






































































































































































































































































































to 300 s-1 fluid shear rate. The distribution of collagen fibers appears to be relatively 

Figure 4.13 - Scanning electron microphotograph of platelets adherent to collagen 
surface (fluid shear rate=300 sec-t, time=2 minutes) . 

• 

uniform. However, areas of the base polymer film remain uncovered. Some of these 

bare regions appear to be larger than platelets (approximately 2f11Il in diameter), indicating 

that a fraction of the platelets transported to the surface during the experiment may 

contact the base polymer surface without interacting with a collagen fibril. This would 

suggest that the effective surface area of the collagen coating is somewhat less than the 

area of the support film. Thus, the calculated platelet densities may be somewhat less 

than the true densities on collagen, since total surface area is used in the calculations. 

However, the coverage of collagen fibrils over the polymer film surface is extensive and 

it is possible that smaller fibrils are present which are not resolved at the level of 

magnification used. Indeed, greater surface coverage by collagen fibrils is evident at 
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higher magnification (Figure 4.14). No attempt was made to measure the surface density 

of collagen achieved by the coating procedure. However, the procedure was carried out 

identically for each experiment to minimize (ideally to eliminate) the possibility of 

variable extent of collagen surface coating. 

Figure 4.14- High magnification photograph of platelets adherent to collagen-coated 
surface 

Platelets adherent to the collagen surface appear to be activated and well-spread, 

showing pseudopod and granulomere formation at short times of exposure. The adherent 

platelets observed in Figure 4.13 do not appear to be deposited randomly over the entire 

surface but rather form local adherent aggregates. The platelets adhere in aggregates on 

the collagen surface, not piling directly atop one another but exhibiting interconnecting 

pseudopod formation and membrane fusion as well as interaction with the collagen fibrils. 

This reaction to collagen fibrils has been previously documented by Barnhart et al [1972] 

and appears to be a common feature of platelet-collagen adhesive interactions. 

The presence of many randomly distributed collagen fibrils makes the observation 

of platelet fine morphological features difficult. However, Figure 4.14 clearly shows 

adherent platelets exhibiting activation and pseudopod formation. The degree of platelet 
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granule secretion is difficult to assess by morphological observation but is likely to occur 

rapidly in response to collagen stimulation [Sixma, 1987 ; Packham, 1991]. The degree 

of platelet activation observed is not surprising as fibrillar collagen is considered a strong 

platelet agonist and is believed to mediate the platelet response to the subendothelial 

region of the injured vessel [Packham, 1991]. 

Light microscopic evaluation was performed to assess the overall surface 

distribution of adherent platelets on the collagen surface. Figure 4.15 shows the observed 

platelet distribution on a collagen-coated surface exposed to 300 s·1 of fluid shear for 2 

min. A series of photographs taken over various regions of the surface show an 

essentially uniform distribution of adherent platelets over the test surface at the level 

detectable by light microscopy. Since the experimental apparatus developed is expected 

to produce a uniform rate of shear across the entire test surface, uniformity of platelet 

coverage is expected. Significant flow disturbances and deviations from laminar flow 

behaviour would likely lead to significant variations in fluid shear rate over the test 

surface, which would be expected to create a non-uniform pattern of deposition across the 

radius of the test surface. In particular, any regions of flow stagnation would be expected 

to exhibit an enhanced platelet adhesion response. Flow stagnation is believed to be a 

contributing factor to thrombogenesis in vivo through accumulation of platelet activating 

and coagulation factors [Goldsmith and Turitto, 1986]. Thus, the uniformity of platelet 

deposition observed over the collagen test surface can be regarded as an indication of the 

laminar nature of the flow field in the cone and plate apparatus. 

