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ABSTRACT 

Water is ubiquitously present in biofilms and essential for bacterial growth,  
although bacteria can survive storage after freeze-drying. The biofilm mass 
consists of 77-97 wt% water, occurring in channels, pores and bacterial clusters.  
Nevertheless, water in biofilms is  a largely understudied topic and therefore  
this review focuses on how water in biofilms can be detected, the structural  
features of biofilm in which water is retained and the functions water fulfi l ls in 
a biofilm. Dry-weight comparison with the weight of hydrated biofilms, FTIR 
and Raman micro-spectroscopy are the only techniques to affirmatively identify 
and quantitate water in biofilm structures, while NMR, microscopic and other 
imaging techniques do not yield directly quantitative results or rely on the  
assumption that channels and pores are indeed water-fil led. Definition of 
“channels” and “pores” in the literature is  rather loose, while moreover 
whether or not a channel can perform its transport function depends on the 
size of the molecule or particle to be transported. This chapter proposes a 
minimal channel width of three times the Debye-Huckel length to prevent  
electrostatic interactions of particles or molecules to be transported with the  
channel  shores and a channel width to length ratio smaller than 0.3 to justify 
its transport function. Different than channels, this review attributes a storage 
and buffer function to pores.  
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LIST OF ABBREVIATIONS 

CLSM  Confocal Laser Scanning Microscopy 

EPS  Extracellular Polymeric Substances 

ESEM  Environmental Scanning Electron Microscopy  

ATR-FTIR Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy 

LLCT  Low Load Compression Testing 

NMR  Nuclear Magnetic Resonance 

OCT  Optical Coherence Tomography 

RM  Raman Micro-spectroscopy 
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5.1 INTRODUCTION 

Biofilms are defined as communities of surface-adhering and surface-adapted bacteria, 
growing in a self-produced matrix of extracellular polymeric substances (EPS) (1) and 
occurring in virtually all industrial and natural environments, including the human body. 
Although this definition may give the impression that bacteria or EPS form the main 
constituents of a biofilm, this perception is wrong and actually water is the most prevalent 
component in a biofilm by weight (see Table 1). To this point, rather than calling it biofilm, 
Marshall has (jokingly) suggested to name a biofilm “stiff water” (2). 
 
Table 1. Water content by weight in biofilms of different bacterial strains. 
 

Bacterial strain 
Water content 

(wt%) 
Method Reference 

Bacillus subtilis 89 120°C oven drying (3) 

Escherichia coli 77 120°C oven drying (3) 

Pseudomonas 
aeruginosa 

88-92 RM (4) 

Pseudomonas putida 81 120°C oven drying (3) 

Sphingomonas sp. 97 105°C oven drying (5, 6) 

Streptococcus mutans 84 80°C oven drying (7) 

 
 

Water is essential for bacterial growth by maintaining the osmotic pressure, dissolving 
small molecules for the metabolic processes, and keeping the proper structure and function 
of the macromolecules such as proteins and nucleic acids (8, 9). Although bacteria need 
water to grow, they are, at the same time, able to survive storage after freeze-drying for 
extended periods of time (10). However, in general, partial water vapor pressures less than 
0.60 inactivate protein function (11–13) and break DNA double-strands (14) in bacteria, 
leading to cell death within days (meningococci (15))  to weeks (deinococci (14)). Apart from 
the known protection against mechanical and chemical attacks offered to bacteria by their 
biofilm-mode of growth, biofilm retains water in channels and pores (Figure 1) to protect its 
inhabitants against desiccation (13). Moreover, water-filled channels function to support 
transport of nutrients and waste products through a biofilm. Despite these vitally important 
functions of water in biofilms, the role of water in biofilms is largely understudied compared 
to, for instance the role of EPS or bacteria themselves. Therefore, this review focuses on 
how water in biofilms can be detected, the structural features of a biofilm in which water is 
retained and the functions water fulfills in a biofilm. 
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Figure 1. Channels and pores, visualized in biofilms by different techniques.  
A. Water distribution in a Raman micro-Spectroscopy (RM) image of P. aeruginosa biofilm on 
stainless steel substratum (16). Color bar indicates the weight fraction of water from 0 (no water) 
to 1 (pure water). Reproduced with permission of the publisher: Wiley. 
B.  Nuclear magnetic resonance (NMR) T2 weighted image of the natural phototrophic biofilm in 
a plastic substratum covered by agar (17). Reproduced with permission of the 
publisher: American Society for Microbiology. 
C. Confocal laser scanning microscopy (CLSM) image of a S. mutans biofilm on a dentin 
substratum (18). Reproduced with permission of the publisher: Faculdade de Medicina da 
Universidade de Sao Paulo. 
D. Environmental scanning electron microscopy (ESEM) image of a Vibrio cholerae biofilm on a 
stainless steel substratum (19). Reproduced with permission of the publisher: Instituto de 
Medicina Tropical de Sao Paulo. 
E. Optical coherence tomography (OCT) image of a S. mutans biofilm on a polystyrene 
substratum. 
White arrows indicate channels (c) or pores (p) in the biofilms.  
 
