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Summary

Biofilms constitute a major problem in health care and industry where they can colonize catheters
or plug pipes. The cost and time needed for removing and controlling those biofilms is immense.
Therefore, finding new control and removal strategies has become a major part of biofilm research in
the past. To develop such strategies, information about the material properties of bacterial biofilms
is critically needed. However, measurements of material properties of biofilms are sparse, and it
remains elusive how the molecular composition of the biofilm matrix affects the material properties of
the bulk material. In this thesis, various material properties of two biofilms formed by different Bacillus
subtilis (B. subtilis) strains are investigated and compared. In addition, specific biofilm components
are identified which dictate selected material properties.

In the first part of this thesis, the erosion stability of biofilms formed by B. subtilis B-1 is determined.
When these biofilms are exposed to shear flow established by fluids containing Na+, K+, or Mg2+ ions,
a linear increase in erosion with time is observed. However, other metal ions, i.e. Ca2+, Cu2+, Zn2+,
Fe2+, Fe3+, and Al3+, are absorbed by the biofilm matrix and induce a protection against shear forces
in this fluid flow. This protection from erosion is often accompanied by a mechanical fortification of
the biofilm matrix which is quantified by macrorheology. Interestingly, many of those metal ions are
toxic for planktonic B. subtilis B-1 bacteria, but the biofilm matrix shields the embedded bacteria by
sequestering these metal ions. Furthermore, the chelating agent EDTA is able to remove some of
those tested metal ions from the biofilm matrix, which, in turn, renders the biofilms sensitive to erosion
again.

In the second part of this thesis, a stretching device is designed and assembled that allows for ten-
sile testing of bacterial biofilms in situ. The design integrates key principles known from commercially
available testing equipment, but uses a horizontal setup alignment to enable the treatment of biofilms
directly in the measuring setup. A force curve can be extracted from the measured signal, which is
then used to calculate the tensile strength and rupture energy of biofilms. When biofilms are treated
with metal ions, and then are submitted to tensile forces in the custom-built elongational rheometer, a
similar mechanical stiffening increase as already determined for the shear stiffness of biofilms is ob-
served. Furthermore, the rupture energy of biofilms depends on the force loading rate which is typical
for a network of transiently cross-linked polymers.

In the third part, further material properties of biofilms, e.g. their surface roughness, surface stiff-
ness, and viscoelastic response, are determined and compared for biofilms formed by the two ge-



netically similar B. subtilis wild-type strains B-1 and NCIB 3610. In addition, three knock-out mutants
of the strain NCIB 3610 are used to determine the influence of specific biofilm components on the
bulk properties of the biofilm matrix. The surface layer protein BslA of the NCIB 3610 biofilm matrix
is responsible for the surface stiffness and surface roughness of those biofilms, whereas the polyan-
ionic γ-polyglutamate (γ-PGA), the main constituent of the B-1 biofilm matrix, is observed to prevent
changes in the biofilm shear stiffness that arise from ethanol treatment of biofilms.

In the last part, it is shown that the addition of NCIB 3610 biofilms to standard mortar during the
sample generation process stimulates the mineralization procedure during the hydration reaction of the
mortar. As a consequence, the surface roughness is drastically increased for hybrid mortar samples,
leading to an increased wetting resistance and a prevention of water uptake by capillary forces. When
biofilms are lyophilized prior to the mixing process, higher amounts of biofilm powder can be added to
the hybrid mortar mix, resulting in an even more pronounced wetting resistance. This hybrid material,
generated from a biological material and the inorganic material mortar, shows a strong potential for
industrial applications.
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Introduction

Bacteria embed themselves in a matrix of self-produced biopolymers which is referred to as a bacterial
biofilm. Biofilms are considered the most abundant and ubiquitous life form of bacteria since biofilms
offer protection for the embedded bacterial cells from environmental hazards (1). The biofilm matrix
is composed of a variety of different biomolecules, including polysaccharides, proteins, nucleic acids
and lipids (2–5). These constituents are referred to as extracellular polymeric substances (EPS) and
allow biofilms to resist wetting by liquids (6), protect residing bacteria from antibiotics and desiccation
(7, 8), and absorb toxic metal ions without compromising the viability of embedded bacteria (9, 10).
Biofilms can grow on a variety of different surfaces and are found in themost challenging environments,
e.g. hot-springs (11), deep-sea vents (12), oil fields (13), or tooth surfaces (14). This extraordinary
resilience of biofilms, however, can cause severe problems in health care and industry, where biofilms
are able to colonize urinary catheters (15), reside in drinking water systems (16), and lead to plugging
and corrosion of pipes (17). Removal of biofilms from pipes or - if this first strategy fails - a chemical
inactivation generates enormous costs and is a time-consuming and difficult task (18, 19).

As a consequence, a lot of effort is put into the development of control and removal strategies for
biofilms (20–22). However, such removal strategies critically depend on our understanding of which
biofilm parameters prevent or promote biofilm growth. Whereas the chemical composition of many
biofilm matrices has been identified (23), much less is known on how the different macromolecules
in the biofilm matrix contribute to the complex material properties of biofilms (24, 25). Investigations
on the role of particular matrix elements are challenging since the individual components of the EPS
may have a multifunctional role in the biofilm matrix: for instance, alginate, a compound of the Pseu-
domonas aeruginosa biofilm matrix, is responsible for sequestering metal ions (9), providing structural
integrity (26) and binding water (27). Additionally, suitable characterization methods to obtain infor-
mation on the material properties of biofilms are sparse. Although the characterization of artificial
materials is mostly standardized and a variety of test equipment is commercially available, the test-
ing of biological samples is often not compatible with existing standard setups. A main challenge is
measuring the low forces occurring in soft biological samples. Furthermore, the fixation and transfer
of those soft samples may already alter or destroy the delicate biological material: a transfer of biofilm
from its growth environment may easily alter the complex microarchitecture of the biofilm thus pre-
venting the determination of the ’true’ properties of the material (17). The need for a defined growth
environment, together with the soft and sticky nature of the biofilm material also renders the casting of
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CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic illustration of a bacterial biofilm: Biofilms are composed of various compo-
nents including polysaccharides, proteins, lipids and DNA. A list of material parameters investigated
in biofilm research is depicted together with pictographs representing different testing techniques.

biofilms into standardized test specimens, as needed for commercially available test equipment, very
difficult. And on top of that, the extremely high water content of biofilms limits the use of techniques
where samples need to be dried prior to examination, e.g. scanning electron microscopy (SEM), since
drying could again alter the complex microarchitecture of the biofilms (28).

Nevertheless, the determination of material properties of biofilms and gaining a detailed under-
standing of how specific matrix components constitute and alter these properties is crucial for the
development of suitable biofilm removal and control strategies. However, as typical in materials re-
search, a broad range of parameters can be determined and used for comparing different biofilms. The
schematic illustration in Figure 1.1 lists some examples of such materials parameters but - of course -
is far from being complete. All those parameters listed play an important role for the biofilm behavior.
The shear strength, adhesion, cohesion and erosion stability represent parameters that are relevant
for scenarios which are found in e.g. pipes, where biofilms are exposed to liquid flow. Knowledge of
these properties makes it possible to estimate how much flow is needed to remove biofilms in pipes.
Information on the hydrophobicity and permeability of biofilms can be used to determine how chemicals
and antibiotics might interact with the biofilm matrix and if they are able to penetrate the biofilm matrix
to reach and kill the embedded bacteria. However, although biofilms are mostly undesired in industrial
settings, some of the interesting material properties of biofilms are useful for technical applications.
Examples of such technical applications of biofilms are wastewater treatment (29), the remediation
of heavy metal-contaminated soil (30), or the industrial production of enzymes (31). These examples
highlight the importance of biofilm research.

In this thesis, biofilms formed by the organism Bacillus subtilis (B. subtilis) are investigated as they
serve as an established model system for biofilm formation (13, 32). In a first step, the erosion resis-
tance of biofilms formed by the B. subtilis strain B-1 is determined in different chemical environments.
Although, metal ions are potentially toxic for planktonic B. subtilis B-1, the biofilm matrix manages to
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shield the embedded biofilm bacteria from this chemical hazard. The metal ions are sequestered by
the biofilm matrix and protect those biofilms from erosion by shear forces. This mechanical protection
is often accompanied by an increase in the shear stiffness of the biofilmmatrix. A similar biofilm stiffen-
ing after exposure to metal ions is also observed when those biofilms are submitted to tensile forces in
a custom-built elongational rheometer. The design of this stretching device is discussed and measure-
ments of the tensile strength and the rupture energy of in situ grown biofilms are presented. In a further
step, various material properties, e.g. the surface roughness, surface stiffness, and viscoelasticity of
B. subtilis B-1 biofilms, are determined and compared to biofilms formed by another B. subtilis strain
(NCIB 3610) and selected knock-out mutants of this strain. Variations in the matrix composition of
these biofilms are found to be responsible for differences in the biofilm surface roughness and surface
stiffness. γ-polyglutamate (γ-PGA), the main constituent of the B-1 biofilm matrix is shown to prevent
shear stiffness changes arising from an ethanol treatment of B-1 biofilms. In turn, ethanol-sensitive
NCIB 3610 biofilms can be supplemented with γ-PGA so that they gain the same protection effect from
ethanol. In a last step, it is shown that the addition of NCIB 3610 biofilms to standard mortar during
the sample generation process stimulates the mineralization process during the hydration reaction of
mortar. Hence, the surface roughness is drastically increased for hybrid mortar samples, leading to
an increased wetting resistance and a prevention of water uptake by capillary forces. This hybrid ma-
terial, generated from a mixture of biological and inorganic components illustrates the strong potential
of biofilms for industrial application and the need for a deeper understanding of biofilm properties in
general.
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Materials & Methods

The following methods are mainly adopted from Grumbein et. al(10) and Kesel et. al(33).

2.1 Biofilm and sample preparation

2.1.1 Bacterial strains

Two bacterial wild-type strains B. subtilis B-1 (34) and B. subtilis NCIB 3610 (35) were used for the
experiments. Additionally to these wild-type strains, mutants of the strain NCIB 3610 lacking specific
matrix main components were used. These mutant strains were CA017, N24 and ZK3660, each of
them is unable to produce one main matrix component. B. subtilis strain CA017 is unable to produce
the TasA protein (36), whereas strain N24 is lacking production of the surface protein BslA (37). In
strain ZK3660, the gene for exopolysaccharide EpsA-O (38) production was knocked out. An overview
is given in Table 2.1.

2.1.2 Biofilm formation

The following two protocols for biofilm formation were used and are indicated for the experiments:
Formation protocol F1: Overnight cultures were grown from a frozen glycerol stock in liquid Lysogeny
Broth (LB) (according to Luria/Miller) medium, and incubated at 37 °C and 90 rpm for 13 hours. Biofilms
were grown by plating 100μL of an overnight culture onto 1.5% (w/v) agar plates containing LB and

Strain Description Remaining matrix composition Antibiotic Reference
TasA BslA EpsA-0 [µg/mL]

NCIB 3610 Wild-type x x x None (35)
CA017 TasA::Kan x x Kanamycin (50) (36)
N24 BslA::Cam x x Chloramphenicol (5) (37)

ZK3660 EpsA-O::Tet x x Tetracycline (12.5) (38)
B-1 Wild-type Mainly γ-polyglutamate None (34)

Table 2.1: Table of bacterial strains with the main matrix components and the corresponding antibiotic
used for selecting the strains
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CHAPTER 2. MATERIALS & METHODS

incubating those agar plates at 37 °C for 24 hours.
Formation protocol F2: Bacteria were streaked out onto 1.5% (w/v) agar plates containing LB and
those agar plates were then incubated at 37 °C for 9 hours. A single colony was picked, grown in
liquid LB medium and incubated at 37 °C and 300 rpm for 9 hours. Biofilms were grown by plating
210μL of an overnight culture onto 1.5% (w/v) agar plates containing LB and incubating those agar
plates at 37 °C for 13 hours.
The corresponding antibiotic according to Table 2.1 was added to the liquid cultures during growth
of the mutant strains. This ensured that only the desired mutant is able to grow and used for biofilm
formation.

2.1.3 Biofilm treatment

Fresh biofilm was prepared according to the protocols established above and treated with different
solutions to study the effect of those solutions on the biofilm properties. The treatment was performed
prior to the experiments according to one of the following protocols.

Treatment protocol T1: Biofilm was carefully scraped from the agar with a glass slide without dam-
aging the underlying agar surface. The biofilm material was then pooled, split into small amounts
(~500mg), transferred into micro test tubes and weighed. 5% (v/w) of a chemical stock solution was
then added to the tubes and the chemical was distributed throughout the biofilm by gentle stirring with
a pipette tip. Treated biofilm samples were kept at room temperature for 1 hour prior to their charac-
terization.

Treatment protocol T2: Biofilm was fully covered with a chemical stock solution. After defined time
intervals, the solution was disposed and the biofilm samples were kept at room temperature for 10
minutes to allow for evaporation of the remaining solution prior to characterization.

It will be indicated throughout the thesis which protocol was used for each experiment.

2.1.4 Sample preparation for elongational rheology

For this purpose, LB was dissolved in double-distilled water (ddH2O) and enriched with 1.5% (w/v)
agar. The autoclaved, still liquid LB-Agar was poured into the customized sample holder (Fig. 2.1)
where it formed a continuous nutrition layer. After gelation of the agar, the solid layer was sliced at the
touching points of the two sample holder parts using a sterile scalpel. Subsequently, a Drigalski spatula
was used to spread 15µL of the bacterial liquid culture (prepared as in protocol F1) of B. subtilis B-1 on
the rectangular part of the agar layer. The sample holders were then placed in the incubator at 37 °C
and incubated overnight. On the next day, a continuous biofilm layer was formed, and the samples
could be used for mechanical testing. A more detailed description can be found in Section 3.2.1.
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2.2. EXPERIMENTAL TECHNIQUES FOR BIOFILM CHARACTERIZATION

Figure 2.1: Sample holder for elongational rheology experiments: (A) The customized PTFE
sample holders (B) are filled with liquid agar so that biofilm can grow on the agar layer.

Figure 2.2: Casting process of mortar samples: (A) Fresh biofilm is harvested and pooled from
agar plates and (B) an aqueous suspension is generated by grinding the biofilm with a pestle. (C) The
suspension is mixed with cement and sand and (D) poured into the mortar casting form.

2.1.5 Mortar sample preparation

Fresh biofilm was prepared according to protocol F1 and harvested from agar plates by manual scrap-
ing with a glass slide. The scraped biofilm material was pooled, weighed and split into small amounts
as needed (Fig. 2.2A). For biofilm lyophilization, the scraped biofilm was pooled and freeze-dried for
24 h. Then, the lyophilized biofilm was stored at -80 °C until needed. Biofilm was mixed with 5mL
ddH2O for a water/cement ratio of 0.5 (and with 6 and 7mL, respectively, for wc values of 0.6/0.7). An
aqueous suspension was generated by grinding the biofilm with a pestle for two minutes (Fig. 2.2B).
This suspension was mixed with 30 g of CEN standard sand (DIN EN 196-1) and 10g cement (CEM
42,5N), stirred for two minutes (Fig. 2.2C), and poured into the casting form (Fig. 2.2D). The mortar
samples were cured at room temperature for 3 days before used for any experiment.

2.2 Experimental techniques for biofilm characterization

Tomeasure the material properties of different biofilm samples, a broad range of different experimental
techniques were used to determine the viability, topology and viscoelastic properties of biofilms.
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CHAPTER 2. MATERIALS & METHODS

2.2.1 Minimal inhibitory concentration (MIC)

Different ionic solutions were prepared at increasing concentrations in LB medium. Each of those
solutions was inoculated with 100μL of an overnight culture of B. subtilis B-1 according to protocol F1.
The chemically challenged cultures were incubated for 24 hours at 37 °C and the optical density was
determined afterwards (Victor3 Multilabel Counter, PerkinElmer, Waltham, Massachusetts, USA).

2.2.2 Regrowth assay – planktonic bacteria

700μL of an overnight culture of B. subtilis B-1 according to protocol F1 was mixed with 700μL of
an ionic solution in micro test tubes. Tubes were placed onto a vertical lab rotator at 2 rpm for 1 hour
to ensure good mixing. 10μL of the chemically challenged culture were then transferred into 990μL
of fresh LB to remove the chemical challenge and allow for bacterial growth. Optical densities were
determined (GeneQuant Pro, Amersham Biosciences, Amersham, UK) directly after mixing with fresh
LB and after 15 hours of incubation at 37 °C and 90 rpm.

2.2.3 Regrowth assay – biofilm

For this assay, comparable amounts of untreated biofilm (~500mg each) were weighed into sterile
micro test tubes to ensure comparable starting conditions. 5% (v/w) of a chemical stock solution was
then added to the tubes and the chemical was distributed throughout the biofilm by gentle stirring
with a pipette tip. After an incubation time of 1 hour, the micro test tubes containing the chemically
treated biofilms were rinsed on the outside with ethanol to avoid contamination and placed into 50mL
centrifuge tubes, which then were filled with 20mL of liquid LB medium. Those centrifuge tubes were
mounted onto a lab shaker and incubated at 37 °C for 15 hours to wash out bacteria from the biofilm
matrix and allow for their growth. Optical densities (GeneQuant Pro) of the bacterial solutions were
then obtained every hour for a total duration of 15 hours.

