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      Infection and Biofi lms                     

     Arie     S.     Parnham       and     Vijay     K.     Sangar     

    Abstract  

  Prosthetics in general are susceptible to bacterial infection often with 
disastrous consequences, especially if not recognized and managed 
promptly. Consequently a good working knowledge of the underlying 
concepts of infections and biofi lms is essential for clinicians involved in 
this area of urological surgery.  
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      Biofi lms 

    History 

 Although the term ‘biofi lm’ was fi rst published in 
1975 in Microbial Ecology they were recognised 
much earlier [ 1 ]. The fi rst description of a biofi lm 
was Anthony van Leeuwnhoek, “the father of 
microbiology.” He lived in Holland and worked 
as a linen salesman whose interest extended into 

producing microscopes using diamond shavings 
and also observing the natural world. In a report 
to the Royal Society of London regarding dental, 
plaques, he remarked “the number of these ani-
malcules in the scurf of a man’s teeth are so many 
that I believe that they exceed the number of men 
in a kingdom.” Work by Koch in the 1800s 
allowed bacteria to be studied more closely, how-
ever the focus was on planktonic culture (single 
cells fl oating in a liquid medium). Although 
important progress was made on the more serious 
pathogens, as time progressed more and more 
scientists felt that this didn’t represent the true 
nature of bacteria. This was later confi rmed by 
Geesey in 1977 who confi rmed that 99 % of bac-
teria are attached to surfaces as opposed to free 
fl oating (planktonic) [ 2 ]. 

 In the 1940s H. Heukelekian and A. Heller 
wrote, “Surfaces enable bacteria to develop in 
substrates otherwise too dilute for growth. 
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Development takes place either as bacterial slime 
or colonial growth attached to surfaces” [ 3 ]. 

 Claude Zobell in the mid-1900s later described 
his glass bottle experiments noting that bacteria 
introduced into said vessel rapidly disappeared 
from the water contained within and seemed to 
rapidly colonise the walls of the container creating 
a microenvironment of supportive nutrients [ 4 ]. 

 The recognition of the importance of biofi lms 
on healthcare and industry, and the related eco-
nomic costs led to the formation of the Centre for 
Biofi lm Engineering in Montana, USA in 1990. 
This type of centre was subsequently mirrored in 
several other countries.   

    Introduction to Biofi lms 

 Although a number of defi nitions exist, a biofi lm 
is essentially an assemblage of microbial cells that 
is irreversibly associated (not removed by gentle 
rinsing) with a surface and enclosed in a matrix of 
primarily polysaccharide material [ 5 ]. It is rare for 
a biofi lm to contain one organism in nature and 
usually there are many different varieties. 

 There are a number of advantages for bacteria 
to live in a biofi lm.

    1.    A biofi lm has the ability to concentrate ions 
and organic compounds and in nutrient poor 
environments where single organisms would 
otherwise struggle, as demonstrated by Zobell 
and Grant [ 4 ].   

   2.    Within a biofi lm there are a wide variety of 
microenvironments that can cater for different 
organism requirements [ 6 ]   

   3.    Biofi lms in nature are composed of multiple 
different species of bacteria many of which 
will have complementary enzyme profi les for 
the breakdown of nutrients.   

   4.    They augment the transfer of genetic material 
through transformation (the take up and incor-
poration of foreign DNA), conjugation (transfer 
of a plasmid of DNA facilitated by an F-pilli) 
and transduction (a virus or phage packaged 
with the DNA of one bacteria is absorbed by a 
receiving bacterium which incorporates the new 
DNA into its own) [ 7 – 9 ]. They can also  facilitate 

the activation of certain genes that promote 
transformation by allowing greater accumula-
tion of molecules that initiate this upregulation 
(a process known as Quorum sensing- a phe-
nomenon in which bacteria can chemically 
sense the presence of other bacteria and when 
bacterial populations become high enough, new 
suites of genes may be expressed) [ 10 ]   

   5.    They confer a degree of resistance to phago-
cytes and protozoa [ 11 ]   

   6.    They confer a degree of antibiotic resistance. 
A number of mechanisms have been investi-
gated and are thought to be responsible for the 
increased resistance to antimicrobial agents:
    (a)    In a few cases biofi lms can prevent pene-

tration; this is not the case in the vast 
majority of circumstances.   

