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A new device for in vitro evaluation of thrombogenicity
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A device to measure the time of coagulation of whole blood has been designed in order to facilitate testing of thrombogenicity of biomaterials. The principle of operation of the apparatus is to record the time taken for a sphere to fall through a sample of blood. The coagulation time is defined here as the time from collection of the blood sample to coagulation, coagulation having deemed to have occurred when the sphere is prevented from falling by the presence of the fibrin-cell network. The device was tested with homogeneous fluids of different viscosity, milk containing different amounts of rennin and calcium chloride and non anti-coagulated whole blood obtained from five volunteers. Repeat measurements made with each homogeneous fluid show that the variance in the transit time of the sphere is small and consistent with small dispersion. In contrast, the onset of coagulation in milk and blood samples was readily detected. The clotting of milk was highly dependant on the concentration of rennin and calcium chloride. The coagulation time of blood samples from five individuals ranged from 23 to 33 min but simultaneous measurements of samples from the same individual in two identical devices agreed to within ±1 min in all cases. This device may be easily adapted for use in studies to determine the thromboresistance of biomaterials where the onset of coagulation of whole blood in contact with different materials may be readily compared.

Introduction

Biomaterial-induced thrombosis involves adsorption of plasma proteins to the surface followed by platelet aggregation and activation of the intrinsic pathway of the plasmatic coagulation, leading to thrombin formation and subsequent conversion of fibrinogen to fibrin [START_REF] Edmunds | Breaking the blood-biomaterial barrier[END_REF][START_REF] Horbett | Principles underlying the role of adsorbed plasma proteins in blood interactions with foreign materials[END_REF][START_REF] Bajaj | New insights into how blood clots; implications for the use of APTT and PT as coagulation screening tests and in monitoring of anticoagulant therapy[END_REF]. All these aspects of coagulation are interrelated. Plasmatic coagulation occurs efficiently on cell surfaces such as activated platelets and monocytes [START_REF] Bajaj | New insights into how blood clots; implications for the use of APTT and PT as coagulation screening tests and in monitoring of anticoagulant therapy[END_REF] and thrombin is a potent platelet-aggregating agent. Red cells and leukocytes are also important the components in the complex reactions leading to clot formation [START_REF] Andrews | Role of blood cells in thrombosis[END_REF][START_REF] Altieri | Leukocyte interaction with protein cascades in blood coagulation[END_REF].

Some biomaterials are considered to be more "thromboresistant" than others if they initiate clotting more slowly [START_REF] Edmunds | Breaking the blood-biomaterial barrier[END_REF]. Sauvage et al. [START_REF] Sauvage | Current arterial prostheses: experimental evaluation by implantation in the carotid and circumflex coronary arteries of the dog[END_REF] introduced the concept of thrombotic threshold velocity, that is, the blood flow velocity below which the prosthesis is very likely to fail by thrombotic occlusion. Many tests have been used to assess blood-biomaterial interactions, or haemocompatibility, the main parameter being the response of platelets to the foreign material [START_REF] Bernacca | In vitro compatibility of surface-modified polyurethanes[END_REF]. Studying a single event in a complex cascade, often with anticoagulated blood, is not necessarily predictive of how the material will perform when exposed to whole blood in vivo, however [START_REF] Chandy | Platelet adhesion and spreading on protein-coated surfaces: variations in behavior in washed cells, PRP, and whole blood[END_REF][START_REF] Esquivel | Why small caliber vascular grafts fail: a review of clinical and experimental experience and the significance of the interaction of blood at the interface[END_REF]. The aim of this work was to develop a simple device to detect the onset of coagulation of a sample of whole blood. Such a device may be useful in studying the thrombogenicity of biomaterials in vitro.

Materials and methods

The principle of the device for determining clotting time is based on the assessment of the fluidity of blood at regular time intervals: a sample of blood is placed in a cuvette and the time taken for a sphere to fall a certain distance through the blood sample is measured. Initially when the blood is still fluid, the sphere will take a finite time to fall through the blood sample however, when coagulation has occurred, the fibrin-cell network that forms will prevent the sphere from falling. The time taken for this to occur is defined here as the clothing time of the blood sample. A photograph of the apparatus using this principle is shown in Fig. 1. The walls of the cuvette were made from acrylic and formed a 22 mm cube. The sphere made of PTFE and of radius 3 mm, was connected to one side of a cantilever while a counter weight was attached to the opposite side, in its initial position, the sphere was held at a fixed height above the cuvette by means of an electromagnet. Following the release of the cantilever beam, a flag passed through an optical sensor that triggered a digital timer, the position of the flag was adjusted so that it corresponded to the sphere's passage through the central part of the cuvette. After each measurement, the sphere was thoroughly cleaned.