2.2.4 Erosion assay

Customized sample holders were crafted from PTFE plates. Each sample holder has a cylindrical
hole of 20mm diameter and 3mm depth. Sample holders were sterilized prior to filling with 1mL of
1.5% (w/v) agar containing LB generating a circular agar patch. Afterwards, 20 µL of an overnight
culture was mixed with 80 µL of fresh LB and distributed over the agar surface of the sample holders.
Sample holders were then incubated at 37 °C for 24 hours for biofilm growth. An example of such
a biofilm-covered agar patch is depicted in Figure 2.3A. To conduct the erosion tests, 25mL of a
testing liquid was prepared and filled into centrifuge tubes. The sample holders were placed into the
centrifuge tubes which in turn were mounted onto a lab shaker (Unimax 1010, Heidolph Instruments,
Schwabach, Germany). The lab shaker was then set into rotation at 300 rpm for defined time intervals
which generated a shear stress of about 1.6mPa (Fig. 2.3B). After exposure to this shaking-induced
shear force, the agar layer was carefully removed from the sample holder ensuring that the remaining

8



2.2. EXPERIMENTAL TECHNIQUES FOR BIOFILM CHARACTERIZATION

Figure 2.3: Setup of the erosion experiment: (A) A customized sample holder geometry containing
a biofilm-covered agar patch is inserted into a tube which is then filled with a testing solution. (B) Shear
forces are induced by setting the tube into rotational motion using a lab shaker. A biofilm-covered agar
patch after an erosion experiment with a very low degree of erosion is depicted in (C). A high degree
of erosion correlates with a lower coverage with biofilm after exposure to shear forces as depicted in
(D). For clarity, the biofilm is colored in yellow in images A-D.

biofilm layer was not disturbed. Images of the biofilm-covered agar patches were acquired using a
perimeter stand at a defined height with a digital camera (Canon PowerShot SX240 HS). Images
were then converted into black and white using a binarization procedure implemented in the software
ImageJ, and the percentage of biofilm erosion was calculated by determining the ratio of the area
covered with biofilm and the total area of the agar patch (Fig. 2.3C+D).

The shear stress during the shaking procedure was calculated using the drag equation:
Fd
A = 1

2ρν
2Cd, where Fd is the drag force in the direction of the flow velocity, A is the reference

area (31.41mm²), ρ is the density of the fluid (998 kg/m³), ν is the velocity of the object relative to
the fluid (123.56mm/s) and Cd is the drag coefficient. The drag coefficient can be calculated using
Cd = 0.455

logRe2.58
, where Re is the Reynolds number for a horizontal flow along a plate. The Reynolds

number is determined using Re = w∞∗xu
v , where xu is the length of the biofilm covered area (10.5mm),

w∞ the experimentally determined velocity (123.56mm/s), and v the kinematic viscosity of ddH2O
(1x106m²/s). The velocity was determined by recording a particle trajectory in the experimental setup.

2.2.5 Profilometry

A NanoFocus µsurf profilometer (NanoFocus AG, Oberhausen Germany) was used to obtain the sur-
face profiles of one-day old biofilms. Three randomly selected spots with an area of 320x308µm were
scanned on each sample using a 50x objective. The biofilms were exposed for one hour to 2mL
of 99% (or 80%) ethanol as described in the biofilm treatment protocol T2 above, and profilometer
images were obtained before and after this treatment. The root-mean-squared roughness (Sq) was
then determined by evaluating the scanned area with the software µsoft (Version 6.0, NanoFocus AG,
Oberhausen, Germany) with the following formula: Sq =

√
1
A

∫∫
A

z2(x, y) dx dy.
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CHAPTER 2. MATERIALS & METHODS

Figure 2.4: Surface scanning with a profilometer: (A) A laser diode is used to illuminate the sample.
Only light reflected from the focal plane can pass through the observation pinhole and is measured
with a detector. With consecutive scanning and changing the focal plane z-direction, the whole surface
of the sample is scanned. (B) Image of the profilometer. (C) The root-mean-squared roughness
parameter (Sq) is calculated from the acquired topological information of a sample

2.2.6 Macrorheology

Biofilms are commonly referred to as viscoelastic materials or complex fluids (39) and their mechanical
properties are determined with a broad range of techniques. In this thesis, the shear modulus as
determined by macrorheology was investigated and compared for biofilm samples.

The parameters describing the viscoelastic properties can be derived according to the two-plate
model (Fig. 2.5A). The sample is located between two plates and will be sheared due to the movement
of the upper plate. The lower plate is fixed in this setup. The force F and the area A define the shear
stress τ = F

A on the sample. The resulting deformation γ = ∆x
h is defined as the movement of the

upper plate ∆x with respect to the gap height h. With this information the shear modulus G can be
calculated using the formulaG = τ

γ . However, this only describes the viscoelastic properties in a static
state, and information on the time-dependence of the materials’ response is still missing. To fully
describe the viscoelastic behavior of a material, the shear stress is brought upon the sample in an
oscillatory motion, i.e. a sinusoidal shear stress τ(t) is applied. The resulting deformation γ(t) of this
applied stress is recorded, and the phase shift θ (see Fig. 2.3C) is evaluated. For a purely elastic
material this phase shift is θ = 0, whereas the phase shift for a purely viscous material is θ = 90. The
complex shear modulus G*(Equation 2.1) can now be used to calculate the two viscoelastic moduli,
namely the storage modulus G’ (Equation 2.2) and the loss modulus G” (Equation 2.3). The storage
modulus represents the elastic response of the material, and the loss modulus the viscous response.

10



2.2. EXPERIMENTAL TECHNIQUES FOR BIOFILM CHARACTERIZATION

Figure 2.5: Shear rheology with a macrorheometer: (A) The two-plate model is used to derive
the static shear modulus of a sample. (B) The sample is placed between the bottom plate and the
measuring plate in a rheometer, and an oscillatory shear stress is applied to the sample. (C) The
resulting strain and phase shift are used to determine the viscoelastic moduli.

G∗ =
τ

γ
(2.1)

G′(f) =
T

γ
cos θ (2.2)

G′′(f) =
T

γ
sin θ (2.3)

The rheological measurements were performed using a commercial rheometer (MCR 302, Anton
Paar GmbH, Graz, Austria). The rheometer can be driven in a stress- or a strain-controlled mode,
however the strain-controlled mode has been proven to be more precise (40). Therefore, the following
protocol was used to determine the viscoelastic moduli of bacterial biofilm samples:

• A sample was loaded into the rheometer and the gap was set to 300 µm.

• A torque of 0.5 µNm at a frequency of 1Hz was applied to the sample. This low torque is set
to ensure a response in the linear regime of the material. The resulting deformation γ from this
applied stress was recorded and multiplied with a factor of 1.5: γmin = γ×1.5.

• A frequency spectrum from 0.1 - 10Hz was measured in strain-controlled mode with γmin.

2.2.7 Elongational rheology

To measure the yield strength of bacterial biofilm, a custom-made elongational rheometer was built. A
detailed description of the setup and the procedure can be found in Section 3.2.
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2.2.8 Gene expression analysis

B. subtilis B-1 biofilms were grown and prepared as described in biofilm formation protocol F2. RNA for
gene expression analysis was extracted from biofilms that were grown for 10 hrs and 18hrs using the
Quiagen RNeasy extraction kit following the protocols provided with the kit. Gene expression analysis
was performed by IMGM Laboratories via quantitative real-time PCR (40 cycles) with custom TaqMan®

Gene Expression Essays for the genes ywsC, blsA, epsH and tasA. As a positive control served the
conserved 16S rRNA housekeeping gene. Negative controls did not contain genetic material or were
performed with the corresponding RNA. This assay was performed by Sara Kesel.

2.2.9 AFM settings and cantilevers

Force spectroscopy was performed using a JPK NanoWizard® BioScience Atomic Force Microscope
(with CellHesion® module, JPK Instruments AG). For measuring the elasticity of the biofilm surface,
soft cantilevers with a silicon dioxide (SiO2) bead with a diameter of 6.62μm were used (sQube
CP-PNPS-SiO-C-5, NanoAndMore GmbH). According to the manufacturers’ data, the resonance fre-
quency of the cantilevers were ~17 kHz and the cantilevers had a force constant of 0.08N/m as verified
using the thermal noise analysis (JPK Instruments Technical Note). For each individual cantilever the
sensitivity (in nm/V) was calibrated by fitting the retract part of a force curve measured on plastic un-
der ethanol, thus setting a baseline. Experiments were performed in contact mode using the following
parameters of the control JPK software: sample rate 6000Hz, z-length 20μm, set-point 5.0 nN, speed
5.0μm/s.

2.2.10 Surface indentation with AFM

After addition of ethanol, due to technical reasons, a minimum of ten minutes elapsed until the first
measurement could be performed. Each biofilm surface was measured on three different positions.
Each of these measurements was composed of 64 single runs measured with a distance of 1.25 µm
to each other. For each strain 10 experiments were performed on 9 different days. The obtained
force curves were analyzed with the JPK Data Processing Software (Version spm-5.1.7). To obtain
the Young’s Modulus, the Hertz model of elastic deformations was applied (41). A Poisson’s ratio
of 0.5 was set, assuming a perfectly incompressible material which deforms elastically. Although this
introduces a certain error to the absolute values obtained, it does not interfere with relative statements.
Further data analysis was performed using the software MATLAB (Version R2014a) and Igor Pro
(Version 4.06). This assay was performed by Sara Kesel and Ina Gümperlein.

2.2.11 Determination of wet and dry mass of biofilm

To determine the wet mass of biofilms produced by the two B. subtilis wild-type strains NCIB 3610
and B-1, liquid cultures as described in biofilm formation protocol F2 were confluently plated onto agar
plates with 9 cm diameter and cultivated for 18 h. Part of the plates were covered with 99% ethanol
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for 1 h, in the presence or absence of γ-PGA. The ethanol was discarded and the plates were dried
for 60min. For all plates, treated and untreated, the biofilm was scraped from the agar and weighed in
Eppendorf tubes. All tubes were frozen in liquid nitrogen at -169 °C and placed in an Alpha 1-2 lyophil
(Christ, Osterode am Harz, Germany) at -55 °C and 0.021mbar, where they were kept for 8 h. The
tubes were weighed again to determine the dry mass. This assay was performed by Sara Kesel.

2.3 Experimental techniques for hybrid mortar characterization

2.3.1 Contact angle measurements

Three droplets of 20 µL ddH2O were pipetted onto each mortar sample on different spots and images
were acquired from a lateral view with a digital camera (Flea3, Point Grey, Richmond, Canada) using a
varifocal lens with a focal length between 9 and 90mm (Edmund Optics GmbH, Karlsruhe, Germany).
The evaluation of the contact angle was performed using the image analysis software ImageJ with a
drop analysis plugin tool (42).

2.3.2 Profilometry

A NanoFocus µsurf profilometer (NanoFocus AG, Oberhausen Germany) was used to obtain the sur-
face profiles of hybrid mortar samples. Three randomly selected spots with an area of 320x308µm
were scanned on each sample using a 50x objective. The Sq value was then determined as described
above.

2.3.3 Water uptake experiments

X-ray dark-field imaging was performed together with Marwa Tallawi and Fritz Prade from the physics
department of the TUM. The laboratory setup was equipped with a commercial microfocus tube which
was operated at 60 kV and a power of 100W. A standard flat-panel detector with a pixel-size of 127 µm
and a CsI scintillator was used for image acquisition. The interferometer consisted of a source-, a
phase- and an analyzer-grating which were symmetrically aligned along the beam axis. The distance
between the source- and phase-grating as well as the distance between the phase- and the analyzer-
grating was 92.5 cm. The grating periods were 10 µm for the source- and analyzer-grating and 5µm
for the phase-grating. The grating bars of G0 and G2 were made of gold with a height of 160–170µm
while nickel with a height of 8 µm was used for the grating G1. This height corresponds to a phase-
shift of π/2 at a X-ray design energy of 45 keV. The distance of G2 to G1 corresponded to the first
fractional Talbot-distance. The experiment was conducted on two samples of standard mortar and
two samples of modified hybrid mortar and repeated trice. The mortar samples for X-ray imaging were
cast into a four-chamber PTFE sample holder. After curing but prior to the water uptake experiment,
the samples were covered with a polyimide film tape to prevent water evaporation from the samples
during the experiment. The bottom of the samples remained uncovered so that the samples could be
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exposed to water. A plastic container filled with ddH2O was introduced at the bottom of the field of
view. Twenty X-ray radiographs were acquired before the samples were submerged into the water.
The sample holder was moved down to submerge the bottom parts of the samples into water for
about 2mm. Directly after immersion, X-ray radiographs were acquired continuously to determine the
capillary water uptake. The overall experiment lasted approximately 24 h. During the first hour, the
images were taken continuously every 10 s with an exposure time of 8 s per projection, whereas in the
following 23 h images were taken every 300 s (43).

2.3.4 Scanning electron microscopy (SEM)

A scanning electron microscope (JEOL-JSM-6060LV, Jeol, Eching, Germany) was used to study the
nanoscopic surface morphology of the hybrid mortar samples. For cross-sectional images, the mortar
samples were separated vertically into two halves with a saw. Afterwards, all specimens were glued to
aluminum stubs and sputtered with gold (MED 020, BAL-TEC, Balzers, Liechtenstein). Images were
acquired at an acceleration voltage of 20 kV and a spot size of 30 nm. The images were acquired by
Kathrin Boettcher.

2.3.5 X-Ray photoelectron spectroscopy (XPS)

XPS analysis was performed using a LHS-10 spectrometer (Leybold Heraeus GmbH, Hanau, Ger-
many) equipped with a monochromated AlKα (hν = 1486.6 eV) X-ray source operating at 12 kV and
10mA. The samples were prepared by scratching the mortar surface to obtain powder. Then, the
powder was pressed smoothly onto conducting double adhesive copper foil using a spatula, and the
foil was fixed onto an aluminum sample holder with three cavities. The area for the XPS analysis was
3mm in diameter, and high vacuum (4.7x10-8mbar) was applied for measurements. Depending on
the signal-to-noise ratio of the measurements, 5–20 scans were averaged per sample. XPS analysis
was performed by Marwa Tallawi.
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Material properties of bacterial biofilms

3.1 Mechanical and chemical resilience of biofilms

Biofilms can form in adverse and challenging environments such as pipes in industrial settings or
on surfaces in food production. Therefore, quantifying and understanding the material properties of
bacterial biofilms has become a main goal of biofilm research. This knowledge is not only important
for the deactivation of biofilms but also for the development of removal strategies. For instance, to
remove biofilms in pipes, it is important to know which forces a biofilm can withstand before the biofilm
is flushed away, but also how different chemicals change this behavior. However, data on these biofilm
properties is rare since a quantification of such parameters is complicated: flushing large amounts of
chemicals through pipes is rather impractical, and even in such a scenario, the determination of the
amount of removed biofilm is difficult. Conversely, dedicated measuring setups to determine biofilm
removal efficiency are rare (44–48). Usually, biofilm growth times are in the range of several days to
weeks, and chemical influences on the biofilm properties can hardly be integrated into the mentioned
setups.

Therefore, a new erosion assay, similar to the macroscopic erosion test introduced by Simões
et. al(47), was developed in this thesis, however, in a miniaturized version to render it more high-
throughput compatible (see Sec. 2.2.4 for details). In short, biofilm is grown on customized PTFE
sample holders and shear forces are induced by shaking the sample in a liquid solution, mimicking
water flow. The percentage of biofilm removal over time is then determined optically. The following
chapter was mainly adopted from the publication Grumbein et. al(10).

3.1.1 Erosion of bacterial biofilms

As a first test, the removal efficiency of biofilm is determined when shear forces are induced by agitat-
ing the biofilm samples in ddH2O. The first measurable erosion can be detected after about 5 minutes,
and following this initial erosion, a linear increase in biofilm removal with time can be observed. After
25 minutes, half of the biofilm is removed, and more than 90% of the biofilm is washed off the surface
after ~40 minutes (Fig. 3.1A). To demonstrate that the optical analysis correctly measures the degree
of biofilm removal as a function of time, the eroded biofilm mass is determined by a second, inde-
pendent method: here the liquid in which the erosion assay was performed was freeze-dried and the
eroded biomass was determined by weighing the lyophilized material. A similar linear increase can
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Figure 3.1: Erosion of biofilm: (A) B. subtilis B-1 removal in ddH2O is negligible in the absence of
shear forces (empty circles, blue). However when this erosion experiment is repeated in the presence
of a shear force, the removal of biofilm increases linearly with time (full circles, blue). In contrast, when
the erosion test is performed in 50mM FeCl3 (triangles, red) or 50mM CuSO4 (inverted triangles,
orange), the degree of biofilm erosion is greatly reduced. (B) B. subtilis B-1 removal in ddH2O as
determined by lyophilization of eroded biofilm mass in the liquid. The color of an untreated biofilm (C)
is significantly altered after incubation with 50mM CuSO4 (D) or 50mM FeCl3 (E) for 1 hour.

be observed with this second method (Fig. 3.1B) which verifies the suitability of the erosion assay to
quantify the stability of B. subtilis B-1 biofilms towards shear forces.

