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Blood compatibility of widely 
used central venous catheters; 
an experimental study
Hulda Thorarinsdottir1,2, Thomas Kander1,2*, Dorota Johansson3,6, Bo Nilsson4, 
Bengt Klarin1,2,7 & Javier Sanchez5,7

An inserted central venous catheter (CVC) is considered foreign material by the inert host defence 
systems and induce inflammation and thrombus formation. The objective of this study was to evaluate 
blood compatibility of six commonly used CVCs. Three coated and three uncoated CVC materials were 
tested in a modified Chandler loop model. Each catheter material circulated in blood from ten different 
healthy volunteers for 1 h. Blood cell counts and measurements of the inert host defence systems 
were performed on blood samples from the loop. All the tested catheters demonstrated impact on 
blood cells, contact coagulation, the complement system, or inflammatory markers, although the 
impact varied significantly. Of the catheters we evaluated, the most unfavourable blood compatibility 
profile was found for the polyurethane CVC coated with chlorohexidine and silver sulfadiazine. The 
greatest variation in blood compatibility between test runs was noted for the silicone dialysis catheter. 
Poor blood compatibility should be taken seriously but given the experimental design of the current 
study the clinical significance remains to be evaluated.

The use of central venous catheters (CVCs) is essential in patient care. Two major complications associated with 
the use of these devices are catheter-related bloodstream infections (CRBSIs) and catheter-related thrombosis, 
which are consequences of the catheter breaking the body’s natural defence barriers and the host defence target-
ing the foreign CVC material.

When a CVC is inserted into the bloodstream, the catheter surface is almost immediately covered with a layer 
of plasma proteins, which changes the surface characteristics of the material1,2. Subsequent activation of the host’s 
defences can induce inflammation and thrombus formation, depending on the composition and the activation 
mechanisms of the proteins adsorbed on the surface of the catheter (Fig. 1)3. Initially, inflammatory mediators 
are generated on the biomaterial surface, subsequently they can spread in plasma via soluble activation products, 
activated leukocytes, and platelets and thereby lead to whole-body inflammation4,5.

As the catheter surface material plays an important role in the pathogenesis of infection and thrombus 
formation, modifying the CVC itself by use of different types of impregnation or coating has been applied in 
efforts to reduce CRBSIs and catheter-related thrombosis6. To date, CVCs coated with chlorohexidine silver 
sulfadiazine (CHSS) or minocycline-rifampicin are the most widely investigated and have shown significantly 
lowered microbial colonization rates and a decrease in CRBSIs6–8, although their overall benefits in reducing 
clinical sepsis and mortality remain uncertain9. To the best of our knowledge, few studies have evaluated these 
devices regarding the risk of thrombosis and inflammation, an aspect that would be of interest, considering that 
the mentioned CVCs release antimicrobial substances that are potentially toxic. Various trials have assessed the 
use of other substances such as silver, heparin, and benzalkonium to impregnate CVCs. This is illustrated by a 
large meta-analysis showing that silver-impregnated CVCs are effective in reducing CRBSIs9. Benzalkonium-
impregnated CVCs have not been studied as thoroughly but have nonetheless been found effective in reducing 
bacterial colonization of the catheter9.

In an attempt to further describe differences in blood compatibility between various CVC materials we 
designed the present study with the aim to evaluate the activation of hemolysis, coagulation, the complement sys-
tem, and inflammation of three coated and three uncoated catheter materials, extensively used in clinical praxis.
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Materials and methods
The study protocol was approved by the Regional Ethical Review Board, Stockholm, Sweden (protocol 2010/1627-
31/3). Prior to entering the investigation, ten healthy volunteers who had not taken any medications during 
the 15 days prior to blood donation signed informed consent. All procedures and analyses were carried out in 
accordance with relevant guidelines and regulations.

CVC material description.  The venous access materials are described in Table  1. Five CVCs and one 
hemodialysis catheter (CHC) were selected for this ex  vivo laboratory study. The three uncoated materials 
included two CVCs made of polyurethane (PU) and one CHC made of silicone, all of which are used extensively 
in Europe. For comparison, we selected three CVCs made of PU with the following anti-infective coatings: (1) a 
combination of chlorhexidine and silver sulfadiazine; (2) a combination of benzalkonium chloride in a hydro-
philic matrix (hydromer); and (3) a noble metal alloy comprising silver, gold, and palladium. Coated CVCs are 
widely used in the United States. All five CVCs in our study had three injection ports (triple lumen) and were 
2.3 mm in diameter (7 Fr). The CHC had two injection ports (double lumen) and was 4.3 mm in diameter (13 
Fr).

