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General introduction

This thesis deals primarily with the problem of thrombogenicity.
According to the Williams Dictionary of Biomaterials 1999, "thrombogenicity"
is defined as the property of a material which induces and/or promotes the
formation of a thrombus 16. Blood contacting biomaterials tend to ignite
different coagulation mechanisms, and this can have devastating effects. Many
cardiovascular devices are considered to be "safe" only when anticoagulant drugs
are used 17,18,19. The use of such drugs, however, has important implications,
particularly an elevated risk for internal bleeding 20,21,22,23,24,25,26,27. This thesis
concentrates on two of such situations: thrombus formation in devices for
prolonged cardio-pulmonary bypass systems, and thrombus formation at the surface
of central venous catheters.

Coagulation occurring at artificial surfaces
Within seconds following contact between blood and an artificial
material, plasma proteins adsorb onto the material's surface 28. The adsorption
process induces conformational changes in some plasma proteins 29,30,31,32,
resulting in partial denaturation and exposure of reactive domains 29,30,31,32,33.
These are initial events in the triggering of thrombotic and inflammatory
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Cardiovascular medical devices include catheters for blood access and
blood vessel manipulation (e.g. angioplasty), stents, heart assist devices, vascular
grafts, prosthetic heart valves, extracorporeal pump-oxygenator systems (used in
many surgical procedures 1,2,3), and hollow-fibre hemodialyzers to treat kidney
failure. All cardiovascular devices have in common that they are in contact with
the patient's blood. The duration of the contact can vary between minutes and
years (i.e. the rest of the patient's life time). The blood-contacting surface of any
cardiovascular device is critical, especially since the contact can lead to the
formation of thrombus that can adhere to the surface 4,5,6, or can detach from
the surface, to embolize a blood vessel downstream 7,8,9,10,11. The majority of the
cardiovascular biomaterials are polymers 12,13,14. These materials are available in a
wide range of physical and mechanical properties 14. A distinct advantage of
polymers is, furthermore, that they can easily be manufactured into products
with a desired shape. The most common polymers used in cardiovascular
medical devices are: poly(tetrafluoroethylene) (PTFE), poly(dimethylsiloxane),
poly(propylene), poly(ethylene terephtalate) (PET), poly(urethanes) (PU),
nylons, poly(ethylene); low- and high density, poly(sulfones), and
poly(vinylchloride) (PVC) 12,13,14. Cardiovascular biomaterials and the devices
manufactured from them have revolutionized modern healthcare during the last
5 - 6 decades, and these developments are still ongoing. The global market for
cardiovascular biomaterials/devices is expected to reach 20.7 billion US$ in
2014, with an annual growth rate of 12.5%, thereby surpassing all other
segments in the biomaterials market 15.
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responses 28,29,30,31,33,34. Among the adsorbed proteins are coagulation factor XII,
fibrinogen, Immunoglobulin G (IgG) and complement factor C3b 28,29,30,31,33,34.
Conformational changes in coagulation factor XII, leading to its activation,
trigger the coagulation cascade and fibrin formation via the intrinsic pathway 31.
In addition, recent data show that proteases of the coagulation cascade can have
C3 and C5 convertase activity, leading to complement activation 35.
Conformational change in adsorbed fibrinogen exposes reactive sites which
facilitate platelet adhesion via the glycoprotein IIb/IIIa complex 34,36,37,38.
Adsorbed IgG can activate the complement pathway in the vicinity of the bloodmaterial interface 33. Subsequent response amplification via the alternative
pathway generates large amounts of C3b which also can be adsorbed and further
catalyzes downstream complement activation 33.
C3a and C5a, both products of the complement cascade, display
anaphylactic and chemotactic activity and elicit proinflammatory responses in
neutrophils and monocytes, with cytokines, vasoactive substances and cellsignalling molecules 39. Eventually, the thrombotic and inflammatory responses
lead to formation of microembolic particles of fibrin, platelet aggregates, fat
and other matter 40. These microembolic particles can become trapped in small
arteries and capillary networks of the patient's body. The damaging effects of
obstructed blood flow, cytokines and inflammatory responses of neutrophils
and monocytes can then disturb organ function. Especially in the brain this can
have serious complications 7,8,9,10,11. On the other hand, blood clot formation also
compromises performance of the artificial device. Thrombotic obstruction can
for example lead to oxygenator failure in CPB set-ups, leading to necessary
device replacement 4,5,6.

Cardiopulmonary bypass systems
The development of cardiopulmonary bypass (CPB) systems, also known
as heart-lung machines, has been a milestone in the field of cardiac surgery
41,42,43,44
because of the possibility to artificially take over cardiac and pulmonary
function. CPB is still a necessity for cardiac surgery that requires opening of the
heart, while maintaining sufficient blood flow to the rest of the body. It is now
routine for surgeons to operate on the heart in an environment without
movement and without blood 45. The heart-lung machine is a standard support
system during coronary artery bypass grafting (CABG) and valve surgery. In the
Netherlands, nearly 17,000 patients had open heart surgery in 2009 46 and this
number is not likely to decrease. Firstly, the contribution of off-pump
procedures - without CPB - is now steady around 15% 47 and secondly, the new
contribution of minimal invasive procedures (without CPB), will most likely be
compensated by the overall increase of procedures in patients at older ages 48,49.
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The heart-lung machine of today is a highly sophisticated device and
contains three basic parts: a blood pump, an oxygenator and a set of tubing
circuitry. The blood pump sustains blood flow (either non-pulsatile or pulsatile),
and the oxygenator allows gas exchange between blood and air. These
oxygenators are artificial lungs containing two compartments, separated by a
gas-permeable membrane. Blood flows through one compartment while a gas
mixture is pumped through the other compartment. The oxygenator contains a
relatively large surface area (1.35 m2 - 2.5 m2) of gas-permeable membrane to
attain high levels of gas exchange 52.

Figure 1. Picture of a typical CPB set-up. Depicted are the oxygenator (lower left, square-formed device),
the blood pump (lower right, circular device). Blood is guided from the patient towards, from and between
these devices through an extensive set of tubing. Note the large amount of blood present in the tubing and
different components of the system 53.
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More recently, refinement of the heart-lung machine and the growing
experience with longer lasting support has raised the interest to expand CPB
technology outside the operating room, as a bridge-to-recovery for patients with
severe heart and/or respiratory failure or as a bridge to transplant 50,51. These
applications are usually termed as extracorporeal life support (ELS). In these
settings, the patient is typically connected to the heart lung machine for an
extended period of time, which may range from days to even weeks. Patients
requiring prolonged ELS usually suffer from critical, life-threatening conditions
with a high degree of mortality. When all conventional treatments have failed,
connection to the ELS system for several days or weeks is often a last option to
support the vital functions throughout the primary disease process. On the other
hand, prolonged extensive blood contact with the artificial surfaces of the ELS
system opposes a secondary burden for the already severely diseased individual.
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To prevent the occurrence of thrombus formation on such a large surface
area as the inner surface of the cardiopulmonary bypass circulatory system is an
extraordinary challenge. Compared to other types of blood-contacting devices,
the blood-material interaction involves a larger surface area and a longer
duration. For almost six decades now, the cornerstone of measures to prevent
material-induced thrombosis during CPB or ELS, is aggressive anticoagulation
therapy. Unfractionated heparin (UFH) is thereby the standard anticoagulant of
choice 54,55. Its anticoagulant effect occurs fast after administration and can
rapidly be terminated by administration of protamine sulphate 55. There are,
however, some important side effects. Because of its chemical structure (a
macromolecular complex consisting of a core protein with a variable number of
mucopolysaccharide chains) UFH has a heterogeneous molecular size, resulting
in variable pharmacokinetic and pharmacodynamic effects 55. The anticoagulant
effect of UFH is of short duration and it has a variable circulating half-life,
which makes appropriate dosing difficult 55. Therefore, it is of great importance
to frequently monitor the anticoagulated state of the patient during CPB 55.
Another disadvantage of UFH is its high antigenic potential 55. In 30-50% of
patients UFH triggers an antibody response and in 1-3% of patients this results
in heparin-induced thrombocytopenia and thrombosis syndrome (HITTS) 55.
Dangerous complications can clinically manifest themselves as venous or arterial
thrombosis and, therefore, hold a considerable risk for limb ischemia, ischemic
stroke or acute graft closure 56,57. The HITTS syndrome has a high mortality rate,
approaching 40% 56,58. Besides HITTS, heparin administration causes reduced
platelet count by 20-30% 59. This, in combination with the anticoagulant effect
of heparin, results in increased risk for bleeding complications, intra- and
postoperative blood loss 55,58,60,61. Other anticoagulants proposed to replace
heparin are for example lepirudin, desirudin, bivalirudin or argatroban, all direct
thrombin inhibitors 55,58,62.
An important part of the efforts to refine CPB technology has been
dedicated to improve the interface between blood and the material surfaces,
leading to lower risks of thrombus formation and need for lesser aggressive
anticoagulation protocols and their associated complications 17,18. A strategy that
has yielded considerable progress in this respect was the development of
coatings to make material surfaces more blood-compatible. This has resulted in
a number of coating formulations for ELS systems that are nowadays clinically
available under the term blood compatible or hemocompatible coatings 63. A subset of
these coatings is based on heparin, to mimic the naturally occurring glycocalix
anticoagulant function by the molecule heparan sulphate 63,64,65,66. Differences
between these heparin coatings lie in the chemical bonding type used to attach
heparin to the coating matrix. Carmeda® BioActive Surface (Carmeda®;
Carmeda AB, Upplands Väsby, Sweden), Trillium® Biosurface (TBS®;
Medtronic Inc., Minneapolis, MN, USA) and Corline® (Corline Systems AB,
Uppsala, Sweden) use covalent bonding 63,66. Duraflo II® heparin coating
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Randomized controlled clinical trials show better outcome after open
heart surgery with CPB using coated ECC systems versus uncoated systems
18,19,67,68,69,70,71
. Until today, however, these materials have not succeeded yet in
completely replacing the need for aggressive anticoagulation therapy during CPB
procedures 17,18,19,71. Furthermore, fine-tuning anticoagulation therapy to achieve
minimal thrombotic events without increasing the risk for bleeding
complications remains difficult 20,21,22,23,24,25,26,27. The prevention of thrombotic
complications in patients requiring long-term ELS remains even a bigger
challenge 20,21,22,23,24,25,26,27. Nardell et al. conducted a retrospective analysis to
identify risk factors for bleeding in 145 pediatric post-cardiotomy patients
requiring ELS. In this study, both thrombocytopenia and duration of CPB were
identified as risk factors for bleeding complications and both these risk factors
could be attributed mostly to blood-surface contact in the ELS system. It was
postulated that contact-induced activation of coagulatory and inflammatory
responses results in consumption of clotting factors and platelets, which
increases the risk for bleeding 72. According to the Extracorporeal Life Support
Registry Report 2008 for neonatal and pediatric cardiac cases, surgical site
bleeding was the second most common complication during ELS. The most
common mechanical complications in these patient groups occurred in the
oxygenator, harbouring the largest surface area for blood-material contact, and,
blood clot formation throughout the ELS system was largely responsible for
these events 73. Brogan and colleagues analyzed the international database of the
Extracorporeal Life Support Organization and retrospectively compared cases
of surviving (n = 741) and non-surviving (n = 732) adult patients with severe
respiratory failure between 1986 and 2006. Blood clot formation within the ELS
circuit occurred frequently in both the surviving and non-surviving group,
respectively in 17% and 8% of patients. Surgical site bleeding also frequently
occurred in both groups and was significantly (p < 0.001) higher in the nonsurviving group (36%) than in the surviving patients (24%) 74.
The first part of this thesis focuses on these thrombotic problems
encountered during long-term use of heart-lung machinery, even in presence of
a blood compatible coating. Further research to develop improved blood-
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(Bentley Laboratories Division, Baxter Healthcare Corp., Irvine, CA, USA) uses
ionic bonding 63, and BioLine Coating® (MAQUET GmbH & Co. KG, Rastatt,
Germany) uses both ionic and covalent bonds 63. It is assumed that covalent
heparin coupling offers some advantages over ionic bonding. Establishment of
a covalent bond at the end of the linear heparin molecule, the so-called endpoint
attachment, leaves its active site better accessible for antithrombin III (AT III).
This way, the endpoint attached heparin molecules extend in the liquid phase and
are able to exert their anticoagulant effect on circulating blood components.
Additionally, the higher stability of a covalent bond versus an ionic bond is
assumed to better prevent leaching of heparin into the circulation and loss of
function of the coating.
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compatible coatings could decrease the risk for thrombotic complications during
ELS and simultaneously allow less aggressive anticoagulation, minimizing the
risk for bleeding complications.

Central venous catheters
A central venous catheter (CVC) is, as the name explains, a catheter type
inserted into large veins, such as the subclavian, femoral, or internal jugular vein.
CVCs are used worldwide for the management of critically ill patients. They are
indispensable tools for rapid access to the bloodstream for the administration of
drugs, parenteral nutrition, blood products, for measurement of hemodynamic
variables, or for withdrawal of blood samples 75. In the USA, an estimated number
of more than five million patients per year require a CVC 75,76. Among the patient
groups in which CVCs are most frequently used are cancer patients, especially
those with hematologic malignancies, patients in intensive care units (ICUs) and
hemodialysis patients. Also after cardiac surgery patients may get a central line
during the first week post-operatively.

Figure 2. Picture of a central venous catheter inserted in the right jugular vein. Note the short distance
between the venous bloodstream and the skin surface at the insertion site 77.

Unfortunately, several complications frequently occur with the use of
CVCs. These complications can roughly be divided in three categories:
mechanical, thrombotic and infectious complications 75. Mechanical
complications, such as blood vessel perforation, hematoma and pneumothorax,
fall outside the scope of this thesis and will not further be discussed.
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Currently, a combination of different measures is implemented in clinical
practice to reduce catheter-related infections. Standard operation procedures are
applied to ensure hygiene and minimize contamination during catheter insertion,
catheter manipulation and catheter care. Such protocols include for example
hand hygiene, wearing sterile clothing (gloves, mask, cap, gown), use of a large
sterile drape and skin antisepsis at the insertion site. The catheter insertion site
is protected with dressings permeable to water vapour to prevent trapping of
moisture and creation of an environment favourable for microbial growth.
Several types of CVC are also available that vary in their risk for CRBSIs 76. The
subclavian vein is preferentially chosen as the catheter insertion site since it was
shown that this location holds the lowest risk for catheter colonization. To
further minimize the risk for catheter-related infections, ultrasound guidance can
be used to facilitate catheter insertion and can decrease the number of puncture
failures, complications and the catheter insertion time. Another measure to
prevent catheter-related infections is the use of antimicrobial lock solutions.
These are solutions containing antibiotics or antiseptics and an anticoagulant,
which are injected into the catheter lumen and locked in there until the next use
of the catheter 85,86.
The most direct approach to reduce CRBSIs is probably to coat catheters
with antibiotics or antiseptics to prevent adhesion and/or survival of microorganisms on the catheter surface. Several combinations of antibiotics or
antiseptics have been used in coatings to prevent microbial colonization. The
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It is believed that infectious complications of CVCs are interrelated with
thrombotic complications. Evidence for this comes from several studies 78,79,80,81.
This is the reason why these complications are shortly explained here. Infectious
complications arise with 3 to 8% of inserted catheters and account for
approximately 80,000 catheter-related bloodstream infections (CRBSIs) per year
in ICUs throughout the USA, which makes them the primary cause of
nosocomial bloodstream infections (BSIs) in ICUs 76. Combined with CRBSIs
occurring outside the ICU, a total number of 250,000 CRBSIs are estimated to
occur annually. CRBSIs cause a significant burden in terms of morbidity,
mortality and healthcare costs. In terms of morbidity, the occurrence of CRBSIs
usually results in prolonged hospital stay and additional therapy 82. The exact
burden in terms of mortality is still unclear. Estimates for the attributable
mortality of CRBSIs range from 0 to 35% depending on the degree of control
for severity of illness 76,83. Per infection, the costs related to additional care are
estimated to be in the range of $25,000 - $30,000 76,83. This results in attributable
annual health care costs ranging from $296 million to $2.3 billion 76,83. In
addition, Medicare, the United States government's health insurance program
for elderly and disabled Americans, stopped reimbursement of the costs for
preventable hospital-acquired conditions, among which are catheter-related
infections 84.
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best-known examples of antimicrobial CVCs are those impregnated with
chlorhexidine and silver sulfadiazine (CHSS-CVCs), CVCs coated with
minocycline and rifampin (MR-CVCs), oligon treated catheters (oligon-CVCs)
and CVCs impregnated with silver 76,87,88,89. These so-called antimicrobial coatings
have been evaluated in numerous clinical studies for their efficacy in reducing
catheter colonization and CRBSIs 88,89. Whether CVCs that have been made
antimicrobial effectively succeed in reduction of catheter colonization and
CRBSIs, is, however, still a matter of debate 90,91,92. The methodological quality of
studies comparing anti-infective catheters with standard catheters is generally
poor 90,92. Furthermore, recent economic analyses doubt about the costeffectiveness of implementation of antimicrobial coatings on CVCs 90,91,92.
Researchers therefore continue their efforts to develop more effective
antimicrobial coatings.
Recent developments in chemical engineering have resulted in the ability
to create silver nanoparticles (AgNPs), powders of non-ionic silver with a
diameter of 100 nm or less. A remarkable property of such nanopowders is their
extremely large surface-to-volume ratio 93. Furthermore, AgNPs have been
shown to exert antibacterial effects that are thought to result from oxidation and
subsequent appearance of chemisorbed silver ions at the nanoparticle surfaces 94.
This makes nanosilver an attractive candidate for use in antimicrobial catheter
coatings. Because of the surface-to-volume ratio, AgNPs used in coatings could
form a reservoir for long-term elution of antimicrobial silver ions (Ag+) 95,96. This
represents an important advantage compared to coatings with other forms of
silver, like silver salts, of which the counter-ion may cause problems upon
dissociation in vivo 95. The potential of AgNPs to achieve long-term antimicrobial
effects through elution of Ag+, is increasingly being explored in antimicrobial
coatings for CVC materials 97,98,99,100,101. At the beginning of this PhD-project,
however, nothing was known about the blood compatibility of nanosilver-based
coatings, what brings us back to the main topic of this PhD-thesis:
thrombogenicity of blood-contacting materials.
Thrombotic complications are thought to arise in 2 - 26% of patients
with central lines 75. As described earlier, contact between the blood and an
artificial surface can disturb the blood's hemostatic systems resulting in
thrombus formation and, possibly, embolisation. Beside blood-material
interactions, a number of other factors increase the risk for thrombus formation
in patients with CVCs. Among these factors is the catheter insertion site. It was
shown previously that the occurrence of catheter-related thrombosis was lowest
in patients with subclavian vein catheterization compared to patients with
femoral and internal jugular catheterization. Another factor that increases the
risk for catheter-related thrombosis is inherent to the patient's underlying disease
process or its treatment. Normal blood homeostasis can be severely disturbed in
patients with hematologic malignancies. Furthermore, also chemotherapy
influences blood homeostasis 75. The second part of this thesis will address the
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Figure 3. A set of some typical CVCs. Depicted are a triple-lumen CVC (upper CVC), a double-lumen CVC
(middle CVC), and a single-lumen CVC (lower CVC) 102.

In vitro methods to assess thrombogenicity and antimicrobial
activity of biomaterials
E v a l u a t i o n o f b l o o d -cc o a t i n g c o n t a c t u n d e r f l o w
A first step in the development of blood compatible coatings is the in vitro
evaluation of interactions between the blood and the coating surface. Ideally, the
in vitro test model should include blood-coating contact under flow. Several of
such models have been described so far.