 

5.2 QUANTIFICATION OF WATER AND VISUALIZATION OF 
WATER-FILLED STRUCTURES IN BIOFILMS 

There are several techniques available that allow quantification of water, visualization 
of water or only (indirect) demonstration of channels and pores in biofilms that are generally 
assumed to be water-filled. In Table 2 we summarize these techniques, together with their 
main advantages and disadvantages. 
 
 



GENERAL DISCUSSION: WATER IN BIOFILMS 

 90 

Table 2. Summary of different techniques to quantify or visualize water in biofilms together with 
their advantages and disadvantages, distinguishing between techniques that allow quantification 
of water, visualization or only (indirect) demonstration of channels and pores that are generally 
assumed to be water-filled. 
 

Technique* Advantage and disadvantages References 
Quantification of water 

Dry weight 
measurement 

Advantages 
Yield weight fraction of water in biofilms 
 
Disadvantages 
Destructive, no visualization 

(3, 7) 

ATR-FTIR 

Advantages 
Non-destructive, distinguishes bound and free water, 
continuous over time, little time-consuming 
 
Disadvantages 
ATR crystal substrata needed, depth of information 
confined to several µm’s, no weight fraction of water 
content acquired  

(20, 21) 

RM 

Advantages 
Non-destructive, high resolution, better detection depth 
than ATR-FTIR, yield weight fraction of water in biofilms  
 
Disadvantages 
Time consuming, relatively inaccurate compared to dry 
weight measurement 

(4, 16, 22) 

Visualization of water 

NMR 

Advantages 
Non-destructive, in situ and continuous, large 
visualization scale, imaging directly based on water 
signals 
 
Disadvantages 
Low resolution, low sensitivity and low signal-noise ratio 
without assist of paramagnetic reagents 

(17, 23, 24) 

RM 

Advantages 
Non-destructive, mapping directly based on water signals   
 
Disadvantages 
Time consuming, low sensitivity 

(4, 16, 22) 

Demonstration of channels and pores 
Light source-

based 
microscopy 

Advantages 
High resolution 
 

(25–27) 
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Disadvantages 
Particle tracking or fluorescent dyes needed 

ESEM 

Advantages 
Very high resolution 
 
Disadvantages 
Little destructive due to the beam damage and the 
required air pressure 

(19, 28–30) 

OCT 

Advantages 
Non-destructive, qualitatively show water content and 
water in- and out-flow from biofilm matrix 
 
Disadvantages 
Low resolution not allowing imaging of individual 
bacteria, image-interpretation not trivial 

(21, 31, 32) 

LLCT 

Advantages 
Detect water in- and out-flow of biofilm under 
compression 
 
Disadvantages 
Destructive, indirect demonstration of water-presence 

(33–35) 

 
* For abbreviations, see List of abbreviations provided. 
 
 

5.2.1 Quantifying Water in Biofilms 

Quantitative measures to determine the weight fraction of water in biofilms are scarce 
and confined to dry weight measurement and Raman micro-spectroscopy (RM) (Table 1). 
Dry weight measurements critically depend on a comparison of the biofilms weight prior to 
and after removal of water. Water can be removed by oven drying at an elevated 
temperature that should not affect the integrity of the substratum material (36). For 
thermosensitive substratum surfaces, biofilm can be dispersed in buffer and water removed 
by centrifugation and after which bacterial precipitates are collected and weighted after 
lyophilizing (37). However, biofilm dry mass measurement is destructive and does not yield 
visualization. 