Device characterisation

In order to evaluate the efficacy of the device, we studied a range of fluids of different viscosity, and measured the clotting time of milk and whole blood. The reproducibility of the sphere fall time (SFT) measurements was assessed using homogeneous viscous fluids, water, aqueous glycerol solution (40%, w/w) and two viscosity calibration standards (silicone oil). The glycerol solution had a viscosity of 3.18 mPa s (Lide, 1996); the viscosities of the oils were 20 and 48.4 mPa s at 25 • C, respectively. Ten SFT measurements were obtained for each sample. 

Coagulation experiments

Ten millilitres of semi-skimmed cow's milk were added to a mixture of 1 unit of rennin from calf stomach (Sigma) and l00 l of 25 mM CaCl 2 , or 1 unit of rennin and 200 lof CaCl 2 , or 2 units of rennin and 100 l of CaCl 2 , or 2 units of rennin and 200 l of CaCl 2 .

Twenty millilitres of blood were withdrawn without anticoagulant from an antecubital vein of five volunteers who had refrained from any medication for at least 14 days through a 21-gauge hypodermic needle. The blood sample was immediately transferred to the two cuvettes and placed in an incubator at 37 • C, the cuvettes having been lined with microscope glass cover slips. Measurements of SFT commenced after 6 or 9 min, and were repeated every 2 min thereafter. Coagulation time was recorded from the moment the blood was taken from each volunteer to the point when the clot was able to prevent the fall of the sphere completely.

Statistical analysis

The coagulation and sphere falling times were recorded and expressed as mean values ± S.D. The four groups were compared by means of a one-way analysis of variance and pairwise comparisons adjustment for the p-values were obtained through a simulation procedure [START_REF] Edwards | The efficiency of simulation-based multiple comparisons[END_REF].

Results

Table 1 shows the sphere falling times recorded with water, glycerol solution, oil 1 and 2. For each fluid, the SFT values were consistent with relatively low S.D. Then mean values however, are statistically different (p < 00l).

Table 2 shows the results obtained with milk clotting. The clotting time was readily detected and the coagulation occurred earlier as the amount of rennin and calcium chloride added to the milk sample was increased.

Table 3 shows the blood coagulation time obtained in each of the five volunteers. There was some variability in the coagulation time between the blood samples from the same individual as well as from different volunteers. The coagulation time among the five volunteers ranged from 23 to 33 min. The reproducibility of the technique was demonstrated by the fact that the coagulation time of samples of blood taken from the same volunteer varied by no more than 2 min when tested in parallel in the second device (Table 3).

Discussion

There is a need to identify biomaterials with better antithrombogenic characteristics to improve patency rates of small diameter vascular grafts [START_REF] Esquivel | Why small caliber vascular grafts fail: a review of clinical and experimental experience and the significance of the interaction of blood at the interface[END_REF]. In vitro evaluation of thrombogenicity of new biomaterials is essential to allow a for clinical use and are not easily adapted to the study of biomaterials. The method of Lee-White, for example, is simple and has been widely used to determine the time of onset of coagulation [START_REF] Coleman | Blood-materials interactions : the minimum interfacial free energy and to optimum polar/apolar ratio hypotheses[END_REF]. Because it is based on the adhesion of the clot to the surface of glass tubes, it is limited to biomaterials that can adhere to or coat the inside surfaces of the tubes. The thromboelastograph (TEG), on the other hand, detects the onset of coagulation by measuring the torque that is transmitted through a sample of whole blood to a torsion rod placed in a cup as it oscillates through a very small angle [START_REF] Burghardt | Nonlinear viscoelasticity and the thromboelastograph: 1 Studies on bovine plasma clots[END_REF][START_REF] Bird | New haemocompatible polymers assessed by thromboelastography[END_REF][START_REF] Hartert | Fibrin elasticity and coagulation[END_REF]: as the coagulum forms, it gradually bridges the gap between surfaces thereby altering the magnitude of the torque signal. The applied strain inevitably results in deformation of the sample, which is of sufficient magnitude to influence the properties of the resulting clot [START_REF] Edmunds | Breaking the blood-biomaterial barrier[END_REF]. Moreover, the values obtained from this device cannot be converted into specific material properties. Rotational viscometers (cone-plate, plate-plate, conecone, coaxial cylinders) have also been used to measure the apparent viscosity of samples of whole blood during coagulation. Such studies have shown that the clotting rate depends on the applied shear rate [START_REF] Hashimoto | Effect of shear rate on clot growth at foreign surfaces[END_REF] and that the apparent viscosity of the sample is time dependant [START_REF] Wang | A new simple cone-plate viscometer for hemorheology[END_REF]. Sharada et al. [START_REF] Skarada | Assessments of trombogenicity by three in vitro techniques[END_REF] used three different techniques to measure thrombus formation on an actual vascular graft in a sample of rotating blood: (1) the weight of adherent thrombus was measured every 2 min; (2) the torque that was transmitted to the graft surface over time was measured continuously; and (3) the levels of fibrinopeptide A measured at 7, 12, and 18 min (fibrinopeptide A has been shown to correlate with thrombin activity).