   (b)    Biofi lms allow enzymes that degrade the 
antibiotic to become concentrated in the 
microenvironment.   

   (c)    Due to the variable microenvironments 
some bacteria are quiescent and, as such 
have a lower metabolic activity and are 
less susceptible.   

   (d)    Biofi lms are known to alter the genetic 
expression conferring antimicrobial resis-
tance e.g. expression of effl ux pumps.   

   (e)    Persister cells produce toxins that prevent 
critical metabolic activities. Consequently 
bacteria have fewer critical targets for 
antibiotics and disinfectants to work 
against. They can also produce an anti-
toxin that allows resumption of activity 
once the threat has dissipated [ 12 ]          

    Formation of Biofi lms 

 Through detailed studies of biofi lms we now under-
stand that their creation is a very complex process. 
As a bacterium approaches a surface within a fl uid, 
Van der Waal forces attract them. However, the 
closer they are to a surface the net negative electro-
static charge of bacteria and the interacting surface, 
results in a counteracting repulsive force. The incor-
poration of fl agellae and pilli helps overcome this. 
Attachment of the bacterium is further augmented by 
a  hydrodynamic boundary layer created by the sur-
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face interaction with the suspensory fl uid, creating a 
low turbulence and relatively calm zone. A rough 
surface promotes adherence compared to a smooth 
surface, as the surface area is increased and shear 
forces are diminished [ 13 ]. Once bacteria come in 
contact with a surface they will produce a ‘condition-
ing fi lm’ that will build over the ensuing hours. The 
surface that the bacterium comes in contact with will 
infl uence the biofi lm structure and properties, and no 
surface is immune to this process. 

 The attachment of bacterium to a surface 
occurs in two stages: reversible attachment and 
irreversible attachment. 

 As the name suggests reversible attachment is 
unstable and microbes under a microscope can be 

seen as twitching as their fl agella anchors them, 
but the microbe body is free to be infl uenced by 
the environment. It is possible for some bacteria 
to move across the surface they adhere to by con-
tracting their pilus. Eventually the bacteria 
become encased in a polymeric matrix, they 
themselves create, essentially fi xing them to the 
surface – irreversible attachment. The time it 
takes for this to occur can be in the realm of 
 minutes but is clearly organism dependent. Other 
species are then recruited both randomly and in 
some cases specifi cally, as well as non-living 
debris that can provide structural and nutritional 
support. An example of a developing biofi lm can 
be seen in Fig.  3.1 .

  Fig. 3.1    Electron micrographs illustrating the coloniza-
tion of a hydrogel-coated latex catheter by Proteus mirabi-
lis in a laboratory model of the bladder. ( a ) This image 
shows bacteria trapped in crevices in the surface of the 
eyeholes 2 h after incubation in the model. ( b ) 
Microcolonies of  P. mirabilis  develop at the eyehole 4 h 
after incubation. ( c ) Bacteria attach to a diatom skeleton 

embedded in the luminal surface of the catheter 6 h after 
incubation in the model. ( d ) Biofi lm develops at the eye-
hole 6 h after incubation in the model. Aggregates typical 
of apatite can be seen forming in the biofi lm as the urine 
becomes alkaline (From Stickler [ 14 ]; with permission 
from Nature Publishing Group)       
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   The fl ow of the surrounding medium can 
infl uence the structure of the biofi lm; with fast 
fl owing habitats often creating dense strongly 
adhered mushroom shapes whilst fl at weakly 
attached biofi lms occur in slow fl ow rates. 
Table  3.1  summarizes the important variables in 
cell attachment and biofi lm formation.

