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chapter ONE 

General introduction  
Advances in Colloid and Interface Science, 2017  

(submitted) 





Bacterial Transmission 

The biofilm mode of  growth is greatly preferred by most bacterial 

strains and species [1,2]. The sequence of  events leading to biofilm 

formation is generally considered to commence with bacterial transport 

by convective-diffusion from a liquid suspension of  planktonic bacteria to 

a substratum surface or impingement from aerosols (see Figure 1) [3]. 

Figure 1. Transport in bacterial adhesion to a substratum surface and 
biofilm growth. 
(a) Bacterial transport from a flowing suspension by convective-diffusion. 
(b) Bacterial transport by impingement from aerosols.  
(c) A multilayered biofilm resulting from growth of  adhering bacteria. 

Initially, bacterial adhesion is reversible, but production of  extracellular 

polymeric substances (EPS) can rapidly lead to an irreversible state and 

subsequent growth of  a bacterial (sub)monolayer into a multilayered 

biofilm.  Transmission of  sessile bacteria from one   substrate to another 

is a less commonly highlighted means of  bacterial transport, but equally if  

not more prevalent in many environments. Bacterial transmission 

frequently occurs in hospital environments and nursing homes among 

hands of  healthcare workers [4] and patients [5,6].  Bacterial transmission 
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also occurs during insertion of  indwelling urinary [7] or vascular catheters, 

either from the peri-urethral area or subcutaneous layers of  the skin [8,9], 

respectively and similarly may occur towards  endoscopes [10,11]. 

Transmission of  microorganisms from contaminated lens cases to contact 

lenses followed by transmission to human cornea is a well-known cause 

of  microbial keratitis, posing a general healthcare threat due to the large 

number of  people wearing contact lenses [12,13]. Toothbrushes are 

mentioned more and more as a source for microbial transmission [14,15]. 

Also in the domestic environment transmission is inevitable, but usually 

involves less pathogenic microorganisms than present in biomedical 

environments [16,17]. Finally, bacterial transmission occurs in industrial 

environments, including slaughterhouses [18,19], agriculture [20,21], forest 

[22,23] and sea-water environments [24,25].  

Mechanism of  Bacterial Transmission 

Mechanistically different from bacterial adhesion, transmission 

involves adhesion of  donor bacteria to a receiver surface and subsequent 

detachment from the donor surface [26,27] , a complicated process that 

will be influenced by intrinsic factors such as the bacterial species involved 

[28,29], and environmental factors, like the properties of  both the 

donating and the receiving surfaces [30,31], contact time, moisture level 

[26] and the application of  friction and pressure [32]. Although inherently 

more complex than adhesion, bacterial transmission can be described 

according to similar surface thermodynamic principles as microbial 

adhesion to surfaces [33]. As a result of  these considerations, a 

hydrophobic surface reduces the ability of  hydrophilic bacteria to adhere 

closely to the surface, leading to a higher bacterial transmission from a 
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donor [34].  However, hydrophobic bacteria adhere more strongly to 

hydrophobic surfaces than hydrophilic ones, leading to less transmission 

[35]. In addition to hydrophobicity, also surface roughness and structure is 

generally considered as a key factor in bacterial adhesion and therewith in 

bacterial transmission. A smooth surface supports more contact area 

between receiving and donating surfaces, and therewith creates a higher 

transmission [27].  Although many factors are influential upon bacterial 

transmission, it is important to distinguish between transmission from a 

donor surface contaminated with a (sub)monolayer of  adhering bacteria 

(Figure 2a) or from a donor surface fully covered with a multilayered 

bacterial biofilm (Figure 2b).  

In the latter case, transmission from a donor surface can occur 

either through cohesive failure in the biofilm or interfacial failure at the 

donor-biofilm interface. As EPS molecules can act as bridging molecules 

between donor and receiver surfaces they thus affect transmission 

depending on the balance between the cohesive strength and the adhesion 

force on either the donor or the receiver. 
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Figure 2. Distinction between bacterial transmission from a (sub) 
monolayer of  contaminating bacteria versus transmission from a 
multilayered biofilm. 
(a) Transmission from a bacterial (sub)monolayer, involving interfacial 
failure at the donor-bacterium interface. 
(b) Transmission of  bacteria from a multilayered biofilm, involving either 
cohesive failure in the biofilm (b1) or interfacial failure at the donor-
biofilm interface (b2). 

Page �  of �16 162



Aim of  The Thesis  

 The aim of  this thesis is to study the effect of  various 

environmental and intrinsic factors on bacterial transmission from a 

donor surface covered with a multilayered bacterial biofilm. The main 

environmental factors studied are the surface (nano-)structure of  

receiving surfaces and the pressure and shear forces applied during 

transmission. The main intrinsic factors are the bacterial species and in 

particular the impact of  the visco-elastic properties of  the EPS matrix on 

biofilm transmission.  
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Abstract 

Transmission is a main route of  bacterial contamination, involving 

bacterial detachment from donor and adhesion to receiver surfaces. This 

paper aims to compare transmission of  an extracellular polymeric 

substances (EPS) producing and non-EPS producing Staphylococcus 

epidermidis strain from biofilms on stainless steel. After transmission, 

donor surfaces remained fully covered with biofilm, indicating 

transmission through cohesive failure in the biofilm. Opposite to numbers 

of  biofilm bacteria, donor and receiver biofilm thicknesses did not add up 

to the pre-transmission donor biofilm thickness, suggesting more 

compact biofilms after transmission, especially for non-EPS producing 

staphylococci. Accordingly, staphylococcal density per unit biofilm 

volume had increased from 0.20 to 0.52 µm-3 for transmission of  the non-

EPS producing strain under high contact pressure. The EPS producing 

strain had similar densities before and after transmission (0.17 µm-3). This 

suggests three phases in biofilm transmission: 1) compression, 2) 

separation and 3) relaxation of  biofilm structure to its pre-transmission 

density in EPS-rich biofilms.  
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Introduction 

Biofilms consist of  bacteria adhering to a substratum surface, 

embedded in a matrix of  extracellular polymeric substances (EPS) [1,2]. 

The structure of  a biofilm can differ depending on the substratum surface 

and not only impact the penetrability of  biofilms by nutrients [3,4], but 

also by antimicrobials [5,6]. Moreover, the viscoelasticity of  biofilms 

conveyed by the EPS matrix hampers detachment of  biofilms by 

mechanical means [2,7,8].  As a consequence, biofilms cause major 

problems in many different and widely varying environments, such as on 

biomaterial implants and devices [9–11], ship hulls [12,13], water transport 

pipes [14,15] or food packaging materials [16,17]. Biofilm formation can 

be described by four distinct phases [18]: 1) transport from an aqueous 

suspension or air towards a substratum surface, 2) reversible adhesion to 

the substratum surface, 3) transition of  an adhering organism from a 

planktonic to a sessile phenotype, producing EPS to cause irreversible 

adhesion and 4) growth. Although it is mostly assumed that transport 

occurs through convective-diffusion in an aqueous suspension or air, in 

many practical situations bacteria are transmitted from one surface to 

another under an applied contact pressure [19].  

Transmission is one of  the main routes of  bacterial contamination 

occurring in biomedical, domestic, environmental and industrial 

applications, either under compressive or shear loading of  a biofilm-

covered donor and an initially clean receiver surface. Bacterial transfer 

from urethral epithelial cells to urinary catheters for instance, occurs 

mainly under shear [22,23],  while transmission between gloves from 

healthcare workers, the skin of  a patient and hospital equipment occurs 

predominantly under compressive loading [24]. Epidemiological 
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consequences of  bacterial transmission between surfaces in hospital 

environments are amply studied and it is known that bacterially 

contaminated surfaces in hospital environments increase patients risk of  

infection [25,26].  Mechanisms of  bacterial transmission on the other 

hand, are seldom studied. Importantly due to the involvement of  a load 

during transmission, transmission may affect the structure and therewith 

nutrient and antimicrobial penetrability of  biofilms left-behind [3–6] on 

donor and transmitted to receiver surfaces.   

It was the aim of  this study to compare biofilm transmission of  

Staphylococcus epidermidis ATCC 35984 (an EPS producing strain) and S. 

epidermidis 252 (a non-EPS producing strain) between two stainless steel 

surfaces under compression applying two different contact pressures. 

Donor biofilm thicknesses before and after transmission as well as biofilm 

thicknesses of  receiver surfaces after transmission were determined using 

optical coherence tomography (OCT). Subsequently, numbers of  bacteria 

in donor and receiver biofilms were enumerated in a Bürker-Türk 

counting chamber after biofilm dispersal. In addition, biofilms were 

imaged using confocal laser scanning microscopy (CLSM) and two 

photon laser scanning microscopy (2P-LSM) [27]. EPS-production was 

inferred from the presence of  calcofluor white stainable regions in 

fluorescent images of  stained biofilms.   
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Materials and Methods 

Bacterial strains and growth condition 
EPS producing S. epidermidis ATCC 35984 [28] and non-EPS 

producing S. epidermidis 252 were originally isolated from a patient with a 

catheter-associated sepsis and stool [29], respectively. Both strains were 

grown aerobically for 24 h at 37°C on blood agar plates from frozen 

stocks. One single colony was used to make a pre-culture in 10 ml of  

Tryptone Soya Broth (TSB, Oxoid, Basingstoke, England) supplemented 

with 0.25% D(+)glucose, anhydrous (C6H12O6, Merck, Darmstadt, 

Germany) and 0.5% NaCl (Merck), which was incubated for 24 h at 37°C. 

This 10 ml pre-culture was used to inoculate a second culture of  200 ml 

supplemented TSB, which was incubated for 16 h at 37°C and used for 

further experiments. The number of  staphylococci in the culture 

suspension was 1 x 109 bacteria/ml, as measured using a Bürker-Türk 

counting chamber.  

Preparation of  stainless steel surfaces and biofilm formation 

 Biofilm transmission was carried out between stainless steel 304 

(SS) donor and receiver surfaces. SS plates with a surface area of  2.25 cm2 

(15 mm x 15 mm; 1 mm thickness) were cleaned by rinsing with 2% 

Extran® (Merck) followed by sonication for 5 min in 2% of  RBS™35 

(Sigma-Aldrich, St. Louis, Missouri, United States) and rinsing with tap 

water, 70% ethanol and finally sterile, demineralized water. This yielded a 

water contact angle of  27 ± 4 degrees.  

In order to improve staphylococcal adhesion, stainless steel 

surfaces were first coated with serum proteins by immersion in 10% Fetal 

Bovine Serum (FBS) (F7524, Sigma-Aldrich) in phosphate buffered saline 
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(PBS) for 2 h under static conditions. After pipetting out the FBS 

solution, the FBS-coated stainless steel donor plates were placed on the 

bottom of  Petri dishes filled with 15 ml of  a staphylococcal suspension 

and left to allow bacterial adhesion for 1 h at 37 Cͦ.  Next, the suspension 

was carefully removed after which the plates were placed into a Petri dish 

with 15 ml of  fresh supplemented TSB medium. Subsequently, 

staphylococci were grown for 48 h at 37 Cͦ to form a biofilm.  Medium 

was refreshed after 24 h.  

For transmission and biofilm analysis, medium was pipetted 

carefully out of  the Petri dishes and biofilm covered plates were placed 

into a new Petri dish with 10 ml Reduced Transport Fluid, pH 6.8 (RTF; 

NaCl 12 g l-1, (NH4)2SO4 12 g l-1, KH2PO4 6 g l-1, Mg.SO4.H2O 2.5 g l-1, 

K2HPO4 6 g l-1, Na2EDTA.2H2O 41.2 g l-1, L-cysteine.HCl.H2O 11.1 g 

l-1) to enable transport of  the biofilm covered plates to either of  the 

instruments for biofilm characterization. 

Biofilm transmission assay 

First, for ease of  handling, cork cylinders were glued to the 

backsides of  the receiver plates. For transmission, RTF was pipetted out 

of  the Petri dish and a SS receiver was pressed on top of  the biofilm 

covered donor surface under a pressure of  0.7 or 7.0 kPa for 1 min. The 

pressures chosen are in the same range as the pressure of  holding a cup 

of  coffee or using a door handle, being around 2 kPa [30].  Next, donor 

and receiver surfaces were rapidly (<1s) and perpendicularly separated 

from each other by keeping the donor plate in place with a pair of  

tweezer and simultaneously lifting the receiver plate. Subsequently, both 

receiver and donor plates were immersed in RTF for further 
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experiments.All experiments were carried out in triplicate with different 

staphylococcal cultures and samples.  

The numbers of  staphylococci in biofilm before and after 

transmission were determined by dispersal of  the biofilms over the entire 

substratum area of  2.25 cm2, using sterilized, 5 mm interdental brushes 

(Albert Heijn, Zaandam, The Netherlands) in 5 ml of  RTF while 

remaining in their Petri dishes.  After brushing, the brush, plate and the 

RTF were put in a sterile tube and sonicated for 1 min to remove bacteria 

from the brush and plate and break bacterial aggregates. Subsequently, 

staphylococci were enumerated in a Bürker-Turk counting chamber. 

Staphylococcal transmission was expressed as a log-reduction of  the 

number of  bacteria on the donor plates according to  

    10log (D0-R)-10log(D0) 

in which D0 is the number of  staphylococci on the donor plate before 

transmission and R the number of  bacteria found on the receiver after 

transmission.  

OCT analysis of  biofilms 

The biofilms were analysed before transmission on the donor 

plates and after transmission on both donor and receiver plates with an 

OCT Ganymede II (Thorlabs Ganymade, Newton, New Jersey, USA), 

while keeping the plates immersed in the RTF. The biofilms were analysed 

on basis of  10 line scans on each donor and receiver plate by image post-

processing of  each line scan using Image J (National Institutes of  Health, 

Bethesda, Maryland, USA), covering the entire substratum area of  2.25 

cm2.  First, the bottom of  the biofilm was determined as the best fitting 
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line (second order polynomial) that connects the white pixels resulting 

from light reflection on the substratum surface. Subsequently a grey-value 

threshold that separates the biofilm from the background was calculated 

on basis of  the grey-value histogram of  the entire image [31].  Then the 

upper contour line of  the biofilm was defined as those pixels in the image 

that have a grey-value just higher than the grey-value threshold and are 

connected to the bottom of  the biofilm by pixels with grey-values all 

higher than the grey-value threshold. The mean biofilm thickness per line 

scan was calculated based on the number of  pixels between the bottom 

of  the biofilm and the upper contour line. The overall biofilm thickness 

was defined as the average biofilm thickness over 10 line scans.  

Confocal laser scanning microscopy and two-photon laser 
microscopy 

LIVE stain (BacLight™, Molecular probes, Leiden, The 

Netherlands) containing SYTO9 (3.34 mM) was applied to the biofilms 

for 15 min in the dark at room temperature, followed by staining with 

Fluorescent brightener 28 (50 mM) (Calcofluor white M2R; Sigma, Saint 

Louis, USA) for 15 min to visualize EPS. Note that calcofluor white only 

stains polysaccharides within an EPS matrix, as a main matrix component 

next to eDNA, proteins and possible other molecules. After staining, the 

biofilm was immersed in PBS and imaged using a CLSM (Leica TCS-SP2, 

Leica Microsystems Heidelberg GmbH, Heidelberg, Germany) at 40x 

magnification with laser excitation at 488 nm and 351 nm for SYTO9 and 

Fluorescent Brightener 28, respectively. Images were stacked and analysed 

using Fiji [32]. The surface topography of  the biofilms before and after 

transmission were analysed using two photon laser scanning microscopy 
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(2P-LSM) after SYTO 9 and Fluorescent brightener 28 staining. Imaging 

was performed using a Zeiss LSM 7MP microscope (Zeiss, Jena, 

Germany) with Chameleon Vision compact OPO two photon laser 

(Coherent, Santa Clara, CA, USA). Excitation wavelengths of  825 nm 

were used and an emission filter set at 470-515 nm for SYTO 9 or 435 nm 

for Fluorescent brightener 28. Images were acquired and analysed using 

ZEN-lite imaging software (Carl Zeiss).  

Statistical analysis 

The differences in biofilm properties before and after transmission 

were compared using two-tailed Student’s t test. Differences were 

considered significant if  p<0.05. Statistical analysis was performed using 

GraphPad Prism version 7.00 (GraphPad Software, La Jolla California 

USA, www.graphpad.com).  