Although the above techniques yielded surprisingly similar results, they do not lend themselves to systematic comparison of biomaterials, and often involve exposing the same sample to many different surfaces in the process.

Shear stress, haematocrit, inflammatory state and temperature may also affect the coagulation status of the patient and hence the measurement [START_REF] Lamponï | The role of Fbg in platelet adhesion to polymeric materials in conditions of psychological stress[END_REF][START_REF] Valeri | Effects of temperature on bleeding time in normal male and female volunteers[END_REF][START_REF] Boullanger | Coagulation activation in patients with an inflammatory syndrome: is there a link with acquired protein S deficiency?[END_REF]. One way to reduce these influences is to carry out a comparative test between the biomaterial under study and a reference material, e.g. glass. Prosthetic grafts occlude because of low flow conditions on account of a stenosis, compression of the vessel and/or a low cardiac output [START_REF] Sauvage | Current arterial prostheses: experimental evaluation by implantation in the carotid and circumflex coronary arteries of the dog[END_REF][START_REF] Esquivel | Why small caliber vascular grafts fail: a review of clinical and experimental experience and the significance of the interaction of blood at the interface[END_REF][START_REF] Spaeth | The influence of fluid shear on the kinetics of blood coagulation reactions[END_REF][START_REF] Christy | The role of stasis in the clotting of blood and milk flows around solid objects[END_REF][START_REF] Slack | The effects of flow on blood coagulation and thromboses[END_REF]. Occlusion is often a sudden event.

For this reason, we chose to assess biomaterials under static conditions. In our apparatus, a constant force is applied which is determined by the diameter and weight of the sphere. Most commercial devices are designed to use small blood samples and therefore the cuvettes have to be made very small [START_REF] Burghardt | Nonlinear viscoelasticity and the thromboelastograph: 1 Studies on bovine plasma clots[END_REF][START_REF] Bird | New haemocompatible polymers assessed by thromboelastography[END_REF][START_REF] Hartert | Fibrin elasticity and coagulation[END_REF]. Because of the small size and the shape of internal surfaces, it is difficult to fix a biomaterial in sheet or tube form to these cuvettes. In addition, because the gap between the exposed surfaces is often small, the biomaterial must be very thin and this precludes the use of standard materials used in prosthetic bypass grafts. In our apparatus, biomaterials in sheet form can be readily used to line internal surfaces of the cuvette. In practice, two identical devices would be used when comparing the thrombogenicity of a biomaterial with that of a reference sample: the internal surfaces of one cuvette would be covered with sheets of the biomaterial and the other with a reference material such as glass. It may also be possible to vary the shape and dimensions of the cuvette in order to mimic blood vessels of different diameter, however both cuvettes must be identical if valid comparisons are to be made.