4.4.1.5 Platelet Diffusion Calculations 

Equation 2.3 permits the calculation of diffusion coefficients using platelet 

surface deposition versus time data. Effective platelet diffusion coefficients were thus 

determined for the five fluid shear rates employed in the adhesion experiments. The 

estimates of diffusivity in the present work were obtained using a modified form of 

Equation 2.3 in which the kinetic term was neglected. The transport-limited nature of 
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Figure 4.15 - Optical microscopic photograph of platelet deposition to collagen-coated 
surface. Rectangular areas arranged to correspond to position on the disk 
cut from the "plate" of the cone-and-plate device. 

initial adhesion resulting from the high reactivity of the collagen surface justifies the 

omission of the kinetic term. Only initial experimental adhesion results (up to 5 min) 

were utilized in the diffusion calculations. At longer times, the adhesion-time curves 

showed plateaus at about 10 min indicating a fundamental change in the adhesion 

mechanism, most likely due to the increasing coverage of the test surface by adherent 
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platelets. It appears that the reactivity of fluid phase platelets with adherent platelets is 

very different from the reactivity of platelets with collagen fibrils since increasing 

coverage of the test material results in a reduced rate of adhesion, with levelling off in 

adhesion at longer time. 

Rearrangement of Equation 2.3, omitting the kinetic term, yields 

- [2Co ffi}l(2 M- -vD 
7tlfl 

(4.1) 

The adherent platelet surface density was therefore plotted against the square root of time 

for the five fluid shear rates employed (Figure 4.16). 
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Figure 4.16 - Regression of early time adhesion results (error bars represent 95% 
confidence interval). 
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Shear Rate Effective Diffusion 
Coefficient x 1 07 

(sec·1) (cm 2 /sec) 

0 0 

50 0.44 :t 0.20 

100 0.96 :t 0.58 

150 2.53 :t 2.37 

300 9.65 :t 4.11 

Table 4.12 - Effective platelet diffusion coefficients obtained from Equation 4.1 
(± 95% confidence interval) 

The effective diffusion coefficients calculated in this manner are listed in Table 

4.12 for fluid shear rates varying from zero to 300 s·1
• The experimental points were then 

linearly regressed and the slope of the least squares fit was determined, thus permitting 

the determination of the effective platelet diffusion coefficient by Equation 4.1. 

The diffusion coefficients thus determined compare reasonably well with results 

obtained by other researchers [Feuerstein et al, 1975 ; Grabowski et al, 1972]. Figure 

4.17 shows the dependence of the platelet diffusion coefficient on fluid shear rate. A 

polynomial curve fit to the diffusion coefficient points was performed. The relationship 

determined was 

D = a+by+cy2 

D = diffusion coefficient 
y = fluid sMar rate 
a,b,c = constants 

(4.2) 

where a=0.0334x10"7 
, b=0.000301xl0"7 and c=0.000106xl0·7

• This equation was found 
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to give a statistically good fit to the data obtained (r=0.99926). Increasing levels of shear 

produce increasing diffusion coefficient values as observed by Grabowski et al [1972]. 
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Figure 4.17 - Shear rate dependence of platelet diffusion coefficient (error bars 
represent 95% confidence interval). 

A lack of fit test was performed on all regressions performed to determine the 

applicability of Equation 4.1 in fitting the experimental data. The F values obtained were 

significantly lower than the critical F values indicating no lack of fit in any case. This 

analysis indicates that the model used is adequate to fit the measured data points. 

However, as the coefficient of determination, r, was found to vary from 0.52 to 0.85, the 

correlation between the model prediction and sample is not very strong. Thus, the large 
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amount of pure error associated with the experimental data reduces the coefficient of 

determination while also decreasing the F value calculated for the lack of fit test. This 

indicates that the model fit is acceptable but not very highly correlated with the measured 

data points. Therefore, it appears that the variability inherent in the experimental data 

precludes any precise diffusion coefficient calculations. The values obtained should be 

regarded as crude approximations. Sophisticated flow visualization techniques are 

generally employed to determine platelet diffusion coefficients [Goldsmith and Turitto, 

1986]. The large variability present in the experimental data obtained is a result of 

several factors, primarily variability in platelets from donor to donor and thus from 

experiment to experiment. 

