examples of the CFM height maps with marks indicating the targets of force spectroscopy measurements and lines indicating location of
line scans and (B) superposition of line scans shown in (A) showing that the height of the individual control cells is almost constant, whereas the

height of the stressed cells varies as they form a cluster.

surface hydrophobicity. This indicates that the cell surface of
stressed cells contains more outside directed sites for hydropho-
bic interactions and fewer sites for hydrophilic interactions like
van der Waals interactions and hydrogen bonding, than the un-
stressed cells. The more hydrophobic surface of the cells grown
under stress is also an explanation for their stronger tendency
to form clusters as it is obviously energetically more favorable to
reduce their contact with the polar aqueous medium or the poly-
L-lysine coating and instead adhere to each other.

Effect of Hypertonic Stress on Surface Charge

However, our second hypothesis (H2) that the hydrophobization
is accompanied by a significant reduction in negatively charged
surface sites cannot be proven by this study because adhesion
towards —COOH groups did not increase upon stress. Probably,

the hydrophilic interactions towards -COOH were reduced more
strongly after adaptation to hypertonic stress than a potential
charge effect could compensate for. However, the comparable
change in adhesion of -COOH and -NH, towards cells after adap-
tation to hypertonic stress suggests that the charge effect is prob-
ably negligible. The higher adhesion of stressed cells towards —
NH,; groups than to the -COOH group could be explained by local
negative charges of deprotonated carboxylic groups on the cell
surface that may have reduced the adhesion by repulsive interac-
tions with the also partly deprotonated -COOH groups on the tips
as has been shown by force titrations (Vezenov et al. 1997, Ahimou
etal. 2002). However, in contrast to expectations, but in agreement
to FD curves between the surface of a single S. cerevisiae cell and
—COOH tips in 1 mM KNOjs solutions of varying pH (Ahimou et al.
2002), repulsive interactions in form of an energy barrier and a
jump-in point could not be detected. A possible explanation for
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Figure 5. Violin plots of adhesion forces of CFM probes functionalized
with -CHs, -COOH, and -NH, groups towards P. fluorescens grown under
control conditions and under osmotic stress (0.45 M NacCl).

this might be that at the low ionic strength of 10 mM KNOs, the
increase of the repulsive forces in the FD curve was very flat and
the jump-in due to the van der Waals interactions occurred very
close to the surface and both were thus barely visible (Butt 1991).

Effect of Hypertonic Stress on Cell Wall
Composition and Morphology

The higher protein content, the smaller size and the higher stiff-
ness of the cells grown under stress than of the control cells are
in contrast to our expectations. Thus, we have to reject our hy-
potheses H 3 and 4 that adaptation to hypertonic stress results in
smaller and softer cells due to the degradation of proteins (Bots-
ford et al. 1994, Lang 2007). The cell volume reduction upon adap-
tation to hypertonic stress of ~70% agrees well with those re-
ported for various Escherichia coli strains of 63%, 65%, and 73%
(Francius et al. 2011) but is higher than the 40% addressed in an-
other work also on E. coli (Pilizota and Shaevitz 2013). The regu-
lation of the cells to lower volumes by stress could be related to
water loss from the cell interior to the surrounding solution (Pili-
zota and Shaevitz 2012). The outer membranes of Gram negative
bacteria are composed of lipopolysaccharides (LPS) that are an-
chored with their lipid parts in a phospholipid bilayer and extend
their core- and outer-polysaccharide chains into the surround-
ing solution. Embedded in the fluid phospholipid bilayer are pro-
teins like porins. A pure physical effect would be that the reduced
cell size caused a decrease of the distances between the proteins
as hydrophobic binding sites in the lipid bilayer and thus a rel-
ative increase of the protein coverage on the cell surface at the
expense of lipopolysaccharides (LPS) and lipids that might have
been partly released as outer membrane vesicles (Baumgarten et
al. 20123, Eberlein et al. 2018). The resultant closer vicinity of the
proteins reduces the fluidity of the lipids between them increasing
the ordering of the lipid alkyl chains and thus the rigidity of the
outer membrane (Shinitzky 1984). Thereby, the surface C/N ratio
increases and a relatively higher protein and lower polysaccharide
content become detectable by XPS.

Both explanations are in good agreement with the higher stiff-
ness of the stressed than the control cells. Such stiffening effects
with increasing protein content have been already reported for
inner membranes of Gram negative bacteria upon organic sol-
vent or mechanical stress (Dombek and Ingram 1984, Weber and
de Bont 1996, Hwang et al. 2018). However, the trimodal distri-
bution of the stiffness suggests a heterogeneous stress effect. A
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Figure 6. Sketch of the proposed interaction between a ~CHjs tip and (A)
control and (B) stressed planar cell surface. As the stress reduced the
cell size (or surface area), the hydrophobic components accumulate on
the surface which allow the -CHj tip to interact with more protein
segments as illustrated in the inset (B).

possible explanation could be that some cells died resulting in
lower stiffness, while others react by stiffening to the stress situa-
tion and some cells already recovered from the stress and turned
to the unstressed cell physiology. Also the observed small but sig-
nificantly higher roughness of the stressed cells support our ex-
planation that the stress induced hydrophobization is caused by
modifications of the cell wall ultrastructure. However, it remains
speculative by which processes structure and composition of the
outer cell wall components were affected upon stress.

Effect of Protein Content on Hydrophobicity

Single molecule force spectroscopy (SMFS) maps within single
cells revealed that the adhesion is restricted to concentrated
nano-domains (Dorobantu and Gray 2010) which supports our ex-
planation that the hydrophobic sites on the cellular surface are
localized in concentrated nanodomains.

Both, the polysaccharides (Cunha and Gandini 2010) and the
headgroup components of lipids exposed to the outer membrane
(Nagle and Tristram-Nagle 2000) are of hydrophilic nature while
the partially nonpolar (Giovambattista et al. 2008) or highly hy-
drophobic (Whited and Park 2014) protein structures present hy-
drophobic domains. It is thus likely that the increase of protein
coverage of the membrane as a response to stress reduced the
hydrophilic space available for the water drop to spread leading
to lower wettability. Furthermore, this also reduced the interac-
tions with the hydrophilic CFM tips leading to a reduction of adhe-
sion forces towards the -NH, and -COOH probes. Owing to an en-
hanced exposition of hydrophobic binding sites of stressed com-
pared to control cells, the probability of the —-CHj tip to interact
with such a hydrophobic molecule or molecule part increases for
the stressed cells (compare the proposed tip-sample interaction
sketch in Fig 6A for the control cell with Fig 6B for the stressed
cell). By unloading the cantilever, it would be energetically more
favorable to hold the contact between the ~CHs tip and the hy-
drophobic stressed cell surface than being wetted by the polar
medium up to the point when the restoring force of the cantilever
overcomes the adhesion force between tip and sample.

Conclusions

Combination of nanoscale physical properties like size, roughness
and stiffness with nanoscale interfacial properties like adhesion
to hydrophobic and hydrophilic functionalized AFM tips together
with microscale surface chemical composition and macroscale
wettability of stressed and unstressed cells of Pseudomonas fluo-
rescens increased our understanding of the processes that promote
bacterial induced SWR. Adaptation to hypertonic stress reduced
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the cell size probably due to release of water under the turgor
pressure but increased stiffness due to structural changes at the
outer cell layer of Pseudomonas fluorescens. The marked increase
in surface protein content suggests two possible mechanisms for
the structural changes that probably complement each other. The
destabilization of the outer membrane upon cell shrinkage is
probably compensated for by the release of outer membrane vesi-
cles by which the protein content increases. The higher protein
content increases the rigidity of the cell wall and the number of
hydrophobic nano-domains per surface area. In addition, an elec-
trostatic collapse of outer- and core-polysaccharide chains may
have led to a vertical contraction of the outermost layer thus ex-
posing the proteins embedded in the outer membrane more to the
outside. We could show that by adaptation to osmotic stress Pseu-
domonas fluorescens reduces the wettability of colonized surfaces
and thus may contribute to the dynamic of water repellency in
the complex soil systems.

To unravel details on the interplay of different cell adaptation
mechanisms to hypertonic stress further investigations are re-
quired by which the influence of each mechanism could be tested
separately. This does not only involves studying the role of the
release of the outer membrane vesicles and the contraction of
surface polymers for changes of the cell surface properties, but
should also include dynamic changes of the cell morphology, elas-
ticity and adhesion by in situ AFM technology (Mularski et al.
2016). Finally, the validity of the results for P. fluorescens has to be
tested for a wider range of soil bacteria from different taxonomic
groups.
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Hypertonic stress induced changes
of Pseudomonas fluorescens
adhesion towards soil minerals
studied by AFM

Abd Alaziz Abu Qubat?, Marc-Oliver Goebel?, Mariam Karagulyan3, Anja Miltner?,
Matthias Kastner?, J6rg Bachmann?, Gabriele E. Schaumann? & Doerte Dieh|**

Studying bacterial adhesion to mineral surfaces is crucial for understanding soil properties. Recent
research suggests that minimal coverage of sand particles with cell fragments significantly reduces
soil wettability. Using atomic force microscopy (AFM), we investigated the influence of hypertonic
stress on Pseudomonas fluorescens adhesion to four different minerals in water. These findings were
compared with theoretical XDLVO predictions. To make adhesion force measurements comparable
for irregularly shaped particles, we normalized adhesion forces by the respective cell-mineral contact
area. Our study revealed an inverse relationship between wettability and the surface-organic carbon
content of the minerals. This relationship was evident in the increased adhesion of cells to minerals
with decreasing wettability. This phenomenon was attributed to hydrophobic interactions, which
appeared to be predominant in all cell-mineral interaction scenarios alongside with hydrogen
bonding. Moreover, while montmorillonite and goethite exhibited stronger adhesion to stressed
cells, presumably due to enhanced hydrophobic interactions, kaolinite showed an unexpected trend
of weaker adhesion to stressed cells. Surprisingly, the adhesion of quartz remained independent

of cell stress level. Discrepancies between measured cell-mineral interactions and those calculated
by XDLVO, assuming an idealized sphere-plane geometry, helped us interpret the chemical
heterogeneity arising from differently exposed edges and planes of minerals. Our results suggest that
bacteria may have a significant impact on soil wettability under changing moisture condition.

Adhesion to solid surfaces plays a crucial role for bacteria’, resulting from a complex interplay of physicochemi-
cal interactions including electrostatic, van der Waals and Lewis acid-base (AB) forces**. In soil ecosystems,
bacteria exert a significant influence on various soil properties and soil functions. For instance, their capacity
to colonize surfaces contributes to soil aggregate formation and mineral weathering®. Even a slight increase in
microbial biomass or its residues at mineral surfaces can lead to substantial changes in surface characteristics,
such as surface roughness, surface charge, adsorption affinities and wettability®. Consequently, bacterial adhesion
is of major importance regarding soil functions in soil ecosystems®”.

The majority of soil bacteria regularly experience suboptimal growth conditions due to competition for
resources, or changing environmental factors, putting them nearly constantly under stress. With climate change,
particularly drought stress will become increasingly important for the soil microbial community®. Surprisingly,
there are currently no studies available that have analyzed the impact of drought stress on the adhesion of bacte-
rial cells to minerals. Hence, our goal is to investigate the role of bacterial cells and their cell wall remnants in
shaping the dynamics of mineral surface properties in soil under changing moisture conditions. In a recent study,
we demonstrated that subjecting Pseudomonas fluorescens cells to hypertonic stress induced by NaCl reduces
their wettability’. We now seek to explore whether soil bacteria and their cell envelopes not only decrease the
wettability of soil particles after dry periods but also exhibit stronger adhesion to surfaces, making them less
susceptible to degradation, ultimately leading to an increased persistence of soil water repellency.

In liquid media, the aggregation or dispersion behavior of cell-mineral associations can be described using the
extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory**!°. However, XDLVO calculations necessitate
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geometrically well-defined interfaces with uniform surface charge density, whereas real colloidal systems in soil
display morphological and chemical variations that can lead to significant deviations from theoretical models
with simplified geometrical shapes (e.g., spherical and planar approximation)!!-1*. Numerical methods such as
surface element integration (SEI) can determine the precise interaction forces between different any shapes and
a flat surface'*'*. However, considering chemical heterogeneity arising from structural edge effects of minerals
demands substantial computational power'® and, to our knowledge, has not been applied yet. Consequently, it
is imperative to directly measure adhesion forces under the most realistic conditions.