ATR-FTIR (20, 21) spectroscopy detects water in biofilms, while also able to 
differentiate between bound and free water, which is not necessary the same as 
intracellular and extracellular water. Identification and quantification of bound and free 
water can be achieved by decomposing the O-H stretching band into bound and free water 
band and calculating the band area. A bound water molecule has both hydrogens interacting 
with a hydroxyl-group, yielding O-H stretching at lower wavelengths (3250-3320 cm-1) than 
in free water (O-H stretching at 3320-3450 cm-1). By taking FTIR spectra of Staphylococcus 
aureus biofilms grown on ATR crystals prior to, during and after sliding compression, it was 
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shown that the prevalence and mobility of free water molecules play an essential role in 
providing lubricious properties to a biofilm (21, 38). Changes in water content of 
Campylobacter jejuni biofilms showed decreases in the absorption band around 3350 cm-1 
during exposure to air, indicative of the loss of free water (20). However, ATR-FTIR data only 
pertain to one or two bacterial layers due to the limited depth of penetration of the 
evanescent wave into biofilm on ATR crystals, while moreover changes in absorption band 
areas do not yield weight fractions of water as summarized in Table 1.  

RM has a higher penetration depth than ATR-FTIR up to maximum 200 µm in a biofilm 
depending on the type of laser used (22) with spatial resolution of 0.5 µm or more. RM can 
generate a micrometer-scale resolution chemical distribution map of water as well as of 
other biofilm components, such as carbohydrates, proteins, lipids and nucleic acids (16). 
However, RM yields relatively weak water signals compared to FTIR (39). Water in biofilms 
has been quantitated using RM by taking the ratio between the water absorption band 
around 3450 cm-1 and CH3 absorption band at 2950 cm-1, considered indicative of biomass 
(4). For P. aeruginosa biofilms this ratio amounted 7.3 in clusters and could reach 100 in 
water channels, but due to the ignorance of inorganic substances and differential 
absorptivities between water and organic groups, calculation of water content from these 
ratios is less accurate than dry weight measurement. 

 
 

5.2.2 Visualization of Water-Filled Biofilm Structures 

The water signals detected by RM can also be applied to map the water distribution in 
biofilms (Figure 1, panel A) (16). Water-filled structures are clearly shown in RM mapping of 
water signals since the water content in the channels and pores within the biofilm matrix is 
higher than that in bacterial clusters. However, RM mapping of water distribution in a 
relatively large scale (hundreds of microns or more) is time-consuming due to the weak 
water signals (39).  

The limited visualization scale of RM can be overcome by another non-destructive and 
directly water-detecting technique, the nuclear magnetic resonance (NMR).  NMR-based 
techniques directly visualize water-presence by detecting the proton spin disturbance in the 
magnetic field. NMR imaging of water in biofilms is based on a comparison of the restricted 
mobility of water molecules within bacterial cells or within the biofilm matrix with the 
mobility of bulk water. Water with high mobility such as in biofilm pores and channels have 
long longitudinal and transverse relaxation times of protons after having been brought into 
magnetic resonance. The protons with long relaxation times show black signals in 
longitudinal T1 weighted image and white signals in transverse T2 weighted image. The water 
filled pores and channels were visualized in a naturally collected phototrophic biofilm by T2 
weighted NMR image (Figure 1, panel B) (17). However, the signal difference is often weak 
between water, bacterial clusters and other materials such as substratum. NMR contrast can 
be enhanced by adding paramagnetic ions such as Cu2+ Fe3+, Mn2+ and Gd3+ which 
dramatically reduce the proton longitudinal and transverse relaxation times of water in 
biofilms (23). The paramagnetic ions dissolved in bulk water, showing white signals in T1 
weighted NMR images, were visualized to diffuse into the Phormidium biofilm matrix, 



  Chapter Five 

 93 

although the water channels were not shown due to the small channel width and limited 
resolution (40). Despite visualization of water distribution, NMR can also measure the water 
diffusion coefficient in biofilm matrix based on the mobility of water molecules under a 
magnetic pulse field gradient. The effective diffusion coefficient, showing the ratio of 
diffusion coefficient at measured position to the diffusion coefficient of bulk water, was 
mapped in a Shewanella oneidensis biofilm grown on glass substrate (Figure 2) (41). 
 

 
 
Figure 2. NMR effective diffusion coefficient mapping of Shewanella oneidensis biofilm grown on 
glass substrate (41).  
a. The bulk medium. 
b. The top of the biofilm. 
c. A low-diffusion region in the biofilm.  
d. The glass substratum.  
Color bar indicates the effective diffusion coefficient, e.g. the ratio of the diffusion coefficient at 
a certain position compared to the diffusion coefficient of bulk water. The graph is reprinted with 
the permission of the publisher: Wiley. 
 