Results 

Staphylococcal biofilms on stainless steel donor surfaces before 
transmission 

Biofilms on stainless steel surfaces fully covered the substratum 

surface and showed clear patches of  calcofluor white stainable EPS in 

biofilms of  S. epidermidis ATCC 35984, that were absent in biofilms of  S. 

epidermidis 252 (Figure 1a). Topological imaging of  the biofilms using 2P-

LSM revealed mushroom-like structures in biofilms of  EPS producing S. 

epidermidis ATCC 35984, while biofilms of  the non-EPS producing strain 

were relatively smooth without mushroom-like structures (Figure 1b). 

This topological difference was confirmed in low-resolution, cross-

sectional OCT images of  biofilms (Figure 1c), showing a smaller 
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thickness of  48 ± 9 µm for the EPS producing than for the non-EPS 

producing strain (70 ± 14 µm). Dispersal and subsequent microscopic 

enumeration of  bacterial numbers in a biofilm indicated that S. epidermidis 

ATCC 35984 biofilms contained 7.4 x 108 bacteria adhering per cm2 

substratum surface, while this number was two-fold higher in biofilms of  

S. epidermidis 252 (14 x 108 bacteria per cm2).  

 Combination of  these bacterial numbers per unit area with the 

thicknesses measured in OCT provided bacterial densities per unit biofilm 

volume, which were slightly lower before transmission in biofilms of  the 

EPS producing staphylococcus (0.15 per µm3) than of  the non-EPS 

producing staphylococcus (0.20 per µm3). In addition, the OCT images 

of  S. epidermidis ATCC 35984 biofilms possessed a more granular 

structure, with small black regions indicative of  water-filled regions 

[33,34], opposite to more homogeneously grey-looking biofilms of  non-

EPS producing S. epidermidis 252.  Table 1 summarizes the qualitative and 

quantitative features of  both staphylococcal biofilms before transmission. 
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Figure 1.  Structural features of  EPS producing S. epidermidis ATCC 
35984 and non-EPS producing S. epidermidis 252 biofilms on stainless steel 
donor surfaces before transmission.  
(a) Projected top view CLSM overlayer images (green colours indicate 
bacteria, blue colours indicate the presence of  EPS, i.e. calcofluor white 
stainable EPS components).   
(b) Surface topography from 2P-LSM (colours indicate the local height of  
the biofilm according to the pseudo-colour bars).   
(c) Cross-sectional OCT images (darker colours indicate water rich 
regions). 
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Staphylococcal biofilms on stainless steel donor surfaces after 
transmission 

OCT images (Figure 2a and Figure 2b) clearly show that the 

donor surfaces after transmission remained fully covered with biofilm, 

while the receiver surfaces show patchy coverage after transmission of  S. 

epidermidis ATCC 35984 and only a very thin film after S. epidermidis 252 

transmission. Donor biofilms of  EPS producing S. epidermidis ATCC 

35984 were flattened during transmission and mushroom-like structures, 

as observed on donor biofilms before transmission, had disappeared. 

OCT images for both staphylococcal strains looked more homogeneously 

grey and sharper confined than before transmission (compare Figure 1c 

with Figure 2a and Figure 2b). After transmission of  EPS-producing S. 

epidermidis ATCC 35984, elongated structures could be seen in 2P-LSM 

micrographs on the surface of  donor biofilms that were absent in donor 

biofilms after transmission of  the non-EPS producing strain (compare 

Figure 2c and Figure 2d).  

Biofilm thicknesses on receiver surfaces were significantly thinner 

than of  biofilms remaining on the donor surfaces (Figure 3), regardless 

of  the contact pressure applied. Receiver biofilms of  EPS producing S. 

epidermidis ATCC 35984 (Figure 3a) were significantly thinner than of  

non-EPS producing S. epidermidis 252 (Figure 3b).  Interestingly, the total 

thickness after transmission on donor and receiver surfaces did not add 

up to the biofilm thickness on the donor before transmission, suggesting 

either loss of  biofilm during the transmission process or structural 

changes induced during transmission. Significant loss of  bacteria from the 

biofilms during transmission can be ruled out however, because the 

numbers of  bacteria on donor and receiver surfaces after transmission did 
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add up to the numbers of  bacteria counted on donor surfaces before 

transmission (Figure 3c and Figure 3d).  

A combination of  biofilm thicknesses and numbers of  bacteria in 

biofilms per unit area on donor surfaces after transmission shows (see 

Table 1) that after transmission, the biofilm densities per unit volume of  

S. epidermidis ATCC 35984 on the donor surfaces were similar (0.15 – 0.20 

µm-3) before and after transmission (biofilms on receiver surfaces were 

too thin and heterogeneously distributed for these kind of  calculations).  

However, after transmission under the high pressure, bacterial densities in 

biofilms of  the non-EPS producing S. epidermidis 252 increased 

significantly from 0.20 to 0.52 µm-3. 
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Figure 2. Examples of  cross-sectional OCT images of  staphylococcal 
biofilms of  EPS producing S. epidermidis ATCC 35984 (a) and (b) non-
EPS producing S. epidermidis 252 on stainless steel donor and receiver 
surfaces after transmission at an applied pressure of  0.7 kPa during 1 min. 
The scale bars denote 100 µm.  
(c, d) Surface topography from 2P-LSM (colours indicate the local height 
of  the biofilm as indicated by the pseudo-colour bars) of  biofilms on the 
stainless steel donor surfaces after transmission for EPS producing S. 
epidermidis ATCC 35984 (c) and (d) non-EPS producing S. epidermidis 252 
(right panel) at a pressure of  0.7 kPa.  Arrows indicate elongated 
structures. 
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Figure 3. Staphylococcal biofilm thickness and numbers of  bacteria in 
two different pressures applied after 1 min contact time. 
(a) thickness of  EPS producing S. epidermidis ATCC 35984 biofilms. 
(b) same as panel (a), now for non-EPS producing S. epidermidis 252.  
(c) number of  bacteria in S. epidermidis ATCC 35984 biofilms,  
(d) same as panel (c), now for S. epidermidis 252. 
Dotted lines with dashed region represents the thickness of  and numbers 
of  staphylococci in biofilms on the donor surface before transmission 
with their standard deviations, while error bars indicate the standard 
deviations over three measurements with three separate bacterial cultures.  
Asterisks indicate significant differences between biofilm thicknesses on 
donor substrates and thicknesses on receiver surfaces. Double asterisks 
indicate significant differences between biofilm thicknesses on receiver 
surfaces of  S. epidermidis ATCC 35984 and of  S. epidermidis 252.  
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Discussion 

Transmission is a common pathway for bacterial contamination of  

surfaces in diverse environments. In this paper, the structure of  

staphylococcal biofilms between a stainless steel donor and receiver 

surface before and after transmission were compared. Regardless of  EPS 

production, i.e. calcofluor white stainable matrix components, donor 

surfaces remained fully covered with biofilm after transmission, which 

indicates that transmission occurred through cohesive failure in the 

biofilm since donor biofilms left-behind were thinner than before 

transmission.  EPS played a crucial role in restoring the structure of  

biofilms after transmission, which is proposed to be regarded as a three 

phase process, involving: 1) compression of  the biofilm under the applied 

contact pressure, 2) separation exerting a tensile stress on biofilm 

inhabitants and 3) relaxation (see also Table 2). Each of  these three 

phases will be discussed in the text subsections. 

Compression. The first step in bacterial transmission between surfaces is 

compression of  the biofilm between the donor and receiver surfaces by 

an external contact pressure. Water, along with dissolved EPS 

components will be squeezed out first, as it has the lowest viscosity [35]. 

Also, bacteria will redistribute themselves slowly to new, energetically 

favourable positions. As a net result, bacteria will come closer together 

and the biofilm will become more compact. Evidence for the compaction 

during the compression phase is indirect, as biofilms cannot be imaged or 

analyzed when compressed between two plates. However, the higher 

bacterial densities in biofilms of  the non-EPS producing strain after 

transmission under a contact pressure of  7 kPa can only have arisen 

during this compaction phase. Compression under a contact pressure 0.7 
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kPa during 1 min may well be too small to yield compaction. Stress-strain 

diagrams for oral streptococci have a linear elastic trajectory for strains 

less than 0.4, corresponding roughly with a stress of  0.1 kPa, which is in 

the same range as 0.7 kPa [36]. Partly irreversible compaction up to 50%, 

however, was observed in biofilms generated in a cross-flow filtration 

model system by applying a transmembrane pressure in the order of  40 - 

100 kPa [37]. These findings confirm that a critical difference in biofilm 

response is realistic to expect between contact pressure of  0.7 and 7 kPa, 

as seen in this paper. 

Separation. Separation subjects the compacted biofilms to a tensile 

pressure, ultimately leading to detachment. Detachment occurs relatively 

fast and can either result from failure at the donor-biofilm interface or 

cohesive failure within the biofilm. Since after transmission, donor 

surfaces remain to be fully covered by biofilm regardless of  the strain 

involved, this indicates that biofilm is transmitted through cohesive failure 

within the biofilm and subsequent attachment of  detached biofilm to the 

receiver surface. The separation phase is also difficult to visualize in 

between two plates. However, the presence of  collapsed EPS threads on 

the surface of  biofilms of  the EPS producing staphylococcal strain and 

their absence on biofilms of  the non-EPS producing strain, suggest their 

formation during separation. In contrast to solids under tensile strength, 

where fracture occurs after the yield point, viscoelastic materials show 

necking or thinning, which may be the origin of  the collapsed threads 

observed after separation for the EPS-producing strain [38]. Dunsmore et 

al. [39] described a very similar yet distinctly different process for biofilms 

grown under high and low flow, showing formation of  so-called 

“streamlined” biofilm clusters under high flow. 
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Relaxation. All biofilms, but especially EPS containing biofilms, relax after 

application of  stress, regardless of  whether compressive or tensile 

[7,40,41] to restore biofilm structure as much as possible. Usually, 

different components of  a biofilm relax with their own characteristic time 

constants. After transmission as studied here, full restoration of  biofilm 

structure after separation has not been observed depending on the strain 

considered. In biofilms with more viscous components, relaxation occurs 

more swiftly [38] than with more rigid biofilms [35] and accordingly the 

more viscous, EPS producing staphylococcal strain used in this study 

recovered its bacterial density to a higher degree than the more rigid 

biofilms of  the non-EPS producing strain. The non-EPS producing strain 

demonstrated lasting structural changes that were most evident from the 

doubling of  the bacterial density in S. epidermidis 252 donor biofilms after 

transmission under high contact pressure (7 kPa). The EPS matrix in S. 

epidermidis ATCC 35984 biofilms on the other hand, facilitated recovery of  

the bacterial density to pre-transmission values. 

Arguments above rely in part on the calculation of  bacterial 

densities in the biofilms. Such calculations have been made possible 

through the use of  OCT enabling reliable determination of  biofilm 

thickness over much larger areas than can be done with microscopic 

techniques, usually comprising a field of  view of  only several hundreds of  

squared micrometers. In OCT, biofilm thickness can be obtained over 

several squared centimeters. In combination with the number of  bacteria 

in a biofilm per unit substratum area, thickness then yields the volumetric 

bacterial density in a biofilm. Bacterial densities in a biofilm have not been 

frequently reported in the literature, although very helpful to extract 

structural data from in a simple but unequivocal way. 

Page �  of �41 162



Distances between individual bacteria in a biofilm range between 1 

and 3 µm [42].  Microbial volume fractions in biofilm models have been 

calculated to range from 0.1 to 0.2, corresponding with bacterial densities 

between 0.2 and 0.4 µm-3 [43,44]. Experimentally obtained dry weights of  

around 60 mg cm-3 of  50 to 100 µm thickness biofilms [45] combined 

with published bacterial mass densities [46] yielded a bacterial density of  

around 0.3 µm-3. These data show that the bacterial densities obtained 

using OCT thicknesses and bacterial numbers after biofilm dispersal are 

all realistic, both before and after transmission. Importantly, after 

transmission of  the non-EPS producing strain, bacterial densities remain 

well below the closest hexagonal packing of  a 1 µm diameter sphere for 

which a bacterial density of  1.5 µm-3 can be calculated. From this, it can 

be concluded that staphylococci are not yet compressed to their 

maximum density under a contact pressure of  7 kPa. Whereas non-EPS 

producing S. epidermidis 252 is unable to recover from this compaction due 

to the lack of  a visco-elastic matrix, S. epidermidis ATCC 35984 recovers to 

its pre-transmission density of  around 0.18 µm-3.   

In conclusion, this paper introduced a three-phase biofilm 

transmission model, in which EPS plays a crucial role in defining the 

structure of  biofilms after transmission. Transmission occurs through 

cohesive failure in the biofilms and after transmission, compacted 

biofilms can relax from the compression phase to their pre-transmission 

structure utilizing the viscoelasticity of  their EPS matrix.  
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Summary 

In real-life situations, bacteria are often transmitted from biofilms growing 
on donor surfaces to receiver ones. Bacterial transmission is more 
complex than adhesion, involving bacterial detachment from donor and 
subsequent adhesion to receiver surfaces.  Here we describe a new device 
to study shear-induced bacterial transmission from a (stainless steel) pipe 
to a (silicone rubber) tube and compare transmission of  EPS-producing 
and non-EPS producing staphylococci.  Transmission of  an entire biofilm 
from the donor to the receiver tube did not occur, indicative of  cohesive 
failure in the biofilm rather than of  adhesive failure at the donor-biofilm 
interface. Biofilm was gradually transmitted over an increasing length of  
receiver tube, occurring mostly to the first 50-cm of  the receiver tube. 
Under high shearing velocity, transmission of  non-EPS producing 
bacteria to the second half  decreased non-linearly, likely due to rapid 
thinning of  the lowly lubricious biofilm. Oppositely, transmission of  
EPS-producing strains to the second tube half  was not affected by higher 
shearing velocity due to the high lubricity and stress relaxation of  the 
EPS-rich biofilms, ensuring continued contact with the receiver. The non-
linear decrease of  ongoing bacterial transmission under high shearing 
velocity is new and of  relevance in for instance, high-speed food slicers 
and food packaging. 
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Originality-significance statement: 

Bacterial biofilms are traditionally studied by growing them on surfaces 
from an aqueous phase but in many real-life situations biofilms are 
actually transmitted from a “dirty”, bacterially contaminated surface to 
another clean surface. Transmission of  biofilms between donor and 
receiver surfaces happens in nearly all industrial and environmental 
applications, but mechanisms of  bacterial transmission from biofilms to a 
“clean” surface have seldom been studied. 
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Introduction 

Biofilms are surface-adhering bacterial communities, in which 

bacteria have adapted themselves to their adhering state by excretion of  

extracellular polymeric substances (EPS) providing a protective matrix 

embedding biofilm inhabitants [1,2]. Biofilm formation is usually depicted 

to commence with transport of  individual bacteria to a surface where they 

surface-adapt themselves and start growing into a biofilm with emergent 

properties, amongst which EPS production [3]. Although convective fluid 

flow, diffusion and sedimentation are well recognized mechanisms of  

bacterial transport [4,5], in real-life situations bacteria are often 

transmitted from biofilms growing on a donor surface to a receiver one 

[6]. Bacterial transmission is a much more complex process than bacterial 

adhesion, as it involves detachment of  bacteria from a biofilm on the 

donor and subsequent adhesion of  detached bacteria to the receiver 

surface where they may grow into a mature biofilm again [7,8].   

Bacterial transmission between surfaces is a troublesome, hard to 

avoid problem especially in hospital environments. Beds, beside tables, 

carts, bed curtains, bed linen, chairs, closets and floors form a known 

cause of  nosocomial infections, apart from transmission of  bacteria from 

health workers, patients themselves [9,10] or medical devices. Intravenous 

catheters for instance, are frequently involved in hospital acquired blood 

stream infections [11,12] in which transmission of  endogenous bacteria 

from the patients or health workers yields bacterial colonization of  the 

catheter [13]. Bacteria can be transmitted to the catheter surface during its 

insertion, sliding through hard to disinfect sub-cutaneous skin layers, 

while also the use of  a guide wire during insertion creates an opportunity 

for bacteria to enter the catheter hub and lumen [13,14]. Besides being 
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troublesome in hospital environments, bacterial transmission is 

troublesome in but also in ordinary household applications involving 

toilet surfaces, kitchen sinks, household sponges, floors and carpets [17].   

Bacterial transmission is a multi-factorial process governed by 

transmission time, pressure under which it occurs, types of  surfaces 

involved, the bacterial strain, moisture and temperature [18–21]. Two 

types of  pressures can be identified under which bacterial transmission 

may take place: compressive and shear pressures. Studies available in the 

literature on mechanisms of  bacterial transmission mostly rely on 

compressive forces to establish contact between donor and receiver 

surfaces [22,23]. However, transmission under shear is at least equally, if  

not more common, as for instance during slicing of  meat [15], intra-

venous catheter insertion through the skin [24] or urinary catheter 

insertion attracting peri-urethral bacteria to the catheter surface [25]. 