   Although biofilms confer to their ‘resi-
dents’ a number of advantages there are a 
number of circumstances in which bacteria 
may detach and disperse. These include pas-
sive forces including abrasion, erosion and 
fluid shear; or biological reasons such as nutri-
ent limitation.  

    Bacteria and Biofi lms in Urology 

 The management of biofi lms is extremely impor-
tant in the placement and success of prostheses in 
urological surgery. 

    Urinary Catheters 

 Approximately 20–30 % of patients catheterised 
in hospital will develop bacteriuria, with the risk 
increasing by 5 % each day such that by 20 days 
most patients, if tested, will exhibit bacteriuria 
[ 15 – 17 ]. Catheter-associated urinary tract infec-
tion (CAUTI) occurs in 2–6 % of patients [ 18 ] 
and is the most common hospital acquired infec-
tion, It is associated with an increased risk of 
mortality of as high as 30 % when associated with 
a bacteraemia [ 19 ,  20 ]. In 2012 it was estimated 
that there were 54,500 catheter related urinary 
tract infections in the United States alone [ 21 ]. 

 A CAUTI is defi ned as a UTI where an 
indwelling urinary catheter was in place for >2 

calendar days on the date of event, with day of 
device placement being day 1, and an indwelling 
urinary catheter was in place on the date of event 
or the day before. If an indwelling urinary cathe-
ter was in place for > 2 calendar days and then 
removed, the date of event for the UTI must be 
the day of discontinuation or the next day for the 
UTI to be catheter-associated [ 22 ]. 

 CAUTIs are commonly a result of endogenous 
bacteria from the perineum [ 23 ]. However, a pro-
portion (34 %) are a consequence of direct inocu-
lation i.e. lapses in aseptic technique [ 23 ]. In 
some rare circumstances i.e. with Staphylococcus 
aureus it can be haematogenous [ 24 ]. 

 Biofi lms form both on the outer surface and 
inner drainage channel of a catheter within 
3 days [ 25 ,  26 ]. The outer surface biofi lm is gen-
erally populated by bacteria from the gastroin-
testinal tract, whilst drainage channel bacteria 
usually originate from cross-contamination due 
to a non- closed system, i.e., from a health work-
er’s hands [ 27 ]. The presence of  Proteus mirabi-
lis  within a biofi lm generates urease, creating 
ammonia from urea, leading to an increase in 
urinary pH and subsequent crystallisation of 
magnesium ammonium phosphate (struvite) and 
calcium phosphate (hydroxyapatite), thereby 
causing stone formation. 

 The most common organisms involved 
depends on the duration of catheterisation as well 
as the location of the patient. CAUTI within 
1 month of catheter placement is most commonly 
caused by Escherichia coli followed by 
Enterococcus species, Pseudomonas aeruginosa 
and yeast species [ 23 ]. In cases where a catheter 
has been in situ for longer than a month it is likely 
that there will be more than one microorganism 
cultured including enterobacteriae, gram nega-
tive and positive bacteria and yeast such as 

   Table 3.1    Variables important in cell attachment and biofi lm formation [ 5 ]   

 Properties of the substratum  Properties of the bulk fl uid  Properties of the cell 

 Texture or roughness  Flow velocity  Cell surface hydrophobicity 

 Conditioning fi lm 
hydrophobicity 

 pH  Fimbriae 

 Temperature  Flagella 

 Cations  Extracellular polymeric substances 

 Presence of antimicrobial agents 
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Candida albicans. Further, these are more likely 
to be multiresitant [ 28 ,  29 ]. CAUTI in the inten-
sive care setting are more likely to be Candida 
species [ 24 ]. 

