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Abstract: Central venous catheters (CVCs) are ubiquitous in the healthcare industry and carry two
common complications, catheter related infections and occlusion, particularly by thrombus. Catheter-
related bloodstream infections (CRBSI) are an important cause of nosocomial infections that increase patient
morbidity, mortality, and hospital cost. Innovative design strategies for intravenous catheters can help reduce
these preventable infections. Antimicrobial coatings can play a major role in preventing disease. These
coatings can be divided into two major categories: drug eluting and non-drug eluting. Much of these catheter
designs are targeted at preventing the formation of microbial biofilms that make treatment of CRBSI nearly
impossible without removal of the intravenous device. Exciting developments in catheter impregnation with
antibiotics as well as nanoscale surface design promise innovative changes in the way that physicians manage
intravenous catheters. Occlusion of a catheter renders the catheter unusable and is often treated by tissue
plasminogen activator administration or replacement of the line. Prevention of this complication requires a
thorough understanding of the mechanisms of platelet aggregation, signaling and cross-linking. This article
will look at the advances in biomaterial design specifically drug eluting, non-drug eluting, lubricious coatings

and micropatterning as well as some of the characteristics of each as they relate to CVCs.
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Introduction forms on devices consisting of platelet aggregates and cross-

linked fibrin following a complex process of cellular and

Blood contacting medical devices such as central venous . . . .
protein-cell interactions. Systemic agents are frequently

catheters (CVCs) all encounter the common complication of
increased infectious risk and thrombus formation. Catheters
penetrate the natural skin barrier and provide a continuous
nidus for external organisms to enter. The introduction of
a foreign object through these layers also brings organisms
into the central circulation upon placement. Thrombus
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used for the prevention of thrombus formation as well as
subsequent treatment if a thrombus has formed. These
come with their own risks and complications. Studying the
etiology of platelet aggregation, cell signaling, adhesion and
thrombosis around artificial devices can provide novel and
targeted methods to make a better experience and outcome

Cardiovasc Diagn Ther 2017;7(Suppl 3):5246-S257



Cardiovascular Diagnosis and Therapy, Vol 7, Suppl 3 December 2017 S247

for patients when intervention is necessary. This paper
will focus on CVCs, an ubiquitous class of tools in the
healthcare team’s arsenal not only used for treatment but
also data collection. CVCs provide many benefits including
easy access to the blood stream to deliver medications and
nutritions and to provide continuous access for dialysis
and laboratory testing. Even though complications from
catheters are low, the quantity of catheters used makes
complications such as infection and occlusion a common
experience. As such, preventing these complications can
prevent patient harm, improve the patient experience,
reduce cost, and improve patient outcomes. We will explore
a variety of catheter anti-fouling strategies with a focus on
infection and thrombotic occlusion as these often require
repeated intervention.

CVCs

The first central venous catheterization occurred in 1929
by Werner Forssmann and was performed with a ureteric
catheter by way of the antecubital vein. Fluoroscopy was
used to guide the catheter into the right ventricle. Since
that time, CVCs have become an essential tool for a variety
of purposes and are generally considered safe. As with
all medical procedures, catheters do come with risks of
complications which may lead to catheter failure or catheter
replacement. Infections and occlusions are the two main
culprits with occlusion occurring in 14-36% of patients
within 1-2 years of placement (1).

Infection

Catheter-related bloodstream infections (CRBSI) are a
problem in the United States and abroad with 250,000
cases in the United States alone (2). The International
Nosocomial Infection Control Consortium (INICC)
estimates a rate significantly higher in developing
countries (3). The CRBSI rate in England in 2012 was 4.58 per
1,000 CVC days (4). Meta-analysis study conducted at Johns
Hopkins University showed that bloodstream infections were
the third largest cause of nosocomial infections with a mortality
rate ranging from 12-25% (5,6).

CRBSIs are expensive. Some estimates have placed a
CRBSI event between $4,888 to $11,591 (4). This would
equate to a conservative estimate of one billion dollars per
year in the USA and would place a significant burden on any
healthcare institution. A cost-effective method of prevention
should be employed to reduce the number and severity of
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complications. In 2016, analysis of PICUs in England showed
that a cost-effective method for addressing this problem
was to use antibiotic coated CVCs specifically in settings
where the risk of CRBSI was low (4). Guidelines naturally
recommend antibiotic CVCs in high risk patients (4,7).