The results of these first experiments indicate that a prolonged application of shear forces in an
aqueous environment can lead to a removal of biofilm mass. However, swelling of the biofilm in water
could also contribute to the observed erosion process. Therefore, the experiment was repeated, but
this time, the samples were placed in ddH2O, and no shear forces were induced. In the absence
of shear forces, the degree of biofilm erosion is much lower and saturates at ~10% after 15 minutes
(Fig. 3.1A). This clearly demonstrates that B. subtilis B-1 biofilms are sensitive towards shear forces as
theymay occur in liquid environments such as river beds or waste water pipes. However, in their natural
environment, biofilms are able to withstand shear forces, e.g. when they grow on the surface of pipes
or catheters in the presence of flowing fluids. This clearly indicates the existence of a mechanism that
allows biofilms to grow in such environments and protect themselves from erosion. One explanation
could be that in pipes or catheters the biofilms are exposed to a more complex chemical environment

16



3.1. MECHANICAL AND CHEMICAL RESILIENCE OF BIOFILMS

than ddH2O. Thus, the question arises whether and how variations in the chemical composition of the
aqueous environment affect the erosion stability of B. subtilis B-1 biofilms.

One difference in the chemical environment biofilms are exposed to in pipes is the material these
pipes are made of. Examples of common pipe materials are copper and iron, which in turn release
Cu2+ and Fe3+ ions into the water stream (49). Thus, the next step is to test whether the presence of
Cu2+ and Fe3+ ions influences the erosion stability of B. subtilis B-1 biofilms, and the erosion assay
was repeated with biofilm samples treated with those ions. More precisely, the biofilm samples were
exposed to solutions of 50mM CuSO4 and 50mM FeCl3 instead of ddH2O. In the presence of Cu2+

ions, the measured biofilm erosion is comparable to when the biofilm was placed in ddH2O without
applying shear forces: over a time span of 42 minutes, less than 20% of the biofilm was removed.
When a 50mM FeCl3 solution was used, the same stabilization effect was obtained. In addition to
this stabilization effect, a change in the material quality of the biofilm can be observed. For both ions,
the color of the biofilm is altered after incubation: whereas the biofilm acquires an orange/brown color
after exposure to FeCl3 (Fig. 3.1E), it turns blue after exposure to CuSO4 (Fig. 3.1D). This clearly
indicates an uptake of the respective ions into the biofilm matrix. Moreover, a significant stiffening of
the biofilm matrix could be observed, when trying to remove these biofilms from the agar surface by
manual scraping. This indicates that the incorporation of Cu2+ and Fe3+ ions into the biofilm material
might induce a change in stiffness of the biofilm matrix.

3.1.2 Viscoelastic properties of bacterial biofilms

To quantify the putative alterations in biofilm stiffness observed from manual scraping, the viscoelastic
properties of B. subtilis B-1 biofilms which have been exposed to selected chemicals were measured.
As amaterial parameter describing the viscoelastic properties of the biofilm in response to shear forces,
the dynamic shear modulus G*, or more precisely the storage modulus G’ and loss modulus G” were
chosen. Experimentally, those viscoelastic moduli are determined from the in-phase and out-of-phase
part of the biofilm deformation in response to an oscillatory shear force (Fig. 2.5C). The viscoelastic
moduli aremeasured over a range of biologically relevant frequencies, i.e. between 100mHz and 10Hz
corresponding to time scales of 0.1 to 10 s. For untreated biofilm, the storage modulus dominates over
the loss modulus over the whole frequency regime tested for pure biofilm (Fig. 3.2) underscoring the
pronounced elastic properties of a bacterial biofilm in contrast to the purely viscous properties of a
bacterial suspension. Furthermore, B. subtilis biofilms obtained from different growth batches show
relatively little variation in their viscoelastic properties, and the measured G’ values are in the range of
50 to 125Pa.

Yet, it is unclear if the scraping process and transfer of the samples significantly alter the complex
microarchitecture of the biofilm. To test this, B. subtilis B-1 was grown in the rheometer in situ with
a special adapter. This adapter, a so called submersion flow cell, consists of a lower plate, which
is connected via small holes with a reservoir beneath, which allows the biofilm to grow at the plate
interface and at the same time, the biofilm is provided with nutrition from the liquidmedia in the reservoir
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Figure 3.2: Viscoelastic properties of B. subtilis B-1 biofilms: The viscoelastic response of in situ
grown biofilms (squares, blue) is only minimally changed compared to when biofilms are scraped from
agar, pooled and transferred to the rheometer (circles, red).

beneath. Biofilms were grown overnight at a temperature of 37 °C and the viscoelastic properties were
determined afterwards. No significant differences were detected in the elastic modulus of in situ grown
compared to normally grown biofilm samples (Fig. 3.2). Furthermore, the use of this growth method is
impractical as only a single sample can be measured per day and the risk of a contamination with air-
born bacteria is drastically increased. Therefore, biofilms grown according to biofilm formation protocol
F2 were used for the rheological characterization.

Yet, it is not clear whether the effect a given chemical might have on the viscoelastic properties of
the biofilm is immediate or needs a certain time span until the maximum effect is reached. Therefore,
B. subtilis B-1 biofilms were covered with a 50mM FeCl3 or 50mM CuSO4 solution for short time
intervals as described in treatment protocol T2 (see Sec. 2.1.3) prior to harvesting of the samples. A
fast increase of both viscoelastic moduli could be observed within the first 10-15 minutes (Fig. 3.3A+B).
The increase in biofilm elasticity saturated after approximately 20 minutes for both ions and the final
storage moduli lay in the range of several hundred kPa. Thus, 60 minutes is chosen as a suitable
exposure time of biofilms to chemicals and to determine the effect of such a chemical on the viscoelastic
properties. This ensures that the maximum effect a given chemical might have on the viscoelastic
properties of the biofilm is reached. However, treatment protocol T2 is not well suited to test the
effect of a broad range of chemicals since large amounts of a solution is needed, the handling of the
covered plates is challenging, and the amount of ions taken up by the biofilm is unknown. Therefore
an adjusted treatment protocol T1 was established: by adding only small amounts (5%(v/w)) of a high-
concentrated stock solution to the harvested biofilm samples it is ensured that the final concentration
of chemicals in biofilm samples is known and identical for all samples.
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Figure 3.3: Time dependence of biofilm elasticity after exposure to metal ions: B. subtilis B-1
biofilms are treated with 50mM CuSO4 (A) and 50mM FeCl3 (B) for short time intervals. The elasticity
is increasing over the first 10-15 minutes and saturates after approximately 20 minutes. For clarity,
only the storage modulus is depicted in the graph.

The rheological characterization was repeated with the new protocol T1, and as a negative control
ddH2O was added to the biofilm. The effect on the viscoelastic properties, namely the storage and
the loss modulus, by this slight dilution of the biofilm material was only minimal (Fig. 3.4). As a next
step, 5%(v/w) of a 1M stock solution of FeCl3 and CuSO4 was added to the biofilm, resulting in a
final concentration of 50mM FeCl3 and 50mM CuSO4. Here, differences in the amount of stiffening
of the biofilm matrix can be observed in the viscoelastic moduli: both viscoelastic moduli increase
by two orders of magnitude when CuSO4 is added, whereas the effect is even more pronounced for
the addition of FeCl3 (Fig. 3.4). However, the dependence of the viscoelastic moduli on the shear
frequency remains weak. Thus, the viscoelastic behavior of the biofilms can be subsumed into a
single material parameter. For simplicity, the plateau modulus G0 = G’(1Hz) was chosen to compare
the elastic properties of bacterial biofilms.

Both FeCl3 and CuSO4 form acidic solutions in water, and it is not clear whether the observed
alterations arise from the metal ions or are caused by pH differences. Therefore, the rheological
experiment was repeated with aqueous solutions buffered to pH 3, 7 and 10. Since the viscoelastic
moduli remain unaffected by those pH alterations, the change in biofilm stiffness observed for CuSO4

and FeCl3 is indeed caused by the ions (Fig. 3.5A, upper panel). Now, the question arises whether
such a stiffening of the biofilm matrix can be achieved by Cu2+ and Fe3+ ions only, or if other ions
show similar effects. For this purpose, a rheological screening was performed with biofilms treated
with other metal ions ranging from monovalent ions such as Na+ or K+ to multivalent ions such as Mg2+

or Al3+. As the naturally grown biofilm might already contain a significant amount of ions, chelating
agents such as citrate, EDTA and EGTA also were tested. To maximize putative effects of the used
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Figure 3.4: Viscoelastic properties of B. subtilis B-1 biofilms: The viscoelastic response of pure
biofilms (triangles, blue) is only minimally changed by the addition of ddH2O (circles, black). After
treatment with 50mMCuSO4 (squares, orange) and 50mMFeCl3 (inverted triangles, red), both moduli
show a significant increase. The storage modulus G’ is depicted by closed symbols and the loss
modulus G” is depicted by the corresponding open symbols.

chemicals, stock solutions close to the solubility of the respective chemical were used when adding
5% (v/w) of a chemical to the biofilm matrix for rheological evaluation.

For most chemicals tested, a change of biofilm elasticity cannot be detected. Neither chelating
agents nor monovalent ions induce a change in the elastic properties of the biofilm. In contrast, some
multivalent ions (Cu2+, Zn2+, Fe3+, Al3+) induce a significant fortification of the biofilmmaterial, whereas
others, i.e. Fe2+ only weakly change the elastic properties or as e.g. Mg2+ and Ca2+, hardly alter the
biofilm stiffness at all (Fig. 3.5A, upper panel).

3.1.3 Influence of chemicals on biofilm properties

So far, it was shown that Cu2+ and Fe3+ ions protect B. subtilis B-1 biofilms from erosion and, at the
same time induce a stiffening of the biofilm matrix. The erosion assay was therefore expanded to
the other ions and chemicals used for the rheological characterization. The idea is to test whether a
change in the bulk material properties might be responsible for the erosion protection of B. subtilis B-1
biofilms. To ensure comparable results, the concentrations of the erosion assay were matched to the
final concentrations used in the macrorheological screening. In addition to Cu2+ and Fe3+, also the
multivalent ions Ca2+, Zn2+, Fe2+, and Al3+ reduced biofilm erosion. Monovalent ions and chelating
agents neither induce a stiffening of the biofilm matrix nor protect biofilms from erosion (Fig. 3.5A,
lower panel). This leads to the notion that erosion protection and stiffening of the biofilm matrix are
two related phenomena. However, in the case of CaCl2, erosion protection was achieved without a
measurable stiffening of the biofilm matrix. This indicates that other biofilm properties besides their
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Figure 3.5: Comparison of viscoelastic properties and erosion efficiency: (A) Maximal influence
of different chemical conditions and (B) direct comparison of identical concentrations of multivalent
metal ions on the shear elasticity and erosion stability of B. subtilis B-1 biofilms. The elasticity of the
biofilm (upper panel) has been normalized by the elastic modulus obtained for an untreated biofilm
sample. Values in the red area depict a mechanical fortification of the biofilm whereas values in the
green area depict a weakening of the biofilm, compared to an untreated sample. The erosion effi-
ciency (lower panel) was quantified by determining the percentage of biofilm removal in solutions of
the corresponding chemical.

shear stiffness might play a role in their stability towards shear forces in fluid flow.
To further test this hypothesis, the screening was repeated with lower concentrations, to find out

whether the increase in shear stiffness depends on the ion concentration. If, at those lower concen-
trations, a biofilm still is protected from erosion without showing an increased shear stiffness, it would
underscore the hypothesis that those biofilm properties are not necessarily linked. Both the macrorhe-
ological and the erosion assay were repeated with multivalent ions only, since all other chemicals
showed no effect at the concentrations used before. At this lower concentration, i.e. 50mM for all
ions, only Cu2+, Fe3+, and Al3+ showed an increase in biofilm elasticity. However, additionally to those
three ions, biofilms treated with Ca2+, Zn2+, and Fe2+ were also protected from erosion, although they
showed no significant alteration in biofilm elasticity (Fig. 3.5B). Apparently, there are several condi-
tions where erosion protection was achieved without a significant increase in biofilm shear stiffness.
This shows that those two biofilm properties are not necessarily linked and should be treated as inde-
pendent biofilm properties.
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Figure 3.6: Persistence of erosion stability: B. subtilis B-1 erosion stability in ddH2O (blue) and
25mM EDTA (red) after pre-treatment in 50mM solutions of metal ions.

3.1.4 Persistence of erosion stability

The results presented so far show that most multivalent ions can stabilize the biofilm matrix and/or
protect the biofilm against shear forces induced by a liquid flow. However, in industrial or biologi-
cal settings the chemical environment might significantly change over time. This raises the question
whether this effect can persist, once the stabilizing ions are not present in the surrounding liquid any-
more. To test this, the erosion assay was repeated with a change in chemical condition: the biofilm
samples were pre-treated by incubating them for ~40 minutes in a solution containing 50mM of a metal
ion solution. After this incubation time, the samples were transferred into ddH2O and the erosion assay
was performed as in the previous erosion experiment. The stabilizing effect induced by the metal ions
persisted, which indicates that the metal ions were absorbed and strongly bound by the biofilm matrix
(Fig. 3.6). However, a strong chelating agent might be able to remove those ions from the biofilm ma-
trix. To test this hypothesis a solution containing the chelating agent EDTA was used instead of ddH2O
after the treatment with metal ions. Since EDTA is known to form highly stable chelate complexes with
metal ions, a 25mM solution of this chelating agent might be sufficient to remove the ions from biofilm
matrix. Indeed, EDTA was able to render biofilms sensitive to erosion again, even if they had been
treated with Cu2+, Fe2+, or Fe3+ ions. Also the change of color due to the incorporation of ions into
the matrix was reverted back to that of untreated biofilms. In contrast, for biofilms treated with CaCl2,
ZnCl2, and Al2(SO4)3, the stabilizing effect remained when the erosion assay was performed in an
EDTA solution (Fig. 3.6).
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Figure 3.7: Minimal Inhibitory Concentration: Growth of planktonic B. subtilis B-1 in increasing
concentrations of metal ions used for rheological characterization and erosion assay.

3.1.5 Toxicity of metal ions

So far, the effect of different chemicals on the mechanical characteristics of biofilm was investigated.
It was shown that metal ions which were incorporated into the biofilm matrix, can induce a stiffening of
the matrix and/or protect the biofilm from erosion due to shear forces. The chelating agent EDTA was
able to remove selected metal ions from the biofilm matrix, reverting the previous effects. However,
the effect of the metal ions on the biofilm embedded bacteria is unclear. Even though the bacterial
metabolism depends on certain metal ions, e.g. Fe3+(50), these ions may become toxic for bacteria at
increased concentrations. To test this, a minimal inhibitory concentration (MIC) assay was performed
with the metal ions used for the macrorheological screening and the erosion assay. The obtained
results show that in terms of toxicity, the tested ions can be subdivided into two groups. The first group
(NaCl, MgCl2, and CaCl2), inhibited the growth only at high concentrations, i.e. at concentrations higher
as the concentrations used in the assays presented before. The second group of metal ions (CuSO4,
FeCl2, FeCl3, Al2(SO4)3, and ZnCl2), already inhibited bacterial growth at concentrations of 10mM or
even lower (Fig. 3.7).

The MIC describes the concentration at which a given chemical inhibits the growth of bacteria.
However, there are in principle two ways how chemicals might harm bacteria. First, the chemical might
inhibit bacterial growth, but once after the chemical pressure is released, bacterial growth will continue
(bacteriostatic). A second possibility is that the concentration may be toxic and induce bacterial death
(bactericide). To test the latter, a regrowth assay was performed and planktonic B. subtilis B-1 bacteria
were challenged with high concentrations of metal ions. Afterwards, the bacteria were transferred to
fresh LB to remove the chemical pressure. The optical density was then measured to test whether the
bacteria survived. As depicted in Table 3.1, the results mostly matched the MIC assay. However, in
the case of FeCl2, a concentration of 150mM was sufficient to inhibit bacterial growth, but the bacteria
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250mM 250mM 250mM 150mM 150mM 50mM 50mM 250mM
B. subtilis B-1 ddH2O NaCl CaCl2 MgCl2 FeCl2 FeCl3 CuSO4 Al2(SO4)3 ZnCl2
Planktonic + + + + + - - - -

Biofilm embedded + + + + + + + + -

Table 3.1: Viability of planktonic and biofilm embedded B. subtilis B-1. Growth after chemical
challenge is indicated by +, and a lack of growth is indicated by -.

Figure 3.8: Bacterial growth after chemical treatment of biofilms: Growth of B. subtilis B-1 biofilm
embedded cells after treatment with solutions of metal ions. * indicates growth of planktonic B. subtilis
B-1 cells after treatment, whereas + indicates no growth.

were able to grow again once the chemical pressure was released. The experiment revealed that
FeCl2, NaCl, MgCl2, and CaCl2 are bacteriostatic, whereas 150mM FeCl3, 50mM CuSO4, 50mM
Al2(SO4)3 and 250mM ZnCl2 are bactericide. One drawback of this test was that only the toxicity
towards planktonic bacteria was determined, and the biofilm matrix was not taken into account. For
antibiotics, it was already shown that the biofilm matrix protects embedded cells and the diffusion of
antibiotics is retarded in the biofilm matrix (51, 52), which might also be true for other substances
or chemicals. Therefore, the assay was repeated with the same chemical concentrations of metal
ions, but this time with chemically challenged biofilms instead of planktonic bacteria. The results show
that only a 250mM ZnCl2 solution was lethal for biofilm embedded bacteria. For all other metal ions
tested, biofilm embedded bacteria were able to grow again once the chemical pressure was released
(Table 3.1 and Fig. 3.8).