Whereas bacterial transmission is more complicated than adhesion, 

bacterial transmission under shear is more complicated than transmission 

under compression. Transmission under shear adds the shearing velocity 

as another important parameter to the process, and therewith friction of  

the biofilm against the receiver surface and of  internal layers within the 

biofilm against each other.   

Despite its practical relevance, a device that allows to study 

bacterial transmission under controlled shear conditions is not available. 

Therefore, we here present a new device to study biofilm transmission 

from the lumen of  cylindrically-shaped stainless steel donors to the extra-

luminal surface of  a silicone rubber receiver tube under shear. 

Transmission will be studied for two different velocities at which donor 

and receiver surfaces are sheared against each other with a biofilm in 

between. In order to assess the influence of  EPS on transmission, two 
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staphylococcal species, each represented by two different strains were 

used: two EPS producing strains (Staphylococcus epidermidis ATCC 35984 

and Staphylococcus aureus ATCC 12600) and two non-EPS producing strains 

(S. epidermidis 252 and S. aureus 5298). Since EPS may have a large impact 

on the lubricity of  a biofilm, colloidal probe atomic force microscopy 

(AFM) was applied to compare the lubricity of  biofilms formed by the 

EPS and non-EPS producing strains. Both S. epidermidis and S. aureus are 

common pathogens in intravascular catheter-associated blood stream [26] 

and other nosocomial infections [27]. 

Materials and Methods 

Bacterial strains and harvesting 

Two staphylococcal species, each including two EPS producing (S. 

epidermidis ATCC 35984 (a moderate slime producer) and S. aureus ATCC 

12600 (a strong slime producer)) and two non-EPS producing (S. 

epidermidis 252 and S. aureus 5298) strains were used in this study. The 

strains were taken from frozen stocks and incubated on blood agar plates 

at 37°C for 24 h. A single colony was taken, pre-cultured in 10 ml of  

tryptone soya broth (TSB; OXOID, Basingstoke, England) at 37°C for 24 

h and subsequently used to inoculate a main culture of  200 ml TSB. 

Bacteria were harvested by centrifugation (3 x 5 min, 5000 g, 10°C) and 

washed twice with sterile phosphate buffered saline (PBS; 10 mM 

potassium phosphate, 0.15 M NaCl, pH 7). To break bacterial aggregates, 

staphylococci were sonicated for 3 x 10 s and re-suspended in PBS to a 

density of  1 x 109 bacteria/ml, as determined using a Bürker-Türk 

counting chamber.  
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Preparation of  surfaces  

Stainless steel pipes. Stainless steel 304 pipes (1 cm length, 4.00 mm inner 

diameter) were used. Pipes were cleaned by sonication for 5 min with 2% 

RBS 35 detergent (Omnilabo international BV, Breda, The Netherlands), 

rinsed with demineralized water, washed in methanol and rinsed with 

demineralized water prior to autoclaving. The luminal sides of  the 

sterilized pipes were used to grow biofilms on and act as donor surfaces 

during transmission experiments. Similar plate material was cleaned as 

described above and cut to samples of  1.5 x 1.5 cm. Plate material thus 

prepared had a water contact angle of  35 degrees, classifying it as 

moderately hydrophilic.  

Silicone rubber tubes. Silicone rubber (Versitec; Rubber BV, Hilversum, The 

Netherlands) tubes (90 cm length, 3.93 mm outer diameter) were cut into 

nine segments of  10 cm length. Tube segments were cleaned by 

sonication for 5 min with 2% RBS 35 detergent, rinsed with sterile 

demineralized water, immersed in 70% ethanol for 5 min and finally 

rinsed with sterile demineralized water. The sterilized extraluminal 

surfaces of  the tube segments were used as a receiver material during 

transmission experiments. Silicone rubber is a hydrophobic material with 

a water contact angle of  108 degrees. 

Biofilm growth 

The stainless steel pipes were placed in 12-well tissue culture plates, 

containing 4 ml of  a staphylococcal suspension to allow bacteria to adhere 

for 1 h at room temperature under rotary-shaking (100 rpm).  

Subsequently, each pipe was transferred into another 12-well tissue culture 

plate, containing 4 ml of  fresh TSB.  Staphylococci were grown 
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aerobically at 37°C in a rotating shaker (100 rpm) for 72 h to form a 

biofilm. Pipes were transferred aseptically into a new 12-well tissue culture 

plate containing 4 ml of  fresh TSB every 24 h. Staphylococcal biofilms 

were grown similarly on stainless steel plate material for measurement of  

biofilm lubricity and EPS production demonstrated using confocal laser 

scanning microscopy (CLSM). To this end, biofilm-covered samples were 

immersed in LIVE/DEAD stain (BacLight™, Molecular probes, Leiden, 

The Netherlands) containing SYTO9 (3.34 mM) and propidium iodide 

(20 mM) mixed with Calcofluor White (8 mM Fluorescent Brightener 28, 

Sigma-Aldrich, St. Louis, MO, United States of  America) for 30 min, 

while being kept in the dark at room temperature. LIVE/DEAD staining 

allowed assessment of  live (green fluorescent) and dead bacteria (red 

fluorescent) in a biofilm.  Calcofluor White is a polysaccharide staining 

agent used to visualize EPS [40]. After washing with phosphate buffered 

saline (PBS, 10 mM potassium phosphate and 150 mM NaCl, pH 7.0), 

biofilm-covered samples, immersed in PBS, were imaged using a CLSM 

(Leica TCS-SP2, Leica Microsystems Heidelberg GmbH, Heidelberg, 

Germany) at 40x magnification with laser excitation at 488 nm and 543 

nm for LIVE/DEAD stain and 405 nm for Calcofluor White. Images 

were stacked, optimized and analysed using FIJI software [41]. 

Page �  of �57 162



Biofilm transmission  

Biofilm transmission was studied in a home-made device (see 

Figure 1), designed to control the velocity at which donor and receiver 

surfaces were sheared. First, the stainless steel pipe was clamped into the 

pipe holder (see Figure 1a) and the first 1.5 cm of  a tube segment was 

manually pulled through the pipe and subsequently clamped in the tube 

holder (see also Figure 1a).  Next, while keeping the tube at a fixed 

position, the pipe holder was pulled downwards over the remaining 8.5 

cm length of  the tube segment (Figure 1b and Figure 1c). This 

procedure was repeated for the other eight tube segments, with roughly 1 

min time interval in between due to replacing of  the previous segment. 

Using this procedure, a total length of  90 cm silicone rubber tube was 

sheared against 1 cm length of  biofilm grown inside the stainless steel 

pipe. For practical reasons, it was impossible to use one length of  90 cm. 

The pipe holder was pulled over the silicone rubber tube at two velocities 

of  1 cm/s (designated as “low”) and 10 cm/s (“high”). A schematic 

outline of  the method is presented in Figure 1d.  After transmission, 

each tube segment was cut into three sections with lengths of  1.5 cm (the 

clamped section), 3.5 cm and 5.0 cm. The last two sections were used for 

enumeration of  the number of  bacteria on the tube. The clamped section 

was discarded for further analysis. 

Page �  of �58 162



Figure 1.  Home-made device to study bacterial transmission under shear.  
(a) The first centimeter of  a 9 cm long silicone rubber tube segment (3) is 
clamped into a tube holder (1), 
(b) The pipe holder (2) with the pipe inserted is subsequently pulled 
downward at a defined shearing velocity over the remaining length of  the 
tube, 
(c) Once the pipe is pulled over the entire tube, the silicone rubber tube is 
taken out of  the device for enumeration of  the number of  bacteria 
transmitted. Note the stainless steel pipe (4) is now visible,  
(d) Schematics showing a compressed biofilm in between the shearing 
pipe and tube. 
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Number of  bacteria in biofilms prior to and after transmission  

To determine the numbers of  staphylococci in biofilms inside the 

stainless steel pipe before and after transmission, it was first ascertained 

that the outside of  the pipes was devoid of  adhering bacteria by wiping 

with cotton tipped applicators (Raucotupf, Lohmann & Rauscher, 

Germany). Following cleaning of  the outside, the lumen of  a pipe was 

brushed using 5 mm interdental brushes (Albert Heijn, Zaandam, The 

Netherlands) in 5 ml of  PBS, after which the brush and the pipe were 

vortexed and subsequently sonicated for 3 x 10 s to break bacterial 

aggregates and the sonicate was serially diluted. Twenty µl bacterial 

suspension droplets were put on tryptone soya agar (TSA), plates were 

incubated at 37°C for 24 h and the number of  colony forming units 

(CFUs) were counted. The numbers of  CFUs on the extra-luminal side of  

the silicone rubber tube sections were determined analogously and 

summed to yield the cumulative amount of  biofilm transmitted over the 

first 50 cm and last 40 cm of  the silicone rubber tube. The numbers of  

CFUs on the discarded clamped sections were assumed to equal the 

average of  the neighbouring sections. All experiments were done in 

triplicate with staphylococcal biofilms grown from different cultures. 

Lubricity of  EPS producing and non-EPS producing 
staphylococcal biofilms 

Biofilm lubricity was assessed by their coefficient of  friction. 

Coefficients of  friction toward a colloidal AFM probe (for details, see [42] 

on EPS producing and non-EPS producing staphylococcal biofilms were 

measured with an AFM (Nanoscope IV DimensionTM 3100) equipped 

with a Dimension Hybrid XYZ SPM scanner head (Bruker, New York-
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USA). Rectangular, tipless cantilevers were calibrated for their exact 

torsional and normal stiffness using AFM Tune IT v2.5 software [43]. 

Subsequently, a 22 μm silica sphere  (Microparticles GmbH, Berlin, 

Germany) was glued to a cantilever with an epoxy glue (Pattex, Brussels, 

Belgium) using a micromanipulator (Narishige group, Tokyo, Japan). The 

colloidal probe was incrementally loaded and unloaded in steps of  5 nN, 

up to a maximal normal force of  50 nN. Lateral deflection was observed 

at a scanning angle of  90 degrees at a velocity of  15 µm/s, converted into 

friction force and plotted against the normal forces applied yielding 

coefficients of  friction by linear least-squares fitting. Friction analyses 

were done in triplicate for each strain with separately grown biofilms. 

Statistical analyses 

Statistics was performed using GraphPad Prism (GraphPad 

Software, La Jolla California USA).  All experimental data were presented 

as means  standard deviations over triplicate experiments. Differences 

were analyzed using One-Way ANOVA or as indicated and considered to 

be statistically significant when p < 0.05.  
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Results 

CLSM images of  the staphylococcal biofilms on stainless steel 

plates clearly showed blue-fluorescent patches indicative of  the presence 

of  EPS in the EPS producing strains, that were absent in the non-

producing strains (Figure 2).  Note that the strong EPS producer, S. 

aureus ATCC 12600, clearly shows more blue-fluorescent patches than the 

moderate EPS producer, S. epidermidis ATCC 35984. 

  

Figure 2. CLSM images of  biofilms on stainless steel of  EPS and non-
stain and Calcofluor white (blue fluorescence) to demonstrate EPS 
production.  
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Figure 3a indicates that the number of  staphylococci in biofilms 

on the luminal sides of  the stainless steel pipes before transmission 

equaled around 108 CFU/cm2, although the number of  S. epidermidis 252 

was slightly lower than of  S. epidermidis ATCC 35984 (p < 0.05; one-way 

ANOVA followed by Dunnett’s multiple comparisons test).  The number 

of  staphylococci left on the luminal sides of  the stainless steel pipes after 

transmission amounted around 1.5 x 107 CFU/cm2 (Figure 3b), with no 

significant differences between numbers of  bacteria of  the same strain 

after transmission at low or high shearing velocities (Kruskal Wallis 

followed by Dunn’s multiple comparison test). 

 Figure 4a shows the numbers of  bacteria per unit area of  the 

silicone rubber tube transmitted by drawing the stainless steel pipe over 

the tube as a function of  the length of  the tube sheared by the stainless 

steel pipe. For the low shearing velocity, the log-numbers of  adhering 

bacteria decreased almost linearly over the entire 90 cm length of  silicone 

rubber tube sheared for the EPS producing and non-EPS producing 

strains  (Figure 4a). In addition, there were no significant (Kruskal Wallis 

followed by Dunn’s multiple comparison test) differences in the area 

under the curves between the strains, representing the cumulative number 

of  bacteria transmitted over the entire 90 cm length of  the silicone rubber 

tube (note this may not be directly trivial from the graphs due to the use 

of  a logarithmic Y-axis).  At the high shearing velocity, the decrease in 

bacterial numbers transmitted was initially faster than at low velocity, but 

leveled off  to a constant transmission of  bacteria from the donor to the 

receiver (see also Figure 4a).   

 The highest cumulative numbers of  staphylococci were 

transmitted to the first 50 cm of  tube length, but without significant 
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differences between EPS producing and non-EPS producing strains and 

regardless of  the shearing velocity (see Figure 4b). Differences in 

transmission between the two different types of  strains and the two 

shearing velocities applied became evident only over the second half  of  

the silicone rubber tube (50 - 90 cm). Although the transmission of  EPS-

producing strains to the second part of  the tube was not affected by the 

shearing velocity, non-EPS producing strains were transmitted in 

significantly (p < 0.05, Mann-Whitney test) lower cumulative numbers to 

the second half  of  the tube length at the high shearing velocity than at the 

low shearing velocity.  

 Staphylococcal biofilms of  EPS producing strains as compared 

with non-EPS producing strains (see Figure 5) decreased the coefficient 

of  friction significant (p < 0.05, Mann-Whitney test).  

Page �  of �64 162



 
Figure 3.  Numbers of  staphylococci in biofilms grown on stainless steel 
donors before transmission and left-behind after transmission for EPS 
producing and non-EPS producing strains. 
(a) Number of  staphylococci in biofilms before transmission. 
(b) Number of  staphylococci in biofilms left-behind after transmission.  
Open bars represent bacterial numbers after transmission at a low 
shearing velocity, whereas closed bars represent bacterial numbers after 
transmission at high velocity. Error bars indicate the standard deviations 
over triplicate experiments with biofilms grown from different cultures. 
Significant differences at p < 0.05 between strains are indicated by an 
asterisk. 
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Figure 4. (a) The number of  staphylococcal CFUs on silicone rubber 
receiver surfaces per unit area transmitted from a biofilm on the luminal 
side of  a stainless steel pipe as a function of  the tube length sheared by 
the donor pipe (see also Figure 1d) for EPS (left panel) and non-EPS 
producing (right panel) strains.  The stainless steel pipe was drawn over 
the silicone rubber tube at low (open symbols, shaded region) or high 
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(closed symbols, fully colored region) shearing velocity. Drawn lines 
represent an exponential fit to the transmission data under high shearing 
velocity, while transmission under low velocity are fitted to a linear 
function (dotted lines). Error bars indicate the standard deviations over 
triplicate experiments with biofilms grown from different cultures.  
(b) Averaged cumulative numbers of  staphylococcal CFUs for both EPS 
producing and non-EPS producing staphylococcal strains on the first 
(0-50 cm) and second (50-90 cm) parts of  the silicone rubber receiver 
tubes transmitted from biofilms on stainless steel donor pipes under low 
and high shearing velocities.  Error bars indicate the standard deviations 
over triplicate experiments with biofilms grown from different cultures. 
Significant differences at p < 0.05 between strains are indicated by an 
asterisk. 
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Figure 5. Coefficients of  friction of  staphylococcal biofilms of  EPS 
producing and non-EPS producing strains on stainless steel, obtained 
using lateral probe atomic force microscopy. Error bars indicate the 
standard deviations over triplicate experiments with biofilms grown from 
different cultures. Significant differences at p < 0.05 (Mann-Whitney non-
parametric test) between strains are indicated by an asterisk.   
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Discussion 

We have designed a simple device to study shear-induced bacterial 

transmission from the inside of  a pipe to the extra-luminal side of  a tube 

at different shearing velocities. To demonstrate the possibilities of  our 

design, we used a stainless steel pipe and a silicone rubber tube in 

combination with biofilms grown by EPS and non-EPS producing 

staphylococcal strains. Usually, transmission data in the literature are 

highly irreproducible as transmission is made up of  adhesion and 

detachment, which are already two phenomena that can be measured with 

relatively low experimental reproducibilities of  only 30% on average [28–

30].  

Our transmission device yields data with a reproducibility that is 

comparable with other experimental methods involving either bacterial 

adhesion or detachment [31,32]. Considering that both adhesion and 

detachment make up a transmission experiment, the accuracy that our 

design can achieve for transmission data is therefore remarkable. This 

accuracy is mainly achieved by consecutive transmission measurements 

using the same donor surface, therewith balancing out inaccuracies in 

bacterial enumeration.  

