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    Abstract  

  Different types of central venous catheters (CVCs) have been used in 
clinical practice to improve the quality of life of chronically and critically 
ill patients. Unfortunately, indwelling devices are usually associated with 
microbial biofi lms and eventually lead to catheter-related bloodstream 
infections (CLABSIs). 

 An estimated 250,000–400,000 CLABSIs occur every year in the 
United States, at a rate of 1.5 per 1,000 CVC days and a mortality rate of 
12–25 %. The annual cost of caring for patients with CLABSIs ranges 
from 296 million to 2.3 billion dollars. 

 Biofi lm formation occurs on biotic and abiotic surfaces in the clinical 
setting. Extensive studies have been conducted to understand biofi lm 
formation, including different biofi lm developmental stages, biofi lm 
matrix compositions, quorum-sensing regulated biofi lm formation, bio-
fi lm dispersal (and its clinical implications), and multi-species biofi lms 
that are relevant to polymicrobial infections. 

 When microbes form a matured biofi lm within human hosts through 
medical devices such as CVCs, the infection becomes resistant to antibi-
otic treatment and can develop into a chronic condition. For that reason, 
many  techniques have been used to prevent the formation of biofi lm by 
targeting different stages of biofi lm maturation. Other methods have been 
used to diagnose and treat established cases of CLABSI. 

 Catheter removal is the conventional management of catheter associ-
ated bacteremia; however, the procedure itself carries a relatively high risk 
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of mechanical complications. Salvaging the catheter can help to minimize 
these complications. 

 In this article, we provide an overview of microbial biofi lm formation; 
describe the involvement of various genetic determinants, adhesion pro-
teins, organelles, mechanism(s) of biofi lm formation, polymicrobial infec-
tions, and biofi lm-associated infections on indwelling intravascular 
catheters; and describe the diagnosis, management, and prevention of 
catheter-related bloodstream infections.  

10.1         Introduction 

 Central venous access is an essential medical 
procedure in the care of chronically and criti-
cally ill patients. An estimated 8 % of hospital-
ized patients require a central venous catheter 
(CVC) to be placed during the course of their 
hospitalization (Ruesch et al.  2002 ). Each year, 
more than fi ve million CVCs are inserted in the 
United States (Ruesch et al.  2002 ; McGee and 
Gould  2003 ). 

 Different types of CVCs are widely used. We 
review the most commonly used types of CVCs 
below:
•     Non - tunneled CVCs : These are the most 

common type of CVCs used for temporary 
access to the central circulation. Non-tunneled 
CVCs are available in different lengths 
(15–30 cm) and different materials (e.g., 
polyurethane, silicone). Non-tunneled CVCs 
can be single, double, or even triple lumen. 
CVCs for longer term infusion are supplied 
with valve mechanisms to decrease the back-
fl ow of the blood and thus possibly decrease 
the rate of infection and catheter thrombotic 
occlusion. The peripherally inserted central 
catheter (PICC) is another type of CVC that is 
widely used because of the relative ease of 
insertion; it is usually placed in the upper arm 
veins (cephalic or basilic veins) and has a 
lower rate of mechanical complications. 
However, the rate of thrombosis may increase 
with the increasing number of lumens.  

•    Implanted CVCs : This type of CVC provides 
long-term, semi-permanent central venous 
access. The removal of implanted CVCs is not 
recommended until there is no more need for 

the CVC or until complications occur. Two 
types of implanted CVCs are available, tun-
neled catheters and completely implantable 
venous access devices:  

•    Tunneled CVCs : contain a subcutaneous tun-
nel that crosses the catheterized vein and the 
skin exit site. By this mean the rate of biofi lm 
formation and the infection are lower than the 
non-tunneled catheters (Dryden et al.  1991 ). 
The CVC may be round or fl at. Sizes range 
from 2.7 to 12.5 F (e.g., Hickman, Broviac).  

•    Subcutaneous port CVCs : This type of CVC 
is a completely implanted device that provides 
long-term venous access through a CVC that 
is passed from the cannulated vein under the 
skin and connected to a subcutaneous infusion 
port or reservoir that is placed in a subcutane-
ous pocket. The port is accessed through the 
skin via a needle puncture of the port’s sep-
tum. Subcutaneous ports are widely used to 
administer chemotherapy agents because of 
their low rates of extravasation and infection 
(Pegues et al.  1992 ); on the other hand, it is 
cosmetically more preferable as it is hidden 
beneath the skin. The only limiting infusion 
rate factor of this CVC is that the bore of the 
access needle is nearly always smaller than 
the internal diameter of the CVC attached to 
the port.     

10.2     Epidemiology 

 Despite the utility of catheters, biofi lm formation 
and bloodstream infections are major risks asso-
ciated with catheter placement. More than fi ve 
million catheters are inserted each year in the 
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United States (Ruesch et al.  2002 ), with 250,000–
400,000 catheter-related bacteremia and fungae-
mias cases annually (if entire hospitals are 
assessed rather than ICUs only) (Maki et al. 
 2006 ), The National Healthcare Safety Network 
reports a rate of 1.5 central line-associated blood-
stream infections (CLABSIs) per 1,000 CVC 
days in the United States (Edwards et al.  2009 ), 
with a mortality rate of 12–25 % (Centers for 
Disease and Prevention  2011 ; Pronovost et al. 
 2006 ). The attributable cost is estimated to be 
around $34,508–56,000 per infection (Rello et al. 
 2000 ; Soufi r et al.  1999 ); the cumulative annual 
cost of caring for patients with CLABSIs ranges 
from $296 million to $2.3 billion (Mermel  2000 ; 
O’Grady et al.  2002 ). 

 CVCs are the source of 87 % of bloodstream 
infections that occur in intensive care units 
(Richards et al.  1999 ), with approximately 
80,000 CLABSIs resulting in increased hospital-
ization stays of approximately 7–12 days (Pittet 
et al.  1994 ).  

10.3     Adherence and Biofi lm 
Formation 

 Biofi lm is a microbially derived sessile commu-
nity that is characterized by cells that are irrevers-
ibly attached to a substratum, interface, or to one 
another; they are embedded in a matrix of extra-
cellular polymeric substances (EPS) that they 
have produced and exhibit an altered phenotype 
with respect to growth rate and gene expression 
(Donlan and Costerton  2002 ). As many as 60 % 
of the microbial infections treated in developed 
nations are related to biofi lm formation (Costerton 
et al.  1999 ); according to the NIH, biofi lms are 
clinically important, accounting for over 80 % of 
microbial infections in the body (Lewis  2001 ). 

 Biofi lm formation is a complex developmen-
tal process that involves distinct stages, including 
primary adherence and immobilization of plank-
tonic microbes on a surface, cell-to-cell interac-
tion, microcolony formation, the development of 
a matured three-dimensional biofi lm structure, 
and detachment of cells from the matured biofi lm 
to colonize new niches under desirable condi-

tions (Fig.  10.1 ) (O’Toole et al.  2000 ). Microbes 
that constitute biofi lm communities have 
extremely complex and heterogeneous physio-
logical characteristics and are different from 
planktonic microbes.