Risk factors for CRBSIs include the type of underlying
disease and its severity, immunodeficiency, catheter type
and material, time course of catheter use, and whether
the catheter is tunneled or not. Local risk factors include
hygiene around the insertion site, type of dressing, moisture
at the entry/exit site, and S. aureus nasal colonization status.

The general causative organism includes S. aureus, P.
aeruginosa and candida as the most common three with S.
aureus as the predominant pathogen (8). Less common
pathogens are coagulase negative staphylococci, E. coli and
K. pneumonia are also associated with CRBSI. Very little
is known about viral or parasitic causes of catheter related
infection or the normal skin flora of these types of organisms.

Infection—pathogenesis

The etiology of CRBSIs is likely due to a combination
of two factors, the ability of microorganisms to migrate
through the defect created by the CVC entry site and direct
inoculation during placement of the catheter (9-11). Short
term CVCs, considered of less than 10 days’ duration,
are most commonly infected by cutaneous organisms that
traverse on the external surface of the catheter. Long term
catheters, greater than 10 days, appear to have a different
fouling mechanism involving the luminal surfaces of the
catheter. As such, short term catheters tend to benefit from
prevention methods that are directed at the external surface
while long term catheters benefit from an endoluminal
infection prevention approach (6).

Biofilm related infections are extremely difficult to
eradicate due to high tolerance of the biofilm to antibiotics
and resistance to the host immune systems (12,13). There is
no efficient method to detect biofilm formation and thus no
methods for early intervention. Management often entails
catheter removal and replacement, subjecting the patient
to another procedure and its associated risks. Figure 1
summarizes the entry points of infectious causes of catheter
fouling.

Infection—prevention

Sterile technique and frequent monitoring: guidelines have
been established for effective placement and routine care
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Figure 1 Infectious fouling of catheters can occur by migration of bacteria from the surface of the catheter, from the lumen of the catheter

and from hematogenous seeding. Biofilms protect the bacteria from mechanical motion and antibiotics. Prevention guidelines have been

well established (13,14).

of CVCs which include hand hygiene regimens, barrier
precautions, antiseptic protocols during placement with use of
agents like chlorhexidine, directed site selection strategies as
well as daily examinations (13,14). Removal and replacement
of a CVC is also recommended for prevention and treatment.
Sterile, transparent, and semi-permeable dressings are
recommended with frequent dressing changes (often weekly)
especially if the dressing or area is soiled or damaged.
Preventing line entry points from submersion in water is
recommended, no soaking. Additionally, vigorous activity
involving the area the catheter traverses can cause damage to
the line or displace it and so avoiding this if possible.

One simple solution to preventing catheter fouling by
infection is direct anti-infective agent impregnation into
catheter materials. Materials can be bonded in a variety
of ways to a catheter including on the inner surface, the
exterior surface and within the catheter material itself.
A Cochrane systematic review concluded that antibiotic
impregnated catheters are effective but should be used
in the correct patients as not all patients benefit (15).
Minocycline and rifampin demonstrate improved rates of
infection when impregnated in catheter materials (16-18).
Silver has also been used as a coating agent internally and
externally, which has not been shown to be beneficial (11).
Heparin also has been used as a coating agent to prevent
infectious fouling (16). Chlorhexidine and sulfadiazine
are also associated with a decreased incidence of catheter
colonization and CRBSI when compared to uncoated
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catheters (19,20). The underlying material used in catheters
can make a large difference in the incidence of CRBSI.
Polytetrafluoroethylene and polyurethane catheters are
associated with decreased rates of CRBSI when compared
to polyvinyl chloride and polyethylene (21).

Infection—outcomes

INICC multidimensional infection control approach has
been a large success in curbing CRBSIs by up to 50% or
more as well as CRBSI associated deaths by 58% (22-27).
These steps include creating a central line kit consolidating
useful items, thorough education about precautions and
complications, end outcome surveillance, continuous process
surveillance, feedback on outcomes as well as feedback on
infection prevention practices (26).