Blood collection, preparation, and the experimental phase.  The previously described modi-
fied Chandler loop model available at Danderyd Hospital (Danderyd, Sweden), was used to evaluate blood 
compatibility10, Fig. 2. On each test occasion, a 35-mL blood sample was collected from each of the ten healthy 

Figure 1.   Activation of host defences on response of insertion of a central venous catheter (CVC).When a 
foreign material such as a CVC is inserted into the bloodstream, various defense systems aimed at eliminating 
the foreign material are activated in the blood, including blood cells, contact coagulation, the complement 
system, and inflammation. *False increase in thrombocytes when fragments of erythrocytes and leukocytes 
membrane interfere with analysis of much smaller thrombocytes.

Table 1.   Description of catheter materials. CVC Central venous catheter, CHC Hemodialysis catheter, Pd 
Palladium; Au Gold, Ag Silver.

Type Brand Abbreviation Material(s)

Uncoated

MedComp, CHC, Hemo-cath ST Si-1 Silicone

MeritMedical, CVC, Careflow® PU-1 Polyurethane

Teleflex, CVC, Arrow MultiLumen CVC with Blue 
Tip® PU-2 Polyurethane

Coated

Teleflex, CVC, ARROWg + ard Blue® with Blue Tip PU-2 + CHSS Polyurethane coated with chlorohexidine and silver 
sulfadiazine

Argon Medical, CVC, Hydrocath Assure™ PU-3 + BZC Polyurethane with a hydrophilic matrix impregnated 
with benzalkonium chloride

Bactiguard, CVC, Infection Protection Central 
Venous Catheter PU4 + NbMC Polyurethane coated with noble metals (Pd, Au, and 

Ag)



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8600  | https://doi.org/10.1038/s41598-022-12564-z

www.nature.com/scientificreports/

blood donor and heparin added to the collection tube with a final concentration of 0.1 IU/mL. A 4.5-mL aliquot 
of the sample was poured into each of the loops, and a 1.4-cm2 piece of each of the tested catheter materials was 
put in the separate loops. One loop contained blood but no catheter material to serve as a control (designated 
the “control loop”). The material samples were circulated in the loops for 1 h to imitate the flow of blood in a 
vein. Thereafter, the pieces of the materials were removed from the blood and an aliquot of 2.7 mL blood was 
collected from the loops and either EDTA (BD Vacutainer®, K2E 5.4 mg, used for all assessments except micro-
particle analysis) or citrate (BD Vacutainer®, 9NC 0.129 M, used for microparticle analysis) was added to stop 
any ongoing activation of blood components. Finally, the blood samples were centrifuged at 2000 × g for 20 min 
at room temperature. The supernatant was then recentrifuged, at 13,000 × g for 2 min at room temperature. The 
plasma was stored at − 70 °C.

Blood compatibility assays.  Blood compatibility was evaluated using parameters related to the activation 
of hemolysis, coagulation, the complement system, and inflammation. The parameters were chosen according 
to ISO standard 10993-4: Biological evaluation of medical devices, Part 4: Selection of tests for interaction with 
blood. All blood compatibility tests were analyzed at the Clinical Research center (Kliniskt forskningscentrum) at 
Danderyd Hospital, Danderyd, Sweden.

Activation of hemolysis and coagulation.  Hemolysis was analyzed using a QuantiChrome™ Hemo-
globin assay kit (Bioassay Systems, Hayward, CA, USA) to evaluate free hemoglobin present in plasma due to 
rupture of red blood cells. The hemolysis index was corrected according to international standard F756-17. To 
determine whether the extensive hemolysis caused by the PU-2 + CHSS material might be due to activation of 
the complement system, a 1-cm-long piece of a PU-2 + CHSS catheter was exposed to 1 mL of blood containing 
the complement inhibitor eculizumab (50 mcg/mL) for 30, 60, or 120 min. EDTA blood was used as a control 
with the same incubation time.