Nonetheless, the observed trend of increasing diffusion coefficient with increasing 

fluid shear rate and the reasonably good agreement of diffusion coefficient values with 

those obtained by other researchers, indicates that the cone and plate apparatus yields 

reliable platelet adhesion data over the range of fluid shear rates utilized. 

4.4.2 Albumin-coated Surface 

Platelet adhesion experiments were also perfonned usmg albumin-coated test 

surfaces. It has been well documented that platelets do not adhere readily to surfaces 

covered with albumin [Packham et al, 1969 ; Park et al, 1986 ; Amiji et al, 1992]. 

Therefore, the albumin surfaces were employed as a negative control to study the 

possibility that the apparatus itself causes significant platelet activation thereby resulting 

in elevated adhesion to any surface, even one which is known to be unreactive. Platelet 

activation may be expected to result either from platelet interactions with the cone surface 

during the experiment or from local increases in shear rate as a result of fluid turbulence, 

for example in the peripheral regions of the cone-plate gap. 

Platelet adhesion to the albumin surfaces was measured at a fluid shear rate of 300 

s·1
• This value was chosen because it was observed to elicit the greatest amount of 

platelet deposition on the collagen surface. Additionally, any flow disturbances which 
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may affect platelet-surface interactions are likely to be most significant at the highest 

shear rate. Therefore, this fluid shear rate provides a severe test of the passive nature of 

the albumin test surface. Lower rates of fluid shear are expected to yield lower values 

of platelet adhesion. 

Table 4.13 lists the measured values of platelet surface density obtained using the 

albumin surfaces. The values may regarded as essentially zero since the number of 

counts registered on the gamma counter was not significantly greater than background. 

This assertion is borne out by the SEM results shown in Figure 4.18, indicating no 

adherent platelets at all. 

Time 
(min) 

0 

2 

5 

10 

15 

Platelet Density 
(platelets/mm 2 ) 

53 :I: 19 

90 :I: 13 

104 :I: 31 

110 :I: 18 

96 :I: 18 

Table 4.13 - Platelet surface deposition on albumin-coated surface ± 95% 
confidence interval, n=4 (fluid shear rate=300 sec·1

, time=2 minutes). 

The levels of platelet adhesion observed on the albumin surfaces are drastically 

reduced in comparison to those on the collagen surfaces at fluid shear rates of 300 s·1 

(Figure 4.19). Thus, it is apparent that the apparatus does not disturb the flow or activate 

the platelets to any significant extent. 

In conclusion, it has been found that positive (collagen) and negative (albumin) 
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Figure 4.18 - SEM photomicrograph of albumin surface after exposure to platelet 
suspension for 15 minutes at 300 s·1 

control surfaces elicit a predictable platelet adhesion response when employed in the cone 
• 

and plate flow apparatus developed. The apparatus appears to produce uniform, 

essentially laminar fluid flow fields between the cone and plate, thus allowing easy 

control of fluid shear rate. In addition, the nature of the flow produced does not appear 

to stimulate platelets in a significant manner. Thus the apparatus may be utilized to study 

platelet-surface interactions for any test surface of interest which can be fabricated in the 

form of a flat film. As discussed below, the device was used to study platelet adhesion 

to a series of polyurethanes synthesized and characterized as described previously 
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Figure 4.19- Comparison of platelet adhesion to collagen and albumin surfaces at 
300 s-1 fluid shear rate. 

140 



4.5 Platelet Adhesion to Polyurethanes 

The polyurethanes described in sections 4.1 to 4.3 were developed to be tested and 

characterized as possible blood-contacting biomaterials. The promise shown by 

sulphonate-containing polyurethanes previously synthesized in this lab in terms of 

coagulation response [Santerre et al, 1992a] led to the need to examine the platelet 

response to these materials. The platelet adhesion response to non-sulphonated 

polyurethanes was also tested. A comparison of the platelet reactivity of the sulphonated 

and non-sulphonated polyurethane surfaces should help to elucidate the contribution of 

the sulphonate groups to the platelet response. 