Occlusion

Occlusions occur often involving 14-36% of patients within
1 to 2 years of placement of the catheter (1). Aspiration
and flushing are the two major actions of a catheter and
complete occlusion is when neither action is possible.
It is likely more common for incomplete occlusion to
occur in isolation where flushing of the line is possible
but aspiration is not. This is most often due to fibrin
sheath formation that causes a one-way valve effect as
shown in Figure 2. Occlusion can occur, in general, from
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Figure 2 Demonstration of the one-way valve effect of incomplete

occlusion by a fibrin sheath.

mechanical obstructions (kinked tubing, tight sutures,
external pressure, vessel wall opposition), precipitated
infusates, fibrin sheaths or thrombosis. Some data estimate
that up to 66% of patients who have long term CVCs will
have a thrombotic event and are associated with long term
vascular complications (28-33). Fibrin sheaths can occur
as early as 24 hours after placement of a CVC (34). Fibrin
sheaths usually do not cause any symptoms or long-term
consequences, however, there is a small risk of embolization
which could have more serious effects.

Occlusion—thrombosis

Virchow’s triad is a classic cornerstone of basic thrombosis
risk factors in which three major factors control the
development of a thrombus: (I) stasis; (II) endothelial
injury; (III) altered coagulability. Clinical risk factors that
affect the triad and are indicators for thrombosis include
recent surgery, trauma, prior thrombosis, increasing
age, pregnancy or puerperium, and oral contraceptives.
Hypercoagulable states include cancer, heart failure,
obesity, myeloproliferative disorders, nephrotic syndrome,
and familial causes such as factor V Leiden, prothrombin
mutations and protein C or S deficiency.

Thrombosis—pathogenesis

Healthy endothelium is drastically different than artificial
surfaces as it has endogenous mechanisms to actively
resist thrombosis while artificial surfaces often do not.
The endothelium is also able to actively regulate flow.
Injury to the endothelium triggers a complicated cell
signaling cascade that promotes thrombosis. These
features include but are not limited to electrostatic
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forces of surface molecules and active chemical release
including platelet and coagulation protein inhibitors and
molecules to activate fibrinolysis (35). The subendothelial
layer contains von Willebrand factor (vWF), collagen,
laminin, thrombospondin and vitronectin creating a highly
thrombogenic environment. Basic artificial surfaces have
little to no directed activity against adherent proteins or
cells, no remodeling capabilities, and no active mechanism
to enhance or inhibit cell signaling. Thus, a process of
protein adsorption, cellular adhesion, thrombin generation,
and activation of complement occurs at the surface which
eventually creates thrombotic occlusion. Figure 3 illustrates
the basic steps of protein adsorption, cellular adhesion,
aggregation, and stabilization.

Surface adsorption of proteins by electrostatic
interactions and physical conformational changes of these
proteins are likely the first step in device thrombosis.
Adsorbed proteins can form a layer 2-10 nm in thickness
and enhance the concentration of these proteins 1,000 times
higher than in plasma. Adsorption is reversible and can
change the local concentrations of adsorbed proteins. This
is known as the Vroman effect (39). Hydrophilicity is a key
determinant of protein adsorption. Hydrophobic surfaces
adsorb proteins more readily. Given that protein structure
determines function, adsorption to an artificial surface can
alter protein structure and subsequently biologic activity.
This feature of surface-protein interaction may be a ripe
target for preventing complications (40).

A key component in thrombosis is fibrinogen and it is
likely one of the first components to adsorb to artificial
surfaces. Fibronectin and vWF will subsequently work with
fibrinogen to mediate platelet adhesion. The complement
system and coagulation pathway proteins will be readily
activated in this highly concentrated environment
facilitating thrombosis.

Cell adhesion to the surface via the deposited protein
layer is the next step to thrombosis. Fibrinogen is the major
factor in platelet aggregation on artificial surfaces (41).
As platelets aggregate to the adsorbed fibrinogen they
release thromboxane A2, ADP and other agonists which
activate further aggregation. Fibrinogen will also attach to
leukocytes and create an inflammatory state that increases
platelet aggregation via multiple signaling molecules such as
platelet activating factor and tumor necrosis factor (TNF).
Red blood cell (RBC) adhesion is passive but once adhered
can release ADP which stimulates platelets (41).