   The initial adhesion of microbes to biomate-
rial surfaces is infl uenced by physiochemical and 
electrostatic interactions between the microbial 
cell wall and the substrate; this is often condi-
tioned by the fl uids to which it is exposed (Dunne 
 2002 ), leading to reversible attachment that is 
strongly infl uenced by environmental factors, 
such as nutrient availability, pH, ionic strength, 
hydrodynamics, and temperature (Danese et al. 
 2000a ). In addition, surface roughness, surface 
confi guration, surface charge, and the hydropho-
bicity of material surfaces are key factors that 
infl uence microbial adherence to biomaterial sur-
faces (Donlan  2002 ; Katsikogianni and Missirlis 
 2004 ). The ability to perform this initial adher-
ence is also linked to genetic factors, including 
genes encoding motility, quorum sensing, adhes-
ins, and various metabolic activities (Costerton 
 1995 ; O’Toole et al.  2000 ). Host-specifi c adhes-
ins that are located on the microbial cell surface 
or cellular components, such as pili and fi mbriae, 
reinforce the reversible attachment between 
microbial cells and surfaces, resulting in the irre-
versible attachment of microbial cells to surfaces 
(Fig.  10.1 ). 

 Biofi lm formation is initiated by the attach-
ment of microbial cells to the surfaces of indwell-
ing medical implants or devices such as catheters 
or infusion parts. The irreversible attachment 
phase of biofi lm formation on a surface is likely 
to be involved with cell wall-associated proteins, 
such as microbial surface components that rec-
ognize adhesive matrix molecules (Patti et al. 
 1994 ).  S. aureus  produces multiple adhesive fac-
tors that can facilitate binding to host factors 
(Gotz  2002 ) and eventually mediate microbial 
attachment to implant surfaces covered by host 
plasma and other extracellular matrix compo-
nents. Staphylococci produce several proteins 
that specifi cally bind to proteins of the extracel-
lular matrix, including fi brinogen, fi bronectin, 
vitronectin, and collagen (McDevitt et al.  1997 ; 
Menzies  2003 ; Ni Eidhin et al.  1998 ; Switalski 
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et al.  1993 ). These host components, including 
thrombin, platelets, and laminin, may deposit on 
catheters and foreign body material surfaces and 
provide specifi c ligands for microbial adhesins 
(Shenkman et al.  2002 ). Fibronectin and fi brino-
gen are known to infl uence the adherence of bac-
teria, especially staphylococci, to biomaterials 
(Dickinson et al.  1997 ; Herrmann et al.  1988 ). 
Thrombus proteins increase bacterial adherence 
on catheters and have been associated with 
catheter- related bloodstream infection; the 
 formation of a fi brin sheath around the catheter 
greatly increases catheter colonization (Mehall 
et al.  2002 ). Furthermore, platelets have 
been shown to increase the adherence of 
 Staphylococcus aureus  in combination with 
thrombin. Activated platelets also bind to several 
soluble plasma proteins, including von 
Willebrand factor, fi bronectin, fi brinogen, and 
thrombospondin, and consequently promoting 
microbial adhesion (Baumgartner and Cooper 
 1998 ). The implants are in direct contact with 

the bloodstream; thus, the surface becomes 
coated with blood components that act as a con-
ditioning fi lm to which microbes can attach by 
expressing specifi c adhesins. 

 Irreversible adherence is also performed using 
attachment organelles to the abiotic surface. 
Adherence is performed by the type I pili in 
 Escherichia coli  (Beloin et al.  2008 ; Thumbikat 
et al.  2009 ; Wellens et al.  2008 ). Curli, and antigen 
43 have been reported to mediate bacterial interac-
tions on biomaterial surfaces, in addition to primary 
attachment (Cegelski et al.  2009 ; Ulett et al.  2007 ). 
Curli also enables binding to extracellular matrix 
proteins, such as fi bronectin and plasminogen 
(Cookson et al.  2002 ; Uhlich et al.  2006 ). Type IV 
pili-driven twitching motility has been reported in 
 Pseudomonas aeruginosa  that contacts the surface 
and maintains adherence (Klausen et al.  2003 ; 
O’Toole and Kolter  1998 ). 

 A plethora of primary attachment adhesins 
has been reported in gram-positive bacteria as 
well. A variety of Enterococcal adhesins such as 

  Fig. 10.1    Schematic    representation of biofi lm development and dispersion on a biomaterial surface       
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SagA, Ace, Esp, and enterococcal biofi lm pili 
(Ebp) contribute to biofi lm formation, endocardi-
tis, and urinary tract infections (Kemp et al.  2007 ; 
Kline et al.  2010 ; Mohamed and Huang  2007 ; 
Mohamed et al.  2004 ,  2006 ; Nallapareddy et al. 
 2006 ). Staphylococcal proteins such as Bap, 
SasG, Aap, EmbP, FnbpA, and FnbpB are 
reported to be involved in bacterial adhesion and 
colonization on biomaterial surfaces (Geoghegan 
et al.  2010 ; O’Neill et al.  2008 ; Potter et al.  2009 ; 
Rohde et al.  2007 ). 

 Pathogenic microbes require various ion 
acquisition mechanisms to obtain ions from host 
tissues and establish infection in the form of bio-
fi lm in humans. Metallic cations such as iron, 
calcium (Ca2+), and magnesium (Mg2+) play 
roles in microbial adherence and biofi lm forma-
tion. Numerous studies have shown that intracel-
lular iron concentration plays a crucial role in 
biofi lm formation and development. Iron regu-
lates biofi lm formation in many bacterial spe-
cies, including  P. aeruginosa  and  E. coli  (Banin 
et al.  2005 ; Wu and Outten  2009 ). Lactoferrin, 
the iron chelator in human blood, restricted the 
maturation of  P. aeruginosa  biofi lm (Singh et al. 
 2002 ). Apo- transferrin inhibits the adhesion of 
 S. aureus  and  Staphylococcus epidermidis  to 
polystyrene, polyurethane, and silicone surfaces 
(Ardehali et al.  2002 ), whereas catecholamine 
inotropes, which extract iron from plasma iron-
binding proteins, stimulate biofi lm formation by 
allowing  S. epidermidis  to adhere to solid sur-
faces (Lyte et al.  2003 ). Ca2+ has been reported 
as a key initiator that binds to extracellular DNA 
(eDNA) on bacterial surfaces and mediates bac-
terial aggregation and biofi lm formation in both 
gram-positive and gram-negative bacteria (Das 
et al.  2014 ). Mg2+ is also known to be essential 
for biofi lm formation. Mg2+ infl uenced attach-
ment and subsequent biofi lm formation and 
structure in  Pseudomonas  species (Song and 
Leff  2006 ). The increasing levels of Mg2+ 
enhanced biofi lm production by  S. epidermidis  
(Dunne  2002 ). Further, the increasing concentra-
tions of potassium, the major intracellular cat-
ion, promoted biofi lm formation in  S. aureus  
(Beckingsale et al.  2011 ). Subsequently, fl ow 
conditions are considered a leading factor that 

strongly infl uences the number of adhered bacte-
ria (Dickinson et al.  1995 ; Isberg and Barnes 
 2002 ) and the biofi lm structure and performance 
(Klapper et al.  2002 ; Stoodley et al.  1999 ). 