Atomic force microscopy (AFM) serves as a powerful tool for investigating cell-mineral interactions (CMI)**¢
and is the only technique with nano-resolution applicable to living cells in aqueous solutions'”. In examining
the interaction between E. coli and “flat” single crystals of muscovite, goethite and graphite, it was revealed
that electrostatic forces predominantly dictate the adhesion forces’ polarity. Simultaneously, both the surface
hydrophobicity and roughness of the minerals exert a direct influence on the absolute force magnitude within
the attractive force regimes'®. When dealing with irregularly shaped natural substances, tip-sample interactions
become increasingly complex due to the effect of contact area, and the potential for contact at multiple sites.
Adhesion measurements involving E. coli-coated tipless probes interacting with hematite or corundum nanopar-
ticles have demonstrated that smaller-radius particles adhere more strongly to the cells due to a greater number
of tip-sample contact sites compared to larger particles'. Consistently, E. coli cells displayed stronger adhesion
to needle-like goethite particles than to flat goethite surfaces®.

Hence, adhesion values without information on the contact area pose interpretation challenges, rendering
quantitative comparison of interaction forces between various strains and substrates unfeasable?*~2%. Conse-
quently, the adhesion pressure, defined as the normalized adhesion force over the corresponding tip-sample
contact area, was introduced®. This parameter facilitates a quantitative comparison of interaction data'®. A novel
protocol for characterizing irregular interface geometries formed by natural mineral particles and cells enables
the measurement of CMI in a liquid medium?®.

In addition to the contact area, the orientation at which a mineral particle contacts the cell surface likely
influences adhesion. Some minerals exhibit anisotropic crystallographic structure?*~, such as goethite which
comprises double chains of Fe-octahedra connected via hydrogen bonds across the long axis of the particle®.
The edges, despite representing only 2-5% of the particle surface, contain a higher density of potential hydrogen
bonding sites per unit area compared to the particle planes?**. Similarly, montmorillonite and kaolinite possess
additional polar sites along their edges with octahedral Al-OH and tetrahedral Si-OH groups located at the edges
of the particle rather than on the basal planes which are terminated by either one of these groups for kaolinite and
by Si-OH for montmorillonite, respectively’®?’. Larger quartz grains have irregularly shaped surfaces that become
hydroxylated in water facilitating hydrogen bonding with lipopolysaccharides of Gram-negative bacteria®®.

To investigate the effect of growth under drought stress on bacterial cell adhesion to minerals, we tested four
hypotheses:

H1 Since cells are likely slightly negatively charged at the experimental pH of 5.9, we anticipate jump-to-contact
events in force spectroscopy for positively charged minerals indicating an attractive force* and repulsive
electrostatic forces when negatively charged mineral tips approach cell surfaces.

H2 Mineral wettability influences adhesion pressures towards cells. More wettable minerals adhere to bacteria
to a lesser extent as a polar aqueous medium readily wet hydrophilic surfaces during cell-mineral separation.

H3 The increased protein content (hydrophobic surface domains) on stressed cell surfaces compared to
unstressed cells’ makes adhesion to mineral surfaces in a polar aqueous medium more energetically favora-
ble for stressed cells resulting in an increased adhesion pressure.

H4 The non-uniform distribution of functional groups and charge on kaolinite surfaces* generally leads to less
agreement between AFM spectroscopy results and XDLVO theory for the interaction with stressed and
unstressed bacteria compared to quartz, montmorillonite and goethite.

To assess these hypotheses, we conducted direct single cell-mineral interaction studies using AFM. Specifi-
cally, we measured force-distance (FD) curves towards P. fluorescens cells grown under hypertonic stress or under
unstressed conditions using probes modified with kaolinite, montmorillonite, goethite or quartz particles. The
minerals used represent a diverse range of particle shapes and physicochemical properties. Our experiments
thus encompass the complexity of interactions with the typical Gram-negative soil bacterium P. fluorescens.
Adhesion forces were normalized to the real 3D contact area. Surface roughness extends the range and depth
of the secondary minimum while decreasing the energy barrier’s magnitude?. Furthermore, morphological
heterogeneity increases attractive interactions in the primary minimum compared to XDLVO calculations using
simplified geometrical models'>. Hence, we only qualitatively compared the measured adhesion pressures with
theoretical XDLVO energy profiles. In these models, minerals and cells were approximated as spheres and planes,
respectively, using macroscopic parameters like contact angle and zeta potential. Any deviations were attributed
to mineral shapes and potential chemical heterogeneity resulting from differently exposed clay edges and planes
when interacting with bacterial cells. This approach enabled the discussion of potential relationships between
surface charge, crystal structure, wettability, and chemical composition of minerals with the adhesion pressure
of specific cell-mineral pairs.

Results

Characteristics of the minerals and their aggregates

To provide an overview of the size, shape and aggregation behavior of the minerals used, Fig. la—c present Height
and Peak Force Error images of goethite, kaolinite and montmorillonite, respectively. Figure 1d displays an image
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Figure 1. AFM Height (top) and Peak Force Error (bottom) maps of (a) goethite, (b) kaolinite, (c)
montmorillonite and (d) quartz, obtained in KNOj; solution with sharp tips. The scale bar is 1.5 pm for all
images.

of the edge of a quartz particle. More detailed images can be found in Supplementary Fig. S-I 1. The appearance
of goethite and kaolinite notably reflect their crystal structures (Fig. 1a,b). While many kaolinite particles exhibit
a flat shape with a nominal average size of ~500 nm and aggregate in form of smooth plates with sharp edges,
others exhibit the typical pseudo-hexagonal shape®® (indicated by arrows in Fig. 1b and Supplementary Fig. S-1
1). Goethite crystals with a nominal size of 100 x 800 nm can be identified by their needle-like shape in indi-
vidual particles with flat orientations or within aggregated structures where some needles protrude from goethite
clusters. Montmorillonite particles averaging around 400 nm in size formed the largest and highest aggregates
with an exfoliated morphology (Fig. 1c and Supplementary Fig. S-12). Conversely, larger quartz grains exhibit
irregular shapes (Fig. 1d). Consequently, the small and relatively smooth goethite particles and the smoothest
kaolinite aggregates possess smaller and less variable roughness R, values of 18+9 nm (n=150) and 11£9 nm
(n=80), respectively. In contrast, montmorillonite aggregates and quartz particles have higher roughness values
of 141+ 88 nm (n=100) and 119+ 126 nm (n=60), respectively.

Characteristics of the modified tips

In Fig. 2a, the mineral clusters and quartz particles adhering to the glue of the tipless probe, as imaged by ESEM
and AFM, exhibit comparable structures to those presented in Fig. 1. The region of the probes extending most
into the z direction (height) as shown in Fig. 2b,c offers a closer look at the “potential” mineral tip when the
probe is used to scan bacterial cells. The 3D tip area represented as a function of height for each mineral tip (area-
height function) corresponds to the contact area as a function of deformation depth during specific cell-mineral
interactions (Fig. 2d and Supplementary chapter S-1.2 with Supplementary Fig. S-I 3 and Supplementary Fig.
S-14). For the average deformation observed during the cell-mineral interactions, the 3D areas tend to decrease
in the order of quartz > kaolinite > montmorillonite > goethite (Supplementary Fig. S-I 5). Both, roughness and
3D area of the particles attached to the probes increase with height, albeit with a narrower range of variation for
the 3D area (Fig. 2d). However, although kaolinite and goethite surfaces were expected to be smoother, they did
not exhibit lower roughness compared to montmorillonite and quartz surfaces (Fig. 2d). Nevertheless, the tip
area-height functions vary considerably among individual modified tips of the same mineral (Fig. 2d). This vari-
ation reflects topographical irregularities including orientation, flatness, or aggregated structure of the particles.
Despite the fact that the size of the mineral particles or aggregates at the end of the AFM probe is larger than
that of a single bacterium, their irregular shapes locally provide nanoscale “tips” for AFM force measurements
under low loading forces, and, consequently, low deformation.

Effects of cell-mineral interactions on cell morphology

To assess the impact of cell-mineral interactions (CMI) on cell integrity, Fig. 3 provides a comparative analysis
of height images of the same unstressed P. fluorescens cells scanned by (a) standard sharp tip before CMI, (b) a
mineral modified tip during CMI and (c) a standard sharp tip after CMI. Generally, for goethite, kaolinite and
montmorillonite, similar cell structures are evident in the images obtained before, during and after CMI, under-
scoring the ability to detect single cells through the proposed modification process. However, in the case of the
quartz tip, the interaction does not precisely replicate the shape of the corresponding cells measured by a sharp
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Figure 2. Correlative AFM/ESEM characterizations of tips modified with four different minerals shown for
each mineral in one row: (a) ESEM pictures of the cantilevers modified with the minerals with insets showing
3D inverse AFM images of the respective modifying mineral, (b) closer AFM images of the mineral clusters at
the top of the glue spot, (c) insets of local areas inside (b) with the highest z extension, and (d) local AFM maps
(scale bar of 200 nm) of the set of 5 probes later used for the cell-mineral interactions and graphs presenting
their tip area (left) and R (right) as a function of height (or deformation depth).

tip (Supplementary Figs. S-I 7 and 6). It is probable that the large quartz particle made contact with the same
cell at different positions acting as multiple tips and producing replicated images of the same cell. Additional
images illustrating interactions between both stressed and unstressed cells and several tips for each mineral are
provided in Supplementary Fig. S-I 8. These images demonstrate that goethite and in some cases kaolinite tips
yielded the best resolution, followed by montmorillonite, while quartz tips occasionally revealed repetitive cell
structures. Most importantly, it can be observed that the cell structures remain consistent throughout the cell-
mineral interaction, indicating that cell integrity is preserved (Fig. 3a,c).

A more comprehensive interpretation of the measured CMI and the effect of loading force, contact time,
and contact area on adhesion forces, adhesion pressure, adhesion efficiency and rupture and adhesion events, is
presented in Supplementary Figs. S-19 to 13 in chapter S-1.6 and S-1. 7.

Effect of hypertonic growth conditions of cells for their interactions with minerals

To quantitatively compare cell-mineral interactions, the adhesion pressure (P,4) obtained from force-distance
(FD) curves using five modified tips for each mineral at a fixed loading force (5 nN) on stressed and unstressed
cells is presented in Fig. 4. Notably, a considerable variability in the data was observed among tips made from
the same interacting materials (Supplementary Fig. S-I 14). The hypertonic stress experienced during the growth
phase led to a substantial increase in P4 for P. fluorescens cells interacting with montmorillonite rising from
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Figure 3. Exemplary images of the same unstressed bacterial cultures in 10 mM KNO; solution for one mineral
with the same scale in each row made by (a) a sharp tip before the cell-mineral interactions, CMI, (b) a mineral
modified tip during the CMI with the marks indicating the positions of FD curve acquisition, and (c) a sharp tip
after the CMI.

7.4 to 21.1 kPa and with goethite increasing from 30.3 to 94.0 kPa, while P4 decreased when interacting with
kaolinite from 24.6 to 7.7 kPa. Conversely, P 4 values for P. fluorescens cells interacting with quartz were 6.3 kPa
and 8.3 kPa for unstressed and stressed cells, respectively, and thus remained relatively unaffected by the growth
conditions (Fig. 4). Among the minerals, P. fluorescens cells exerted the highest P 4 with goethite, followed by
kaolinite, and the lowest P 4 with montmorillonite and quartz (Fig. 4). These differences in P 4 between the
minerals were significant, with two exceptions: the difference in P 4 between kaolinite and quartz on unstressed
cells was offset by the stress-dependent decrease in P,4 towards kaolinite. In contrast, P,4 values for unstressed
cells were similar when interacting with montmorillonite and quartz, whereas stress significantly increased P4
when interacting with montmorillonite.