Once the artificial surface is covered with proteins that
promote cell adhesion and platelets have adhered to the

Cardiovasc Diagn Ther 2017;7(Suppl 3):5246-S257



S$250

Wallace et al. Anti-fouling strategies for catheters

Thrombosis development on catheter surfaces

Platelet Fibrin crosslinking
aggregation - Stabilization of
- Signalling platelet
molecules aggregate
- Platelet - Intrinsic
near-wall effect pathway
- Enlargementof
aggregate

Protein Cellular
adsorption adhesion
- Fibrinogen - Platelets
- Fibronectin - RBCs
- VWF - NETs
Increased protein || Activation and
concentration release of
(Vroman effect) agonists such as
thromboxane A2,
ADP

flow and can induce endothelial injury.

Artificial surfaces increase activation of complement, increase near-wall effect, alter

Figure 3 The major development steps of thrombosis on a surface. Protein adsorption to the surface causes a localized increase in
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Figure 4 Macroscopic image of a central venous catheter with
an associated micro-CT image of a central venous catheter in a
longitudinal, split and opened view. Note the smooth surface with

eyelets near the end.

surface proteins, further aggregation and cross-linking can
occur to enlarge and stabilize the early aggregate. The two
major systems that influence the late portion of the cascade
involve coagulation proteins leading to thrombin generation
and the complement system.

Coagulation proteins also adhere to the artificial surface
promoting activation of the cascade and stability in platelet
aggregation by fibrin crosslinking. Increased clotting
activation is thought to be mediated through the intrinsic
coagulation pathway (42). Clotting time when tested iz vitro
can be decreased 3-fold solely by the presence of a catheter
(37,38). This may be mediated through the intrinsic pathway,
which has been shown by inhibiting this effect with corn
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trypsin inhibitor, a potent and specific inhibitor of FXIIa.

In other blood contacting systems, for example dialysis
machines, after blood contacts the artificial surfaces the
complement system is activated (43). This also occurs with
catheters (44). The complement cascade consists of three
pathways: classical, alternative and lectin. The two pathways
most likely to be activated by artificial surfaces are the
classical pathway and the alternative pathway. This occurs
by Kallikrein cleaving FXIIa and by C3 and C5 deposition
onto the surfaces which are then activated and promote
leukocyte attraction and adhesion.

More underlying mechanisms of thrombus stability
are being explored which can be later used for targeting.
Thrombus contains complicated arrays of histone/DNA
complexes when in the acute phase (45). Local inflammation
developed around thrombus creates neutrophil extracellular
traps (NETs), an array of DNA and proteins with the
intent of antimicrobial activity. These can then provide a
scaffold with altered flow for platelet adhesion and further
propagation of the thrombus (36).

Thrombosis—physical properties

A typical design for a CVC can be seen in Figure 4.
Naturally, catheter surface structure impacts the flow
dynamics of blood which may significantly affect rates
of thrombosis. Catheter structure involves a smooth
surface made of a variety of materials. These materials are

Cardiovasc Diagn Ther 2017;7(Suppl 3):5246-S257



Cardiovascular Diagnosis and Therapy, Vol 7, Suppl 3 December 2017 S251

continuously under development and the manufacturing
complexities may influence the outcomes of translational
research. At the end of a catheter are eyelets which are holes
in the catheter that allow exchange of fluids and are known
areas of complications (46).

Physical proximity of platelets with developing thrombus
and local flow dynamics directly affect the formation of
thrombi. A platelet must be near the surface of other
platelets for a sufficient period to form the appropriate
electrostatic and chemical bonds. The number and
concentration of platelets near a vessel wall and catheter
surface will dramatically change the occurrence of platelet-
platelet and platelet-surface interactions. Platelet motion
and distribution within vessels are strongly affected by the
motion of adjacent RBCs and surrounding shear stressors.
The shear rate describes the flow of fluid between two
parallel plates which is used to describe the flow of blood
and plasma within vessel walls. A platelet “near-wall excess”
is a well-known phenomenon that describes a multi-
micron-wide fluid layer adjacent to vessel walls where
there is an increased density of platelets (47). An increased
concentration of platelets at the periphery increases the
interactions that platelets have with the catheter surface as
well as a developing thrombus.

Thrombosis—prevention

The obvious first step to preventing thrombosis of catheter
devices would be to target protein adsorption to catheter
surfaces. Studies into modifying the surface structure and
biomaterial have not yet been able to remove the need for
systemic anticoagulant agents. Failure rates of ventricular assist
devices have been reported to be as high as 6% when due to
thrombosis (48).

