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Introduction
Microbial biofilms - structured consortium of bacteria that are embedded in layers of self-produced 
polymer matrices, largely composed of polysaccharide, protein and DNA – are well described and 
known problems for pharmaceutical water systems and medical devices. What is less well-researched 
is the association of biofilms with endotoxin, especially within the pharmaceutical and medical device 
context. Here the association of biofilms and endotoxin is of significance to the risks presented by 
biofilms to water systems and for patient risks in relation to medical devices. With water systems the 
detection of endotoxin may provide an early warning of a biofilm problem. While the screening of 
Water-for-Injection systems for endotoxin is a GMP requirement, other types of pharmaceutical grade 
water are not commonly sampled for endotoxin testing. The introduction of this type of testing may 
prove useful where there is a concern about biofilm formation. The same may also apply to medical 
devices, especially given the risk posed from endotoxin. Detachment of cells or cell aggregates, 
production of endotoxin, increased resistance to the host immune system, and provision of a niche 
for the generation of resistant organisms are all biofilm processes which could lead to infection.1 

In both cases the impact of endotoxin will be variable given that lipopolysaccharide size and composition 
are highly dynamic and vary according to the strain and growth conditions which contribute to the way 
by which bacteria adapt to changing environments.2 Nevertheless, endotoxin can potentially provide 
earlier warnings about biofilm developments than are possible with techniques like bioburden testing 
and assessments can also assist with the design of materials, especially those that do not readily bind 
endotoxin, and with in-use assessments. 

This article discusses the association of biofilms and endotoxin; looks at the challenges this association 
poses for water systems and medical devices; and considers whether tests for endotoxin can function 
as part of a detection method to support an endotoxin control strategy. 

Biofilms

Microorganisms are often found in dense communities called biofilms, and the biofilm is recognized 
as the most common state of bacteria given it is an adaptive mechanism against environmental 
stresses. Protection is provided to the microbial community through an array of secreted molecules 
termed extracellular polymeric substances that lead to a three-dimensional architecture, made up of 
polysaccharides, proteins, lipids, and extracellular DNA.3

Within a biofilm the behaviors of organisms are often different compared with the non-biofilm state 
(particularly planktonic cells) as a result of different genes being turned on or turned off. Differences 
with this stable microenvironment include the mechanisms of communication (like quorum-sensing-
regulated mechanisms); development of mutations; and with the competition and co-operation 
between strains and species, both of which impact upon community function.4 Another change that 
can occur with biofilms is with modifications occurring in lipopolysaccharide, the major component 
of all Gram-negative bacterial outer membranes and the release of which is commonly referred to 
as ‘endotoxin’. Modification to the molecule can occur through the incorporation of a palmitate acyl 
chain into the lipid A part of lipopolysaccharide, as shown with Pseudomonas aeruginosa strains.5  
The significance of this to reduces host inflammatory response (of importance to the discussion 
about medical devices below) and to enhance the survival of biofilm communities when subjected 
to treatments. 
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Biofi lms are not easy to detect, which is a factor of the slow release of cells 
and a refl ection of conventional cultivation methods only being capable 
of measuring the number of living cells capable of growing on the chosen 
agar under the selection incubation conditions. Conventional bioburden 
methods are generally considered to be unreliable methods for assessing 
biofi lms, especially from water systems.6 Assessment of ATP content may 
be more reliable, in that research has shown biofi lm ATP is proportional 
to the number of living cells in the biofi lm and hence this can provide 
information on biofi lm metabolic activity. However, data obtained for freely 
suspended cells does not provide a meaningful assessment of immobilized 
biomass growth (that is, the biofi lm structure itself ). An alternative means 
of assessment are endotoxin assays, as discussed below.