The platelet deposition-time curves obtained using the collagen-coated surfaces 

indicate that a plateau in adhesion occurs by 10 min. Therefore, the polyurethane platelet 

adhesion studies were performed over a 10 min interval to observe the time-dependence 

of the adhesion process. Fluid shear rates of 100 and 300 s·1 were chosen to examine the 

effect of fluid shear on platelet deposition to the polyurethane surfaces. 

All of the polyurethane experiments were performed using a suspension medium 

containing albumin as outlined in Section 3.4.3. The lack of plasma proteins (except 

albumin) in the suspension medium is likely to modify the nature of the platelet-surface 

interaction relative to blood since adhesion is generally believed to be mediated by 

adhesive proteins adsorbed to the polymer surface [Brash, 1985; Lelah and Cooper, 1986 

; Packham, 1991 ; Tamada and Ik:ada, 1993] . However, the absence of plasma proteins 

simplifies the experimental system and permits the examination of the platelet interaction 

with the polymer surface itself. In addition, the absence of the coagulation system makes 

it possible to maintain normal calcium ion concentrations, which are important for platelet 

function. 

4.5.1 Non-Sulphonated Polyurethanes 

The MDA chain-extended polyurethanes were employed as "classical" 

polyurethanes analogous to the BDDS polyurethanes but without the sulphonate groups. 
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The platelet adhesion response to surfaces of this nature has been extensively studied by 

others [Lelah et al, 1986]. Such polymers are regarded as relatively biocompatible in 

comparison to other materials. Nonetheless, they are still thrombogenic and presumably 

reactive to platelets. 

The platelet adhesion response to these surfaces was measured for comparison to 

the sulphonated polyurethanes. As will be seen, the levels of platelet adhesion to the non­

sulphonated polyurethanes are markedly different from those observed for the sulphonate­

containing polymers, as one might expect. However, unexpectedly, platelet adhesion to 

these polyurethanes was observed to be much lower than to the sulphonate-containing 

polymers, suggesting, in tum, lower thrombogenicity. 

4.5.1.1 Time and Shear Rate Dependence of Adhesion 

The platelet adhesion-time curves measured from 0 to 10 min are shown in Figure 

4.21. As can be seen, the level of platelet deposition observed on the MDA-based 

polyurethanes is very low in comparison to the collagen surfaces (Section 4.4). 

In contrast to the collagen surfaces there does not appear to be any strong 

dependence of adhesion on time: the deposition values shown in Figure 4.21 are 

relatively constant although an increase in deposition is observed at 10 min and 100 s·1 

shear rate. It must be noted, however, that the levels of adhesion are much lower than 

for collagen, and accurate measurement of such small numbers of adherent platelets is 

difficult since the radioactivity levels are often no more than twice the background values. 

Therefore, the levels of deposition shown in Figure 4.21 may be regarded as very low. 

This conclusion is supported by SEM observations. 

Figure 4.21 also shows no obvious effect of fluid shear rate on the level of platelet 

deposition to the non-sulphonated polyurethanes. The absence of a shear-dependent 

adhesion response suggests that adhesion is reaction-rate limited. An increase in shear 

rate must result in an elevation of the rate of platelets transported to the test surface. 

Conversely, increased rates of shear can also be expected to exert increased shearing 
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Figure 4.21 - Platelet adhesion kinetics on MDA chain-extended polyurethanes at 
both 100 and 300 s·1 (error bars represent 95% confidence intervals). 

forces capable of dislodging adherent platelets. The low values of platelet deposition to 

the non-sulphonated polyurethane surfaces indicate that either the platelets do not readily 

adhere to the surface or adhere weakly and are dislodged. The level of platelet adhesion 

does appear to be slightly lower at 100 s·1 shear rate for both the PTMO 650/MDA and 

PTMO 980/MDA polymers up to approximately 5 min. Beyond this point, however, the 

level of adhesion at 100 s·1 is greater than at 300 s·1 for both polymers, possibly indicating 

that the platelet-surface adhesive interaction is relatively weak for these polymers. Higher 

levels of fluid shear may result in increased removal of weakly adherent platelets. 