 

5.2.3 Demonstration of Channels and Pores 

Many techniques said to demonstrate water-filled channels or pores in biofilms, in fact 
visualize bacterial clusters in biofilms together with structures that are assumed to be water-
filled without affirmative evidence of water-presence. Light source-based microscopy e.g. 
Confocal laser scanning microscopy (CLSM) has higher spatial resolution than NMR (42), as 
shown in Figure 1 panel C (18), but does not directly confirm water-presence. However, 
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using CLSM on stained biofilms, flow of injected 0.3 μm diameter particle suspensions in 
water through biofilm channels has been visualized (43). Particles did not penetrate through 
bacterial clusters, indicating absence of large enough channels allowing particle passage. 
Smaller fluorescent dyes, being able to penetrate through bacterial clusters as well, were 
also used to visualize water-filled channels or pores by micro-injections or fluorescence 
recovery after photobleaching (FRAP), based on the assumptions that the areas with higher 
diffusion coefficient belong to water-filled structures (27, 44, 45). This raises the immediate 
question that will be addressed below, what is the minimum width of a water channel. 

Electron microscopy, similar to light source-based microscopy, does not affirmatively 
identify water, but instead is able to show biofilm structures with a nanoscopic resolution, 
assumed to be water-filled. However, electron microscopy often requires high vacuum 
conditions that can give rise to drying artefacts, unless applied in an environmental mode 
(see Figure 1, panel D) that preserves hydration of the biofilm to be imaged (19, 28). Optical 
coherence tomography (OCT) can also be done non-destructively on hydrated biofilms, and 
is based on back-scattering of light by particulate matter, such as a substratum surface, 
bacteria or insoluble EPS. Accordingly, bacteria in a biofilm appear white in OCT images but 
the limited resolution of OCT (around 10 μm) does not allow imaging of individual bacteria 
(31). Black regions in OCT images have accordingly been interpreted as water-filled channels 
or pores (32). Evidence of water-presence in black regions of OCT biofilm images has been 
taken from OCT images prior to, during and after staphylococcal biofilm compression and 
suggesting out- and inflow of water from whiteness changes in biofilm image series (21). 
Average whiteness of biofilms has been demonstrated to increase with increasing volumetric 
bacterial density in biofilms (46), but quantitative determination of the water content in a 
biofilm is still beyond reach. Biofilm compression causing water in- and outflow can also be 
studied using low load compression testing (LLCT). In LLCT, a biofilm is compressed to a 
certain deformation level after which the resulting stress is monitored as a function of time 
(see Figure 3, panel A). Subsequently, stress relaxation over time is fitted by a three 
component Maxwell model (Figure 3, panel B), yielding the relative importance of each 
element and their relaxation time constants (33, 34, 47). The fastest relaxation was 
associated with water, while slower relaxations were associated with EPS, including eDNA 
and the slowest relaxation was associated with re-arrangement of bacteria within a 
deformed biofilm during stress relaxation (Figure 3, panel C). Although biochemical analyses 
confirmed the associations with EPS and eDNA (34), while microscopy confirmed bacterial 
re-arrangement (48), association of the fast component with water-presence was not 
affirmative. 
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Figure 3. Outline of low load compression testing of biofilm and Maxwell analyses to study stress 
relaxation in biofilms, as a technique to demonstrate water-presence in biofilms. 
A. Example of the normalized stress exerted by a compressed biofilm as a function of relaxation 
time. Stress was applied at t = 0 (49). Adapted and reprinted with the permission of the 
publisher: Public Library of Science. 
B. A three component generalized Maxwell model, in which each element possesses its own 
characteristic relaxation time, usually suffices to describe stress relaxation in biofilms. One 
Maxwell element is composed of a spring and dashpot, representing an elastic and viscous 
response, respectively (34, 49). Adapted and reprinted with the permission of the 
publishers: Public Library of Science and American Society for Microbiology. 
C. Principal components in stress relaxation of biofilms with the relaxation time constant range 
<3 s interpreted as due to transport of water and soluble polysaccharides, principal component 2 
due to insoluble polysaccharides (3-10 s and 25-70 s) component 3 relating with the presence of 
eDNA (10-25 s) (34). Adapted and reprinted with the permission of the publisher: American 
Society for Microbiology. 
 