Physicochemical properties and surface chemical composition (XPS) of cells and minerals
Table 1 provides physicochemical properties of the minerals and bacteria. Goethite exhibited a positive zeta
potential at pH 5.9, while the zeta potentials of the other minerals and the bacteria were negative, with the
stressed cells showing slightly more negative potentials than the unstressed cells. The contact angles of the miner-
als were generally below 45°, indicating complete wettability for quartz and slight water repellency for the other
minerals, with goethite having the largest contact angle. The wettability of the minerals was also reflected by the
large values (>37 m] m?, cf.*°) of the electron-donor component (y,”), which exhibited an inverse relationship
with the contact angle. In contrast, the non-polar Lifshitz—van der Waals component (y,"V) was similar for all
mineral types. The contact angles of the bacteria were considerably larger than those of the minerals, with a
noticeable increase for the cells cultivated under hypertonic stress. Similar to the minerals, y~ exhibited an inverse
relationship to the contact angle, while " remained similar for both stressed and unstressed cells. Both y~ and
¥,V were significantly smaller for bacteria than for the minerals.

The surface chemical composition of the minerals corresponded to their general chemical composition (Sup-
plementary Fig. S-I 15). Oxygen (O) and silicon (Si) dominated the surface chemical composition of phyllosili-
cates and quartz, with a notable contribution of carbon (C) at ~4-5 at.%. Kaolinite and montmorillonite exhibited
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Figure 4. Frequency distributions of adhesion pressures of cell-mineral interactions between cells of two
independent unstressed and three independent stressed P. fluorescens cultures and five individual functionalized
tips for each mineral (Fig. 2d) in 10 mM KNO; solution. A set of ~30 FD curves for each tip with 1 s contact
time and 5 nN applied force was made. The solid arrows highlight significant differences in adhesion pressures

between the minerals (with p vales for unstressed and stressed separated by V") while the dashed arrows show
the effect of stress on adhesion pressure.

larger proportions of aluminum (Al) and traces of iron (Fe), potassium (K), calcium (Ca) and magnesium (Mg),
each accounting for less than 1 at.%. For quartz, traces of sodium (Na) and zinc (Zn), each below 0.3 at.%, were
detectable. The surface chemical composition of goethite was primarily characterized by O and Fe, but it also
featured a substantial amount of C at 14.4 at.% along with traces of chromium (Cr) and sulfur (S) at less than
0.7 at.%. The elevated proportion of surface C can be attributed to C components adsorbed from the gas phase,
commonly referred to as ‘adventitious carbon™!.

Comparison between AFM measurements, XDLVO calculations and work of adhesion

Theoretical energy profiles illustrating the interaction between bacterial cells and mineral modified tips, cal-
culated using the XDLVO theory based on the values provided in Table 1, are presented in Supplementary Fig.
S-1 16 and Supplementary Fig. S-1 17. Notably, for kaolinite, montmorillonite and quartz, the impact of stress
on cell-mineral interaction was evident. While the energy profiles for unstressed cells indicate strong repulsive
interactions with these minerals, the profiles for stressed cells featured energy barriers and the presence of pri-
mary minima at short separation distances, signifying attractive interactions. In the case of goethite, exclusively
attractive interactions were indicated for both unstressed and stressed cells, but with deeper primary minima
(indicating stronger attractive interactions) observed for stressed cells. The generally attractive interactions
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4 v 0 7 B 13

(mV) (mV) ©) (m) m?)
Goethite 24.2+4.0 28.6 44+8 43.9 1.3x1072 37.3
Kaolinite —453+1.8 - 535 24+2 43.1 2.3x1073 58.8
Montmorillonite -35.5+2.1 -419 18+3 43.7 52x10* 63.3
Quartz —36.7+4.5 —-433 0£0 444 1.5x107? 66.1
P, fluorescens (unstressed)* -10.6+2.4 -125 675 35.8 1.7x107! 17.0
P, fluorescens (stressed)? -123+14 -14.5 93+2 35.0 2.7x107! 34

Table 1. Physicochemical properties of minerals and bacteria: Zeta potential (), surface potential (y),
contact angle (CA), and the calculated electron-donor (y;), -acceptor (y*) and non-polar Lifshitz-van der
Waals component of surface free energy (y,"V). Error margins indicate one standard deviation (zeta potential:
n=10; contact angle: n=9). {: zeta potential, y: surface potential, : solid—water contact angle, y: solid surface
free energy. Meaning of superscripts: ‘LW’: Lifshitz—van der Waals, ‘+’: electron acceptor, ‘-: electron donor
component of surface free energy, respectively. *Data from Karagulyan et al.*®

between the cells and goethite can be primarily attributed to the positive surface charge of goethite (Table 1),
leading to electrostatic attraction with the negatively charged cells.

Table 2 provides a qualitative comparison of the effect of growth under hypertonic stress on cell-mineral
adhesion pressures (P,q) measured by AFM and interaction forces calculated based on the XDLVO. The most
favorable qualitative agreement between AFM measurements and the predictions based on the XDLVO theory
was observed for the goethite-modified tips, with only one out of five tips displaying a trend opposite to what was
expected from the XDLVO theory. This was followed by montmorillonite and quartz where two tips exhibited

Montmorillon
ite

Probe 12345 12345 12345 12345

Goethite Kaolinite Quartz

é (a) Effect of stress on P,q

(b) Force regime towards
unstressed cells

(¢) Force regime towards
stressed cells

(d) Energy barrier towards
unstressed cells

XDLVO

(e) Energy barrier towards
stressed cells

(f) Effect of stress on force
regime?

(g) P.a vs. XDLVO VEVVM MOXKKO MMMOO KMMNMOK

Table 2. Qualitative comparison of the effect of stress on the cell-mineral interactions between energy profiles
calculated by the XDLVO theory from values presented in Table 1 and FD curves obtained by AFM using 5
mineral modified probes for each mineral: (a) Increased (green) or decreased (red) mean adhesion pressures
(P,q) upon stress, XDLVO based calculated repulsive (red) and attractive (green) forces towards (b) unstressed
and (c) stressed cells, XDLVO based calculated energy barriers towards (d) unstressed and (e) stressed cells, (f)
absolute shift of the attractive forces (goethite) or repulsive forces (other minerals) of unstressed cells towards
more attractive (negative) forces on stressed cells, and (g) agreement ([v]), disagreement (i.e., p>0.1, O), or
contradiction ([X])) of the response to stress between measured and calculated values. More fields indicate
higher effects or size of the respective values and darker colors in (a) indicate p <0.05, lighter 0.5<p <0.1 and no
color p>0.1.
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deviating interactions. However, for kaolinite, only one tip displayed agreement with the XDLVO theoretical

energy profiles while the other four demonstrated no agreement or even contradictory interactions. Notably,

with an aspect ratio of approximately 2.3, the kaolinite tips were on average 1.7, 1.6 and 1.4 times more elongated
than montmorillonite, goethite and quartz tips, respectively (Supplementary Fig. S-I 18). This implies that the
underlying assumption of our XDLVO calculations, which consider a spherical tip facing a planar cell surface,
is best satisfied for montmorillonite and least satisfied for kaolinite.

Finally, the work of adhesion (W,4) between stressed and unstressed cells and the four minerals calculated
from their contact angles exhibits a linear increase with rising P,4 for goethite, montmorillonite and quartz.
Generally, the values are higher and the slopes are steeper for stressed cells compared to unstressed cells (Fig. 5).
Notably, for kaolinite P,y was lower while W,4 was higher when interacting with stressed cells compared to
unstressed cells. The calculated W,4 values were positive for the interactions of stressed cells with all of the

minerals under study, suggesting attraction in all cases, although to different extents depending on the mineral.
In contrast, the calculated W, values for unstressed cells in interactions with kaolinite, montmorillonite and
quartz are negative, indicating repulsive interactions. Conversely, interactions with goethite were attractive for

unstressed cells, yielding positive W4 values.

Discussion
Contrary to the often reported jump-to-contact events* and the prominent role of electrostatic forces in cell-
, we did neither detect attractive nor repulsive forces during single cell-mineral interactions

mineral adhesion®-%°
(CMI). This finding does not support our hypothesis H1 and suggests that almost no long-range electrostatic
forces are involved in the single cell-mineral interactions. This is also in contrast to the calculated energy profiles

of goethite, which indicate attractive electrostatic interactions with both unstressed and stressed cell types due
to opposite surface charges. One possible explanation could be that repulsive interactions stemming from the
positive charges of the poly-L-lysine coating underneath and between the cells may have compensated for the
attractive interactions towards the cells. However, since we observed no differences in long-range electrostatic
forces for positively or negatively charged minerals, we suggest that the charge of the poly-L-lysine coating has
only a negligible effect. Probably, the single cell resolution and the small cell-mineral interaction area in our study
rendered the magnitude of the electrostatic forces much smaller than in other studies where a higher number
of cells attached to a tipless probe approached a flat goethite surface*. Approach FD curves measured by sharp
functionalized AFM tips (-COOH, -NH,, -CH;) on Pseudomonas fluorescens displayed a very flat profile and
did not show indications of long-range forces’. This leads to the conclusion that bacterial adhesion exhibited
negligible charge effects, although some levels of repulsion in the form of an energy barrier or van der Waals
jump-in interactions beyond the sensitivity of the cantilevers could not be excluded. This suggests that in our
observation, it is not the long-range electrostatic interactions'® but rather specific short-range forces that play
the predominant role in line with recent findings*-*%. Such specific interactions can be attributed to hydrophobic
interactions and hydrogen bonds®*>***. This is further supported by the contact time dependence of the adhesion
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Figure 5. The work of adhesion was calculated from CA data as described in Traini et al.%* (Eq. 8). Adhesion
pressure values are the mean of the medians extracted from the boxplots (Supplementary Fig. S-I 14) and thus

just approximate values to show the general relationship. In contrast to the energy profiles, the negative values
found for the CMI with unstressed cells indicate repulsive interactions.
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forces. Long-range nonspecific interactions act instantaneously during the approach to the sample surface and
have little** or no*® dependence on the contact time. In contrast, when the cell-mineral contact time is extended,
more hydrogen bonds may form, leading to higher adhesion forces until saturation is reached after a few seconds
(e.g., 4 s)*, when all potential bond partners have met. Additionally, or alternatively, bond strengthening during
contact time could be due to a rearrangement of non-polar molecule moieties towards the mineral surfaces with
low wettability, away from the water interface. The significant decrease in average adhesion and rupture forces,
along with a decrease in the frequency of rupture events with decreasing tip-sample contact time, provides
evidence that the adhesion forces predominantly originate from specific forces, especially hydrogen bonding™.
Our choice of a 1-s contact time followed by a 0-s contact is suitable for studying the mechanisms of bond
strengthening and inferring the forces that drive initial cell attachment to the mineral phase. Nevertheless, for
research purposes focused on studying the viscoelastic properties of cells'é or determining the time required
for cell-mineral adhesion to fully strengthen?, an exploration of cell adhesion at incrementally increasing time
intervals is required.

The occurrence of multiple rupture events can be attributed to the stretching of organic molecules (e.g.,
membrane molecules or extracellular polymeric substances) that adsorb to the mineral tips during single CMI
and gradually desorb during tip retraction* (Supplementary Fig. S-1 19). The unbinding forces, observed in
the range of ~200-700 pN for the various CMI scenarios in this study, suggest that several bonds were broken
simultaneously, as a single hydrogen bond rupture force typically occurs at ~ 10 pN2. The presence of 10 mM
KNO; during the experiments may have amplified this effect by screening the charges and reducing the repul-
sive tip-sample steric forces. Consequently, this results in a more rigid and compacted polymer layer and higher
adhesion forces compared to experiments with lower or no salt concentration®. It is plausible that during tip
retraction the stretching of molecules is accompanied to some extend by the stretching of the cell membrane
until the point when the restoring force of the cantilever exceeds the unbinding forces exerted by the group of
molecules adsorbed to the mineral tip.