The results demonstrate that certain chemicals can permanently suppress bacterial growth in
biofilms, even after the chemical pressure is released again. However, most chemicals seem to be
trapped by the biofilm matrix in such a way that they are not able to harm embedded bacteria.
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3.1.6 Discussion

In this chapter, a new biofilm assay to determine the erosion resistance of B. subtilis B-1 biofilms in
fluid flow was presented. With this assay, it is possible to detect the time-dependent erosion process in
varying chemical environments. The influences of those chemical environments on biofilms was also
investigated with a macrorheological assay. As a model system for bacterial biofilms, biofilms formed
by the strain B. subtilis B-1 were investigated. With a sufficient supply of nutrition, this strain is able
to produce large amounts of biomass in a short time, i.e. ~1500mg can be harvested from standard
petri-dishes after incubation for only 24 h. This fast growth and large production of biomass renders
this biofilm variant very convenient for the macrorheological characterization and erosion assay used
here. In principle, all other biofilm variants that grow reasonably well on agar can be used in the assays
presented here.

The developed setup is advantageous over other methods that have been introduced to study
biofilm erosion: for instance, the assay by Simões et. al(47) is able to determine the decrease in
biomass of biofilms on a macroscopic scale. Biofilms are grown on metal cylinders with a surface of
34.6 cm2 and afterwards rotated in a chemical bath. However, to ensure full coverage of the metal
cylinders, the biofilm needs to be grown for several days and the experiment is therefore very time-
consuming. Thus, it is not convenient to screen a broad range of chemical conditions. Other methods
make use of microfluidic approaches (53) and determine the dynamic detachment process of biofilms.
However, a quantitative comparison of the influence of different chemicals on the erosion process is
difficult to obtain. In contrast, the assay developed here is able to quantify the erosion process and
miniaturizes the area of biofilm growth to 3.1 cm2. The use of an optical method to detect the biofilm
erosion renders the assay a cost-efficient and easy-to-handle platform for high-throughput screening
of chemicals that are considered for biofilm removal.

It was shown that the absorption of metal ions does not only protect B. subtilis B-1 biofilms from
erosion, but also induces a stiffening of the biofilm matrix. Even though the concentrations tested here
are beyond typical release values of metal ions in water distribution systems (54), an accumulation
of those ions in the biofilm matrix could still occur. An indication for such an accumulation was found
in the macrorheological assay when the different biofilm treatment protocols T1 and T2 were used.
When covered with a solution of 50mM CuSO4 (T2), an increase of 3–4 orders of magnitude was
observed. However, when a 50mM CuSO4 solution was forced into the biofilm (T1), this increase was
only two orders of magnitude. This suggests that the concentration of Cu2+ ions incorporated into the
biofilm matrix is higher than in the surrounding liquid. However, this is only possible if the Cu2+ ions
have a high affinity for the biofilm matrix components, a notion which agrees well with the result that
the strong chelating agent EDTA cannot easily wash out all absorbed metal ions (Fig. 3.6).

The absorbed metal ions could be responsible for an increased matrix stiffness, since those metal
ions could ionically cross-link the biofilm matrix (3). This hypothesis is supported by the fact that the
polyanionic biopolymer γ-PGA is a main component of the biofilm matrix formed by B. subtilis B-1
(13). Therefore, cross-linking should be possible per se, but on the other hand, it has been shown
that also other biofilm matrices containing polyanionic biopolymers, e.g. alginate, exhibit a fortification
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of the biofilm matrix upon treatment with metal ions (9, 55). However, for those biofilms, ionic cross-
linking was not sufficient to account for the observed increase in biofilm stiffness since only trivalent
ions had a significant effect. An even higher degree of specificity was found for the biofilm matrix
of B. subtilis B-1, since only selected metal ions caused an effect. This high degree of specificity is
also reflected when the different metal ions are compared with respect to their enhancement on the
erosion stability and their ability to induce a matrix fortification. Furthermore, the ability of metal ions to
harm bacteria also depends highly on the used metal ion. Even though high concentrations of metal
ions were used, only ZnCl2 was able to kill the embedded bacterial population. However, the two
determined biofilm parameters, i.e. the erosion stability and viscoelastic properties, are not linked to
the viability of the cells, and indeed can be altered without harming the embedded bacteria. This seems
to be a common feature among biofilms since other studies have reported similar findings (9, 56, 57).
Biofilm embedded bacteria are more resistant towards heavy metals than planktonic cells (58), and
bind metals in different quantities (59). This ability of B. subtilis B-1 biofilms to deactivate toxic ions
by absorption into the biofilm matrix and - on top of that - even utilize them to improve the mechanical
performance of the biofilm can be regarded as a well-tailored strategy to survive in potentially harmful
environments (60).
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3.2 Elongational rheology of biofilms

In the previous chapter, the erosion stability of B. subtilis B-1 biofilms in response to fluid shear and
the change of the viscoelastic properties upon treatment with metal ions were determined. In both
cases, the forces exerted onto the biofilms were shear forces. However, in natural settings, the oc-
curring forces are not limited to shear forces only, but instead tensile forces, or a combination of both
forces act simultaneously on a biofilm. Therefore, the approach in the previous chapter to determine
material properties of bacterial biofilms has to be developed further, and elongational forces need to
be considered as well when the material properties of biofilms are determined. For artificial materials,
the properties in response to tensile forces can be determined relatively simply, since a great variety
of testing stands is available. Conversely, this available testing equipment usually is not applicable to
biological samples, as the forces occurring in biological systems are often very low, and the mounting
of biological samples to these test stands is in many cases difficult. Therefore, suitable characteriza-
tion methods for soft biological materials such as bacterial biofilms are rare, and, when it comes to in
situ testing, they are almost non existent.

3.2.1 Experimental setup

To measure elongational rheology of bacterial biofilm samples in situ, a dedicated measurement setup
was developed. The following section will describe the requirements for such a test stand and the parts
and methods that are needed to fulfill this task.

General layout

To ensure that biofilms can bemeasured in their natural grown state special care had to be taken during
the construction process. Usually, samples for tensile testing are prepared in such a way that they can
be fixed directly into the setups. However, such an approach is not applicable to biofilm samples,
since bacteria need to be grown on some sort of nutrition layer to form a biofilm. Harvesting and
transferring those samples into a testing setup could, however, damage the complex microarchitecture
of those biofilms. This may alter the material properties of the biofilm such that the measured results
do not reflect the ’true’ biofilm properties. A second requirement for the testing equipment is that it
should be possible to treat the biofilm samples with chemicals while fixed in the experimental setup.
Results from the macrorheological screening assay discussed in Section 3.1.3 revealed, exposure to
e.g. metal ions can drastically change the mechanical properties of biofilms. The results obtained
there showed that the influence of the chemicals on the biofilms properties is observed directly after
the treatment. Therefore, the time between sample treatment and the measurement procedure needs
to be kept short. To achieve this, the whole setup was constructed horizontally to allow for such a
biofilm treatment directly in the measuring setup. In such a horizontal alignment however, the sample
holders cannot be mounted directly to the force sensor, but instead some kind of support needs to be
used to decouple the force sensor and the sample holders. This support needs to carry the sample
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Figure 3.9: Layout of the measuring setup. A schematic of the stretching device with the key ele-
ments of the device: (A) the sample holder for biofilm samples grown in situ, (B) the air-bearing as
support, (C) the force sensor, (D) and the linear stage for the movement of the sample. The rupture
process is followed with a camera and the force data is recorded with a computer.

weight on the one hand, and transmit the forces arising from the stretching experiments on the other
hand. A bearing is introduced to connect the force sensor with the sample holder part. This prevents
measurement errors due to lateral forces and also protects the fragile force sensor from breaking. The
last requirements arise from the magnitude of forces aimed to be measured. The shear moduli of
biofilms lie in the range of 100Pa (untreated biofilm samples) to several hundreds of kPa (e.g., when
treated with metal ions). This fact is, on the one hand, important for the choice of the bearing to be
used, and on the other hand, important for the choice of the force sensor and the amplifier. They need
to be chosen in such a way that the resulting forces from the stretching experiments can be adequately
resolved.

Sample holder and biofilm growth

One of the key elements in the testing setup is the sample holder for the biofilm samples. This holder
has to fulfill several requirements regarding the growth of biofilm samples in situ, sample fixation into
the measuring setup, and the application of a chemical treatment.

Even though biofilms are able to grow on all kinds of surfaces, growth under laboratory conditions
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is usually performed on a solid nutrition layer. The nutrition layer used here is LB agar, a typical growth
medium in microbiology, which was also used for all other experiments in this thesis. The LB agar layer
ensures that the bacteria are supplied with a sufficient amount of nutrition and can form a continuous
biofilm layer. However, a force signal during the stretching process due to the deformation or rupture
of the agar layer is undesired. Therefore, it is important that the sample holder consists of two distinct
parts, and the biofilm can form a continuous layer over both parts.

The sample holder itself is crafted from PTFE, since PTFE is easy to clean and can be sterilized.
This not only renders the sample holders reusable, but also is important to ensure the growth of an
uncontaminated biofilm. The sample holder consists of two symmetrical parts, which together form
a barbell-shaped trough. The circular cavities at both ends of the sample holder are tapered into
narrower, rectangular areas which connect both holder parts. This geometric shape was chosen to
keep the agar layer in place during the stretching process. A second feature, i.e. a small step in the
trough, serves the same purpose (Fig. 2.1). Screws are used to fix the sample holders in themeasuring
setup.

To prepare the sample holders for the stretching experiment, first the sample holders were cleaned
thoroughly and autoclaved. Then, the two parts of the sample holder were brought into contact with
each other in a sterile petri dish. The autoclaved, and still liquid agar was poured into the sample
holders. After gelation, i.e. once the liquid has cooled down, a continuous solid agar layer connected
the two sample holders. To ensure that only the biofilm contributes to the force signal during the
stretching process, this layer was cut with a sterile scalpel. Afterwards, 15 µL of a liquid overnight
culture, as prepared according to biofilm formation protocol F1, were spread on the rectangular part
of the agar layer with a Drigalski spatula. The sample holders were placed in an incubator at 37 °C for
24 h, after which a continuous biofilm layer formed and stretching measurements could be performed.

Force sensor

The force sensor used in this experimental setup is supposed to measure the forces during the stretch-
ing process of bacterial biofilms. However, only sparse information can be found in literature about
the forces that occur during such an event. An estimation of the forces during the stretching process is
necessary to choose a suitable force sensor and amplifier for the setup. As a starting point, the shear
modulus of a B. subtilis B-1 bacterial biofilm is chosen, i.e. G ≈ 100Pa, as determined in Section 3.1.2
of this thesis. The shear modulus can be used to calculate the Young’s modulus E with the relation:

E = 2G(1 + ν) (3.1)

where ν denotes the Poisson ratio of the material. With the assumption that the biofilm behaves as a
homogeneous isotropic incompressible material, i.e. ν = 0.5, the Young’s modulus of such a material
is about 300Pa. The force F needed to stretch such a biofilm sample is then calculated by

F =
E ×A0 ×∆L

L
(3.2)
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where A0 denotes the cross section of the sample, L its initial length, and ∆L the change in length
due to the stretching process. Since the rectangular part of the sample holder limits the width of the
biofilm during growth, this width, i.e. 10mm, was chosen as the biofilm width. The thickness of biofilms
can vary between a few µm and several hundred µm (17), and based on previous experiments with
B. subtilis B-1 biofilms, 200 µm was chosen as an estimated height for the biofilm samples. These
values are used to estimate A0. The initial length of the biofilm samples is very small since the biofilm
is grown over a sliced agar layer with the two layer parts touching each other. Thus, moving the stage
in the µm range will rapidly result in very high strains of 100% or more. Therefore, a strain of 100%
was chosen as an initial value for the force estimation. These assumptions lead to an estimated force
in the mN range. Based on this estimation, a s-shaped force sensor with a maximal loading force of 2N
(KD-40S 2N, ME-Meßsysteme GmbH, Hennigsdorf, Germany), connected to a 24-Bit amplifier (GSV-
2, ME-Meßsysteme GmbH, Hennigsdorf, Germany) was chosen. With this setup, a force resolution
of less than 1mN can be achieved, which should be sufficient to resolve the forces occurring during a
stretching test of a biofilm sample.

Air-bearing and sample movement

The horizontal installation of the measuring setup offers the advantage of treating biofilm samples right
before or even during the stretching process. However, this introduces disadvantages, i.e. the need for
some kind of moveable support for the sample holder to eliminate lateral forces on the force sensor. As
such a support, usually some kind of bearing is used, and the simplest option would be a ball bearing.
Even though ball bearings are a common type of bearing, they are limited in their use for precise
measuring setups. This is mostly due to the fact that those types of bearings introduce friction in the
moving direction, which directly results in additional noise in the force signal. In principle, the noise
introduced by this friction can be determined and subtracted from the force signal afterwards. However,
this would lead to a lower signal-to-noise ratio of the measuring setup. In comparison to ball bearing
types, an air-bearing offers advantages with respect to the requirements for the stretching device. One
advantage is that the coefficient of friction is about 2–3 orders of magnitude lower than for ball bearings.
Another advantage is that the air-bearing generates an air-film between the static and the moving parts
of the measuring setup. As a consequence, stick-slip effects do not occur and the static friction equals
the dynamic friction in such bearings. This is crucial as the relative influence of friction is very high
when low stretching/rupture forces are to be measured. As the expected deformation of biofilm during
the stretching process will be rather large, an air-bearing with a travel distance of 100mm was chosen.
The chosen air-bearing (IBS Precision Engineering BV, Eindhoven, The Netherlands) consists of a
case containing a porous material through which pressurized air is pumped, and a moveable bar in the
center of this case. The center bar of the bearing rests on an air cushion, weighs approximately 264 g,
and can slide horizontally with almost no friction. The pressurized air to generate the air cushion needs
to be filtered and dried before it can enter the air-bearing. This is achieved with standard oil removal
and filter components for pressurized air, which remove particles down to sizes of 1 µm, and dry the air
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prior to injection into the bearing (Parker HannifinManufacturing Limited, Gateshead, United Kingdom).
To control the movement (and therefore the strain) of the biofilm sample, a Colibri-L LE17 (GUNDA
Electronic GmbH, Friedrichshafen, Germany) linear stage is used. This stage offers a precision of
~1 µm, a travel distance of 100mm, and travel speeds of up to 300mm/s. The whole setup is mounted
to a breadboard to align and fix the parts of the stretching setup.

Image acquisition

To follow the rupture process visually, the stretching experiment is recorded with a digital camera
(Flea3, Point Grey, Richmond, Canada). This industrial USB 3.0 camera is equipped with a CMOS
sensor and is able to capture 60 fps with a resolution of 2080x1552pixels. The raw data is buffered
and processed by the manufacturer’s software FlyCapture 2. The resulting movie is directly converted
with an H.264 codec to reduce the amount of space needed for storage of data. A high resolution
varifocal lens with a focal length between 9 and 90mm is used (Edmund Optics GmbH, Karlsruhe,
Germany) to focus the images.

3.2.2 Data analysis

Filter design

A key challenge, and at the same time a key requirement for the setup, is the measurement of the
forces that occur during the stretching of bacterial biofilm samples. The expected force signals during
this process will be very low, i.e. close to the lower limit of the force sensor. Another challenge is that
the signal will be measured while the linear stage is moving: moving parts typically introduce noise,
especially when the force sensor itself is moved. Therefore, the acquired signal has to be adequately
filtered to be able to distinguish stretching forces from noise. To reduce noise in a signal, a common
way is to apply a filter to the signal. As rather slow changes are expected during the stretching process
itself, low-pass filters will be applied and evaluated to filter out high frequency noise in the force signal.

In principle, there are two possibilities to filter a signal. The first one is to filter the signal in real-time,
i.e. by using an analog filter. The analog filter is advantageous since a time-consuming mathematical
post-processing of the signal is not necessary. However, the design of such a filter with resistors and
capacitances is difficult, and it has to be adjusted to the other components of the measuring setup. If
one of the components, e.g. the force sensor is changed, a new filter has to be designed and tested.
Such a change of the force sensor could easily be necessary if higher forces are to be expected,
e.g. due to a stiffening of the biofilm matrix after exposure to metal ions (as measured for the shear
modulus in the macrorheological assay, Fig. 3.4), or if other, potentially harder, materials are to be
tested. Another option to filter noise is post-processing of the signal with a digital filter. In that case,
the signal is recorded and afterwards treated with a filter algorithm. Digital filters can be optimizedmore
easily and faster than analog filters, and thus allow more flexibility in the stretching setup. Therefore,
three digital filter variants were taken into account for the measuring setup, i.e. a moving average filter

31



CHAPTER 3. MATERIAL PROPERTIES OF BACTERIAL BIOFILMS

and two frequency domain filters.
Themoving average filter is one of the simplest filters possible, and filtering is performed in the time-

domain. Filtering is achieved by calculating the average of a selected number of data points. Here,
the actual value x(t) is replaced by the average of the last 10 data points (x(t) = 1

10

∑9
i=0 x(t − i)) of

the acquired force signal. This filter is a typical low-pass filter, and the more elements are considered
for calculating the average, the smoother the signal becomes. However, fast changes in the signal
will then be increasingly suppressed as well. Another option of digital filtering can be performed in the
frequency domain, which requires the signal to be first transformed into the frequency domain. Then,
well defined cutoff frequencies can be chosen, and specific frequency components are suppressed.
The signal is transformed back to the time domain after the filtering process and can be used for further
analysis. For the setup, filters with cutoff frequencies fc 1.5 = 1.5Hz and fc 3 = 3Hz were chosen for
further evaluation.