 

Concluding this section, water in biofilms has been affirmatively demonstrated and 
quantification yields that more than 75% by weight a biofilm is water. Visualization shows 
the presence of channels and pores and collectively it seems safe to conclude that they are 
water-filled. Channels are by definition relatively narrow, connecting two places, while pores 
represent relatively large volumes with no obvious goal to connect different places in a 
biofilm. To this point, Bacillus thuringiensis has been described to create water-filled 
channels by flagella-propelled movement to facilitate nutrient transport (50). However, 
nutrient and other molecules can more easily travel from one place in a biofilm to another 
through what would be called a “channel” than particles or other bacteria, which raises the 
question of whether a minimal width should be assumed for what we call a channel. To 
complicate things further, possible transportation of molecules through a channel is not only 
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dependent on the channel width but also on the properties of the shores, and whether they 
adsorb molecules traveling through the channel. By stating that a molecule should be able to 
travel through a channel without major interaction with its shores under the most 
unfavorable conditions and based on molecular interaction distances, we propose that a 
channel should have a minimum width of three times the Debye-Huckel length (around 10 
nm). The distinction between channels and pores can subsequently be made on basis of the 
width to length ratio of the imaged structure, taking a width to length ratio smaller than 0.3 
as a channel. Pores have been suggested to form through cell lysis (51) to become water-
filled for storage and buffering purposes (52). According to these criteria, an overview of 
channels and pores in different biofilms is comprised in Table 3. Both the channel width and 
pore diameter vary a lot but are mostly within 10-100 μm (Table 3). Note that all the 
calculated width to length ratios are based on the 2D images published, which means a 
channel can be much longer than visualized and a pore can also be a cross-section of a 
channel. This limitation should be overcome by analyzing 3D images that can be achieved by 
most of the stated techniques, such as RM, NMR, CLSM, ESEM and OCT. 
 
 
Table 3. Overview of the dimensions of water-filled structures in different biofilms.  
 

Bacterial strain 
Channel 

width 
Width/length 

ratio 
Diameter 
of pores 

Width/length 
ratio 

References 

P. aeruginosa, 
Pseudomonas 

fluorescens, and 
Klebsiella pneumoniae 
three-species biofilm 

~ 17 μm 0.08 - - (26) 

> 80 nm - - - (27) 

50 - 100 μm - - - (53) 

V. cholerae ~ 13 μm 0.15 - - (19) 

Natural phototrophic 
biofilm 

~ 280 μm 0.18 - - (17) 

B. subtilis ~ 100 μm 0.12 - - (54) 

S. mutans ~ 14 μm 0.11 ~ 55 μm 0.70 (18) 

P. aeruginosa - - ~ 30 μm 0.75 (16) 

S. mutans - - ~ 38 μm 0.63 -* 

 
*Unpublished result 
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Figure 4. Schematic drawing of water transport in a biofilm with channels and pores, showing 
transport of nutrients by convection through the channels and by diffusion into bacterial clusters. 
 
 

5.3 FUNCTIONS OF WATER TRANSPORT THROUGH BIOFILM 
CHANNELS 

Although convective-diffusion within a channel can never be truly separated and always 
occur in concert, with diffusion prevailing towards the channel shores (see Figure 4), we will 
discuss transport by convection and diffusion as two separate transport mechanisms. 

 
 

5.3.1 Convection of Water in Biofilms 

A biofilm is composed of multiple bacterial clusters and water channels in between.  
Although water exists in both bacterial clusters and water channels, its flow rates are 
significantly different. Stoodley et al. (26) tracked the movement of the 0.3 µm diameter 
fluorescent beads in a mixed-species biofilm and calculated the water flow velocity in the 
water channels at around 10-20 μm s-1, while the beads could not penetrate into the 
bacterial clusters according to the CLSM observation. A similar water flow velocity was found 
in B. subtilis biofilms by CLSM observation (54). More evidences were found by other 
techniques like time-lapse CLSM (55, 56), NMR (24, 57) and hydraulic permeability analysis 
(42), showing that water only flows around but not through the bacterial clusters. These 
findings suggest that the molecular transport can be achieved by both convection and 
diffusion in the water channels, but only by diffusion in the bacterial clusters. The major 
resistance against water flowing into bacterial clusters is from EPS (42). The main function of 
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convection is to rapidly deliver nutrients from the environment to each bacterial cluster and 
transport of waste products in the other direction, out of the biofilm (58–60). 