Prothrombin fragment 1 + 2 (F1 + 2) and thrombin-anti-thrombin complex (TAT) were measured in the 
EDTA sample by using a commercially available ELISA kit (Enzygnogst® F1 + 2 [Monoclonal]) and Enzygnost® 
TAT micro (Siemens AG, Munich, Germany) according to the instructions of the manufacturer. Factor XII sur-
face activity was evaluated as follows: 0.5 cm of each material was incubated with normal pool plasma for 15 min 
and then washed three times with Tris buffer; next, each material was incubated with 100 μL of an FXII-deficient 
plasma (Hageman plasma) diluted 1:500 in Tris buffer for 10 min, after which 100 uL of chromogenic reagent 
(S-2302) was added, and the sample was further incubated for 5 min; the reaction was stopped with 100 μL of 
citric acid (20%), and 200 μL of each sample was placed on a microtiter plate and absorbance was read at 405 nm.

Complement activation and acute immune reaction.  Complement activation (C3a and sC5b-9 [ter-
minal complement complex]) in the EDTA samples was evaluated using a C3a and sC5b-9 Plus EIA Kit (San 
Diego, CA, USA) according to the instructions of the manufacturer. Levels of interleukin 8 (IL-8), tumor necro-
sis factor alpha (TNF-α), and vascular endothelial growth factor (VEGF) were measured in EDTA plasma sam-
ples by using the electro-chemiluminescence immunoassay plates V-PLEX Plus Proinflammatory Panel 1 and 
V-PLEX Plus Human VEGF kit (Meso Scale Discovery’s Multi Array® [MSD, Rockville MD, USA]), and a sector 
imaging S2400 instrument (MSD), as stipulated by the manufacturer.

Analysis of P‑Selectin (CD62‑P) and L‑Selectin (CD62‑L) microparticles.  Microparticles (MPs) 
released from platelets (P-selectin) and leukocytes (L-selectin) were quantified after ultracentrifugation of the 
citrate-diluted samples as previously described11. The analysis was performed in a Beckman Coulter Gallios™ 
flow cytometer using Bovine Lactaderin-FITCH (Haematologic Technologies Inc), CD62L-APC, and CD62-
P (Beckman Coulter, France). To determine the MP gate, Sphero™ AccuCount Particles (ACBP-20-10 Nordic 

Figure 2.   The Chandler loop model. The model imitates the flow of blood in a vein.
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BioSite AB) was used to exclude cell membrane fragments from P- and L-selectin. The MP concentration was 
calculated as follows: (MPs counted × standard beads added/L)/standard beads counted.

Statistics.  Sample size calculation for the primary endpoint (hemolysis) was based on previously reported 
data10 for the two tailed Wilcoxon’s signed rank sum test. Given a power of 0.80 and an alpha level of 0.008, a 
sample size of 9 was required. The results of blood compatibility tests were expressed as median (minimum to 
maximum range). When comparing blood compatibility variables, we used non-parametric tests for dependent 
samples (Friedman test and Wilcoxon’s signed rank sum test), because each blood donor served as his or her own 
control. Corrections for multiple testing were performed by Bonferroni correction for the primary outcome so 
that P < 0.0083 was considered significant. For the secondary outcomes P < 0.05 was considered significant only 
if all ranks in the hypothesis testing between materials were pointing in same direction. All statistical tests were 
two-tailed, and all analyses were performed using SPSS 24 (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered 
significant.

Results
Detailed results of the blood compatibility tests for the six catheter materials and the control run in the Chandler 
loop model are demonstrated in Tables 2 and 3. P values from multiple comparisons are presented in Supple-
mentary Table S1a and b.

Blood cell system.  Erythrocytes.  Hemolysis index.  According to the international standard ASTM 
F756-17, a hemolytic index of > 5% is classified as “hemolytic.” All catheters except PU-2 + CHSS showed 
“non-hemolytic” properties, with median hemolytic indexes ranging from 0.6 to 0.9%. Blood exposed to the 
PU-2 + CHSS material had a median hemolytic index of 29%, which is significantly higher than the rates noted 
for the other five materials and the control loop (P = 0.005 for all comparisons). To determine whether the 
hemolysis was due to complement activation, we exposed the PU-2 + CHSS material to the C5 inhibitor eculi-
zumab (50ug/mL), which prevents formation of the membrane attack complex and complement-mediated lysis. 
However, the hemolytic index was still 27–36%, indicating that hemolysis was not due to complement activation 
but rather to a toxic effect of the PU-2 + CHSS coating.