Indeed, a gradual reduction in the number of adherent platelets over time is noted at 300 

143 



s·I, while a slight increase is observed at 100 s·1• This result would suggest that, in the 

absence of the plasma proteins (other than albumin), platelets are not able to form strong 

adhesive interactions with the non-sulphonated polyurethane surfaces. Since the adhesive 

interaction is strengthened by the spreading of the platelet after contact, it is possible that, 

in the absence of adhesive proteins, the platelet is not readily able to directly interact with 

the surface in such a way to facilitate spreading. The platelet spreading mechanism is 

believed to be mediated by the interaction of the GPIIb-illa receptor with plasma proteins 

such as fibrinogen and fibronectin [deGroot, 1990]. Therefore, in the absence of adhesive 

plasma proteins in the test system, spreading and strong platelet-surface interactions may 

not be possible. 

4.5.1.2 Effect of PTMO Molecular Weight on Platelet Adhesion 

The ratio of hard to soft segment in the surface of polyurethane solids has been 

implicated as an important physical parameter which may affect platelet deposition 

[Hanson et al, 1980 ; Costa et al, 1981]. Generally, the hard segment components are 

believed to elicit a greater thrombogenic response than the soft segment, although no 

consensus has been reached on this point. Variation of the molecular weight of PTMO 

used in polyurethane syntheses without changing the reaction stoichiometry results in 

variation of the relative contributions of the hard and soft segment. Decreasing the polyol 

molecular weight results in an increased hard segment concentration. Thus, it was 

anticipated that polyol chain length would influence platelet deposition. 

The contact angle data listed in Table 4.6 indicate that the PTMO 650 polymer is 

slightly more hydrophilic than the PTMO 980 version. The presence of hydrophilic hard 

segments at the surface is expected to increase wettability. However, the XPS data listed 

in Table 4.7 show a greater surface concentration of nitrogen (indicative of hard segment 

components) in the PTMO 980 than in the PTMO 650 polyurethane. Therefore, it does 

not appear that the hard segment contributions to these two polymer surfaces are greatly 

different. 
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The platelet deposition profiles for the PTMO 650 and PTMO 980 polymers 

shown in Figure 4.21 do not appear to exhibit any dependence on polyol chain length. 

This result can be rationalized by two considerations. First, the variation in PTMO 

molecular weights employed in the polyurethane syntheses was relatively small (650 

versus 980). Therefore, the variation in soft segment concentration resulting from the 

different polyols is not dramatically different, possibly making any changes in platelet 

response imperceptible. Secondly, Lelah et al have shown that blood response to 

polyurethanes cannot be predicted solely by hard and soft segment surface concentrations, 

but also depends on hard segment conformation [Lelah et al, 1986]. This conformation 

will obviously be a function of the type of hard segment molecules employed. On this 

basis, the similarity in the platelet deposition characteristics of the two polyurethanes 

employing PTMO 650 and PTMO 980 is not surprising since the hard segment constituent 

molecules are the same. 

The nature of the hard segment appears to be of greater importance than its 

surface concentration at least over the range studied here. Since the diisocyanate portion 

of the hard segment is identical in all of the polyurethanes synthesized, the platelet 

deposition response may be expected to be influenced mainly by the nature of the chain 

extender. This possibility is examined via the platelet response data for the sulphonated 

polyurethanes based on the BDDS and BES chain extenders. 

4.5.1.3 Scanning Electron Microscopy 

SEM observation of the non-sulphonated polyurethanes after exposure to the 

platelet suspension reveals few attached platelets. The adherent platelets observed appear 

either to have adhered to the surface singly or in small aggregates (Figures 4.22 and 

4.23). The lack of significant platelet aggregation in the present experiments in which 

fibrinogen is absent is not surprising since platelet-platelet interactions are believed to be 

facilitated by fibrinogen bridging between adjacent platelets. Additionally, surface 

aggregation has been demonstrated to increase with time up to 60 minutes, beyond the 
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experimental times investigated here [Lelah et al, 1986]. 

