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ABSTRACT (287 words) 

Contact between biomedical materials and blood often initiates undesirable pro-coagulant 

and pro-inflammatory processes. On negatively charged materials blood coagulation is 

known to be triggered through auto-activation of Factor XII, while activation on cationic 

surfaces follows a distinct and so far enigmatic mechanism. As Factor VII activating protease 

(FSAP), is known to be activated on positively and on negatively charged macromolecules in 

plasma, we have investigated its interaction with charged biomaterials and its consequences 

for coagulation. Several activation processes in blood and plasma were characterized after 

contact with material surfaces with varied charge. FSAP was found to be exclusively 

activated by the positively charged surfaces polyethylenimine (PEI) and poly-L-lysine (PLL), 

not by the negatively charged glass or self assembled monolayer with carboxyl group 

termination SAM-COOH) as well as uncharged (Teflon AF) surfaces. Whole blood 

incubation on PEI showed that this activation was concomitant with coagulation as 

determined by thrombin and fibrin formation which was high for glass (F1+2: 138 nM) and 

PEI (F1+2: 44 nM) but low for Teflon AF (F1+2: 3.3 nM) and SAM COOH (F1+2: 5.8 nM). 

Contact phase inhibitor diminished coagulation to background levels for all surfaces except 

PEI (F1+2: 43 to 25 nM; glass: 58 to 1.5 nM) indicating that coagulation activation is not 

dependent on FXII activation on the PEI surface. A decisive role of endogenous FSAP for 

coagulation however was confirmed with the use of FSAP inhibitory antibodies which 

showed no influence on Teflon AF, glass and SAM COOH but diminished F1+2 on PEI to 

less than 50%. We propose that FSAP activation could be a novel mechanism of surface-

driven coagulation. An inhibition of this protease might improve hemocompatibility of 

cationic surfaces and therefore facilitate the application of polycationic surfaces in blood. 
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1. INTRODUCTION 

When blood contacts the artificial surface of medical devices or implants, enzymes of the 

intrinsic pathway of the coagulation cascade and activating mediators from adherent platelets 

and leukocytes induce blood coagulation.1 This applies to cardiovascular catheters,2 stents, 

artificial vessels as well as to hemodialysis3 and oxygenator membranes.4 Enormous effort 

was put in to modifying material surfaces to attain advanced hemocompatibility5 but the 

resulting medical products still are not fully satisfactory. In recent years there is an increased 

use of cationic materials for nanoparticles e.g. for intracellular gene or drug delivery (cancer 

treatment) or for polyelectrolyte multilayer (LBL), which in a denuded state, expose cationic 

surface groups. Additionally cationic surfaces were shown to have antimicrobial properties6 

but their use is limited due to their procoagulant effect. 

Patients that depend on these blood contacting devices are exposed to materials that activate 

several of the body’s defense systems at once. Because of this they usually require a systemic 

anticoagulant therapy for the whole treatment period. 

Initiation of the defense reactions of blood coagulation and inflammation results from protein 

adsorption processes which in turn are dictated by the chemical and physical surface 

characteristics of the exposed materials.7 Activating surface properties of materials that have 

been identified so far include hydrophobicity, negative surface charge and nucleophilic 

groups. Hydrophobic surfaces support fibrinogen adsorption and conformational change8 

which correlates positively with platelet adhesion and activation.9, 10 Negative surface charge 

induces FXII auto-activation to FXIIa11 which, as the initial step of the intrinsic pathway of 

the coagulation cascade, leads to thrombin activation and fibrin network formation.12 In 

isolated media this mechanism was shown to be not specific for anionic, hydrophilic 

surfaces.13, 14 However in complex media (like blood plasma) competitive protein 

adsorption15 obviously prevents effective FXII activation on hydrophobic surfaces. 

Another well explored mechanism is the activation of the complement system by 

nucleophilic groups (hydroxyl- or aminogroups) on the surface. They support complement 

fragment C3 hydrolysis and C3b binding,16-18 which initiates the alternative pathway of the 

complement cascade17, 19 and results in the adhesion and activation of granulocytes and 

monocytes.8, 11, 20 All these reactions cannot be viewed as being separate but instead there is 

intense crosstalk between the different cascade systems and cells leading to a complex 

interaction of reactions at the blood-material interface.21 
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Less reliable knowledge exists on the activation of blood coagulation through positively 

charged surfaces. A strong activation of platelets22-24 or a repression of heparin activity 

through ionic interaction between the negatively charged molecule and the positive surface is 

thought to be involved.25 Another very different mechanism suggests that cationic surfaces 

lead to clot formation due to a direct interaction of the surface with fibrinogen. This was 

recently demonstrated to be the case with poly(amidoamine) PAMAM dendrimers.26 On the 

whole, none of these hypotheses has been substantiated enough to fully explain the 

documented procoagulant effects of positively charged surfaces. Detailed knowledge of the 

initiating procoagulant processes at the cationic surface might help to enhance the 

applicability of these materials.26, 27 Furthermore minimizing such undesired side effects 

would be highly desirable but requires a detailed understanding of the involved blood 

activation processes.1 

 