 After the irreversible attachment, the multipli-
cation of microbes on the surface lead cell-to-cell 
aggregations to form discrete EPS matrix- 
encased cell communities called microcolonies 
(Fig.  10.1 ); these microcolonies hold the cells 
together in a mass and fi rmly attach the microbial 
mass to the underlying surface. The continued 
growth of microbial cells on a surface leads to the 
development of mature biofi lm that contains mil-
lions of tightly packed cells. These cells are 
assembled into a complex pillar- and mushroom- 
shaped structure, with towers interspersed with 
fl uid-fi lled channels that facilitate nutrient supply 
(Hall-Stoodley et al.  2004 ). Thus, mature biofi lm 
are complex, highly differentiated three- 
dimensional structures. Colonization and biofi lm 
formation may occur within 3 days of catheter-
ization (Fig.  10.2 ) (Anaissie et al.  1995 ). Raad 
et al. showed that catheters inserted for less than 
10 days tend to have more extensive biofi lm on 
the exterior surface of the catheter; in long-term 
catheters, biofi lms were more extensive on the 
internal lumen (Fig.  10.3 ) (Raad  1998 ; Raad 
et al.  1993 ). At the fi nal stage of biofi lm 
 development, microbes from the biofi lm colony 
detach and disperse into new environmental sites 
to initiate another biofi lm (Fig.  10.1 ). Dispersal 
of biofi lms has been reported to be regulated by 
various environmental signals, signal transduc-
tion pathways, and effector molecules (Karatan 
and Watnick  2009 ). Such mechanisms could be 
linked to the cause of bacteremia and infections 
in new sites from implanted medical devices.

10.4         Extracellular Polymeric 
Substances 

 Depending on the species involved in the forma-
tion of the microcolonies (single or multiple spe-
cies), biofi lm is usually composed of 10–25 % 
cells and 75–90 % extracellular polymeric 
substances (EPS) (Costerton et al.  1987 ). EPS 
generally contain polysaccharides, proteins, 

10 Biofi lm-Based Central Line-Associated Bloodstream Infections



162

phospholipids, teichoic acids, eDNA, and other 
polymeric substances, hydrated to 85–95 % water 
(Costerton et al.  1981 ; Sutherland  1983 ). The 
biofi lm matrix, in the form of EPS, contributes to 
the overall architecture, maintenance, and resis-
tance phenotypes of biofi lms (Branda et al.  2005 ; 
Sutherland  2001 ). Polysaccharides are a major 

component of the EPS matrix (Flemming and 
Wingender  2010 ). Exopolysaccharides are 
mostly heteropolysaccharides that consist of neu-
tral and charged sugar residues. Many known 
exopolysaccharides, including alginate, xanthan, 
and colanic acid, are polyanionic in nature. In 
addition, polycationic exopolysaccharides, such 

  Fig. 10.2    Electron microscopic study showing biofi lm formation on wall and lumen of the catheter          

  Fig. 10.3    Scanning electron microscopy showing accumulation of biofi lm and biofi lm matrix in lumen of the catheter       
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as polymer N-acetyl glucosamine (PNAG) 
(which is isolated from  S. aureus  and  S. epider-
midis ), are reported to be responsible for colonizing 
medical implants, leading to biofi lm-related 
infections (Gotz  2002 ). 

 EPS have been extensively studied in both 
gram-negative bacteria, gram-positive bacteria, 
and fungi. Polyglucosamine and colanic acid are 
the main components that contribute to the archi-
tecture of the biofi lm in  E. coli  (Agladze et al. 
 2005 ; Danese et al.  2000b ; Kostakioti et al.  2013 ; 
Wang et al.  2005 ). Three major exopolysaccha-
ride components, Pel, Psl, and alginate were 
found to have increased attachment to mucin, air-
way epithelial cells and stabilizing the biofi lm 
structure in  P. aeruginosa . Interestingly, it was 
recently found that mucoid  P. aeruginosa  strains 
also depend on Psl to form biofi lms (Ma et al. 
 2012 ; Yang et al.  2012 ). Another EPS compo-
nent, alginate, is the exopolysaccharide that is 
expressed by  P. aeruginosa  clinical isolates from 
the lungs of CF patients (Govan and Deretic 
 1996 ); it plays an important role in structural sta-
bility and is associated with superior resistance to 
antibiotic treatment and host immune defenses 
during chronic infections (Hentzer et al.  2001 ; 
Leid et al.  2005 ). Furthermore, eDNA plays a 
critical role in cell-to-cell interactions and stabili-
zation of  Pseudomonas  biofi lm (Whitchurch 
et al.  2002 ; Yang et al.  2007 ). Extracellular pro-
teins and several proteinaceous components are 
also considered to be matrix components, includ-
ing type IV pili, fl agella, and fi mbriae. These 
components were found to mainly have secondary 
functions as adhesion factors and structural support 
in the biofi lm formation of  P. aeruginosa  (Mann 
and Wozniak  2012 ). 

 The EPS of gram-positive bacteria such as 
staphylococci consist of different secreted poly-
mers, exopolysaccharides, teichoic acids, and 
specifi c proteins, as well as eDNA. Majority of 
the strains of  S. aureus  utilize PNAG also referred 
as polysaccharide intercellular adhesin (PIA), to 
form biofi lm (O’Gara  2007 ). The expression of 
icaADBC operon, which encodes enzymes that 
are required for the production of PIA on the 
surface of  S. aureus , is critical to cell-to-cell 
adhesion and biofi lm formation. The same 

study found that the  ica  locus is present both in 
 S. epidermidis ,  S. aureus , and several other strep-
tococcal species (Cramton et al.  1999 ). PIA plays 
a critical role in the adherence of  S. epidermidis  
to biomaterials by providing favorable acid-base 
interactions with the surface (Olson et al.  2006 ). 

 EPS also harbor an adhesive protein, Bap, that 
is required for biofi lm formation in  S. aureus  
(Lasa and Penades  2006 ). Several surface pro-
teins, including Aap and SasG, have also found to 
promote biofi lm formation in  S. epidermidis  and 
 S. aureus  (Geoghegan et al.  2010 ; Rohde et al. 
 2007 ). Methicillin-resistant  S. aureus  (MRSA) 
biofi lm is promoted by the fi bronectin- binding 
proteins FnBpA, FnBpB, and Embp, as a compo-
nent of a proteinaceous biofi lm (Christner et al. 
 2010 ; O’Neill et al.  2008 ). Teichoic acids are 
another cell wall component that has been 
reported to take part in the structure of staphylo-
coccal biofi lms (Sadovskaya et al.  2004 ). 

 Besides PIA and proteins in the biofi lm 
matrix, eDNA is a major component of biofi lm 
that stimulates  S. epidermidis  biofi lm formation 
(Qin et al.  2007 ). eDNA has also been shown to 
be indispensable for biofi lm formation of 
 Streptococcus mutans ,  Streptococcus interme-
dius , and  Enterococcus faecalis  (Thomas et al. 
 2008 ; Whitchurch et al.  2002 ). 