Figure 4. Picture of the modified Chandler loop set-up. Blood-filled tubing loops are mounted on a wheel
of which the axis is stabilized by a heavy construct. The total construction is placed in a water bath heated to
37°C and can be rotated at different speeds.
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blood-compatibility of nanosilver-based coatings. These materials are
increasingly being investigated for their potential to make surfaces more
antimicrobial. Acceptable blood compatibility is, however, a prerequisite to be
suitable for use on CVCs without increasing the risk for both thrombotic and
infectious complications.
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The model that was used in this thesis to evaluate blood-coating contact
under flow is a modified Chandler loop system. Tubing with or without coating
is filled with fresh whole blood and closed with a plastic sleeve to create circular
loops. In each loop, a small air bubble is left before closing the loops. The closed
tubing loops are mounted on a wheel that is subsequently placed in a water bath.
The wheel can be rotated at different speeds. Together with the air bubble left
in each tubing loop, the rotational movement creates a flow-like situation at the
blood-coating interface. Figure 4 shows the typical modified Chandler loop setup that was used throughout this work.
The modified Chandler loop model has been used by several research
groups as an in vitro model to evaluate interactions between the blood and
artificial surfaces under flow 103,104,105,106,107. Relatively small amounts of sample
material are needed to create tubing loops and the model allows multiple
experiments to be performed simultaneously. In addition, the amount of blood
required to fill a tubing loop is relatively small. This ensures that all experiments
performed during one run can be executed with identical blood, a feature that is
very important for the evaluation of hemocompatibility. The composition of
human whole blood, its tendency to clot and multiple other parameters can
fluctuate over time, for example due to a person's diet (e.g. alcohol use), use of
medication (e.g. aspirin) or inflammatory processes occurring in the body. Also
between donors, considerable variation can exist for several blood parameters.
To exclude such additional variables, it is thus important to perform experiments
with blood from a single donor, collected at one time point.
The presence of a small air bubble inside each tubing loop is a necessity
to ensure mixing during rotation of the wheel. Consequently, blood-air contact
is occurring standard during experiments in the modified Chandler loop model.
Effects of blood-air contact have been described and include complement
activation 108. To minimize artefacts due to blood-air contact, the size of the air
bubble inside tubing loops can be kept small. The remaining blood-air contact
could be compared to the blood-air contact inside an oxygenator of a real-life
CPB set-up.
Several authors reported using a closed-loop CPB model in which whole
blood was circulated through an oxygenator and tubing circuitry by use of a
blood pump 109,110,111,112. In principle such a model includes all parts of a clinically
used CPB system and allows blood flow rates comparable to the in vivo situation.
The relatively large amount of blood required to fill a closed-loop set up with
both an oxygenator and tubing circuitry seriously limits the ability to perform
multiple experiments in parallel with identical blood. Also, it is often not feasible
to acquire oxygenators coated with experimental coatings. These devices are
usually only available with coatings that are already in clinical use.
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Evaluation of the thrombogenicity of coatings

In short, whole blood is collected on citrate, a calcium chelating
anticoagulant. Platelet-rich plasma (PRP) is isolated after centrifugation. Prior to
the experiments, a thrombin-specific, fluorogenic substrate (Z-Gly-Gly-ArgAMC) is added to the PRP. The graph below presents two thrombin generation
curves.

Figure 5. Thrombin generation curves measured for two different catheter samples (Sil-PVP (a) and
Sil-PVP-Ag(15) (b)). Each curve represents the concentration of thrombin (y-axis) at each time point
throughout the experiment (x-axis). Both experiments were performed simultaneously with the same PRP,
freshly isolated from the same donor (Donor 2). Notice how the time span between the onset of the
experiment and the sudden rise in thrombin levels (TGTlag,a and TGTlag,b) can differ for different catheter
samples.

Each curve represents the concentrations of thrombin in one specific
well throughout the experiment. At first, no thrombin is present yet, which is
represented by the lag time in the thrombin generation curve. Following
activation of the intrinsic coagulation pathway, thrombin is formed explosively,
which is seen in the curve as a steep increase in the thrombin concentration to
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Throughout this thesis, the thrombogenicity of various coatings was
measured using a modified version of the thrombin generation lag time (TGTlag)
measurements described by Hemker, et al. 113 The modifications applied to
Hemker's original TGT model are based on the fact that, during blood-surface
contact, activation of the coagulation cascade occurs via the intrinsic pathway.
As described earlier (vide supra), the adhesion of plasma proteins on bloodcontacting artificial surfaces, can result in conformational changes and exposure
of active sites of the adhered proteins. Among these plasma proteins are
proteins of the coagulation cascade, such as factor XII. The TGT method
performed throughout this thesis, therefore does not involve addition of tissue
factor at the start of the experiments. As an alternative, the experimental milieu
in the modified experiments contains samples of coated tubing as the
coagulation activating agents.
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a maximum. Shortly after the onset of thrombin formation, inhibitory
mechanisms arrest thrombin formation and thrombin activity, which is
represented as a decline in thrombin concentration rapidly following the
obtained maximum thrombin concentration. In particular the TGTlag, at the
start of the experiment, is of importance to characterize the thrombogenicity of
blood-contacting materials. It represents the time period during which blood or
plasma contacts the material's surface without activation of the intrinsic
coagulation pathway.
This modified TGT method was shown to be a sensitive method to
discriminate between different materials in terms of their surface
thrombogenicity 114. The use of a fluorogenic substrate and fluorescence tracing
throughout the experiment makes the TGT experiments far less timeconsuming than the subsampling method. Furthermore, the method requires
only small amounts of sample material and very low amounts of blood. Multiple
experiments can therefore be performed in parallel with identical blood. A
limitation of the modified TGT method is the absence of flow. A variant of the
currently described method, in which TGT was measured under flow, was
reported by Aldenhoff, et al., but was not feasible for the work presented in this
thesis 115,116. The inclusion of flow in the model requires tubing samples with only
a very small diameter. This complicates the coating process.

Figure 6. Scheme of the experimental protocol for the thrombin generation experiments. The use of
a 96-well plate allows different catheter samples to be tested simultaneously with identical PRP, freshly isolated
from a single donor.
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Evaluation of the antimicrobial activity of coatings

Roll-plate analysis has been in clinical use for several decades already as a
generally accepted semi-quantitative method to diagnose CRBSI 119. A metaanalysis by Safdar, et al. reported an overall sensitivity of 0.85 (Confidence
Interval (CI), 0.81 to 0.89) and an overall specificity of 0.82 (CI, 0.80 to 0.84) 119.
In patients with suspected CRBSI the intravascular end of the catheter explant
is rolled over an agar plate. During the rolling process, bacteria present at the
catheter surface can be transferred to the agar. Subsequent, overnight culture of
the agar plate yields colonies that can be used to determine the identity of the
colonizing species. A cut-off value of ≥15 colony forming units is used to
discriminate between CRBSI or catheter colonization 119.
The roll-plate analysis is only a semi-quantitative method. Another, more
quantitative method to determine catheter colonization is quantitative sonication
120
. However, because even a rigorous method like sonication does not ensure
complete removal of all bacteria from the catheter, roll-plate analysis, the golden
standard, was the method of choice throughout this thesis to evaluate catheter
colonization. The roll-plate analysis is also a simple technique and therefore easy
to perform.

Figure 7. Scheme of the roll-plate analysis protocol. (a) and (b): Following incubation in a suspension of
bacteria, catheter samples are placed on an agar plate and rolled to the opposite side with a sterile tweezers.
During the rolling process bacteria can detach from the catheter surface and are transferred to the agar plate.
(c): Overnight incubation at 37°C allows viable bacteria to form colonies on the agar plate. The amount of
colonies formed gives an indication of the number of viable bacteria present on the catheter surface after
incubation in bacterial suspension.
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An initial event in the pathogenesis leading to CRBSI involves microbial
colonization of the intravascular catheter surfaces. According to a meta-analysis
by Rijnders et al., the incidence of tip colonization correlates well with the
incidence of CRBSI 117. To prevent development of CRBSI, antimicrobial
coatings should prevent colonization of the catheter surfaces with microorganisms. Throughout this thesis, the experimental set-up to analyse a catheter
material's ability to prevent microbial colonization was based on the semiquantitative catheter segment culture, also known as roll-plate analysis, first
described by Maki and colleagues 118,119.
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Outline of the Thesis
Chapter 2 came forth from the engineering of surface coatings with
long-term blood-compatibility. Using the well-known Chandler loop system, a
systematic evaluation of 2 commercial CPB tubings, each with a
hemocompatible coating, has been performed under conditions of relatively
long blood-contact times. An uncoated tube was used as a control. The
experiments comprised testing during 5 h with fresh whole blood from 4
different human donors. Essential blood parameters were measured and the
luminal surfaces of the tubings were studied with scanning electron microscopy
and thrombin generation measurements.
Chapter 3 describes the analysis of two nanosilver coatings with respect
to their antimicrobial properties and blood compatibility. The coating matrices
without AgNPs served as control materials, as well as state-of-the-art clinically
available antimicrobial and blood compatible coatings. Additional series of
titration experiments were performed to gain insights in the mechanisms behind
the nanosilver coatings' effects.
In Chapter 4 the blood compatibility of an antimicrobial silverbromide
(AgBr) nanocomposite coating was investigated with respect to both platelets
and the coagulation cascade. These materials were previously shown to display
strong antimicrobial effects, however, nothing was known about their blood
compatibility.
Chapter 5 originated from the hypothesis that effective antimicrobial
CVC coatings should display both antimicrobial activity and acceptable blood
compatibility. Described is the engineering of dual-action coatings embedded
with both AgNPs and heparin, and control materials embedded with either
AgNPs or heparin, or neither of these two. Following the engineering of these
materials, a first series of experiments were performed to characterize the
coatings' antimicrobial properties and blood compatibility.
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Abstract
Extended use of cardiopulmonary bypass (CPB) systems in cardiac
surgery is often problematic, due to the formation of thrombotic emboli and
infection. Part of these problems relates to imperfect blood compatibility of the
artificial surfaces within the CPB circuits. The engineering of biomaterial
surfaces with genuine long-term blood compatibility is far from trivial. Rational
selection of different materials or surfaces must rely on long-term blood
compatibility, which is essentially virgin territory in biomaterials science. For
example, most experiments with the well-known Chandler loop model system
for evaluation of blood-biomaterial interactions under flow conditions have
been described for a maximum duration of 2 h only. This study reports a
systematic evaluation of two commercial CPB tubings, each with a blood
compatible coating on the inner surface, and one uncoated control. The
experiments comprised: (i), testing with whole human blood from 4 different
donors under flow; (ii) measurement of the most essential blood parameters
(platelet counts, markers of platelet activation, leukocyte activation and
complement activation) at 5 different time points (0, 75, 150, 225 and 300 min);
(iii), analysis of the luminal surfaces with scanning electron microscopy (again at
the same time points). Furthermore, the different materials were subjected to a
thrombin generation test in vitro. The complete data set (three materials, four
donors, five time points) indicated differences in hemocompatibility of the
tubings. Furthermore, it appeared that discrimination between biomaterial
coatings can be made only after several hours of blood-biomaterial contact.
Platelet counting, determination of myeloperoxidase (a marker of
inflammation), and scanning electron microscopy proved to be the most useful
methods. These findings are believed to be of interest and relevance with respect
to the bioengineering of extracorporeal devices that should function in contact
with blood for extended time.
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Introduction

However, serious complications may arise if extracorporeal circulation
has to be sustained, e.g. for several days. The most frequent problems stem from
bacterial infection, hemolysis, thrombus formation within the circuit, and
formation of circulating thrombotic emboli 8,9,10. We became intrigued by these
problems, since they relate to long-term hemocompatibility of polymeric
materials, which is in fact unexplored territory in biomaterials science. Indeed,
we noticed that the literature on blood compatibility of CPB circuits merely
contains experimental data that correspond to short testing periods. For
example, Weber et al. extensively studied hemocompatibility of 4 different
biomaterials in a CPB model, but only up to 120 min 11. We adhere to the idea
that successful development of novel biomaterials or biomaterial coatings for
CPB will depend on robust evaluation models in which the blood-biomaterial
contact is maintained for several hours at least.
Herein we report a systematic methodological study in which two
commercial surface-coated CPB tubings (heparin coated tubings and PMEA
coated tubings) and one uncoated control were evaluated in contact with human
whole blood under flow, for a period of 5 hours. We calculated that
5 h of experimentation implies a level of blood-biomaterial contact that
corresponds to at least 9 h of operation in a typical CPB system (vide infra).
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Cardiopulmonary bypass (CPB) technology represents one of the most
striking examples of progress in biomedical engineering. Procedures in cardiac
surgery that rely on CPB can nowadays be regarded as safe, i.e., they are
associated with a low incidence of mortality 1,2,3. These developments resulted, to
a significant extent, from improvements in the polymeric biomaterials that
constitute the inner surface of CPB circuits. Within CPB circuits, there is
extensive blood contact with the tubing, the pump, and -particularly- the
oxygen/carbon dioxide exchange membrane. It is well known that cellular
components of the blood (particularly leukocytes and platelets) may become
activated, and that four different but partially overlapping plasma protein
cascades will go into operation (intrinsic and extrinsic clotting cascade,
complement system, and fibrinolytic protein system) 4. For more than 4 decades,
heparin has been used as the standard "anticoagulant" to counterbalance these
effects. Improvements resulted from the use of surface coatings exposing
heparin at the blood-biomaterial interface. These coatings reduce coagulation,
inflammation, complement activation and platelet activation 1,4. More recently,
CPB equipment has been coated with poly(2-methoxy-ethylacrylate) (PMEA),
based on the hypothesis that this material leads to improved blood compatibility
compared to uncoated surfaces. PMEA is cheap compared to heparin-exposing
coatings, and was postulated to provide a useful alternative for patients with
heparin-associated disorders 5,6,7.
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Several assays were used to evaluate the blood (platelet counts and assays to
determine hemolysis, platelet activation, leukocyte activation and activation of
the complement system). Scanning electron microscopy (SEM) was used to
study deposition of blood components at the surface of the tubings. A full set
of data was acquired for the three different materials, four donors and five time
points (0, 75, 150, 225 and 300 min). The three materials showed clear
differences, in general pointing towards an inferior hemocompatibility of the
PMEA coating. Moreover, two points with respect to bioengineering of
improved coatings for long-term CPB emerged: (i) since most of the differences
between the three surfaces did not become apparent during the first 2 h of
experimentation, long-term (e.g. 5 h) testing of blood-biomaterial interactions
under flow is required; (ii) preferably, parallel tests with blood from several
different donors should be performed, since the results from several assays
appeared to be clearly donor-dependent.

Materials & methods
Materials
Poly(vinylchloride) (PVC) tubings with a coating of PMEA were a
generous gift of Terumo Europe NV (Leuven, Belgium). The internal diameter
of the tubings was 0.476 cm. The same company also provided the uncoated
tubings with identical internal diameter, which were used as controls. Tubings
with a coating of heparin were obtained from Maquet Cardiopulmonary AG
(Hirrlingen, Germany). The internal diameter was also 0.476 cm. All tubings
were received in a sterile package and cut to length (42.5 cm) immediately prior
to the experiments. Lepirudin (Refludan®) was purchased from Pharmion
(Windsor Berkshire, United Kingdom). Bovine serum albumin (BSA), Nacitrate, ethylenediaminetetraacetic acid (EDTA) and Zymosan A were from
Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). 4-(2-hydroxyethyl)1-piperazineethanesulfonic acid (HEPES), NaCl, KCl and Glutaraldehyde 25%
were from Acros Organics (Geel, Belgium). Na2HPO4 and KH2PO4 were from
Janssen Chimica (Beerse, Belgium). Ethanol 100% was from Merck KGaA
(Darmstadt, Germany). The chromogenic substrate S2238 was synthesized
according to Rijkers et al. 12. The following solutions were prepared: a lepirudin
stock solution (lepirudin 200 μg/mL, NaCl 9 g/L), a HEPES/EDTA stock
solution (HEPES 100 mM, EDTA 40 mM, pH 7.4), a phosphate buffered saline
(PBS) solution (NaCl 8 g/L, KCl 0.2 g/L, Na2HPO4 1.44 g/L, KH2PO4 0.24
g/L, pH 7.4), a CaCl2 stock solution (0.5 M CaCl2), a Na-citrate stock solution
(Na-citrate 0.13 M), an S2238 stock solution (S2238 2 mM) and a stop buffer
(NaCl 140 mM, HEPES 20 mM, EDTA 20 mM, BSA 1 mg/mL, S2238 stock
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solution 1/10, pH 7.5). Citrate-theophylline-adenosine-dipyridamole (CTAD)
stock solution (BD Vacutainer® CTAD Tubes) was a product from Becton
Dickinson (Alphen aan den Rijn, The Netherlands). The enzyme-linked
immunosorbent assay (ELISA) for β-thromboglobulin (β-TG) (Asserachrom®
β-TG) was purchased from Diagnostica Stago (Asnières sur Seine, France) and
ELISA kits for terminal complement complex (TCC) and myeloperoxidase
(MPO) were from Hycult biotechnology B.V. (Uden, The Netherlands).
Equipment

Experiments under flow conditions: the Chandler loop model
This study was approved by the Ethical Committee of the University of
Maastricht. Four healthy male blood donors (further indicated by their initials as
WW, KS, SB and JB) aged between 20 and 25 years old were included in this
study. They were all non-smokers and did not take any haemostasis-influencing
medicines at least 10 days before the experiment. Each donor visited our
laboratories twice and donated blood for two different experiments; there were
at least 7 days between the two visits.
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Experiments were performed on a modified Chandler loop system, which
was equipped with a broad wheel with a diameter of 13 cm 13. On this wheel, 12
tubes could be rotated simultaneously. The rotating speed was set at 32 per
minute. The rotating wheel and the mounted tubes were immersed in a water
bath that was kept at 37 °C throughout the entire experiment. The Chandler
loop device was made by the mechanical workshop of the Instrument
Development Engineering & Evaluation of the University Maastricht.
Centrifugation was performed with an Eppendorf Centrifuge 5417C
(Eppendorf, Hamburg, Germany). Platelets were counted on an automatic cell
counter (Coulter® AC-T diff, Beckman Coulter, Miami, United States). The
absorbance of plasma free hemoglobin (Hb) was determined on a
spectrophotometer (Multiskan® Spectrum Microplate Spectrophotometer,
Thermo Labsystems, Vantaa, Finland). Microtiter plates were heated on a plate
warmer (Single Micro-Hywel™, Chromogenix, Milano, Italy). For both the
ELISA assays and the thrombin generation time assay, the absorbances of the
microtiter plates were determined spectrophotometrically on a microplate reader
(ELx808™ Absorbance Microplate Reader, BioTek Instruments, Inc., Vermont,
USA). Samples for SEM were coated with gold on a sputter coater (Sputter
coater 108 auto/SE, Cressington Scientific Instruments Ltd., Watford, United
Kingdom) and then analyzed with a scanning electron microscope (Philips XL30
Scanning Electron Microscope, Philips, Eindhoven, The Netherlands).
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Hemocompatibility analysis by platelet counting and assessment of hemolysis
(performed after the first visit of each donor)
Blood was withdrawn by venipuncture and immediately anticoagulated
with lepirudin stock solution (1 part lepirudin stock solution and 9 parts whole
blood), following recommendations made by Kopp et al. 14. Directly after blood
collection, 1.35 mL of blood was sampled and processed as described further,
to obtain baseline values. Next, three different tubes (one heparin coated tube,
one PMEA coated tube and one uncoated control tube) were each filled with 6.7
mL whole blood, which corresponds to a degree of filling of 88%. The tubes
were then closed end-to-end using silicon sleeves, mounted on the rotating
wheel and rotated in a water bath at 37 °C and 32 rpm.
From each tube, 1.35 mL blood was withdrawn after 75, 150, 225 and 300
min of incubation; note that in the tubes the degree of filling gradually dropped
from 88%, via 70% and 53% to 35%. Immediately after withdrawal from the
tube, each blood sample was mixed with 150 μL HEPES/EDTA stock solution.
One third of this mixture (500 μL) was used for platelet counting; these counts
were performed in triplicate.
The other part of the HEPES/EDTA-mixed blood sample (1 mL) was
processed for assessment of hemolysis. The percentage of plasma free Hb was
used as an indicator for hemolysis. 25 μL of HEPES/EDTA-mixed blood
sample was diluted 40 times with 975 μL deionized water, to achieve total
hemolysis. The other 975 μL of HEPES/EDTA-mixed blood sample was kept
undiluted. Both the diluted and undiluted parts were centrifuged (3220 g,
20 min, 4 °C) to obtain plasma. Subsequently, the absorbance was measured at
three wavelengths (560, 576 and 592 nm) in plasma of both the diluted and
undiluted parts of the HEPES/EDTA-mixed blood sample. The percentage of
plasma free Hb was then calculated for each blood sample according to the
procedure of Cripps 15.
Hemocompatibility analysis by quantification of blood activation markers via
ELISA and SEM of the tube inner surfaces (performed after the second visit of
each donor)
Blood was withdrawn by venipuncture and immediately anticoagulated
with lepirudin stock solution (1 part lepirudin stock solution and 9 parts whole
blood), following recommendations made by Kopp et al. 14. Immediately after
blood collection, a 4.5 mL and 1.8 mL blood sample were isolated and processed
as described further, to obtain baseline values. Next, twelve tubes (four heparin
coated tubes, four PMEA coated tubes and four uncoated control tubes) were
each filled with 6.7 mL whole blood, which corresponds to a degree of filling of
88%. The tubes were then closed end-to-end using silicon sleeves, mounted on
the rotating wheel and rotated in a water bath at 37 °C and 32 rpm.
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Following isolation of the blood samples, each tube was prepared for
SEM analysis. Non-adherent blood components were washed away by rinsing
the tubes extensively with 25 volumes of PBS solution. Next, adherent blood
components were fixed by incubating the tubes overnight in 2.5% glutaraldehyde
at 2-8 °C. Fixed samples were dehydrated by immersion in an ethanol series
(50, 70, 80, 95 and 100% ethanol). Following dehydration, the samples were air
dried. For each time point, three pieces of air dried tubing with a length of 1 cm
were cut out. The pieces were then cut lengthwise for analysis of the inner
surface. This was done for all donors. Finally, the samples were sputter coated
with gold and imaged with a scanning electron microscope.
Experiments under static conditions: thrombin generation time assay
This assay was carried out as described previously 16,17,18,19. Briefly, blood
was withdrawn by venipuncture from a healthy, non-smoking male blood donor
who did not take any haemostasis-influencing medicines at least 10 days before
the experiment. The blood was immediately anticoagulated with citrate stock
solution (1 part citrate stock solution and 9 parts whole blood) and kept at
37 °C until the start of the experiment. Uncoated, heparin coated and PMEA
coated PVC tubes were cut to a length of 5.5 cm. These pieces were closed at
one end with a tube clamp. At the start of the experiment blood was recalcified
with 40 μL CaCl2 stock solution per mL blood. Subsequently, 750 μL of blood
was added to each tube sample and the tube samples were incubated at 37 °C
under static conditions. After 5 minutes of incubation, 17.5 μL of blood was
taken from each tube sample and mixed with 282.5 μL stop buffer. Sampling was
done every 5 minutes until 24 minutes of incubation, from then samples were
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After 75, 150, 225 and 300 min of incubation, each time three tubes (one
heparin coated tube, one PMEA coated tube and an uncoated control tube) were
removed from the rotating wheel. Two blood samples were isolated from each
tube: 4.5 mL blood was withdrawn and immediately mixed with 0.5 mL CTAD
stock solution, and 1.8 mL of blood was withdrawn and immediately mixed with
0.2 mL HEPES/EDTA stock solution. Both the CTAD-mixed and
HEPES/EDTA-mixed blood were incubated on ice for 15 minutes. Then,
plasma was isolated by two subsequent centrifugation steps (2550 g, 20 min,
4 °C). The plasma was aliquoted and stored at -80 °C until further analysis.
ELISA was used to evaluate activation of leukocytes, complement and platelets.
As a marker for leukocyte activation the levels of MPO were quantified in
HEPES/EDTA-stabilized plasma. The concentration of β-TG in CTADstabilized plasma served as a marker for platelet activation. Complement
activation was investigated by measuring plasma concentrations of TCC in
HEPES/EDTA-stabilized plasma. Zymosan A activated whole blood was used
as a positive control for complement activation.
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taken every 2 minutes. Blood samples were kept on ice until further handling. At
the end of the experiment, the blood samples were centrifuged at 10621 g for
5 minutes. Next, 200 μL plasma of each sample was loaded onto a microtiter
plate that was kept on ice. After loading, the microtiter plate was heated for
5 min at 37 °C. Finally, thrombin concentrations were measured using
absorption spectrophotometry at 405 nm.
Statistics
Statistical analysis was performed using Mann-Whitney U analysis for
between group comparisons and the Wilcoxon test for paired observations for
comparison within groups. A p-value less than 0.05 (two-tailed) was considered
significant.