 Most patients with an indwelling catheter will 
have pyuria or bacteriuria whether or not they 
have a symptomatic urinary tact infection and do 
not routinely require treatment. Inappropriate use 
of antibiotics poses a signifi cant risk for the 
development of multi-resistant organisms. 
Therefore the use of urine culture in the diagnosis 
CAUTI as an independent test is not reliable. 
Symptoms are therefore the most important 
aspect in deciding which patients have a CAUTI 
and require treatment [ 30 ]. In cases of CAUTI 
with long term catheters i.e. more than 2 weeks, 
the catheter should be removed and urine sent 
immediately from a new catheter (long-term if 
judged necessary or from a single intermittent 
self catheterisation) and empiric antibiotics initi-
ated as per local guidelines based on epidemio-
logical data and/or previous urinary cultures [ 31 , 
 32 ]. Data from a randomised controlled trial sug-
gests a shorter time to resolution and lower 
relapse rates with this approach rather than leav-
ing the catheter in situ [ 33 ]. Once sensitivities 
return the antibiotic should be selected with the 
narrowest spectrum of appropriate cover [ 31 ,  32 ]. 
Duration of cover is variable dependent on the 
clinical situation and should be guided as per 
local, regional and national guidelines [ 31 ,  32 ].  

    Ureteric Stents 

 Although ureteric stents lie completely within the 
body they are not immune to the formation of 
biofi lms or infection and rates of colonisation 
have been quoted as between 42 and 90 % [ 34 , 
 35 ]. However, despite this high rate few progress 
to develop symptomatic urinary tract infection. 

 The risk of bacteriuria and colonisation is 
directly related to the length of time the stent stays 
in situ, female gender and the presence of sys-
temic disease such as diabetes mellitus, chronic 
renal failure and diabetic nephropathy [ 36 ]. 

 When treating patients with a suspected urinary 
tract infection, with ureteric stents in situ, it is 

worth noting that the sensitivity of a urine culture 
to the presence and characterisation of colonisation 
is low and therefore a negative culture does not rule 
out a colonised stent [ 34 ]. Further the bacteria are 
often more resistant as previously described [ 34 ]. 

 Both the American Urological Association 
and the European Association of Urology recom-
mend prophylactic antibiotics prior to the inser-
tion of ureteral stents however no RCTs exist to 
guide decision making [ 37 ]. However, there is 
RCT and meta-analysis data from transurethral 
resections of the prostate and transurethral resec-
tions of bladder tumour, favour prophylaxis to 
reduce sepsis episodes and bacteriuria [ 38 – 40 ].  

    Penile Prostheses 

 One complication related to penile prostheses 
which requires removal of the device. The most 
common bacterium causing medical device and 
penile implant infections is Staphylococcus epi-
dermidis [ 41 ,  42 ]. Chapter   19     (“Complications 
of Penile Prosthesis Surgery”) covers the man-
agement of such complications but overviews of 
the steps that currently are employed to reduce 
the risk of infection are outlined in the next 
section. 

    Pre-operative and Perioperative 
Preparation 
 Pre-operative assessment is crucial in patients 
undergoing implant insertion. Patients undergo-
ing revision surgery, impaired host defences, dia-
betes mellitus, spinal cord injury and penile 
fi brosis are all at a higher risk of infection and as 
such should be optimised where possible and 
appropriately counselled. 

 Parenteral antibiotics are recommended 1 h 
prior to incision and continuing for 24 h 
(American Urological Association [AUA] best 
practice statement 2008), although the guidance 
acknowledges that there are no randomised con-
trolled trials regarding antimicrobial prophylaxis 
for insertion of penile prosthesis and is based on 
meta-analyses of mesh hernia repair and ortho-
paedic surgery [ 37 ]. The choice of antibiotic var-
ies but the AUA recommend an Aminoglycoside 
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and a 1st or 2nd generation Cephalosporin or 
Vancomycin [ 37 ]. 

 A Cochrane review in 2006 found no differ-
ence in surgical site infections (SSIs) among 
patients who have had hair removed prior to sur-
gery and those who have not, however if it is nec-
essary to remove hair then clipping resulted in 
fewer SSIs than shaving using a razor [ 43 ]. There 
was insuffi cient evidence regarding depilatory 
cream compared with shaving using a razor and 
there was no difference in SSIs when patients 
were shaved or clipped 1 day before surgery or 
on the day of surgery [ 43 ]. 