A similar method with consecutive transmissions was described 

recently for transmission and decontamination of  S. aureus from hand to 

contact surfaces and vice versa [16], albeit here transmission was established 

by compression. Shear-induced transmission experiments were described 

earlier for bacterial  transmission from rotary slicers to meat products, but 

shearing velocity could not accounted for as it varied over the radius of  

the rotary slicer [15,20]. 
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In our device, we controlled the shearing velocity during 

transmission by adjusting the velocity at which the pipe was pulled over 

the tube. Neither at low nor high shearing velocities did we see cumulative 

transmission of  a biofilm as a whole from the more hydrophilic, donor 

stainless steel to the more hydrophobic, receiver silicone rubber surface 

over the 90 cm length of  tube sheared (compare Figure 3 and Figure 

4b).  Instead, biofilm was gradually transmitted from the donor surface 

upon shearing over an increasing length of  receiver tube (see Figure 4a). 

This is despite the fact, that bacterial adhesion forces towards 

hydrophobic surfaces are generally stronger than to hydrophilic surfaces 

[33,34]. Therefore, it must be concluded that transmission occurs through 

cohesive failure in the biofilm mass and not through adhesive failure at 

the interface between the stainless steel donor and the staphylococcal 

biofilm.  

There are interesting differences in the way shearing velocity and 

ability of  the strain to produce EPS affect transmission. The amount of  

biofilm transmitted from highly lubricious biofilm of  EPS producing 

staphylococci along the length of  the silicone rubber tube is not 

significantly different when sheared at low or high velocity (Figure 4a) 

and accordingly there is no significant difference in the cumulative 

amount of  biofilm transmitted at the two velocities (Figure 4b). 

Importantly, as a result of  the substantial numbers of  bacteria left in the 

pipe after transmission (Figure 3b), transmission of  staphylococci from 

the donor to the receiver continues after 90 cm has been drawn over by 

the stainless steel pipe. Velocity is probably not influential, because 

biofilms of  EPS producing staphylococci are highly lubricious (Figure 5).  

Moreover, EPS in the biofilm matrix will contribute to the viscoelasticity 

of  a biofilm [35,36].  This allows fast relaxation [37] of  the biofilm 
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thickness after transmission from the donor to the receiver in order to 

maintain contact between the biofilm and the shearing receiver surface.  

Stress relaxation is slower for biofilms with less EPS [38], while in 

addition biofilms of  non-EPS producing strains are less lubricious 

(Figure 5). As a result, their higher coefficient of  friction will cause a 

rapid decrease in staphylococcal transmission along the length of  tube, 

yielding a gap between biofilm remaining on the donor and the receiver 

tube due to rapid thinning of  the less lubricious biofilms under high 

shearing velocities. At the high velocity, i.e. high shear forces, this gap may 

more readily develop leading to a low level transmission of  staphylococci 

from the donor surface, especially since biofilms of  non EPS-producing 

strains cannot fill this gap through viscoelastic relaxation within the time 

frame shearing within the pipe [38].  

Transmission phenomena have not been studied very often [39] 

and the current study adds important new aspects. Earlier studies have 

indicated a linear decrease in log-numbers of  transmitted bacteria upon 

ongoing transmission [15,16,20], but did not include the impact of  

shearing velocity. In our study, especially a high shearing velocity makes 

ongoing transmission less efficacious in a non-linear way. Moreover, the 

present study reveals that biofilms of  EPS and non-EPS producing strains 

behave differently with respect to shear-induced transmission.  

Conclusions 

Staphylococcal biofilm transmission under shear from a stainless 

steel to a silicone rubber surface occurs through cohesive failure in the 

biofilm and not through failure at the interface between the donor surface 

and the biofilm. At high shearing velocities, more lubricious, EPS-rich 
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staphylococcal biofilms transmit bacteria over longer distances to the 

receiver tube than non-EPS producing ones, while less bacteria were 

transmitted over longer distances from non- 

EPS producing strains. Thus whereas earlier transmission studies have 

indicated a linear decrease in log-numbers of  transmitted bacteria upon 

ongoing transmission, we conclude that high shearing velocities make 

ongoing transmission less efficacious in a non-linear way. 
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Abstract  

Transmission of  bacteria in biofilms from donor to receiver surfaces 
precedes formation of  biofilms in many industrial, environmental and 
biomedical applications. Transmission of  bacteria between surfaces is 
different from adhesion, involving biofilm compression in between two 
surfaces, followed by a tensile force leading to bacterial detachment from 
the donor or (part of) the biofilm and subsequent adhesion to the 
receiver. Therewith transmission depends on a balance between donor 
and receiver surface properties, and the cohesiveness of  the biofilm itself. 
Here, we compare bacterial transmission from biofilms of  an extracellular 
polymeric substances (EPS) producing and a non-EPS producing 
staphylococcal strain from smooth silicon (Si) donor surfaces to smooth 
and nanopillared Si receiver surfaces. Staphylococcal biofilms were fully 
covering the donor surface before transmission. However, after 
transmission biofilms only partly covered donor and receiver surfaces 
regardless of  nanopillaring, indicating bacterial transmission through 
adhesive failure at the interface between biofilms and donor surfaces as 
well as through cohesive failure in the biofilms. The number of  bacteria 
per unit volume in EPS producing staphylococcal biofilms before 
transmission was two-fold smaller than that of  the non-EPS producing 
strain. This difference increased after transmission in biofilm-left-behind 
on the donor surfaces, due to an increased bacterial density for the non-
EPS producing strain. This suggests that biofilms of  the non-EPS 
producing strain remained compressed after transmission, while biofilms 
of  the EPS producing strain were induced to produce more EPS during 
transmission and relaxed towards their initial state after transmission due 
to the viscoelasticity conferred to the biofilm by its EPS. 
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Importance 

Bacterial transmission from a biofilm-covered surface to another surface 
is mechanistically different from bacterial adhesion to surfaces, and 
involves detachment from a donor and adhesion to a receiver surface 
under pressure. Bacterial transmission occurs, for instance in food-
processing or packaging, in household-situations or between surfaces in 
hospitals. Patients admitted to a hospital-room previously occupied by a 
patient with antibiotic resistant pathogens are at elevated infection risk by 
the same pathogens as the previous room inhabitant through 
transmission. Nanopillared receiver surfaces did not collect less biofilm 
from a smooth donor than a smooth receiver, likely because the pressure 
applied during transmission negated the smaller contact area between 
bacteria and nanopillared surfaces, generally held responsible for reduced 
adhesion. Biofilm left-behind on smooth donor surfaces of  a non-EPS 
producing strain had underwent different structural changes than an EPS 
producing strain, which is important for their possible further treatment 
by antimicrobials or disinfectants.   
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Introduction 

The first step in biofilm formation is traditionally depicted as a 

transport step [1]. In many applications where biofilms occur, bacteria are 

transported to a substratum material from a flowing fluid or air, examples 

being biofilm formation in marine environments [2], wastewater plants 

[3], drinking water systems [4] or in the oral cavity where bacteria 

suspended in saliva adhere to oral hard and soft tissues [5].  Such 

convective-diffusional mass transport systems are amply employed to 

study bacterial adhesion and biofilm formation [6]. However, mass 

transport through bacterial transmission from one surface to another is a 

grossly neglected way of  bacterial mass transport, but arguably of  equal 

or even bigger importance than convective-diffusional mass transport. 

Bacterial transmission in food processing or packaging can yield severe 

health problems [7]. In daily life, bacteria are transmitted from kitchen 

sponges to kitchen appliances and from public soap dispensers to hands 

and so on [8], which can also easily result in disease. Contact lens induced 

corneal keratitis is initiated by bacterial transmission from the lens case to 

the contact lens and from the contact lens to the cornea [9]. Patients 

admitted to a hospital room previously occupied by a patient with 

methicillin resistant Staphylococcus aureus (MRSA), vancomycin resistant 

enterococcus (VRE) or Acinetobacter baumanii have an elevated risk of  

becoming infected by the same pathogens as the previous room 

inhabitant through transmission [10]. Catheter related infections are 

induced by bacterial transmission from the skin of  a patient and from 

health care workers to the catheter [11], leading to increased mortality, 

morbidity and hospital costs [12]. 
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Bacterial transmission from a biofilm-covered surface to a clean 

surface is an entirely different process than bacterial adhesion to surfaces, 

as it involves detachment from a donor surface and adhesion to a receiver 

surface under an applied pressure and for a particular duration of  time. 

Bacterial transmission is determined by the force exerted by the receiving 

surface on biofilm organisms, relative to the adhesion force of  bacteria to 

the donating surface or the cohesion  forces between bacteria in the 

biofilm, as shown for instance for bacterial transmission from storage 

cases to contact lenses [13,14].  

Recently there is a rising interest in various forms of  engineered 

surfaces for the use in hospitals and nursing homes where the risks of  

nosocomial infections and epidemic spreads are high [15]. Micro- or 

nanostructured surfaces were shown to reduce the adhesion of  bacteria 

on hydrogels and titanium oxide surfaces [16,17].  Depending on the 

bacterial strain, this reduction was found to be more effective on well-

arranged patterns than on randomly organized nanostructures [18]. Yet, 

like with almost every surface assumed to be “non-adhesive”, a low 

number of  bacteria always adheres to any surface due the multitude of  

adhesion mechanisms bacteria have at their disposal and even low 

numbers of  bacteria tend to grow out into a biofilm with all possible 

negative consequences, especially in health care settings. Micro- and 

nanostructured surfaces are generally considered not to be an exception 

[19]. However, recent studies have suggested that regardless of  whether 

or not they reduce bacterial adhesion numbers, nanostructured surfaces 

may yield entirely different, potentially more important effects on 

adhering bacteria. Multiple nanoscale contacts between a nanostructured 

surface and a bacterium have been suggested to cause bacterial cell death 

[20], while bacteria adhering in sub-monolayer numbers and involved in 
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transmission between surfaces showed pressure-induced production of  

extracellular polymeric substances (EPS) when contacting nano-sized 

pillars and two-fold higher bacterial cell death after transmission [21].  

These properties make nanostructured surfaces attractive for use in 

applications in which bacterial transmission and its consequences are to 

be prevented. 

 Bacterial transmission from a surface with sub-monolayer bacterial 

coverage can only occur through adhesive failure of  the bond between an 

adhering bacterium and the donor surface and subsequent adhesion to the 

receiver surface. In case of  the presence of  a biofilm on the donor surface 

however, transmission can occur either or both through adhesive failure 

or cohesive failure in the biofilm. Considering the importance of  bacterial 

transmission and the promises of  nanostructured surfaces voiced 

throughout the literature for the control of  biofilm formation [19], the 

aim of  this study was to compare the transmission of  staphylococcal 

biofilms of  an EPS and non-EPS producing strain from smooth to 

nanopillared silicon (Si) surfaces with different pillar-to-pillar distances 

under a constant pressure. Biofilm thicknesses on both donor and receiver 

surfaces were determined using optical coherence tomography (OCT), 

while also the numbers of  bacteria adhering on the surfaces were 

determined after dispersal of  the biofilms from the donor and receiving 

surfaces. Biofilms were visualized using confocal laser scanning 

microscopy (CLSM), while contact between individual bacteria and 

nanopillared surfaces was imaged using scanning electron microscopy 

(SEM). 
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Materials and Methods 

Fabrication of  Si nanopillared surfaces 

The preparation of  the Si nanopillared surfaces was described in 

detail elsewhere (21). Briefly, polished 4-inch (10 cm) Si wafers were 

degreased in acetone and de-ionized water and dried by N2. Next, a 

negative-tone photoresist (NR-250P, Futurrex, Inc., Franklin, NJ, USA) 

layer was spin-coated over the Si wafers and baked at 150°C for 1 min. 

The samples were exposed to linearly polarized light (325 nm) using a He-

Cd laser (Kimmon, Tokyo, Japan) in a Lloyd-mirror laser interference 

lithography system with two degrees of  freedom (21, 22) was regulated to 

create pores with diameters of  100, 150 and 370 nm at inter-pore 

distances of  200, 400 and 800 nm, respectively and baked for 1 min at 

100°C.  

 The exposed photoresist layers were subsequently developed with 

resist developer, RD 6 (Futurrex Inc., Franklin, NJ, USA), diluted (3:1 in 

volume) in de-ionized water for different time periods (15 – 25 s) to 

achieve the desired pore diameters, followed by rinsing with de-ionized 

water. Finally, e-beam evaporation (PVD75, Kurt J Lesker, Jefferson Hills, 

PA, USA) was employed to deposit a chrome metal layer with uniform 

thickness of  around 50 nm through the nano-patterned photoresist layer 

(pore pattern) onto the Si wafer at a deposition rate of  0.2 nm s−1 and the 

photoresist layer was removed in piranha solution (a mixture of  H2SO4 

(98 %) and H2O2 (95 %) with a volume ratio 3:1). In order to achieve 

pillar structures, Si surfaces were etched in the deep reactive ion etching 

with O2 and SF6 in a cryogenic mode at –100°C (Plasmalab 100, Oxford 

Instruments, Abington, UK). Finally, the chrome masks were removed in 

chrome etchant (MicroChemicals Inc., Ulm, Germany) at 30°C for 1 min, 
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followed by water rinsing and N2 drying. The specimens were imaged with 

a SEM (FEI Quanta FEG450, Hillsboro, Oregon 97124 USA) to check 

the surface topographies and uniformity of  the nanostructures over the 

sample area. Finally, 1 x 1 cm2 samples were cut out of  the fabricated Si 

nanopillared wafers (Figure 1). 

Figure 1.  SEM micrographs of  lithographically prepared nanopillars on 
Si surfaces with different interpillar distance: (a) 200 nm, (b) 400 nm and 
(c) 800 nm distance. Scale bars indicate 500 nm. 

Biofilm transmission assays were carried out using smooth Si 

surfaces as donor and nanopillared Si surfaces as receiver surfaces. Prior 

to the assays, all samples were cleaned by sonication for 5 min in 2% 

RBS™35 (Sigma-Aldrich, St. Louis, Missouri, United States), followed by 

another 5 min in demineralized water. Samples with nanopillared surfaces 

were individually sonicated in separate containers to avoid any damage 

during sonication. Subsequently, samples were rinsed with demineralized 

water and dried using N2. Finally, samples were cleaned for 10 min using 

air plasma at 120 mBar (Diener ATTO, Ebhausen, Germany) to remove 

any residues and achieve hydrophilicity. 
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Bacterial strains and growth condition 

S. epidermidis ATCC 35984 (EPS producer) and S. epidermidis 252 

(non-EPS producer) were used in this study. Both strains were grown 

aerobically for 24 h at 37°C on blood agar plates from frozen DMSO 

stocks. One single colony was used to make a pre-culture in 10 ml of  

Tryptone Soya Broth (TSB, Oxoid, Basingstoke, England) supplemented 

with 0.25 % D(+)Glucose (C6H12O6, Merck, Darmstadt, Germany) and 

0.5 % NaCl (Merck), and cultured for 24 h at 37°C.This pre-culture was 

used to inoculate a second culture of  200 ml supplemented TSB, which 

was grown for 16 h at 37°C. The number of  bacteria in the final culture 

was adjusted to 1 x 109 bacteria per ml, as measured using a Bürker-Türk 

counting chamber.  

Biofilm formation 

Smooth Si donor samples were placed on the bottom of  Petri 

dishes filled with 15 ml bacterial suspension and left for bacterial adhesion 

at 37°C. After 1 h, the staphylococcal suspension was carefully removed 

and replaced with 15 ml of  fresh, TSB supplemented medium. 

Subsequently, a biofilm was grown for 48 h at 37°C, refreshing TSB after 

24 h. Prior to further OCT analysis and total bacterial counts, growth 

medium was carefully removed and donor surfaces with biofilm were 

moved into a new Petri dish with 10 ml phosphate buffered saline (PBS; 

10 mM potassium phosphate, 0.15 M NaCl, pH 6.8) and analysed with 

OCT under PBS (see below: Biofilm analysis with OCT).  
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Biofilm transmission assay 

After OCT analysis of  biofilms on the smooth donor surface, the 

PBS was removed carefully and a clean nanopillared receiver surface, with 

a plastic weight attached on the back side, was placed on top of  the 

biofilm-covered donor surface, resulting in a pressure of  0.7 kPa. After 5 

min of  contact, the surfaces were rapidly separated (< 1 s) from each 

other by holding the donor surface with a tweezer and simultaneously 

lifting the receiver surface perpendicularly from the donor. Both donor 

and receiver surfaces were placed into a new Petri dish filled with 10 ml 

PBS for OCT analysis. All experiments were carried out in triplicate for 

the smooth and each (200, 400 and 800 nm) of  the nanopillared surfaces 

using newly grown staphylococcal biofilms. 