Results & discussion
Analysis of the blood samples
Platelet counts
Figure 1 compiles the results on the platelet count experiments; note that
data referring to the three different biomaterials, based on blood from four
different donors, and measured at five time points are combined. This format is
used consistently throughout this article. At the start of the experiment, the
donors had platelet counts between 75,000 and 180,000
per μL, which is within the normal range. Some increased spreading is noted,
especially in the counts that were measured after 225 or 300 min. The heparin
coated specimens and the uncoated controls show invariant platelet counts, as a
function of time. The PMEA coating, on the other hand, induces a decrease in
the concentration of circulating platelets. For donor JB, this effect can be
noticed already after 75 min, and the decrease goes on during the entire
experiment. For the other donors, platelet counts start to decline only after 150
min (KS and SB), or after 225 min (WW). The largest drop in platelet count was
found with the blood from donor JB in the PMEA-coated tube; the
concentration of circulating platelets decreased by almost 60%, from ca. 140,000
per μL to ca. 60,000 per μL. At the end of the experiment the concentration
of circulating platelets was significantly lower in the PMEA coated tubes
compared to the heparin coated tubes (79,917 ± 6,304 platelets/ μL blood for
PMEA coated tubes vs 135,333 ± 10,623 platelets/ μL blood for heparin coated
tubes (mean ± sem), p = 0.001) and the uncoated controls (79,917 ± 6,304
platelets/ μL blood for PMEA coated tubes vs 133,833 ± 10,650 platelets/ μL
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Figure 1. Platelet counts for the individual donors. Data are shown at five time points for each tubing
surface tested. Measurements were performed in triplicate. Statistical differences between the platelet counts
in the different tubes were found after 300 min, as indicated.

blood for uncoated controls (mean ± sem), p = 0.001). This indicated that the
PMEA coating has a propensity to activate contacting platelets. This is, most
probably not a direct effect, but an effect of plasma proteins, adsorbed onto the
PMEA surface. Activated platelets are known to adhere to adsorbed fibrinogen,
von Willebrand factor, vitronectin and fibronectin 20. Consequently this results in
lower platelet counts. In addition, activated platelets adhere to each other via
fibrinogen bridges, anchored by GPIIb/IIIa receptors 21. Activated platelets also
adhere to circulating leukocytes 22,23. Some of the surface-attached platelets
partially detach, leaving adherent membrane fragments 24. Other platelets are
damaged by shear forces 25. Recently, platelet counts were also used in a clinical
study to evaluate hemocompatibility of heparin and PMEA coated CPB circuits.
Kutay and co-workers reported a more significant depletion of circulating
platelets in PMEA coated circuits compared to heparin coated circuits 26.
Hemolysis
Figure 2 shows the data set resulting from our concentration
measurements of extracellular (free) Hb. Rupture of erythrocytes (hemolysis),
e.g. due to collisions with the lumen of the tubes, leads to release of Hb into the
plasma. The vertical axis in Figure 2 depicts the ratio free Hb : total Hb,
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expressed as a percentage. Clearly, hemolysis is very low, i.e. most of the
erythrocytes remained intact in all cases. Even in the most extreme situation
(donor JB, PMEA coating, 300 min circulation), only 1 out of every 400
molecules Hb is free. Despite the occurrence of little hemolysis, it is clear that
the level of free Hb in the plasma increases with circulation time, which was
expected. The three coatings do not perform differently in this respect. No
significant differences in the levels of plasma free Hb were found between the
different tubes. The hemolysis assay applied in this study was based on the
Cripps method to measure levels of plasma free Hb 15. In a study by Malinauskas
RA 27, this method was shown to be more precise and accurate than the chemical
addition methods to measure levels of plasma free Hb.

Figure 2. Percentage of plasma free Hb for the individual donors. Data are shown at five time points for
each tubing surface tested.

Activation of platelets: β-thromboglobulin
Figure 3 provides an overview of the concentration measurements of
β-TG, which is a soluble marker for platelet activation 28. Activated platelets
release β-TG from their α-granules.
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Figure 3. Concentrations of β-thromboglobulin for the individual donors. Data are shown at five time
points for each tubing surface tested. Measurements were performed in duplicate.

The β-TG concentration vs. time profiles show an increasing trend,
revealing that platelet activation progresses with time. With the blood of the
donors WW and SB, this is found consistently for all coatings. The blood of
donor JB follows this pattern, except in contact with PMEA: the concentration
of β-TG then remains virtually unchanged. This is remarkable, since the platelet
counts for this donor and this coating were found to decrease sharply (vide
supra, Figure 1). Most likely, platelets of this donor adhere to PMEA without
subsequent release of the granular contents. Donor KS is slightly aberrant. The
levels of β-TG are relatively high, throughout all experiments, but it must be
kept in mind that this donor also had the highest platelet counts (vide supra,
Figure 1). In contact with the PMEA coating, a steep increase of the
concentration of β-TG is found, after 150 min of incubation. However, there
were no significant differences in platelet activation levels between uncoated,
heparin coated and PMEA coated tubes. This indicates that immobilization of
heparin or coating with PMEA do not help to reduce platelet activation within
blood that contacts a PVC surface.
Activation of leukocytes: myeloperoxidase
During ECC, contact between the blood and artificial surfaces is known
to induce an inflammatory response characterized by the activation of various
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leukocyte cell types 22,29. Of the various leukocytes, neutrophils are the most
abundant; they play a central role in the inflammatory response to CPB 27. MPO
is a glycoprotein abundantly present in the primary granules of neutrophils;
activated neutrophils release MPO by degranulation 22,30,31.
Figure 4 presents the data of the concentration measurements of MPO.
A clear pattern emerging from the data is that for every donor the concentration
of MPO increases continuously. The rise in MPO levels was the highest in
PMEA coated tubes. This resulted in significantly higher levels of MPO
compared to heparin coated tubes, at time points 225 minutes (163 ± 11.6
ng/mL for PMEA coated tubes vs 131.5 ± 4.8 ng/mL for heparin coated tubes
(mean ± sem), p = 0.01) and 300 minutes (222.3 ± 11.5 ng/mL for PMEA
coated tubes vs 157.7 ± 3.6 ng/mL for heparin coated tubes (mean ± sem), p =
0.001), and uncoated controls, at time point 300 minutes (222.3 ± 11.5 ng/mL
for PMEA coated tubes vs 176.8 ± 9.8 ng/mL for uncoated controls (mean ± sem),
p = 0.01). These data indicate that the PMEA coating induces MPO release
more abundantly as compared to both other surfaces. It is of interest to compare
our data with a recent study of Lappegård et al., who also used the Chandler
loop model to investigate neutrophil activation after blood-artificial surface
contact 22,29. After 4 h of blood circulation they found significantly lower levels
of MPO release in heparin coated tubes compared to uncoated controls.
Lappegård et al., however, used a heparin coating based on covalently end point
attached heparin 29, while the heparin coating used in our experiments involved
both covalent and ionic interactions of heparin with the surface.

Figure 4. Concentrations of myeloperoxidase for the individual donors. Data are shown at five time
points for each tubing surface tested. Measurements were performed in duplicate. Statistical differences
between the MPO levels in the different tubes were found after 225 and 300 min, as indicated.

2

Extended observation of blood-biomaterial interaction under flow

Activation of the complement system: terminal complement complex

Figure 5. Concentrations of terminal complement complex for the individual donors. Data are shown
at five time points for each tubing surface tested. Measurements were performed in duplicate. As can be seen,
TCC was undetectable in all samples at time point 0h. Statistical differences between the TCC levels in the
different tubes were found after 75, 150 and 225 min, as indicated.

Complement activation has been studied extensively as a marker for
hemocompatibility of artificial surfaces. Different components of the
complement activation cascade can be used 30. However, in a study by Gong et
al. 32, generation of complement activation products in the Chandler loop model
displayed component-specific responsiveness to the size of the gas surface and
the biomaterial surface. Of the complement activation markers evaluated,
generation of TCC was least influenced by the size of the gas surface and mainly
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Our results appear to be in line with a recent clinical study by Kutay et al.,
who compared the hemocompatibility of PMEA and heparin coated CPB 26.
MPO levels at the end of CPB were significantly higher in the PMEA coated
circuits compared to the heparin coated circuits. Besides MPO, plasma levels of
interleukin-8, a pro-inflammatory cytokine, were also quantified by ELISA. In
the three different tubes, plasma levels of interleukin-8 remained undetectable
until 225 min of incubation. At the end of the experiment, interleukin-8
generation did not differ significantly between the three tubes and plasma levels
never exceeded 90 pg/mL (data not shown). Apparently, 5 h of bloodbiomaterial contact in our model is not sufficient to use interleukin-8 as a
discriminating marker for inflammatory responses.
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dependent on the biomaterial surface. This prompted us to use TCC as a
complement activation marker in our study. Figure 5 depicts the data of the
concentration measurements of TCC. The levels of TCC were undetectable at
the start of the experiments but increased steadily in all tubes throughout the
experiment. At several time points significantly higher levels of TCC could be
detected in heparin coated tubes compared to PMEA coated tubes (at 75 min:
7.5 ± 0.8 AU/mL for heparin coated tubes vs 4.8 ± 0.2 AU/mL for PMEA
coated tubes (mean ± sem), p = 0.001; at 150 min: 11.5 ± 1.4 AU/mL for
heparin coated tubes vs 7.9 ± 0.4 AU/mL for PMEA coated tubes (mean ±
sem), p = 0.024; at 225 min: 14.7 ± 1.3 AU/mL for heparin coated tubes vs 11.1
± 0.7 AU/mL for PMEA coated tubes (mean ± sem), p = 0.027) and uncoated
controls (at 75 min: 7.5 ± 0.8 AU/mL for heparin coated tubes vs 5.9 ± 0.7
AU/mL for uncoated controls (mean ± sem), p = 0.036). This suggests that
TCC generation proceeds faster in heparin coated tubes compared to PMEA
coated tubes and uncoated controls. Several in vitro studies using the Chandler
loop model reported prevention of TCC generation by heparin coated PVC
compared to uncoated PVC 20,22,29,33. However, none of these studies had blood
circulation times of more than two hours. Also, these studies used heparin
coatings which were structurally different from the heparin coating evaluated in
our study. Weber et al. compared covalently heparin coated tubes from four
different manufacturers and also found marked differences in
hemocompatibility 11.
Analysis of the inner surface
Scanning electron microscopy
A set of scanning electron micrographs was recorded (3 different
materials, 4 donors, 5 different times of circulation in the Chandler loop system,
and three samples of every tube were examined). In general, we observed that
adhesion of blood components developed slowly and gradually as the
experiments proceeded. However, the SEM data revealed a striking difference
between uncoated PVC and heparin-coated PVC on one hand, and the PMEAcoated PVC on the other hand. Four micrographs, taken after 5 h of blood
circulation over the surfaces, are shown in Figure 6 to illustrate this difference.
The uncoated PVC and heparin-coated PVC surfaces showed a remarkable
resemblance. These surfaces were, to an extent of approximately 80%, devoid of
any visible adherent blood components. There were, however, island-like
regions, usually small (e.g. 10 x 10 m) but sometimes larger (e.g. 100 x 200 m).
Enlarged images of these islands (Fig. 6A and 6B) revealed a flat patch-like
structure, presumably composed of fibrin threads. Some blood platelets were
entrapped in the patch, in the case of the uncoated surface (Fig. 6A). For the
heparin-coated surface, platelets as well as larger cells (presumably leukocytes)
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Figure 6. A: Scanning electron micrograph of a typical island structure on the inner surface of the uncoated
(control) tube, after 5 h contact with full human blood in the Chandler loop model. A patch-like structure is
seen, which is -presumably- composed of fibrin threads, which adhered to the surface. B: Scanning electron
micrograph of a typical island structure on the inner surface of the heparin-coated tube (same conditions).
The patch-like structure in A and B are similar; note that platelets as well as cells (presumably leukocytes) are
seen in B. C: Scanning electron micrograph of the PMEA coated surface, after 5 h of experimentation in the
Chandler loop. Adhered cells are observed, either individually, or in small aggregates of 2 or 3 cells. Cells and
aggregates are, to a good approximation, evenly spread over the surface, although regions of relatively high cell
density could be discerned. D: Close-up of a region of relatively high cell density. Note that most of the
adherent cells are engaged into cell-cell contacts through pseudopodia.
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were entrapped in or adhered to the patch structure (Fig. 6B). Evaluation of the
inner surface of the PMEA-coated tubing showed radically different pictures, as
can be seen in Figure 6C and 6D. Fibrin formation is evident on the uncoated
and heparin-coated surfaces, but not for the PMEA-coating. Scattered over the
PMEA coated surface, we encountered isolated cells, or ensembles of a small
number of cells (typically 2 or 3 cells). Presumably, the adhered cells are
leukocytes; the diameter of these cells is 10 - 15 m. Figure 6D shows a detailed
SEM micrograph of a region that was relatively densely populated with adherent
cells. It is seen that most of the cells extend pseudopodia, through which they
are connected to one or more neighbors. Leukocyte activation induced by
surface contact, leading to pseudopodia (Fig. 6D), can also explain why the MPO
concentration was highest for the PMEA-coated PVC tube, as compared to the
other two tubes (vide supra, Figure 4).
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Measurement of thrombin generation times
In view of the differences between these coatings encountered after
prolonged blood contact in the Chandler loop, we decided to subject the
surfaces also to the well-known thrombin generation assay 16,17,18,19. Contact
activation of the blood coagulation system is accompanied by a sudden increase
of thrombin levels, after a lag-time that varies between approximately 5 min for
highly thrombogenic materials, to approximately 60 min for materials with
extremely low thrombogenicity. Figure 7 shows the thrombin generation curves
measured in triplicate with the uncoated, heparin coated and PMEA coated PVC
tubes. Thrombin generation occurred between 30 and 40 min in the uncoated
PVC tubes. Coating of the PVC with immobilized heparin prolonged the
thrombin generation time until 60 min. This clearly indicates the better antithrombogenic properties of the heparin coated PVC tubes compared to
uncoated PVC tubes. A remarkable finding, however, was that coating of PVC
tubes with PMEA resulted in thrombin generation times comparable to those of
the uncoated PVC tubes. Note that, in the case of the heparin-coated PVC, the
thrombin concentration remains < 2 nM, even after 60 min. The analysis was
stopped after this time point, since the assay is static. The red blood cells may
show aberrant behavior after 1 h of static conditions (Rouleaux formation),
which compromises the reliability of the method. Comparing the thrombin
generation curves, we conclude that thrombogenicity of the three different
surfaces is as follows: uncoated PVC ≈ PMEA-coated PVC > heparin-coated
PVC.

Figure 7. Thrombin generation curves measured
for uncoated PVC (A), heparin-coated PVC (B)
and PMEA-coated PVC (C) incubated with
recalcified blood under static conditions.
Experiments were performed in triplicate, i.e. every
blood sample was analyzed three times.
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The Chandler loop model

Conclusion
Systematic evaluation of the blood biomaterial contact for the three
different tubings, using relatively long periods of blood-biomaterial contact, was
performed. The three different surfaces were: uncoated PVC, heparin-coated
PVC, and PMEA-coated PVC; the latter two are already in clinical use, as tubings
in extracoporeal circulation equipment. Clear differences with respect to platelet
counts, leukocyte activation (MPO release), and deposition of blood
components at the inner surfaces were found. Most of these differences became
apparent only after the first 2 - 3 h of experimentation. This underlines the
importance of extended evaluation of blood-contacting biomaterials that are to
be used in long-term applications, such as extended CPB. It is noteworthy that
the PMEA coated tubes showed a relatively low level of hemocompatibility.
Compared with uncoated PVC and heparin-coated PVC, (i) a substantial drop of
the platelet counts, (ii) activation of leukocytes and marked adherence of
leukocytes at the inner surface and (iii) a thrombogenicity comparable to
uncoated PVC, were observed. The present results lead to two important
conclusions:
The Chandler loop system is a most useful method for the evaluation of
blood-biomaterial interactions, which is most probably relevant for the
development of equipment for extracorporeal circulation. Extended
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After collecting all data, we wondered whether any correlation could be
defined between the intensity of blood-biomaterial contact in the Chandler loop
system, and that in real-life extracorporeal circulation in CPB. Assuming that the
level of blood-biomaterial contact (Q) is proportional to the surface area of the
artificial material (S) and the time of blood-biomaterial contact (t), and inversely
proportional to the blood volume (V), it can be calculated that the Chandler loop
system (with S = 40 cm2, V = 7 mL, t = 5 h), that Q = 28.6 h/cm. For a typical
CPB system (with S = 25,000 cm2, V = 8,000 mL (6 L of blood + 2 L of priming
fluid), it then follows that t = (28.6 x 8,000) / 25,000 ≈ 9 h. In other words, this
simple model indicates that 5 h of experimentation in the Chandler loop
corresponds with a level of blood-biomaterial contact that corresponds to at
least 9 h of operation in a typical CPB system. Most probably, the estimated 9 h
is an underestimation, since the blood cells in real-life CPB are oxygenated and
the blood resides mostly within the patient's vasculature. This probably implies
that some recuperation of bloods cells occurs during real-life CPB, while this is
evidently not the case in our model system. Noteworthy, the extent of hemolysis
encountered in our experiments was very low, i.e., < 0.3% after 5 h of
circulation, irrespective of the donor or (coated) surface.
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experimentation times (e.g. 5 h) are mandatory, since differences for various
materials may masquerade during the first few hours. PMEA biomaterial is
probably not optimal for use in extracorporeal circulation equipment; further
improvements are necessary.
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Abstract
It is well known that surface coatings for medical devices can be made
antimicrobial through introduction of silver nanoparticles. By virtue of their
extremely large surface-to-volume ratio, the silver particles serve as a depot for
sustained release of silver ions, despite the fact that silver is not readily oxidized.
Antimicrobial coatings are especially important in connection with indwelling
catheters with a high risk of bacterial line infections, such as central venous
catheters (CVCs). This study specifically addressed the question what the impact
of silver nanoparticles (exposed at the coating's surface) and/or the release of
silver ions would be on coagulation of contacting blood. Studies, performed in
vitro with fresh platelet-rich blood plasma (PRP) from 5 different healthy
volunteer donors, clearly pointed out that: (i), the presence of silver
nanoparticles correlates with accelerated thrombin formation upon contact of
the coating with PRP; (ii), platelet activation is stronger as a result from the
contact with silver nanoparticle-containing coatings as compared to other
coatings which are devoid of silver. A series of titration experiments, in which
the potential effect of silver ions is mimicked, revealed that the observed
activation of blood platelets can be best explained through a collision
mechanism. The results suggest that platelets that collide with silver, exposed at
the surface, become activated without adhering to the surface. These new results
point, rather unexpectedly, at a double effect of the silver nanoparticles in the
coating: a strong antimicrobial effect occurs simultaneously with acceleration of
the coagulation of contacting blood. This new information is, evidently, most
relevant for the development of improved surface coatings for indwelling
catheters (such as CVCs) which should combine antimicrobial features and
close-to-zero thrombogenicity.