 Similarly, in bacterial biofi lms, the extracel-
lular matrix helps preserve the architectural 
integrity of fungal biofi lms and contributes to 
antifungal tolerance (Flemming and Wingender 
 2010 ; Hawser and Douglas  1995 ). Andes’s team 
identifi ed soluble β-1,3-glucans as an important 
component of the biofi lm matrix of  Candida 
albicans  in vivo and in vitro (Nett et al.  2007a ,  b ). 
In addition, EPS of  C. albicans  biofi lm contain 
chitins and eDNA (Al-Fattani and Douglas  2006 ; 
Ramage et al.  2009 ). 

 Polysaccharide molecules can interact with 
themselves or with heterologous molecules to 
yield gels, often with multivalent cations playing 
a substantial role in the process (Sutherland 
 2001 ). Among several ions, Ca2+ and Mg2+ bind 
to the majority of the most EPS components in a 
biofi lm matrix (Decho  2010 ). Ca2+ may play a 
role in biofi lm formation as an ionic cross- 
bridging matrix molecule in  P. aeruginosa  
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(Sarkisova et al.  2005 ). The presence of Ca2+ 
affects the mechanical properties of biofi lms and 
serves as ionic cross-bridging of the polysaccha-
ride in the biofi lm matrix (Kierek and Watnick 
 2003 ). As numerous matrix polymers are anionic 
in nature, they may also bind to cations and pro-
vide essential nutrients. The matrix itself can also 
act as a carbon and energy reserve (Sutherland 
 2001 ).  

10.5     Quorum Sensing and Biofi lm 

 Many microbial pathogens communicate through 
the production of and sensing of auto-induced 
signaling molecules known as auto-inducing 
peptides (AIPs) to control the expression of spe-
cifi c genes in response to population density; this 
is known as quorum sensing (Waters and Bassler 
 2005 ). In staphylococci, the quorum-sensing sys-
tem is encoded by the  agr  (accessary gene regu-
lator) locus, which consists of  agrA ,  agrC ,  agrD , 
and  agrB  genes that are co-transcribed. Once AIP 
reach a threshold level, the bacteria respond by 
activating the expression of sequences of specifi c 
cell density-dependent gene. Most staphylococ-
cal products are under the control of  agr , which is 
activated during the transition from the exponen-
tial to the stationary growth phase. The  E. faeca-
lis fsr  quorum-sensing system controls biofi lm 
development (Hancock and Perego  2004 ). Like 
gram-positive bacteria, many gram-negative bac-
teria also use AIP, called N-acetyl homoserine 
lactone (AHL).  P. aeruginosa  has AHL- 
dependent QS systems (LasR/LasI, RhlR/RhlI, 
and PQS) that mediate biofi lm architecture and 
the production of extracellular polymeric slime 
(Shih and Huang  2002 ; Yoon et al.  2002 ). The 
quorum-sensing molecules farnesol and tyrosol 
have also been identifi ed in  C. albicans  (Chen 
et al.  2004 ; Ramage et al.  2009 ).  

10.6     Biofi lm Dispersal 

 Biofi lm dispersal is the fi nal stage of biofi lm 
development, in which microbial cells from the 
matured biofi lm detach and disperse into the 

milieu. This is an essential phase of the biofi lm 
that contributes to biological dispersal, bacterial 
survival, and disease transmission (Kaplan  2010 ). 
Biofi lm dispersal can be a complex and dynamic 
process, including multiple genetic determinants, 
environmental signals, signal transduction path-
ways, and effector molecules. Until recently, the 
mechanisms by which actual microbial dispersal 
from biofi lms occur remained almost completely 
unexplored, and little was known about the func-
tions or regulatory pathways involved in the 
release of microbes from biofi lms. A better 
understanding of the mechanism of dispersion 
reveals the signals, which regulate the dispersal 
processes that leads to the development of clini-
cally useful agents that inhibit biofi lm formation 
or promote biofi lm detachment on medical 
implants. 

 Biofi lm dispersal or detachment can be split 
into different phases, such as detachment of 
microbes from the biofi lm colony, translocation 
of the cells to the new site, and attachment of the 
cells to a substrate in the new site (Kaplan  2010 ). 
Both active and passive types of dispersal 
 processes play a role in the initiation of bio-
fi lm detachment, such as nutrient availability 
(Gjermansen et al.  2005 ; Hunt et al.  2004 ; Sauer 
et al.  2004 ), enzyme-mediated breakdown of the 
biofi lm matrix (O’Neill et al.  2007 ; Rohde et al. 
 2007 ; Whitchurch et al.  2002 ), free radical pro-
duction (Barraud et al.  2006 ; Webb et al.  2003 ), 
surfactant production (Davey et al.  2003 ; Otto 
 2014 ; Periasamy et al.  2012 ; Wang et al.  2011 ), 
the control of quorum-sensing systems (Boles 
and Horswill  2008 ; Periasamy et al.  2012 ; Rice 
et al.  2005 ; Wang et al.  2011 ), and signaling mol-
ecules (Morgan et al.  2006 ). 

 Sauer and co-workers observed that spent 
medium from  P. aeruginosa  cultures induced dis-
persal of biofi lm (Sauer et al.  2004 ). The RNA- 
binding protein CsrA (carbon storage regulator 
A) acts as an activator of biofi lm dispersal in  E. coli  
(Jackson et al.  2002 ). Depletion of oxygen was 
found to stimulate the production of a specifi c 
exopolysaccharide lyase, which degraded the 
matrix of  Pseudomonas fl uorescens  biofi lm and 
dispersed the bacteria (Allison et al.  1998 ). 
Increased production of alginate lyase digests 
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alginate in the biofi lm matrix, promoting the 
detachment of  P. aeruginosa  biofi lms (Boyd and 
Chakrabarty  1994 ); a separate study showed that 
digestion of alginate and eDNA with their 
respective enzymes enhanced the effi cacy of 
tobramycin, amikacin, and gentamicin against 
 P. aeruginosa  biofi lm (Alipour et al.  2009 ). Nitric 
oxide was reported to induce biofi lm dispersal in 
 P. aeruginosa  biofi lm (Barraud et al.  2006 ).  P. aeru-
ginosa  produces extracellular surfactant rhamno-
lipids that can mediate biofi lm dispersal (Boles 
and Horswill  2008 ). Cis-2 decanoic acid, an 
unsaturated fatty acid, is produced by  P. aerugi-
nosa , is capable of inducing the dispersion of 
established biofi lm. The exogenous addition of 
this messenger molecule was also shown to 
induce the dispersion of biofi lms formed by 
other pathogens,  E. coli ,  Klebsiella pneumonia , 
 S. aureus , and  C. albicans  (Davies and Marques 
 2009 ). Increased levels of cyclic-dimeric GMP, 
an intracellular signal, resulted in enhanced pro-
duction of exopolysaccharides, while decreased 
levels of this molecule induced biofi lm dispersal 
in different bacteria (Kaplan  2010 ). 