FSAP which was also called hyaluronic acid binding protein 2 (HABP2) was first described 

in 199928 for its capacity to directly activate FVII29 as well as urokinase-type plasminogen 

activator (u-PA).30 Even though biological relevance of the eponymic function of direct FVII 

activation has been disputed,31-33 FSAP is still considered to be an activator of the extrinsic 

pathway by interference with tissue factor pathway inhibitor (TFPI) 33, 34 and possibly with 

early forms of the prothrombinase complex.35, 36 

 

In a purified system, the zymogen form of FSAP is activated by negatively charged 

macromolecules like heparin,37, 38 nucleic acids and polyphosphates and also by positively 

charged molecules like histones.39, 40 Crucially, only histones and nucleosomes can activate 

FSAP in the plasma.41 There is a transition of the single chain FSAP zymogen into a 

conformation supporting autoactivation by proteolysis of a peptide bond at the N-terminal 

region of the catalytic domain leading to the two chain form with a heavy and a light chain 

held together by a disulfide bond.42 This autoactivation process as well as the structure of 

FSAP has parallels to FXII.37-39 Like FXIIa, FSAP additionally has multiple activities related 

to coagulation, fibrinolysis and to inflammation.41, 43, 44 

 

Considering these structural and functional similarities between the two coagulation factors 

XIIa and FSAP we hypothesize that FSAP is also involved in the surface-induced activation 

of coagulation. We have tested a set of defined polymeric materials with negative, positive or 

no surface charge in an in vitro blood incubation model with fresh human whole blood. Glass 
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as well as self-assembled monolayers terminated with carboxylic groups (SAM-COOH) 

provide a negatively charged surface, polyethylenimine) (PEI) and poly-L-Lysine (PLL) 

showed cationic surface properties. PEI, a frequently used cationic material especially for 

gene transfer45 provides strong and stable positive surface charge consisting of primary, 

secondary and tertiary amine groups. As a branched polymer it provides surface chain 

flexibility. Yet contrary to some applications where PEI is added directly in solution our 

study uses PEI in an immobilized state. The other surface used was poly-L-lysine which 

exhibits only primary amine groups and less chain flexibility. PLL frequently is used to 

support cell adhesion and is known to provide stable positive charge. Teflon AF (teflon) did 

not provide ionizable surface groups and therefore can be regarded as a neutrally charged 

surface. Additionally hydrophobicity varied from the very hydrophilic surfaces glass and 

SAM-COOH to PEI and PLL with a moderate and Teflon AF with a strong hydrophobicity.  

 

2. MATERIALS AND METHODS 

2.1. Surface preparation and characterization 

Materials with distinctly different, well characterized properties concerning surface charge 

and hydrophilicity (Table 1) were applied: 

 PEI: polyethylenimine (PEI): positively charged groups of primary (app. 25 %), 

secondary (app. 50 %) and tertiary amines, soft surface, hydrogel-like thin network 

 SAM-COOH (COOH): self-assembled monolayer with carboxylic groups: negative 

surface charge at physiologic pH46 

 Glass: negative surface charge  

 Teflon™ AF (teflon): hydrophobic surface, no ionizable surface groups  

 Poly-L-lysine (PLL): positively charged groups of primary amines, soft surface, 

hydrogel-like thin network 

 

 

Table 1. Surface hydrophilicity and net surface charge. Dynamic contact angle (surface 

hydrophilicity) and isoelectric point (IEP, net surface charge) of tested surfaces: Dynamic 

contact angles of sessile water droplets (8 µL) determined with an OCA 30 system 

(Dataphysics, Filderstadt, Germany), receding contact angles <5° correspond to no de-

wetting. IEP (isoelectric point) determined using streaming current measurement with 10 mM 

KCl in an in-house developed set-up.47 

Material Dynamic contact angle a,r (°) IEP 

Glass a 8±0°, r <5° 2 

SAM-COOH a 21±1.2°, r <5° 4.2 

PEI a 67±0.5°, r <5° >9.0 48, 49  

Teflon AF a 120±0.5°, r 105° 4 

PLL a 62±3°, r <5° >9.0 
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The net surface charge is zero at a pH that equals the IEP. It is negative for a pH above the 

IEP and positive for a pH below the IEP. Positively charged materials PEI and PLL show IEP 

of >9, while glass and SAM-COOH have an IEP of 2 and 4.2 respectively and are negatively 

charged in blood plasma (pH 7.4). Teflon AF, while not providing ionizable surface groups, 

has an IEP of 4 independent of the nature and ionic strength of the electrolyte. Zimmermann 

et al. showed that this charging process at a nonpolar surface in simple electrolytes is 

primarily determined by the unsymmetrical adsorption of hydroxide and hydronium ions.50, 51 

This effect does not only apply to Teflon AF but generally to ‘inert surfaces’ – solid surfaces 

without ionizable surface groups. These ions are highly mobile and subject to competition 

processes if more complex fluids are contacting the surface. Therefore in a setting with 

physiologic salt concentration hydrophobic interactions are the dominant driving force for the 

interaction of proteins with the Teflon AF surface.  