3

Nanosilver coatings: relationship between antimicrobial effect and blood coagulation

Introduction

The recent definition of the term nanomaterial ("any form of a material
that is composed of discrete functional particles, many of which has one or
more dimensions in the order of 100 nm or less") 1 clarifies that only very few
bio-nanomaterials are currently in use. Perhaps the most prominent example is
provided by a new class of polymeric medical device coatings, i.e. those that
contain silver nanoparticles. These coatings feature clear antimicrobial
properties in vivo, as they slowly release Ag+ 2,3. Although silver (being a halfnoble metal) is not easily oxidized, the enormous surface-to-volume ratio of the
nanoparticles accounts for a sustained local supply of Ag+ at the coating-tissue
interface 4. This effect is held responsible for prolonged prevention of bacterial
adhesion and biofilm formation. The use of silver-containing nanomaterials is
regarded as one of the most promising strategies to combat bacterial infections
related to indwelling medical devices, e.g., catheters. Such infections are an
important public health issue, ranking as the fifth-leading cause of hospital
patients deaths in the US 5.

Here, we report an investigation on silicone rubber catheter samples that
were coated with an adherent hydrophilic polymer coating. We prepared two
series of samples, in which we incorporated silver nanoparticles in the coating
(either 8% or 15% by dry mass). Comparisons were made with: (i) catheter tubes
which were coated with the hydrophilic polymer coating, but without silver; (ii)
catheters without a surface coating (silicone and PVC tubing); (iii) several
commercial catheters, having either a hemocompatible or an antimicrobial
surface coating. We studied all materials in contact with fresh human platelet-rich
plasma (PRP) from 5 different volunteer donors. The results are discussed in the
context of further developments that should lead to novel catheter coatings that
effectively combine prevention of bacterial line infections and close-to-zero
thrombogenicity.
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Recently, we became interested in silver-containing nanomaterials,
especially with a view on their potential utility as surface-coatings for central
venous catheters (CVCs). It is well known that the use of CVCs is associated
with two major problems: (i) bacterial line-infection, and (ii), thrombus
formation 6,7. According to Wenzel and Edmond 8 CVCs are used throughout
54% of the days that patients are in intensive care units. It has been estimated
that CVC-associated bloodstream infections (primarily of coagulase-negative
staphylococci, Staphylococcus aureus, enterococcus species and candida species)
occur with a frequency of 5 per 1000 catheter-days 9. We set out to investigate
whether the use of silver nanoparticles as a part of the surface coating would
interfere with the thrombogenicity of the catheter's surface. A priori, based on
our previous research work on thrombogenicity of hydrophilic surface coatings,
we expected that the presence of silver particles at the blood-biomaterial
interface might have a thrombogenic effect.
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Materials & methods
Materials
Throughout this study, 8 different catheter samples were used. Some were
commercially available catheters, some were silicone tubes that were coated by
ourselves, and some were uncoated tubes, serving as controls. Table 1 provides
a comprehensive overview.
NaCl, CaCl2·(H2O)2, glutaraldehyde 25%, dimethylsulfoxide (DMSO)
and Triton X-100, were purchased from Acros Organics (Geel, Belgium).
Trisodium citrate and K2HPO4 were products from Sigma-Aldrich Chemie B.V.
(Zwijndrecht, The Netherlands). KH2PO4 and AgNO3 were from Janssen
Chimica (Beerse, Belgium). Ethanol 100%, nitric acid (p.a. 65%), silver stock
solution (for silver quantification), H2O2 (p.a. 30%), hydrochloric acid (p.a.
37%), palladium matrixmodifier and Mg(NO3)2·(H2O)6 were supplied by
Merck KGaA (Darmstadt, Germany). Lepirudin (Refludan) was obtained from
Pharmion (Windsor Berkshire, UK). The fluorogenic substrate for thrombin, ZGly-Gly-Arg-AMC, was a product of Bachem Holding AG (Bubendorf,
Switzerland; ref. I-1140). The platelet-stabilizing anticoagulant mixture, citratetheophylline-adenosine-dipyridamole (CTAD), was purchased from Becton
Dickinson (Alphen aan den Rijn, The Netherlands). Brain Heart Infusion Broth
and Mueller-Hinton agar were from Oxoid B.V. (Badhoevedorp, The
Netherlands). The lactate dehydrogenase (LDH) assay was performed using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay from Promega Benelux B.V.
(Leiden, The Netherlands). Platelet activation was quantified with the
Asserachrom® β-TG enzyme-linked immunosorbent assay (ELISA), obtained
from Roche Diagnostics Nederland B.V. (Almere, The Netherlands).
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Table 1. Overview of the catheter materials used throughout this study. (a) Purchased from Vygon
Nederland B.V. (Valkenswaard, The Netherlands; ref. 8157.207). (b) Purchased from Bard Nordic
(Helsingborg, Sweden; ref. 5664190). (c) Purchased from Medtronic Nederland (Heerlen, The Netherlands; ref.
M311902A). (d) Purchased from Medos Medizintechnik AG (Stolberg, Germany; ref. 039682). (e) Purchased
from Raumedic AG (Münchberg, Germany; ref. 819362-001) (f) Prepared as a part of this study.
Commercial
source

Coating

Inner Diameter
(mm)

Outer Diameter
(mm)

Vygon® (a)

Yes

antimicrobial AgION
technology (Ag+
integrated into the
polyurethane substrate)

2 lumens; distal 16G 2.50
and proximal 18G

HemoGlide™ (b)

Yes

No

2 lumens;
2.30 mm each

4.83

PVC-Carmeda® (c)

Yes

antithrombotic
Carmeda® (heparin)

4.76

7.94

PVC (d)

Yes

No

4.76

7.94

Sil (e)

Yes

No

3.43

5.48

Sil-PVP

No

hydrophilic coating (f)

3.43

5.48

Sil-PVP-Ag(8)

No

hydrophilic coating
containing silver
nanoparticles (f)

3.43

5.48

Sil-PVP-Ag(15)

No

hydrophilic coating
containing silver
nanoparticles (f)

3.43

5.48

Equipment
Fluorescence tracings were recorded on a SpectraMax M2
spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA). Absorbances
were measured on an ELx808 Absorbance Microplate Reader (BioTek
Instruments, Inc., VT, USA). Sputter coating was performed with a Sputter
coater 108 auto/SE (Cressington Scientific Instruments Ltd., Watford, UK) and
for scanning electron microscopy (SEM) analysis, a Philips XL30 Scanning
Electron Microscope (Philips, Eindhoven, The Netherlands) was used.
Centrifugation was performed in a MSE Mistral 3000 I centrifuge (Beun - de
Ronde, Abcoude, The Netherlands). Silver quantification was performed by
means of a graphite furnace (Varian) atomic absorption spectrophotometer
(Spectra 400 Zeeman, Varian, Palo Alto, CA, USA).
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Test samples
Silicone tubing was dual coated with a lubricious, silver nanoparticle
containing coating. Coating application and characterization were described in
detail in patent WO2007/065721 10. Briefly, the outer surface and lumen of tubes
were successively coated with the primer and topcoat formulations by a dip
coating procedure involving UV radiation curing. This results in homogeneous,
6-12 μm thick, hydrophilic lubricious coatings. A uniform distribution of silver
nanoparticles throughout the coatings was obtained 10. Silver nanoparticles were
prepared by sodium borohydride reduction of silver nitrate as described by Jin,
et al 11. A monodisperse suspension of silver particles with an average diameter
of 20 nm was obtained.
Preparation of catheter samples
Catheter samples were cut to the correct dimensions (vide infra) in a
laminar flow cabinet. Catheters Sil and Sil-PVP were used as references in all of
our experiments; PVC and PVC-Carmeda® were used as additional clinical
references in our experiments to measure platelet activation and platelet
adhesion, as well as throughout our SEM studies. The Vygon® catheter was
used as an additional reference in our bacterial adhesion experiments, and
HemoGlide™ was used as an extra reference in the thrombin generation assay.
In most of our experiments we used the catheter samples directly as incubation
wells by closing one end with a surgical tube clamp. The dimensions of the
HemoGlide™ and Vygon® catheters were too small to apply this method.
Antimicrobial properties
Prior to the antimicrobial experiment, catheter samples (length: 3 cm)
were either left unwashed or were incubated either 1 or 7 days in 10 mL
Phosphate Buffered Saline (PBS) (10 mM K2HPO4, 10 mM KH2PO4, 150 mM
NaCl; pH 7), at 37 °C in a shaking incubator. PBS was replaced after 2, 4 and 6
h on day 1 and daily afterwards. An overnight (ON)-culture of Staphylococcus
aureus ATCC 29213 was prepared by inoculation of one bacterial colony into 10
mL growth medium (37 g/L Brain Heart Infusion Broth) and ON incubation at
37 °C. From this culture, a bacterial suspension of 107 CFU/mL was prepared
in 0.9% NaCl.
Catheter samples were incubated 1 h in 5 mL bacterial suspension, in a
shaking incubator at 37 °C. The samples were subsequently transferred to a fresh
volume of 5 mL 0.9% NaCl and vortexed 5 s to remove loosely adhered
bacteria. Washed catheter samples were transferred again to a fresh volume of 5
mL 0.9% NaCl and incubated 4 h at 37 °C under continuous shaking. Finally, the

3

Nanosilver coatings: relationship between antimicrobial effect and blood coagulation

catheter samples were rinsed in PBS and rolled over a Mueller-Hinton blood
agar plate (38 g/L Mueller-Hinton agar, 5% defibrinated sheep blood) by the
method of Maki, et al 12. Plates were incubated ON at 37 °C and evaluated the
next day. All catheter groups were tested in triplo.
Interaction with PRP
Blood collection and preparation of PRP

Thrombin generation assay
Each thrombin generation experiment was performed with PRP from a
single donor. This allowed all catheter groups to be tested with identical PRP.
The experiment was performed five times with PRP from five different donors.
In each experiment, every catheter group was tested in six-fold. Catheter
samples (length: 0.4 cm) were placed horizontally in the wells of a 96 well-plate
as shown in Figure 1.
Just before the start of the experiment, a fluorogenic substrate for
thrombin, Z-Gly-Gly-Arg-AMC, was added to citrated PRP to a final
concentration of 400 μM. Next, the citrated PRP was "recalcified" by adding
CaCl2 stock solution (0.5 M CaCl2) to a final concentration of 20 mM CaCl2.
Upon recalcification, concentrations of Ca2+ were restored to physiological
levels, and the blood clot mechanism is no longer inhibited. Then, PRP +
fluorogenic substrate was instantly distributed over the wells in volumes of
200 μL. Wells without a catheter sample served as controls. Fluorescence
tracings were recorded at 37°C, every 30 seconds during 1 h (λex = 368 nm and
λem = 460 nm and 2 s shaking prior to each measurement) 14. The fluorescence
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These experiments were executed with freshly prepared human PRP from
5 healthy male volunteers. The PRP served as a simplified environment,
combining the two main players of the hemostatic mechanism, i.e., platelets and
clotting factors. Blood was withdrawn from healthy human volunteers by
venipuncture. The donors were all non-smokers and did not take any
hemostasis-influencing medicines at least 10 days before the experiment.
Depending on the experiment to be performed, the blood was immediately
anticoagulated with either citrate (end-concentration: 0.013 M citrate), or
lepirudin, a recombinant form of hirudin (end-concentration: 20 μg/mL
lepirudin). Lepirudin is a direct thrombin inhibitor and executes its anticoagulant
effect without interfering with platelet function 13. Therefore it is the
anticoagulant of choice for platelet activation studies. To isolate PRP, the
anticoagulated whole blood was centrifuged 15 min at room temperature and
200 x g. The PRP fraction was then pipetted into a fresh tube and kept at 37 °C
until further use.

62

Chapter 3

intensity was converted into nanomolar concentrations thrombin as described
earlier by Hemker, et al 15. This resulted in a thrombin generation curve for each
well, as shown in Figure 2.

Figure 1. (a) Horizontal placement of the catheter samples in the wells of a 96 well-plate (above view). The
wells in row H are filled with PRP. (b) Side view of two wells filled with horizontally placed catheter samples;
the well on the right is filled with PRP.

Figure 2. Thrombin generation curves measured with a Sil-PVP sample present in the well (a) and with a SilPVP-Ag(15) sample present in the well (b). Both experiments were performed simultaneously with PRP from
a single donor (Donor 2). Notice how the time span between the onset of the experiment and the sudden rise
in thrombin levels (TGTlag,a and TGTlag,b) differs for the different catheter samples.

A thrombin generation curve plots the thrombin concentration vs time.
During the first minutes thrombin levels remain close to zero. Then, a sudden
increase in thrombin levels is seen. The thrombin concentration rises steeply,
passes a maximum and slowly decreases back to (approximately) zero. This is the
result of the simultaneous occurrence of thrombin formation and thrombin
inactivation. Note that the top of the graph marks the moment at which the rate
of thrombin formation equals the rate of thrombin inactivation. The thrombin
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generation lag time (TGTlag) is defined as the time span between the onset of
the experiment and the time point at which thrombin levels exceed 2 nM. The
formation of thrombin is initiated by the intrinsic coagulation pathway which
becomes activated upon contact with foreign materials. Materials with higher
thrombogenicity typically display shorter TGTlag in comparison with materials
with lower thrombogenicity.
Platelet adhesion assays
Lactate Dehydrogenase (LDH) assay

Scanning Electron Microscopy (SEM)
Citrated PRP (200 μL) was added to each clamped catheter tube followed
by 1 h incubation at 37 °C. Loosely adhered platelets were removed by rinsing
the catheter tubes three times with 200 μL PBS. The remaining bound platelets
were fixed onto the catheter surfaces by incubating the samples 10 min in 2.5%
glutaraldehyde, at 4 °C. Samples were dehydrated by 10 min incubation at room
temperature in increasing ethanol concentrations of 50, 70, 80, 95 and 100%.
Then, the samples were freeze dried. From each sample three cylindrical pieces
were cut with a length of 0.5 cm. Each of these cylindrical pieces was then cut
longitudinally into four equal-sized pieces. This resulted for each catheter group
in a total number of twelve catheter pieces for evaluation. The catheter pieces
were glued onto a stub, sputter coated with gold and finally analysed. Images
were captured at 10 kV, with appropriate magnifications. Platelet adhesion was
quantified by counting platelets on 2150x magnified SEM-images. Platelet
morphology was analysed using Goodman's classification describing platelet
morphologies on biomaterial surfaces 16. Catheter groups were tested in triplo.
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At the start of each experiment 200 μL citrated PRP was added to each
clamped catheter tube followed by 1 h incubation at 37 °C. The samples were
rinsed three times with 200 μL PBS to remove loosely adhered platelets. The
remaining bound platelets were lysed to release LDH by adding 200 μL lysis
solution (0.8% Triton X-100) and incubating 1 h at room temperature. From
each catheter sample 50 μL lysis solution was transferred in triplo to the wells of
a 96 well-plate. Next, 50 μL substrate mix, containing a tetrazolium salt, was
added to each well, directly followed by incubation in the dark for 30 min at
room temperature. The tetrazolium salt is converted by LDH into a red
formazan product. Finally, 50 μL stop solution was added to each well and the
optical density was measured at 490 nm. Platelets, adhered to each catheter tube,
were quantified by a standard curve plotted from samples containing known
amounts of platelets. Every catheter group was tested in triplo.
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Platelet activation assay
Lepirudin-anticoagulated PRP (250 μL) was added to each clamped
catheter tube and incubated 1 h at 37 °C. Following incubation, 250 μL PRP was
sampled from each catheter tube and directly anticoagulated with 30 μL CTAD.
Identically, a 250 μL PRP sample was taken at the start of the experiment, to
determine baseline platelet activation. Further processing of the PRP samples
and quantification of platelet activation, was performed using the
Asserachrom® β-TG ELISA according to the instructions of the manufacturer.
Every catheter group was tested in triplo.

Antibacterial, thrombogenic and platelet activating effects of solute Ag +
To examine possible effects of dissolved Ag+ on the investigated
parameters, which could appear via silver elution from the nanoparticles in our
coatings, the above experiments were slightly modified. A series of increasing
Ag+ concentrations (0, 1, 10 and 100 nM, 1, 10 and 100 μM and 1, 3 and 10 mM;
added as silver nitrate) was evaluated with respect to antibacterial, thrombogenic
and platelet activating effects. These experiments were performed with Sil-PVP
catheters. The antimicrobial experiment was modified solely by performing the
final incubation step (4 h) in 0.9% NaCl with added Ag+. Experiments were done
in triplo for each Ag+ concentration. The thrombin generation assay and the
platelet activation assay were modified solely by the use of PRP with added Ag+
(added as silver nitrate). Each Ag+ concentration was evaluated in six-fold and in
three-fold with respect to thrombin generation and platelet activation
respectively.
Silver elution test
The amount of silver eluted from silver nanoparticle coatings throughout
the experiments was determined for both the antimicrobial assay and the
thrombin generation assay. For the antimicrobial assay, the experiment was
repeated as described, using unwashed Sil-PVP-Ag(15) catheters. Incubations
were, however, performed using 0.9% NaCl without bacteria to exclude
interference with the silver quantification procedure. The thrombin generation
assay was also repeated as described, using unwashed Sil-PVP-Ag(15) catheters.
To exclude interference with the silver quantification procedure, incubation was
performed in 0.9% NaCl instead of PRP. For both experiments, the amount of
silver eluted from the catheters was determined using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) according to DIN EN ISO
11885, after acidification of the silver solutions with nitric acid to pH 1.
Catheters were tested in triplo.
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Statistics

Statistical analysis was performed using Kruskal-Wallis analysis with
Dunn's post test for between group comparisons. Separate analyses were
performed for thrombin generation experiments performed with PRP from
different donors. A p-value less than 0.05 (two-tailed) was considered significant.