The positive correlation between contact areas and adhesion forces (Supplementary Fig. S-I19) lends support
to the validity of the approach of using adhesion pressure’® (adhesion force per contact area) for comparing
measurements obtained with different mineral probes of varying contact areas. Data on adhesion pressure'® are
not yet commonly reported but significantly enhance the comparability of single CMI results among minerals
with different properties, although it is worth noting that the influence of the irregular shapes of the mineral
tips on single CMI cannot be entirely ruled out. Nonetheless, the intertwined effects of chemical and mor-
phological heterogeneity are inherent in nature and thus constitute a part of real CMI scenarios, such as those
encountered in soil. Our findings concerning the impact of mineral properties on adhesion pressures align with
a study on Gram-negative Pseudomonas putida adsorption onto clay minerals®’, where the quantity of adsorbed
cells decreased in the order of goethite > kaolinite > montmorillonite. This observation is further corroborated
by an examination of bacterial-mineral suspensions which reveals a distinct pattern®. Goethite formed strong
and closely bonded connections with bacterial surfaces, while kaolinite also exhibited good adhesion to these
cells, although not as robust as goethite. On the other hand, there were hardly any aggregates of bacterial cells
found with montmorillonite, indicating a relatively weaker adhesion of this mineral to the cells*. In the case of
goethite, which had the highest contact angle, hydrophobic interactions, in addition to hydrogen bonds seemed
to govern the CMI. This includes interactions between the mineral surface with adsorbed organic impurities
and hydrophobic proteins on the cell surface®. The favorable adhesion of cells to goethite is consistent with the
absence of an energy barrier in the interaction energy profiles. The hydrophilic nature of the quartz surfaces,
characterized by the lowest contact angle, facilitates their rewetting during separation from the cell surface.
This likely led to a lower single cell-mineral adhesion of quartz compared to kaolinite and montmorillonite
which have higher contact angles. In line with other studies*?, we found that a higher affinity to adsorb organic
impurities from the air (adventitious carbon*’) correlated with a higher contact angle and a greater affinity for
other less polar molecules on the cell surface, particularly in the presence of a polar aqueous medium. This may
explain the positive correlation between the work of adhesion calculated based on the contact angle data and
the adhesion pressure detected by AFM at the single cell level, supporting our hypothesis H2, which posits an
increasing adhesion affinity with decreasing wettability.

In a previous study, it was found that the increase in the hydrophobicity of P. fluorescens due to hypertonic
stress was mediated by chemical modifications that resulted in an increase in protein coverage (i.e., the number
of hydrophobic domains) on the cell surface at the expense of lipopolysaccharides®. The effect of cell growth
conditions on the adhesion pressure towards both goethite and montmorillonite as expressed by a stress-induced
increase in P 4 of the cells, can be attributed to stronger hydrophobic interactions. These interactions occur due
to the presence of more or larger hydrophobic domains on the cell surfaces, and this supports our hypothesis H3.
This observation aligns with an increase in the contact angle of the surfaces of stressed cells** and a significant
increase in the y,"V/y,™ ratio, which has been previously shown to be related with increasing cell adhesion**. It
is also consistent with the higher calculated work of adhesion between minerals and stressed cells compared to
the unstressed cells. Furthermore, the lack of a significant stress-dependent difference in adhesion towards the
hydrophilic quartz particles confirms the importance of hydrophobic interactions in adhesion within a polar
aqueous medium during tip-sample detachment. However, the adhesion pressure of kaolinite towards stressed
cells is unexpectedly lower than towards unstressed cells, contradicting H3. This difference may be attributed to
the fact that the contact area between kaolinite and the single cells involves smooth and polar mineral surface
structures. The relative reduction of hydrophilic zones on the surfaces of stressed cells may have led to a reduced
number of hydrogen bonds, which is not compensated for by hydrophobic interactions with the cell proteins.
It is possible that the cell proteins embedded within the outer membrane* are less accessible to the smoother
kaolinite sheets compared to the rougher surface of the other minerals, resulting in an overall reduction in
adhesion compared to unstressed cells. This phenomenon might also apply to quartz, however, due to the large
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contact area and the potential contact with more than one cell, quartz may be less affected by the heterogeneity
of the cell structure. The aggregation of single goethite needles on the glue tips likely results in a more complex
contact area compared to the kaolinite sheets, despite the smooth structure of individual goethite needles.

Deviations from the measured CMI compared to the XDLVO theory can be best explained by differences in
the geometrical orientation and, consequently, the tip shape of the more or less heterogeneous particle surfaces
during single CMI and during physicochemical characterization. In the case of kaolinite, the best agreement
of measured adhesion forces with the XDLVO-based predictions were found for the probe with a nearly flat
orientation of the kaolinite basal planes, which are also the most exposed when fixed on a flat surface during the
contact angle measurements (Fig. 6a). All probes with higher tilt angles of the kaolinite sheets disagreed with
the expected theoretical trend, likely because the exposed edge planes form not only more but also stronger
hydrogen bonds?**”#¢ with hydrophilic molecules on the cell surface, resulting in locally higher adhesion forces
than at the basal planes (Fig. 6b,c and Supplementary Fig. S-I 18). Although the elongated shape of kaolinite
tips makes them unsuitable for directly comparing single CMI determined with AFM with XDLVO predictions,
approximating the tip shape to an ideal sphere will only affect the strength of calculated interaction forces*’. The
direction of the forces, i.e. attractive or repulsive, is not affected by an inappropriate geometrical approximation
unless the backside of the particle is involved in long-range interactions with the sample surface*, which is
irrelevant for our study. Thus, the contradiction between single CMI and XDLVO results (Tips 3 and 4, Table 2)
cannot be solely attributed to surface irregularities. Instead, it is a combination of both chemical heterogene-
ity and morphological irregularities that contributes to this disagreement which partially supports hypothesis
H4 that the chemical heterogeneity of kaolinite causes the lowest agreement between AFM measurements and
predictions based on XDLVO theory. In this context, it is the different polar site density, rather than the surface
charge across different particle planes*!>*’, that is responsible for the large heterogeneity of CML

In contrast to kaolinite, montmorillonite possesses porous domains? and, on a small scale, exhibits more
irregularities and a significantly higher R, than kaolinite. However, the montmorillonite tips show the most
confined and repeatable area-height functions among all studied minerals. This, along with a better agreement
of single CMI of montmorillonite compared to kaolinite with XDLVO-based predictions, suggests that mont-
morillonite tips are more homogeneous over the entire contact area. This homogeneity likely results from the
rounder shaped tips with an aspect ratio of 1.4 compared to 2.3 for the kaolinite tips. Probably, the contact area
with montmorillonite contains repetitive overlapping textures with clearly visible basal/edge stacking units,
leading to a homogeneous mixture of edge and basal planes exposed towards the outer surface?”. This results
in a comparable polar site density of the tips and the layers for the contact angle measurements (Fig. 6d,e,f).

The generally good agreement of the measured adhesion pressure between goethite and single bacteria with
the XDLVO calculations suggests that for goethite, the samples used for contact angle measurement have sur-
faces more similar to that of the modified tips than for kaolinite. Goethite tends to form aggregates with random
particle orientation, exposing both sides and edges of the needles randomly upward. However, there is one excep-
tion among the goethite probes that appear to contact the cell surface uniformly across the elongated particle

cell | \ 7

/ Jcell appendages

cell appendages

Figure 6. (a) sketch of a water drop on a kaolinite surface (top) demonstrating the preferential flat orientation
of the particles on the glue surface with the magnification (bottom) showing the interaction between water
molecules and the basal planes, (b) interaction between a flat kaolinite particle and a planar cell surface with

the magnification (c) which illustrates how the basal plane with low atomic packing and edge plane with high
atomic packing contact the cell surface, (d) same as (a) for montmorillonite, (e) interaction between a porous
domain of a montmorillonite particle and a planar cell surface with the magnification (f) showing the basal/edge
stacking units that get in contact with the cell surface. The crystal pattern is made by Avogadro free software
(version 2.0) and it is general for clay minerals. The overlapping basal/edge stacking units of montmorillonite
are pure imagination based on our AFM results and the literature!®?’.
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side. For this tip, not only is the aspect ratio significantly larger than for the other tips, reducing the accuracy
of the fit to the theoretical predictions, but also the chemistry is different from goethite aggregates, resulting in
a contradiction between the measured single CMI and the XDLVO calculations (Supplementary Fig. S-I 18).

The increased adhesion of three quartz grains towards stressed cells compared to unstressed cells, in agree-
ment with the XDLVO theory, can be explained by the homogeneous chemical structure of this mineral* as
well as the sufficient roundness of the tips. However, even though the effect of stress on adhesion is expected
to be reproducible among the different quartz tips, two did not follow the theoretical trends. The relatively flat
contact region between the two largest quartz particles and cell surfaces may have resulted in multiple contact
sites, perhaps even in domains far away from the area of maximum z-extension. This challenges the assump-
tion of single-cell interaction and leads to contradictions with the XDLVO model and an overestimation of the
adhesion pressures for quartz. These findings highlight the limitations of our approach for colloidal systems
characterized by a significant difference in the size of the interacting materials. However, the underestimation
of the contact area does not affect the order of CMI strength among the minerals because quartz exhibited the
lowest adhesion and normalization by actual larger contact areas would shift adhesion pressures even lower.
Therefore, it is recommended to use a low loading force such as our selected value (5 nN) to achieve single-cell
resolution. Otherwise, there is a risk that not only quartz but also the small mineral particles forming clusters at
the AFM probe may establish multiple contacts with the cells at higher loads.

Conclusions

By individually considering the 3D contact area for each cell-substrate pair, this study enabled a direct com-
parison of cell-mineral interactions through adhesion pressure. Our investigation sheds light on the role of
Gram-negative bacterial cells and their cell wall debris in influencing the dynamics of mineral surface properties
in soil under changing moisture conditions. From the results, we conclude that the increased hydrophobicity
of cells due to hypertonic stress enhances their adhesion towards goethite and montmorillonite. This can lead
to the formation of more stable bacterial layers on these minerals, consequently reducing the soil’s surface free
energy. Such changes have implications for soil biology and chemistry, as higher adhesion can result in more
stable and less easily degradable hydrophobic bacterial layers and thus increase the persistence of soil water repel-
lency. Increased soil water repellency, known to inhibit plant growth and increase bacterial stress, can feed back
into the hydrophobizing effect of bacteria. The strong adhesion of bacterial cells to iron oxides underscores the
potential role of these minerals in preserving organic matter against degradation and, therefore, long-term soil
water repellency. Conversely, a reduced adhesion of stressed cells towards kaolinite may indicate that kaolinite-
rich soils are less likely to exhibit long-term water repellency due to bacterial adhesion. However, these results
should also be tested with other bacterial strains. The comparison between measured single CMI and XDLVO
calculations, based on an idealized sphere-plane geometry, indicates that the interaction between soil matrix
and cells is significantly determined by both the type and shape of minerals present. Contradictions in trends
between measured and calculated interactions have helped interpret chemical heterogeneity due to differently
exposed edges and planes of minerals.

Methods

Minerals used for cell-mineral interactions

We employed typical soil minerals, including montmorillonite (Sigma-Aldrich: montmorillonite K 10, no. 69866),
kaolinite (Sigma-Aldrich: kaolinite natural, no. 03584), goethite (Bayferrox 920 Z, Lanxess) and quartz (Merck
Millipore: quartz fine granular, washed and calcined, no. 1075361000) to investigate cell-mineral interactions.
The reported mineral particle sizes for montmorillonite, kaolinite, and goethite were 412 nm®°, 447 nm®°, and
580 nm®!, respectively. Quartz had a particle size of 0.2-0.8 mm according to the technical data sheet.