Nevertheless, this technique has a number of inherent limitations. Firstly, one of the surfaces of the cuvette is exposed to air, which itself is able to initiate coagulation [START_REF] Bensen | Quantification of gas denucleation and thrombogenicity of vascular grafts[END_REF]. However, the exposure time is short and the air interface represents 1/6 of the total area of the cube. Secondly, the process of measurement weakens the structure of the coagulum, which is known to delay the process of coagulation [START_REF] Hartert | Fibrin elasticity and coagulation[END_REF]. Coagulation time is a function of the blood collection time, the blood-biomaterial interaction as well as the settings of the apparatus, in particular the transit time of the sphere, which, in turn, depends on the dimensions of the cuvette and the size and mass of the sphere and the mass of the counterweight. In this study, these parameters were determined by trial and error and would no doubt require further optimisation. The frequency of the measurements also has implications on the coagulation process. An interval of 2 min between measurements was considered to be a good compromise in this case. Finally, the sphere itself behaves as a foreign material, however its surface is small in comparison with that of the cuvette and the intermittent nature of the measurement limits the time it is in contact with the blood. Although many of these factors are impossible to avoid, they can be minimised by simultaneous comparison of two samples.

Fig. 1 .

 1 Fig. 1. (A) Lateral view of the device. PTFE sphere is released by the electromagnet. Its weight is determined by a counter balance. Sphere falling time is recorded by optical sensor. Each surface of the cuvette can be lined with a cover-slip or a sheet of the biomaterial under test. (B) Two similar devices allow a comparison between biomaterials.

Table 1

 1 Sphere falling time (SFT), mean value and standard deviation (S.D.), recorded with water, glycerol 40% (w/w), 20 and 48.4 mPa s viscosity oils

	Test	Water SFT (s)	Glycerol SFT (s)	20 mPa s oil SFT (s)	48.4 mPa s oil SFT (s)
	1	15.0	15.2	15.6	17.1
	2	15.1	15.5	15.6	17.0
	3	15.0	15.2	15.6	17.2
	4	15.0	15.5	15.9	17.0
	5	15.0	15.5	16.0	17.0
	6	15.0	15.1	15.8	16.9
	7	14.9	15.4	16.0	16.8
	8	15.0	15.2	15.7	17.0
	9	15.1	15.3	15.7	16.9
	10	15.0	15.3	15.7	17.0
	Mean	15.01	15.32	15.76	16.99
	S.D.	0.06	0.15	0.16	0.11

Table 2

 2 

	Sphere falling time (SFT) measured at different times during clotting of milk		
	Time (min)	1UR 100 l CaCI 2 SFT(s)	lUR 200 lCaCl 2 SFT (s)	2UR 100 l CaCl 2 SFT(s)	2UR 200 lCaCl 2 SFT (s)
	5	21.6	13.9	42.4	199
	7	41.9	19.7	24.6	112
	9	13.9	27.1	41.9	Coagulation
	11	14.2	37.1	Coagulation	-
	13	17.8	34.9	-	-
	15	23.4	Coagulation	-	-
	17	62.2	-	-	-
	19	Coagulation	-	-	-

Different quantities of rennin and 25 mM solution of calcium chloride were added to the milk samples to change the coagulation time. UR, unit of rennin.

Table 3

 3 Sphere falling time and onset of coagulation of blood of five volunteers recorded simultaneously in two samples

	Time (min) SFT(s)									
		Case 1		Case 2		Case 3		Case 4		Case 5	
	6	14	13.4	16.9	13.8	14.2	14	14.1	13.9	14.3	13.8
	9	14.1	13.6	14.2	14	14.5	14.2	14	13.7	14	14.1
	11	14.2	14.1	14.8	14.1	14.2	14.3	13.6	13.9	14.2	13.9
	13	14.9	13.7	14.8	14	13.6	14.3	14.1	14.3	14	14
	15	16.9	14.6	14.4	16.7	14.2	16.9	13.9	13.9	14.2	14
	17	23.1	14.8	18.8	15.5	13.2	13.8	14.3	14.8	14.3	14
	19	18.2	23	51.1	21.1	15.8	20.1	14.9	13.8	14.2	14
	21	14.3	18.2	23.8	15.9	15.6	19.6	15.8	14.9	14.2	14.1
	23	34.4	14.9	20.2	18.1	17.8	Coagulation 17.1	14.9	14.5	14.6
	25	18.7	28.7	Coagulation 35.1	Coagulation -	33	17.2	14.8	15.3
	27	19.3	55.3	-	Coagulation -	-	Coagulation 50	16	16.1
	29	22.3	Coagulation -----Coagulation 17.5	17.7
	31	Coagulation -------17.6	22.3
	3 3	--------Coagulation Coagulation
	comparison with currently available materials such as PTFE					
	and Dacron. Most existing techniques have been developed					
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