Results & discussion
Interaction with bacteria
Results of our experiments to evaluate the antimicrobial activity of the
different test samples against Staphylococcus aureus ATCC 29213 are shown in
Figure 3. The colonies originate from living bacteria that were transferred from
the catheter surface to the agar in the so-called roll-plate assay 12.
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Figure 3. Results of the roll-plate analysis for the catheter groups Sil, Sil-PVP, Sil-PVP-Ag(8), SilPVP-Ag(15) and Vygon®. The figure shows 15 Petri dishes (diameter 10 cm) with agar bottom, as well as
growing bacterial colonies. Results are shown for catheters in the unwashed state and for catheters incubated
1 or 7 d in PBS. Experiments were performed in triplo.
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Several conclusions can be drawn from Figure 3. First, there is a clear
difference between the number of bacteria that were transferred from the
catheters Sil, Sil-PVP and Vygon® on one hand, and the coatings Sil-PVP-Ag(8)
and Sil-PVP-Ag(15) on the other hand. This implies that the presence of silver
nanoparticles has indeed inhibited bacterial growth. However, none of our agar
plates were completely devoid of bacteria. Interestingly, the Sil-PVP-Ag(15)
coating did not perform differently from the Sil-PVP-Ag(8) coating. Secondly,
we observed that the Vygon® coating did not perform any better than Sil-PVP
or Sil. This similarity was observed with unwashed catheters, and also with
catheters that were pre-washed (either for 1 day or 7 days).
We repeated the experiment, but now only with Sil-PVP catheters, and in
such a way that Ag+ were titrated into the culture medium (via AgNO3). Figure 4
shows the results of these experiments; note that the Ag+ concentration was
increased from 0 nM to 10 mM in 9 steps. The pictures also reveal the antibiotic
action of the Ag+: a clear inhibitory effect is seen if the Ag+ concentration
exceeds 100 nM, and no bacteria are found if the Ag+ concentration is 10 μM or
higher. Interestingly, these data shed some more light on the data of Figure 3.
Perhaps, the absence of bacterial growth inhibition that was observed for the
Vygon® catheter can be attributed to the release of too few Ag+ (such that the
Ag+ concentration remains < 100 nM in the interface layer at the catheter's
surface). Furthermore, the concentration of Ag+ close to the surface of the
catheters Sil-PVP-Ag(8) and Sil-PVP-Ag(15) can now be estimated to be in the
range 100 nM - 10 μM. Note that the Ag+ concentration in the interface layer at
the coating's surface is likely to be much higher than the Ag+ concentration in
the bulk of the suspension, since there is diffusion limitation, and since the
surface coating is the actual depot of the Ag+.

Figure 4. Results of a modified experiment evaluating the antimicrobial properties of Ag+ in solution
without the effect of surface-immobilized silver. Sil-PVP surfaces with adhered bacteria were incubated in
the presence of increasing concentrations of Ag+. Next, Sil-PVP catheters were evaluated by roll-plate analysis.
Experiments were performed in triplo.
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Interaction with human PRP - Thrombin generation

Figure 5 compiles the results of our thrombin generation experiments.
Note that the data set represents measurements for the catheters Sil-PVP-Ag(8)
and Sil-PVP-Ag(15) and three reference catheters. Moreover, fresh PRP from 5
different donors was used. For each material-donor combination, 6 thrombin
generation curves were measured in parallel. Only the TGTlag data are shown.
The measurements of TGTlag were found to be nicely reproducible, as is evident
from the relatively small standard deviations in the bars in Figure 5.
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Figure 5. Thrombin generation assays for five different donors. Thrombin generation lag times (TGTlag)
are presented for Sil, Sil-PVP, Sil-PVP-Ag(8), Sil-PVP-Ag(15) and HemoGlide™ catheters. Data are shown as
mean ± standard deviation. Experiments were performed in six-fold. (*) Sil-PVP-Ag(15) TGTlag significantly
different compared to Sil-PVP and HemoGlide™. (‡) Sil-PVP-Ag(15) TGTlag significantly different compared
to Sil, Sil-PVP and HemoGlide™. (†) Sil-PVP-Ag(8) TGTlag significantly different compared to
HemoGlide™.

Interestingly, the data in Figure 5 point at several directions. First, there
appears to be a substantial donor-variation. Overall, thrombin generation is
slowest with the PRP of donor #3, and fastest with the PRP from donor #5.
Secondly, a consistent pattern in the bar-heights is seen for all five donors. In all
cases, TGTlag is shortest for the catheter Sil-PVP-Ag(15). This is clearly evident
for the donors #1, 2, 3 and 5, and to a lesser extent for donor #4. Thirdly, we
see for all donors that TGTlag increases upon going from Sil-PVP-Ag(15) to SilPVP-Ag(8), i.e., when the content of silver nanoparticles in the coating is
(approximately) halved. Finally, the data in Figure 5 show that the hydrophilic
Sil-PVP performs almost as well as HemoGlide™. This is in line with several
previous reports (from others and from ourselves) stating that hydrophilic
coatings have a high level of hemocompatibility 17,18.
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The data in Figure 5 point at a thrombogenic effect of the silver
nanoparticles, which is clearly not desirable. We envisage two possible
explanations. Either, released Ag+ are responsible for the effect (analogous to the
antimicrobial effect, vide supra); it is to be expected that Sil-PVP-Ag(15) releases
more Ag+ than Sil-PVP-Ag(8) (under identical circumstances). Or, alternatively,
the effect is due to activation of blood platelets through collision with silver
particles that are exposed at the surface. Evidently, if a platelet contacts the
surface of Sil-PVP-Ag(15), the probability to hit silver is approximately twice as
high as in the case of Sil-PVP-Ag(8).
In an attempt to discriminate between these two alternative explanations,
we again did a titration experiment with Ag+. We used Sil-PVP catheters and
PRP from donor #4, and the Ag+ concentration was increased in 9 steps from 0
tot 10 mM. Thrombin generation curves were also measured in six-fold. Figure
6 shows the results of this series of experiments. Interestingly, thrombin
generation is not affected by the Ag+ until a rather high concentration of 100 μM
is reached. At 1 mM Ag+, thrombin generation starts after 4 min already.
Thrombin formation is almost immediate if the Ag+ concentration is 3 mM or
higher.

Figure 6. Results of a modified thrombin generation assay evaluating the effect of Ag+ in solution on
thrombin generation on Sil-PVP catheters, without the effect of surface-immobilized silver. Data are shown
as mean ± standard deviation. Experiments were performed in six-fold.

Our first titration experiment, in which the antimicrobial effect of Ag+
was studied, revealed that the concentration of Ag+ in the boundary layer (i.e., at
the interface between the catheter's surface and the culture medium or PRP) is
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in the range 100 nM - 10 μM. Interestingly, this rules out the explanation that
release of Ag+ from Sil-PVP-Ag(8) and Sil-PVP-Ag(15) is responsible for the
observed thrombogenicity: the local concentration of Ag+ is in both cases far
too low to exert this effect.

Another point is that the experimental conditions during our thrombin
generation experiments are such that there is also adsorption of plasma proteins
onto the samples. Nevertheless, we observed clear effects due to the presence of
silver nanoparticles. This implies that the adsorbed plasma proteins by no means
isolate the sample surfaces from the liquid environment.
Interaction with human PRP - Binding and activation of platelets

Figure 7. Levels of platelet adhesion onto Sil, Sil-PVP, Sil-PVP-Ag(8), Sil-PVP-Ag(15), PVC and PVCCarmeda® catheters. Data are shown as mean ± standard deviation. Experiments were performed in triplo.
(*) Platelets/cm2 significantly different compared to Sil-PVP, Sil-PVP-Ag(8) and Sil-PVP-Ag(15). (†)
Platelets/cm2 significantly different compared to Sil-PVP and Sil-PVP-Ag(15).

Secondly, we studied platelet adhesion with scanning electron microscopy.
This technique confirmed the data of the LDH assay, in the sense that only few
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Binding of platelets to the different catheters surfaces was first measured
with the well-known lactate dehydrogenase assay. Next to the experimental
catheters Sil-PVP-Ag(8) and Sil-PVP-Ag(15), the catheters Sil, Sil-PVP, PVC and
PVC-Carmeda® were included. The results of these experiments are shown in
Figure 7. Although the standard deviations are relatively large, it is clear that the
PVC surface attracts most platelets. Few platelets (around 2000 cm-2) are found
on both Sil-PVP-Ag(8) and Sil-PVP-Ag(15).
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adhered platelets could be found on the catheters Sil-PVP, Sil-PVP-Ag(8), SilPVP-Ag(15) and PVC-Carmeda®. Figure 8 shows SEM micrographs of
platelets adhered to the Sil catheter (A) and to the PVC catheter (B). Tables 2
and 3 compile the data derived from the SEM micrographs. Note that Table 3
provides further information on the morphology of the surface-bound platelets.

Figure 8. (a) Platelets adhered to a Sil catheter. The platelets have a spread dendritic morphology. (b) Dendritic
platelets adhered to a PVC catheter.
Table 2. Results of the SEM analysis with respect to platelet adhesion for the Sil, Sil-PVP, Sil-PVPAg(8), Sil-PVP-Ag(15), PVC and PVC-Carmeda® catheters. Summarized are the qualitative analyses of all
twelve catheter pieces evaluated for each catheter group.
Platelet adhesion

A

B

C

D

E

F

G

H

I

J

K

L

Total

Sil

1

8

14

1

0

8

4

5

-

2

2

1

46

Sil-PVP

1

0

0

0

0

0

0

0

1

1

0

0

3

Sil-PVP-Ag(8)

0

0

0

0

0

0

0

0

0

0

0

0

0

Sil-PVP-Ag(15)

0

0

0

2

0

0

0

0

0

0

0

0

2

PVC

1

4

5

8

9

5

2

3

4

2

6

0

49

PVC-Carmeda®

0

0

0

0

0

4

0

0

0

3

0

0

7

Table 3. Results of the SEM analysis with respect to platelet morphology for the Sil, Sil-PVP, Sil-PVPAg(8), Sil-PVP-Ag(15), PVC and PVC-Carmeda® catheters. Platelet morphology was analysed using
Goodman's classification describing increasingly spread platelet morphologies onto biomaterial surfaces:
round (R), dendritic (D), spread dendritic (SD), spread (S) and fully spread (FS) 16. Summarized are the results
for all twelve catheter pieces evaluated for each catheter group.
Platelet morphology
Sil

R

D

SD

S

FS

10/46

20/46

14/46

2/46

0/46

Sil-PVP

2/3

1/3

0/3

0/3

0/3

Sil-PVP-Ag(8)

0/0

0/0

0/0

0/0

0/0

Sil-PVP-Ag(15)
PVC
PVC-Carmeda®

0/2

2/2

0/2

0/2

0/2

15/49

31/49

2/49

1/49

0/49

1/7

5/7

1/7

0/7

0/7
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Thirdly, we measured the state of activation of the platelets, using the
well-known β-thromboglobulin assay 19. These results are shown in Figure 9. A
strong activating effect of our experimental catheters Sil-PVP-Ag(8) and SilPVP-Ag(15) is noted; the differences with all controls are quite striking. The
β-thromboglobulin levels remain close to the base line for all control surfaces.
Again, we performed a titration experiment. Ag+ were added to PRP in such a
way that the concentration increased from 0 to 10 mM in 9 steps. Subsequently,
levels of β-thromboglobulin were measured. Figure 10 shows the results.
Apparently, the presence of Ag+, up to a concentration of 100 mM, has no effect
on platelet activation. For higher Ag+ concentrations (> 1 mM) a pronounced
effect was observed.
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Figure 9. Baseline platelet activation at the start of the experiment and platelet activation after incubation of
platelet-rich plasma (PRP) in Sil, Sil-PVP, Sil-PVP-Ag(8), Sil-PVP-Ag(15), PVC and PVC-Carmeda® catheters.
Data are shown as mean ± standard deviation. Experiments were performed in triplo. (*) Concentration
β-thromboglobulin significantly different compared to baseline, Sil-PVP and PVC-Carmeda®. (†)
Concentration β-thromboglobulin significantly different compared to baseline and Sil-PVP.
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Figure 10. Results of a modified platelet activation assay evaluating the effect of Ag+ in solution on
platelet activation. Data are shown as mean ± standard deviation. Experiments were performed in triplo.

C o n t a c t -dd e p e n d e n t e f f e c t s o f s i l v e r n a n o p a r t i c l e s
The exact mechanism behind the antimicrobial action of silver
nanoparticles is complex and still a matter of controversy. After adhesion,
bacteria on silver nanoparticle coatings probably encounter high amounts of
antimicrobial Ag+ resulting in their death. Our data suggest that blood platelets
become activated upon collision with surface-exposed silver nanoparticles, as
shown in Figure 11. It is well known that silver nanoparticles contain both
metallic silver (Ag0) and Ag+ 20,21. The content of Ag+ is approximately 12%, and
most of the ions reside at the periphery of each particle 22. Therefore, we
suggest that contact of the platelet's exterior membrane with a silver
nanoparticle during a collision leads to immediate and synchronous transfer of
Ag+ from the particle to the outer phospholipid membrane sheet of the platelet.
Note that this mechanism proposes direct (i.e. solvent-free) transfer of Ag+.
Then, after desorption of the platelet, the membrane-bound Ag+ may induce
activation. In turn, activated platelets enhance thrombin formation and
activation of more platelets, a process that accelerates itself.

Nanosilver coatings: relationship between antimicrobial effect and blood coagulation
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Figure 11. Schematic representation of the observed antimicrobial and platelet activating effects.
Panel a: 1. Concentrations of Ag+ built up by elution from the silver nanoparticle coating were high enough to
kill bacteria. 2 and 3: Possible killing of bacteria by contact-dependent transfer of Ag+ following collision with
the silver nanoparticle-containing surface. Panel b: 1. Elution of Ag+ from the silver nanoparticle coating did
not result in Ag+ concentrations high enough to activate blood platelets. 2 and 3: Activation of blood platelets
by contact-dependent transfer of Ag+ following collision with the silver nanoparticle-containing surface.

Two further remarks can be made: (i), to the best of our knowledge, there
are no reports on activation of platelets via Ag+ and (ii), direct transfer of Ag+
from silver nanoparticles has been suggested previously, e.g., by Lok, et al. in
their studies on the mechanism by which silver nanoparticles deliver Ag+ to
bacteria 22. Whether the observed antimicrobial effects are caused by high
concentrations of eluted Ag+ or by the proposed collision model remains
unanswered. Possibly the observed antimicrobial effect is a combination of both
mechanisms (Figure 11). We realize that the mechanisms underlying the
observed antimicrobial and thrombotic effects may be much more complex in
an in vivo setting.
Biomaterial surface properties, partly determined by the exposure of
silver nanoparticles, may affect when and which plasma proteins will adsorb, and
how their conformation will be changed upon adsorption 23,24,25. A protein layer
could influence antimicrobial properties. On one hand, it could hamper elution
of silver from the coating, increasing the time required to reach silver
concentrations high enough for antimicrobial activity. On the other hand, such
a protein layer could form a barrier preventing direct contact between the

74

Chapter 3

bacteria and the coating surface. In vivo, the outer catheter surfaces contact
flowing blood, resulting in an instant wash-away of eluted Ag+. A flow situation
thus prevents build-up of antimicrobial Ag+ concentrations, underlining the
importance of contact-dependent mechanisms of antimicrobial action in
preventing device-related bloodstream infections.
Coagulation is believed to occur faster in non-flowing blood 26. Our
results suggest contact-dependent platelet-activating effects of silver
nanoparticle coatings. Whether a flow situation would decrease platelet
activation via collision is an interesting subject for further experimentation. On
one hand, flow reduces the time-of-contact between platelets and the catheter
surface. On the other hand, however, a greater number of platelets will contact
the catheter surfaces under flow.

Conclusion
The most important conclusion that can be drawn from the present data
is that the use of silver nanoparticles to impart antibiotic features into surface
coatings can compromise the blood-compatibility. This is particularly relevant
for indwelling catheters which are used in prolonged contact with the blood of
critically ill patients, such as CVCs. Silver nanoparticles appear to provide an
adequate solution for one of the two problems that are associated with the use
of CVCs, i.e. bacterial line infection. However, the approach may lead to an
enhanced second problem, i.e. catheter-associated thrombus formation. This
new insight may stimulate further research and development on surface coatings
that effectively combine antimicrobial features on one hand, and close-to-zero
thrombogenicity on the other hand.
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Abstract
Composite materials made up from a pyridinium polymer matrix and
silverbromide nanoparticles embedded therein feature excellent antimicrobial
properties. Most probably, the antimicrobial activity is related to the membrane
disrupting effect of both the polymer matrix and Ag+; both may work
synergistically. One of the most important applications of antimicrobial
materials would be their use as surface coatings for percutaneous (skinpenetrating) catheters, such as central venous catheters (CVCs). These are
commonly used in critical care, and serious complications due to bacterial
infection occur frequently. This study aimed at examining possible effects of a
highly antimicrobial pyridinium polymer/AgBr composite on the blood
coagulation system, i.e., (i), the coagulation cascade leading to the formation of
thrombin and a fibrin crosslinked network, and (ii), on blood platelets. Evidently,
pyridinium/AgBr composites could not qualify as coatings for CVCs if they
trigger blood coagulation. Using a highly antimicrobial composite of NPVP
[poly(4-vinylpyridine)-co-poly(4-vinyl-N-hexylpyridinium bromide)] and AgBr
nanoparticles, as a thin adherent surface coating on Tygon® elastomer tubes, it
was found that contacting blood platelets rapidly acquire a highly activated state,
after which they become substantially disrupted. This implies that NPVP/AgBr
is by no means blood-compatible. This disqualifies the material for use as a CVC
coating. This information, combined with earlier findings on hemolytic effects
(i.e. disruption of contacting red blood cells) of similar materials, implies that
this class of antimicrobial materials affect not only bacteria, but mammalian cells
as well. This would render them more useful outside the biomedical field.

4

NPVP/AgBr composite coatings: disruption and activation of contacting platelets

Introduction

Recently, it was discovered that composite materials consisting of a
cationic pyridinium polymer matrix and AgBr nanoparticles embedded therein,
have pronounced antibacterial properties 1. This observation was primarily made
with the copolymer NPVP [poly(4-vinylpyridine)-co-poly(4-vinyl-Nhexylpyridinium bromide)]. Once placed on surfaces that were overgrown by
bacteria (either gram-positive or gram-negative), the NPVP/AgBr composites
killed all bacteria under and around them. Furthermore, the antibacterial effect
lasted for relatively long periods, i.e. up to several days or weeks 1. Many
parameters could be controlled (e.g. size of the AgBr nanoparticles, content of
AgBr in the material, and release kinetics of Ag+). It was postulated that the
mechanism of action is disruption of the bacterial membrane (initially), followed
by sustained release of Ag+, even if the surface is covered with dead bacteria or
biofilm 1.

Clearly, NPVP/AgBr composites would not qualify as CVC coatings despite their excellent antimicrobial properties- if the cationic polymer and/or
the AgBr nanoparticles would result in a hemolytic and/or thrombogenic
surface. With respect to hemolysis, it has been reported already that positively
charged pyridinium polymers can lead to disruption of contacting red blood
cells (hemolysis), especially when the positive charges at the material's surface are
relatively far apart from each other 6. To the best of our knowledge, the aptitude
of pyridinium polymers to initiate coagulation of blood has not been studied.
Therefore, we became interested in examining the blood compatibility of
NPVP/AgBr composites. Here, we describe an in vitro study on a NPVP/AgBr
composite in contact with fresh human platelet-rich plasma (PRP). Blood from
six healthy volunteer-donors was used. The NPVP/AgBr composite coating was
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There is a clear need for antimicrobial materials and coatings in many
different fields of application. We are convinced that one of these applications
would relate to percutaneous (skin-penetrating) catheters, especially so-called
central venous catheters (CVCs). Such catheters are used extensively in the care
of critical patients, both for monitoring and therapy. The use of CVCs is,
however, associated with two significant problems: one is bacterial colonization,
and the other is blood coagulation 2,3,4. The adherence of bacteria onto the
surface of CVCs may lead to bloodstream infections which are, in turn,
associated with substantial morbidity, mortality, prolonged hospital stay, and
increased cost. Recently, it was reported that the risk for bloodstream infection
that is associated with the most common type of CVC (the non-cuffed type) is
as high as 2 - 7 episodes per 1000 catheter days 5. Coagulation, initiated by the
part of the CVC that is in contact with blood, can lead to formation of
thrombotic particulate emboli. When these detach from the CVC's surface, they
can cause occlusion of relatively larger vital arteries in the lungs or in the brain
(stroke), which may have detrimental consequences 3.
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applied onto tubes made out of Tygon®, a biocompatible elastomer material
which is applied in many different catheters. Unmodified Tygon® tubes, and
Tygon® tubes with a silver-free NPVP coating were used as controls. In some
experiments, we also included commercially available CVC catheter materials for
referencing. We studied surface-induced thrombin generation, activation of
blood platelets due to contact with the surface coating, and morphology of
adhered platelets. The results are discussed in the context of the potential utility
of NPVP/AgBr composites as coatings for indwelling medical devices that are
intended to function for extended periods (up to several weeks).