 

Glass (Borofloat glass disks (251.1 mm; Berliner Glas KG, Germany)) was cleaned 

thoroughly (mixture (1/1/5) of hydrogen peroxide (35% by weight), ammonium hydroxide 

(29%) and water at 70°C for 10 min)) right before application. Teflon AF (DuPont, 

Germany; solvent FC77 (1:5 (v/v)), an amorphous fluoroplastic was spincoated on glass 

discs, resulting layer thickness app 50 nm52). SAM-COOH was prepared as described 11: 11- 

mercaptoundecanoic-acid (HS-(CH2)10-COOH; Sigma Aldrich, Germany) were adsorbed to 

glass disks coated with a 3 nm chromium layer followed by a 50 nm gold layer. 

Chemisorption was achieved from a 1 mM thiol solution in absolute ethanol. PEI (M.W. 

70,000; branched, 12.5 mg/mL in methanol: PolyScience Inc., USA) was used as a coating on 

surfaces and not in solution. It was spincoated on argon-plasma treated Teflon AF, and argon 

plasma treated again, approximate layer thickness: 5-10 nm.49, 53 Poly-L-lysine (PLL) (Sigma 

Aldrich, Germany; M.W. >30,000; 3 mg/mL in ethanol/MilliQ-water (1:1)) was spincoated 

on argon-plasma treated Teflon AF, and argon plasma treated again, resulting layer thickness 

app. 8 nm. 

 

2.2. Whole blood /plasma incubation assay  

Blood incubation was performed in customized incubation chambers as reported before 11, 54 

with freshly drawn venous blood pooled of two healthy voluntary ABO compatible donors, 

who denied use of any medication, especially non-steroidal anti-inflammatory drugs, during 

the previous ten days. The study was approved by the Ethics Committee of the Dresden 
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University Hospital, Dresden, Germany. Informed consent was obtained from the donors 

prior to blood donation. Blood was anticoagulated (using heparin (1.7 IU/mL or as specified)) 

or hirudin where indicated (Refludan 1 µM (Celgene Munich, Germany)) and filled 

immediately into pre-warmed autoclaved incubation chambers with the test materials and 

incubated at 37°C for 3 hours under permanent rotation. Blood incubation was repeated 2 

times with n=6 for all samples. 

FSAP inhibitory antibody mab570 was added to the blood at c=100 µg/mL (concentration 

was proven to be sufficient for a full inhibition of FSAP in FXa generation assays on 

endothelial cells).34 Samples with addition of murine IgG isotype control antibody 

(100 µg/mL, Thermoscientific/Lifetechnologies, Germany) served as control. Incubation was 

performed in separate experiments with n=2 for each sample type except for COOH + 

mab570 with n=1. 

Corn trypsin inhibitor (CTI, Enzyme Research Laboratories, USA) to inhibit FXII activation 

was added before incubation at c=10 U/mL. Samples without CTI contained PBS as a 

control. Incubation with CTI was performed in 3 separate experiments with n=9 for samples 

without inhibitor, n=1 for Teflon AF+CTI and COOH+CTI and n=7 for glass+CTI and 

PEI+CTI. 

Blood pH and blood gases were determined before and after incubation. The pH value was 

stable during the incubation at pH 7.4 for all samples, also gas values remained stable. 

Samples for blood cell count and flow cytometry were analysed immediately after surface 

incubation. Samples for the prothrombin fragment 1+ 2 (F1+2) and thrombin-antithrombin-

complex (Enzygnost F1+2, TAT-micro; Siemens Healthcare, Germany), free complement 

fragment C5a (DRG Instruments GmbH, Germany), platelet factor 4, D-Dimer and 

Fibrinopeptid-A (Zymutest PF4, DDimer, FPA; Hyphen BioMed, France) were taken. 

Red and white blood cells and platelets were counted in EDTA anticoagulated blood using 

the automated cell counter Coulter Act.diff.  

For flow cytometry cells were stained with VioBlue labelled anti CD11b (Miltenyi Biotec 

GmbH, Germany) for 30 min, 0.1% (wt/vl) NaN3 was added.55 To detect platelet-granulocyte 

conjugates additional staining with FITC labeled anti CD41a (BD Biosciences, Germany). 

The median intensity of the CD11b signal of the granulocyte population was quantified. The 

formation of platelet-granulocyte conjugates was determined as the rate of CD41a positive 

granulocytes.  
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For analysis of surface complement or for scanning electron microscopy (SEM) sample 

surfaces were washed with PBS and further prepared as described before.11 

2.3. Platelet adhesion to surfaces 

To determine the direct interaction of platelets with surfaces without interference of other 

cells and coagulation processes we additionally determined the adhesion of blood platelets 

from citrated platelet rich plasma (PRP) on the surfaces. This was achieved as described 

before by measuring the amount of lactate dehydrogenase (LDH) release after cell lysis with 

Triton-X (1% vol/vol).11 

 

2.4. Complement adsorption to surfaces 

Complement adsorption was detected as described before.11 Additionally to polyclonal anti-

C3c, (1:500, DakoCytomation, Denmark) monoclonal anti-C4d (clone 12D11, 1:50, Hycult 

biotech, Netherlands) was used for the detection of adsorbed complement fragments.  