Table 2.   Blood compatibility tests for the six catheter materials and the control loop after circulation in the 
Chandler loop system. Results are shown as median (min–max range). Colors: light orange, significantly 
different from control loop; orange, significantly different from control loop and at least one other CVC 
material; red, significantly different from control loop and all other CVC materials. *This catheter showed a 
higher platelet count after exposure to the tested material than in fresh blood (110%) because fragments of 
disrupted erythrocytes and leukocytes interfered with the platelet measurements, resulting in a false high 
platelet count.

The blood cell and coagulation system

 
Erythrocytes Leukocytes Platelets and coagulation

 

Hemolysis index 
(%)

(membrane 
disruption)

Remaining 
leukocytes (%)     

(membrane 
disruption and 

activation)

L-Selectin 
(mp/mL)  

(leukocyte 
activation)

Remaining 
platelets (%)
(aggregation, 

membrane 
disruption)

P-Selectin 
(mp/mL)  

(thrombocyte 
activation)

FXIIa Activity 
(Abs 450 nm)  

(surface 
activation)

Prothrombin 
fragment F1+2 

(pmol/mL)

TAT
(mg/L)  

(coagulation 
activation, TAT 
is pre-stage for 

clot)

n 10 10 5 10 8 6 6 10
0.75 97 37 94 31 300 48

Control loop (0.40–0.98) (93–102) (4–87) (88–101) (11–141)
n.a.

(158–358) (19–74)
Uncoated catheters

0.62 97 37 72 309 0.24 1078 218
Si-1 (0.21–1.21) (90–100) (12–108) (44–82) (191–1365) (0.17–0.32) (556–2410) (118–558)

0.90 99 17 81 178 0.25 617 370
PU-1 (0.47–1.47) (95–104) (13–38) (72–88) (24–673) (0.15–0.29) (154–1563) (300–479)

0.93 100 25 79 228 0.07 719 132
PU-2 (0.45–1.28) (97–105) (4–36) (51–87) (122–545) (0.04–0.08 (272–1576) (105–170)
Coated catheters

29.0 93 65 110* 337 0.07 514 250
PU-2+CHSS (21.3–47.6) (90–100) (18–134) (73–130) (42–752) (0.06–0.11) (180–983) (186–333)

0.90 97 282 94 75 0.04 660 183
PU-3+BZC-H (0.43–1.27) (93–104) (1–374) (77–104) (14–238) (0.02–0.10) (16 –1112) (113–238)

0.91 98 25 86 162 0.06 666 185
PU-4+NbMC (0.51–1.41) (92–107) (11– 135) (67–99) (20–679) (0.04–0.08) (250–865) (146–259)
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Leukocytes.  Remaining leukocytes.  Membrane disruption of leukocytes leads to a decrease in the count of 
such cells in a blood analysis. The leukocytes remaining after circulating in the Chandler loop system ranged 
from 93 to 100% in plasma exposed to the six catheter materials and the control loop. Only blood exposed to 
PU-2 + CHSS showed a significantly lower level of remaining leukocytes compared to the control loop. Also, 
PU-2 + CHSS exposure led to a lower rate of remaining leukocytes compared to all the other materials except 
Si-1.

L‑selectin MPs.  Activation of leukocyte membranes causes a release of the cell adhesion protein L-selectin 
MPs (CD62L) from the surface of the platelets. The median number of L-selectin MPs ranged from 17/mL to 
282/mL in plasma exposed to the six catheter materials and 37/mL in the control loop. The release of MPs was 
significantly higher (282/mL) in plasma exposed to the PU-3 + BZC material than in the control loop. When 
comparing the different materials, PU-3 + BZC induced significantly higher L-selectin levels than PU-2 and 
PU-4 + NbMC.

Platelets and coagulation.  Remaining platelets.  Both the disruption of platelet membranes and the aggrega-
tion of platelets causes a decrease in platelet counts after circulation in the Chandler system. The median number 
remaining platelets ranged from 72 to 94% for all materials except PU2 + CHSS; blood exposed to this catheter 
showed falsely higher platelets counts of 110% due to the presence of fragments of disrupted erythrocytes and 
leukocytes interfering with the platelet measurements. The uncoated catheters (Si-1, PU-1, and PU-2) all showed 
significantly lower levels of remaining platelets than the control loop. When comparing the tested materials, Si-1 
resulted in significantly lower levels of remaining platelets than all the other materials except PU-2.

