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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) 
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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)          
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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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