Materials & methods
Materials
Samples were prepared from Tygon® tubing (Tyg). Tygon® is a highly
stable polymer material that is used in the catheter industry. NPVP and
NPVP/AgBr were synthesized by the Pittsburg group, according to protocols
that were published previously 1. The materials were applied as adherent coatings
onto the outer and inner surfaces of pieces of the Tygon® tubing (Tyg-NPVP
and Tyg-NPVP-AgBr; length approximately 10 cm), by the same group. As
controls, we used polyvinylchloride (PVC) tubing of the same dimensions, PVC
tubing carrying the PVC-Carmeda® immobilized heparin coating (also of the
same dimensions; PVC-Carmeda®), and/or the Bard HemoGlide™ CVC
catheter (HemoGlide™) 7, which is the CVC that is used mostly in different
Departments of the Maastricht University Medical Centre+. Table 1 provides a
comprehensive overview.
NaCl, CaCl2(H2O)2, glutaraldehyde 25%, dimethylsulfoxide (DMSO)
and Triton X-100, were purchased from Acros Organics (Geel, Belgium). Na3citrate and K2HPO4 were products from Sigma-Aldrich Chemie B.V.
(Zwijndrecht, The Netherlands). KH2PO4 was from Janssen Chimica (Beerse,
Belgium) and ethanol 100% was from Merck KGaA (Darmstadt, Germany).
Lepirudin (Refludan) was obtained from Pharmion (Windsor Berkshire, UK).
The fluorogenic substrate for thrombin, Z-Gly-Gly-Arg-AMC, was a product of
Bachem Holding AG (Bubendorf, Switzerland; ref. I-1140). The plateletstabilizing anticoagulant mixture, citrate-theophylline-adenosine-dipyridamole
(CTAD), was purchased from Becton Dickinson (Alphen aan den Rijn, The
Netherlands). The lactate dehydrogenase (LDH) assay was performed using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay from Promega Benelux B.V.
(Leiden, The Netherlands). Platelet activation was quantified with the
Asserachrom® β-TG enzyme-linked immunosorbent assay (ELISA), obtained
from Roche Diagnostics Nederland B.V. (Almere, The Netherlands).
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Table 1. Overview of the catheter materials used throughout this study.
Catheter

Commercial
source

Coating

Inner Diameter Outer Diameter
(mm)
(mm)

HemoGlide™ (a)

Yes

No

2 lumens;
2.3 mm each

4.8

PVC-Carmeda® (b)

Yes

antithrombotic PVCCarmeda® (heparin)

4.8

7.9

PVC (c)

Yes

No

4.8

7.9

Tyg (d)

Yes

No

4.8

6.4

Tyg-NPVP

No

cationic NPVP coating (e)

4.8

6.4

Tyg-NPVP-AgBr

No

cationic NPVP coating
containing silver bromide
(AgBr) nanoparticles (e)

4.8

6.4

(a) Purchased from Bard Nordic (Helsingborg, Sweden; ref. 5664190). (b) Purchased from Medtronic
Nederland (Heerlen, The Netherlands; ref. M311902A). (c) Purchased from Medos Medizintechnik AG
(Stolberg, Germany; ref. 039682). (d) Purchased from Saint-Gobain Performance Plastics (Charny, France; ref.
Tygon® S-50-HL AAX00011) (e) Prepared as a part of this study.

Equipment

Preparation of the catheter samples
Catheter samples were cut to the correct dimensions (vide infra) in a
laminar flow cabinet. The catheter Tyg was used as a reference in all of our
experiments. In most of our experiments we used the catheter samples directly
as incubation wells by closing one end with a surgical tube clamp 8. We also
tested commercially available control materials in parallel throughout our
experiments. However, the dimensions of these commercial products did not
allow them to be used consistently throughout all experiments. The
HemoGlide™ catheter is the central venous catheter of choice in our
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Platelets were counted on an automatic cell counter (Coulter AC-T diff,
Beckman Coulter, Miami, FL, USA). Fluorescence tracings were recorded on a
SpectraMax M2 spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA).
Absorbances were measured on an ELx808 Absorbance Microplate Reader
(BioTek Instruments, Inc., VT, USA). Sputter coating was performed with a
Sputter coater 108 auto/SE (Cressington Scientific Instruments Ltd., Watford,
UK) and for scanning electron microscopy (SEM) analysis, a Philips XL30
Scanning Electron Microscope (Philips, Eindhoven, The Netherlands) was used.
Centrifugation was performed in a MSE Mistral 3000 I centrifuge (Beun - de
Ronde, Abcoude, The Netherlands).

84

Chapter 4

institution. It was used in all of our thrombin generation assays. However,
because of its double lumen, it was impossible to use HemoGlide™ in the other
assays. PVC tubing (single lumen), with and without the PVC-Carmeda®
coating, was used as a reference material in our LDH assays, in our SEM
analyses, and in our platelet activation assay. However, the thickness of the wall
precluded the use of these materials in our thrombin generation assay.
B l o o d c o l l e c t i o n a n d p r e p a r a t i o n o f p l a t e l e t -rr i c h p l a s m a
Blood was collected through venipuncture from 6 healthy non-smoking
male volunteer-donors who did not take any hemostasis-influencing medication
at least 10 days before the experiment. Depending on the experiment to be
performed, the blood was anticoagulated immediately with either citrate (endconcentration: 0.013 M citrate), or lepirudin, a recombinant form of hirudin
(end-concentration: 20 μg/mL lepirudin). Lepirudin is a direct thrombin
inhibitor and executes its anticoagulant effect without interfering with platelet
function 9,10,11. Therefore it is the anticoagulant of choice for platelet activation
studies. Then, PRP was isolated from the blood through centrifugation (200 x g,
15 min, room temperature) 8,12,13. Before the start of each experiment, the
concentration of platelets in the PRP was measured with an automatic cell
counter.
Platelet adhesion assay
The CytoTox 96® Non-Radioactive Cytotoxicity Assay measures the
number of viable platelets adhered to a specific surface area of a biomaterial via
colorimetric quantification of the enzyme lactate dehydrogenase (LDH),
released upon cell lysis. The experiment was performed twice with PRP from
two different donors (donor #2 ([platelets] = 418 x 103 μL-1) and donor #4
([platelets] = 446 x 103 μL-1)). Throughout each experiment all catheter groups
were tested in triplo, with identical PRP.
At the start of each experiment 200 μL citrated PRP was added to each
clamped catheter tube followed by 1 h incubation at 37 °C. The samples were
rinsed three times with 200 μL Phosphate-Buffered Saline (PBS) (10 mM
K2HPO4, 10 mM KH2PO4, 150 mM NaCl; pH 7) to remove loosely adhered
platelets. The remaining bound platelets were lysed to release LDH by adding
200 μL lysis solution (0.8% Triton X-100) and incubating 1 h at room
temperature. From each catheter sample 50 μL lysis solution was transferred in
triplo to the wells of a 96 well-plate. Next, 50 μL substrate mix, containing a
tetrazolium salt, was added to each well, directly followed by incubation in the
dark for 30 min at room temperature. The tetrazolium salt is converted by LDH
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into a red formazan product. Finally, 50 μL stop solution was added to each well
and the optical density was measured at 490 nm. Viable platelets, adhered to each
catheter tube, were quantified by a standard curve plotted from samples
containing known amounts of platelets.
Morphology of adhered platelets

Platelet activation
These experiments were performed with PRP from donor #4 ([platelets]
= 402 x 103 μL-1) in parallel with the platelet adhesion and platelet morphology
assays (see above). Lepirudin-anticoagulated PRP (250 μL) was added to each
clamped catheter tube and incubated 1 h at 37 °C. Following incubation, 250 μL
PRP was sampled from each catheter tube and directly anticoagulated with
30 μL CTAD. Identically, a 250 μL PRP sample was taken at the start of the
experiment, to determine baseline platelet activation, which could have occurred
during the isolation of PRP. Further processing of the PRP samples and
quantification of platelet activation, was performed using the Asserachrom®
β-TG ELISA according to the instructions of the manufacturer. Every catheter
group was tested in triplo.
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These experiments were performed with PRP from donor #4 ([platelets]
= 453 x 103 μL-1) in parallel with the platelet adhesion assay (see above).
Citrated PRP (200 μL) was added to each clamped catheter tube followed by 1
h incubation at 37 °C. Loosely adhered platelets were removed by rinsing the
catheter tubes three times with 200 μL PBS. The remaining bound platelets were
fixed onto the catheter surfaces by incubating the samples 10 min in 2.5%
glutaraldehyde, at 4 °C. Samples were dehydrated by 10 min incubation at room
temperature in increasing ethanol concentrations of 50, 70, 80, 95 and 100%.
Then, the samples were freeze dried. From each sample three cylindrical pieces
were cut with a length of 5 mm. Each of these cylindrical pieces was then cut
longitudinally into four equal-sized pieces. This resulted for each catheter group
in a total number of twelve catheter pieces for evaluation. Each catheter piece
was glued onto a stub, sputter coated with gold and finally analysed using SEM.
Images were captured at 10 kV, with magnifications of 1080x and 4320x. For
each catheter piece, two SEM images were captured at each magnification,
resulting in twenty-four SEM images per magnification per catheter group.
Platelet adhesion was quantified by counting platelets on 4320x magnified SEMimages. Platelet morphology was analysed using Goodman's classification
describing platelet morphologies on biomaterial surfaces 14. Catheter groups
were tested in triplo.
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Thrombin generation
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Each thrombin generation experiment was performed with PRP from a
single donor. This allowed all catheter groups to be tested with identical PRP.
The experiment was performed six times with PRP from six different donors. In
each experiment, every catheter group was tested in six-fold. Catheter samples
(length: 4 mm) were placed horizontally in the wells of a 96 well-plate 8. Just
before the start of the experiment, a fluorogenic substrate for thrombin, Z-GlyGly-Arg-AMC, was added to citrated PRP to a final concentration of 400 μM.
Next, the citrated PRP was "recalcified" by adding CaCl2 stock solution (0.5 M
CaCl2) to a final concentration of 20 mM CaCl2. Upon recalcification,
concentrations of Ca2+ were restored to physiological levels, and the blood clot
mechanism is no longer inhibited. Then, PRP + fluorogenic substrate was
instantly distributed over the wells in volumes of 200 μL. Wells without a
catheter sample served as controls. Fluorescence tracings were recorded at
37 °C, every 30 seconds during 1 h (λex = 368 nm and λem = 460 nm and 2 s
shaking prior to each measurement) 15. The fluorescence intensity was converted
into nanomolar concentrations thrombin as described earlier by Hemker, et al. 16.
This resulted in a thrombin generation curve for each well, as shown in Figure 1.

Figure 1. Thrombin generation curves measured in wells with a HemoGlide™ sample (∇) and with
a Tyg-NPVP-AgBr sample ( ). Both experiments were performed simultaneously with PRP from a single
donor (Donor #2). Notice how the time span between the onset of the experiment and the sudden rise in
thrombin levels differs.
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The thrombin generation assay can be best explained by comparing the
control material, HemoGlide™, and the Tyg-NPVP-AgBr catheter. The control
experiment (PRP-substrate- Ca2+ mixture incubated in presence of the
HemoGlide™ catheter (∇)) shows a typical control thrombin generation curve,
which depicts the change of [thrombin] versus time. During the first minutes,
[thrombin] remains close to zero. Then, a sudden increase of [thrombin] is seen.
The concentration rises steeply, passes a maximum, and slowly decreases back to
(approximately) zero. The formation of thrombin is the result of intrinsic
coagulation (contact with foreign materials).
In the presence of a Tyg-NPVP-AgBr catheter in the well ( ), the
thrombin generation curve changes, especially in the sense that the time interval
between the start of the experiment and the sudden rise of [thrombin] becomes
shorter. This time interval, also called the thrombin generation lag time
(TGTlag) was measured systematically in this study and was defined as the time
span between the onset of the experiment and the time point at which an
increase of ≥ 2 nM thrombin is attained between two time points. Materials with
lesser hemocompatibility typically display shorter thrombin generation lag times.
Statistics

Results
Platelet adhesion assay
These experiments were performed with PRP from two different donors
(donors #2 and #4); Figure 2a compiles the results for donor #4. Results were
very similar for donor #2 (data not shown). Clearly, the Tyg-NPVP material has
the highest density of adhered viable platelets at the surface (approximately
270,000 per cm2). Surprisingly, incorporation of AgBr nanoparticles in the
coating strongly reduces the adsorption of viable platelets to approximately
50,000 per cm2. Similar densities of adhered platelets were found for the other
three (control) materials. Figure 2b displays the number of platelets counted via
SEM, irrespective of their morphology (or viability).
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Statistical analysis was performed using Kruskal-Wallis analysis with
Dunn's post test for between group comparisons. Separate analyses were
performed for thrombin generation experiments performed with PRP from
different donors. A p-value less than 0.05 (two-tailed) was considered significant.
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Figure 2. Platelet adhesion onto Tyg, Tyg-NPVP, Tyg-NPVP-AgBr, PVC and PVC-Carmeda®
catheters. The graph combines the results from both the LDH assay (a) and SEM analysis (b). During both
experiments catheter groups were tested in triplo. Data are shown as mean ± standard deviation in panel (a) and,
in panel (b), as the number of platelets counted on all SEM images for each specific catheter group. (*) Viable
platelets/cm2 significantly different compared to Tyg, Tyg-NPVP-AgBr and PVC-Carmeda®.

Morphology of adhered platelets
These experiments were done in parallel with the LDH assay (see above),
using PRP from donor #4 and the same biomaterials. Scanning electron
microscopy is known to be an excellent technique to study morphology of blood
platelets after their adherence to biomaterial surfaces 17. Figure 3 shows
representative SEM micrographs of platelets adhered to the different catheter
tubes. In line with the data from the LDH assay, most platelets were found on the
Tyg-NPVP surface. To a large extent, the morphologies of these platelets were
spread and dendritic with relatively long pseudopodia. An increased surface
density of adhered platelets was also seen on the surface of Tyg-NPVP-AgBr
samples, compared to Tyg, PVC and PVC-Carmeda® control samples. This
differs from the data obtained with the LDH assay (Figure 2a). Additionally,
morphologies were remarkably different: most of the platelets adhered to TygNPVP-AgBr appeared dendritic with numerous short pseudopodia, i.e., they were
significantly distorted. Apparently, the presence of AgBr nanoparticles in the
coating strongly affects the morphology and viability of contacting blood platelets.
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Figure 3. Results of the SEM analysis for Tyg, Tyg-NPVP, Tyg-NPVP-AgBr, PVC and PVCCarmeda® catheters. For each catheter group two representative SEM-images, with magnifications of 1080x
(a) and 4320x (b), are shown.
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Platelet activation
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These experiments were done in parallel with the LDH assay and the
SEM experiments described above, using PRP from donor #4 and the same
biomaterials. The results are normalized for the number of adhered viable
platelets and are shown in Figure 4. Platelets in contact with Tyg, Tyg-NPVP,
PVC or PVC-Carmeda® coating do not become activated to a measurable
extent: the β-thromboglobulin levels remain rather low.

Figure 4. Analysis of platelet activation. Levels of β-thromboglobulin were elevated in Tyg-NPVP-AgBr
catheters. Experiments were performed in triplo. Data from the platelet activation assay were corrected for
baseline platelet activation. For each catheter group, concentrations of β-thromboglobulin (IU/mL) were
divided by the mean concentration of platelets/cm2 present on the respective catheter surfaces. Data are
presented as mean ± standard deviation. (*) Concentration β-thromboglobulin/platelet significantly different
compared to Tyg and PVC.

On the other hand, the Tyg-NPVP-AgBr surface induced marked
activation, as is evidenced by an approximately ten-fold higher amount of
β-thromboglobulin released per platelet. Remarkably, the relatively high levels of
β-thromboglobulin in the plasma coincide with a distorted morphology of
platelets adhered at the surface. This is plausible, since platelet lysis will result in
leakage of the cellular contents, including β-thromboglobulin, into the
surrounding medium.
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Thrombin generation

These experiments were done with fresh PRP from 6 healthy male
donors, and four different biomaterials: Tyg-NPVP-AgBr coated tubes, TygNPVP coated tubes, Tyg tubes, and the HemoGlide™ catheter. Measurement of
the thrombin generation curve is one of the best methods to assess
thrombogenicity of artificial materials 18,19. Here, we chose to use the static assay
and PRP 8,12. In principle, thrombin generation can also be measured in a flow
system, using whole blood. However, due to the relatively large bore of our
samples, the dynamic assay would have required more than 1 L of fresh human
blood per sample, which was clearly impossible.
As is well-known, the contact of blood with a foreign surface triggers the
intrinsic pathway 19. The intrinsic and extrinsic pathways coincide at the level of
factor Xa. Then, downwards in the coagulation cascade, the result is the
formation of thrombin, which will ultimately catalyze the conversion of
fibrinogen into fibrin.
The results of our thrombin generation measurements are shown in
Figure 5. Note that these graphs plot the thrombin generation lag-times (TGTlag,
vide supra) as measured at least in four-fold per donor and per material.
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Figure 5. Thrombin generation assays for 6 different donors. Thrombin generation lag times (TGTlag) are
presented for Tyg, Tyg-NPVP, Tyg-NPVP-AgBr and HemoGlide™ catheters. Data are shown as mean ±
standard deviation. Experiments were performed in six-fold.
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The data in Figure 5 reveal that the TGTlag values show a considerable
donor-dependency. For example, comparing the data that were obtained with the
Tyg material (a control), it is seen that the TGTlag times rank as follows: donor
1 (13 +/- 1 min) < donor 4 (15 +/- 2 min) = donor 6 (15 +/- 2 min) < donor
2 (16 +/- 2 min) < donor 3 (17 +/- 2 min) = donor 5 (17 +/- 2 min). In other
words, fastest clotting was observed with the PRP from donor 1, while slowest
clotting was observed with the PRP from donors 3 and 5. Donor variations of
approximately the same magnitude have been observed previously 8.
There is no consistent effect of the NPVP coating on the thrombin
generation lag time. For donors 1, 2 and 5, a slight decrease of TGTlag is
observed, whereas no effect was found for donors 3 and 4. For donor 6, the
TGTlag was found to increase slightly upon application of the NPVP coating.
Incorporation of the AgBr nanoparticles in the NPVP coating has a small
accelerating effect on thrombin formation, at least for donors 2, 3, 5 and 6. With
the PRP of donors 1 and 4, we found no effect of the TGTlag values due to the
presence of the AgBr nanoparticles. Finally, the TGTlag values measured with
the HemoGlide™ catheter material are only slightly longer than those measured
for Tyg-NPVP-AgBr. Considerable differences were found for donors 2, 5 and 6.

Discussion
Our evaluation of the events that occur after contacting fresh human
PRP (which contains the major players in hemostasis, i.e. the proteins that
constitute the coagulation cascade, and the blood platelets) with the materials
Tyg, Tyg-NPVP, Tyg-NPVP-AgBr and control materials has led to several new
insights. Perhaps the most important observation was that the Tyg-NPVP-AgBr
surface induces activation and disruption of the platelets. This was most evident
from our measurements of β-thromboglobulin, a protein that is released by
activated platelets 20. Examining the surface of Tyg-NPVP-AgBr with scanning
electron microscopy (after an incubation time of 1h) showed extensively
distorted morphologies of the adhered platelets. It is likely that this shape
coincides with a high degree of activation and disruption. Previous work of
Sambhy, et al. 1 describes elution of Ag+ from the NPVP-AgBr coating. Whether
elution of Ag+ and, subsequently, platelet activation in suspension, can explain
the observed platelet activating effects is an interesting point. This possibility can
be ruled out on the basis of three combined arguments: (i) Ag+ have
antimicrobial action if the concentration exceeds 100 nM 8; (ii) Ag+ lead to
platelet activation if their concentration exceeds 100 μM 8; (iii) the Ag+
concentration as a result of leaching out of NPVP-AgBr coatings is
approximately 4 ppm 1. The concentration of 4 ppm corresponds with 0.3 μM.
This implies that media around these coatings are antimicrobial but not inducing
platelet activation. Hence, we adhere to the explanation that the NPVP-AgBr
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surfaces have platelet activating and disrupting features, not the media
surrounding these surfaces.

Furthermore, we found that the thrombin generation assay could not
discriminate between the "platelet-friendly" surfaces on one hand (i.e., Tyg, TygNPVP and the other controls), and the platelet-disrupting surface Tyg-NPVPAgBr on the other hand. This may indicate that the NPVP-AgBr induced
activation also precludes the phospholipid transition in the platelet membrane;
this transition (also known as flip-flop mechanism) is known to be mandatory in
order to turn the platelet's membrane into a procoagulant surface 21,22. The results
from this study reveal that measurement of thrombin generation curves alone is
not sufficient to assess the blood compatibility of artificial surfaces. It is
absolutely necessary to examine the platelets (and especially their status in terms
of activation) as well.