Biofilm analysis with OCT 

 The thicknesses of  biofilms on donor and receiver surfaces were 

assessed with an OCT Ganymede II (Thorlabs Ganymade, Newton, New 

Jersey, USA), while immerged in 10 ml PBS. Biofilms on the smooth 

donor surfaces were assessed before and directly after transmission, and 

on nanopillared receiver surfaces directly after the transmission. Biofilms 

were imaged by taking a 3D scan of  the biofilm over the entire 1 x 1 cm2 

surface area of  a sample, recording at least three scans for each biofilm. 

Subsequently, OCT images were processed using home-made software 

(LabView, National Instruments, Austin, TX, USA) correcting for 

background noise and possible tilting of  the sample. The average height 

of  a biofilm over three scans was calculated over the centre 0.5 x 0.5 cm2 

area of  the biofilm to exclude possible irregularities towards the edges of  

the sample. The biofilm thickness after transmission on donor and 
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receiver surfaces was also expressed as a percentage of  the initial biofilm 

thickness on the donor surface before transmission.  

A top-view photograph was taken together with the 3D scan and 

used to calculate the percentage of  the donor and receiver surfaces after 

transmission visibly covered with biofilm. Coverage was determined by 

colour threshold analysis using FIJI software and expressed as a 

percentage surface coverage with respect to the initial coverage by biofilm 

on the donor surfaces before transmission, which was always 100%. 

Total number of  bacteria in biofilms  

The total numbers of  bacteria in biofilms on the surfaces both 

before and after transmission were assessed by dispersing the biofilms 

with a sterile 5 mm interdental brush (Albert Heijn, Zaandam, The 

Netherlands) and suspending in 5 ml PBS. Further, the sample, brush and 

bacterial suspension were transferred to a sterile tube and sonicated for 1 

min to disperse staphylococci remaining on the brush or sample and 

break bacterial aggregates. Subsequently, numbers of  bacteria were 

counted in a Bürker-Türk counting chamber. Note that separate biofilms 

were grown on smooth Si surfaces, without performing transmission, to 

assess the number of  bacteria in the initial biofilm before transmission. 

The numbers of  bacteria enumerated were expressed as log values per 

cm2 and expressed as a percentage of  the initial number of  bacteria on 

the donor. Combination of  the total number of  bacteria in a biofilm with 

its thickness, yielded the bacterial density (number of  bacteria per unit 

volume) in a biofilm. 
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Confocal laser scanning microscopy 

 Biofilms were also visualized using CLSM. To this end, biofilm-

covered samples were immersed in LIVE/DEAD stain (BacLight™, 

Molecular probes, Leiden, The Netherlands) containing SYTO9 (3.34 

mM) and propidium iodide (20 mM) for 30 min while kept in the dark at 

room temperature. This staining allowed assessment of  live (green 

fluorescent) and dead bacteria (red fluorescent) in a biofilm. After 

washing with PBS, biofilm-covered samples were immersed in Calcofluor 

White (50 mM Fluorescent Brightener 28, Sigma-Aldrich, St. Louis, MO, 

United States of  America) for 30 min, a polysaccharide staining agent 

used to visualize EPS [28]. Next, biofilm-covered samples, immersed in 

PBS, were imaged using a CLSM (Leica TCS-SP2, Leica Microsystems 

Heidelberg GmbH, Heidelberg, Germany) at 40x magnification with laser 

excitation at 488 nm and 351 nm for LIVE/DEAD stain and Fluorescent 

Brightener 28, respectively. Images were stacked, optimized and analysed 

using FIJI software. 

SEM imaging of  staphylococcal biofilm 

For SEM imaging, biofilm-covered samples were fixated in a 

fixation buffer (1% paraformaldehyde and 2% glutaraldehyde in 0.1 M 

cacodylate buffer) for 2 h at room temperature after which surfaces were 

washed 5 times with 0.1 M cacodylate buffer, followed by 1 h of  

incubation at room temperature in 0.1 M cacodylate buffer supplemented 

with 1% OsO4. Subsequently, samples were washed 5 times with 

demineralized water and dehydrated with 30, 50, 70% ethanol for 15 min 

each and three times with 100% ethanol for 30 min at 4°C. Finally, the 

samples were exposed to ethanol (100%) and tetramethylsilane (1:1 in 
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volume) for 10 min, followed by 15 min exposure to tetramethylsilane and 

dried in air. Samples were sputter-coated with around 2-3 nm thick 

electrically-conducting metal (Au/Pd) to prevent charging of  the non-

conducting section on the surface (i.e. bacteria) and analysed in the SEM, 

using 5, 10 and 20 kV accelerating voltage under high vacuum. Images of  

biofilm were recorded both before and after transmission. 

Statistics 

Data was assessed for normality using a Shapiro Wilk test (p< 

0.05). Subsequently differences between multiple groups were assessed 

using an ANOVA, after equality of  variances was tested using Levene’s 

test (p > 0.05), and a Bonferroni post hoc was performed to identify 

differences between groups. Differences between two groups were 

assessed using an independent T-test (P < 0.05). Statistics were performed 

using SPSS 23 (IBM Corp., Armonk, USA). 

Results 

Transmission of  staphylococcal biofilms of  an EPS and non-EPS 

producing strain were studied from a smooth donor to smooth and 

nanopillared Si receiver surfaces with different pillar-to-pillar distances 

(Figure 1) under a constant pressure. Both EPS producing Staphylococcus 

epidermidis ATCC 35984 and non-EPS producing S. epidermidis 252 grew 

sizeable biofilms with thicknesses on smooth Si donor surfaces of  72 ± 

32 and 56 ± 19 µm, respectively, as determined using OCT. Transmission 

successively exerted compressive and tensile forces on the biofilm. 

Transmission from a smooth donor to a smooth Si receiver left 

approximately 25% of  the initial biofilm thickness on the donor, 
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transmitting approximately 15% to the receiver and therewith creating a 

percentage “thickness loss” due to biofilm compression of  60%, 

regardless of  the strain involved (Figure 2a and Figure 2b). The 

percentage thickness of  biofilms of  the EPS producing strain transmitted 

to nanopillared receiver surfaces was larger than in transmission to a 

smooth receiver surface (Figure 2a), whereas in contrast transmission of  

the non-EPS producer yielded similar thicknesses on smooth or 

nanopillared receiver surfaces (Figure 2b). 

Both strains also had larger percentage biofilm thicknesses 

transmitted to nanostructured surfaces with pillar to pillar distances of  

200 nm than for other pillar to pillar distances, while the percentage 

thickness lost was relatively small. 

 The initial biofilms on smooth Si surfaces before transmission 

contained approximately 109 cells/cm2 for both bacterial strains, as 

obtained after biofilm dispersal and microscopic enumeration, of  which 

10% were transmitted to a smooth receiver (Figure 2c and Figure 2d). 

A higher percentage of  the EPS-producing strain was transmitted to 

nanopillared surfaces than of  the non-EPS producing strain (see also 

Figure 2c and Figure 2d). During transmission, only a minor number of  

staphylococci (CFUs) were “lost” (0.28 log-units, on average across 

different receiver surfaces and strains). 
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Figure 2. (a, b) The percentage thickness of  biofilms after transmission 
from a smooth donor to smooth and nanopillared receiver surfaces with 
respect to the initial biofilm thickness on the donor surface before 
transmission, together with the percentage thickness lost during 
transmission. (c, d) The total number of  bacteria after transmission from 
a smooth donor to smooth and nanopillared receiver surfaces with respect 
to the initial number of  bacteria on the donor surface before 
transmission. (e, f) Similar as panels c and d, now for the surface coverage 
by biofilm. Panels a, c and e refer to EPS producing S. epidermidis ATCC 
35984, while panels b, d and f  are for non-EPS producing S. epidermidis 
252. Error bars denote standard deviations over triplicate experiments 
with separately grown biofilm and different sample surfaces. (#) indicate 
significant differences (p < 0.05) between the EPS and non-EPS 
producing staphylococcal strain. (*) indicate significant differences (p < 
0.05) between indicated groups. 
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 Finally, analysis of  OCT images indicated that 100% of  the 

smooth donor surfaces were covered with biofilm before transmission, 

while after transmission donor surfaces remained to be covered for 

approximately 25% - 50% by biofilm, regardless of  strain or pillar to pillar 

distance of  the receiver surfaces. Surface coverage of  the receiver surfaces 

after transmission ranged up to 25% - 50% (Figure 2e and Figure 2f). 

Biofilm surface coverage after transmission to the 200 nm pillar to pillar 

distance receiver surface was highest and significantly (p < 0.05) more 

than to a smooth receiver surface for the non-EPS producing strain, 

whereas for the EPS-producing strain coverage on the receiver was 

significantly higher for both the 400 and 800 nm pillar structures.  

Combination of  the biofilm thicknesses and the numbers of  

bacteria in the different biofilms allows to calculate the bacterial density in 

the biofilms, expressed as the number of  bacteria per µm3 of  biofilm. 

Before transmission, bacterial densities in biofilms of  the EPS producing 

strain (Figure 3a) were two-fold smaller than of  the non-EPS producing 

one (Figure 3b). This difference in bacterial density increased with 

respect to the biofilms left-behind on the donor surfaces after 

transmission, mostly due to an increase in bacterial density for the non-

EPS producing strain while the density for the EPS producing strain 

remained low. However, in biofilms on the receiver surfaces, the density 

difference between the strains was negligible and without statistical 

significance. 
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CLSM images of  staphylococcal biofilms on donor surfaces 

showed the clear presence of  EPS patches in biofilms of  S. epidermidis 

ATCC 35984 (Figure 4a), that were absent in biofilms of  S. epidermidis 

252 (Figure 4b). In biofilms of  S. epidermidis ATCC 35984 left-behind on 

the smooth donor after transmission, EPS appeared organized in 

filamentous structures (Figure 4a). After transmission, the EPS 

distributed in a fine-dotted structure on the smooth receiver, but had a 

much more pronounced and bigger-dotted structure on the nanopillared 

receiver (Figure 4a). There are no noteworthy differences in the 

appearance of  biofilms of  non-EPS producing S. epidermidis 252 biofilms 

after transmission, neither on the donor nor on the receiver surfaces, and 

regardless of  type of  nanopillaring (Figure 4b).  

SEM images of  S. epidermidis ATCC 35984 biofilm on the 

nanopillared receiver surfaces showed pressure-induced EPS production 

in the neighbourhood of  transmitted staphylococci (Figure 5a). At a 

higher magnification (Figure 5a inset), EPS was also visible relatively far 

away from transmitted staphylococci, likely indicating direct EPS 

transmission from biofilm on the donor. No EPS is seen in transmission 

of  S. epidermidis 252 (Figure 5b and inset). 
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Figure 4a.  CLSM images of  biofilms of  EPS producing staphylococci  
S. epidermidis ATCC 35984 before and after transmission from a smooth 
donor to a smooth or nanopillared (400 nm pillar distance) receiver. 
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Figure 4b. CLSM images of  biofilms of  non-EPS producing 
staphylococci S. epidermidis 252 before and after transmission from a 
smooth donor to a smooth or nanopillared (400 nm pillar distance) 
receiver. 
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Figure 5. Scanning electron micrographs of  staphylococci in direct 
contact with a nanopillared receiver surface. 
(a) EPS producing S. epidermidis ATCC 35984, 
(b) Non-EPS producing S. epidermidis 252. 

Discussion 

Biofilms with incomplete surface coverage were found on both 

donor and receiver surfaces after biofilm transmission for an EPS and 

non-EPS producing staphylococcal strain, indicating that adhesive failure 

at the interface between biofilms and donor surfaces occurred as well as 

cohesive failure in the biofilms. The transmission of  biofilm to the 

nanopillared surfaces was surprising, as under convective-diffusion 

conditions in absence of  compression forces, staphylococcal adhesion 

forces on the nanopillared surfaces are much smaller as a result of  a 

minimal contact area than adhesion forces to smooth surfaces [21], or for 

that matter between bacteria [22,23]. Adhesion forces to both surfaces are 

likely strengthened by the compression phase of  the transmission process 

negating effects of  minimal contact area, putting them a par with the 

cohesive forces in the biofilm. This would also explain why the percentage 
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thickness data (Figure 2a) show little significant differences among the 

nanopillared surfaces with different pillar to pillar distances: under the 

condition of  equal adhesion and cohesion forces, it is impossible to 

predict at which position in a biofilm failure resulting in transmission will 

occur. 

Before transmission, the staphylococcal density in the biofilms is 

around 0.1 to 0.2 bacteria per µm3 for an EPS and non-EPS producing 

strain, respectively (Figure 3). This confirms that most of  the volume, 

especially in biofilms of  EPS producing strains, is occupied by EPS or 

water-filled channels and voids but not by microbes [24,25]. Transmission 

is a succession of  biofilm compression and elongation during the 

separation phase. Compression irreversibly increases the density of  the 

non-EPS producing strain on all receiver surfaces regardless of  

nanopillaring, but not of  the EPS producing strain that maintains to have 

a low density. This suggests that biofilms of  the non-EPS producing 

strain remained compressed after transmission without noticeable strain 

relaxation, while biofilms of  the EPS producing strain relaxed towards 

their initial state after transmission due to the short viscoelastic relaxation 

times conferred to the biofilm by the EPS [26]. Also, the EPS producing 

S. epidermidis strain is induced to produce more EPS during the 

compression phase of  transmission, as shown by the electron 

micrographs of  the interface between staphylococci and a nanopillared 

surface (Figure 5a), which reduces the bacterial density (see Figure 3). 

Pressure-induced EPS production has also been observed previously in 

transmission of  bacterial sub-monolayers involving nanostructured 

surfaces [21], and may perhaps be considered as a step towards cell death 

as a result of  multiple nanoscale high pressure contact points [27]. 

Accordingly, EPS distributed differently after transmission in biofilm on 
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the smooth donor than before transmission. After transmission, elongated 

EPS rich filaments are seen, that speculatively developed during 

transmission and separation of  the donor and receiver. During separation 

the visoelastic properties of  the EPS will allow the formation of  

elongated, filamentous structures that try to keep the donor and receiver 

surfaces together until final separation. After separation, they collapse as 

filamentous structures on top of  the biofilm. EPS rich filaments are not 

seen on smooth receiver surfaces, but only fine-structured EPS dots. On 

nanopillared receiver surfaces much larger EPS dots are seen, presumably 

produced under influence of  high local pressures arising from the 

nanopillared surfaces (Figure 4).  

Summarizing, bacterial transmission from biofilms of  an EPS 

producing and a non-EPS producing staphylococcal strain on smooth Si 

donor surfaces was not significantly different to smooth than to 

nanopillared Si receiver surfaces. After transmission, biofilms were found 

on both donor and receiver surfaces including empty patches on the 

donor surfaces, suggesting that transmission occurred in both strains 

through adhesive failure at the interface between the biofilm and the 

smooth Si surface and cohesive failure in the biofilm. Bacterial densities 

of  the non-EPS producing strain increased after transmission, while there 

was indication of  pressure-induced EPS production on nanopillared 

receiver surfaces and re-arrangement of  EPS over the surface of  biofilms 

left-behind on donor surfaces for the EPS producing strain. Thus biofilm 

left-behind on smooth donor surfaces of  a non-EPS producing strain 

underwent different structural changes than of  an EPS producing strain, 

which is important for their possible further treatment by antimicrobial or 

disinfectants.   
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Introduction 

Bacterial transmission is a common pathway of  bacterial 

contamination of  surfaces in diverse environments. Unfortunately, the 

mechanism of  bacterial transmission is poorly understood and very 

different from bacterial adhesion since two surfaces are involved, a donor 

surface and a receiver one. Bacteria prefer to grow in what is generally 

called a biofilm, which is a survival mechanism and protect the bacteria 

against the environment. The biofilm mode of  growth makes bacterial 

transmission more complex than transmission from a monolayer of  

bacteria, since not only adhesion forces to the donor and receiver surface 

play a role but also the interaction forces between bacteria and the matrix 

in the biofilm. Therefore, the aim of  this thesis was to study the effect of  

various environmental and intrinsic factors on bacterial transmission from 

a donor surface covered with a multilayered bacterial biofilm. Knowledge 

of  these factors, will hopefully give some insight in how to prevent 

bacterial transmission and how to prevent cross-contamination between 

surfaces.  