The raw data of an acquired signal from the force sensor during a stretching process is depicted
in Figure 3.10A. However, the signal is very noisy and details are hardly visible. As expected, the
movement of the linear stage introduces lots of high-frequency noise into the signal. However, after
application of the respective filters, the underlying biofilm-based features become more pronounced
and high-frequency noise is successfully suppressed. All three filters show a similar signal shape, but
most residual noise is found in the signal filtered with the moving average filter. As expected, the filter
fc 1.5 results in an even smoother signal than data treated with fc 3. To take a closer look at the different
filters, the step response (mimicking the abrupt onset of the recorded force signal at the initiation of the
stretching measurement) can be compared. The response of each filter is depicted in Figure 3.10B
on the right side. Here, the low cutoff frequency of fc 1.5 results in a slow signal response to the fast
change at the input and overshooting oscillations are generated by the transformation back to the
time domain. The moving average filter does not introduce such oscillations, but responds slower and
shows more residual noise than the filter fc 3. Therefore, the latter is chosen for data processing since
it offers a good trade-off between a fast response on the one hand and a minimization of overshooting
oscillations on the other hand.

Drift correction

As a next step, example measurements were conducted and the signal was analyzed to decide which
signal features can be used to extract parameters describing material properties of biofilms. The force
signal of such an example measurement with natively grown B. subtilis B-1 biofilms is depicted in
Figure 3.11. The blue curve represents the data of a stretching process of biofilm, filtered with the
frequency domain filter and a cutoff frequency of 3Hz as described above. The starting and the end
point of the measurements can easily be determined, since the noise, generated by the movement
of the linear stage, is clearly visible. Therefore, measurements from different experiments can easily
be compared, and the recorded force curves of different experiments can be aligned according to this
starting point. To verify that the measured force signal actually depicts the force that is needed for
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Figure 3.10: Evaluation of different filters: (A) A force signal during a biofilm stretching experiment
is treated with (black curve) a moving average filter, a frequency domain filter with a cutoff frequency
of (blue curve) fc 1.5 = 1.5Hz and (red curve) fc 3 = 3Hz. (B) The response of the respective filters to
a step signal at the input.

biofilm stretching, the experiment was repeated with the very same sample. This second time, the
biofilm has already been ruptured and therefore no force should be measurable during the stretching
process. However, a slight decrease in the force signal could be observed (Fig. 3.11, black curve). This
decline arises from the weight of the air-bearing because it is not supported at both ends. Instead, the
bar of the bearing moves horizontally along a fixed center case, which causes a slight mass imbalance.
Thus, a small pushing force on the force sensor is measured. With increasing travel distance, the
center of mass of the central bar moves further and induces an increasing pushing force. On top
of this small decline in the force curve, also inertia effects from the acceleration and deceleration of
the mass of the measuring setup can be seen in this curve. As this erroneous force signal is highly
reproducible and represents the noise of the force sensor in an empty measuring setup, this signal
can be used as a reference curve for later measurements. The differences in the initial force detected
right before the start of the stretching process arise from stresses induced by the fixation of the sample
holder in the measuring setup. However, these initial stresses should not influence the rupture stress of
the biofilm and thus can be treated as a simple offset of the force signal during measurement initiation.

To obtain a corrected signal for biofilm stretching (Fig. 3.11, red curve), the reference signal is
subtracted from the originally measured force signal. The general shape of the curve is not changed by
this correction. Clearly, the biofilm can withstand large strains during the stretching process. This can
also be verified when the stretching experiment is followed visually with the mounted digital camera.
Two top view images, acquired at different time points of the stretching experiment, are shown in the
inset of Figure 3.11. They show that the biofilm is a very soft material: after a stretching distance of
1mm, most of the biofilm material is still intact and only a small part in the middle of the biofilm is
ruptured. In contrast, at a stretching distance of 6mm, the biofilm is ruptured almost over the full width
of the sample, and only small biofilm strings connect the two sample holder parts. However, at this
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Figure 3.11: Correction of a force signal: (blue curve) A force signal obtained for a stretching exper-
iment is corrected with (black curve) a reference signal obtained for the very same sample in a second
measurement with the biofilm already ruptured. (red curve) The corrected signal is calculated by sub-
tracting the reference from the force signal. The insets depict a biofilm sample during the stretching
process at different strains.

time point only very small forces occur which cannot be distinguished from noise anymore.

Strain field determination

So far, it was shown that it is possible to extract force curves corresponding to the biofilm stretching
process from the measured force signal. However, it is not clear whether the observed forces are
solely arising from the stretching process itself, or if the biofilm detaches from the agar surface during
the experiment. If the biofilm would be completely lifted off the substrate, the cohesion forces of
the biofilm would be underestimated. Therefore, the movies captured during the experiments were
used to calculate an optical flow field of the deformation process. This optical flow field shows the
movement of each pixel between a sequence of frames, and thus determines the movement of the
biofilm segments during the stretching process. If the biofilm remains adhered at all times of the
experiment, mainly biofilm parts that span the agar gap would be deformed. In contrast, if the biofilm
would show substantial deformation outside that gap, this would indicate a detachment of the biofilm
from the underlying agar layer.

The script used for determining the optical flow is based on the classical optical flow formulation
of Horn and Schunck, however modified by a non-local term for integrating flow over large spatial
neighborhoods (61). The flow fields of two different biofilm samples were calculated and the results are
depicted in Figure 3.12A+B. The calculated flow fields clearly show that the biofilm remained attached
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BA

C

Figure 3.12: Strain fields of bacterial biofilms: (A+B) Strain fields of two samples of B. subtilis B-1
biofilms during the stretching process. (C) Magnification of the strain field indicated by the red box in
A. Dashed lines indicate the edges of the underlying agar layer. Scale bar is 1mm.
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to the substrate layer at all times. Thus, the extracted force curves can indeed be used to determine
typical material properties relevant for tensile testing, e.g. the tensile strength or rupture energy.

3.2.3 Measurements

Tensile strength of bacterial biofilms

In the previous part of this chapter, it was shown that it is possible to determine the forces occurring
during biofilm stretching with the tensile testing setup. As a next step, quantitative material properties
will be extracted from the force curves, and the acquired data will be compared to that from other testing
setups. A material parameter which has already been reported in literature for bacterial biofilms is the
tensile strength (62), i.e. the maximum tension force a material can withstand. The tensile strength
is calculated as τ = F

A0
, where F is the force and A0 the cross-sectional area of the sample. In

Section 3.2.1, the thickness of bacterial biofilms was estimated to be 200µm. However, this thickness
may vary and depend on the growth conditions (time, temperature) and the availability of nutrients from
the nutrition layer beneath the biofilm. Therefore, the thickness was determined for biofilm samples
grown in the sample holders. Biofilm samples were grown as described in Section 3.2.1 and cut with a
scalpel, to investigate the thickness with an upright light microscope. An example of such an image is
shown in the inset of Figure 3.13. The images were evaluated and an average thickness of 300±60µm
was determined, which agrees well with values in literature (17) and the previous estimation. With this
thickness value, the cross-sectional area can be calculated and used for the determination of the
tensile strength. However, when measurements with biofilm samples were performed more often, a
second peak in the force curve appeared (Fig. 3.13). The first, and higher peak, was found to be
very reproducible and occurred at identical positions during the stretching process, i.e. directly after
the start of the movement with the linear stage. This lead to the notion that this peak arises not
from the biofilm itself, but from the agar layer beneath. Since the sliced agar layers touch each other
after the sample holders are mounted to the measuring setup, the two layers could weakly bind to
each other. When the stretching process is started, the two layers are immediately separated and
might generate the observed signal peak. To test this notion, further experiments were conducted with
sample holders carrying a sliced agar layer only, i.e. without biofilm on top. The preparation procedure
was performed as described earlier, and after incubation at 37 °C for 24 h, the agar seems to become
somewhat sticky. Indeed, a highly reproducible force peak directly after the beginning of the stretching
process was recorded with these samples. This ’agar peak’ occurred at significantly smaller separating
distances than the later ’biofilm peak’ (Fig. 3.13), which allows to clearly distinguish those two features.
To determine the tensile strength of B. subtilis B-1 biofilms, the experiments were repeated with biofilm
samples, and the average peak height of the ’biofilm peak’ was measured to be 39±11mN. Taken into
account the variations in the thickness of biofilms, the average tensile strength of the biofilm samples
was 13±8 kPa. These results agree well with literature values, obtained with other biofilm-forming
bacteria, although different testing setups were used for those experiments (62, 63).
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Figure 3.13: Tensile strength determination: A stretching process with only a sliced agar layer (blue
curve) generates a peak at the onset of the measurement. The two peaks occurring during a stretching
experiment with biofilm can be separated into an ’agar peak’ and a ’biofilm peak’ (red curve). The inset
shows the thickness of a bacterial biofilm as determined with an upright light microscope.

Influence of metal ions on the tensile strength of biofilms

As shown in Section 3.1.3, experiments with B. subtilis B-1 biofilms have revealed that the shear
stiffness of the biofilm matrix increases after exposure of the biofilms to certain metal ions. Therefore,
one might also expect an increase in tensile strength upon biofilm treatment with those metal ions. To
test this hypothesis, biofilm samples treated with solutions containing FeCl3 or CuCl2 were tested in
the stretching setup. The samples were prepared as described before, and mounted into the testing
setup. Afterwards, the fully grown biofilms were treated with a 150mM solution of FeCl3 or a 150mM
solution of CuCl2 for 30 minutes. The ion solutions were removed with a pipette after the incubation
time, and the stretching process was started. As expected, the force curves obtained for treated
biofilm samples significantly differed from those of untreated samples (Fig. 3.14). The peak height for
biofilm samples treated with Fe3+ ions or Cu2+ ions was about one order of magnitude higher, and
also the peak width differed from that of untreated samples. In detail, the maximum force for biofilm
samples treated with Fe3+ ions was 175±34mN and 152±25mN for samples treated with Cu2+ ions,
respectively. The treated biofilm samples behaved more brittle, became fully separated at smaller
deformations , and showed less necking. As a second parameter, the total energy required to fully
separate biofilm samples was calculated. This is achieved by integrating the force signal obtained
during the stretching process. To account for the aforementioned ’agar peak’, a separation distance of
d=0.72mmwas chosen as a starting point for integration, and the endpoint was set to d=8.57mm. The
obtained rupture energies for the treated biofilm samples were 4–5 fold higher than for the untreated

37



CHAPTER 3. MATERIAL PROPERTIES OF BACTERIAL BIOFILMS

Figure 3.14: Influence of metal ions on tensile strength: Force curves obtained for untreated biofilm
samples (red curve), and biofilm samples treated for 30 minutes with a 150mM solution of FeCl3
(brown curve) and CuCl2 (blue curve). The insets depict the corresponding tensile stresses and rupture
energies for the samples.

samples (Fig. 3.14, inset). These results correspond well with the measured increase in the tensile
stress of treated biofilm samples (Fig. 3.14, inset).

Influence of strain rate on tensile strength of biofilms

As biofilm comprises different biopolymers which are transiently cross-linked, also the applied strain
rate should have an influence on the tensile strength. This is based on the fact, that the force required
to break a transient molecular bond increases with the force loading rate (64). A similar behavior
should therefore be observed during biofilm stretching. As a next step, experiments with different strain
rates, i.e. different velocities during the stretching process, were carried out to test this hypothesis.
The chosen linear stage covers a broad range of velocities, and three distinct velocities, i.e. a low
velocity of 0.03175mm/s, a moderate velocity of 0.3175mm/s , and a fast velocity of 3.175mm/s
were chosen. However, the obtained results revealed only minor differences in the tensile strength
of the tested biofilm samples. The fast velocity showed a small increased tensile strength, whereas
no difference could be detected for the moderate and slow velocities (Fig. 3.15). It is important to
realize that the biofilm material does not rupture instantaneously, but instead shows a slow and ductile
breaking behavior. This behavior is reflected in the increasedwidth of the ’biofilm peaks’ with increasing
separation speed. Therefore, the rupture energies for the three different velocities were calculated,
and indeed, the biofilm absorbed more energy at higher velocities. The rupture energy calculated even
increased monotonically with the stretching rate (Fig. 3.15, inset), which confirms the hypothesis.
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Figure 3.15: Influence of strain rate on tensile straing: The experiments were performed with a
slow (black curve), a moderate (red curve), and a fast velocity (blue curve). The inset depicts the
monotonically increasing rupture energy with increasing stretching rate.

Multiple stretching cycles

It is known from literature that biofilms show remarkable self-mending properties (9). Therefore, the
applicability of the stretching setup to test the self-healing properties of bacterial biofilm was evaluated
in a next step. To test this, it was necessary to adapt the preparation procedure of the biofilm samples,
since biofilm samples grown as described so far could not be optimally brought back into contact
after biofilm rupture was induced. Therefore, instead of spreading the bacterial liquid culture on the
agar surface as described in Section 3.2.1, the liquid culture was now applied to the front sides of
the agar layers. Afterwards, the two sample holder parts were fixed to each other with a very small
distance (~150 µm, the thickness of a microscopy cover slip) between the two parts. The samples were
incubated at 37 °C for 24 h to allow the biofilm to grow over this minimal gap and connect the two agar
layers. The force curve obtained for such a biofilm sample did not show an agar peak as observed for
the standard biofilm samples discussed before (Fig. 3.16). However, the force curve now contained
a pronounced plateau, and the maximum force detected was lower than for the samples measured
before. After this force-induced separation, the ruptured biofilm samples were brought in contact for 5
minutes and a second separation of the biofilm was initiated. In the second run, the maximum force
was decreased compared to the first run and the plateau disappeared. This was also observed for the
third run, where the biofilm strength was substantially decreased and the biofilm ruptured very fast.
However, after both runs, the biofilm showed the ability of self-mending, at least to some extent.
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Figure 3.16: Multiple stretching cycles of biofilm: Biofilm samples show self-mending properties
when ruptured multiple times. Biofilms were brought in contact for 5 minutes after each stretching
cycle.

3.2.4 Discussion

In this chapter, a new measuring setup to determine the tensile strength of bacterial biofilms was de-
veloped. An important feature of this setup is the possibility to measure bacterial biofilms in situ. This
guarantees that the structural complexity of the biologically grown biofilm material is preserved and not
altered by a transfer of the material into the measuring setup. Even though biofilm research crucially
depends on quantitative information on the material parameters of biofilms in their unperturbed state,
only few dedicated testing setups for such measurements exist (65–67). Measurements of the tensile
strength of bacterial biofilms are rare (68–71) even though this material property is important for the
development of biofilm removal strategies. The custom-built device developed here allows not only for
the measurement of those parameters, but also is able to determine influences chemicals might have
on the stretching process. The stretching process can be visually followed during the experiment, and
this data can be used to determine the optical flow field of the biofilm samples. Due to the modular
design of the setup, multiple samples can be grown in parallel and thus can be measured on the same
day. This is advantageous over other setups, where the biofilm is directly grown in the measuring de-
vice (66). The setup described here was also modified to performmulti-cycle stretch/relax experiments
to study the self-healing properties of biofilms reported before (9). However, to obtain reproducible re-
sults of such experiments, the sample holder has to be redesigned in the future. Such an extension of
the methodology introduced here could then be applied to test if and how the self-healing properties
of bacterial biofilms are altered by chemical challenges.
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3.3 Matrix composition influence on the material properties of biofilms

In the previous chapters, material properties of B. subtilis B-1 biofilms were determined, i.e. the shear
modulus, resistance to erosion, tensile strength, and the influence of metal ions on all of these proper-
ties. Even though these properties are important material parameters and can be used as a basis for,
e.g. the development of biofilm removal strategies, the results discussed so far only reflect properties
of biofilms formed by this particular bacterial strain B-1. Biofilms formed by other bacterial strains may
react in a similar way to specific challenges, e.g. treatment with metal ions (9, 56, 72–74), but biofilms
may also exhibit completely different responses to such challenges. These different responses can
be partly attributed to the different environments those biofilms are exposed naturally. The B. subtilis
species, for instance, can grow in very diverse environments, ranging from the roots of plants (75) to oil
fields where the wild-type strain B-1 was found (34). In all those environments, bacteria are exposed
to possibly hazardous scenarios, e.g. shear forces due to water flow, toxic substances or desiccation,
and the biofilm matrix helps to protect the bacteria from them. The underlying mechanisms of how
the biofilm matrix achieves such protection are, however, to date not fully understood. It is therefore
crucial to obtain a more generalized understanding of the material properties of bacterial biofilms, i.e.
knowledge about the main molecular components or classes of main components, and their influence
on the overall properties of the biofilm. To gather such information about the individual molecular com-
ponents and their contribution to the overall biofilm properties, knock-out mutants of a bacterial strain
can be used. If the matrix composition and the genome of a strain is known, mutants can be developed
by knocking out specific genes that are responsible for the production of a particular matrix compo-
nent. The biofilm matrix produced by such a knock-out mutant then lacks this specific component,
but is otherwise identical with the biofilm matrix of the original strain. Such distinct differences in the
biofilm matrix composition can then be used to derive conclusions about the purpose of this specific
component. Even though the wild-type strain B. subtilis B-1 recently has been fully sequenced (76),
attempts to generate mutants were unsuccessful so far. This is due to the low transformability of this
strain. Therefore, a second wild-type B. subtilis strain, i.e. NCIB 3610, was chosen to conduct further
experiments. The matrix composition of this strain is well studied (2, 36, 37, 77, 78), and knock-out
mutants lacking key elements of the biofilm matrix are available. The knock-out strains used in this
thesis form biofilms, which each lack one of the following key elements of the NCIB 3610 matrix: the
fiber forming protein TasA, the surface protein BslA and the exopolysaccharide EpsA-O. An overview
of the knock-out strains and their remaining matrix compositions is given in Table 2.1. These strains
will be used in the following chapter to investigate the influence of the matrix composition on a range
of different material properties of B. subtilis biofilms. The following chapter was mainly adopted from
the publication Kesel et. al(33).