Preparation of bacterial cell suspensions

Pseudomonas fluorescens DSM 55,090, obtained from the Leibniz Institute DSMZ—German Collection of Micro-
organisms and Cell Cultures was cultured in 50 ml sterile mineral salt medium containing 7 g Na,HPO,, 2.8 g
KH,PO,, 0.5 g NaCl, 1 g NH,CI, 0.1 g MgSO, - 7 H,0, 0.01 g FeSO,, -7 H,0, 5 mg MnSO, H,0, 6.4 mg ZnCl,, 1
mg CaCl, - 6 H,0, 0.6 mg BaCl,, 0.36 mg CuSO, - 7 H,0, 0.36 mg CuSO, -5 H,0, 6.5 mg H;BO;, 0.01 g EDTA
and 146 pl HCI (37%) per liter of distilled water®. Additionally, 4 g L' sodium succinate and 1 g L™! yeast extract
were added as carbon sources. Bacterial cells were subjected to osmotic stress by adding 0.5 M NaCl, reducing
the water potential of the growth media to — 2.5 MPa. Cell growth was monitored by measuring optical density
at 560 nm using a UV/VIS spectrophotometer (Lambda2$, PerkinElmer, Waltham, USA). Cells were harvested
during the late exponential growth phase by centrifugation at 11,000¢ for 15 min (Hermle Z383K). They were
then resuspended in 2 ml KNO; (10 mM, pH 7.0) and transferred to 2 ml reaction tubes. Each sample was washed
twice with 2 ml KNO; followed by 1 min centrifugation at 10,000g. The washed biomass was resuspended in 1
ml KNO; and stored at 5 °C until further use.

Characterization of minerals by AFM

To ensure that the shapes of the mineral particles used as tip modifications were representative, we scanned
all minerals in 10 mM KNOj; with an AFM system (AFM, Dimension Icon, Bruker Corporation, USA). We
used sharp SNL tips (k=0.12 N m™!, SNL-10, Bruker, USA) on flat multi-loaded systems53 considering 60-150
particles in a total of 55 regions of interest (ROIs). We present an individual image for each mineral to enhance
visualization. The root mean roughness (R;=+/% (Zi)? /N, where Z, is the current Z value, and N is the number
of points) was calculated using the roughness function of the NanoScope Analysis software (version 2.0, Bruker)
in the Height Sensor channel. For goethite, we estimated the roughness of individual needles or small clusters
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with clear flat particle orientation by applying a threshold to exclude background data (Supplementary Fig. S-1
1). For the other minerals, we considered only the central areas of the particles for Ry estimation to avoid the
dilation effect (Supplementary Fig. S-16).

Preparation of cell samples on relocation systems with built-in characterizers

We fixed minerals to the AFM probes and bacterial cells to a flat sample holder and not the other way around*.
This approach allowed for single cell resolution and eliminated the challenges of attaching single bacterial cells
to AFM cantilevers, reducing the risk of potential damage during probe calibration®.

Preparation of the sample holders in the form of relocation systems followed a modified protocol of Abu
Quba et al.?*. First, cover glasses (hydrolytic class 1, 50 x 24 x 0.13-0.16 mm, VWR, Germany) were cleaned first
with acetone (ROTISOLV® Pestilyse® plus >99.9%, R T, Germany) and immediately before drying with ~70%
ethanol (ROTIPURAN®2>99.8%, p.a, R T, Germany) for 30 min in a conventional ultrasonic bath. Each cover
glass with a small piece of resin (Tempfix, PLANO GmbH, Wetzlar, Germany) was heated up to 130 °C for 30 s
to melt the resin and create a flat surface. Then, a piece of freshly cleaved mica was fixed at the resin spot at 80
°C and an extracted and blind tip reconstructed SNL tip was fixed at the resin near the mica sheet at 38 °C. On
the back side of the glass slide, a finder grid was fixed with transparent adhesive tape near the glue spot (Sup-
plementary Fig. S-I 20). The shape, size and stiffness of stressed and unstressed P. fluorescens cells were found
to be comparable when fixed at chemically inactive glue*? or poly-L-lysine’ surfaces. Therefore, poly-L-lysine
(P8920, 166 Sigma-Aldrich, Germany) was used to improve cell fixation in this work. A drop of the latter was
pipetted onto the front side exactly over the grid and air dried. The cells were attached by pipetting 1-2 uL of
cell suspensions onto the poly-L-lysine spot, air dried for 1 min and rinsed before being covered with a drop of
10 mM KNO; solution in which the AFM measurement was performed. To maintain a constant concentration
of 10 mM KNO; during the scanning, we pumped water to the liquid meniscus at a rate equal to the evapora-
tion rate using a custom-built pump which was used in our previous work’. The mica surface allowed direct
calibration of the deflection sensitivity of the probe in liquid without changing the samples, while the blind
tip reconstructed SNL tip served for quality control of the functionalized tips before and after the cell-mineral
interactions by repeated inverse imaging®.

Functionalization of tipless cantilevers with minerals

To functionalize the tips, we started by attaching a small amount of Tempfix resin to the end of an SNL probe
(k=0.12 N m™, SNL-10, Bruker, USA) following the detailed procedure outlined by Abu Quba et al.>. Using the
AFM XYZ navigation system, we gradually reduced the size of the resin at the tip of the SNL probe by making
repeated contacts with a chip (visible as glue spots on the chip in Supplementary Fig. S-I121) securely fixed to the
AFM stage. This chip was heated to ~ 100 °C allowing us to transfer tiny resin spots from the SNL tip to a set of
tipless probes (k=0.1 N m™!, MLCT-O10, Bruker, USA), also fixed to the heated AFM stage. For the attachment
of smaller particles, such as montmorillonite, kaolinite, or goethite to the resin coated tipless cantilevers, we
sprinkled these particles over the resin spot and then subjected them to a 30 min heating at 38°C in an oven to
enhance the adhesion between the minerals and the resin. Afterwards, the modified probe underwent a thorough
rinse with Milli-Q water to remove any loosely bound particles followed by air drying.

In the case of quartz particles, epoxy glue (Pattex Kraft Mix, Henkel AG, Germany) was employed instead of
resin. Here, a tipless probe was guided by the AFM navigation system, first into a glue spot at room temperature
and then onto a quartz particle. It was allowed to sit for 3 min to ensure secure fixation. Subsequently, the modi-
fied probe underwent the same cleaning as described above.

To ensure the integrity of our probes, we conducted checks, both before and after cell-mineral interaction
measurements. We utilized AFM inverse imaging and environmental scanning electron microscopy (FEI Quanta
250 ESEM, FEI Company, Hillsboro, United States). Only the results obtained from mineral tips that showed no
changes in the modifying minerals after cell-mineral interaction measurements were considered for our analysis.

Direct cell-mineral interactions

Before commencing the cell-mineral interaction experiments, we determined the spring constant through a
thermal tune, and calibrated the deflection sensitivity of each modified probe using force distance curves on
integrated mica sheets. We conducted direct cell-mineral interactions using the “Point and Shoot” function in
peak force quantitative nanomechanical mapping (PFQNM) mode employing conditions of 10 mM KNO;, a
1.03 Hz ramp rate (with forward and reverse velocity of 6 um s), a 5 nN force set point, 3 um ramp size and
contact times of 1 and 0 s after reaching the force set point (illustrated in Supplementary Fig. S-I 12). In relocation
systems involving stressed and unstressed cells, we selected 5 to 8 ROIs. Within all ROIs we acquired ~ 150 force-
distance (FD) curves on the highest points of the cells. To better capture the response of the cell communities, we
distributed the FD curves across as many cells as possible in the scanned images, rather than conducting numer-
ous replicates on the same cell. In instances where rupture events occurred, we measured the magnitude and
distance of the last event when the tip fully separated from the surface using the markers function of NanoScope
software. To assess the effect of enlarging the contact area on adhesion forces, we recorded 10 pull-off curves with
one selected probe for each mineral. These curves were measured against both unstressed and stressed cells, as
well as against double-sided adhesive tape (Tesa, Hamburg, Germany) with incremental loading forces ranging
from 2 to 30 nN (as shown in Supplementary Fig. S-I 13). The contact area and the number of contact points
between tip and sample depend on the shape of the modified probe and the applied loading force. While flat* or
semi flat'® surfaces (e.g., those with a round shape and a large radius) can establish multiple contact points with
the sample even with low loading forces like 1 nN* or 10 nN®, our specific design involved the introduction of

Scientific Reports |

(2023) 13:17146 | https://doi.org/10.1038/s41598-023-44256-7 nature portfolio



www.nature.com/scientificreports/

a glue drop at the end of the cantilever, allowing the minerals attached to the glue to provide sharp features. In
most cases, a loading force of 5 nN proved sufficient to achieve single cell resolution.

Quality control of direct cell-mineral adhesion
To avoid artifacts, we rigorously validated the stability of selected bacteria and minerals during cell-mineral
interaction. This involved several steps: (1) We examined all mineral-modified tips using ESEM and some were
further analyzed using correlative ESEM/AFM method prior to cell-mineral interaction. (2) After cell-mineral
interactions, we checked all mineral modified tips with AFM at the built-in characterizer to obtain the tip-area-
function. (3) We also inspected all cells with AFM using a sharp tip or the respective mineral tip (if sufficiently
sharp), both before and after cell-mineral interaction. For more details please refer to Abu Quba et al.?>.

The FD curves were recorded with 1-s contact time followed by another curve with 0-s contact time. A
decrease in adhesion forces with decreasing contact time served as a direct evidence that no irreversible modi-
fications of the cell ultrastructure had occurred, as descried in previous studies'®*.

Evaluation of the FD curves
We determined the adhesion force using R (R Core Team, 2020) (***). The FD curve data were exported from the
NanoScope software as csv files, and the adhesion force was determined as the minimum force of the baseline cor-
rected retraction curve. Each adhesion force was normalized by the 3D area of the respective tip that interacted
with the cell surface at the specific deformation depth, yielding the adhesion pressure'® P, (Supplementary Fig.
S-14). We also generated 2D sections of the mineral tips at two deformation levels (20 nm and 50 nm) to compare
the ratio of the shortest and longest elongation, which helped to describe the shape deviation from the spherical
shapes in our XDLVO calculations. We investigated the impact of loading force on adhesion force by calculating
the adhesion efficiency n (%) defined as the ratio of the measured adhesion force to the applied loading force's.
To identify attractive interactions between the mineral modified-tips and the cell surfaces, we screened the
FD curves for jump-to-contact events using the NanoScope Analysis software. In contrast, repulsive forces were
identified as a gradual increase in the force curve as the distance to the surface decreased, before reaching the
“linear” contact regime.

Zeta potential measurement and estimation of surface potential

Zeta potential measurements on bacteria and minerals were conducted to estimate their surface potential as a
basis for calculating electrostatic interaction free energy. Zeta potential was calculated using Smoluchowski’s
equation® based on electrophoretic mobility which was measured through phase analysis light scattering (Zeta-
PALS, Brookhaven Instruments Corp., Holtsville, USA). Bacterial cells were suspended in a 10 mM KNO; solu-
tion, adjusted to pH 6 using 1 M HNOj, in a concentration of ~ 10? cells L™!. Mineral particles were suspended in
a 10 mM KNO; solution adjusted to pH 6 at concentrations ranging from 23 to 40 mg L™ (equivalent to ~0.001%
by volume). Before measurement, the quartz particles were ground to an appropriate size for zeta potential meas-
urements using an agate mortar, resulting in a mean particle size of ~ 1350 nm based on dynamic light scattering
(ZetaPALS). The mean zeta potential was determined from 10 consecutive runs, each comprising 10 cycles.

Surface potential () was estimated from the zeta potential ({) using Eq. (1)**:

Y= ;(1 + %) exp(kz) (1)

where z is the distance from the surface to the slipping plane, assumed as 0.5 nm®, R represents the respective
radius of the cells or the mineral particles, and « is the inverse of the double layer thickness (m™). The value of

« was calculated using Eq. (2)*":
~1 ErSQkB T
— = 2
« \/ 2Nae2 @

where ¢, is the relative dielectric permittivity of water (80.1 at 20 °C), ¢, is the vacuum permittivity [8.854 x 1071
C/(Vm)], kg is the Boltzmann constant (1.38 x 102 ] K1), T'is the absolute temperature (K), N, is the Avogadro
number (6.02 x 10 mol™), e is the charge of the electron (1.6 x 107 C), and I is the ionic strength of the KNO,4
solution (10 mol m™3).