Biofi lms and Endotoxin

Given that biofi lms tend to contain predominantly Gram-negative 
bacteria it is unsurprising that there is an association between biofi lms 
and endotoxin. Viable, non-dividing Gram-negative bacteria will harbor 
endotoxin, but because they are not detectable by culture they would have 
been sometimes overlooked as a source of lipopolysaccharide. Vincent et 
al. showed that bacterial counts within biofi lms on hemodialyzer tubing 
correlated with endotoxin levels;7 hence, it can be inferred, that surface 
associated endotoxin levels correlate with biofi lm levels.8 It also stands 
that certain molecules, like lipopolysaccharide, can be more particularly 
produced under biofi lm conditions.9 However, an association with 

endotoxin levels and biofi lm release cannot be quantifi ably determined.10 

Nevertheless, a level of endotoxin can be detected using established 
methods like the LAL test11 and this has led some researchers to suggest 
the use of endotoxin detection to indicate the presence of biofi lms. 

Biofi lms and Pharmaceutical Water Systems

Biofi lms present a potential problem to pharmaceutical water systems, 
and a very real problem to poorly designed or maintained water systems.12

Biofi lms can cause blockages, such as biofi lm-induced clogging limiting the 
effi  ciency of water fl ow (as measured by the Darcy scale) and the operation 
of fi ltration systems;13 and biofi lms cause increases to levels of microbial 
and endotoxin contamination. 

Once a biofi lm develops then an out-of-control situation is likely to 
emerge.14 Of concern to pharmaceutical manufacturers is that a biofi lm 
is often only detected sometime after its formation, from point-of-use 
samples, and even then, several excursions will be required to alert of the 
probability of a biofi lm. In other words, by the time a biofi lm is detected it 
will most probably have been signifi cantly established for some time. 

Biofi lms in water systems arise from poor design, used as too low a water 
fl ow velocity in general, or the presence of areas where water fl ow reduces, 
such as ‘dead legs’.14 Biofi lms also arise through contamination arising 
during poorly-executed maintenance, such as following changes to valves 
or where water systems are cut-into, such as to shorten, lengthen or alter 
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the direction of pipework.14 Biofilms are difficult to treat, showing resistance 
to disinfectant chemicals.15

Biofilm and Endotoxin Risk to Surgical Implants

As well as water systems, biofilms also affect medical devices. Biofilm 
formation is of particular concern to the field of orthopedic surgery, with 
risks stemming during procedures from microorganisms found on the 
skin, hair, nose, and oral cavity of both patients and the operating room 
staff.16 It stands that if various physical and chemical interactions between 
the surfaces of an implant and any infecting microorganism are favorable, 
then biofilm formation will commence, and infection is likely. There is 
also a chance of infection arising from host-circulating microorganisms. 
Treatment is very difficult, since bacterial biofilms show decreased tolerance 
to antibiotics (bacteria within biofilms are 20-1000 times less sensitive to 
antibiotic than free-living planktonic organisms);17 and problems are most 
often addressed by removal of the implant; however, medical evidence 
indicates that contamination and biofilm risk is higher for a replacement 
implant in comparison with the risks associated with the initial implant.18 

Bacterial endotoxin, in association with implants, presents a considerable 
risk (not least because Gram-negative bacteria have a high association with 
implant contamination).19 Aside from the well-described dosage dependent 
stimulation of various inflammatory cytokines and signal transduction 
pathways (which can cause mild fever through to septic shock)20 endotoxin, 
which binds well to a range of material surfaces, can additionally stimulate 
osteoclast differentiation21 leading to bone resorption and ultimately 
loosening of the implant.22 This has been shown through an association of 
abrasion particles and cytokine reactions, suggesting a connection between 
micro-breakdown of the implant and the presence of endotoxin. Different 
bacterial species have different potencies, in terms of the nanogram-scale 
quantities required in order to trigger a pyrogenic response as shown using 
techniques like capillary electrophoresis.23 Moreover, endotoxin levels are 
generally high with greater Gram-negative bacteria species diversity. 