 

2.5. Contact activation (activity of FXIIa / kallikrein) 

Activated coagulation factor XII (FXIIa) together with kallikrein activity was determined as 

described before using a chromogenic substrate solution (0.3 mM S 2302, Chromogenix, 

USA).11 

 

2.6. Determination of FSAP concentration and activation 

Whole blood or 300 µL of hirudin-plasma was incubated on the surfaces for indicated times 

(1, 20, 60, 120 min) at 37°C under constant agitation and then concentration and activation of 

FSAP was detected. 

FSAP-2-antiplasmin complexes were measured as described before 44 except that standards 

were prepared with plasma FSAP activated with histones (50 µg/mL) for 1 h at 37°C. FSAP 

antigen and activity were measured by ELISA and chromogenic substrate conversion after 

immunofixation, respectively, as previously described.56 

 

2.7. SDS PAGE and Western blot analyses  

Plasma or surface extracts were separated by 10 or 12% SDS-PAGE under reducing (10% 

mercaptoethanol) or non-reducing conditions. Proteins were transferred onto PVDF 
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membrane (Millipore, USA) and probed with primary antibodies. Bound antibodies were 

detected using horseradish peroxidase conjugated secondary antibodies (Dako, Denmark) and 

the enhanced chemiluminescence detection system (Amersham-Pharmacia, GE Healthcare, 

Germany). Blots were probed with rabbit polyclonal anti FSAP antibody (kindly donated by 

Michael Etscheid (Langen, Germany)). 

 

2.8. Statistical Analysis  

All surfaces were tested in triplicate, the experiments were repeated twice accounting to n=6 

for most of the results (if not indicated otherwise). Graphs present mean +/- standard 

deviation. Statistical evaluation was performed by one-way ANOVA and a subsequent 

Tukey’s multiple comparison test if not indicated otherwise (GraphPad Software version 6, 

LaJolla, CA). Significance was defined as p< 0.05. 

 

3. RESULTS 

All the surfaces included in this study were characterized with respect to surface 

hydrophilicity and charge before their use for the blood and plasma incubation. These results 

are presented in the Materials and Methods section and in Table 1. 

3.1. Activation of coagulation and fibrinolysis 

Blood incubation was performed in customized incubation chambers with fresh whole human 

blood anticoagulated with a low dose of heparin (to weaken pro-coagulant processes to better 

differentiate between strong and weak activating material). Scanning electron microscopy of 

the tested surfaces incubated with blood revealed a strong clotting response on negatively 

charged glass and PEI (Figure 1). No fibrin deposition was seen on hydrophobic, uncharged 

Teflon AF or hydrophilic, negatively charged SAM-COOH (Figure 1). SAM-COOH showed 

prominent adhesion and spreading of granulocytes, which was much more than on the other 

surfaces. Strong platelet adhesion with distinct spreading was seen on Teflon AF; but only 

few platelets were observed on SAM-COOH. Platelet adhesion from whole blood on PEI and 

glass was so strong that it could not be analyzed accurately. To overcome this problem 

platelet adhesion was additionally analysed incubating surfaces with platelet rich plasma 

(PRP). The highest density of platelets was seen on Teflon AF (Figure S1). PEI showed 

approximately 80%, glass and SAM-COOH 20% of adherent cells compared to Teflon AF. 

This scales well with surface hydrophobicity, an effect that we showed before but that has no 

direct correlation to the procoagulant capacity.11 
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Figure 1. Surface adherent blood cells and fibrin deposition. In vitro whole blood incubation (3 hours at 

37°C, 1.7 IU/ml heparin) Magnification 1000x, inserts: magnification 4000x; ESEM XL 30 FEG, FEI-Philips, 

Eindhoven, The Netherlands. Strong platelet adhesion with distinct spreading on hydrophobic Teflon AF 

(teflon); only few platelets on SAM-COOH (COOH). This surface is characterized through the adhesion and 

spreading of granulocytes. Glass and PEI showed a strong formation of fibrin mesh – being clearly visible on 

PEI while on glass massive clots were lost during the rinsing / fixation process. Thus, both the glass and PEI 

surface show a strong activation of coagulation. 

 

The activation of coagulation detected as thrombin formation (prothrombin fragment 1+2; 

F1+2) (Figure 2a) was strongest for glass, followed by PEI whereas values for Teflon AF and 

SAM-COOH were only about 10% of the values for PEI. Additionally, TAT (thrombin-

antithrombin-complex) was determined and showed the same trend as F1+2 (Figure S2). 

Fibrin formation was determined by detecting fibrinopeptide A (FPA) after cleavage from 

fibrinogen α chains. Elevated levels of FPA were detected on PEI and glass while SAM-

COOH and Teflon AF showed very low values (Figure 2b). This correlates well to the 

observed macroscopic clot formation (Figure 1).  