 Many implanters have adopted a 10 minute 
timed surgical scrub of the patient although 
there is little in the literature to recommend 
this. However, the choice of scrub used appears 
to make a difference with Chlorhexidine 
appearing to be more effi cacious [ 44 ]. 

 The theatre should ideally have a laminar fl ow 
system and traffi c in and out of theatre should be 
limited.  

    Device 
 Currently the main three-piece penile prosthe-
sis manufacturers are American Medical 
Systems (AMS, Minnetonka, MN now part of 
Boston Scientifi c Mens Health), and Coloplast 
Corporation (Humlebaek, Denmark). Both 
companies have taken different approaches to 
reducing the risk of infection and biofi lm 
formation. 

 In 2001 AMS introduced Inhibizone™ to their 
implants, a combination of the antibiotics mino-
cycline and rifampicin impregnated into all the 
components of the prosthesis, which elute maxi-
mally for 3 days and continue to elute to a lesser 
extent over a 14- to 21-day period [ 45 ,  46 ]. 

 In 2002 Coloplast Corporation released a 
device coated in polyvinylpyrrolidone (PVP), a 
hydrophilic polymer that covers the whole device 
including the reservoir. The PVP-coated implant 
allows the surgeon to select their own antibiotic 
combinations at the time of surgery by simply 
immersing it in a bath of the antibiotic(s). In addi-
tion the coating prevents bacterial adherence. 

 A systematic review in 2012 of 9910 implants 
found that the infection rates for non-coated 

 versus coated penile implants were 2.32 % and 
0.89 % respectively ( P  = <0.01) fi rmly establish-
ing their role [ 47 ].  

    Surgical Technique 
 Contamination of the implant with Staphylococcus 
epidermidis is most likely from the patient’s own 
skin. Consequently a “no touch” technique has 
been shown in a large single surgeon series using 
historical controls, to reduce infection rates to 
0.48 % [ 48 ]. This technique requires gloves and 
instruments to be changed and an additional ster-
ile drape to be placed once the incisions in the 
corpora are made.   

    Artifi cial Urinary Sphincters 

 Many issues surrounding the use of artifi cial uri-
nary sphincters mirror those of penile implants. 
The most commonly employed artifi cial sphinc-
ter is the AMS 800® produced by American 
Medical Systems (AMS, Minnetonka, MN). Like 
its penile implant equivalent the sphincter is 
coated with Inhibizone™. It should follow that 
with the convincing data from penile implants, 
there should be an improvement in infection rates 
with Inhibizone use in sphincters but there is a 
paucity of data pertaining to its clinical benefi ts 
in this setting. In a retrospective review of 426 
consecutive patients (213 without and 213 with 
Inhibizone™) implanted by a single surgeon, the 
rates of infection were identical 3.3 %,  P  = 0.99 
[ 49 ]. Further, in a subgroup of complex patients 
there was no statistically signifi cant difference 
between the coated and non-coated devices (2 of 
38 patients or 5 % vs. 3 of 50 or 6 %,  P  = 0.42) 
[ 49 ]. However a lower incidence of infection in 
patients with diabetes was noted in the coated 
group vs non-coated, although this was not statis-
tically signifi cant (0 of 42 or 0 % vs. 4 of 40 or 
10 %,  P  = 0.052) [ 49 ].   

    Conclusions 

 Careful consideration of biofi lms when plac-
ing prostheses is of upmost importance to the 
serious implanter and ultimately the patient. A 
clearer understanding of how biofi lms and 
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bacteria work and the mechanisms by which 
they survive and proliferate has lead to a num-
ber of important changes in surgery which 
have resulted in fewer complications and ulti-
mately better patient outcomes.     
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