This chapter will focus on opposing surface thermodynamics and 

adhesion force analyses as applied in the current literature towards 

bacterial adhesion versus transmission and reveal their respective merits in 

explaining bacterial transmission phenomena and the impact of  the EPS 

matrix on biofilm structure after transmission. Since often low numbers 

of  bacteria are involved in transmission, advantages and disadvantages of  

different methods to study bacterial transmission are discussed and 

methods considered appropriate are highlighted.  
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Mechanism of  Bacterial Transmission 

 Bacterial transmission depends critically on the relative affinity of  

adhering bacteria for the donor and receiver surfaces, or for other biofilm 

inhabitants. Conceptually, bacterial affinity can be specified in many ways 

[1]. In order to oppose bacterial adhesion and transmission, we will here 

describe bacterial transmission in terms of  common physico-chemical 

mechanisms described for bacterial adhesion to surfaces [2], i.e. a surface 

thermodynamic approach and an analysis based on adhesion forces. 

Surface Thermodynamics of  Bacterial Transmission 

 In a surface thermodynamic approach, bacterial adhesion to 

surfaces is considered favorable when the interfacial free energy of  

adhesion  .   can be calculated from the interfacial free 

energies   ,   and   , as outlined in Figure 1a [3]. The interfacial free 

energies can be calculated from measured contact angles θ  with  liquids 

possessing different polarities on substratum surfaces and macroscopic 

lawns of  organisms prepared on membrane filters [4,5], while the 

polarities of  different liquid and their surface tension can be taken from 

the literature [6]. There are various ways to calculate the interfacial free 

energies from measured contact angles with liquids that we consider 

outside the scope of  this review to compare [5]. One of  the most 

common approaches however, is the Lifshitz-Van der Waals/acid-base 

approach [7]: 

   (1) 

ΔGadh < 0 ΔGadh

γbl γsl γsb

cos θ = − 1 +
2 (γLW

sv γLW
lv )

γlv
+

2 (γ+
svγ−

lv)
γlv

+
2 (γ−

svγ+
lv)

γlv
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in which  ,(can be replaced by   depending on the surface to be 

analyzed) and   denote the Lifshitz–Van der Waals component of  the 

surface free energy of  the substratum surface (i.e. the bacterial lawn) or 

the liquid phase, respectively.    is the surface free energy of  the liquid–

vapor interface. The acid–base components of  the surface free energies 

are accordingly indicated as  and can be separated into an electron-

donating ( ) and electron-accepting ( ) parameter according to 

                                                                    (2) 

Since Eq. 1 contains three unknowns when a new surface is to be 

analyzed for its surface free energy parameters and components, it 

requires contact angle measurements with three distinctly different liquids 

to solve Eq.1 for  and  . Drawback of  the use of  surface 

thermodynamics to bacterial adhesion is that very often bacterial adhesion 

does not meet the thermodynamic requirement of  being reversible, while 

also not seldom the interface between a bacterium and a substratum 

surface is a highly dynamic one in time [8–10].  Nevertheless, cases in 

which  , have been found to be associated with less reversible 

adhesion than when   [11–13]. 

The concept of  interfacial free energy of  adhesion can be readily 

applied to derive an interfacial free energy of  transmission to determine 

whether transmission from contaminating bacterial (sub)monolayers (see 

Figure 1b) is thermodynamically favourable ( ), according to [14], 

   (3)          

                                                  

γLW
sv γ LW

bv

γLW
lv

γlv

γ AB

γ− γ+

γ AB = 2 (γ−γ+)

γ LW , γ−, γ+

ΔGadh < 0
ΔGadh > 0

ΔGtr < 0

ΔGtr = (ΔGadh)receiver
− (ΔGadh)donor
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in which   is the interfacial free energy of  transmission between a 

donor and receiver surface for which the interfacial free energies of  

adhesion equal ( )donor and ( )receiver, respectively. For 

transmission of  bacteria adhering in multilayered biofilms (compare 

Figure 1b and Figure 1c), equations are more complex than in case of  

transmission from a (sub)monolayer of  contaminating bacteria. In a 

multi-layered biofilm, bacteria are embedded in an EPS matrix that 

prevents direct contact between bacteria. Moreover, although entire 

biofilms might theoretically be transmitted from a donor to a receiver 

surface, most studies have shown that donor surfaces remain fully covered 

with biofilm after transmission, while the receiver surface can become 

either be partly or fully covered by biofilm as well (also shown in 

Chapter 2, Chapter 3, and Chapter 4) [15]. This has yielded the 

conclusion that bacterial transmission from a biofilm occurs mainly 

through cohesive failure in the biofilm and not through interfacial failure 

at the donor-biofilm interface (Chapter 2, Chapter 3, and Chapter 4) 

(Figure 1c1). Thermodynamically, whether or not cohesive or interfacial 

transmission occurs, depends on the relative magnitudes of  the interfacial 

free energies of  transmission for both situations depicted in Figure 1c1.  

Whereas in naturally grown biofilms the distance between bacteria 

has been estimated to range between 1 and 3 µm, far beyond the reach of  

physico-chemical interaction forces [16], contact pressures are exerted 

during transmission that increase the volumetric density of  bacteria in a 

biofilm and therewith decrease the distances between bacteria (Chapter 

2). This compression may yield the scenario depicted in Figure 1c2 in 

which biofilm inhabitants are actually in direct contact with each other, 

although this yields essentially similar equations for the interfacial free 

energy of  transmission as the scenario in which bacteria are transmitted 

ΔGtr

ΔGadh ΔGadh
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from an uncompressed biofilm. Nevertheless, there are major differences 

between the surface free energy of  single bacteria, deposited in a bacterial 

lawn [12,14] as occurring in the equations governing transmission from 

contaminating (sub)monolayers and the surface free energy of  a biofilm 

of  the same strain [17]. 

The implications of  these thermodynamic considerations are 

summarized in Table 1b for transmission from bacterial (sub)monolayers, 

using the input data of  the hypothetical substrata and bacteria used as 

summarized in Table 1a. Table 1b firstly shows that bacterial adhesion 

between identical donor and receiver surfaces is not accompanied by any 

thermodynamic preference. Hydrophobic and hydrophilic bacteria have 

been given properties roughly representative for both types of  physico-

chemically different types, based on a reference guide of  142 different 

bacterial strains [18]. Table 1b clearly indicates that hydrophobic bacteria 

do not like to be transmitted from hydrophobic surfaces to hydrophilic 

ones, but oppositely are eager to transmit from a hydrophilic donor to a 

hydrophobic receiver. The hypothetical, hydrophilic bacterium basically 

shows the same trends as the hydrophobic bacterium but with less 

extreme thermodynamic preferences. The appearance of  positive values 

of  the interfacial free energy of  the hydrophilic bacterium on a 

hydrophilic surface may at first seem puzzling, but indicates that water has 

a bigger preference for that surface than the hydrophilic organisms. 
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Figure 1. Surface thermodynamics of  bacterial adhesion versus 
transmission from a (sub)monolayer of  contaminating bacteria or from a 
multilayered biofilm.  
(a) Comparison of  interfacial free energies for a bacterium b in an 
aqueous suspension l and adhering to a substratum surface s, yielding the 
interfacial free energy of  adhesion  .  ΔGadh
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(b) Comparison of  interfacial free energies for bacteria adhering in 
(sub)monolayer on a donor and receiver surface (D and R, respectively), 
yielding the interfacial free energy of  transmission  .  
(c1) Comparison of  interfacial free energies for bacteria adhering in a 
multilayered biofilm B on a donor and receiver surface, while embedded 
in an EPS matrix without direct contact between bacteria for cases of  
interfacial and cohesive failure, yielding the interfacial free energy of  
transmission  . 
(c2) Comparison of  interfacial free energies for bacteria adhering in a 
multilayered biofilm B on a donor and receiver surface with direct contact 
between bacteria for cases of  interfacial and cohesive failure, yielding the 
interfacial free energy of  transmission r. 

ΔGtr

ΔGtr

ΔGtr
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Table 1a. Surface free energy components and parameters of  the 
aqueous phase and hypothetical* hydrophobic and hydrophilic substrata 
and bacteria used to illustrate the implication of  surface 
thermodynamics for bacterial transmission among these substrata. 

Substance

Aqueous phase 22 25 25

Hydrophobic substratum 20 2 0

Hydrophilic substratum 30 50 4

Hydrophobic bacterium 30 4 4

Hydrophilic bacterium 40 40 2

  
(mJ m-2)

γ+ 

(mJ m-2)
γ LW  

(mJ m-2)

γ−

*properties of  hypothetical hydrophobic and hydrophilic bacteria are 
based on a published reference guide on bacterial surface free energies 
[17].  

Donor Receiver

Hydrophobic bacterium
Hydrophobic Hydrophobic -53 -53 0
Hydrophobic Hydrophilic -53 -8 +45
Hydrophilic Hydrophobic -8 -53 -61
Hydrophilic Hydrophilic -8 -8 0

Hydrophilic bacterium
Hydrophobic Hydrophobic -13 -13 0
Hydrophobic Hydrophilic -13 20 +33
Hydrophilic Hydrophobic 20 -13 -33
Hydrophilic Hydrophilic 20 20 0

 

RECEIVER 

(mJ m-2)

ΔGadh   
(mJ m-2)

ΔGtr
 

DONOR 

(mJ m-2)

ΔGadh

Table 1b. Illustration of  the implication of  surface thermodynamics 
for bacterial transmission from bacterial (sub)monolayers among 
hydrophobic and hydrophilic donor and receiver surfaces for a 
hydrophobic and hydrophilic bacterial strain in an aqueous phase (for 
input data see Table 1a). 



In case a more hydrophilic bacterium would have been chosen, results 

would have been different. Moreover, it should be noted that bacteria 

usually adhere also in case of  unfavourable thermodynamic conditions as 

a result of  the dynamic behaviour of  the bacterial cell surface 

components that may differ in different environments, e.g. during contact 

angles measurements and when interfacing a substratum surface [19]. 

However, detachment tendencies of  adhering bacteria have been 

demonstrated to be in accordance with predictions based on interfacial 

free energies of  adhesion [13,20,21] and it may be thus anticipated that 

the same will go for bacterial detachment from the donor during bacterial 

transmission. The uncertainty about the role of  surface thermodynamics 

in bacterial adhesion (to a receiver surface during transmission) [8,10] 

versus the more established role of  interfacial free energies of  adhesion in 

bacterial detachment (from a donor surface during transmission) 

[13,20,22] is in line with a previous conclusion that donor surface free 

energies are more influential on bacterial transmission than receiver ones 

[14]. Also hydrophobic Listeria monocytogenes adhered more strongly to 

hydrophobic surfaces than hydrophilic ones, leading to less transmission 

[23]. Indeed, more favorable thermodynamic conditions for bacterial 

transmission ( ) have been shown to be accompanied by higher 

transmission probabilities calculated from AFM force analyses than 

positive   values [14](see section below and Figure 2). 

ΔGtr < 0

ΔGtr
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Adhesion Force Analysis of  Bacterial Transmission 

In an adhesion force analysis, bacterial adhesion to surfaces is 

considered favourable when the adhesion force of  the bacteria to the 

receiver surface is larger than the adhesion force to the donor surface. 

Bacterial adhesion forces to substratum surfaces [24,25] but also between 

two different bacteria [26,27] or a bacterium and an existing biofilm [28], 

can be measured using atomic force microscopy (AFM) using single 

bacterial probes [29,30]. However, AFM has shown that for many 

bacterial strains and species, whole cell adhesion forces to different 

negatively-charged substratum surfaces group rather closely together 

[31,32], with some studies indicating that in general several bacterial 

strains may adhere more strongly to hydrophobic surfaces [33–35]. 

Bacterial adhesion forces to polymer-brush coated substratum surfaces 

have been described throughout the literature as being lowest [36,37], 

while extremely strong adhesion forces were measured on positively-

charged surfaces [38,39]. With the exception of  extreme values as on 

polymer-brush coatings and positively-charged surfaces, the wide 

variations observed in bacterial adhesion forces often makes statistically 

significant comparisons of  adhesion forces on donor and receiver 

surfaces difficult.     

However, large variations not only occur in microscopic fracture 

analysis, which is in essence what bacterial adhesion force measurements 

in AFM represent, but also in macroscopic failure analysis of  larger 

structures [40]. Weibull analysis takes advantage of  these large standard 

deviations to calculate a failure probability [41] and can also be applied to 

bacterial adhesion forces [14]. As a first step in Weibull analysis, all 
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adhesion forces N in a given data set are ranked in ascending order to 

calculate the probability PF of  a force value F to occur according to 

        (4)  

in which n is the rank number. Then, PF is fitted to the Weibull-equation 

     (5)  

in which constant Fu is the lowest level of  force at which PF approaches 

zero. The constant Fn is generally referred to as a normalizing parameter. 

The constant m is the dependability of  the bond (“Weibull-modulus”) 

[14,21]. 

Comparison of  the Weibull-distribution of  bacterial adhesion 

forces observed in AFM for donor and receiver surfaces, can next be used 

to calculate a transmission probability (see also Figure 2). This 

transmission probability is taken as the probability that an adhering 

bacterium will detach from a donor surface by a force, similar to the 

median adhesion force exerted by the receiver surface.  

Interestingly, trends in bacterial transmission probabilities 

calculated from Weibull-distributions of  bacterial adhesion forces on 

donor and receiver surfaces coincided with predictions based on surface 

thermodynamic analyses of  the donor, receiver and bacterial cell surface 

free energies involved (see Figure 3) [14].  

PF = n
N + 1

PF = 1 − exp {− (F − Fu)
Fn

m

}

Page �  of �117 162



 

Figure 2. Weibull-probabilities of  the occurrence of  bacterial adhesion 
force values on a donor and receiver surface as a function of  the adhesion 
force. Bacterial transmission probability is taken as the Weibull-probability 
that the median force by which the bacteria adhere to the receiver is able 
to detach a bacterium from the donor surface, according to the Weibull-
distribution for the donor 

Attractive Lifshitz-Van der Waals forces are attenuated in water 

and higher bacterial transmission is obtained between moist or wetted 

surfaces in a humid environment than between dry surfaces, such as from 

dried or moist hands [42] or wetted or dried, bacterially contaminated 

gloves [43] to test surfaces. This can be fully explained by the Weibull 

analysis of  adhesion forces schematically outlined in Figure 2, showing 

that a higher prevalence of  weaker donor adhesion forces as under moist 

or wetted conditions, will yield a higher transmission probability under the 

influence of  a higher, median adhesion force arising from a receiver 

surface. 
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Figure 3. Bacterial transmission probabilities according to a comparison 
of  the Weibull distributions for bacterial adhesion forces as a function of  
the interfacial free energies of  transmission  between the donor and 
receiver surface (Reproduced with permission from Elsevier Inc.). Data 
pertain to transmission of  Pseudomonas, Staphylococci and Serratia strains 
from contact lens cases to soft and hard contact lenses and from contact 
lenses to the cornea [14]. 

Structural Changes in Biofilms During Bacterial 
Transmission 

Apart from the impact of  bacterial cell surface free energy, there is 

not enough literature available to conclude that specific bacterial strains 

and species are transmitted more or less than others. In fact, the multitude 

of  different adhesion mechanism bacteria have at their disposal [28], 

enables them to transmit themselves to almost any surface, though mostly 

in small numbers (also shown in Chapter 2, Chapter 3, and Chapter 4 

[42], and due to their rapid growth however, even small numbers can 

become causative to large problems.  

ΔGtr
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Major difference between effects of  transmission on biofilm 

structure have been described however, between EPS producing and non-

EPS producing bacteria especially for biofilms left-behind on donor 

surfaces after transmission as we have shown in Chapter 2 and Chapter 

4, that are best illustrated in a three-point transmission model outlined in 

Figure 4 

Figure 4. Three-point transmission model for non-EPS (panel A) and 
EPS producing bacteria (panel B). Starting with an undisturbed biofilm, 
the model comprises compaction, possibly accompanied by EPS outflow, 
followed by and finally relaxation, during which a back-flow of  EPS may 
restore biofilm structure to its pre-transmission state [44]. 

The undisturbed biofilm on a donor surface usually has a low 

volumetric bacterial density (Chapter 2 and Chapter 4). Distances 

between biofilm inhabitants have been reported to range between 1 and 3 

µm [45], while bacterial volume density models have been estimated to be 

between 0.2 and 0.4 µm-3 (as shown in Chapter 2 and Chapter 4) 
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[46,47]. For comparison, the closest hexagonal packing of  a 1 µm 

diameter sphere yields a density of  1.5 µm-3. The low bacterial density in 

undisturbed biofilms leaves ample voids for compression of  biofilm 

between a donor and receiver surface by an external contact pressure. 