Inhibiting cell adsorption is another likely target for
prevention. Inhibiting protein and cell adsorption is often
attempted by modifying the electrostatic and hydrophobic/
hydrophilic properties of the material. Physical properties
of systems such as entropy can be leveraged to prevent
adsorption and adhesion. For instance, water molecules
evenly distributed on a hydrophilic surface will decrease the
local entropy and may be readily displaced by proteins or
cells. Surface structure modification can readily affect these
physical properties.

Hydrophilic polymers

Polyethylene glycol (PEG), also known as polyethylene
oxide (PEO), is highly hydrophilic and creates a water-
solvated structure forming a surface that has highly
mobile chains that physically prevents protein and cellular

© Cardiovascular Diagnosis and Therapy. All rights reserved.

cdt.amegroups.com

adsorption (49). While in vitro studies showed some benefit,
no substantial 7z vive studies have (49).

Zwitterionic materials such as phosphorylcholines improve
on the level of hydrophilicity demonstrated by PEO by
offering both positively and negatively charged components.
Phosphorylcholines coatings have multiple advantages
including better stability than PEG. They are inherently
non-thrombogenic. Additionally, phosphorylcholines can
be used as a storage container for other biologically active
molecules and released over time (50). An important
feature of zwitterionic groups is to maintain the ability
to physically exclude fouling materials such as proteins,
a method of steric hindrance. In phosphorylcholines
the head groups are electrically neutral at physiologic
pH. Available clinical studies revolve around coronary
stents with acceptable but not stellar outcomes (51,52)
which means further development may be needed to gain
full advantage. Animal studies unfortunately have been less
convincing (53).

Surface coating

Pyrolytic carbon coating is used in a variety of vascular
settings including heart valves. Valves are coated via a
process called chemical vapor deposition. Pyrolytic carbon
offers good biocompatibility and demonstrates decreased
platelet adhesion when compared to other materials,
although there are surface micro contours that allow for
more platelet adhesion than once thought (54). When
compared to uncoated artificial devices when used in
humans, however, no significant benefit in patency rates has
been shown (55-57).

Albumin, a prominent protein in natural systems, has
been used as a coating on catheters with in virro studies
demonstrating benefit. Albumin has been shown to
resist platelet and leukocyte adhesion (58,59). Elastin is
a vital component of the vessel wall, possibly the best
biocompatible thrombo-preventive surface known. Thus,
elastin inspired coatings have been pursued. Overcoming
the difficulties of developing elastin-like coatings (60,61)
multiple components have been built into the surface of
catheters such as polyethylene terephthalate. These products
have demonstrated promising iz vitro results with anti-
platelet activity (62). Animal studies also show promise (63).
Elastin-like polypeptides also offer other benefits including
the ability to store and deliver drugs over time as well as the
ability to self-assemble (64).

Heparin is a ubiquitous systemic agent for preventing
thrombosis. Naturally, heparin has been coated onto
multiple devices (65). Unfortunately, studies on coronary
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as a thin layer on the surface to create highly protective surfaces.

artery stents with heparin coating have not demonstrated
benefits significantly above bare metal stents (66,67). One
possible explanation for the lack of benefit is in the binding
properties used and so other methods of binding heparin to
device surfaces are being investigated (68-70). Additionally,
direct thrombin inhibitors such as argatroban and
bivalirudin could offer benefits (71-73) but no significant
studies on efficacy are available.

Sirolimus, initially an antifungal medication, has been
used as a coating on heparinized stents and demonstrated
an improved restenosis rate when compared to other
stents when tested in animals (74). The study also noted
good biocompatibility with no change to the inflammatory
response indicating a possible role for sirolimus and future
development.

Targeting NETs

One potential avenue that has not been studied is
addressing the aggregation effects of NETs on platelets.
Immunothrombosis, a proposed method of fighting and
containing infection (75) may play a role in catheter
related thrombosis due to an inflammatory response
incited by foreign materials or microorganism invasion.
The extracellular DNA identified in acute thrombi may
be a target for DNA splitting enzymes and may lead to
improved prevention (45). Pretreatment with nucleases
has been shown to reduce NET levels which could lead to
reduced thrombogenicity (76). Further evaluation of the
development of NETs near sites of foreign devices may help
to explore this possibility.