A decrease in platelet number (Figure 2c) results mainly from adhesion and 

conjugate/aggregate formation and was highest for glass and significantly increased 

compared to Teflon AF + SAM-COOH for PEI. As adhesion and activation induce the 

release of platelet derived mediators like platelet factor 4 (PF4) higher PF4 release was 

consequently also seen for glass and PEI compared to Teflon AF and COOH (Figure 2d).  

g l a s s

P E IC O O H

t e f l o n g l a s s
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Figure 2. Activation of coagulation, fibrinolysis and platelets. Incubation of surfaces with whole blood (3 

hours at 37°C, 1.7 IU heparin). a) Thrombin activation was measured as F1+2 fragment; b) fibrin formation 

measured as fibrinopeptide A (FPA); c) decrease in platelet number is given in percentage of the initial value ; d) 

platelet activation measured as PF4 release; e) formation of platelet-granulocyte conjugates; f) D-Dimer 

formation: activation of fibrinolytic system. 

Statistics: *significantly different to Teflon AF and COOH, **significantly different to all other samples; 

+significantly different to COOH; n=6, n=3 for FPA. 

 

The formation of platelet-leukocyte conjugates is known to depend on P-selectin (CD62P) 

expression on the platelets57 and this was highest for PEI and glass (Figure 2e). Conjugate 

formation was significantly lower for Teflon AF and SAM-COOH. Taken together, these 

results show that activation of coagulation is highest on glass, strong for PEI surfaces and 

significantly lower for Teflon AF and SAM-COOH. These results also are reflected on the 

microscopic pictures of cell adhesion as well as macroscopic clot formation on various 

surfaces (Figure 1).  
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Activation of fibrinolysis was determined by measuring D-Dimer, a degradation product of 

fibrin, and was found to be elevated on PEI as can be seen in Figure 2f. PEI showed 1.3 times 

stronger D-Dimer formation compared to glass.  

 

3.2. Activation of the contact phase of plasmatic coagulation 

Contact activation is a known surface initiated procoagulant reaction through the 

autoactivation of FXII to FXIIa. The activated enzyme either stays adsorbed to the surface or 

is released in to the plasma. We, therefore, determined contact activation after incubation of 

citrated plasma on the surfaces as well as in the liquid phase (Figure 3). Teflon AF and PEI 

showed no contact activation whereas a strong activation was achieved on the hydrophilic 

negatively charged surfaces glass and SAM-COOH (Figure 3a). While contact activation 

measured in plasma was similar for glass and SAM-COOH, the activity on the glass surface 

itself was significantly higher than on the SAM-COOH surface (Figure 3 

 

Figure 3. Contact phase activation. Activity of FXIIa and kallikrein measured after plasma incubation with 

surfaces using the chromogenic substrate S 2302 (0.3 mM). a) activity in plasma; b) activity on material 

surfaces. Statistics: ** significantly different to all other surfaces, * significantly different to Teflon AF and PEI. 

 

3.3. FSAP presence and activity on different surfaces 

To analyse the possible role of FSAP in these pro-coagulant processes, its presence and 

activation in plasma was determined after incubation with different surfaces (Figure 4a+b). 

FSAP concentration in plasma showed no material- or time-dependent differences, which 

excludes major surface-related changes in the adsorption or degradation of FSAP (Figure 4a). 

For the detection of FSAP activity two independent assays were used: One assay detects the 

active fraction of FSAP that activates pro-uPA to active u-PA (Figure 4b+d) while the other 

assay measures the formation of inhibitor complexes between active FSAP and 2-

antiplasmin (Figure 4c). Significantly more activated FSAP was detected on PEI compared to 

all other surfaces for all incubation times beyond 5 minutes in plasma (Figure 4b). Only 
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baseline activity was observed for SAM-COOH, glass or Teflon AF surfaces at all time 

points. To test whether FSAP activation is a general principle on all positively charged 

surfaces we additionally tested another positively charged surface, PLL. FSAP activation was 

also observed on PLL but was weaker compared to PEI. (Figure S3). This difference in the 

extent of activation could be due to differences in chain flexibility or the type of amines 

present on the two surfaces. While PLL only provides primary amines on the PEI surface 

75% are secondary and tertiary amines are present. 

 

Exactly the same pattern of responses was also observed in whole blood (Figure 4c+d). These 

results suggest a strong and specific activation of FSAP on the PEI surface in plasma as well 

as whole blood. FSAP adsorption to the PEI was detected after incubation with whole blood: 

Western blotting under non-reducing conditions shows FSAP-inhibitor complexes (150-250 

kDa) as well as intact FSAP (zymogen, 64 kDa) (Figure 4E). Under reducing conditions, 

apart from FSAP zymogen, heavy chain (50 kDa) and light chain (28 kDa) were observed 

(Figure 4F). FSAP zymogen, activated FSAP as well as FSAP inhibitor complexes were 

adsorbed predominantly on the PEI surface which is congruent with the fact that this surface 

also activated FSAP strongly. Thus, FSAP has a distinct activation profile compared to the 

FXII-dependent contact pathway. 
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Figure 4. a-d: FSAP presence and activity in blood plasma and blood; e+f: Western blot of FSAP and 

FSAP inhibitor complex. a-d: FSAP antigen and activity in blood plasma after time dependent incubation (5, 

20, 60 or 120 min) (a, b) as well as FSAP activity in whole blood after 3 hours of incubation (c,d) on different 

surfaces: a) FSAP concentration in plasma, b) FSAP activity measured through u-PA activation detection using 

chromogenic assay (mean ±SD, n=2); c) detection of FSAP-2-antiplasmin-complex; d) detection of u-PA 

activation through activated FSAP; Statistics: (b)** significantly different to all other samples at this time-point, 

*significantly different to other time points of PEI, (c+d) **significantly different to all other samples. 