P‑selectin MPs.  Activation of platelet membranes causes release of the cell adhesion glycoprotein, P-selectin 
MPs (CD62P) from the surface of the platelets. The median number of P-selectin MPs ranged from 75/mL to 
337/mL in plasma exposed to the six catheter materials and 31/mL in the control loop. The P-selectin levels were 
significantly higher in plasma exposed to all the materials except PU3 + BZC in comparison with the control 
loop. When comparing the materials, PU-2 + CHSS and Si-1 showed significantly higher levels of P-selectin MPs 
than all the other materials except PU-2. 

FXIIa activity.  Factor XII (FXII) is the first of the plasma proteins to be activated by contact with a foreign 
material present in the blood, resulting in formation of FXIIa. The median activity of FXIIa (absorbance at 
405 nm) ranged from 0.04 to 0.25 on the surface of the six catheter materials tested in our study. Measurement 
of FXIIa was not applicable in the control loop, because FXII is activated by the surface of a catheter. Upon 
exposure to plasma, FXIIa showed significantly higher activity on the surfaces of Si-1 (0.24) and PU-1 (0.25) 
compared to all other materials.

Table 3.   Blood compatibility tests for the six catheter materials and the control loop after circulation in the 
Chandler loop system. Results are shown as median (min–max range). Colors: light orange, significantly 
different from control loop; orange, significantly different from control loop and at least one other CVC 
material; red, significantly different from control loop and all other CVC materials.

The innate immune system

 

Complement activation by FXII or leukocytes Acute immune reaction: cytokine and growth factors released from leukocytes/platelets

 

C3a (ng/mL) (anaphyla-

toxin)

sC5b-9 (ng/mL) 

(membrane lysis)

IL-8 (pg/mL) 

(chemotaxis, 

phagocytosis)

 TNF-α  (pg/mL) (acute 

phase)
VEGF (pg/mL) (angio-genesis)

n 10 10 10 10 8

854 282 2.09 1.54 36

Control loop (228–984) (168–420) (1.1–7.4) (0.88–3.64) (8–70)

          Uncoated catheters

873 626 5.53 1.59 71

Si-1 (665–1926) (419–1576) (2.3–20.7) (1.17–4.25) (27–144)

853 626 3.64 1.34 42

PU-1 (652.1–1009) (370–904) (2.0–7.2) (1.09–4.35) (16–62)

837 637 4.20 1.34 44

PU-2 (562–978) (323–816) (2.5–7.5) (1.07–4.03) (16–75)

           Coated catheters

1528 1218 12.50 6.64 47

PU-2+CHSS (809–1876) (466–1859) (3.5–26.8) (3.40–17.7) (42–87)

920 621 2.41 1.25 34

PU-3+BZC-H (710–1132) (378–896) (1.5–5.1) (0.77–7.17) (12–70)

834 672 3.74 1.60 44

PU-4+NbMC (752–1341) (423–832) (2.0–8.6) (0.81–3.33) (15–63)
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Prothrombin fragment F1 + 2.  Prothrombin fragment F1 + 2 is a peptide released from prothrombin during 
its activation. The median generation of F1 + 2 ranged from 514 to 1078 pmol/mL in plasma exposed to the six 
catheter materials and was 300 pmol/mL in the control loop. The Si-1, PU-2, and PU4 + NbMC materials all 
resulted in significantly higher levels of F1 + 2 than noted in the control loop. We found no significant difference 
in generation of F1 + 2 between the six materials (P = 0.071).

TAT​.  TAT is an indicator of activation of the coagulation cascade and is generated when thrombin neutralizes 
anti-thrombin. The median generation of TAT in the blood in contact with the six catheter materials ranged 
from 132 to 370 µg/L and was significantly higher than the low level of 48 µg/L observed in the control loop. The 
PU-1 catheter led to the highest TAT level of 370 µg/L, which was significantly higher than compared to all the 
other materials except Si-1. PU-2 + CHSS resulted in a TAT level of 251 µg/L, which was significantly higher than 
the levels noted for PU-2, PU-3 + BZC, and PU-4 + NbMC.