Slippery liquid-infused porous surfaces (SLIPS)

SLIPS are a new and unique design exploiting roughened
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surfaces to create variable topography that improves
contact with a coating. Figure 5 illustrates this relationship
between porous material and liquid surface. This coating
ideally would be chemically inert, inciting no inflammatory
response and preventing protein and cellular adhesion for
improved anti-fouling. Solid structures with these nanoscale
substructures on the surface combined with high density
but liquid repelling coatings can protect against a wide
variety of substances, whether they are viscous, thin liquids
or full of cells (77-81). SLIPS have additional value in that
they are self-healing and require less maintenance with
improved stability for long term applications. Application
of SLIPS has been performed on the enamel of rabbits and
demonstrated greatly reduced dental plaque (82).
Micropatterning

Micropatterning of surfaces is a unique strategy that
utilizes the well demonstrated effects that surface
topology can have on cellular response (83). In
another demonstration of the power of biomimicry,
micropatterned surfaces can be developed that mimic the
natural antifouling surfaces present on aquatic animals
and other life forms (84). One such surface, present
on lotus leaves, uses uniform conical cells creating a
super hydrophobic surface that causes liquid beading
to clean the surface from adhered contaminants (85).
Another surface involves mimicking shark skin by
creating microgrooves that create a low-drag and
self-cleaning surface. After creation of an artificial
structure it was shown to reduce zoospore settlement by
approximately 85% (86) which may have implications for
antithrombotic effects as well.
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Table 1 Summary of the methods that have been attempted or
proposed for preventing artificial surface fouling from infectious or
thrombotic causes

Infection prevention methods

Antibiotic infusion
Minocycline (16-18)
Rifampin (16-18)

Catheter materials
Polytetrafluoroethylene (21)
Polyurethane (21)

Antiseptic coating
Chlorhexidine (19,20)
Sulfadiazine (19,20)

Other
Silver (11)

Heparin (16)
Thrombosis prevention methods

Hydrophilic polymers
Polyethylene glycol (49)

Zwitterionic materials
Phosphorylcholines (51,52)

Other coatings
Pyrolytic carbon (55-57)
Albumin (62)

Heparin (65)
Direct thrombin inhibitors (71-73)
Sirolimus (74)

SLIPs (77-81)

Micropatterning
Lotus leaf conical cells (85)

Shark skin microgrooves (86)

Thrombosis—treatment

Treatment for thrombosed catheters generally includes
thrombolytic therapy or removal/replacement of the
catheter. Complete thrombosis of a catheter can occur
with thrombosis of the surrounding veins causing deep
venous thrombosis and necessitating further treatment

such as systemic anticoagulation or catheter directed
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thrombolytics (1,87-90). Pulmonary embolism is the most
feared complication with catheter thrombosis. Embolic
events after catheter removal occur due to dislodging the
thrombus material when manipulating the catheter. There
are no supported guidelines for when additional catheters
should be placed and individual assessments must occur on
a patient to patient basis (87).

Discussion

The role of CVCs in the outpatient and hospital setting
is substantial and often without severe complications.
Despite this, the volume of catheters used makes even rare
complications not an uncommon experience. A variety of
strategies for antifouling methods have been attempted
with variable results including catheter impregnation
techniques with antibiotics, various polymer materials with
antimicrobial and antiplatelet properties, taking advantage
of electrostatic forces to create hydrophilic slippery surfaces
as well as coating inert materials with active proteins. These
are summarized in Table 1. Exciting new avenues of research
in SLIPS and omniphobic surfaces offer the promise
of improved biocompatibility and reducing thrombotic
complications. Continued research into the molecular
structure of thrombus and the inflammatory response may
offer additional methods of preventing platelet aggregation
and stabilization such as targeting extracellular DNA seen
in NETs. Many of these antifouling methods have not
been directly attempted in CVCs. Additional studies and
development of competing catheter systems need to be
started to confirm and improve on the techniques described.
Easier and faster detection of catheter related complications
via biosensors could lead to novel techniques of prevention
expanding upon the techniques described. Further studies
and funding in these areas will have a benefit to patients and
health-systems alike.
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