 
 

5.3.2 Water as a Medium for Diffusion in Biofilms 

After the rapid transport by convection in channels, molecules penetrate into the 
bacterial clusters through the channel shores and reach bacteria by diffusion. Due to the 
existence of bacteria and EPS components, the molecular diffusion rate in bacterial clusters 
is lower than in bulk water, and therefore the effective diffusion coefficient needs to be 
calculated (61, 62). The effective diffusion coefficient of nutrients in bacterial clusters is 
roughly 5 times lower than in bulk water. Diffusion in biofilms determines the signal 
transport and a good example showing this relation is quorum sensing (QS). QS is a 
phenomenon of a bacterial group behavior that is regulated by type and concentration of 
the self-produced QS signals, such as the acyl homoserine lactones (63, 64). Most QS signals 
are small soluble molecules and transported in a bacterial cluster mainly by diffusion (65). 
Fast transport and diffusion of the QS signals guarantees a quick response of a group of 
bacterial cells (65, 66). The QS signals can diffuse as far as 78 µm from the secreting 
bacterium (67), but most QS signals stay just a few microns around the bacterial cluster (68). 
Besides controlling bacterial behavior, QS also regulates the secretion of surfactants that are 
associated with the formation of water channels in mature biofilms (64), such as the 
rhamnolipids in P. aeruginosa biofilms (69, 70) and the phenol-soluble modulin surfactant 
peptides in S. aureus biofilm (64). 

 
 

5.3.3 Drawbacks of Biofilm Channels for its Inhabitants 

Channels perform functions that are vital to biofilm inhabitants which was probably the 
evolutionary stimulus for their development. However, with the use of antimicrobials 
through the ages, biofilm channels also have potential drawbacks. The channels enlarge the 
surface contact area of a biofilm. Antimicrobials or other harmful chemicals diffuse together 
with nutrients into the channels, leading to more exposed bacterial clusters to those 
chemical stresses (71, 72). However, the antimicrobials still need to diffuse through the EPS 
matrix of the bacterial clusters to finally reach the bacterial cells, where multiple protective 
pathways such as EPS sorption, physical hindrance and enzyme-mediated resistance (72, 73) 
play a role. 
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5.4 STORAGE AND BUFFER FUNCTIONS OF WATER IN 
BIOFILM PORES 

Since biofilms create pores by sacrificing some of its own bacteria, the biofilm pores 
must be vital to the whole community. However, their functions have not been studied in 
much detail so far. This section summarize the known storage and buffer functions of the 
biofilm pores.   

 
 

5.4.1 Storage of Nutrients 

As a biofilm grows thick, bacteria in the deep layer of the biofilm receive less nutrients 
due to the long distance from the biofilm border. Therefore, the water filled pores in the 
biofilm serve as close and efficient nutrient pools for the deep located biofilm clusters (74). 
For example, levan was found by CLSM to accumulate in biofilm pores and reported as a 
nutrient source for Pseudomonas syringae biofilm development (75). However, the 
formation of persister cells that are often attributed to nutrient limitation (77) appeared 
more in the deep layer of a biofilm (78, 79). This implies that the nutrient pools are still not 
sufficient to provide the same nutrient level in the deep layer as compared to the top layer 
of a biofilm. 

 
 

5.4.2 Antimicrobial Buffering 

The limited antimicrobial penetration due to the tight junction between bacterial cells 
and the EPS protection is believed as the main reason inhibiting the killing efficiency of a 
biofilm. However, the role of water in diluting the antimicrobial to an ineffective 
concentration in the deeper biofilm layer was underestimated. He et al. (49) reported a 
negative relation between penetration depth of chlorohexidine and the biofilm water 
content. This result suggests the requirement of high antimicrobial concentrations and long 
antimicrobial-biofilm contact times in order to achieve a better killing efficiency, although 
these high antimicrobial concentrations are often not applicable in environmental, industrial 
and clinical situations. 

 
 

5.5 CONCLUSIONS 

Water is the main component in biofilms and essential for nutrient and antimicrobial 
distribution, but not studied yet in detail. The water channels and pores have been widely 
described together as “voids” based on microscopic observation, but the word void means 
empty space, which is not the case with the water-filled channels and pores.  We propose a 
definition for water channels in biofilms with a minimum width of three times the Debye-
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Huckel length and a width to length ratio lower than 0.3. The calculation of width to length 
ratio was mainly based on single 2D cross-sectional views with a limitation of accuracy and 
reproducibility. Therefore, 3D analyses of water channels and pores in biofilms are needed 
in order to get a better view on the structural and distributional changes of water channels 
and pores due to biofilm responses to environmental benefits (e.g. nutrients) and stresses 
(e.g. antimicrobials). 
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