(e+f): Western blot of FSAP and FSAP inhibitor complex after in vitro whole blood incubation of surfaces. 

Detection using mouse monoclonal antibodies for FSAP heavy and light chain; (e) non-reducing conditions; (f) 

reducing conditions. 

 

3.4. Blood incubation using inhibitory monoclonal antibody (mab)570 or contact phase 

inhibitor CTI 

To further define the role of FSAP and FXIIa on surface-mediated coagulation, an inhibitory 

antibody to FSAP, mab570, and an inhibitor to FXIIa was used. Figure 5a shows that mab570 

did not influence thrombin formation on Teflon AF, glass and SAM-COOH, but there was a 

clear decrease on the PEI surface with mab570 compared to the isotype control antibody IgG. 

The FXIIa inhibitor CTI on the other hand reduced thrombin formation distinctively on glass 

and to a lower extent also on Teflon AF and SAM-COOH but not on PEI (Figure 5b). This 

result suggests that on the cationic surface PEI FSAP but not contact activation is relevant for 

thrombin formation. 
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Figure 5. Coagulation activation on surfaces with inhibitors to FSAP (a) or the contact phase (b). 

a: addition of inhibitory FSAP antibody mab570 to the blood (c=100 µg/mL) before incubation to block 

endogenous FSAP compared to control IgG isotype antibody (100 µg/mL). Statistics: * significantly different to 

PEI IgG (unpaired, one tailed t-test). b: addition of contact phase inhibitor CTI (c=10 U/mL) before incubation 

compared to addition of PBS (same volume). Statistics: ** significantly different to glass w/o CTI and PEI w/o 

CTI. 

 

3.5. Heparin interaction with surfaces  

Neutralization of the polyanion heparin by the positively charged surfaces may account for 

the pro-coagulant effects of the PEI surface. We determined heparin concentration in blood / 

plasma (citrated, heparin supplementation) after incubation with surfaces. At the given 

geometries, the PEI surface adsorbed heparin and lowered the free heparin concentration 

from 1.7 IU/mL to 1.2 IU/mL (Figure S4), confirming previous observations.25 Based on 

these results a subsequent whole blood incubation with Teflon AF samples was done with the 

correspondingly adjusted heparinization of 1.2 IU/mL heparin compared to the original 

heparinization of 1.7 IU/mL. Apart from the change in heparin concentration these 

experiments were performed as described in the relevant methods section. This reduction in 

the heparin content did induce minor differences for thrombin formation, PF4 formation and 

complement. Thrombin formation was slightly elevated in the samples with the lower heparin 

content: 4.0±0.6 versus 1.8±0.8 nmol/L, both values close to the previously measured 3.3±1.4 

nmol/L for Teflon AF but much lower compared to 50±0.7 nmol/L that were measured for 

PEI. These results illustrate that a decrease in heparin content on PEI only induces minor 

changes in coagulation parameters as long as no additional activation pathway is initiated. 

Thus, the minor sequestering of heparin on PEI cannot account for the strong FSAP 

activation and procoagulant response on this surface. 

 

Activation of immunologic reactions  

As complement activation can be influenced by cellular processes in blood and in turn can 

influence coagulation, we determined complement activation in serum as well as whole blood 

after incubation with different surfaces. In serum, significantly enhanced values for C5a 

formation as well as for C3b and C4d adsorption to PEI surfaces was observed (Figure S5). 

The other surfaces did not show differences for C5a and C4d while for C3b minor differences 

were seen with Teflon AF inducing the lowest and SAM-COOH the highest values.  

After whole blood incubation C5a formation was enhanced on glass and to a lesser extent on 

SAM-COOH while PEI and Teflon AF showed minimal activation (Figure S5d). C3b 
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adsorption was strongest for PEI (Figure S5e), intermediate on glass and COOH while 

significantly less C3b was found on Teflon AF. 

 

High levels of granulocyte activation were observed on all surfaces, except Teflon AF 

(Figure S5f). As the high activation at the SAM-COOH and PEI surface cannot be explained 

by the C5a anaphylatoxin, additional activators seem to be relevant.  

 

4. Discussion 

The current paradigm for the activation of coagulation by biomaterials is based on the 

concept of FXII auto-activation on negatively charged surfaces and the subsequent activation 

of the intrinsic pathway.58 However, it has also been known for a long time that positively 

charged surfaces activate coagulation to a similar extent as negatively charged surfaces. 

While the molecular mechanisms of the contact phase of coagulation activation at anionic 

surfaces are quite well understood11, 59 the same is not the case for positively charged 

surfaces.  