Contact angle measurement and calculation of surface free energy
Contact angles of bacteria and minerals were determined with a contact angle microscope equipped with a
video camera (OCA 15, DataPhysics, Filderstadt, Germany). Bacterial cell samples were prepared by filtering
cell suspension through cellulose acetate filters (pore size 0.45 mm, NC 45; Whatman) and fixing the air-dried
filters on microscopy glass slides. Mineral samples were prepared by gently pressing air-dried mineral particles
onto double-sided adhesive tape covering a microscopy glass. Non-adherent particles were removed by tapping
the slide until no further material loss was observed. A drop of deionized water (1 ul) was placed on the sample
surface immediately after preparation, and the initial water contact angle was measured at both intersections
of the drop contour line with the sample surface using automated drop shape analysis with software SCA20
(DataPhysics, Filderstadt, Germany). Mean contact angles were calculated from ten independent measurements.
Further details on the method and sample preparation can be found in Bachmann et al.*® and Goebel et al.*’.
Additional contact angle measurements were performed using ethylene glycol and a-bromonaphthalene as
testing liquids to calculate the surface free energy components of bacteria and minerals, forming the basis for
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determining cell-mineral interaction energy. Solid and liquid interfacial properties were linked through the
solid-liquid contact angle (6) as expressed by Eq. (3)%:

(1+cosO)y =2 (\/)/SLWVILW + \/)’J)’li + ¢75771+) 3)

where y, is the liquid surface free energy (J m=2), and y; is the solid surface free energy (J m2). Superscripts TW,,
‘) and ‘ + represent the non-polar Lifshitz—van der Waals component, the electron-donor (base) component, and
the electron-acceptor (acid) component, respectively. The three unknown variables in Eq. (3), y*", y57, y,¥, were
determined by solving a system of three independent linear equations, using the mean contact angles obtained
with deionized water, ethylene glycol, and a-bromonaphthalene along with the respective surface free energy
components of the liquids®.

Calculation of the cell-mineral interaction energy profiles

Energy profiles of the interaction between bacterial cells and AFM tips functionalized with mineral particles
were determined by calculating the total interaction free energy, AG,5, ", between the mineral (1), and the
bacterial cell (2) in aqueous solution (3). This calculation considered electrostatic, AG, 3, L, Lifshitz-van der
Waals, AG,3,"", and Lewis acid-base, AG,;,*®, interaction free energies as a function of separation distance, as
described by Eq. (4).

AGTET = AGIHY, + AGWEY + AG(E, (4)

Mineral functionalized tips used for measuring adhesion forces on bacterial cells were small compared to
the cells. Therefore, we approximated the cell surface as planar geometry, and the mineral functionalized tip as
a sphere with a diameter estimated from the contact radius individually determined for each tip. Energy profiles
were determined for each combination of minerals and cells by explicitly considering the specific contact radius
of each functionalized tip.

The electrostatic interaction free energy, AG,3,"* (J), was calculated using Eq. (5)%*:

2y [1 + exp(—«h)
In
vi+ys (1 —exp(—«h)

where R,, is the contact radius of the mineral tip (m), & is the separation distance between the mineral tip and the
cell (m), and y, and y, are the surface potentials of the minerals and cells (V), respectively. R, was determined
for each functionalized tip based on the average deformation of the bacterial cell surface.

The Lifshitz-van der Waals interaction free energy component, AG,3,"" (J), was calculated by Eq. (6)%*

AGWYY = —47 Ry, <\/y3TW ﬁ)(ﬁ \/W) (6)

where h is the minimum equilibrium distance of 0.157 nm where physical contact occurs.
The Lewis acid-base interaction free energy component AG,3,"® (J) was calculated by Eq. (7)%%

AG(h)132_4nRzexp<h ){\/Z(\/; \/; \/;>

where A is the decay length of water (0.6 nm®?).
The work of adhesion (W,4) between minerals and bacterial cells was calculated using Eq. (8)5>%%:

\/yLwyst+\/y2Lw Lw \/yLW w
Wa = —AGizp=-2| + 7/;(\/)/1_ +\v: — \/V3_> +vs5 (\/ i+ - \/7@*) (8)
—\ntys =iy

X-ray photoelectron spectroscopy

The surface elemental composition of mineral particles was analyzed using X-ray photoelectron spectroscopy
(XPS) with an Axis Ultra DLD instrument (Kratos Analytical, Manchester, UK) equipped with monochromatic
AlKa radiation (1486.6 eV; emission current: 20 mA, voltage: 6 kV). Samples were prepared by affixing air-dried
minerals onto a bar (sample area: 50 mm?) using indium foil (Plano GmbH, Wetzlar, Germany). Survey spectra
were obtained in the binding energy range of 1200-0 eV (with a 1 eV resolution) under a pressure of 4 x 10’
Pa. The measurements utilized a pass energy of 160 eV, a dwell time of 500 ms, and comprised three sweeps per
measurement cycle at a take-off angle of 0°. For each sample, three spectra were recorded at different locations
(spot size: 300 x 700 um). After charge correction for the Si 2p peak of quartz (103 eV), the spectra were analyzed
using Vision 2 software (Kratos Analytical, Manchester, UK). Surface elemental composition was quantified in

AG(WYY = nRmereo(Yi + ¥3) { } +In[1 - eXp(—2Kh)]} (5)

7)
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terms of atom percentage (at.-%) using the relative sensitivity factors incorporated in the software. For additional
details regarding the fitting procedure, please refer to Woche et al.*®.

Statistics

Using R%, we assessed the adhesion pressure for each mineral and stress level (N =149-156) for normality
through the Shapiro-Wilk-Test (shapiro.test) and checked for variance homogeneity using the Levene-Test
(leveneTest). As the results did not indicate homogeneity, we conducted Wilcoxon-Rank-Sum tests (wilcox.
test) to identify significant differences in adhesion pressure between stressed and unstressed bacterial cells when
interacting with the four different minerals. To detect significant differences in adhesion pressure among different
minerals when interacting with cells of the same stress level, we employed pairwise Wilcoxon-Rank-Sum tests
(pairwise.wilcox.test). Specific results are presented in chapter S-1.15 and in Fig. 4.

Data availability
The datasets generated and/or analyzed during the current study are available in the OSF repository [https://
osf.io/6guwd].
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7 Synthesis and Conclusions

7.1 Relevance of relocation and inverse imaging methods for life and

environmental sciences

The atomic force microscopy (AFM) tip modification process is normally complex and can
introduce scan artifacts, which should be excluded from further evaluation using a proper
validation method. The new approach for relocating the same region of interest using multiple
AFM probes (Abu Quba et al., 2020) as well as the novel method for the characterization of the
modified probes by inverse imaging (Abu Quba et al., 2021) have been shown to assist in
developing probes modified with various materials like bacterial cells, nanosized goethite
particles, and large quartz grains, enhancing the versatility of AFM applications. The improved
method of fixing minerals to the tipless cantilever using tiny glue spot offers sharp mineral
edges (tips) allowing precise placement of FD curves on cell centers by the minerals tips (Abu
Quba et al., 2023). In the framework of exploring the changes that take place directly at the cell
surfaces due to stress, a special concern is the single-cell resolution offered by this modification
process. This is crucial in attributing observed changes in cell-mineral interactions (CMI)
specifically to stress effects, eliminating potential contributing factors such as contacting

multiple cells (Huang et al., 2015).

The use of inverse imaging is extended to determinate the cell-mineral contact area relative to
the deformation depth which is essential for normalizing the adhesion forces (Lau et al., 2009)
between irregular interacting substances as detailed in chapter 6 (Abu Quba et al., 2023). 1
suggest that this strategy has the potential to broaden the use of AFM across several fields such
as biomedicine, microbiology, pharmacy as well as life and environmental sciences. For
example, Wu et al., discussed that the larger contact area between sandfish skin surface and a
probe modified with sand led to a significantly higher adhesion compared to spherical or sharp
probes (Wu et al., 2018). However, this could not be confirmed as no estimation of the contact
area was established owing to the irregularity of the sand probe. In another study focusing on
adhesion between two calcite surfaces (Dziadkowiec et al., 2021), only one probe was used to
ensure that changes in adhesion with varying concentrations of solution Ca>* were not artifacts
1.e. due to changing the contact area if multiple probes were used. Using a single probe might
limit the generalizability of interactions as revealed in my work (chapter 6) emphasizing the
need to incorporate the effect of the contact geometry to allow comparison of results obtained

by various probes. In accordance, direct comparison between results obtained by various probes
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modified with drug particles might be misleading and required assumptions as the interaction
forces might not only be affected by the kinetics of the interacting materials to bind but also by

their geometries (Young et al., 2006).
7.2 How to normalize adhesion? by tip radius or contact area?

A distinct contrast in rupture force is evident when comparing chemical force microscopy
(CFM) tips with mineral tips. The formers exhibit a narrower rupture force range, typically
falling within ~50 -175 pN, in contrast to the mineral tips with a broader range of ~ 200 - 700 pN
(Fig. 4a). While the various chemical interactions surely play a role, the geometry of the tip,
especially its “sharpness”, also contributes to the observed differences of rupture forces
between the CFM/mineral tips and the cell surfaces. Hence, a sharp probe with a small radius
leads to smaller average adhesion and rupture forces than a dull probe with large radius
(Skulason & Frisbie, 2000, 2002). An order of magnitude more binding molecules of the dull
tip was attributed to a significantly larger contact area (almost 16 times) than the sharp tip
(Lehenkari et al., 2000). In fact, the surface energy of the tip affects the extent of adhesion

forces only moderately compared to the contact area (Wu ef al., 2018).

I suggest that the tip geometry has a direct influence on the configuration of adsorbed
molecules. Molecules on the CFM tip surface farther from the apex stretch with separation,
gradually rupturing with stretching the more central bonds until only a few ones remain (Fig.
3a and Fig. 4b). The finite part of the tip, approximated as a sphere (Rodriguez et al., 2012),
dominates surface interactions, allowing normalization of adhesion force by tip radius (nN/nm)

(Abu Quba et al., 2022).

However, cell molecules adsorbed on the dull mineral tips are likely to be in a relaxed state at
position (4) and stretch up to the point of the final rupture event (6) when most of them break
free together, resulting in a higher rupture force (Fig. 3b and Fig. 4¢). Thus, almost the entire
contact area contributes to the adhesion process and the use of Paq is more appropriate in this
case (Abu Quba et al., 2023). While the adhesion force increases with increasing the cell-
mineral contact area, Pag starts with slight or moderate decrease with increasing the loading
forces before reaching constant level (Fig. SI 9a and b and Fig. SI 10a and b, Supplemental
Information chapter 6). Although this trend in P.q has been previously reported (Lau et al.,
2009), the reasons behind it remain unclear. In only two cases, however, was a constant

behavior of Paq observed, which agrees with H4 (Fig. SI 10a).
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Fig. 3. Sketches illustrating the tip-sample interactions corresponding to the sequential steps addressed in the FD
curve of Fig. 2 (section 1.7), between (a) CFM tip and (b) mineral tip and a single bacterial cell. The

configuration in (c) is reversed with the cells attached to the colloidal probe scanning against the sample surface.

I attribute this phenomenon to “size effect”. The flexibility of the cell membrane may allow
little increase of the contact area (gray arrow, Fig. 3b). Since the contact area is small at low
deformation, this increase of size will lead to overestimation of P.q which explains its high
initial levels. With increasing the loading forces, however, this contribution of the cell
membrane diminishes and a better fit between the estimated contact area and the actual one
results in the steady state behavior of P.a. This concept is supported by the finding that
unstressed cells, which have higher flexibility (Abu Quba et al., 2022), exhibit a more
significant P.q decay compared to stressed cells (Fig. SI 10a and b). Similarly, the glue surface
of double-sided tape, known for its ability to deform and elongate easily, shows a similar trend,
sometimes with even higher decay rates than unstressed cells (Fig. SI 10a and b). Given the
increasing importance of nanotechnology applications in life and environmental sciences, a
challenging area for future research is therefore to understand how nanoscale mechanical
properties of biological samples influence their adhesion function. In chapter 6, a loading force

of 5 nN was employed for measuring CMI and capture the effect of stress. While lower loading
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force might lead to an overestimation of P.g, higher loading force might not allow single-cell

resolution.
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Fig. 4. (a) Box plots of rupture forces (position 6 in Fig. 2, section 1.7) for CFM (Abu Quba et al., 2022) and
mineral (Abu Quba et al., 2023) tips, with numbers on the top of frequency (%) of events towards cells grown
under unstressed (white) / stressed (gray) conditions. Configurations of the CFM (b) and mineral (c) tips elucidate
that the lower rupture forces observed in (a), for CFM tips, are attributed to fewer intact bonds reaching position
6 compared to the relatively blunt mineral tips and (d) comparison between the theoretical and real situations of
colloidal probe system highlighting discrepancies in bond distribution. Molecules that detach earlier (broken free
bonds in (d)) gradually recover random orientation while the newly detached central bonds still have an orientation

influenced by stretch direction.