In a different area, endotoxin released from biofilms has been shown to 
increase the bioincompatibility of dialysis liquids, leading to long-term 
inflammatory complications among dialysis patients. Biofilms have been 
found on the inner surface of silicone tubing inside dialysis machines. 
Endotoxin releasing from those biofilms increases the bioincompatibility 
of dialysis liquids and leads to long-term inflammatory complications 
among dialysis patients.24 There are also similar biofilm risks with dentistry 
and the materials used to construct dental implants, such as acrylic resin 
which is commonly used as a temporary material, and endotoxin has a high 
affinity for titanium (which is often present in dental implants).24 Bacterial 
endotoxin also has an affinity for the types of adhesives used to fix implants. 

The phenomenon has triggered research into biomaterials that help to 
prevent the binding of both bacteria and lipopolysaccharide, such as 
oxidized zirconium alloys. However, most research is focused on resisting 
the binding of bacterial cells rather than endotoxin complexes. The finding 
also stresses the importance that such medical devices are ‘free from 
endotoxin’ (or at least below a clinically safe level), since a contaminated 
implant could lead to the same effect occurring. Such findings also 
emphasize the importance of establishing measures for the control of water 
used for processing medical devices, and of biodecontaminating materials.

Endotoxin Detection as a Signal for Biofilm Presence

Test for bacterial endotoxin, such as the in vitro Limulus amoebocyte lysate 
(LAL) assay, have several useful properties that make for a rapid method: 

sensitivity, specificity, and potential for adaptation to a quantitative format. 
These tests can be used to aid to identify the presence of Gram-negative 
bacteria earlier than conventional methods of bioburden testing and such 
tests overcome the limitations of bioburden tests in relation to culturability. 

The effective use of an endotoxin test infers that biofilms are primarily 
composed of Gram-negative bacteria, which is especially likely in water 
systems.25 The usefulness of this approach, in addition to rapidity, is that 
the level of endotoxin as measured by the assays likely closely parallels the 
density of bacteria throughout logarithmic growth,26 since the shedding of 
cell-free endotoxin occurs spontaneously in addition to endotoxin release 
through cell lysis.27 Therefore, atypical levels of endotoxin coupled with 
rising levels of endotoxin may signal establishment and development of 
biofilms; albeit that endotoxins have the ability to form agglutinate or 
micelles and micellar structures reduce the reactivity relative to LAL.28 There 
are further limitations with such test methods, such as LAL method only 
providing the general activity of endotoxins in the sample, instead of the 
detailed structure or distribution profile.

Nevertheless the use of endotoxin test methods may help with the 
assessment of biofilm formation in water systems. Additionally, several 
researchers have used the LAL test to assess biofilm association with 
medical implants. For the assessment of medical devices, modifications 
to endotoxin testing may be required in order to enhance recovery. For 
example, Rioufol and colleagues found recovered endotoxin was greater 
when the biofilm was treated with a 1% sodium dodecyl sulfate solution.29 
As an alternative to LAL, researchers have used whole blood assays to 
examine scraping from medical devices, to look for endotoxin (given that 
stimulated mononuclear cells release IL-1beta in response to endotoxins). 
IL-1beta levels can be measured using ELISA methods. An advantage with 
alternative methods is that they can potential measure for the presence 
of “endotoxin-like” compounds, which differ from the lipopolysaccharides 
detected by the LAL assay.30

Summary
Endotoxin testing can play a role in the earlier detection of biofilms than 
is possible using conventional bioburden tests. This is on the assumption, 
albeit one supported by most literature, that much of the bacterial 
contamination of water systems, and to an extent medical implants, is by 
Gram-negative bacteria, which on lysis would release endotoxin.

The use of methods of detection, however, should not be used in lieu of 
control. As with most microbiological monitoring, assessing the levels 
of microorganisms and microbial by-products should only be used to 
confirm that systems have been correctly designed; that procedures have 
been appropriately followed; and that control is being maintained. With 
sufficient controls in place, endotoxin testing can provide a useful adjunct 
to measures to assess biofilms.
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