Conclusions
The pronounced antimicrobial activity of NPVP-AgBr composites makes
these materials attractive candidates as coatings for catheters. The observed
activating and disrupting effect on blood platelets disqualifies these materials as
coatings for central venous catheters. Probably, pyridinium polymer/AgBr
composites may prove extremely useful as antibacterial surfaces in applications
outside the biomedical field, in which contact with cells other than bacteria is
essentially irrelevant.
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Abstract
Central venous catheters (CVCs) have become indispensible in the
treatment of neonates and patients undergoing chemotherapy or hemodialysis.
A CVC provides easy access to the patient's circulation, thus enabling facile
monitoring of hemodynamic parameters, nutritional support, or administration
of (cytostatic) medication. However, complications with CVCs, such as bacterial
bloodstream infection or thromboembolism, are common. Bloodstream
infections, predominantly caused by S. aureus, are notoriously difficult to prevent
and treat. Furthermore, patients receiving infusion therapy through a CVC are at
risk for deep-vein thrombosis, especially of the upper limbs. Several recent
clinical trials have shown that prophylactic anticoagulation (low-molecularweight heparin or vitamin K antagonists) is not effective. Here, we report on the
systematic development of a new bifunctional coating concept that can
-uniquely- be applied to make CVC surfaces antimicrobial and antithrombogenic
at the same time. The novel coating consists of a moderately hydrophilic
synthetic copolymer of N-vinylpyrrolidinone (NVP) and n-butyl methacrylate
(BMA), containing embedded silver nanoparticles (AgNPs) and sodium heparin.
The work demonstrates that the AgNPs strongly inhibit adhesion of S. aureus
(reference strain and clinical isolates). Surprisingly, heparin not only rendered
our surfaces practically non-thrombogenic, but also contributed synergistically
to their biocidal activity.

5

Hydrophilic coatings with nanosilver and heparin for central venous catheters

Introduction

Central venous catheters (CVCs) are used ubiquitously during treatment
of critically ill cancer patients. According to recent estimates, more than 5
million cancer patients in the US require central venous access each year 1. A
similar estimate was made for Europe. CVCs offer important advantages, such
as facile sustained administration of cytostatic or pain-killing medication,
infusion of stem cells, continuous measurement of hemodynamic parameters,
or sustained nutritional support. However, application of CVCs is associated
with a significant risk for adverse effects, particularly bloodstream infection 2,3,4,5
and thromboembolism 6,7,8,9,10. In the US, approximately 80,000 CVC-related
nosocomial bloodstream infections occur annually. The associated extra cost is
in the range of $300 million to $2.3 billion per year, and the attributable
mortality is around 20 %. On average, survivors usually remain one extra week
in the intensive care unit, or 2 - 3 additional weeks in the hospital.
Hence, prevention of CVC-related complications is of paramount
importance. Regarding infection, preventive strategies include the use of (i), a
maximum sterile barrier during CVC insertion; (ii), innovative catheter hubs, and
(iii), chlorhexidine-containing cutaneous antiseptics 2,3,4,5,11. Moreover, strict
adherence to evidence-based protocols for hygiene and sterility proved highly
successful 11. Prevention of thrombotic complications is mostly attempted
through administration of anticoagulants during treatment 6,7,8,9,10. Despite all
efforts, it is evident that there is a need for improved biomaterials for the
manufacture of safer catheters. Engineering into this direction must focus of the
catheter's surface, which must have broad-spectrum antimicrobial activity as well
as excellent blood compatibility. We describe the systematic development of new
bifunctional surface coatings that -uniquely- meet these requirements.

Materials & methods

Six different coating solutions were prepared as follows: (i), 600 mL of of
10 % solution of the hydrophilic copolymer (SS) in NMP was equally divided
over six 500-mL glass bottles. (ii), Sodium heparin (3 x 1.5 g, purchased from
Celsus Laboratories, Cincinatti, OH, USA) was dissolved (mechanical stirring) in
formamide (75 mL). The solution was split into 3 equal parts, and these were
mixed with 3 of the SS solutions as indicated in Table 1. (iii), AgNPs (Ag6V or
Ag4E; 3.0 g, purchased from Metalor SA, Neuchatel, Switzerland; Ag6V and
Ag4E differed with respect to the hydrophilic surface coating used for their
stabilization) were dispersed in NMP and mixed with 2 of the SS solutions as
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follows: Coating #1 (SS): SS solution (100 mL) + NMP (50 mL). Coating #2
(SS-Hep): SS solution (100 mL) + NMP (25 mL) + 1.5 g heparin dissolved in
formamide (25 mL). Coating #3 (SS-Ag6V): SS solution (100 mL) + NMP (50
mL) + nanosilver (1.5 g). Coating #4 (SS-Ag6V-Hep): SS solution (100 mL) +
NMP (25 mL) + nanosilver (1.5 g) + 1.5 g heparin dissolved in formamide (25
mL). Coating #5 (SS-Ag4E): SS solution (100 mL) + NMP (50 mL) + nanosilver
(1.5 g). Coating #6 (SS-Ag4E-Hep): SS solution (100 mL) + NMP (25 mL) +
nanosilver (1.5 g) + 1.5 g heparin dissolved in formamide (25 mL). Coatings had
a thickness of 3.0 μm, and differed only with respect to the embedded species.
Fabrication of the specimens involved three consecutive steps: (i) formulation
of coating suspensions through mixing of the NVP/BMA copolymer
(designated SS) + AgNPs suspended in N-methylpyrrolidone and/or sodium
heparin dissolved in formamide; (ii) application of the coating onto a long
(approximately 300 m) and thin (178 μm diameter) stainless steel wire in a
continuous process; (iii), coiling of the coated wire around a rotating mandril of
600 μm diameter 12,13,14.
Table 1. Atomic concentrations (percentages) measured by XPS. All data represent averages of two
independent measurements.
Entry

Surface

C1s

N1s

O1s

Ag3d

S2p
(-SO3H)

1

SS

79.7

4.6

14.4

-

0.21

2

SS-Hep

78.6

4.3

14.5

-

0.43

3

SS-Ag6V

80.4

4.2

12.6

0.22

0.21

4

SS-Ag6V-Hep 79.2

5.0

14.2

0.11

0.42

5

SS-Ag4E

79.3

6.6

13.0

0.15

0.24

6

SS-Ag4E-Hep 78.9

5.3

14.6

0.19

0.35

Methods and equipment
The platelet-stabilizing anticoagulant mixture, citrate-theophillineadenosine-dipyridamole (CTAD) was purchased from Becton-Dickinson
(Alphen a/d Rijn), Netherlands). Brain Heart infusion broth and MuellerHinton agar were from Oxoid BV (Badhoevedorp, Netherlands). The lactate
dehydrogenase (LDH) assay was performed using the CytoTox 96 NonRadioactive Cytotoxicity Assay from Promega Benelux BV (Leiden,
Netherlands). Platelet activation was quantified with the Assachrom β-TG linked
immunosorbent assay (ELISA), obtained from Roche Diagnostics Nederland
BV (Almere, Netherlands). Fluorescence tracings were recorded on a
SpectraMax M2 spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA).
Absorbances were measured on an ELx808 Absorbance Microplate Reader
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(BioTek Instruments Inc., VT, USA). Sputter coating for electron microscopy
was performed with a Sputter Coater 108/SE (Cressington Scientific
Instruments Ltd., Watford, UK). Scanning electron microscopy was performed
with a Philips XL30 instrument (Philips, Eindhoven, the Netherlands). X-ray
Photoelectron Spectroscopy measurements were carried out in a Quantera SXM
instrument from Ulvac-PHI (Q2). During the measurements, the angle between
the axis of the analyzer and the sample surface was 45°. The information depth
is then appr. 6 nm. The measurements have been performed using
monochromatic AlKα radiation in High Power mode (100 Watt, measuring spot
100 μm, scanned over 1400 μm x 500 μm).
Experiments with bacteria

Overnight cultures were prepared by inoculation of a bacterial colony
into 10 mL growth medium (37 g/L heart infusion broth). From this culture, a
bacterial suspension of 107 CFU/mL was prepared in 0.9 % NaCl. Coated coils
(length 30 mm) were incubated at 37 °C for 60 min in 5 mL bacterial suspension,
in a shaking incubator. The samples were subsequently transferred to a fresh
volume of 5 mL 0.9 % NaCl, and vortexed for 1s. Vortexing resulted in
detachment of loosely adhered bacteria. Then, the samples were transferred
again to fresh volumes of 5 mL of 0.9 % NaCl, and left for 4 h under
continuous shaking. Subsequently, the catheter samples were carefully removed,
washed in 0.9 % NaCl, and rolled over a Mueller-Hinton blood agar plate (38g/L
Mueller-Hinton agar, 5 % defibrinated sheep blood). Plates were incubated
overnight and photographed and evaluated on the next day. The six sample
groups were subjected to these tests in three-fold.
Thrombin generation experiments
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Freshly prepared human platelet-rich blood plasma (PRP) was used in the
thrombin generation assays. There were two donor groups: a first group
consisting of 5 healthy male volunteers (ages 22, 23, 24, 25, and 51 years), who
were non-smokers and non-users of any drugs that could possibly influence
hemostasis. The second group consisted of a cohort of 9 patients who were
under treatment in the Maastricht University Medical Centre+. These patients all
received high-dose cytostatic medication through a central venous catheter;
patient data are summarized in Table 2. Informed consent was obtained in
accordance with the Declaration of Helsinki, and the study was approved by the
Maastricht University Medical Centre+ ethical committee. The volunteers each
donated appr. 40 mL blood through venipuncture. The collection tubes
contained citrate for anticoagulation (end-concentration 0.013 M citrate). The
patients donated 20 mL blood each. In these cases, Vacutainers containing

102

Chapter 5

citrate for anticoagulation were used. PRP was isolated through centrifugation
(200g, 15 min, room temperature). PRP was carefully transferred into new tubes
and kept at 37 °C until further use. Thrombin generation experiments were done
according to a one-donor-on-one-day scheme. On such an experimental day, 30
thrombin generation curves were measured (6 experimental coatings, each
experiment in five-fold). The experiments were done in 4 consecutive steps: (i),
Five pieces of 25 mm were cut out of each of the six different coils. Then, each
piece was cut further into five approximately equal pieces, and these were
transferred into one single well of a 96 well plate, (ii), The fluorogenic substrate
for thrombin, Z-Gly-Gly-Arg-AMC (a product of Bachem Holding AG
(Bubendorf, Switzerland; ref. I-1140) was added to the citrated PRP to a final
concentration of 400 μM. Then, the PRP was "recalcified" through adding
CaCl2 stock solution (0.5 M) up to a final concentration of 20 mM Ca2+.
Consequently the mechanism for intrinsic (i.e. biomaterial-surface-induced)
coagulation is no longer inhibited, (iii), The PRP was then rapidly distributed
over the wells; 200 μL was transferred into each well. All pieces of the coiled
wire were submersed in PRP. Wells without coil-samples served as controls. (iv),
Fluorescence tracings were recorded at 37 °C. Wavelengths of excitation and
measuring were 368 and 460 nm, respectively. Data were collected every 30 s; the
plate was gently shaken for 2 s prior to each measurement. The fluorescence
intensity was converted into nanomolar concentrations of thrombin. This
technique resulted in a thrombin generation curve for each well.
Statistics
Statistical analysis was performed using Kruskal-Wallis analysis with
Dunn's post test for between group comparisons. Separate analyses were
performed for thrombin generation experiments performed with PRP from
different donors. A p-value less than 0.05 (two-tailed) was considered significant.
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Table 2. Data on patients/blood donors.
Patient Age
Length
(gender) (m)/mass (kg)

Specified malignancy Thrombocyte
counts (109/L)b

Leukocyte counts
(109/L)c

1

50 (f)

1.64/47

AMLa

134

1.4

2

61 (m)

1.72/64

Histiocytic sarcoma

52

0.2

3

61 (f)

1.58/53

AML

145

3.0

4

60 (m)

1.85/104

AML

51

1.0

5

58(f)

1.63/69

Amyloidosis

107

10.5

281

4.5

120

0.8

MGUS + C1-esterase
deficiency
Mantle cell nonHodgkin's lymphoma

6

66 (m)

1.83/65

7

76 (m)

1.75/60

8

44 (m)

1.80/77

AML

252

6.2

9

55 (m)

1.72/109

Multiple myeloma

27

1.5

Patient #5 was the only patient receiving anticoagulant medication (low-molecular weight heparin) at the time
of blood sampling.
a AML = acute myeloid leukemia.
b Normal thrombocyte concentration: 150-450 x 109/L.
c Normal leukocyte concentration: 4.5-10 x 109/L.

Results
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The continuous coating process afforded a huge inventory of virtually
identical specimens for every formulation. This approach distinguishes this
study from other investigations on biomaterial surface coatings obtained
through dipping or spraying, which are discontinuous methods that generally
introduce substantial noise in subsequent experimental data. Specimens were
first studied with X-ray photoelectron spectroscopy (XPS). Fig. 1a shows a
representative wide-scan spectrum. Data were collected with a spot size of only
100 μm at two positions per specimen, i.e., on the top of two individual
windings. The information depth was approximately 6 nm. Fig. 1b shows
narrow-scan XPS spectra of SS-Ag4E-Hep (sulfur and silver lines). The
apparent atomic concentrations are compiled in Table 1. All duplicate
measurements were in good agreement. As expected, only specimens 3 - 6
expose silver at their surface. The specimens containing heparin (2, 4 and 6)
show clearly elevated concentrations of sulfur (-SO3H; 167.9 ± 0.1 eV) at their
surfaces (0.43, 0.42 and 0.35 % respectively, vs. 0.21, 0.21 and 0.24 % for
specimens 1, 3, and 5). Hence, XPS confirms the presence of heparin at the
surface of 2, 4 and 6. To the best of our knowledge, this is the first example of
the use of XPS to verify the presence of heparin in the outermost regions of
biomaterial surface coatings. The presence of sulfur traces in specimens 1, 3, and
5 can be attributed to the binding layer of poly(ethersulfone), which is routinely
used in the continuous coating procedure.
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Figure 1. (a) Wide scan XPS spectrum of the typical specimen SS-Hep-Ag4E. A small spot size (100 μm) was
used, which enabled scanning on the top of one of the specimen's windings. (b) Narrow scan X-ray
photoelectron spectra of the outermost layer of the SS-Hep-Ag4E surface. Left: Ag3d doublet due to surfaceexposed AgNPs. Right: S2p peak due to the SO3H groups of heparin.
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Figure 2. Bacterial colonies that developed on the agar plates (roll-plate method according to Ref. 15).
Experiments were done with 7 different coatings (one per row), and in four-fold (four columns). The
specimens were carefully rolled from the upper side to the lower side of the dishes, thereby releasing bacteria
that generated visible colonies afterwards. Note the presence of many colonies for the SS coating, compared
to the SS-Hep coating. Bactericidal effects of the AgNPs are clearly visible.
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The roll-plate method according to Maki et al. 15 was used to assess
adherence of the reference strain S. aureus ATCC 29213 to the different
coatings. This technique visualizes bacterial colonies on each roll track, provided
that bacterial adhesion occurred during the incubation phase. Our cylindrical
specimens were convenient to use in this assay, and data-reproducibility was
excellent. Virtually no bacteria could be found on the agar plates for SS-Ag6V,
SS-Ag6V-Hep, SS-Ag4E, and SS-Ag4E-Hep, whereas bacteria were abundantly
present on the agar plates for SS-Hep and especially on SS (Fig. 2). These data
confirm the strong antibacterial activity of the AgNPs Ag6V and Ag4E.
Furthermore, it appeared that heparin exerts a pronounced antibacterial effect
by itself (compare SS and SS-Hep). The antimicrobial effects of AgNPs and
heparin are additive: it is clear that much less bacteria adhered to the SS-Ag6VHep surface than to SS-Ag6V alone. Analogously, SS-Ag4E-Hep has less
adhered bacteria (if any are present at all) than SS-Ag4E. At first sight, we were
puzzled by this heparin effect; several recent papers pointed out that heparin per
se has no antibacterial effects 16, and even that heparin may promote biofilm
formation, especially for S. aureus 17,18. Interestingly, recent work of Schmidtchen
et al. may explain our observations in terms of an indirect effect of heparin:
proteins carrying structural characteristics that impart affinity for heparin
(positive charges and consensus regions such a the Cardin motif or the
Weintraub motif), also have antimicrobial properties 19,20. For example, heparinbinding plasma proteins such as fibronectin, vitronectin, protein-C inhibitor and
von Willebrand factor are biocidal for Gram-positive and Gram-negative
bacteria. Thus, if incubation of our coatings in plasma first leads to adsorption
of proteins with an affinity for heparin, then these proteins introduce biocidal

Figure 3. Thrombin generation in PRP from 5 healthy volunteers, and 9 patients on high-dose
chemotherapy against a hematological malignancy. Thrombin generation lag times measured for coatings
SS (left bars), SS-Ag6V (middle bars), and SS-Ag4E (right bars).
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activity at the coating's surface in turn. Next to S. aureus ATCC 29213, we
studied two clinical isolates (MRSA BF110 and MSSA BF45), i.e., S. aureus
bacteria that were isolated from patients with a catheter-associated bloodstream
infection. The biocidal effects of our materials on the clinical isolates were, in
fact, stronger than those found for the reference strain.
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The six different surfaces were subjected to a thrombin generation assay
12,14. We used platelet-rich blood plasma (PRP) from 5 healthy volunteer
donors and from 9 patients undergoing high-dose chemotherapy against a
hematological malignancy in the Maastricht University Medical Centre+
(Table 2). We measured so-called thrombin generation curves ([thrombin] vs.
time) in six-fold for every specimen-PRP combination. Thrombin lag times, i.e.
time elapsing between the moment of recalcification and the moment at which
[thrombin] becomes > 2 nM, were abstracted from all curves 12,14. Note that the
assay measures intrinsic activation of the coagulation system: the biomateral's
surface is the only trigger for thrombin formation (i.e., the assay uses no tissue
factor or any other procoagulant agent). As we advocated previously, the
thrombin lag time is a valuable measure of the thrombogenicity of the
biomaterial under investigation 12,14. The longer the lag time, the higher the level
of blood compatibility in vitro. Fig. 3 compiles lag times measured for our
heparin-free specimens in contact with PRP from volunteer donors and patients.
The volunteer data show a clear donor-dependency, which is in agreement with
previous findings 14. All heparin-containing specimens, for volunteer donor PRP
and patient-derived PRP, had lag times > 60 min, revealing that the anticoagulant
activity of heparin is by no means neutralized or significantly compromised by
the AgNPs. The thrombin lag times measure for the patients also show
considerable spreading. Data measured for patients 3, 6, 7 and 8 compare well
with those of the volunteers, others were somewhat longer with appr. 20 min
max. Taken together, all thrombin generation lag times are grossly similar despite
the fact that most patients show clear leukopenia and/or thrombocytopenia
(Table 2). This reflects, albeit from an unusual point of view, that the regulation
mechanism of the blood coagulation system manages to maintain hemostatic
balance, even under conditions of severe illness and high-dose chemotherapy.
Closer inspection of the patient data showed that one of the patients (#5)
received low-molecular-weight heparin at the time of blood sampling. For the
other 8 patients, the thrombin lag times appeared to correlate inversely with the
thrombocyte counts (r2 = 0.76; Fig. 4). A similar but weaker correlation
(r2 = 0.45) was found between the thrombin lag times and the leukocyte counts
of these patients. This may point out that patients with normal or close-tonormal platelet (and leukocyte) concentrations are likely to be at the largest risk
for catheter-associated thrombus formation. Clinical testing of this hypothesis
falls outside the scope of this study but is certainly worthwhile: if true, then
simple thrombocyte counting would provide an indication whether or not to
provide prophylactic anticoagulation during the catheter-based treatment period
(e.g. through infusion of low-molecular-weight heparin).
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9
Figure 4. Averaged thrombin lag times for the 9 patients (viz. Fig. 3) plotted vs. thrombocyte counts.
Thrombin lag times were measured for SS (dots), SS-Ag6V (squares), and SS-Ag4E (triangles).

Adhesion of blood platelets to the 6 experimental coatings was studied
further with PRP from healthy donors #2 and #3. The SS surface had the largest
density of adherent platelets (LDH assay, appr. 20,000/cm coil). Inclusion of
heparin (SS-Hep) or AgNPs (SS-Ag6V) reduced this number to appr. 6,000/cm
coil and 5,000/cm coil, respectively. The combination of heparin and AgNPs
(Ag6V) reduced the density of adhered platelets further (down to appr. 2,000/
cm coil). Remarkably, the use of Ag4E nanoparticles per se (SS-Ag4E) already
reduced the density of adhered platelets to appr. 2,000/cm coil. No further
effect due to inclusion of heparin (SS-Hep-Ag4E) could be observed.
Scanning electron microscopy showed that platelets on the SS surface
were mostly discrete with partly spread morphology. Small pseudopodia by
which they attach to the surface were observed. It was very difficult to discern
platelets on the three heparin-containing surfaces. On the other hand, adherent
platelets could be found easily on the two coatings that contain merely AgNPs
(SS-Ag6V and SS-Ag4E). These platelets were mostly associated with distorted
morphologies as was observed previously 14,21,22.