Molecular markers of the innate immune system.  Activation of the complement system.  Activation 
of the complement system via the cellular system (leukocytes and platelets) or via protein absorption on the 
material surface was assessed by analyzing the increase in inflammatory anaphylatoxin C3a and soluble terminal 
complement complex sC5b-9, a marker of cell membrane lysis, after exposure to the six catheter materials and 
the control loop.

C3a anaphylatoxin.  The median generation of C3a ranged from 834 to 1528 ng/mL in plasma exposed to the 
six catheter materials and was 854 ng/mL in the control loop. The PU-2 + CHSS and Si-1 materials generated 
significantly higher C3a compared to the control loop. The median value for Si-1 was low (873 ng/mL) but varied 
markedly (range 665–1926 ng/mL), resulting in statistical significance in paired comparisons. The PU-2 + CHSS 
catheter generated the highest C3a levels (1528 ng/mL), which were significantly higher than compared to the 
control loop and all the materials except Si-1.

sC5b‑9 marker.  The results of the analysis of sC5b-9 showed a trend similar to that observed in the C3a analy-
sis, which was expected. As for C3a, the PU-2 + CHSS catheter generated the highest median level of sC5b-9 of 
1218 ng/mL, which was significantly higher than noted for all the other materials except Si-1. In contrast to C3a, 
all catheters generated significantly higher levels of sC5b-9 than the control loop.

Acute inflammatory reaction: IL‑8, TNF‑α, and VEGF.  To assess the acute inflammatory reaction caused by 
leukocyte and thrombocyte activation or membrane disruption, we analyzed IL-8, TNF-α, and VEGF released 
from leukocytes into plasma upon exposure to the six different catheter materials and the control loop.

Interleukin 8.  The median generation of IL-8 was 2.09  pg/mL in the control loop and ranged from 2.41 
to 12.5  pg/mL after exposure to the six catheter materials. Compared to the control loop, the Si-1, PU-2, 
PU2 + CHSS, and PU4 + NbMC materials generated significantly higher IL-8 levels. Also, PU-2 + CHSS gener-
ated significantly higher IL-8 than all the other materials except Si-1.

TNF‑α.  The median level of TNF-α was 1.54 pg/mL in the control loop and ranged from 1.25 to 6.64 pg/mL 
after exposure to the six catheter materials. The PU-2 + CHSS catheter generated significantly higher TNF-α than 
noted for the control loop and all the other materials.

VEGF.  Median generation of VEGF was 36 pg/mL in the control loop and ranged from 33 to 71 pg/mL after 
exposure to the six catheter materials. Compared to the control loop, the Si-1 material, PU-2, and PU-2 + CHSS 
catheters generated significantly higher VEGF levels. The Si-1 generated the highest VEGF levels, which were sig-
nificantly higher than the levels induced by PU-1, PU-2, PU-3 + BZC, and PU-4 + NbMC but not PU-2 + CHSS.

Discussion
In this experimental study all six tested catheter material from commonly used central venous accesses activated 
coagulation, the complement system, and inflammation to some extent, but there were significant differences 
between the devices. The polyurethane catheter coated with chlorohexidine and silver sulfadiazine exhibited 
reduced blood compatibility including increased hemolysis and inflammation, compared to the other catheters. 
The silicone catheter showed the greatest variation in blood compatibility test results. Poor blood compatibility 
could cause inflammation and facilitate the development of catheter-related thrombosis in patients receiving 
these central venous catheters, but given the experimental design of the current study, clinical significance has 
to be studied further.

Blood coagulation and inflammation in the presence of foreign materials.  Entry of a foreign 
CVC material into the bloodstream triggers hemostatic processes (Fig. 1). Surface-related events depend on the 
structure and/or chemistry of the surface in question, and they initially involve adsorption and the activation of 
plasma proteins (see Fig. 1). FXII is the first protein to be activated in the contact activation system. The result-
ing FXIIa initiates contact coagulation activation, generation of thrombin (measured as TAT level), and fibrin 
clot formation. Complement is also activated by other mechanisms, such as the adsorption of immunoglobulins, 
Ficolin-2, and C3 (leading to increased C3a and sC5b-9). FXIIa can also trigger complement activation via C1s. 
Given the poor ex vivo blood compatibility demonstrated in the present study it is surprising how well the stud-
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ied catheter materials seem to be tolerated in vivo8,12,13. However, it should be noted that any symptoms originat-
ing from bad blood compatibility from the catheter material may be masked by the patient’s critical condition 
given the need of a central venous access.