Figure 4.22- Platelets adherent to PTMO 650/MDA 
polyurethane A) 5 min B) 10 min 
(300 s-1 shear rate). 

In general, the adherent platelets exhibit features associated with the early stages 

of platelet activation. They appear to be dendritic in form, extending a number of spiny 

pseudopods. Several of the extended pseudopods appear to be in the early stages of 

flattening, possibly indicating a gradual transformation to the well-spread morphology 

typical of longer observation times [Goodman et al, 1989]. 
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Therefore, it appears that the platelets which remain adherent throughout the 

period of observation and preparation for SEM exhibit a typical morphological response. 

However, the number of adherent platelets observed is very low perhaps indicating that 

a significant number of adherent platelets became detached during preparation for SEM. 

Figure 4.23- Platelets adherent to PTMO 980/MDA 
polyurethane A) 5 min B) 10 min 
(300 s-1 shear rate). 
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4.5.1.4 Final Remarks on Adhesion to Non-Sulphonated Polyurethanes 

Several researchers have demonstrated high levels of platelet deposition to PTMO­

based non-sulphonated polyurethanes [Lelah et al, 1986 ; Okkema and Cooper, 1991 ; 

Park et al, 1992] in comparison to the levels observed in this work. Comparison of 

platelet adhesion results between different laboratories is complicated by the different 

experimental systems employed. However, in the other works cited, more or less normal 

quantities of the plasma proteins were present in the platelet suspension medium. Since 

adsorbed plasma proteins are believed to influence platelet adhesion, the lack of plasma 

proteins, other than albumin, in this work may be responsible for the relatively mild 

platelet response observed. 

Albumin is the only plasma protein present in the platelet suspension medium in 

this work, and the passivation of surfaces by adsorption of albumin is well documented 

as discussed previously. Therefore, it is possible that the albumin present in the platelet 

suspension medium may rapidly adsorb to the polyurethane surface rendering it passive 

towards platelet adhesion. The diffusion coefficient of albumin is greater than that of 

platelets [Slack et al, 1993] allowing the albumin to reach the surface prior to the majority 

of platelets in the fluid. Indeed, comparison of the platelet adhesion kinetics at 300 s·1 

shear rate for the non-sulphonated polyurethanes and the albumin-coated surface shows 

similar behaviour (Figure 4.24). 

The concentration of albumin in the platelet suspension medium is 3.5 mg/mL, i.e. 

about 10% of that in plasma. This concentration is however high enough that a 

monolayer of adsorbed albumin would be deposited rapidly [Silver et al, 1993c]. 

Therefore, it may be that significant surface coverage of albumin occurs during the 

platelet adhesion experiments, resulting in suppression of the platelet adhesion response. 

It thus seems likely that the low values of platelet deposition to the non-sulphonated 

polyurethane surfaces may be largely due to the nature of the test fluid employed. The 

lack of adhesive plasma proteins and the presence of albumin, a non-adhesive protein with 

respect to platelets, probably inhibits platelet-surface interactions to a large degree. Thus, 
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Figure 4.24 - Comparison of platelet deposition kinetics on MDA-based 
polyurethanes and albumin-coated surface (shear rate 300 s·1

, 

± 95% confidence intervals are shown). 

studies employing a more physiological platelet suspension medium should be carried out 

to further characterize the platelet-surface interactions of these polymers. 

4.5.2 Sulphonated Polyurethanes 

It has been shown that sulphonate ion-containing polyurethanes exhibit an 

improved blood-contacting response in comparison to conventional, non-sulphonated 

polyurethanes [Grasel and Cooper, 1986 ; Santerre, 1990]_ This improved blood 

compatibility has been demonstrated both by decreased platelet deposition and prolonged 
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plasma coagulation times on these surfaces. However, increased fibrinogen adsorption 

has also been observed suggesting the possibility that the adsorbed fibrinogen is in an 

altered condition which renders it relatively non-reactive towards platelets [Silver et al, 

1992]. The use of a fibrinogen-free platelet suspension medium in this work enables one 

to observe directly (albeit through the probable intermediary of an albumin layer) the 

interaction of platelets with the sulphonate ion-containing polyurethane surface. From the 

adhesion data in Figure 4.25, it is immediately evident that the level of platelet deposition 

which occurs on the sulphonated polyurethanes is much greater than was observed on the 

non-sulphonated polyurethanes. Thus, the incorporation of sulphonate functional groups 

into the polyurethane appears to promote platelet adhesion in the absence of fibrinogen 

and other adhesive proteins, and sulphonate groups are inherently platelet-reactive 

independent of the role of fibrinogen. 