Discussion
Hydrophilic surface coatings for medical devices have drawn widespread
attention during the last years. Adherent hydrophilic coatings provide catheters
and guidewires with a "slippery-when-wet' lubricious surface, and this is
extremely important for indwelling catheters, but also for delicate interventional
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procedures, such as percutaneous transluminal coronary angioplasty (PTCA) and
super-precise embolization of solid tumors. New developments are focused on
embedding of active components in hydrophilic surface coatings. This principle
can lead to controlled release of active agents from the device's surface, and/or
to exposure of active molecules at the device's surface. The combination of
hydrophilic coatings with heparin can lead to anticoagulant and lubricious
surfaces.

Research on drug-containing hydrophilic surface coatings requires a
highly accurate and reproducible coating protocol. Obviously, variations of the
coating quality (thickness, adherence, etc.) would generate substantial
experimental noise, which could easily obscure effects of active constituents of
the coating. Our extrusion-like coating procedure to apply NVP/BMA
copolymers as uniform thin layers on thin metallic wires generates a platform of
precisely defined experimental coatings. These can be used in detailed
comparative studies. For instance, the hydrophilic nature of the materials can be
tuned through the composition: the molar ratio NVP (hydrophilic) : BMA
(hydrophobic) determines parameters like contact angle, aqueous swelling ratio,
etc. NVP/BMA coatings can be engineered such that the bio-active compound
is either slowly released upon immersion in an aqueous medium, or remains
immobilized at the coating's surface. This principle has already led to the
development of, e.g., new devices for controlled delivery of drugs to the tear
film of the eye, and heparin releasing/exposing guidewires for intravascular use
featuring an excellent level of blood-compatibility 12,23,24.
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Here, we studied NVP/BMA coating formulations in which silver
nanoparticles and sodium heparin were co-embedded, with the aim to develop
coatings for medical devices that effectively combine antimicrobial AND
antithrombogenic features. Our data reveal that AgNPS and heparin can be
combined effectively. Interestingly, synergetic effects of heparin and nanosilver
were observed: (i), heparin enhances the biocidal activity of the AgNPs, and (ii),
no lysis of contacting thrombocytes occurs.; rupture of platelets was observed
previously with NVP/BMA coatings that merely contain embedded AgNPs. In
addition, it is clear that our methodology can readily be scaled-up and
transformed into an industrial procedure. We anticipate that this work can
provide the basis for the development of safer central venous catheters. There
is a clear unmet need for biomaterials and surfaces that combine excellent
biocidal properties with zero or close-to-zero thrombogenicity in vivo.
Improved CVCs will, next to other measures to prevent infection and
thromboembolism, help to improve treatment of many critically ill patients, and
to reduce health care cost, especially when prolonged hospitalization can be
prevented indeed.
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Conclusion
Hydrophilic surface coatings for medical devices featuring both biocidal
and non-thrombogenic behavior can be prepared. The methodology as
described in this work can be scaled-up and transformed into an industrial
procedure. This work may help to realize the goal of manufacturing catheters
and other medical devices that combine excellent biocidal properties with zero
or close-to-zero thrombogenicity in vivo.
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6

General discussion

The central theme of this thesis is the blood compatibility of surface
coatings for cardiopulmonary bypass (CPB) and central venous catheters
(CVCs). The use of these medical support devices is typically associated with
intense blood-material contact in terms of a long duration (hours to
weeks/months), and over a large surface area (1.35 - 2.5 m2) 1. The rationale for
the work presented here originated from the material-related complications of
thrombosis and infection. The infectious complications do not only relate to
CVCs, but also to CPB, since the cannula's, used to channel the patient's
bloodstream into the heart-lung machine, are in essence a type of central
catheters. Since blood compatibility plays a role in both material-induced
thrombosis and infection 2,3,4,5, it is a prerequisite for patient safety and proper
device functioning in both the field of CPB and (central venous) catheterization.
Surface coatings are a well-explored strategy to reduce thrombotic and
infectious complications in the fields of CPB 6,7,8,9 and central venous
catheterization 10,11,12,13. They can render an artificial surface more blood
compatible or antimicrobial through incorporation of, respectively,
antithrombotic or antimicrobial compounds 6,7,8,9,10,11,12,13. After decades of
intensive research and development, various antithrombotic and antimicrobial
coatings are now clinically available to lower the risk of material-induced
thrombosis or infection, respectively 6,7,8,9,10,11,12,13. None of these products,
however, completely prevents thrombosis or infection 14,15,16,17,18,19,20. In the daily
clinical practice, the abovementioned complications continue to cause a
significant annual burden in terms of morbidity, mortality, economic and
healthcare costs 11,21,22,23,24,25,26,27,28,29,30. Research, therefore, continues in both
domains. Two trends were noticed at the beginning of this project.
(i) On one hand, it seems that the development of improved blood
compatible coatings is stagnating. It appears difficult to develop coatings that are
more blood compatible and can replace the currently available end-point
attached heparin coatings, which remain the golden standard in clinical practice
for almost twenty years now 9. This observation lays at the basis of the work
presented in Chapter 2. To be able to develop coatings with improved blood
compatibility over existing products, a test model is needed to discriminate
between the performances of coatings with already fair hemocompatibility.
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(ii) On the other hand, the development of antimicrobial products has
taken an important step forward through advancements in nanotechnology.
During recent years, silver nanoparticles (AgNPs) came in the picture as a
potential alternative for antibiotics, chlorhexidine or silver sulfadiazine, in
antimicrobial catheter coatings 31,32,33,34,35,36,37,38. AgNPs are believed to exert the
well-known antimicrobial effects that are seen in other forms of silver (i.e. silver
ions (Ag+)), and, in addition show exclusive physicochemical properties due to
their nanodimension 34,39. It is expected that AgNPs can serve as a source for
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long-term release of antimicrobial Ag+ 31,37. Progressive release of antibiotics and
exhaust of the coating reservoir could lead to a fall in antibiotics concentration
to such levels that development of bacterial resistance is likely.
Although nanosilver seems an attractive candidate for use in antimicrobial
catheter coatings, literature regarding blood compatibility of such coatings was
non-existent at the start of this project. In this thesis, we presented the first work
evaluating the blood compatibility of coatings containing AgNPs (Chapter 3 and 4).
Prevention of catheter-related bloodstream infections (CRBSIs) through
use of coatings has long been addressed solely with anti-infective or antibiotic
agents 6,7,8,9,10,11,12,13. However, since infectious and thrombotic catheter
complications are interrelated, we hypothesized that a dual action coating,
addressing both infection and thrombosis, could be more effective in preventing
CRBSIs and thrombosis. A concept of such a dual action coating is presented in
Chapter 5.

Lessons learned from extended evaluation of blood compatible
coatings
Given the long blood-exposure times associated with clinical use of
CPB/extracorporeal life support (ELS) or (central venous) catheters, the
antithrombotic properties of surface coatings must remain effective for
extended periods of time to avoid thrombotic - and infective - complications.
When focusing purely on the hemocompatibility of a blood-contacting surface,
leaving behind any need for antimicrobial function, most progress has been
booked in the fields of CPB and ELS. Here the intensity of blood-material
contact can take extreme proportions. The development of so-called
hemocompatible coatings has contributed greatly in lowering the risk of
thrombotic complications and preserving material functionality during such
procedures 15,16,17,40,41,42,43. Of the coating modalities available for CPB and ELS,
those that involve heparin immobilisation at the material's surface seem to
achieve the best results 15,16,40,43. In particular the PVC-Carmeda®, a coating that
immobilizes heparin onto a surface with preservation of its structure, has been
studied thoroughly and today has a long-standing efficacy in preventing materialinduced thrombus formation. It is generally perceived as the golden standard
among the hemocompatible coatings. Albeit significant progress, however, the
available hemocompatible coatings do not guarantee CPB and ELS procedures
without thrombotic complications 6,7,8,9,44,45. The use of aggressive anticoagulant
therapy remains therefore often mandatory 14,15,16,17.
Prior to our work with nanosilver coatings, we compared two
commercially available hemocompatible coatings (BioLine- and X-coating) and
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a standard uncoated tubing material in an in vitro model that mimics blood flow
over an artificial surface for several hours. Fresh whole blood was circulated over
the material surfaces for a period of 5 h. The experimental results had two
important implications for the development of new surface coatings, which are
not only antithrombotic but also anti-infective. First, it was observed that bloodmaterial contact in the Chandler loop resulted in a slight, but gradual increase of
multiple parameters (free hemoglobin (free Hb), terminal complement complex
(TCC), myeloperoxidase (MPO), β-thromboglobulin (β-TG)). This was
observed in all three materials investigated. Additionally, the scanning electron
microscopy (SEM) analysis revealed that none of the materials evaluated were
free from interactions with blood components. Although the extent to which
parameters of hemolysis, complement, and leukocyte and platelet activation
increased could be clinically non-significant, it indicates that even state-of-the art
materials - available for prevention of thrombosis - do not completely leave the
blood homeostasis mechanisms unaffected. This highlights the importance to
investigate the blood compatibility of all materials used in blood-contacting
materials, certainly for new materials of which knowledge about blood-material
interactions is lacking, such as nanosilver. Secondly, differences between the
investigated hemocompatible coatings, BioLine and X-coating, became apparent
only after long term circulation of fresh whole blood over the material surfaces.
Differences between coatings thus might masquerade during the first hours of
blood contact. The Chandler loop seems a challenging test method for coating
materials, which can be used to expose materials to flowing blood for relatively
long periods of time.
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One could speculate on the possibility to use the Chandler loop for even
longer duration than 5 h. It must be kept in mind, however, that blood is
circulated in this model without oxygenation. At a given time point the dying of
blood cells will cause artefacts. A recent large study by Jackman et al. investigated
the effect of blood sample age at the time of centrifugation and analysis of
plasma cytokine concentrations in healthy donors 46. A total number of 41
soluble immune mediators were examined, among which 16 mediators, including
MPO, showed unstable concentrations over a 4-day period. MPO was also used
as a leukocyte activation marker in Chapter 2. Whether the increases in MPO
levels observed in our Chandler loop model were artefactual is unlikely. Jackman
and colleagues reported a mean increase in MPO levels of 28% per day from
their experiments 46. We observed a fourfold increase in MPO levels within 5 h
in our Chandler loop model. This much steeper increase in MPO concentrations
over a much shorter time span is believed to be due largely to blood-material
contact within the tubing loops.
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Blood compatibility of coatings containing silver nanoparticles
Although material-induced thrombosis and infection are interrelated,
most research to design surface coatings that are able to prevent CRBSIs focused
solely on coatings embedded with antibiotics or antiseptics 10,11,12,13. In particular
AgNPs have gained much attention during the last years, as a candidate material
for development of new antimicrobial catheter coatings 31,32,33,34,35,36,37,38.
Knowledge about the blood compatibility of AgNPs was, however, completely
lacking. Hence this could be a relevant factor in the design of safe and effective
antimicrobial coatings for blood-contacting devices.
The work presented in Chapters 3-5 shows some of the first data about
the hemocompatibility of coatings embedded with AgNPs. In Chapter 3,
contact between platelet-rich plasma (PRP) and a set of coatings with increasing
AgNP-concentrations resulted in decreased thrombin generation lag times
(TGTlag) and this effect seemed to be dose-dependent. Furthermore, platelet
activation was increased greatly compared to coatings without AgNPs. In
Chapter 4, however, contact between PRP and silver-bromide (AgBr)
nanocomposite-coatings resulted in only marginal effects on TGTlag, while
platelet activation was again clearly elevated. Additionally, SEM analysis of
platelets adhered to AgBr-nanocomposite coatings showed distorted
morphologies. Interestingly, the effects observed throughout these chapters
were different between coatings embedded with nanosilver from different
sources.
Upon oxidation, AgNPs release Ag+ in the surrounding medium and
acquire an outer surface covered with chemisorbed Ag+ 34. Prompted to know if
one of these mechanisms had a dominant role in the observed effects, a set of
titration experiments was performed (Chapter 3). The results indicated that the
observed thrombogenic and platelet activating effects may be due to a
mechanism working at the interface between the coating and the PRP, instead of
released Ag+. This might imply contact between the AgNPs positioned at the
surface of the coating and blood proteins or cells, with transfer of chemisorbed
Ag+ from oxidized AgNPs to cells or proteins 47. On the other hand, with respect
to the observed antimicrobial effects, data from our titration experiments did
not rule out elution of Ag+ or direct nanoparticle-contact as a mechanism of
action. This latter topic was recently studied by Sotiriou, et al. and Sintubin,
et al. 48,49. The work from these groups points towards Ag+-release as the
dominant mechanism in the antibacterial activity of AgNPs. The authors,
however, do not exclude direct contact between AgNPs and bacteria as a
secondary antibacterial mechanism. The effects of direct contact with AgNPs
are much less explored for blood proteins or platelets. Further insights in the
exact mechanisms by which AgNPs affect the coagulation cascade or platelets
can, however, provide key points for modification of AgNP-effects.
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Recently, other research groups published about the interactions between
AgNPs and blood. Unlike our studies, where blood components were exposed
to AgNPs embedded in a coating matrix, these studies investigated direct
exposure of blood to AgNPs. Shrivastava, et al. exposed washed platelets to
AgNPs and found that the AgNPs had an inhibiting effect on the integrinmediated platelet functional responses aggregation, secretion, adhesion to
immobilized fibrinogen or collagen and retraction of fibrin clot 50. The AgNPs
had a perturbing effect on the platelet membrane microenvironment and
accumulated in granules and vacuolar spaces. The authors ascribed their
observed effects to direct interactions of AgNPs with the platelet machinery.
Within the same study, a series of in vivo experiments was also performed, using
a mouse model with intravenous injection of AgNP-suspension. Blood collected
from AgNP-exposed animals also indicated platelet inhibiting effects of AgNPs,
as measured by decreased platelet aggregation 50. The same authors published
another study in which they investigated interactions between AgNPs and
fibrinogen 51. From their observations it appears that AgNPs can interact with
fibrinogen, resulting in conformational changes in protein structure and
retardation of fibrinogen polymerization kinetics 51. Results from this research
group indicate that a direct contact mechanism between AgNPs and blood
components is feasible and can disturb normal blood homeostasis. Jun and
colleagues incubated washed platelets in vitro with AgNPs and observed
increased platelet aggregation and procoagulant activity 52. In the same study, in
vivo experiments comprising a rat model with intravenous injection of AgNP
suspension, followed by induced thrombosis, showed increased thrombus
weight in AgNP-exposed rats 52. Finally, Hulander and colleagues investigated
contact of whole blood with noble metal coated surfaces instead of
nanoparticles 53. After 1 h exposure of whole blood to noble metal-coated
surfaces, complement activation and fibrinogen adsorption was highest on
silver-coated surfaces, compared to other materials tested. Platelet depletion was,
however, low on silver-coated surfaces, as was activation of the coagulation
cascade, indicated by only low generation of thrombin-antithrombin complexes 53.
In line with our results on the blood compatibility of nanosilver coatings, in
particular with respect to thrombin generation data, the results presented by
these other research groups are also contradictory.
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Probably, factors relating to the synthesis method of the nanoparticles are
responsible for the currently found contradictory results of AgNP blood
compatibility. A review of the literature reveals that, dependent on their method
of synthesis, AgNPs can differ in terms of shape, size and phase 54, or can be
modified resulting in different surface charge 55. Spinning disc processing
technology represents a new technology that allows precise control over these
mentioned factors during nanoparticle synthesis 54. Toxicity studies have
reported that such factors, like size 56, surface charge 55 and surface chemistry 57,58
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of AgNPs, strongly determine their toxic effects. Likely, these factors also play a
role in the interaction between AgNPs and contacting blood components. No
studies, however, have addressed this question yet.

The blood compatibility of dual action silver nanoparticle-heparin
coatings
The information from Chapters 2-4 supported the rationale to design
combinatory coatings, embedded with both antimicrobial AgNPs and a drug to
prevent possible prothrombotic effects of AgNPs. In Chapter 5 we succeeded
in making coatings embedded with both heparin and AgNPs, and a set of
control coatings with either heparin alone, AgNPs alone, or neither heparin and
AgNPs. XPS confirmed the presence of heparin and AgNPs where added.
A first series of experiments with these coatings gave some remarkable
results. It was shown that the presence of heparin together with AgNPs did not
result in lesser antimicrobial activity of the AgNPs. In contrary, the coating
matrix loaded with only heparin even showed an antimicrobial effect of the
heparin itself - in terms of lesser bacterial adhesion - when compared with the
coating matrix without both heparin and AgNPs. These data are in line with
clinical data from a retrospective study by Jain, et al. 59. They investigated the use
of heparin-coated versus standard uncoated tunnelled dialysis catheters in 175
hemodialysis patients. Primary end-points were the frequency of CRBSIs and
cumulative patency of the catheters. The authors found no differences between
both catheter types in terms of catheter patency. However, the frequency of
CRBSIs was reduced in heparin coated catheters 59. Although this hypothesis has
to be further examined by randomized clinical trials, the data of Jain, et al.
indicate the importance of addressing infection and thrombosis in a combined
manner.
An antimicrobial effect was found for all nanosilver coatings tested
throughout this thesis. This is in line with the general finding in literature that
nanosilver exhibits strong antimicrobial properties and it underlines its potential
for use in antimicrobial catheter coatings. On the other hand, the presence of
nanosilver together with heparin did not negatively affect the action of heparin.
All coatings loaded with heparin and nanosilver did not show thrombus
formation for the total duration of the thrombin generation experiment (1 h).
An interesting finding was that the thrombin generation experiments
could not find differences between the Ag6V- and Ag4E nanoparticle coatings
(Chapter 5) and the control coatings without AgNPs. This is in line with the
thrombin generation experiments with AgBr-nanocomposite coatings, presented
in Chapter 4, and their control materials without nanosilver. As discussed earlier,
specific physicochemical properties of AgNPs, like shape, charge, size or
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coating, 54,55,56,57,58 may have caused the discordance between prothrombotic
effects of nanosilver coatings found in Chapter 3 and the absence of these
effects found in Chapters 4 and 5. The fact that no clear prothrombotic effect
was measured for coatings with Ag6V- or Ag4E-nanosilver indicates that these
AgNPs may be suited for the development of coatings that are both
antimicrobial, but not thrombogenic.

Conclusions and future perspectives
Throughout this thesis, we investigated the blood compatibility of coating
materials relevant for both the clinical practice of CPB/ELS and (central
venous) catheterization. The information presented here is relevant for the
development of new coating materials that address both material-induced
thrombosis and infection. Important aspects for future research are that coatings
with AgNPs from different sources can behave differently with respect to blood
compatibility. On one end of the spectrum, it appears that coatings embedded
with AgNPs can elicit prothrombotic and platelet activating responses. When
developing antimicrobial nanosilver coatings for blood contacting devices,
attention should therefore be paid to carefully choosing AgNPs with welldocumented blood compatibility. Another important issue is that the concept of
dual action coatings seems plausible for the design of antimicrobial nanosilver
coatings with safe blood compatibility. The combined presence of an
antithrombotic or antiplatelet drug might ensure better safety of coating
materials with AgNPs, which currently have only limited documentation on their
blood compatibility. Since nanosilver is becoming a popular material to create
medical antimicrobial surfaces, this is highly relevant with respect to product
safety.
A starting point for future research could be to investigate the
abovementioned AgNP-characteristics like shape, size and surface
characteristics, with specific focus on a possible role during blood contact.
Studies on the blood compatibility of nanosilver should involve direct contact
between blood components and AgNPs and analysis of coagulatory and platelet
function, as well as complement activation in relation to their physical and
chemical characteristics. Ideally, future research would identify a set of AgNPcharacteristics that allow blood contact without interference with the coagulation
cascade and/or blood platelets, but with preserved antimicrobial properties.
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Aside from studying direct interactions between blood and AgNPs, it is
also worthwhile to compare AgNPs with different physicochemical properties
when embedded in a blood-contacting coating. By no means can it be accepted
that AgNPs embedded in a surrounding coating matrix will display the same
blood compatibility as during direct contact with the blood. Protein adhesion,
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for example, which is an initial step during blood-biomaterial contact, could be
different on "naked" AgNPs than on the surface of a coated AgNP.
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