 It has been documented that activation of the 
 agr  quorum-sensing system leads to the up- 
regulation of extracellular proteases (Aur and Spl) 
that contribute to  S. aureus  biofi lm detachment 
(Boles and Horswill  2008 ). Another study 
showed that PNAG-degrading enzyme dispersin 
B was able to release preformed biofi lm pro-
duced by  S. epidermidis  (Izano et al.  2008 ). 
Deoxyribonuclease has also been implicated in 
bacterial detachment in  S. aureus  biofi lm (Mann 
et al.  2009 ). 

 In addition to proteases, other  agr -regulated 
factors contribute to biofi lm detachment. 
Surfactant-like molecules such as δ-toxin may 
exert dispersal effects on the biofi lm of  S. aureus  
(Kong et al.  2006 ). Otto’s group recently identifi ed 
a family of short staphylococcal peptides, the 
phenol-soluble modulins (PSMs), that are under 
the control of  agr . The specifi c secreted surfactant 
PSMs promote biofi lm structuring and detach-
ment in  S. aureus  and  S. epidermidis  (Periasamy 
et al.  2012 ; Wang et al.  2011 ). 

 Fungi have been reported to be involved in 
biofi lm dispersal as well. Yeast wall protein 1 was 

involved in the dispersal of  C. albicans  biofi lm 
(Granger et al.  2005 ). NRG1 is a negative regula-
tor that has been shown to be involved in biofi lm 
detachment in  C. albicans  biofi lm (Uppuluri 
et al.  2010 ). Very recently, it has been was 
reported that the histone deacetylase complex 
facilitates biofi lm dispersal in  C. albicans  (Nobile 
et al.  2014 ).  

10.7     Dissemination of Biofi lm 
and Bacteremia 

 Microbial biofi lm formation is the primary mode 
of growth in most natural and clinical settings. 
Dispersal plays a vital part in spreading patho-
genic microbes from environmental reservoirs to 
human hosts and spreading infections within a 
host. Many biofi lm-associated infections occur in 
the nosocomial setting as a result of the contami-
nation of indwelling medical devices from the 
skin fl ora of patients or health care workers. The 
rate of biofi lm dispersion is enhanced with 
increased biofi lm thickness and external shear 
forces of the surrounding medium, such as urine, 
blood, saliva, and other body fl uids. Bacterial 
biofi lm on medical implants can cause blood-
stream infections and systemic infl ammation, in 
which biofi lm bacteria detach and disperse dur-
ing biofi lm development (Otto  2014 ; Raad et al. 
 2008a ); in these cases, the infected medical 
devices should be removed (Raad et al.  2008a ). 

 PSMs contribute to the dissemination from a 
preformed biofi lm to secondary infection sites. 
In a mouse model of biofi lm-associated infec-
tions, PSMs of staphylococcal origin facilitated 
the dissemination of biofi lm on CVCs to second-
ary infection sites (Periasamy et al.  2012 ; Wang 
et al.  2011 ). These studies provide evidence of 
the signifi cance of such molecules in the dis-
semination of biofi lm-associated infections, 
motivating us to identify potential therapeutic 
targets and thus prevent complications and the 
spread of infections. To achieve this goal as a 
primary step, Wang et al. generated antibodies 
against PSMβ1 of  S. epidermidis  peptides, which 
inhibit bacterial dissemination from the CVC 
(Wang et al.  2011 ). 
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 Dissemination in patients with chronic 
infections is also mediated by biofi lm dispersal, 
as it allows biofi lm bacteria to spread throughout 
the infected organ or colonize other parts of the 
body. For instance, transient bacteremias have 
been diagnosed after dental procedures (Kinane 
et al.  2005 ). Nosocomial pneumonia was found 
to be caused by bacteria released from biofi lms 
in a patient with an endotracheal tube (Adair 
et al.  1999 ); a kidney infection was caused by 
bacteria that detached from a biofi lm in a 
patient’s bladder (Mathoera et al.  2000 ); and suf-
fering from other biofi lm infections, such as 
endocarditis, (Parsek and Singh  2003 ). 
Remarkably, in cystic fi brosis (CF) patients, 
only  Burkholderia  species are able to cause 
systemic infections (Isles et al.  1984 ). Recently, 
biofi lm dispersal of  Streptococcus pneumoniae  
was documented to result in a signifi cantly 
increased spread and cause infections to other 
sites such as the middle ear, lungs, and blood-
stream in a mouse model (Marks et al.  2013 ).  

10.8     Multi-species Biofi lm and Its 
Clinical Relevance 

 Multi-species or mixed species of biofi lm are cer-
tainly the dominant form in nature and are promi-
nent in human host tissues and medical 
biomaterials, such as the oral cavity, the lungs of 
the CF patients, chronic wounds, and catheters. 
The extensive interaction between different spe-
cies of microorganisms determines the structural 
and functional dynamics of multi-species bio-
fi lms. Coaggregation interactions are believed to 
contribute to multi-species biofi lm formation in 
different environments (Rickard et al.  2003 ). 

 Several bacterial cell surface protein adhes-
ins play important roles in coaggregation dur-
ing multi-species biofi lm formation. Five 
specifi c adhesins are expressed by  Streptococcus 
oralis  and aggregate with other species of oral 
bacteria in dental plaque (Yang et al.  2011 ). 
Since protein adhesins are commonly distrib-
uted among bacteria, adhesin-mediated coag-
gregation may be a major strategy for 
multi-species biofi lm development. As protein 

adhesins are also found in fungi, these adhesins 
can mediate fungi-bacteria interactions (Li 
and Palecek  2008 ; Silverman et al.  2010 ). 
Bacterial pili, fl agella, and their motilities are 
also essential for multi-species biofi lm forma-
tion.  P. aeruginosa  type IV pili facilitate multi-
species microcolony formation with  S. aureus  
in multi-species biofi lms (Yang et al.  2011 ). 
Further, pili promote multi-species biofi lm of 
 E. coli  and  Citrobacter freundi  (Pereira et al. 
 2010 ). eDNA also widely exists among multi-
species biofi lms (Steinberger and Holden 
 2005 ). Recently, it was reported to enhance the 
mixed-species biofi lm of  S. epidermidis  and  C. 
albicans  both in vitro and in vivo (Pammi et al. 
 2013 ). It has been documented that  C. albicans  
interacts with 12 other species of  Candida  and 
bacteria, such as  P. aeruginosa  and  S. epidermi-
dis , in the form of multi-species biofi lm in a 
polystyrene tube model (El-Azizi et al.  2004 ). 

 Some quorum-sensing molecules support 
interspecies communication in multi-species bio-
fi lm, enabling the microbes to sense the presence 
of other species (Waters and Bassler  2005 ). AHL 
autoinducers are the most common signaling 
molecules in bacteria and can infl uence a broad 
range of cross-species and cross-genus commu-
nications (Federle and Bassler  2003 ).  P. aerugi-
nosa  and  Burkholderia cepacia , which are 
sometimes found in the lungs of CF patients, can 
form mixed biofi lms.  B. cepacia  is capable of 
perceiving the AHL signals produced by the CF 
pathogen  P. aeruginosa  (Riedel et al.  2001 ). 
Besides the involvement of signaling molecules 
in multi-species biofi lm, the dispersion mecha-
nism through such signaling molecules within 
multi-species biofi lm can cause polymicrobial 
bloodstream infections and spread to other parts 
of the body. 