To redress this, we examined a set of model surfaces including positively charged 

polyethylenimine (PEI) and poly-L-lysine (PLL) layers, negatively charged glass, self-

assembled organic monolayers exposing carboxylic acid groups (SAM-COOH) as well as a 

hydrophobic fluoropolymer (Teflon AF) with respect to the activation of coagulation, 

complement and immune reactions.  

As expected, the contact phase of the coagulation cascade was only activated on negatively 

charged surfaces (SAM-COOH, glass), but not on Teflon-AF or PEI. On SAM-COOH the 

strong contact phase activation cannot be propagated sufficiently to a coagulation cascade 

due to the lack of other pro-coagulant supporters like adherent platelets, as shown in a 

previous study.11 Thus, coagulation on this surface remained low. On glass, the strong contact 

activation combined with stimulation of humoral and cellular inflammation caused the 

highest coagulation activation during the whole blood incubation, as measured by thrombin 

(F1+2) and platelet activation (PF4). This is further supported by the fact that the contact 

pathway inhibitior, CTI, diminished coagulation activation on glass to levels comparable to 

Teflon AF. 

On Teflon AF no contact activation was seen. While some authors see contact activation 

related to hydrophilicity and negative surface charge,60 Vogler and his group claim that this 
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effect is only due to an “apparent specificity (of FXII) for hydrophilic surfaces that is actually 

due to a relative diminution of activation at hydrophobic surfaces”.13 This conclusion was 

drawn from work with isolated proteins. Yet, in complex media like plasma and blood 

competing protein adsorption processes interfere with contact activation and the resulting 

plasmatic coagulation is low on hydrophobic surfaces. Teflon AF on the other hand strongly 

supports platelet adhesion as can be seen with SEM, yet granular release (PF4 release) is low. 

Normally platelet adhesion and platelet aggregation can be seen as two sides of the same 

coin.61 In the blood vessel platelet adhesion is realized on the extracellular matrix consisting 

of different types of adhesive proteins and several different adhesion receptors are involved. 

In the case of biomaterials this complexity is missing: mainly adsorbed, conformational 

changed fibrinogen is responsible for the adhesion of platelets with vWF62 possibly being 

important for in vitro incubation under (moderate to high) shear stress.61 

The positively charged PEI surface induced thrombin activation as well as platelet activation 

during the whole blood incubation almost to the same level as the negatively charged glass. 

Surface-mediated activation of FSAP was found only on positively charged PEI and PLL. 

PLL also supported the activation of FSAP activation but the effect was weaker. This 

indicates that not just charge per se, but also density and type of functional group and 

flexibility of the molecules determines the specificity of this reaction. An effect of surface 

hydrophobicity – as discussed above for FXIIa – can be ruled out, as neither the hydrophilic 

glass and SAM-COOH surface nor the hydrophobic Teflon AF induced FSAP activation. The 

activation of FSAP was distinct and reproducible in plasma as well as in human whole blood 

(blood incubation was only performed for PEI); therefore a direct correlation with 

coagulation activation seems probable. Although neutralization of the polyanion heparin on 

this surface was present, this had only a minor contribution to the elevated coagulation at the 

PEI surface. Control experiments with an inhibitory antibody against FSAP confirmed a 

major contribution of FSAP to the thrombin activation by this positively charged surface. 

Additionally CTI was applied to study contact phase activation. While almost completely 

abrogating F1+2 formation on glass only marginal effects were seen on PEI. This implies that 

contact activation is not accountable for the activation of coagulation on PEI.  

These results possibly demonstrate a new mechanism for coagulation activation triggered by 

positively charged surfaces. For the first time, the activation of the plasmatic zymogen FSAP 

by a macroscopic polymeric material with the subsequent activation of coagulation was 

demonstrated. The mechanism appears to be the cationic counterpart to the well-described 
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contact-phase activation at anionic surfaces. Inhibition of FSAP decreased thrombin 

activation and fibrin generation on PEI but it was not clear exactly how the extrinsic pathway 

was activated in the absence of contact activation. Although whole blood incubation would 

have sufficient TF, provided by blood cells and platelet and monocyte derived 

microparticles,63-67 in plasma only microparticles are present. In case of co-incubation of 

plasma with endothelial cells FSAP could inhibit TFPI and thus increase FVIIa activity and 

TF-dependent FXa generation.34 TF also is released from leukocytes upon activation at 

foreign surfaces.65, 68 FSAP mediated TFPI inhibition also here can enhance the impact of this 

pathway on FXa generation. In the case of material surfaces we have not detected changes in 

TFPI activity in the solution phase on various surfaces (unpublished data) but the possibility 

that FSAP has effects on other coagulation components remains. Thus, we speculate that the 

observed effects on PEI are related to the activation of FSAP that trigger coagulation 

independently of known pathways.  