Water, along with dissolved EPS components will flow out first, as it has 

the lowest viscosity [48], followed by more viscous EPS. Thus, re-

arrangement of  bacteria will go slowly, reaching energetically favourable 

positions. As a net result, bacteria will come closer together and the 

biofilm will become more compact (Chapter 2 and Chapter 4). There 

are no experimental methods available to directly measure bacterial 

densities in a compacted biofilm between a donor and receiver plate, but 

stress-strain diagrams for oral streptococci only show a limited linear 

elastic trajectory up to a strain of  around 0.3, after which the stress 

required to further compact the biofilm rises exponentially [48].  

Separation and detachment occur relatively fast. Biofilms left-

behind of  non EPS-producing strains on donor surfaces have been found 

(Chapter 2 and Chapter 4) to possess almost two-fold higher volumetric 

bacterial densities, while biofilm with a viscoelastic EPS matrix restored 

their density during relaxation to their pre-transmission density due to 

back-flow of  water and EPS (see also Figure 4). Restoration may 

however not solely be due to back-flow of  water and EPS, but also by a 

phenomenon called “pressure-induced” EPS production. EPS-producing 

bacteria transmitted from (sub) monolayers on nano-structured donor 

surfaces have been found surrounded in EPS patches (Chapter 4) [49].  

Since EPS-production is regulated in part by external forces operating on 

bacteria [50,51], it was suggested that high local pressures on the bacterial 

cell membrane triggers opening of  efflux pumps resulting in increased 

EPS production [52,53] during the compression phase of  transmission to 
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do the same. More extremely, it has been suggested that high local 

pressures on bacterial cell membranes may compromise the membrane 

barrier function to cause cell death [54], and this too has been observed 

during adhesion [55] and transmission [49] involving nano-structured 

surfaces. Biofilms of  P. aeruginosa [56] and S. aureus [57] demonstrate 

visco-elastic behaviour in stress-strain diagrams with compacted S. aureus 

biofilms fully relaxating to their original thickness after stress relieve. 

However, biofilms grown from drinking water systems only relaxed partly 

to their original thickness after extremely high 0.75 strain requiring 

stresses up to 100 kPa [58]. This supports that EPS supports biofilm 

relaxation after stress application during transmission to its original 

thickness, which has also been shown in Chapters 2, Chapter 3 and 

Chapter 4.  

The Measurement of  Bacterial Transmission 

The most distinguishing feature between bacterial adhesion and 

transmission is the compression of  bacteria between two surfaces under 

an applied contact pressure [59].  Contact pressure applied during 

experiments has a tremendous influence on the compaction of  especially 

contaminating biofilms left-behind on donor surfaces (see above).  

Accordingly, during measurement of  bacterial transmission, contact 

pressures should be chosen in accordance with the pressure exerted in the 

applications aimed for (also shown in Chapter 2 and Chapter 4). For 

reference, holding a coffee cup or using a door handle requires an 

estimated force of  0.5 kg [60], which roughly corresponds with 5 kPa.  

Quantification of  bacterial transmission using microscopic means 

is hampered by the low numbers of  bacteria generally transmitted. Culture 
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methods are easier to apply for low bacterial numbers, as particularly 

occurring during transmission from (sub)monolayers, but culturing only 

account for live bacteria (Chapter 3). In addition, if  agar culturing is 

applied, bacteria have to be detached from donor and receiver surfaces, 

which can be done by sonication (Chapter 3). However, incomplete 

detachment or bacterial killing during sonication may affect the results 

and can be avoided by culturing low numbers of  bacteria adhering to 

donor or receiver surfaces if  they are flat in the Petrifilm® system. In a 

Petrifilm® system, bacteria on a surface are confined between a 

transparent film containing nutrients and a staining agent and allowed to 

grow after which colony forming units can be counted [61,62]. 

Transmission of  bacteria from multi-layered biofilms can also be studied 

using culturing methods after detachment and dispersal of  biofilms 

[63,64], (also shown in Chapter 3), but 3D confocal laser scanning 

microscopy (CLSM) is frequently used as well [65,66]. Different than 

culturing methods only applicable to live bacteria, 3D-CLSM allows to 

distinguish between live and dead bacteria after appropriate staining. As a 

drawback, the relatively small field of  view of  CLSM makes it difficult to 

obtain user-independent and statistically significant results. This is 

particularly troublesome in transmission studies, because the 

reproducibility of  transmission experiments is usually only half  of  the 

one that can be involved in adhesion studies, as transmission involves two 

processes possessing large variations, i.e. detachment and adhesion. 

Optical coherence tomography (OCT) is an emerging method in biofilm 

analysis and enables reliable measurement of  biofilm thickness over a 

large field of  few of  several square centimeters [67] that has been shown 

in Chapter 2 and Chapter 4, while as a drawback it does not allow 

differentiation of  live and dead bacteria [68]. Combination of  OCT 
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biofilm thickness measurements with the measurement of  bacterial 

numbers in biofilms after dispersal, uniquely enables calculation of  

bacterial volume densities in a biofilm [68,70] (see also Chapter 2 and 

Chapter 4). 

Reproducibility in transmission experiments can be increased by 

performing a series of  consecutive transmissions from the same 

contaminated donor to different clean receiver surfaces prior to 

enumeration [60] (see also Chapter 3). Since in general low numbers of  

bacteria are transmitted in a single step, the transmission rate Tr, defined 

as the fraction of  bacteria that is transmitted from the donor to the 

receiver in each step, can be assumed to be constant [60]. Accordingly, 

when constant, the cumulative number of  bacteria transferred to the 

receiver NR(t) can be calculated as 

  = Tr *     (6) 

in which ND(t) is the number of  bacteria on the donor left after a total 

transmission time t, i.e. the total time involved in consecutive 

transmissions. Assuming that transmission is accompanied by a negligible 

loss in numbers of  bacteria 

        (7) 

with  ND,0  the initial number of  bacteria on the donor and NTr (t) is the 

number of  bacteria on the receiver after a transmission time t.  Eq. (6) can 

be solved to yield,  

      (8) 

d NR (t)
dt

ND(t)

ND(t) = ND,0 − NTr(t)

ND (t) = ND,0 (1 − exp (−Tr × t))
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Eq. 8 can be used to calculated transmission rates Tr based on the 

cumulative number of  bacteria transmitted over time, with a higher 

reproducibility than can be obtained in single step transmission 

experiments.  

Conclusions 

 Opposing bacterial adhesion and transmission has yielded a better 

understanding of  the physico-chemistry of  bacterial transmission. The 

complexity and experimental problems associated with the study of  

bacterial transmission between surfaces however, may have discouraged 

many researchers from doing basic research into transmission 

phenomena. Yet, in order to develop effective preventive surfaces to 

control bacterial contamination of  surface through transmission, such 

studies are direly needed because transmission is fundamentally different 

from adhesion while yet more occurring in real-life than adhesion.  
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Summary  





Bacterial adhesion is a main problem in many biomedical, 

domestic and industrial environments and forms the onset of  the 

formation of  a biofilm, in which adhering bacteria have grown into a 

multi-layered film, embedding themselves in a matrix of  extracellular 

polymeric substances. Transmission is a common pathway of  bacterial 

contamination of  surfaces in diverse environments. Bacterial transmission 

is an event of  adhesion on the receiving surfaces and subsequent 

detachment of  bacteria from donor surfaces. Since bacteria prefer to grow 

in a biofilm, findings on the mechanism of  bacterial and biofilm 

transmission and how to prevent them are urgently needed.  

In Chapter 1, we first have described basic mechanisms of  

bacterial transmission and an overview of  the importance of  bacterial 

transmission is given. In order to increase the understanding of  bacterial 

transmission the aim of  this thesis was to study the effect of  various 

environmental and intrinsic factors on bacterial transmission from a 

donor surface covered with a multi-layered bacterial biofilm. The main 

environmental factors studied were the surface (nano-) structure of  

receiving surfaces and the pressure and shear forces applied during 

transmission. The main intrinsic factors were the bacterial species and in 

particular the impact of  the visco-elastic properties of  the extracellular 

polymeric substances (EPS) matrix on biofilm transmission. 

Biofilm transmission of  an EPS producing and non-EPS 

producing Staphylococcus epidermidis strain between two stainless steel 

surfaces under high and low contact pressures were evaluated in Chapter 

2. Donor biofilm thicknesses before and after transmission as well as 

biofilm thickness on receiver surfaces after transmission were measured 

using optical coherence tomography. After optical coherence tomography, 

biofilms were dispersed in buffer and numbers of  bacteria in donor and 
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receiver biofilms enumerated in a Bürker-Türk counting chamber. 

Biofilms were further visualized through confocal laser scanning 

microscopy and two photon laser scanning microscopy. After 

transmission, donor surfaces remained fully covered with biofilm, albeit 

thinner than before transmission indicating transmission through cohesive 

failure in the biofilm. Donor and receiver biofilm thicknesses after 

transmission did not add up to the pre-transmission donor biofilm 

thickness, as did numbers of  biofilm bacteria, suggesting more compact 

biofilms after transmission, especially for non-EPS producing 

staphylococci. Combination of  thickness and number of  bacteria in 

biofilms per unit substratum area yielded an increase in staphylococcal 

density per unit biofilm volume from 0.20 µm-3 to 0.52 µm-3 for 

transmission of  the non-EPS producing strain under high contact 

pressure. The EPS producing strain had similar densities before and after 

transmission of  around 0.17 µm-3. This suggests three different phases in 

biofilm transmission: 1) compression yielding compaction of  the biofilm, 

2) separation and 3) biofilm relaxation during which the viscoelasticity of  

possible EPS produced restores biofilm structure to its pre-transmission 

density.  

Two types of  stress may have impact on bacterial transmission: 

compressive and shear stress. Bacterial transmission often occurs under 

compressive stress as described in chapter 2. However, bacterial 

transmission under shear is at least equally, if  not more common, as for 

instance during slicing of  meat, intra-venous catheter insertion through 

the skin or urinary catheter insertion attracting peri-urethral bacteria to 

the catheter surface.  Therefore, in Chapter 3, a new device had been 

described to study shear-induced bacterial transmission from a (stainless 

steel) pipe to a (silicone rubber) tube and compared transmission of  EPS-
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producing and non-EPS producing staphylococci. Transmission of  an 

entire biofilm from the donor to the receiver tube did not occur, 

indicative of  cohesive failure in the biofilm rather than of  adhesive failure 

at the donor-biofilm interface. Biofilm was gradually transmitted over an 

increasing length of  receiver tube, occurring mostly to the first 50 cm of  

the receiver tube. Under high shearing velocity, transmission of  non-EPS 

producing bacteria to the second half  decreased non-linearly, likely due to 

rapid thinning of  the lowly lubricious biofilm. Oppositely, transmission of  

EPS-producing strains to the second tube half  was not affected by higher 

shearing velocity due to the high lubricity and stress relaxation of  the 

EPS-rich biofilms, ensuring continued contact with the receiver. The non-

linear decrease of  ongoing bacterial transmission under high shearing 

velocity is new and of  relevance in for instance, high-speed food slicers 

and food packaging. 

Recently there is a rising interest in various forms of  engineered 

surfaces for the use in hospitals and nursing homes where the risk of  

nosocomial infections and epidemic spreads are high. Therefore, in 

Chapter 4, we had focused on bacterial transmission from biofilms of  an 

EPS producing and a non-EPS producing staphylococcal strain from 

smooth silicon (Si) donor surfaces to smooth and nanopillared Si receiver 

surfaces. Staphylococcal biofilms were fully covering the donor surface 

before transmission. However, after transmission biofilms only partly 

covered donor and receiver surfaces regardless of  nanopillaring, indicating 

bacterial transmission through adhesive failure at the interface between 

biofilms and donor surfaces as well as through cohesive failure in the 

biofilms. The number of  bacteria per unit volume in EPS producing 

staphylococcal biofilms before transmission was two-fold smaller than 

that of  the non-EPS producing strain. This difference increased after 
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transmission in biofilm-left-behind on the donor surfaces, due to an 

increased bacterial density for the non-EPS producing strain. This 

suggests that biofilms of  the non-EPS producing strain remained 

compressed after transmission, while biofilms of  the EPS producing 

strain were induced to produce more EPS during transmission and relaxed 

towards their initial state after transmission due to the viscoelasticity 

conferred to the biofilm by its EPS.  

 Bacterial adhesion is often described in terms of  surface 

thermodynamics and by adhesion force analysis. Bacterial transmission, 

however, is mechanistically different from adhesion, as it involves bacterial 

detachment from a donor surface followed by adhesion to a receiver one. 

In the general discussion (Chapter 5) surface thermodynamics were 

opposed to adhesion force analyses, such as Atomic Force Microscopy 

measurements and transmission probabilities based Weibull analyses of  

adhesion forces as applied in the current literature towards bacterial 

adhesion, with their appropriate extensions towards transmission. 

Opposition of  surface thermodynamics and adhesion force analyses will 

distinguish between transmission of  bacteria from a donor covered with a 

(sub)monolayer of  adhering bacteria or a multi-layered biofilm. Opposing 

adhesion and transmission not only yields a better understanding of  

bacterial transmission, but may stimulate researchers to more carefully 

consider whether an adhesion or transmission model is most appropriate 

in the specific area of  application aimed for, rather than routinely relying 

on adhesion models.  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Samenvatting  





Bacteriële adhesie is een omvangrijk probleem in veel biomedische, 

huishoudelijke en industriële omgevingen en is een eerste stap op weg 

naar biofilmvorming waarbij gehechte bacteriën uitgroeien tot 

conglomeraties van bacteriën die zichzelf  hebben ingebed in een matrix 

van extracellulaire polymeerachtige substanties (EPS). In al deze 

verschillende omgevingen is bacteriële transmissie een belangrijke route 

voor bacteriële contaminatie van oppervlakken. Transmissie bestaat uit 

achtereenvolgens adhesie op het ontvangende oppervlak gevolgd door 

loslating van het donerende oppervlak. Omdat bacteriën het liefst groeien 

in de vorm van een biofilm is er met name meer duidelijkheid nodig over 

het mechanisme van bacteriële transmissie vanuit een biofilm.  

In Hoofdstuk 1, geven we daarom eerst een beschrijving van 

gebruikelijke mechanismen van bacteriële transmissie en een overzicht van 

argumenten waarom bacteriële transmissie belangrijk is. Vervolgens is het 

doel van dit proefschrift geformuleerd als het verkrijgen van een beter 

begrip van bacteriële transmissie van een biofilm aan een donoroppervlak 

naar een ontvangend oppervlak en de rol die omgevings- en intrinsieke 

factoren daarin spelen. De belangrijkste omgevingsfactoren daarbij zijn de 

oppervlakte(nano-)structuur van de ontvangende oppervlakken en de 

druk en schuifspanning die tijdens de transmissie worden opgelegd. De 

belangrijkste intrinsieke factoren waren de bacteriesoorten en in het 

bijzonder de visco-elastische eigenschappen van de EPS matrix op biofilm 

transmissie.  

In Hoofdstuk 2 is de biofilm transmissie onderzocht tussen twee 

roestvrijstalen vlakke platen. Biofilms van wel- en niet-EPS-producerende 

Staphylococcus epidermidis stammen zijn gebruikt en verschillen tussen 

transmissie bij hoge en een lage uitgeoefende druk werden bestudeerd. 

Biofilm dikte werd zowel voor als na de transmissie gemeten met optische 
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coherentie tomografie op zowel het donoroppervlak als het ontvangende 

oppervlak. Daarna werden de biofilms gedispergeerd en het aantal 

bacteriën werd geteld met behulp van een Bürker-Türk telkamer. Biofilms 

voor en na transmissie werden ook geanalyseerd met zowel enkel- als 

twee-foton confocale laserscanningmicroscopie. Na transmissie bleken 

donoroppervlakken nog volledig bedekt met een bacteriële biofilm, maar 

was deze wel dunner geworden. Dat wijst erop dat transmissie plaats vindt 

door een cohesieve breuk in de biofilm. De biofilm dikte op het 

donoroppervlak voor transmissie was groter dan de som van de biofilm 

diktes op de donor en het ontvangende oppervlak na transmissie. Omdat 

dit verschil niet werd waargenomen voor het aantal bacteriën suggereert 

dit dat de biofilms na transmissie compacter zijn, met name voor de niet-

EPS producerende stammen. Door beide waarden, biofilmdikte en aantal 

bacteriën in de biofilm per oppervlakte eenheid, te combineren konden 

we uitrekenen dat na transmissie onder hoge druk de bacteriedichtheid 

van deze niet-EPS producerende stafylokokken per volume eenheid 

toenam van 0.20 µm-3 naar 0.52 µm-3. De wel-EPS producerende stam 

ondervond geen dichtheidsverhoging na transmissie en de dichtheid bleef  

rond 0.17 µm-3. Op basis van deze waarnemingen suggereren we dat drie 

transmissiefases zijn te onderscheiden: 1) compressie van de biofilm wat 

tot een compactere biofilm leidt, 2) scheiding van de twee oppervlakken 

en 3) een relaxatie van de biofilm waarin de visco-elasticiteit van de al of  

niet aanwezige EPS de biofilm in staat stelt de oorspronkelijke dichtheid 

van voor de transmissie al of  niet te herstellen.  