Differences between the tested materials.  Compared to the control loop, all the materials assessed in 
this study to some extent triggered either the blood cell system or the molecular innate immune system when 
tested in the Chandler model (Fig. 1 and Tables 2 and 3).

Among the uncoated catheter materials, silicone (Si-1) demonstrated the lowest blood compatibility and also 
the greatest variation in such compatibility between test runs. Silicone seemed to trigger contact coagulation, 
as indicated by increased levels of FXIIa, prothrombin fragment F1 + 2, and TAT, leading to platelet activation 
and aggregation with the release of P-selectin MPs and VEGF. Activation of both the complement system and 
inflammation was also demonstrated by increased levels of C3a, sC5b-9, and IL-8. The activation of contact 
coagulation and thrombocytes by silicone materials has been observed in previous studies in which modifica-
tions of the silicone surface were found to result in improved blood compatibility14,15. A potential mechanism 
for this effect is that the negative charge of the silicone surface activated not only FXII, but also thrombocytes, 
via the intrinsic contact coagulation pathway16,17. The pronounced variation in surface properties between test 
runs might be explained by different amounts of silicone oil slowly exuding to the surface of the material dur-
ing storage, thereby renewing its negative charges. This problem has been observed in studies of silicone breast 
prostheses18. Such exudation of silicone oil is also potentially toxic to thrombocytes, representing the same type 
of negative effect14. In animal studies, compared to polyurethane catheters, silicone catheters have been found 
to show increased susceptibility to staphylococcal infections and a stronger local inflammatory response19,20. 
These effects have been demonstrated to be secondary to increased complement activation via the alternative 
pathway, thus leading to reduced opsonizing ability and increased risk of infection21. Our results corroborate 
those findings but also further describe the different mechanisms that are activated when silicone comes in 
contact with blood, Tables 2 and 3.

The two polyurethanes PU-1 and PU-2 differed significantly in blood compatibility, indicating variation in the 
surface composition of polyurethanes from different manufacturers. PU-2 exhibited good blood compatibility 
with only a slight increase in P-selectin MPs, F1 + 2, TAT, and complement activation compared to the control 
loop (Tables 2 and 3). PU-1, on the other hand, induced contact coagulation (increased FXIIa and TAT), which 
can theoretically increase the risk of catheter-related thrombosis13,22. Differences in the composition of the two 
polyurethane catheters may include the presence of sulphate groups, which would give the surface a negative 
charge and thereby trigger FXII and activation of contact coagulation (i.e. increased TAT is seen)23.

It is also possible that the surface of a catheter coated with an anti-infective substance may impair the blood 
compatibility of the device. In the present study, this particularly applies to the polyurethane catheter coated with 
chlorhexidine and silver sulfadiazine (PU-2 + CHSS), which demonstrated the most unfavorable blood compat-
ibility in this ex vivo laboratory study by inducing substantial hemolysis, platelet activation, TAT, F1 + 2 genera-
tion, complement activation, and release of proinflammatory cytokines. The effectiveness of the PU-2 + CHSS 
catheter in reducing CRBSI has been extensively investigated9,12,24, and international guidelines recommend 
the use of this catheter to reduce CRBSIs in critically ill patients25. To the best of our knowledge, thrombotic or 
hemolytic complications associated with the use of the PU-2 + CHSS catheters have not been observed in clini-
cal studies. Animal experiments have demonstrated that chlorhexidine diacetate in a range of concentrations is 
damaging to rabbit erythrocytes26 as it binds to phospholipids in the cell membrane causing rupture of the cell 
and release of fractions of cell membrane and heme into the blood. Accordingly, as seen in our study, fragments 
of disrupted erythrocytes and leukocytes interfered with the platelet measurements, giving rise to falsely higher 
platelets counts of 110%. Further, our results indicate that the hemolysis in the PU-2 + CHSS loop (29%) was 
due to a toxic effect of the coating rather than primary complement activation, as the hemolysis occurred after 
complement inhibition with eculizumab or calcium. The strong complement activation seen with PU-2 + CHSS 
catheters might be explained by massive leakage of heme into plasma, which is known to activate the comple-
ment system27.