The pro-coagulant effect of the surface-immobilized PEI appears to be in contrast to former 

studies, which showed an anticoagulant effect of soluble PEI. These experiments were 

performed using isolated proteins69,70 and soluble PEI which directly interacts with 

coagulation factors and prevents cleavage of fibrinogen. These mechanisms cannot occur for 

the surface-immobilized molecule in the present study. Additionally the interaction of FSAP 

with nanomaterial surfaces might be different depending on nanomaterials size and the 

resulting curvature as this was reported to be important protein adsorption on the whole.71 

Since the activation process of FSAP on charged surfaces certainly depends on the specific 

interaction with the surface only additional experiments with charged nanoparticles could 

clarify the influence of curvature on FSAP surface interactions. A hindrance of coagulation 

complexes formation on nanomaterials due to lack of space on small nanoparticles has been 

reported and could be an additional confounding factor.72  

Since FSAP has been reported to activate multiple pathways, the impact of the surface 

activated FSAP on other processes besides coagulation was also determined. Activation of 

fibrinolysis by activation of u-PA had been described.30 While in the present study the 

formation of fibrin (determined through FPA detection) was strongest for glass surfaces, 

corresponding to the high thrombin activation, the strongest D-Dimer formation was seen for 

PEI. Positively charged, lysine exposing surfaces have been shown to promote fibrinolysis by 

binding plasminogen and tissue plasminogen activator (t-PA).73, 74 This nevertheless was not 
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described to be generally applicable to other positively charged surfaces. Therefore the 

slightly enhanced fibrinolysis could possibly be attributed to FSAP. 

The activation of the complement system by materials surfaces is often attributed to 

nucleophilic groups (-OH, -NH2) that support C3 hydrolysis. Complement activation through 

FSAP has also been described in vitro.41 In a previous study in plasma of trauma patients a 

correlation between FSAP activation and C5a levels but not C3a levels was observed. 

Additionally the activation of FSAP in the plasma led to the generation of C5a.41 In our study 

however the results of complement and immunologic activation were ambiguous. The 

detection of complement activation in serum showed a significantly higher activation of 

complement on PEI surfaces: C3b and C4d adsorption was highest on PEI as was C5a 

generation. Yet complement activation in blood was only elevated on glass, not on the FSAP 

activating surface. Glass is a hydrophilic material which offers hydroxyl groups on the 

surface leading to complement activation through a covalent bonding of C3b. On negatively 

charged SAM-COOH surface C3b activity probably is regulated by inhibitory complement 

factor H which competes with factor B in binding to C3b.75 Comparably, negatively charged 

heparin adsorbed to PEI surfaces (Figure S3) could induce complement inhibitory reactions 

via the adsorption of factor H. A direct activation of complement through amine groups on 

the PEI surface is possible as well, however, -NH2 groups were reported to support the 

activation of complement with a low efficiency only.16 On the whole complement activation 

on FSAP activating materials was not robust and deserves further experimental clarification. 

 

Previous studies indicate that both positive and negative charged macromolecules like nucleic 

acids and histones activate FSAP zymogen.38, 39, 76 For either type of ionized polymer, a 

template effect is proposed whereas soluble positive or negative charges help to unblock the 

E3 domain (see Figure 6 center) which allows autoactivation. For reasons that are not 

completely clear only positively charged macromolecules activate FSAP zymogen in 

plasma.41 Here we show that also extended flat negatively charged surfaces do not activate 

FSAP in plasma which is compatible with these previous observations. Probably, the 

proposed conformational change on negatively charged molecules and therefore also surfaces 

requires a specific molecular conformation or charge density. Additionally other plasma 

proteins may interfere with the FSAP activation process in the case of negatively charged 

protein. On the other hand we found that surfaces with positively charged surfaces effectively 

can induce autoactivation comparably to positively charged macromolecules (Figure 6). 
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Figure 6 Proposed process of FSAP interaction with positive and negatively charged macromolecules / 

surfaces. Center: single FSAP molecule, proposed interaction of FSAP with charged macromolecules (left side, 

a + b) and extended planar material surfaces (right side, c + d) with positive charge (top row, a + c) or negative 

charge (bottom row, b + d). (Adapted from Yamamichi et al.39) 

 

 

CONCLUSION 

Activation of plasma- or blood-derived FSAP is induced on positively charged surfaces such 

as PEI and this is associated with a strong pro-coagulant response. A significant reduction of 

coagulation was achieved on PEI with the inhibition of FSAP while the inhibition of FXII 

had no effect. We propose a novel mechanism of surface-driven coagulation important for 

understanding the hemo(in)compatibity of PEI, a positively charged biomedical material. The 

reported findings clarify an important aspect of the interaction of blood with medical devices 

and implants and further expand our understanding of the role of FSAP in coagulation and 

immunology. A therapeutic concept to limit FSAP induced blood activation with inhibitors 

might be feasible and possibly would expand the potential application of cationic materials 

for medical use. 

 

SUPPORTING INFORMATION: Quantification of platelet adhesion to surfaces; 

Comparison of thrombin formation parameter F1+2 and TAT, Determination of FSAP-2-

antiplasmin-complex in blood plasma after incubation on different surfaces; Heparin content 

in blood and in plasma after in vitro incubation of surfaces; Activation of immunologic 

reactions after incubation of surfaces with serum or whole blood 
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