3.3.1 Surface stiffness of biofilms

As a first step, the surface of bacterial biofilms was investigated. The surface of a biofilm is the part of
the biofilm, which is exposed to the surroundings, and which represents the barrier between the envi-
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Figure 3.17: Surface stiffness of different B. subtilis biofilms: The Young’s modulus was obtained
for one-day-old biofilms of the wild-type strains B. subtilis B-1 (red) and NCIB 3610 (blue) and three
mutant strains of NCIB 3610 (blue). Error bars denote the standard deviation obtained from at least
9 different samples. Images depict a colony formed by the corresponding strain and the scale bar is
1 µm.

ronment and the bulk material. Therefore, a first material property which was investigated with AFM
nanoindentation was the surface stiffness of biofilms formed by the two wild-type strains B. subtilis
B-1 (BFB-1) and NCIB 3610 (BF3610), and the knock-out mutants. As biofilms represent a rather soft
material, soft cantilevers with a silicone dioxide bead at the cantilever tip were chosen. As a quan-
titative measure, the Young’s modulus was derived with the Hertz model from the retraction curve
of the AFM nanoindentation experiments (as described in Section 2.2.9). Initial measurements with
biofilms revealed strong electrostatic interactions between the biofilm and the cantilevers when mea-
surements were performed in air. Therefore, a dielectric fluid (99% ethanol) had to be added to the
setup to weaken these effects and obtain reproducible results. In a first experiment, the agar nutrition
layer beneath the biofilm was measured and the Young’s modulus of the agar layer was calculated
EAgar = 37.82±5.87 kPa, which is in good agreement with values found in literature (79). After the
stiffness of the agar was determined, BFB-1 and BF3610 were prepared according to biofilm formation
protocol F2 and the Young’s moduli of those biofilms were measured. For BFB-1, a Young’s modulus of
EB-1 = 1.48±0.18 kPa was obtained, and the Young’s modulus calculated for BF3610 was in the same
range, E3610 = 1.97±0.31 kPa. In a next step, the experiments were repeated with biofilms formed by
the previously mentioned knock-out mutants. The notion is, that if a certain key element of the biofilm
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matrix is missing and, at the same time, a change in the Young’s modulus can be detected, this spe-
cific matrix element will be responsible for the observed change of the Young’s modulus. When the
Young’s modulus was determined for the biofilm formed by the TasA knock-out mutant (BFTasA), no
significant change in the surface matrix stiffness was detected as ETasA = 1.78±0.18 kPa. In contrast,
the Young’s moduli decreased by about 50% when either the protein BslA (EBslA = 0.80±0.06 kPa) or
the exopolysaccharide EpsA-O (EEpsA-O = 0.80±0.05 kPa) were knocked out from the biofilm matrix.
This lead to the notion that both, the protein BslA and the exopolysaccharide EpsA-O contribute to
the surface stiffness of the biofilm matrix. However, Kobayashi et. al(37) have shown that the pro-
duction of the surface layer protein BslA of strain NCIB 3610 is dependent on the expression of the
epsA-O operon responsible for the production of the exopolysaccharide. Therefore, the decrease in
the Young’s modulus could be attributed to the absence of the protein BslA in the EpsA-O mutant as
well. This hypothesis is supported by the fact that biofilms formed by those mutant strains show an
equal decrease in the measured Young’s modulus. Since Ostrowski et. al(80) showed that BslA is not
involved in the synthesis, export or polymerization of the TasA amyloid fibers or the exopolysaccha-
ride, the decrease in surface stiffness of the biofilms formed by the BslA mutant (BFBslA) is attributed
to the absence of the BslA protein.

3.3.2 Surface roughness of biofilms

So far, it was shown that the BslA protein contributes to the surface stiffness of BF3610. Hence the
question arises, if the surface layer protein is also responsible for changes in other surface properties
of B. subtilis biofilms. Therefore, as a second surface material parameter, the surface roughness
of BF3610 and BFB-1 was determined with a profilometer (Fig. 3.18A). Indeed, the results showed
differences between BF3610 and BFBslA. BF3610 showed a rough surface, whereas the surface of BFBslA
showed less roughness features. However, when both those surfaces are compared to the surface
profile determined for BFB-1, it is clearly visible that BFB-1 exhibited an even rougher surface structure
with higher peaks (Fig. 3.18A). To quantify the surface roughness, the Sq value (see Sec. 2.2.5) was
calculated from the surface profiles which confirmed the initial visual impression. The Sq value of
BFB-1 (SqB-1 = 5.5±3.85) was ~10 fold higher than that of BF3610 (Sq3610 = 0.53±0.63). Whereas the
lack of TasA in the biofilm matrix showed no significant influence on the measured surface roughness,
the surface profiles obtained for BFBslA and biofilms formed by the EpsA-Omutant (BFEpsA-O) exhibited
a lower roughness than the wild-type strain NCIB 3610 (Fig. 3.18B). This suggests that the surface
layer protein BslA is not solely responsible for the surface stiffness, but is also responsible for the
surface roughness of NCIB 3610 biofilms. As a next step, the influence of the antibacterial agent
ethanol, which was used as a dielectric fluid for the AFM nanoindentation experiments, on the surface
roughness was tested. Biofilms were exposed to 99% ethanol (biofilm treatment protocol T2) for
60 minutes and the surface roughness was determined afterwards. When treated with ethanol, the
surface roughness of BF3610 and the corresponding BFTasA was decreased by ~60%, whereas BFBslA
and BFEpsA-O showed no significant roughness change (Fig.3.18C). The latter finding reflects the fact
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Figure 3.18: Surface roughness of biofilms: (A) Surface profiles of BFB-1, BF3610, and BFBslA. (B)
Roughness of untreated B. subtilis biofilms as quantified by the Sq value. (C) Decrease in roughness
of B. subtilis biofilms after 60min exposure to ethanol. Error bars denote the standard deviation of 9
samples from 3 different growth batches. * denotes p < 0.05.

that the biofilm surfaces of both BslA and EpsA-O mutant strains were found to be very smooth even
before ethanol application. BFB-1, which possessed the highest initial roughness of all tested strains
here is also affected most by the ethanol treatment: more than a 90% decrease in surface roughness
was measured. As typical ethanol concentrations used for disinfection applications are in the range of
70-80%, the profilometer experiment was repeated for BFB-1 and BF3610 with a concentration of 80%
ethanol. A similar decrease in roughness was found for BF3610, but a lower decrease of ~50% was
found for BFB-1 (Fig.3.18C).

3.3.3 Viscoelastic properties of biofilms

In the previous experiments, the surface properties of B. subtilis biofilms, and the influence of the
common disinfectant ethanol on the biofilm roughness were determined. However, such an ethanol
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Figure 3.19: Influence of ethanol on biofilm viscoelasticity: (A) Storage modulus of BFB-1 (red)
and BF3610 (blue) and biofilms formed by the three mutant strains of NCIB 3610 (blue). (B) Storage
modulus of BF3610 grown in the absence and presence of γ-PGA. Error bars denote the standard
deviation of 9 samples from 3 different growth batches.

treatment may not only alter the biofilm surface, but could also influence the bulk properties of the
biofilm material. Results by Epstein et. al(6) revealed that BF3610 show extreme resistance to wetting
with ethanol for concentrations as high as 90%. Therefore, an 80% ethanol solution may not even
be able to penetrate the biofilm matrix and induce changes in the bulk material properties. Thus,
99% ethanol was chosen to treat the biofilm samples and compare the viscoelasticity of untreated
and ethanol treated biofilm samples. As a quantitative parameter, the storage modulus determined at
a frequency of 1Hz is compared. This simplification is justified since previous experiments showed
that the overall shape of the frequency spectra of biofilms were not altered by a chemical treatment of
the biofilm (Fig. 3.4).

In a first step, the storage moduli of untreated biofilm samples were obtained with a macrorheome-
ter. The storage modulus measured for BF3610 wasG’3610(1Hz) = 584±132Pa, and all biofilms formed
by the mutants of this strain had moduli in a similar range (Fig. 3.19A). In contrast, the storage modulus
for BFB-1 was about one order of magnitude lower (Fig. 3.19A). In a next step, biofilms were treated
with 99% ethanol for 10 minutes as described in biofilm treatment protocol T2. Afterwards, the stor-
age moduli were determined and compared with that of untreated biofilm samples. For BF3610 and
the biofilms formed by the mutant strains, an increase in the elasticity upon ethanol treatment was
detected, whereas for BFB-1 no significant alteration in the elastic modulus was measured. However,
treatments with other chemicals revealed that 10 minutes may not be enough for the chemical treat-
ment to show its full effect (Fig. 3.3). Therefore, the experiments were repeated with a treatment time of
60 minutes. After this longer time span, the ethanol-induced effect on the biofilm elasticity is even more
pronounced to what was observed for the short treatment time. The elastic modulus of BF3610 and
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Figure 3.20: mRNA production of biofilm matrix proteins in BFB-1: Gene expression analysis at
(A) 10 h and (B) 18 h of biofilm growth. B. subtilis B-1 mRNA production of genes corresponding to
matrix components described for strain NCIB 3610 in comparison to the 16S rRNA control was ana-
lyzed. Error bars denote the standard deviation obtained from 3 biological and 3 technical triplicates.
* denotes p < 0.05.

biofilms formed by the mutants was further increased, whereas for BFB-1 no significant alteration was
detected (Fig. 3.19A). When the experiments were repeated with a lower concentration of ethanol, i.e.
80% ethanol as commonly used for disinfection, the outcome was not significantly changed for BFB-1
and BF3610 (Fig. 3.19A). Together, these results revealed that changes in the bulk viscoelasticity upon
treatment with ethanol occurred for all B. subtilis biofilm variants with one exception: B-1 biofilms. If
the molecules TasA, BslA or EpsA-O are missing in the NCIB 3610 biofilm matrix, similar changes in
the biofilm viscoelasticity are observed as for wild-type NCIB 3610 biofilms. However, different results
were obtained for BFB-1 and BF3610, which leads to the hypothesis, that this difference could be at-
tributed to differences in the composition of the wild-type strain biofilm matrices. Hence, there must
be another molecule in the matrix of BFB-1 which is responsible for this protection, but is missing in
BF3610 biofilms.

3.3.4 Protection of biofilms by γ-PGA

Information about the matrix composition of biofilms formed by the wild-type strain B-1 is rather sparse,
and the biofilm matrix was described to consist mainly of γ-PGA (13). Since the two strains are ge-
netically related, and it is not clear whether the wild-type strain B-1 also secretes key elements of the
NCIB 3610 matrix. To test this, a gene expression analysis was conducted and B. subtilis B-1 biofilms
grown for 10 h and 18h were analyzed. In this analysis, it was tested whether the genes encoding the
matrix components of BF3610, i.e. TasA, BslA and EpsA-O, are also transcribed in the biofilms formed
by wild-type strain B-1. Additionally the gene ywsC, important for the production of γ-PGA was tested,
and 16S rRNA was chosen as a housekeeping gene. At both time points of biofilm growth, the gene
expression analysis revealed that mRNA of the gene ywsC is indeed produced, although at lower lev-
els compared to the housekeeping gene (Fig. 3.20). Surprisingly, mRNA for the production of BslA,
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Figure 3.21: Wet and dry mass of wild-type biofilms: The wet mass and dry mass (after lyophiliza-
tion) of BF3610 and BFB-1 are determined without (empty bars) and with ethanol treatment (striped
bars). Addition of γ-PGA during the growth of biofilms protects BFB-1 from ethanol-induced dehydra-
tion (filled bars). Error bars denote the standard deviation obtained from 3 biological and 3 technical
triplicates. Circle indicates that lyophilization process did not always work on this condition. * denotes
p < 0.05.

TasA and EpsA-O can also be found in the biofilm matrix of strain B. subtilis B-1. This is somewhat
unexpected and indicates that the B-1 biofilm matrix could also contain key elements of the NCIB 3610
biofilm matrix. This would render γ-PGA the main molecular difference between the two biofilm ma-
trices. Thus, if γ-PGA constitutes the main difference in the matrix composition, it could also be the
reason for the different responses of the biofilms upon treatment with ethanol. The observed increase
in biofilm stiffness could arise from an ethanol-induced dehydration of the biofilm matrix. γ-PGA is a
strongly hygroscopic material when prepared as a powder, thus γ-PGA could prevent a loss of water
in B-1 biofilms, which in turn would result in a protection from a stiffening of the biofilm matrix due
to ethanol. To test if γ-PGA also protects the NCIB 3610 biofilm matrix from ethanol-induced dehy-
dration and ethanol-induced stiffening, BF3610 were grown in the presence of purified γ-PGA, and the
macrorheological characterization was repeated. In detail, γ-PGA was extracted from a liquid culture
of B-1 (81), and the liquid overnight culture of NCIB 3610 (prepared according to biofilm formation pro-
tocol F2) was enriched with 4.75mg/ml of γ-PGA. 100 µL of this bacterial suspension were streaked
onto agar plates and incubated at 37°C. When NCIB 3610 biofilms were grown in presence of purified
γ-PGA, the storage modulus was slightly decreased compared to normally grown BF3610 (Fig. 3.19B).
Additionally, the γ-PGA supplementation resulted in a protection of BF3610 from an ethanol-induced
stiffening of the biofilm matrix, comparable to BFB-1 (Fig. 3.19B). So far, it is not clear if ethanol indeed
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induces a dehydration of BF3610 and if this dehydration leads to the observed stiffening of the biofilm
matrix. To test this, the amount of water trapped in the biofilm matrix was determined by measuring the
wet and dry mass of both biofilm variants. In a first step, the average mass of the biofilms produced
by the wild-type strain B-1 and NCIB 3610 was determined. BFB-1 produced a ~4 fold higher biomass
(1170mg/agar plate) than BF3610 (303mg/agar plate). As a second step, the effect of an ethanol treat-
ment on the wet biofilm mass was determined. After ethanol treatment, the wet mass of BF3610 was
lower by ~40% and lower by ~60% for BFB-1 compared to the untreated samples (Fig. 3.21). This
is somewhat unexpected since the hypothesis was, that γ-PGA protects BFB-1 from ethanol-induced
dehydration. However, the differences in the wet mass measured so far could also be due to a lower
production of biofilm mass on the particular agar plates chosen for ethanol treatment. Therefore, to
check whether the measured lower wet mass is indeed due to a loss of water, the samples were freeze-
dried, which removes the liquid phase of the samples, and the dry mass was determined afterwards. If
differences in the dry mass would be detected, this could have two causes. On the one hand, it could
mean that not only water is removed from the biofilm due to the ethanol treatment, but also biomass.
On the other hand, it could be that the amount of biomass produced on the selected agar plates was
lower in the first place, leading to a lower amount of water stored in the biofilm. Indeed, when the
samples were freeze-dried, BF3610 and BFB-1 showed significant differences in the dry mass between
untreated and treated samples (Fig. 3.21). Further analysis of the data revealed that the ratio between
wet mass and dry mass is ~5 for BF3610 untreated and treated samples. This indicates that the same
fraction of water is present in BF3610 before and after an ethanol treatment. Yet, this is not the case for
BFB-1 where the fraction of water stored in the biofilm is higher in the untreated samples than in the
treated samples.

In a last step, to determine the influence of γ-PGA on the water content of biofilms, BF3610 and
BFB-1 were grown in the presence of γ-PGA as described previously for the rheological characteriza-
tion. Afterwards, the biofilms were treated with ethanol and the wet and dry mass was determined.
When BF3610 was supplemented with γ-PGA during the growth phase, the ratio of wet mass to dry
mass was again ~5, as already determined for normally grown BF3610 (Fig. 3.21). Therefore, the ad-
dition of γ-PGA does not prevent ethanol-induced dehydration in BF3610. However, when BFB-1 was
supplemented with γ-PGA during the growth phase, the ratio of wet mass to dry mass was increased
compared to not-enriched BFB-1 (Fig. 3.21). Thus, additional γ-PGA prevents ethanol-induced dehy-
dration of BFB-1.