 One of the most alarming consequences of 
multi-species biofi lm is that it is more resistant to 
antimicrobial agents and host immune responses 
than is mono-species biofi lm. Many studies have 
compared the antibiotic resistance of multi- 
species and mono-species biofi lms; in most cases, 
mixed-species biofi lms were signifi cantly more 
resistant to antimicrobial treatment. The CF 
pathogen  Stenotrophonomonas maltophilia  AHL 
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signaling molecule affects biofi lm and polymyxin 
tolerance in  P. aeruginosa  (Ryan et al.  2008 ). The 
slime produced by  S. epidermidis  can inhibit the 
penetration of fl uconazole, while  C. albicans  can 
protect slime-negative  S. epidermidis  against van-
comycin in the mixed biofi lms of  C. albicans  and 
 S. epidermidis  (Adam et al.  2002 ). In another 
study,  C. albicans  induced  S. aureus  vancomycin 
resistance in multi-species biofi lm (Harriott and 
Noverr  2010 ). 

 Multi-species biofi lms have been clinically 
linked to polymicrobial infections, which them-
selves are associated with signifi cantly poorer 
clinical outcomes than are single microbial 
infections (Brogden et al.  2005 ; Sutter et al. 
 2008 ); they also account for roughly 15 % of 
infections in immunocompromised cancer 
patients. CRBSIs have also been reported in 
young and adults patients (Cairo et al.  2011 ; 
Downes et al.  2008 ). One of the signifi cant risk 
factors for polymicrobial infections is the pres-
ence of indwelling vascular catheters that act as 
sites for mixed-species biofi lm formation (Cairo 
et al.  2011 ; Downes et al.  2008 ). Many types of 
chronic infection are caused by biofi lm-associ-
ated microbes; these are hard to eradicate 
because of the protective biofi lm matrix, which 
may be further enforced if multiple species are 
present. Recently, it was demonstrated that 
in vivo wound healing was delayed when 
patients were coinfected with both  S. epidermi-
dis  and  P. aeruginosa  (Pastar et al.  2013 ). 
Mixed-species  S. epidermidis  and  C. albicans  
biofi lms facilitate  S. epidermidis  infection and 
blood dissemination in the mouse subcutaneous 
CVC biofi lm model; this study may explain the 
increased clinical mortality and morbidity in the 
polymicrobial environment. 

 Researchers have begun study multi-species 
biofi lms to unravel the complexity of inter- 
species and inter-genus communications and 
their effect in clinical and environmental settings. 
The prevalence of mixed-species biofi lms and 
their involvement in various infections highlights 
the need for a better understanding of the interac-
tions and dynamics within mixed biofi lm com-
munities, which is necessary to successfully 
prevent or treat polymicrobial infections.  

10.9     Diagnosis 

 Studies have shown that the formation of biofi lm 
in venous lines is universal; quantitative electron 
microscopy has demonstrated that biofi lm for-
mation starts after insertion of the catheter, even 
with the absence of clinical manifestations of 
CLABSI (Raad et al.  1993 ). However, by 
exceeding certain threshold number of colony-
forming units (CFUs) with dissemination, the 
clinical manifestation of bloodstream infections 
will be more apparent (Cleri et al.  1980 ; Sherertz 
et al.  1990 ). 

 The location of the biofi lm depends on the 
type of the catheter (the duration of catheteriza-
tion); for short-term catheters (<10 days), the 
external surface is the main site of biofi lm forma-
tion, whereas for long-term catheters (>30 days), 
the internal surface of the lumen is the main site 
(Raad et al.  1993 ). 

 The roll-plate, semi-quantitative culture 
method of Maki et al. allows one to culture the 
external surface of the catheter (Cicalini et al. 
 2002 ). The catheter is rolled back and forth on a 
Columbia agar plate supplemented with 5 % 
sheep blood; the plate is then incubated for 
3 days (72 h) at temperature of 35 °C with 5 % 
CO 2 , and the CFUs of the microorganism are 
quantitated (Slobbe et al.  2009 ). This is a conve-
nient method for culturing microorganisms in 
short-term catheter. However, the roll-plate tech-
nique can give high false-negative results in 
long-term catheters and fails to release biofi lm-
embedded organisms from the CVC surface 
(Sherertz et al.  1990 ). Other limitation of this 
method is that some catheters come out in an 
irregular shape, which makes it hard for the lab-
oratory personnel to perform the procedure. This 
may also lead to false-negative results. 

 New quantitative methods have been devel-
oped to culture the external and internal surface 
of catheters. These include sonication and vor-
texing (Bjornson et al.  1982 ). The method 
includes placing the catheter in 5 ml of 0.9 % 
NaCl, sonicating it for 1 min, and vortexing the 
sonication fl uid for 15 s. Subsequently, 50 μl of 
the sonication fl uid is cultured on agar plates, 
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allowing for a detection limit of ≥100 CFU/cath-
eter tip (Slobbe et al.  2009 ). Other quantitative 
diagnostic procedures include fl ushing the cath-
eter with 2 ml of brain-heart infusion broth. After 
the fl uid has been diluted to tenfold, 0.1 ml is 
streaked onto a blood agar; ≥10 3  CFUs is consid-
ered signifi cant colonization in the catheter 
lumen (Linares et al.  1985 ; Cleri et al.  1980 ). 

 Quantitative methods are considered superior 
to semi-quantitative methods, with the highest 
sensitivity (80–100 %) and specifi city (more than 
90 %) (Siegman-Igra et al.  1997 ). The most sen-
sitive individual culture method is sonication of 
the tip or subcutaneous catheter segments. 
However, culturing both can increase the test sen-
sitivity by 20 % (Sherertz et al.  1990 ; Kristinsson 
et al.  1989 ; Bjornson et al.  1982 ). 

 Studies have shown that using semi- 
quantitative methods prior to sonication of the 
catheter will decrease the sensitivity of the soni-
cation; thus, it is not recommended to combine 
these two methods. 

 For all the quantitative and semi-quantitative 
methods described above, removal of the CVC 
is essential; unfortunately, the unnecessary 
removal of CVCs will make these methods clin-
ically not useful. 

 For that reason, new approaches are designed 
to establish the diagnosis without removing the 
catheter, depending on the results of the clinical 
evaluation and confi rmatory positive blood or 
catheter tip cultures. 

 The presence of positive blood cultures with 
no other apparent source of infection should 
raise suspicion for CLABSI, in addition to the 
clinical manifestations of systemic infection; 
although fever is the most sensitive indicator of a 
bloodstream infection, it is not specifi c. Other 
signs are chills, hypotension, and infl ammation 
of the catheter insertion site, which is the most 
specifi c sign but has low sensitivity (Safdar and 
Maki  2002 ). 