The tip sharpness estimation involves calculating the aspect ratio (3D area / 2D area) relative
to tip height using the 3D models of the tips (Abu Quba et al., 2023) (Fig. 5). The tip area-
height function was derived by plotting the 3D area against the height (Abu Quba ef al., 2023).
Two approaches were also used to get a model for a CFM tip; both showing similar patterns.
The first one involves estimating the tip radius using a blind tip reconstruction algorithm (Abu
Quba et al., 2021) and extrapolating the data beyond the tip radius from an inverse image of the
CFM tip with a "sharper" characterizer representing the second method (green squares and
black triangles in Fig. 5, respectively). The CFM tip exhibits a sharper profile evident by a rapid
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increase in aspect ratio and a smaller increase in 3D area compared to dull mineral tips.
Similarly, a standard AFM tip, like the SNL probe, appears sharper with a much smaller 3D
area compared to both the CFM and mineral tips (yellow line, Fig. 5).

Based on that, I propose a normalization approach for adhesion forces detected by AFM:
normalizing by the tip radius (Abu Quba et al., 2022) for sharp tips and by the contact area
(Abu Quba et al., 2023) for dull tips. It is reasonable to establish that if the aspect ratio exceeds
a value of ~ 2 at a height of 50 nm, the representative tip may be classified as “sharp”, (dashed
red line, Fig. 5). However, this classification primarily holds true for single-cell investigations,
as the determination of contact area becomes considerably more complex if the 3D area is

already large at low levels of deformation (Fig 3¢, Fig 4d and black dots in Fig. 5).
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Fig. 5. Aspect ratio (3D area / 2D area) shown in the upper section and only 3D area in the lower section as a
function of the height from the tip apex for various tips, as illustrated by the sketches. The mineral probes (blue
dots), with relatively flat and larger tips, exhibit lower aspect ratios and larger 3D areas compared to the sharp

SNL (yellow line) and CFM (black triangles and green squares) tips.
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7.3 Theoretical model of bacterial growth under stress condition

Growth of bacteria under stress is a complex process, characterized by a sequence of events
that are adapted to the changes of the environmental conditions. Once the cells regain access to
resources essential for colonization, they develop a biofilm. Based on my work and other
studies, a two step model elucidating bacterial behavior within a drying-rewetting cycle is

proposed (Fig. 6).

Under relatively stress free conditions, cells with lower hydrophobicity (Karagulyan et al.,
2022) engage in molecular interactions with the mineral surfaces. An example of such
interactions is the formation of bacterial footprints on host surfaces after cell detachment
processes (Prakash et al., 2003; El-Kirat-Chatel et al., 2014b; Kimkes & Heinemann, 2020)
(line scan, position 1, Fig. 6). These bridging polymers (El-Kirat-Chatel et al., 2014a; b) play
a role in reducing the surface wettability of minerals (Prakash et al., 2003), thus, facilitating
bacterial adhesion. While minerals with low wettability are particularly suitable for hosting
cells as addressed in chapter 6 (Abu Quba et al., 2023), hydrophilic minerals may initially offer
primarily reversible attachment (Berne ef al., 2018). However, the formation of the footprints
on the mineral surfaces enhances the binding ability towards cells indicating that adhesion may

not be only a single binding event but occurs through cumulative processes.

Within the SOM, the kinetics involved in microbial biomass coordination and cluster formation
should not be neglected. Initially, the enhanced cell-cell adhesion fosters association formation
where multiple microbes share gel-like extracellular matrix (Birarda ef al., 2019) which may
better protect microorganisms against external stressors compared to individual cells (Hirakawa
& Tomita, 2013; Kreve & Reis, 2021) (black and white arrows at position 1 and 2, Fig. 6). As
drought stress develops, these cellular associations migrate, while some individual cells
establish interactions with the surrounding mineral surfaces. Forces propelling bacteria towards
surfaces include not only external factors but also intrinsic microbial activities (section 1.4.3).
An external factor contributing to this migration might stem from the reduction in volume of
the bulk liquid within the soil network during drying. This can force bacteria to flow towards
solid surfaces, thereby increasing the probability of initial cell-mineral interactions (position 2,
Fig. 6). Continued drought imposes the reduction of exposure to the stress medium. A
subpopulation of cells diffuses and condenses into the lower layers engaging in physical contact

with the host surface (position 3, Fig. 6).
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After cells initially attach, cell-mineral adhesion progressively becomes stronger over time due
to several factors (position 3 to 4, Fig. 6). The enhancement of molecular interactions does not
just originate from the increased contact areas but also the increased number of connectors
(bridging molecules) during prolonged contact periods as demonstrated in chapter 6 for H4 and
HS, respectively. This is often linked to the removal of water between the adhering cells and
minerals (Xu & Logan, 2006; Chen et al., 2014). It has been observed that the physical contact
of the flagella with the surface can enhance adhesion through hydrophobic interactions
particularly towards hydrophobic surfaces (Kimkes & Heinemann, 2020). These bond
strengthening mechanisms occur quickly within seconds to minutes (Vadillo-Rodriguez et al.,
2004; Huang et al., 2015; Carniello et al., 2018). But these observations are primarily observed
in In vitro conditions, lacking the dynamic cellular responses (Kimkes & Heinemann, 2020),
which poses technical challenges for investigations. From my point of view, with the changes
of the soil properties due to the shift in environmental conditions, adhesion could further
strengthen. Consistent with H 1, that the cells favor molecular interactions with the hydrophobic
—CHj3 surface than the hydrophilic ones like -COOH and —NH: suggests that single cells
become more repellent (chapter 5). Such change of the cell wall hydrophobicity is reflected by
a reduced polarity of the entire microbial film as detected by the decrease of contact angles
upon stress (Karagulyan et al., 2022; Abu Quba et al., 2022) which confirms H3. Thus, it could
be suggested that the microbial colony adapts by shielding itself from water, thereby favoring

adsorption onto mineral surfaces.

However, the characteristics of the mineral surfaces play a pivotal role in the formation of stable
microbial coatings. Notably, minerals smaller in size compared to cells, like goethite, engage
multiple particles with various orientations during interactions with the cells resulting in
increased Paq upon stress as expected in H6 (Abu Quba et al., 2023). Montmorillonite with
uniform and round porous domains also contributes to the stress induced increase of Pag (Abu
Quba et al.,2023). But surfaces that are extremely flat, like the kaolinite sheets, pose a challenge
for the proteins embedded in the cell outer membrane to adsorb to (Abu Quba et al., 2023).
Consequently, P.q decreases (Abu Quba et al., 2023) as the protein density increases by stress
(Abu Quba et al., 2022). An essential criterion for cell colonization under stress conditions is a
certain level of repellency of the mineral surface (contact angle exceeding ~20°). Surfaces that
are completely wettable, like quartz, lack sufficient sites for hydrophobic junctions with the
more hydrophobic stressed cells leading to no change of adhesion pressure upon stress (Abu

Quba et al., 2023). The demonstrated stronger adhesion of cells to less wettable minerals (Abu
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Quba et al., 2023), confirming hypothesis H7, suggests that minerals with lower wettability,
like goethite, may host cells at higher rates compared to highly hydrophilic minerals, like

quartz.
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Fig. 6. Two step model illustrating bacterial growth over a drying-rewetting cycle. The sketch demonstrates the cumulative
steps associated with biofilm formation on minerals surfaces from cells originally suspended in SOM. The lower bar presents
findings supporting the proposed growth scenario. At position 1, the planktonic cells are in optimal condition for growth by
division processes. AFM images at position 1 reveal the tendency of B. subtilis (up) and P. fluorescens (down) cells, with lower
hydrophobicity, to remain isolated (indicated by black arrow). Some cells may recondition surrounding solid surfaces as shown
after the removal of P. putida cell from epoxy glue (Abu Quba et al., 2023) surface, line scan at position 1 (my unpublished
results). As the dry stress develops, increased cell hydrophobicity prompts their association and migration towards the mineral
surface. The AFM images of stressed cells show their tendency to form associations (observe the decrease in cell-cell spacing
in AFM images at position 2, white arrow). Subsequently, bond strengthening progressively takes place for the cells that are
already at the mineral surfaces. Fast processes like the increase of the contact area is shown by the SEM image (Gu et al., 2017)
at position 3 (potentially starting at position 2 as well). I propose that the whole microbial colony will structure to be densely
packed increasing the number of cells adhering to the mineral surfaces with rising osmotic pressure (position 4). Throughout
this transition (positions 1 to 4), the microbial colony actively defends stress by enhanced cell surface hydrophobicity, partial
decay of cell subpopulations for biomass nutrition, and the release of outer membrane vesicles, reaching maximal release at
position 4 shown by the SEM image (Baumgarten ef al., 2012). Upon rewetting, living biomass regains energy resources to
continue their biological activities and form biofilm illustrated by organizational steps 5 and 6 supported by research (Donlan
et al., 1994; Otter et al., 2015; Chitlapilly Dass & Wang, 2022; Parvin et al., 2023). The AFM (Ripa et al., 2020) and SEM
(Epstein et al., 2011) images show biofilm initiation at the respective steps 5 and 6. Notably, position 4 and 6 show distinct
microbial configurations, each contributing various services to the soil ecosystem, as detailed in the text. Images reproduced

by permission of IOP Publishing Ltd.
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Bacteria simultaneously shrink in size (Abu Quba et al., 2022) as drying progresses, possibly
leading to an overall reduction of the biological coverage on minerals. In addition, the
unexpected increase of cell stiffness (Abu Quba ef al., 2022) may hinder firm attachment of the
outer membrane to the mineral surfaces. However, cell shrinkage is associated with an increase
of protein to lipid ratio (Abu Quba et al., 2022), which leads to a higher number of hydrophobic
nanodomains per cell surface area. In turn, this may stimulate more molecular interactions
between cells in the central layers of the colony and stronger adsorption at the cell-mineral
interface, thereby improving the cohesion of the entire biological entity over the dry period.
Speculatively, within the close vicinity of the surface hosting millions of cells (Clarke, 2016),
the progressive structuring of densely packed cells, adapting to the gradual rise in cell
hydrophobicity, might continually promote individual cell-surface contacts. Chapter 5 provides
a detailed explanation of the mechanisms by which changes in cell size, stiffness, charge, and
chemical composition lead to the development of hydrophobic characteristics on the cell
surfaces. This adaptation supports H2 and may be further enhanced by additional contributions
to the hydrophobic interactions, such as the release of outer membrane vesicles under stress

(Baumgarten et al., 2012).

Our work revealed growth inhibition across six tested bacterial strains due to exposure to both
osmotic and matric stress (Karagulyan, 2022). Intermicrobial interactions often arise from
competition of resources. Cells, especially in the bottom layers (Prakash ef al., 2003), might
fail to meet minimal energy requirements for survival and could undergo degradation (Worrich
et al., 2016) or eventual cell death (Karagulyan, 2022) (position 4, Fig. 6). Their released
products (Karagulyan, 2022), waste products from their neighbors (Prakash er al., 2003)
together with trapped nutrient (Westall ez al., 2000) within the microbial community as well as
the organic molecules previously addressed, footprints (Kimkes & Heinemann, 2020), become
potential substrates for metabolization (Kimkes & Heinemann, 2020; Karagulyan, 2022) by the
surviving biomass, which stands a higher chance of persistence within this harsh micro-
environment. It is plausible that cells adapt to a “dormant state” marked by a drastic reduction

in cellular activity and motility, aiming to maintain their population as much as possible.