4.5.2.1 Time Dependence of Adhesion 

The platelet adhesion-time curves shown in Figures 4.26 and 4.27 show a common 

trend of increasing levels of deposition over time in contrast to the non-sulphonated 

polyurethane deposition data. Moreover, the time-dependent nature of the adhesion was 

not universal. For example, the BES chain-extended polyurethanes exhibit a rapid 

increase in deposition followed by an essentially constant plateau value for both fluid 

shear rates tested, as was also noted for the collagen-coated surfaces. However, the 

BDDS chain-extended polymers appear to exhibit a relatively slow, continuous increase 

in platelet deposition over time at 100 s·1 and a more rapid increase in adhesion to a 

plateau value at 300 s·1
• 

The rate of platelet adhesion to the polymer surfaces is primarily dependent on the 

chain extender. For both shear rates, the BES chain-extended polyurethanes show high 

initial rates of adhesion which decrease sharply beyond 5 minutes. In contrast, the BDDS 

chain-extended polymers display a lower initial rate of adhesion, which does not fall off 

at longer times. The kinetics of platelet adhesion to the BDDS and BES-based 
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Figure 4.25 - Comparison of platelet adhesion kinetics on sulphonated and non­
sulphonated polyurethanes at 100 s·1 fluid shear rate (±95% confidence 
intervals) 

polyurethanes thus appear to be very different, suggesting that the interactions between 

the circulating platelets and these two types of polymer surface are significantly different 

The level of platelet deposition observed on the sulphonated polyurethanes is much 

greater than exhibited by the non-sulphonated polyurethanes, suggesting that platelets 

interact with the sulphonate groups in some specific manner. In fact, the level of platelet 

deposition noted for the sulphonated polyurethanes is similar to that observed for the 

collagen surfaces (Figures 4.26 and 4.27). This is somewhat surprising since it has been 
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Figure 4.26- Platelet adhesion kinetics on sulphonated polyurethanes at 100 s·1 fluid 
shear rate (±95% confidence intervals) 

reported by others that platelet deposition on sulphonated polyurethanes is less than on 

non-sulphonated polyurethanes [Okkema et al, 1991 ; Ito et al, 1991]. However, it should 

again be stressed that the studies of Okkema et al [1991] and Ito et al [1991] were 

performed in the presence of the adhesive plasma proteins. 

It is evident that, at both fluid shear rates employed, the level of platelet 

deposition is strongly dependent on the type of sulphonated chain extender employed. 

Since the level of sulphonation is mainly dependent on the molecular weight of the polyol 

and was found to be similar for the BES and BODS chain extended polyurethanes, it 
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Figure 4.27 - Platelet adhesion kinetics on sulphonated polyurethanes at 300 s·1 fluid 
shear rate (±95% confidence intervals) 

appears that the platelet adhesion response may also depend on the chemical environment 

of the sulphonate groups at the polymer surface. Additionally, since each BES molecule 

contains one sulphonate group, while each BDDS molecule contains two, the surface 

distribution of sulphonate groups may be distinctly different, and this may also play a role 

in the platelet-surface interactions. The chemical structure of the chain extender may also 

affect platelet interactions. The sulphonate group of theBES molecule is attached to the 

end of a short aliphatic side chain while the BDDS sulphonate groups are attached 

directly to the aromatic benzene rings of the molecule. It is possible that the BES 
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sulphonate groups may have greater mobility, permitting them to interact more readily 

with sites (receptors) on the platelet membrane. The effect would be similar to the spacer 

molecule concept used in grafting heparin and other "ligands" to surfaces in an attempt 

to enhance activity while bound [Ebert and Kim, 1982 ; Han et al, 1989 ; Park et al, 

1992]. 