3.3.5 Discussion

In this chapter, biofilms formed by the two B. subtilis strains NCIB 3610 and B-1, were compared
regarding their material properties, i.e. the surface stiffness, surface roughness, and bulk elasticity.
Additionally, 3 knock-out mutants lacking key components of the BF3610 matrix were investigated. Key
matrix components of the NCIB 3610 biofilmmatrix are the fiber-forming protein TasA, the surface layer
protein BslA and the exopolysaccharide EpsA-O. In contrast, the matrix of biofilms formed by the strain
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B-1 is known from literature to be mainly composed of γ-PGA, which is absent in biofilms produced by
strain NCIB 3610. However, gene expression experiments revealed that also key elements of the NCIB
3610 matrix could be present in the B-1 matrix. The polyanionic biopolymer γ-PGA seems to serve a
dual role in the biofilm matrix of B. subtilis B-1 biofilms. On the one hand, γ-PGA is responsible for a
stiffening of the B-1 biofilm matrix. For instance, if exposed to metal ions, the potentially toxic metal
ions are trapped in the biofilm matrix through complexation with polyanionic biofilm polymers such as
PGA (see Sec. 3.1.6). On the other hand, γ-PGA is responsible for the protection of B-1 biofilms from
ethanol-induced changes of the biofilm stiffness. This protection may be partly attributed to the ability
of γ-PGA to bind and thus trap water inside the biofilm matrix. Even though the natural occurring
concentration of γ-PGA (<0.1mg/ml (34)) in the B-1 biofilm matrix may be sufficient to keep the bulk
elasticity constant after an ethanol treatment, such a low concentration fails to protect the B-1 matrix
from ethanol-induced dehydration. However, this dehydration protection can be achieved when strain
B-1 is supplied with additional purified γ-PGA during biofilm growth. This supports the hypothesis
that the hygroscopic γ-PGA traps water inside the biofilm matrix, since a higher amount of γ-PGA
in the biofilm matrix could bind higher amounts of water. However, this water trapping mechanism of
γ-PGA cannot be transferred to biofilms formed by the B. subtilis strain NCIB 3610. Nevertheless,
these γ-PGA-enriched BF3610 are protected from ethanol induced stiffness changes of the biofilm
matrix. This leads to the hypothesis that the protection mechanism of γ-PGA to prevent a biofilm
stiffening is not achieved by trapping water inside the biofilm matrix, but maybe γ-PGA binds ethanol
and thus shields the other biofilm matrix molecules from ethanol. The biopolymer γ-PGA is also
found in many other Bacillus species, e.g. B. anthracis, B. megaterium, and B. licheniformis (82),
serving a variety of different purposes depending on the strain and the environment, e.g. virulence
factor (83), or complexation of metal ions (84). Such a multifunctional role as seen here for γ-PGA
is also found for other polyanionic polymers in different biofilms. For instance, biofilms formed by
Pseudomonas aeruginosa contain the polymer alginate which also serves multiple functions in the
biofilm matrix. It is important for providing structural stability (26), complexation of metal ions (9)
and also is attributed high water binding capacities (27). Furthermore, the data presented here is an
example of the ability of bacteria to use externally available molecules for their own good. Similarly, it
has been shown that bacterial knock-out strains can be supplemented with the missing biofilm matrix
components to fully restore the original biofilm matrix (2, 77). The presented supplementation with γ-
PGA shows that bacteria can also incorporate foreign components into their biofilm matrix, i.e. even if
this particular component cannot be secreted by the bacteria themselves. Another biofilm component,
important for the overall biofilm material properties, is the surface layer protein BslA. This protein is
mainly responsible for the surface stiffness and surface roughness of the biofilm matrix of BF3610.
When this protein is missing in the biofilm matrix, not only a decrease in the surface elasticity but also
in the biofilm surface roughness can be detected. BslA was also shown to contribute to the extreme
wetting resistance of BF3610 (6). This hydrophobicity was attributed, at least in part, to the increase in
surface roughness of the biofilm. This surface roughness-induced hydrophobicity, or so-called lotus
effect, is in the focus of researchers (85), and many attempts are made to transfer this effect to bio-
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inspired materials. Therefore, a further step in biofilm research could be the attempt to transfer material
properties of biofilms, i.e. hydrophobicity, to artificial materials. This idea will be covered in the next
chapter.
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3.4 Biofilm-enriched hybrid mortar

In the previous chapters, various material properties of biofilms formed by two different B. subtilis
strains were investigated and compared. One main result of the investigation was, that the surface
layer protein BslA is responsible for the surface roughness of biofilms produced by strain NCIB 3610.
However, it is also known from literature that BslA plays an important role in the extreme wetting
resistance of BF3610 (78). Whereas BF3610 shows extreme hydrophobic behavior, biofilms formed by
the knock-out mutant of this strain, i.e. BFBslA, not capable of secreting this surface layer protein, show
hydrophilic behavior. Such an extreme wetting resistance is also found on other naturally occurring
surfaces, e.g. lotus leaves and rose petals. Especially the lotus-effect has been thoroughly investigated
(85), and artificial materials mimicking those superhydrophobic and self-cleaning properties have been
developed (86). But also other materials and surfaces showing hydrophobic properties are under
active investigation (87, 88).

In principle, several possibilities exist how properties of natural materials can be transferred to
artificial materials. A first, and probably the simplest approach, could be to mix the two materials of
interest, thus creating a hybridmaterial with the desired properties. However, in such a simple scenario,
the hybrid material contains all constituents of the biological material, which could lead to additional
but undesired effects in the new material. Thus, a more advanced approach would be to add only
the one specific component, which is responsible for the desired mechanism in the natural material,
to the artificial material. Yet, this renders the production process of the hybrid material more difficult
and time-consuming, since the specific component has to be purified or extracted from the natural
material. Such an approach can also be realized with the use of artificial components, which do not
rely on natural materials. This includes the modification of an artificial material by adding other artificial
components, or a surface treatment of the artificial material after the curing process. However, this is
in some cases even more challenging or could include the use of hazardous chemicals, rendering the
generation process dangerous.

All those principles mentioned here have been investigated and applied to create superhydrophobic
surfaces through coating or mixing approaches (88–91). However, the key goal in the development
of hydrophobic materials is often not solely to generate a hydrophobic surface, e.g. for the purpose
of self-cleaning, but it is many times also desired to prevent or delay the ingression of water into the
bulk material. One field in which the latter is critically needed is civil engineering, where cement-
based materials typically suffer from water and chloride ingression (92). Water invades the material
through microcracks, and freeze-thaw cycles can lead to a macroscopic damage of the material. The
ingression of chloride on the other hand leads to corrosion of embedded steel structures, critically
reducing their mechanical stability. Therefore, it would be advantageous to render not only the surface
of cementitious materials hydrophobic, but also to prevent or delay the ingression of water into the bulk
material. Many strategies to date have experimented with surface modification approaches to develop
hydrophobic cement (93, 94). Since these strategies require coating the cementitious material, this
additional step is time-consuming and costly. This calls for the development of a cementitious material
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Figure 3.22: Schematic of the production process of hydrophobic hybrid mortar: When either
hydrophilic or hydrophobic biofilm variants are added during mortar generation, the resulting hybrid
mortar shows an overall hydrophobic behavior.

with a simple production process. Ideally, this process would not be limited to a surface modification.
It will be shown in the following chapter, that the addition of biofilm material during the mortar casting
process achieves a bulk modification of the mortar material, which leads not only to a hydrophobic
surface but to a strong delay of water ingression into the hybrid material compared to standard mortar.

3.4.1 Influence of biofilm addition on the hydrophobicity of mortar

A first step towards the investigation of hydrophobic properties of hybrid mortar is to measure the
static contact angle of a water droplet. This is achieved by placing a drop of ddH2O on the surface of
the mortar material, and determine the angle at the 3-phase-junction between the solid surface, the
water droplet and the surrounding gas. A high level of hydrophobicity correlates with a high contact
angle. Contact angles below 90 ° represent a hydrophilic, thus wettable surface whereas materials
with contact angles above 90 ° are called hydrophobic. Surfaces with contact angles above 120 ° are
sometimes referred to as superhydrophobic.

In a first experiment, the hydrophobicity of BF3610 grown according to biofilm formation protocol F1
was measured. When grown on LB agar, the biofilm formed by B. subtilis strain NCIB 3610 showed an
overall hydrophilic behavior with contact angles in the range of 30–40 °. However, when grown on a
different medium, biofilms formed by this strain indeed show hydrophobic behavior (6). Since it may be
a reasonable assumption that a hydrophobic additive is needed to obtain a hydrophobic hybrid mortar,
a different medium was chosen for biofilm formation so that a hydrophilic biofilm is obtained. When
LB was enriched with a combination of glycerol and manganese, biofilms formed by strain NCIB 3610
became hydrophobic with contact angles of about 110 °. Additionally, this enriched medium promotes
biofilm formation in the B. subtilis species (95) which yields an increased output of biofilm mass. This
enhanced biofilm production also facilitates the experiments since less LB agar plates have to be
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Figure 3.23: Contact angles of water droplets on hybrid mortar: (A) Wetting resistance of unmod-
ified mortar compared with a PTFE sample and a hybrid mortar sample: the contact angle of a given
water droplet is followed over a time span of 60 minutes. (B) Comparison of different biofilm mutants
used as admixtures to generate hybrid mortar samples.

harvested to generate the hybrid mortar samples.
To investigate whether the addition of such a hydrophobic biofilm material could render simple

mortar hydrophobic, the biofilm was added during the mortar casting process (Fig. 3.22). In detail,
biofilm was harvested from agar plates by manual scraping. Afterwards, the biofilm material was
mixed with water and homogenized using a pestle to generate a liquid suspension. This suspension
wasmixed with cement and sand to create hybrid mortar. When 2% of biofilm (wwet biofilm/wsand + cement)
was used in the liquid suspension to create the hybrid material, the contact angle was ~90 °, whereas
for a normal, unmodified mortar the contact angle is in the range of 30 °. This shows, indeed, that the
addition of hydrophobic biofilm to standard mortar yields a hydrophobic hybrid material. However, it
is unclear whether the increased wetting resistance is based on the addition of a hydrophobic biofilm
component, or on the addition of the biofilm material itself. To test this, the experiments were repeated
with biofilms formed by mutants of strain NCIB 3610 which were already used in the previous chapter.
If the hydrophobic key component BslA would be responsible for the hydrophobicity of the hybrid
mortar sample, the addition of BFBslA as an admixture would result in a hydrophilic hybrid mortar,
whereas all other biofilms would still yield a hydrophobic hybrid mortar. Surprisingly, when the hybrid
mortar samples were prepared with biofilms formed by the mutant strains, the determined contact
angles showed no significant differences compared to samples generated with the wild-type strain
(Fig. 3.23B). This shows that neither the hydrophobic component of the NCIB 3610 biofilm, i.e. the
surface layer protein BslA, nor the other key elements of the biofilm matrix are responsible for the
hydrophobic properties of the hybrid material. Hence, the question arises whether a hydrophobic
biofilm is needed to achieve a hydrophobic hybrid material. To test this, BF3610 was grown on the
simple LB medium which results in a hydrophilic biofilm. This biofilm was then used to generate
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Figure 3.24: SEM images of unmodified and hybrid mortar samples: Hybrid mortar samples show
a higher density of ettringite-like crystals on the surface than unmodified mortar samples. The 1 µm
scale bar applies to all images in A, whereas the 10 µm scale bar applies to all images in B.

the hybrid mortar material and the wetting resistance was determined. When this hydrophilic biofilm
was added, the contact angle measured on the hybrid material reached similar or sometimes even
higher values compared to when hydrophobic biofilm was added (Fig. 3.22). This result shows that
the increased wetting resistance does not directly arise from the hydrophobicity of the added biofilm.
Instead, the structure of the mortar material might be affected due to the addition of biofilm. One
notion, based on the fact that hydrophobic behavior can also be induced by surface roughness is, that
the addition of biofilm leads to an increased surface roughness of the hybrid material and thus to an
increased wetting resistance. This idea is tested in the next section.

3.4.2 Surface roughness of hybrid mortar

Well-known examples of natural surfaces with roughness-induced hydrophobic properties are the
lotus-leaf and rose-petals (85). Such a surface roughness-induced hydrophobicity could also be the
mechanism responsible for the increased wetting resistance of the hybrid mortar samples. To investi-
gate if the surface structure of mortar is altered by the addition of the biofilm material, the surface of the
mortar samples was visualized using scanning electron microscopy (SEM). Indeed, a high density of
elongated spike-like structures was observed on the surface of the hybrid mortar samples (Fig. 3.24).
An explanation what the observed spikes could be is that these are the bacteria added together with the
biofilm. However, these spike-like structures are also found on the unmodified mortar sample, albeit at
only a few spots. In fact, these structures look like typical ettringite-like crystals as they are observed
during the casting of Portland cement (96). The high density of those spike-like structures leads to
an increased roughness of the surface and thus supports the hypothesis of a roughness-induced hy-
drophobicity of the hybrid mortar samples. A drawback of the SEM technique is that a calculation of
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Figure 3.25: Light profilometer images of unmodified and hybrid mortar samples: Hybrid mortar
samples show increased surface roughness compared to unmodified mortar samples.

roughness parameters from SEM images is not possible. However, to quantitatively compare the sur-
face roughness of hybrid mortar and unmodified mortar, such parameters are necessary. Therefore,
the surface was investigated with a light profilometer, as with this technique, quantitative parameters
describing the surface roughness, e.g. Sq can be determined. When the surface profiles of unmodified
mortar and hybrid mortar were compared, the visual impression that the surface of hybrid mortar is
rougher was quantitatively confirmed. The calculation of the Sq value revealed a roughness of the
unmodified mortar sample of Sq = 2.56±0.81 µm whereas the hybrid mortar possessed a value of
Sq = 3.49±2.35 µm (Fig. 3.25).

These results clearly demonstrate that the addition of bacterial biofilm leads to an increased surface
roughness of the hybrid mortar samples. However, it is not clear whether the surface structure as
determined by profilometry indeed contains biofilm material or if the material is solely composed of
the mortar components, i.e. cement, sand, and the products of the hydration reaction. Therefore,
a XPS analysis was performed, and the obtained spectra for unmodified mortar, hybrid mortar, and
biofilm produced by strain NCIB 3610 were compared to confirm the presence of biomatter in the hybrid
mortar sample. Since nitrogen is an abundant element present in bacteria and the biofilm matrix, but
missing in both cement and sand, the spectra are examined for the presence of such a nitrogen peak.
Indeed, this peak was pronounced in the spectra of the biofilm material and the hybrid mortar material,
whereas no peak is observed in the unmodified mortar sample (Fig. 3.26). Thus, the presence of this
nitrogen peak leads to the conclusion that biofilm material can be found at the surface of the hybrid
mortar samples.

3.4.3 Influence of the hybrid mortar composition on the contact angle

So far, it was shown that the addition of biofilm to standard mortar leads to an increased surface
roughness and thus to an increased wetting resistance of hybrid mortar samples. Up to now, the biofilm
content of the hybrid mortar samples was kept constant for all samples. However, the amount of added
biofilm material might correlate with the wetting resistance of the hybrid mortar. To test this, mortar
samples with increasing amounts of biofilms were prepared and the contact angles were measured.
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Figure 3.26: XPS spectra for unmodified mortar, hybrid mortar, and pure biofilm: The overview
spectra show all characteristic elements present in each sample. The nitrogen peak (840–860eV) in
the high resolution spectra is present in the biofilm and hybrid mortar sample but not in the unmodified
mortar sample.

The results show that also the wetting resistance for a biofilm content of 1.0%was increased compared
to the unmodified mortar sample (Fig. 3.27). If the biofilm content was stepwise increased to 2.5%, the
contact angles gradually increased (Fig. 3.27). Yet, when even higher amounts of biofilm mass were
added to the mortar mix, the hybrid mortar crumbled easily and could not be cast into a rigid sample
anymore. The properties and workability of standard mortar typically depends on the amount of water
which is used to generate the material (97). The so called water/cement ratio (wc) is usually in the
range of 0.5 to 0.7 (98), and is defined as the ratio of the weight of water added to the weight of cement
during the mixing process. To test the influence of an increased wc on the hybrid mortar samples, the
biofilm content was kept constant at 2.0% while the wc was gradually increased to 0.6 and 0.7. The
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Figure 3.27: Influence of the hybrid mortar composition on the contact angle: Higher amounts
of biofilm lead to an increased wetting resistance of hybrid mortar samples up to 2.5% (w/w) biofilm
content. When the water/cement ratio is increased, the wetting resistance slightly decreases. The
contact angle for saltwater (600mM NaCl) is comparable to that obtained for ddH2O. In lyophilized
form, larger amounts of biofilm can be added to the mortar, which leads to even higher contact angles
of the hybrid mortar samples.

additionally added water only entails a minor decrease in the measured contact angles (Fig. 3.27).
As mentioned before, chloride ingression into cementitious materials is a major factor affecting their
durability (99). Such a chloride ingression commonly occurs during winter time, when splash water
containing salt is swirled by cars onto mortar structures. Moreover, also mortar structures exposed
to seawater environments suffer from chloride ingression, which lead to corrosion of the embedded
steel structures, thus critically reducing their stability. To test if the hybrid mortar samples also show an
increased wetting resistance to saltwater, droplets of a 600mM NaCl solution were used to determine
the contact angles. Hybrid mortar samples showed similar resistance towards wetting with saltwater
droplets as towards ddH2O, which demonstrates a high potential of the hybrid mortar for industrial
usage.

However, for a convenient industrial application, the process of creating the samples is still too
complicated and time-consuming, since fresh biofilm has to be harvested directly prior to creating
the hybrid mortar samples. Furthermore, the grinding process of the biofilm to create a liquid biofilm
suspension is a second time-consuming step in the production process. One idea to simplify themortar
generation process would be, to use a storable biofilm powder as an admixture. Such a biofilm powder
can be easily produced by freeze-drying fresh biofilm, also rendering the biofilm material storable for
later usage. When 2% of this powder (equivalent to 2% fresh biofilm mass) was used to create the
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Figure 3.28: SEM images of cross sections of unmodified and hybrid mortar samples: Hybrid
mortar samples show a higher density of ettringite-like crystals in the cross section than unmodified
mortar samples. The 1 µm scale bar applies to all images in A, whereas the 10 µm scale bar applies
to all images in B.

liquid suspension, the same wetting resistance was achieved compared to as when fresh biofilm was
used (Fig. 3.27). This indeed renders the whole hybrid mortar casting process much simpler. Further
experiments with this powder-based admixture revealed that even higher amounts of biofilm can be
added to the mortar. Surprisingly, a hybrid mortar sample with a biofilm content of 10% lyophilized
biofilm powder can successfully be cast and, in contrast to the addition of fresh biofilm in the same
amount, does not crumble. With this high amount of biofilm mass, the contact angle of the hybrid
mortar samples even increased to ~110 °, and sample-to-sample variations became much smaller
than for the hybrid mortar samples supplemented with fresh biofilm (Fig. 3.27).