Chlorhexidine is a commonly used synthetic antiseptic and disinfectant that was introduced in the 1950s, 
and it affects both gram-negative and gram-positive bacteria, and also Candida albicans and some viruses28. The 
use of chlorhexidine in healthcare settings has increased substantially in recent years, and the results of large 
studies have indicated that this might lower the rates of healthcare-associated infections in different settings29,30. 
Case reports have described allergic reactions associated with use of chlorhexidine-impregnated CVCs in several 
countries31–34. It appears that the prevalence of allergic reactions is greater when chlorhexidine comes in contact 
with mucosal membranes or blood as compared to the skin, especially in persons of Japanese descent29,30,35,36, 
although more recent case reports describe allergic reactions in other ethnic groups as well33. Few investigations 
have focused on the systemic effects of chlorhexidine, but there are some case reports describing chlorhexidine 
as highly toxic and causing acute respiratory distress syndrome and shock35,37.

The release of proinflammatory cytokines has been associated with an increased risk of venous thrombosis, 
but the contribution of each cytokine remains to be elucidated38,39. Both silver sulfadiazine and chlorhexidine 
are known allergens36,40, which is consistent with the activation of pro-inflammatory markers seen in our study. 
Interestingly, Staphylococcal species, the most common catheter-infecting organisms, show receptor-mediated 
binding with fibronectin, fibrin, and other components of the fibrin sheath3,41. Hence, it is possible that impaired 
blood compatibility and limited duration of the coating (< 15 days in laboratory studies)42 can partly explain why 
it appears that antimicrobial CVCs do not clearly reduce clinically diagnosed sepsis or mortality9.

The second coated CVC we tested, PU-3 + BZC-H, was coated with both the cationic surfactant benzalko-
nium chloride and a hydrophilic hydromer, the latter of which is intended to improve the blood compatibility of 
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the surface. All blood compatibility parameters except L-selectin were found at low levels. It is possible that the 
release of L-selectin from leukocytes can be triggered by a toxic effect of benzalkonium chloride, as has been sug-
gested by other researchers, and this may potentially have a negative impact on the patients’ immune defense43.

It should also be noted that, compared to the control loop, the CVC coated with a noble metal alloy, 
PU-4 + NbMC, led to a slight increase in P-selectin MPs, F1 + 2, TAT, and complement activation. This noble 
metal coating has previously been evaluated in an in vitro blood compatibility study10, although the reporting 
authors described fewer blood compatibility parameters and values differing from those we noted (a TAT level 
of ~ 300 µg/L compared to ~ 200 µg/L in our study). Those investigators also described similar behavior in contact 
with blood as observed in our study.

Limitations of an experimental model and possible application to an in vivo situation.  We 
recognize the limitations of the present study given the experimental design. However, the method we used is 
well established and recognized for testing of materials used in health care contexts and can elucidate relative 
differences in blood compatibility between CVC materials. It should be noted that the experimental set up in 
the present study may facilitate the accumulation of any released chlorohexidine from the coated surface which 
may have affected the results of the blood combability tests which may not be as obvious in the clinical setting 
where released chlorohexidine is diluted in a large blood volume. Nevertheless, blood combability may be an 
issue with the PU-2 + CHSS. In this experimental study the exposure of material surface to blood volume was 
140 times higher per hour compared to an in vivo situation. In about 6 days the exposure in vivo would be the 
same as in the experiment. Prior data show that patients have their CVC about a week on average44. Accordingly, 
the clinical significance remains to be explored and may also vary for different patient groups depending on their 
diseases, comorbidities and medication with anti-inflammatory or anticoagulant therapy. Our investigation was 
conducted using a limited number of catheters from one or two different product lots, and possible variability 
between lots has not been evaluated.

Conclusion
In this experimental study all catheter material from six commonly used central venous accesses activated 
coagulation, the complement system, and inflammation to some extent, but there were significant differences 
between the devices. The polyurethane catheter coated with chlorohexidine and silver sulfadiazine exhibited 
reduced blood compatibility including increased hemolysis, compared to the other catheters. The silicone cath-
eter showed the greatest variation in blood compatibility test results. Poor blood compatibility should be taken 
seriously but given the experimental design of the current study the clinical significance remains to be evaluated.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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