Bij bacteriële transmissie kunnen twee belangrijke vormen van 

extern opgelegde druk worden onderscheiden: compressieve druk en druk 

bij afschuiving. Naast transmissie onder compressieve druk, zoals 

bestudeerd in hoofdstuk 2, is transmissie onder afschuifkrachten minstens 
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zo belangrijk, zo niet belangrijker. Transmissie onder afschuifkrachten 

komt bijvoorbeeld geregeld voor bij het snijden van vlees, bij intraveneuze 

katheter inbreng door de huid of  bij urinewegkatheters, waarbij bacteriën 

vanuit de urethra de katheter kunnen koloniseren. Daarom is in 

Hoofdstuk 3 een nieuw model geïntroduceerd om druk bij afschuiving te 

bestuderen. Een roestvrijstalen pijpje wordt over een slangetje van 

siliconen rubber getrokken en onder de zo ontstane schuifspanning, 

transmissie van wel- en niet-EPS-producerende Staphylococcus 

epidermidis stammen kan plaats vinden. De transmissie van een volledige 

biofilm in de donor pijp naar het ontvangende oppervlak van het slangetje 

gebeurde niet, zodat hier opnieuw sprake was van een cohesieve breuk in 

de biofilm en niet van een adhesieve breuk aan het donor-biofilm 

grensvlak. Transmissie van de biofilm vond daarentegen meer geleidelijk 

plaats en dan vooral op de eerste 50 cm van het slangetje. Voor de niet-

EPS producerende stam was de transmissie bij een hoge snelheid en dus 

grote afschuifspanning niet lineair met de positie op het slangetje, 

waarschijnlijk als gevolg van een snelle afname van de dikte van de stroeve 

biofilm in de pijp. Dit in tegenstelling tot de wel-EPS producerende stam, 

waarbij de afschuifkracht niet van invloed was op de transmissie. Juist 

door het gladde karakter van de EPS-rijke biofilm en het vermogen van 

spanningsrelaxatie kon een voortdurend contact met het slangetje 

gewaarborgd blijven. Het niet-lineaire gedrag van bacteriële transmissie 

onder hoge schuifspanningen is een nieuw fenomeen en mogelijk van 

belang voor snelle snij- en verpakkingsmachines in de voedselindustrie.  

Er is een toenemende belangstelling voor klinisch gebruik van 

zog enaamde bewerk te opper v l akken in z i ekenhu izen en 

verpleeginstellingen waar het risico van infectie en infectieoverdracht 

groot is. Daarom hebben we in Hoofdstuk 4 onderzoek gedaan naar de 
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bacteriële transmissie van biofilms van zowel wel- als niet-EPS 

producerende stafylokokken op gladde silicium donoroppervlakken naar 

ontvangende silicium oppervlakken met een structuur van kleine nano-

pilaartjes. Na transmissie van een biofilm dat het silicium donoroppervlak 

volledig bedekte werd er voor zowel de donor als de ontvangende 

oppervlakken met en zonder nano-structuur, gedeeltelijke bedekking met 

biofilm gevonden. In dit geval vond er dus zowel een cohesieve breuk in 

de biofilm als een adhesieve breuk op het grensvlak van de biofilm met 

het donoroppervlak plaats. Het aantal bacteriën per volume eenheid was 

voorafgaand aan transmissie twee keer lager in de wel-EPS producerende 

stam dan in de niet–EPS producerende stam. Een verschil dat na 

transmissie groter werd in de achterblijvende biofilm op het 

donoroppervlak door een verhoogde bacteriële dichtheid van de niet-EPS 

producerende stam. Dit suggereert dat biofilms van de niet-EPS 

producerende stam nog lang gecomprimeerd blijven na transmissie, terwijl 

wel-EPS producerende stammen door de druk gestimuleerd worden om 

meer EPS te produceren, wat hun vervolgens, als gevolg van de door EPS 

aan de biofilm geleverde visco-elasticiteit de capaciteit geeft terug te keren 

naar hun oorspronkelijke dichtheid. 

Bacteriële adhesie is vaak beschreven in termen van in de 

thermodynamica gehanteerde begrippen of  aan de hand van de analyse 

van de adhesiekracht. Bacteriële transmissie daarentegen is voor wat 

betreft het mechanisme duidelijk anders, omdat het zowel het hechten aan 

een ontvangend oppervlak betreft als het loslaten van een 

donoroppervlak. In de algemene discussie van dit proefschrift (Hoofdstuk 

5) wordt de recente bacteriële adhesie literatuur op basis van oppervlakte 

thermodynamica afgezet tegen literatuur waarin bacteriële adhesie wordt 

beschreven aan de hand van adhesiekracht beschouwingen zoals met 
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behulp atomaire krachtmicroscopie en de hiervan afgeleide Weibull-

analyse van transmissie-waarschijnlijkheid. Hierbij moet er duidelijk 

onderscheid gemaakt worden tussen (gedeeltelijke) enkel-laags biofilms en 

biofilms met een veelvoud van op elkaar groeiende bacterielagen op een 

donoroppervlak. Het vergelijken van adhesie en transmissie leidt niet 

alleen tot een beter begrip van bacteriële transmissie. Daar waar 

onderzoekers vaak routinematig grijpen naar adhesiemodellen kan het hen 

ook stimuleren beter na te denken over het gebruik van transmissie- of  

adhesiemodellen al naar gelang de specifieke toepassing daar aanleiding 

voor geeft 

�  of �145 162





Ringkasan 





Adhesi bakteri (bacterial adhesion) merupakan pokok permasalahan 

di berbagai bidang misalanya di biomedis, domestik dan industri karena 

adhesi bakteri merupakan cikal bakal terbentuknya biofilm dipermukaan 

material. Biofilm merupakan kumpulan bakteri yang terselimuti oleh 

matriks polimer ekstra seluler (EPS). Transmisi bakteri dari satu 

permukaan ke permukaan yang lain adalah penyebab terjadinya 

kontaminasi bakteri diberbagai bidang. Proses transmisi ini melibatkan dua 

hal yaitu adhesi bakteri di permukaan resipien sesaat setelah pelepasan 

bakteri dari permukaan donor material. Sebagaimana diketahui bahwa 

bakteri cenderung tumbuh sebagai biofilm yang bersifat merugikan, 

sehingga penelitian tentang mekanisme transmisi bakteri dan biofilm serta 

mekanisme pencegahan proses tersebut sangat diperlukan di era sekarang 

ini.  

Bab 1 menguraikan tentang mekanisme transmisi bakteri dan 

penjelasan tentang pentingnya proses tersebut. Oleh karena itu, tujuan 

tesis ini adalah mempelajari efek dari berbagai faktor ekstrinsik dan faktor 

intrinsik yang mempengaruhi transmisi bakteri dari permukaan donor 

yang dilapisi oleh biofilm. Faktor ekstrinsik yang diteliti adalah permukaan 

resipien yang memiliki nanostruktur material, serta efek gaya tekan dan 

gaya geser yang diaplikasikan selama proses transmisi berlangsung. 

Sedangkan faktor intrinsik yang diteliti adalah strain bakteri, terutama 

peran sifat viskoelastis EPS bakteri pada proses transmisi bakteri.  

Bab 2 menjelaskan tentang perbedaan transmisi biofilm 

Staphylococcus epidermidis yang memproduksi EPS dan S. epidermidis yang 

tidak memproduksi EPS ketika gaya tekan yang tinggi dan gaya tekan 

rendah diaplikasikan pada proses transmisi bakteri pada bahan stainless 

steel. Ketebalan biofilm donor dan biofilm resipien diukur sebelum dan 

sesudah proses transmisi. Setelah pengukuran ketebalan biofilm 
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menggunakan optical coherence tomography dilakukan, biofilm donor dan 

resipien masing-masing dicampur bersama larutan penyangga (buffer). 

Proses ini dilakukan untuk enumerasi bakteri yang ada pada biofilm donor 

dan biofilm resipien dengan menggunakan Bürker-Türk bilik hitung. 

Confocal laser scanning microscopy (mikroskop pemindai berteknologi laser 

konfokal) serta two photon laser scanning microscopy (mikroskop pemindai 

berteknologi dua laser konfokal) juga digunakan untuk melihat lapisan 

biofilm. Hasil penelitian ini menunjukkan bahwa setelah proses transmisi, 

permukaan donor material masih dilapisi oleh biofilm yang lebih tipis 

dibandingkan sebelum transmisi. Ini menunjukkan bahwa mekanisme 

transmisi biofilm terjadi karena fraktur kohesif  pada biofilm. Ketika 

ketebalan biofilm donor dan resipien dijumlahkan setelah proses 

transmisi, hasilnya tidak mencapai nilai ketebalan donor biofilm sebelum 

proses transmisi. Pola yang sama juga ditemukan dengan enumerasi 

bakteri yang ada di dalam biofilm sebelum dan setelah proses transmisi. 

Dari hasil tersebut disimpulkan bahwa biofilm menjadi lebih kompak 

setelah proses transmisi, khususnya untuk strain yang tidak menghasilkan 

EPS.  Ketika gaya tekan tinggi diaplikasikan di proses transmisi, 

perpaduan antara ketelabalan biofilm dan jumlah bakteri yang ada didalam 

biofilm per unit substrata menunjukkan bahwa terjadi peningkatan 

densitas volume bakteri antara 0.20 µm-3 sampai 0.52 µm-3 untuk transmisi 

bakteri yang tidak menghasilkan EPS. Sedangkan untuk bakteri yang 

menghasilkan EPS, kisaran densitas volume yang dihasilkan adalah 0.17 

µm-3, yang nilainya hampir sama dengan kondisi sebelum dan setelah 

proses transmisi. Hasil penelitian ini menunjukkan bahwa terdapat 3 tahap 

dalam transmisi biofilm yaitu: 1) gaya tekan mengakibatkan kompaksi 

biofilm; 2) pemisahan biofilm dari donor ke resipien; 3) lapisan biofilm 

�  of �150 162



mengalami relaksasi karena viskoelasitas EPS. Kondisi ini menyebabkan 

densitas volume biofilm kembali menyerupai kondisi pre-transmisi.  

Sebagaimana diketahui bahwa terdapat 2 jenis gaya yang dapat 

mempengaruhi transmisi bakteri, yaitu gaya tekan (compressive stress) dan 

gaya geser (shear stress).  

Transmisi bakteri umumnya terjadi karena adanya gaya tekan (compressive 

stress), seperti yang telah dijelaskan di bab 2.  Transmisi bakteri karena 

adanya gaya geser (shear stress) seharusnya juga dipertimbangkan memiliki 

peran yang sama dengan gaya tekan pada proses transmisi bakteri, 

mengingat banyaknya proses yang melibatkan jenis gaya ini seperti proses 

pemotongan daging yang menggunakan mesin modern, pemasangan 

kateter vena sentral, pemasangan kateter urin yang dapat menarik bakteri 

yang berada di area periuretra berpindah ke permukaan kateter.  Oleh 

sebab itu, di bab 3 mengemukakan tentang alat yang diciptakan untuk 

mempelajari transmisi biofilm yang dipengaruhi oleh gaya geser. Proses ini 

membandingkan transmisi antara bakteri jenis stafilokokus yang 

memproduksi EPS dan yang tidak memproduksi EPS. Transmisi biofilm 

dilakukan dari pipa stainless steel ke potongan karet silikon yang 

berbentuk tabung. Hasil penelitian menunjukkan bahwa transmisi biofilm 

dari permukaan donor ke permukaan resipien tidak melibatkan 

keseluruhan lapisan biofilm, menunjukkan bahwa transmisi biofilm terjadi 

karena adanya fraktur kohesif  pada biofilm, dan tidak disebabkan oleh 

fraktur adhesif  biofilm yang berada pada permukaan lapisan donor. 

Transmisi biofilm berlangsung secara gradual di sepanjang permukaan 

resipien. Transmisi pada umumnya terjadi pada 50 cm pertama di 

permukaan resipien material.  Ketika kecepatan geser (shearing velocity) 

ditingkatkan, transmisi bakteri yang tidak menghasilkan EPS menurun 

tidak secara linear di sepanjang 50cm kedua, yang disebabkan oleh 

�  of �151 162



menipisnya lapisan biofilm. Sedangkan untuk bakteri penghasil EPS, 

transmisi bakteri di sepanjang 50 cm-kedua tidak dipengaruhi oleh 

meningkatnya kecepatan geser. Hal ini disebabkan adanya lubrikasi EPS 

dan relaksasi dari EPS yang menyebabkan donor terus menerus memiliki 

kontak dengan permukaan material resipien. Transmisi bakteri dengan 

pola yang tidak linear yang dipengaruhi oleh kecepatan geser yang tinggi 

adalah hal yang baru ditemukan dan relevan dengan aplikasi yang ada 

disekitar seperti pada alat pemotong makanan yang berkecepatan tinggi 

dan pada industri kemasan makanan.  

Rumah sakit dan pelayanan kesehatan yang dilakukan di rumah 

memiliki resiko infeksi nosokomial yang tinggi. Oleh karena itu, riset 

tentang modifikasi permukaan material yang digunakan untuk mencegah 

resiko infeksi noskomial menarik perhatian para peneliti.  Sejalan denga 

hal tersebut, kami menguraikan tentang transmisi biofilm bakteri 

penghasil EPS dan yang tidak menghasilkan EPS di bab 4 yang mana 

transmisi berlangsung antara silika yang permukaannya halus sebagai 

donor dan silika yang memiliki nano-pilar di permukannya sebagai 

resipien.  Sebelum transmisi berlangsung, permukaan material donor 

diselimuti oleh biofilm stafilokokus. Setelah transmisi, hanya sebagian 

permukaan donor dan permukaan resipien yang diselimuti oleh biofilm, 

yang mengindikasikan bahwa terjadi fraktur adhesi antara biofilm dan 

permukaan donor serta fraktur kohesif  didalam biofilm tersebut. Sebelum 

transmisi, strain stafilokokus penghasil EPS memiliki jumlah bakteri dua 

kali lebih sedikit dibandingkan strain stafilokokus yang tidak menghasilkan 

EPS per unit volume. Setelah transmisi, perbedaan jumlah bakteri yang 

tertinggal di permukaan donor material antara kedua strain tersebut 

semakin besar. Hal ini disebabkan karena densitas strain yang tidak 

menghasilkan EPS meningkat. Ini menunjukkan bahwa terjadi kompresi 
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(compression) pada biofilm strain yang tidak menghasilkan EPS setelah 

transmisi. Disisi lain, EPS dihasilkan lebih banyak oleh strain penghasil 

EPS selama proses transmisi berlangsung dan struktur biofilm strain 

tersebut bisa kembali ke bentuk semula karena sifat viskoelastis dari EPS 

yang dihasilkan.  

 Adhesi bakteri sering dijelaskan menggunakan termodinamika 

permukaan dan analisis gaya adhesi. Akan tetapi, transmisi bakteri tetap 

saja berbeda secara mekanis dengan proses adhesi. Sebagaimana dijelaskan 

sebelumnya bahwa transmisi melibatkan pelepasan bakteri dari permukaan 

donor diikuti dengan adhesi bakteri di permukaan resipien. Olehnya itu, 

pada bab pembahasan (bab 5), pendekatan menggunakan termodinamika 

permukaan yang dibandingkan dengan analisis gaya adhesi yang digunakan 

pada mikroskop gaya atom (Atomic force microscopy) serta probabilitas 

transmisi berdasarkan analisis adhesi bakteri yang menggunakan analisis 

Weibull dengan menggunakan pendekatan yang sesuai untuk menjelaskan 

proses transmisi. Analisis termodinamika permukaan yang dibandingkan 

dengan analisis gaya adhesi akan membedakan antara transmisi bakteri 

monolayer dan biofilm.  Dengan membandingkan adhesi dan transmisi, 

pemahaman terhadap transmisi akan lebih baik sehingga mendorong 

peneliti untuk lebih mempertimbangkan apakah model adhesi atau model 

transmisi yang paling sesuai untuk diaplikasikan pada bidang tertentu, dan 

tidak hanya bergantung pada model analisis adhesi semata.  
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