 The Centers for Disease Control (CDC) has 
introduced a new term: laboratory-confi rmed 
bloodstream infections; (LCBI) these must meet 
one of the following criteria (Horan et al.  2008 ):
    1.    One or more positive blood cultures with no 

apparent source of infection.   

   2.    Clinical presentation of infection (fever, 
chills, and hypotension), two or more positive 
blood cultures collected on two different 
occasions, and no apparent source of infection 
or skin contaminant.   

   3.    Patients <1 year of age must have at least one 
of the following signs or symptoms: fever, 
hypothermia, apnea, or bradycardia and a pos-
itive blood culture with no source of infection 
or skin contaminant.    
  A new device called a smart CVC (SCVC) 

which formed to detect biofi lm formation (in 
vitro) through a biosensor. Information is sent 
through an antenna to an external base station to 
detect biofi lm formation early; this provides 
more knowledge about colonization formation 
and leads to proper treatment. This device is still 
being researched, but is promising for enhancing 
the quality of patient care (Paredes et al.  2014 ).  

10.10     Prevention of CLABSIs 

 CVC infection risk increases with the duration of 
use, yet routine changing of CVCs, unlike periph-
erally inserted catheters, is not recommended. 
Removing the CVC and inserting another in a 
different site carries high mechanical risks, and 
exchanging the CVC with a guidewire may 
increase the risk of bloodstream infection (Cobb 
et al.  1992 ). In addition, changing a CVC is not 
an easy procedure, as it is with a peripheral 
CVC. For that reason, different kinds of measure-
ments are used to minimize and prevent the inci-
dence of biofi lm formation and bloodstream 
infections. The CDC recommends the following 
guidelines, which are considered as bundle of 
septic techniques to follow during CVC insertion 
(Casanova Vivas  2014 ):
    1.    Use gloves after washing hands with antiseptic- 

containing soap, alcohol gel, or foam.   
   2.    Full sterile barrier precautions must be used 

during insertion of the catheter, including ster-
ile gloves, a surgical gown, and a mask, with a 
large sterile sheet drape.   

   3.    Apply skin disinfectant (2 % chlorhexidine) at 
the CVC insertion site and wait for it to fully 
air dry before proceeding with the insertion.   
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   4.    Remove the CVC once it is no longer needed.   
   5.    Avoid sites with a high incidence of infection 

(e.g., femoral) (Goetz et al.  1998 ).    
  Described below are the most important and 

widely used modalities for preventing biofi lm 
colonization. CVCs impregnated with antibacte-
rial or antiseptic have been shown, in a huge 
number of in vitro, animal, and clinical studies, 
to have substantial effi cacy at preventing biofi lm 
colonization and eventually bloodstream infec-
tion (Raad and Hanna  2002 ; Darouiche et al. 
 1999 ; Hanna et al.  2004 ). Two types of impreg-
nated CVCs are used widely in the United States: 
minocycline-rifampin (M/R) and chlorhexidine- 
silver sulfadiazine (CHX/SS). 

 CHX/SS-impregnated catheters, which are 
now considered the fi rst-generation CVC, showed 
a twofold decrease in colonization and nearly 
fi vefold decrease in the rate of bloodstream infec-
tion (Maki et al.  1997 ). A meta-analysis of 12 
studies (Veenstra et al.  1999 ) showed that cathe-
ters impregnated with CHX/SS were effective at 
preventing colonization and bloodstream infec-
tions. However, in fi rst-generation CHX/SS cath-
eters, only the external surface of the catheter is 
coated, which compromises its effi cacy over the 
long term (>3 weeks); in long-term catheters, the 
internal surface is the main source of biofi lm for-
mation (Mermel  2000 ; Raad et al.  1996 ; Bach 
et al.  1996 ). In addition, the antimicrobial dura-
bility of all CHX/SS CVCs (fi rst and second gen-
eration) in plasma is limited to 1 week (Raad 
et al.  2012 ; Darouiche et al.  1999 ). On the other 
hand, reports have raised concerns about anaphy-
laxis shock associated with chlorhexidine. The 
risk of this complication is low but signifi cant, 
and it could be genetically related as it was 
reported only in Japan (where it is prohibited for 
that cause) (Oda et al.  1997 ; Fujita et al.  1997 ). 

 Second-generation CHX/SS catheters have 
been developed that have threefold increases in 
the chlorhexidine concentration, in addition to 
coating the internal lumen, the hub, and exten-
sion lines. A study of 780 patients in intensive 
care units showed a signifi cant decrease in colo-
nization compared to non-coated catheters; how-
ever, there was a non-signifi cant reduction in the 
rate of CRBSIs (Rupp et al.  2005 ). 

 Antibiotic-impregnated CVCs M/R resulted 
in signifi cantly superior outcomes to those of 
CHX/SS catheters. In a large randomized, pro-
spective, multi-center clinical trial (Darouiche 
et al.  1999 ), these CVCs led to a 12-fold decrease 
in the rate of bloodstream infection compared 
with fi rst-generation CHX/SS catheters. The pro-
longed antimicrobial activity (around 50 days) 
(Darouiche et al.  2005 ) and established activity 
against multi-drug resistant (MDR) VRSA and 
gram-negative bacteria that are associated with 
CRBSIs (Raad et al.  2008b ) were the reasons for 
its superior clinical effi cacy. 

 Concerns have been raised regarding the 
emergence of resistant bacterial strains with the 
use of antibiotic-coated catheters; however, large 
clinical studies have failed to demonstrate resis-
tance after prolonged use (up to 7 years) and 
more than 500,000 CVC days (Raad et al.  1997 ; 
Darouiche et al.  1999 ; Raad and Hanna  2002 ). In 
addition, these CVCs led to a decrease in the rate 
of nosocomial vancomycin-resistant enterococci 
(VRE)-related bacteremia in critically ill patients 
(Hanna et al.  2003 ). 

 The overuse of antiseptic skin preparations 
and sterile barrier precautions changed the epide-
miological map of the pathogens that cause 
CLABSIs, shifting them toward resistant gram- 
negative bacteria, in which both CHX/SS and 
M/R CVCs have limited activity. For that reason, 
our team at The University of Texas MD 
Anderson Cancer Center has developed a new 
broad-spectrum catheter by adding chlorhexidine 
to M/R (CHX-M/R). In vitro results showed that 
it has excellent activity against multidrug- 
resistant, gram-negative  Acinetobacter bauman-
nii ,  Enterobacter cloacae ,  E. coli ,  K. pneumoniae , 
 P. aeruginosa , and  S. maltophilia , and is superior 
to M/R and CHX/SS catheters. 

 A new in vitro cross-contamination model of 
exchange study showed that exchanging 
uncoated CVCs over a guidewire in the presence 
of bacteremia using CHX-M/R catheters com-
pletely prevented cross-contamination by 
MRSA,  P. aeruginosa , and  C. albicans  biofi lm; 
exchanging them for CHX/SS CVCs reduced but 
did not prevent cross-contamination by 
MRSA. Furthermore, CHX-M/R CVCs showed 
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superior activity against  P. aeruginosa  and  C. 
albicans  to M/R catheters and were superior to 
CHX/SS CVCs against MRSA and  P. aerugi-
nosa  (   Jamal et al.  2014 ). 