Up to this point, the microbial induced hydrophobizing effect of the mineral surfaces likely
reaches its peak. First, the mineral surfaces become less accessible to water as they get covered
by bacterial cells, imprinting their hydrophobic properties, consequently contributing to certain
levels of soil water repellency (SWR) (Achtenhagen et al., 2015; Karagulyan et al., 2022; Abu
Quba et al., 2023). Second, the organic molecules released during cell envelope decay,
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particularly lipids of the inner and outer membranes as well as the outer membrane proteins,
may stabilize on the mineral surface in dry condition resulting to the formation of hydrophobic
domains (Miltner et al., 2012; Abu Quba et al., 2022). Additionally, membrane vesicles (MV)
produced by the cells could partially cover mineral surfaces, thereby reducing their surface

energies (Baumgarten et al., 2012; Mozaheb & Mingeot-Leclercq, 2020).

Upon rewetting, the subsequent process of biofilm development in aqueous dispersion has been
intensively reviewed (Donlan et al., 1994; Otter et al., 2015; Chitlapilly Dass & Wang, 2022;
Parvin et al., 2023) and will not be covered here (position 5 and 6, Fig. 6). As extracellular
polymeric substances (EPS) are produced (Westall et al., 2000), the water content notably
increases because EPS has a capacity for retaining water through hydrogen bonding (Prakash
et al., 2003). Consequently, the key characteristics and functions of the bacteria are modified
(Marshall et al., 1989; Otter et al., 2015) as biofilms engage in physiological activities such as
the degradation of organic matter (Cai ef al., 2019) and the cycling of different substances and
metals (Flemming, 1993). This system significantly enhances resilience against stress, even
under severe conditions (Fischer, 2009; Meisner ef al., 2017), by serving as a buffer that retains

moisture in the bulk soil upon drying (Roberson & Firestone, 1992).

So far, at the end of the drying phase (position 4, Fig. 6), the microbial colony demonstrates a
considerable level of hydrophobicity. After a rewetting phase, however, bacterial functions are
predominantly dominated by their biofilm counterparts, characterized by hydrophobic domain
residuals but with notably high water content (position 6, Fig. 6). My findings suggest a
promising role of intact cells (potentially living biomass) in inducing SWR. This raises the
question of whether bacteria can recover from the dry period and develop to form biofilms? Or,
given the already established irreversible adhesion (Berne ef al., 2018; Carniello ef al., 2018),
would the dynamic processes at the single-cell level not affect the integrity of the bacterial
community leading to further accumulation of cell fragments, in turn, to the long-term
hydrophobizing effects? In my opinion, the duration of droughts plays a role in determining the
fate of the microbial colony. It essentially governs the rate of bacterial death, consequently

impacting the preservation of organic matter against decay.

It was recently found that following prolonged periods of drying, even up to a year, bacterial
growth starts rapidly upon rewetting and the growth rate soon matches that of conditions with
continuous moisture (Meisner et al., 2015, 2017). This resistance might be related to that in a

dynamic soil environments (Smucker, 1993; Gao et al., 2021), the accessibility of water and
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nutrient to microorganisms increases creating favorable growth conditions through pronounced
uptake processes (Soto Gonzales et al., 2021). Particularly for bacteria immobilized on surfaces,
unlike the suspended counterparts, already little enrichment of the nutrient levels leads to
cellular growth processes (Kjelleberg et al., 1982). Notably, multiple bacterial species can also
resist for several months exhibiting resistance comparable to soil systems though in drier
(Meisner et al., 2017) conditions like on plastic or metallic air dry surfaces (Kramer et al.,
2006). These recent findings highlight a great ability of bacteria to withstand extended droughts

likely with little losses of the living biomass.

A relevant experiment in the same project showed for two various soils that the fluctuations in
moisture content caused by drying-rewetting events over a 90 day period were not reflected in
changes of the soil hydrophobicity (Karagulyan, 2022). Based on this finding and considering
recent literature insights, I propose the following hypothesis. In natural environments, bacteria
demonstrate a greater resistance to water stress than previously understood, exhibiting a slow
biomass loss. Therefore, temporal stress resulting from shifts in soil parameters (such as
variations in precipitation intensity, frequency, and soil temperature) is accommodated by soil
microorganisms. These microorganisms adjust their properties and behaviors, responding to the
changed conditions, and subsequently recover to an unstressed state when the environmental

conditions become more favorable.

While my proposed hypothesis regarding the elevation of bacterial surface hydrophobicity
levels in dry conditions was confirmed, the implications of this phenomenon may not
necessarily be harmful to soil health, as discussed in the introduction (section 1.1). Instead, the
relative increase in cell surface hydrophobicity, enhancing survival ability, could potentially
foster the drought tolerance of the entire ecological system maintaining plant productivity under
stress conditions. Specifically, P. fluorescens, the most susceptible to increase hydrophobicity
when subject to stress (Karagulyan et al., 2022), is recognized as a root colonizer termed a
"hidden hero" (Nishu et al., 2022). This strain promotes plant growth and mitigates plant
diseases through various processes, which get significantly activated under drought conditions,
including: nitrogen fixation, phosphate solubilization, and the expression of materials related
to plant growth (Nishu et al., 2022). Similarly, the robust defense system enabling survival
under soil stressors has positioned B. subtilis as a viable biofertilizer (Hashem et al., 2019).
Thus so, the continued study of dynamic soil-bacteria interactions holds huge promise. It may
open a gateway for several strategies to enhance soil health through regulating these interactions
to support plant productivity and resistance in stressful environmental conditions.
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However, with global warming and climate change, an expected increase in soil temperature
and salinity levels (Win et al., 2018; Soto Gonzales et al., 2021; Ebrahimi et al., 2021) may
create prolonged stress conditions that hinder microorganisms from full adaptation processes
leading to a microbial degradation. Additionally, in hydrophobic soils characterized by
preferential water flow paths (Morales et al., 2010; Goebel et al., 2011), prolonged exposure of
soil microorganisms to dry conditions could impede their recovery when water becomes
available again such as after cultivation activities. A study of the impacts of severe droughts,
extending beyond seasonal changes, on cell wetting properties and the feedback on soil
properties and crop yield should therefore be considered. This helps to understand how bacteria
behave and function in such conditions enabling us to take measures in managing potential
risks. Furthermore, exploring how the inhomogeneous water infiltration and distribution
influence microbial interactions with soil materials may shed light on potential persistent

hydrophilization effect of bacteria.
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9 Annex

9.1 List of abbreviations

AFM: Atomic force microscope

CA: Contact angle

CMA: Cell-mineral association

CFM: Chemical force microscopy

DMT: Derjaguin—Miiller—Toporov

EPS: Extracellular polymeric substances

ESEM: Environmental scanning electron microscope

FD: Force-distance

LPS: Lipopolysaccharides

MV: Membrane vesicles

OD: Optical density

Paq: Adhesion pressure

PFQNM: PeakForce Quantitative Nanomechanical Mapping
ROI: Region-of-interest

SNL: Sharp Nitride Lever

SOM: Soil organic matter

SWR: Soil water repellency

XDLVO: Extended Derjaguin—Landau—Verwey—Overbeek
XPS: X-ray photoelectron spectroscopy
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9.2 List of figures

Fig. 1. Top left: single bacterial cell scanned with increased loading force from 5 to 75 nN in
increments of 5 nN. High loading forces lead to cell deformation, which affects the quality of
cell profiling negatively. The inset (top left) shows a subsequent scan of the cell at 5 nN, where
the cell remains undamaged. Adhesion is influenced by the loading force, as seen in the brighter
color of the adhesion channel (top right) and increased adhesion forces along the line scan

(bottom) which is aligned with the direction of increased loading force (blue arrow).

Fig. 2. FD curve (left) obtained between a CFM probe and a bacterial cell with sketches of tip-
cell configuration (right) at the corresponding positions (numbers). The black curve illustrates
the approach of the probe towards the cell surface, marking the point of initial tip-cell contact
(1). Continuing the approach, the tip deforms the surface until reaching a predefined force
setpoint (2). Subsequent retraction (red curve) shows force reduction, reaching zero (3),
followed by a slight negative (attractive) force at the cell surface position (4). This is followed
by a maximum adhesion peak (5). Then, a gradual unbinding of adsorbed molecules occurs
reaching the rupture of the final bond leading to a complete separation (6). Note: Positions 1,

3, and 4 merge to the same point when there is no energy dissipation on the cell surface.

Fig. 3. Sketches illustrating the tip-sample interactions corresponding to the sequential steps
addressed in the FD curve of Fig. 2 (section 1.7), between (a) CFM tip and (b) mineral tip and
a single bacterial cell. The configuration in (c) is reversed with the cells attached to the colloidal

probe scanning against the sample surface.

Fig. 4. (a) Box plots of rupture forces (position 6 in Fig. 2, section 1.7) for CFM (Abu Quba e?
al., 2022) and mineral (Abu Quba et al., 2023) tips, with numbers on the top of frequency (%)
of events towards cells grown under unstressed (white) / stressed (gray) conditions.
Configurations of the CFM (b) and mineral (c) tips elucidate that the lower rupture forces
observed in (a), for CFM tips, are attributed to fewer intact bonds reaching position 6 compared
to the relatively blunt mineral tips and (d) comparison between the theoretical and real situations
of colloidal probe system highlighting discrepancies in bond distribution. Molecules that detach
earlier (broken free bonds in (d)) gradually recover random orientation while the newly

detached central bonds still have an orientation influenced by stretch direction.

Fig. 5. Aspect ratio (3D area / 2D area) shown in the upper section and only 3D area in the

lower section as a function of the height from the tip apex for various tips, as illustrated by the
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sketches. The mineral probes (blue dots), with relatively flat and larger tips, exhibit lower aspect
ratios and larger 3D areas compared to the sharp SNL (yellow line) and CFM (black triangles

and green squares) tips.

Fig. 6. Two step model illustrating bacterial growth over a drying-rewetting cycle. The sketch
demonstrates the cumulative steps associated with biofilm formation on minerals surfaces from
cells originally suspended in SOM. The lower bar presents findings supporting the proposed
growth scenario. At position 1, the planktonic cells are in optimal condition for growth by
division processes. AFM images at position 1 reveal the tendency of B. subtilis (up) and P.
fluorescens (down) cells, with lower hydrophobicity, to remain isolated (indicated by black
arrow). Some cells may recondition surrounding solid surfaces as shown after the removal of
P. putida cell from epoxy glue (Abu Quba et al., 2023) surface, line scan at position 1 (my
unpublished results). As the dry stress develops, increased cell hydrophobicity prompts their
association and migration towards the mineral surface. The AFM images of stressed cells show
their tendency to form associations (observe the decrease in cell-cell spacing in AFM images
at position 2, white arrow). Subsequently, bond strengthening progressively takes place for the
cells that are already at the mineral surfaces. Fast processes like the increase of the contact area
is shown by the SEM image (Gu et al., 2017) at position 3 (potentially starting at position 2 as
well). I propose that the whole microbial colony will structure to be densely packed increasing
the number of cells adhering to the mineral surfaces with rising osmotic pressure (position 4).
Throughout this transition (positions 1 to 4), the microbial colony actively defends stress by
enhanced cell surface hydrophobicity, partial decay of cell subpopulations for biomass
nutrition, and the release of outer membrane vesicles, reaching maximal release at position 4
shown by the SEM image (Baumgarten ef al., 2012). Upon rewetting, living biomass regains
energy resources to continue their biological activities and form biofilm illustrated by
organizational steps 5 and 6 supported by research (Donlan et al., 1994; Otter et al., 2015;
Chitlapilly Dass & Wang, 2022; Parvin et al., 2023). The AFM (Ripa et al., 2020) and SEM
(Epstein ef al., 2011) images show biofilm initiation at the respective steps 5 and 6. Notably,
position 4 and 6 show distinct microbial configurations, each contributing various services to
the soil ecosystem, as detailed in the text. Images reproduced by permission of IOP Publishing

Ltd.
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