3.4.4 Water uptake of hybrid mortar

In the previous section, it was shown that the addition of biofilm, in either a fresh or a lyophilized state,
leads to an increased wetting resistance of hybrid mortar. However, the increased wetting resistance
was only determined directly after the water droplet was placed on the samples. In natural settings,
water will reside for longer time spans on the mortar surface, or the mortar structure might even be
submerged into water. Therefore, the contact angle for an unmodified mortar sample is, in a next step,
compared with that of a hybrid mortar sample over prolonged time intervals. A water droplet placed
onto an unmodified mortar sample is immediately soaked up by the material, whereas the contact
angle on a hybrid mortar sample decreases slowly over time (Fig. 3.23A). Even after 60 minutes, the
contact angle for the hybrid mortar samples is comparable with that of a PTFE sample (Fig. 3.23A).

However, in industrial settings, a high wetting resistance due to a surface modification may not be
sufficient, since even a partial damage of the surface would lead to a loss of protection from water
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Figure 3.29: Water uptake determined by X-ray dark-field imaging: (A) X-ray dark-field radiographs
at different time points (5 s and 24h) for unmodified and hybrid mortar samples during capillary water
uptake increasing from bottom to top. Brighter pixel values correspond to lower scattering strength,
thus, higher water content. (B) Quantitative analysis of the time dependence of the water uptake. The
average dark-field signal is shown for unmodified and hybrid mortar samples.

ingression. Therefore, it would be advantageous to achieve a delayed ingression of water by a bulk
modification of the sample. This should be the case when the biofilm material is mixed with, and
therefore distributed throughout, the mortar during the generation process. To check if the biofilm
material is distributed well in the bulk material after the mortar casting process, hybrid mortar samples
are cut and the cross section is visualized with SEM. The results show similar structures as already
determined for the surface analysis with SEM: unmodified samples showed spike-like structures only
in few spots whereas the hybrid mortar samples possessed a high density of these spike-like structures
all over the surface (Fig. 3.28). These results demonstrate that indeed a bulk modification of the mortar
structure is achieved, which in turn might increase the net surface of the inner material and thus the
wetting energy. This leads to the notion that, in addition to the increased wetting resistance of the
surface, the capillary uptake of water into the bulk material might be also delayed.

To test this idea, an experiment was designed to compare the water uptake by unmodified mortar
with that of hybrid mortar. Mortar samples were prepared and the bottom of each of the samples was
submerged into ddH2O. X-ray dark field images of the samples were acquired during the experiment
to determine the water ingression as a function of water exposure time. Directly after the start of the
experiment, i.e. after 5 s, almost no water could be detected in either sample. After 24 h, however,
the unmodified mortar sample was fully soaked with water. In contrast, in the hybrid mortar, no water
could be detected even after this prolonged exposure time (Fig. 3.29A). When the averaged dark-field
signal, which correlates with the total amount of water in the samples, is compared over time, the fast
uptake of water into the unmodified mortar sample is clearly visible, whereas the hybrid mortar sample
hardly takes up water at all. This verifies the hypothesis that the addition of biofilm to mortar delays
the ingression of water into the hybrid mortar.
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3.4.5 Discussion

In this chapter, the development and investigation of a hybrid mortar material with increased wetting
resistance was described. This increased wetting resistance was achieved through the addition of
biofilm formed by strain B. subtilis NCIB 3610 during the mortar generation process. It could be shown
that the hydrophobic properties of the hybrid mortar are not based on the hydrophobicity of the biofilm
itself, since also biofilm of hydrophilic nature induced a similar wetting resistance of the hybrid mortar.
The increased wetting resistance is rather reached through a stimulation of mineralization processes
during the hydration reaction of hybrid mortar. The increased density of spike-like crystal structures in
the hybrid mortar is drastically increasing the roughness of the hybrid mortar samples. According to
Wenzel (100), the contact angle of a rough surfaceΘr is calculated by cos(Θr)=rcos(Θ), whereΘ is the
contact angle on an ideal flat surface and r the roughness ratio, which is defined as ratio of the true area
of the solid surface to the apparent area. This increased surface area is the reason for the roughness-
induced hydrophobicity of themortar sample. The spike-like crystal structures can be found throughout
the hybrid mortar material as determined by SEM. They seem to be part of the hydration reaction, as
they were also found in unmodified mortar, however only at a few spots. These crystals could very
well be ettringite-like crystals as they occur in standard Portland cement (96). A similar increase of the
surface roughness of materials already has led to other artificial materials with extraordinary wetting
resistance, e.g. slippery liquid-infused porous surfaces (101), and microstructured silicium surfaces
(102).

However, the addition of fresh biofilm during the mortar generation process was limited to ~2.5%,
because samples with a higher biofilm content crumbled easily and could not be successfully cast into a
rigid form anymore. Surprisingly, if lyophilized biofilm was used for the hybrid mortar creation, it is pos-
sible to incorporate higher concentrations, i.e. 10%, without the aforementioned effect of crumbling.
One possible explanation for this different behavior could be that the freeze-drying process partly in-
activates certain biofilm components which might be responsible for the crumbling of the hybrid mortar
samples. Such an effect is in principle possible since protein degradation is known to occur for certain
proteins during freeze-drying (103). However, such a destruction of biofilm components might not be
likely since also the increased mineralization might be induced by proteins contained in the biofilm.
Further, the virtually same wetting resistance is achieved for samples of 2% biofilm content, for either
fresh or lyophilized biofilm (Fig. 3.27).

One could also argue that with the addition of fresh biofilm to the mortar, extra water (contained in
the highly hydrated fresh biofilm) is added and that this extra water alters the hydration reaction. It is
known from standardmortar that additional water results in a more porousmaterial, which could indeed
lead to a mechanical unstable sample (104). However, the amount of additional water contained in the
fresh biofilm is comparable to the water volume added when the wc is increased from 0.5 to 0.6 or 0.7.
The biofilm mass added for a hybrid mortar sample with a biofilm content of 2% is mbiofilm = 0.8 g, and
the amount of water contained in biofilm is usually in the range of 80-95%. This would equal less than
1mL of water, whereas an increase of the wc by 0.1 equals 1mL of ddH2O. Here, it was observed that
even hybrid mortar samples with a wc of 0.7 can successfully be cast into a rigid form (Fig. 3.27).
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Figure 3.30: Mixing of hybrid mortar: Possible hybrid mortar generation process at a construction
site, where cement, sand, water and lyophilized biofilm are simply mixed together.

The third, and most likely explanation why only up to 2.5% of fresh biofilm can be added to the
mortar are problems resulting from the mixing process. When fresh biofilm is added, cohesion forces
in the biofilm could hamper a thorough distribution of the biofilm material in the mortar sample. Thus,
local accumulations of biofilm material could locally provide higher amounts of water (contained in
the biofilm chunks), resulting in a more porous and mechanical unstable structure of the hybrid mor-
tar sample. When the biofilm material is freeze-dried prior to the mixing process, the distribution is
probably much more homogeneous, allowing for the incorporation of 10% lyophilized biofilm. Similar
results have been observed for mineral admixtures to mortar where a higher fineness of the admixture
correlates with an increased compression strength of mortar (105). Non biofilm-based approaches
using other biological admixtures in cementitious materials to influence the material properties have
gained attention in the past decade. The addition of biopolymers, bacteria, or bacterial cell walls for
example lead to increased mechanical performance (106), protection of embedded steel structures
from corrosion (107), and self-healing properties of cementitious materials (108).

The hybrid material presented here not only offers an increased wetting resistance over prolonged
times, but also delays the ingression of water into the material by capillary forces when the samples
are immersed into water. Since the biofilm material can be harvested and lyophilized prior to the
casting process, the biofilm powder can be easily stored and added during the mixing process of
mortar, i.e. at the construction site (Fig. 3.30). Thus, this approach is advantageous over post-curing
surface modifications to achieve hydrophobicity (93, 94, 109): subsequent surface treatments are
time-consuming and expensive compared to a simple admixture powder, since an additional working
step has to be performed after mortar curing. Although such a simplicity in the mixing process can also
be achieved with artificial admixtures, e.g. addition of waste paper sludge ash (110) or siloxane-based
additives (111), those treatments may contain potentially harmful solvents. Thus, the hybrid mortar
presented here may not only have a strong potential in industrial applications but is also eco-friendly
as it only requires biological additives.
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In this thesis, various material properties of bacterial biofilms were determined, and the influence of
the matrix composition on these properties was investigated. Understanding these material properties
is critically needed for the development of efficient biofilm removal and control strategies.

The erosion resistance of biofilms formed by the B. subtilis B-1 strain depends on the chemical
environment the biofilm is exposed to. Metal ions which are present in the surrounding liquid are in-
corporated into the biofilm matrix. When ions are complexated by the polyanionic biopolymer γ-PGA,
a main component of the B-1 biofilm matrix, a protection from erosion by fluid shear can be observed
for selected metal ions. In some cases, this erosion protection is accompanied by a mechanical forti-
fication of the biofilm matrix. However, it remains unclear why only selected metal ions induce such a
change in erosion protection and/or the bulk viscoelasticity, since γ-PGA was reported to unselectively
bind heavy metals (84). Further investigations on the role and influence of γ-PGA in the B-1 matrix are
therefore necessary. Specifically, a knock-out mutant of strain B-1, unable to secret γ-PGA, could clar-
ify whether this biopolymer is indeed responsible for the mechanical fortification of the biofilm matrix
when exposed to metal ions.

Furthermore, experiments on the binding of purified γ-PGA to metal ions could clarify how the
chelating agent EDTA competes with this biopolymer in terms of metal ion sequestering in the biofilm
matrix. It was shown in this thesis, that the biofilm erosion protection induced by some metal ions
could be countered by exposing the treated biofilms to an EDTA solution. To directly investigate if also
a stiffening of the B-1 matrix, when treated with metal ions, can be counteracted by an ETDA solution,
a submersion flow cell as presented in section 3.1.2 could be used. This setup enables the growth of
biofilms in situ on the rheometer. The LB medium could then be changed to a solution containing metal
ions and the time-dependent stiffening of the biofilm matrix could be observed. Afterwards, the metal
ion solution could be replaced by an EDTA solution or other chelating agents. Since other chelating
agents have different binding affinities to the metal ions tested, comparing the ensuing changes in
viscoelasticity could then give insight into the binding affinity of metal ions to the biofilm matrix. Such
experiments would be especially interesting for the previously mentioned γ-PGA knock-out B-1 strain.
Furthermore, this method could be used with various bacterial species and corresponding knock-out
strains to investigate the binding affinities of those biofilm matrices to metal ions. By varying the
knocked-out biofilm components of each matrix, the matrix components responsible for viscoelastic
stiffening could be identified.

63



CHAPTER 4. OUTLOOK

Such a selective change in the mechanical behavior could be further investigated to develop a
platform for the detection of certain metal ions in liquids. The detection and monitoring of metal ions
is of great interest in many fields including molecular biology and environmental monitoring (112).
Even though many approaches exist for sensing metal ions, they rely on the use of costly and difficult
techniques e.g. atomic absorption spectroscopy (113) or inductively coupled plasma atomic emission
spectrometry (114). Fluorescent based chemosensors represent a low-cost and simpler analytical
method (115–117), yet, the detection of heavy metal ions such as Fe3+ or Cu2+ with such chemosen-
sors is limited because these ions often act as fluorescent quenchers (118). A completely different
detection method could be developed on the basis of a microfluidic device presented by Hohne et. al
(65), which is able to determine the mechanical properties of soft viscoelastic materials grown on a
membrane. The deflection of this membrane, induced by a defined pressure on the membrane, is a
measure for the viscoelastic properties of the attached biofilm. A confocal laser scanning microscope
was then used to determine the deflection. However, it might also be possible to measure this deflec-
tion with a resistance strain gauge in the future. This principle could be adapted to grow biofilm on the
membrane and determine the viscoelastic properties of the biofilm. The test liquid could be flushed
through the microfluidic channel so that the biofilm would be exposed to this liquid flow. If metal ions
would be present in the test liquid, the biofilm matrix would stiffen, which in turn could be detected
by the system. Since biofilms show different selectivity for metal ions (9, 10), different biofilms could
be used to tune the abilities of this device. Finally, the mechanical fortification could be reversed by
flushing the sensor with a chelating agent such as EDTA, which was found to wash metal ions out of
the biofilm matrix (Sec. 3.1.2).

As biofilms are not only exposed to shear forces in their natural settings, further mechanical material
properties need to be investigated to develop efficient biofilm removal strategies. The custom-built
stretching device presented in this thesis is capable of measuring the tensile strength of biofilms grown
in situ. Only few investigations were performed with this setup so far but it was shown that it is possible
to measure the tensile strength of bacterial biofilms and that the influence of chemical treatments
on the tensile strength can be investigated as well. It would also be interesting to see how other
chemicals influence the tensile strength of the biofilm matrix of B. subtilis B-1, especially those used
in the macrorheological assay performed in Section 3.1.3. With these measurements, the effect of
the chemicals could then be determined for four different important material properties of BFB-1. Yet,
the treatment protocol used for samples in the stretching setup needs to be optimized, as the final
concentration of the chemical in the biofilm remains unknown. Even though the concentration of the
solution used for the chemical treatment is known, it is unclear how much of the chemical is actually
absorbed into the biofilm matrix. An improvement could be achieved by using only low amounts of
a chemical solution which can be fully soaked up by the biofilm matrix. However, a good distribution
of such a small amount of liquid on the biofilm surface is difficult, since many biofilms exhibit strong
hydrophobic properties and thus the biofilm surface could potentially not be wetted completely. Despite
this strong hydrophobicity, it was shown in Section 3.1.2 that metal ions are able to penetrate the biofilm
matrix. Therefore, investigations on the biofilm permeability for those chemicals could give insight on
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how much ions are absorbed in the biofilm samples used for tensile testing.
The permeability of biofilms also plays an important role in the development of biofilm removal

strategies. It was shown that even though biofilms are permeable for antibiotics, the antibiotics do not
necessarily kill the embedded biofilm bacteria (119). A similar behavior was observed in this thesis
when the biofilm was treated with potentially lethal metal ions (Sec. 3.1.5). One likely explanation for
the protection of biofilm embedded bacteria is that toxic metal ions are trapped in the biofilm matrix. A
reasonable strategy to kill biofilm embedded bacteria could therefore be to first target the molecules of
the biofilm matrix responsible for ion trapping. Once these molecules are inactivated, the binding sites
for the toxic substances would be missing in the biofilm matrix, thus allowing the toxic substances
to reach and kill the embedded bacteria. Such a substance could be the γ-PGA hydrolase, which
is able to degrade γ-PGA (120), and thus could be added prior to the viability assay presented in
Section 3.1.5, to test whether γ-PGA is responsible for the binding of the metal ions and therefore
protection of the embedded bacteria.

Even though biofilms constitute major problems in industrial settings, making use of their excep-
tional material properties could be interesting for technical applications. A new hybrid material was
developed in this thesis by adding biofilm to a standard mortar mix. This hybrid material showed in-
creased wetting resistance and delayed capillary uptake of water into the bulk material. However, it
remains elusive whether the addition of the biofilm component changes other material properties of the
hybrid mortar. It was observed that upon the addition of 3% freshly harvested biofilm, the hybrid mor-
tar samples crumbled easily. Even though higher amounts of biofilm could be added when the biofilm
was lyophilized prior to its addition, this clearly indicates that the mechanical stability of the hybrid
mortar might be compromised. Therefore, further investigations on the mechanical stability of hybrid
mortar need to be performed. One important parameter for cementitious materials is the compression
strength, which can easily be determined with commercially available standard testing equipment. In
particular, the amount of biofilm added may correlate with a decrease in compression strength of the
hybrid mortar samples. The workability and reaction kinetics of the hydration reaction of the hybrid
mortar mix could be analyzed with a rheometer, whereas 3-point bending tests may give insight into
the fracture toughness of the hybrid material. In general, all specifications as defined in the European
Norm EN 998-1 must be met before an industrial application is possible.

Furthermore, to render the hybrid mortar material more suitable for an industry-scaled production,
the harvesting of the biofilm needs to be simplified and automated. This could be achieved when
biofilms are grown at the air-liquid interphase where they form so-called pellicles. Even though this
approach has not been tested in this thesis, it is likely that such a pellicle would induce comparable
results when added to mortar as the structure and composition of floating pellicles seems to be similar
to that of biofilms formed on a solid nutrition layer (2). Such pellicles could then be grown in a liquid
culture which is constantly replenished with nutrients, and harvested through an automated process
which siphons the biofilm pellicles off the liquid surface for further processing. This further processing
could include an automatic freeze-drying of the skimmed biomaterial. However, since freeze-drying is
a rather expensive process (121), a simple drying of the biofilm material might be sufficient. Further
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tests on the laboratory scale could examine the applicability of those methods for the scale-up of the
hybrid mortar production.
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