 Recently, several studies have been conducted 
using locking solutions instead of the usual hepa-
rin lock. These solutions are mostly a combina-
tion of an antimicrobial and an anticoagulant 
(Campos et al.  2011 ). 

 Minocycline combined with EDTA (M-EDTA) 
showed high effi cacy in preventing bloodstream 
infection in chronic hemodialysis patients 
(Campos et al.  2011 ; Raad et al.  2008a ). This 
combination was highly active against  S. epider-
midis ,  S. aureus , and  C. albicans  that were 
embedded in biofi lm (Raad et al.  2003 ). 
Randomized clinical trials show at least a three-
fold reduction in the occurrence of bacteremia 
(McIntyre et al.  2004 ; Dogra et al.  2002 ; Betjes 
and van Agteren  2004 ; Bleyer et al.  2005 ). On the 
other hand, a study by Bleyer et al. showed that 
minocycline/EDTA lock solution was signifi -
cantly effective at preventing CLABSIs in 
patients with a history of recurrent bacteremia 
and a high risk of infection (Feely et al.  2007 ). 
Furthermore, this solution was used to prevent 
infection in an implantable port in children with 
cancer (Chatzinikolaou et al.  2003 ). 

 A new antimicrobial lock solution that was 
developed recently by Raad et al. contains 7 % 
citrate; this has been approved as an anticoagu-
lant heparin-free catheter lock, 20 % ethanol; for 
its antimicrobial activity, plus 0.01 glyceryl trini-
trate (GTN); which is well known for its intrave-
nous use in treating hypertension. In vitro results 
show that these components rapidly and fully 
eradicate biofi lms in all organisms tested (MRSA, 
methicillin-resistant S.  epidermidis ,  P. aerugi-
nosa , and  C. albicans ), in synergistic manner 
(Rosenblatt et al.  2013 ).  

10.11     Management of Catheter 
Related Biofi lm 

 The conventional treatment for all foreign body- 
associated biofi lm infections is to remove the for-
eign body. However, removing the CVC and 

reinserting another in a different vascular access 
site carries a risk of iatrogenic mechanical com-
plications; it is also time consuming and rela-
tively expensive (Dimick et al.  2001 ). On the 
other hand, systemic antibiotics alone are not suf-
fi cient for treating biofi lm bacteria because the 
extracellular materials in the biofi lm, with their 
high concentrations of metal ions and low pH, 
cause metabolic inactivation of the antibiotics 
(Hoiby et al.  2010 ). These factors can contribute 
to the biofi lm bacteria becoming 1,000 times 
more resistant than planktonic cells (Fig.  10.2 ) 
(Hoiby et al.  2010 ; Kostakioti et al.  2013 ). For 
that reason, many strategies have been designed 
to treat biofi lm formation, either by killing the 
bacteria or dissolving the biofi lm by targeting 
different developmental stages of biofi lm 
formation. 

 Some biofi lm disruption and treatment strate-
gies are described below:
•     Chelating Agents : Metal cations, such as cal-

cium, iron, and magnesium, play an essential 
role in maintaining biofi lm matrix integrity 
and inhibiting bacterial growth by affecting 
bacterial membrane stability (Patrauchan 
et al.  2005 ; Sarkisova et al.  2005 ; Raad et al. 
 2008a ). Chelating agents can destabilize the 
biofi lm matrix architecture, thus helping to 
dissolve it. Sodium citrate is one of the chela-
tors that has an inhibitory effect on 
 Staphylococcus  species biofi lm (Shanks et al. 
 2006 ). On the other hand, in vitro studies 
show high effi cacy of tetra sodium-EDTA in 
eradicating biofi lm (Kite et al.  2004 ; Percival 
et al.  2005 ). The combination of disodium- 
EDTA and antimicrobial agents such as tige-
cycline or gentamicin is effective at reducing 
biofi lm formation in both staphylococcus 
species and  P. aeruginosa  (Bookstaver et al. 
 2009 ). Raad et al. showed a synergetic effect 
of Minocycline-EDTA (M-EDTA) in prevent-
ing colonization and biofi lm formation (Raad 
et al.  2007 ). This combination was effective 
in organisms embedded in both fresh biofi lm 
(in vitro) and mature biofi lm (ex vivo) (Raad 
et al.  2003 ). To our knowledge, this is the 
only biofi lm-disrupting and -dissolving treat-
ment and technology with a large number of 
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successful clinical studies (Raad and Bodey 
 2011 ; Raad et al.  2002 ,  2007 ; Chatzinikolaou 
et al.  2003 ).  

•    Phage Therapy : An abundant, easily isolated, 
self-replicating, organism with a high muta-
tion rate easily adapts to any given environ-
ment. One promising alternative to antibiotics 
is encoding phages with EPS-degrading 
enzymes (Hughes et al.  1998 ; Sutherland et al. 
 2004 ; Sillankorva et al.  2004 ), resulting in fast 
destruction of the bacterial cell wall. No clini-
cal studies of this approach are available to 
confi rm its effi cacy and safety in humans.  

•    Antimicrobial Peptides : Cathelcidins are one 
of the most important antimicrobial peptide 
classes; as they show activity in activating the 
innate immune system response, they can be 
considered a possible strategy for treating bio-
fi lm formation (Pompilio et al.  2011 ). 
Pompilio et al. compared the activity of tobra-
mycin, which is considered a fi rst-choice 
treatment for  P. aeruginosa  in CF patients, 
with that of cathelcidins. The results show that 
cathelcidins peptides have faster kinetics and 
rapid bactericidal activity, while the overall 
extent of bacterial killing is greater with tobra-
mycin. More precise and advanced studies are 
needed of the mechanisms involved before 
cathelcidins can be considered a treatment 
strategy (Pompilio et al.  2011 ; Kostakioti 
et al.  2013 ).  

•    Polysaccharides : Cell-to-surface and cell-to- 
cell interactions are mediated by exopolysac-
charides, which is an essential step in biofi lm 
formation. Mutations in polysaccharide syn-
thesis cause instability in the biofi lm structure, 
which makes it highly susceptible to antibiot-
ics and immune defense (Rendueles et al. 
 2013 ). On the other hand, the results of new 
studies show that bacterial exopolysaccha-
rides can interfere with the biofi lm formation 
of other bacterial species, For example,  P. 
aeruginosa  exopolysaccharides can inhibit the 
biofi lm formation of  Staphylococcus  species 
(Qin et al.  2009 ; Rendueles et al.  2013 ).  

•    Signal Transduction Interference : A prom-
ising new strategy involves targeting the bac-
terial signaling cascades. By inhibiting these 

signals, we can deprogram optimal gene 
expression without killing the bacteria or 
increasing the risk of bacterial resistance 
(Cegelski et al.  2008 ). An example of this 
model of treatment is targeting the QseBC 
two-component system that is common in 
biofi lm-forming, gram-negative pathogens 
(Huang et al.  2006 ; Kostakioti et al.  2009 ; 
Khajanchi et al.  2012 ). Clinical data are 
required to demonstrate the clinical effi cacy 
and safety of this approach.        
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