Another possible explanation for the effect of the chain extender on platelet 

adhesion may lie in the degree of flexibility or conformational mobility that the chain 

extender imparts to the polymer molecules. The BES chain-extended polymers are 

expected to be more flexible than the BDDS polymers since the BES molecule has more 

conformational mobility than BDDS. As well, the decreased hard segment crystallization 

noted in the BES polymers may indicate enhanced hard segment mobility within the hard 

domains. Increased conformational mobility may allow for more rapid surface 

reorientation of the polar hard segment components when the polymer is exposed to the 

aqueous environment of the platelet suspension. This reorientation could serve to increase 

the sulphonate content at the polymer surface. The low values of receding water contact 

angle for the BES polyurethanes (Table 4.6) suggest that the surface region reorients on 

exposure to the water drop, and since the BES polymers showed significantly lower 

receding contact angles than the BDDS polymers, it is possible that the BES polymer 

chains are more mobile in the film surface. Increased conformational mobility may also 

lead to greater hard segment enrichment at the aqueous polymer interface and, thus, 

greater sulphonate ion content at the interface available to interact with the circulating 

platelets. It must be noted that the XPS data (Table 4.7) do not show significantly 

elevated sulphur concentrations for the BES in comparison to the BDDS polymers. 

However, the in vacuo environment of the XPS analysis may inhibit any surface 

reorientation favouring the polar sulphonate groups. 
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4.5.2.2 Shear Rate Dependence of Adhesion 

The adhesion data are regrouped to show the shear rate dependence of adhesion 

to the sulphonated polyurethanes in Figures 4.28 and 4.29. The BDDS chain-extended 

polyurethanes (Figure 4.28) exhibit a significant shear rate dependence, with a marked 

increase in adhesion at 
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Figure 4.28 - Platelet adhesion kinetics on BDDS chain-extended polyurethanes at 
100 and 300 s·1 shear rates (±95% confidence intervals). 

at 300 s·1 compared to 100 s·1 up to 10 min where the adhesion becomes similar. The 

data thus suggest a strong shear rate dependence of adhesion at short times. However, 

since the level of deposition obtained at 100 s·1 is significantly lower than observed on 
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Figure 4.29- Platelet adhesion kinetics on BES chain-extended polyurethanes at 100 
and 300 s·1 fluid shear rate (±95% confidence intervals) 

the collagen surfaces (assumed to be transport-limited), it is very likely that the adhesion 

mechanism is also reaction rate dependent and that not every platelet that is transported 

to the surface adheres. 

Interestingly, a strong dependence of platelet deposition on shear rate is not 

observed for the BES polyurethanes (Figure 4.29). A slight increase in deposition is 

evident with increasing shear rate, but the effect is very small compared to that observed 

for both the BDDS polymers and the collagen surfaces. This observation would suggest 

that platelets are more reactive to the BES than to the BDDS polymer. The similarity of 
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platelet adhesion kinetics on theBES polymer and the collagen surface at 100 s·1 suggest 

that the adhesion reaction is transport-limited under these conditions. However, as the 

shear rate increases and more platelets are transported to the surface in a given time, the 

interaction will become reaction rate limited and there does not appear to be a great 

dependence on fluid shear rate. This explanation implies that the reactivity of the BES 

polymer is such that at short times any platelet that is transported to the surface 

immediately reacts. At the higher rate of shear, the rate of transport of platelets to the 

surface presumably exceeds the rate of reactivity of the platelets with the surface. Thus, 

a transition from transport to reaction rate-limited adhesion occurs. It would be possible 

to test this hypothesis by measuring the platelet deposition to the BES polymers at lower 

fluid shear rates such as 50 s·1
• In this case, the shear rate dependence may become 

evident as a reduced rate of platelet transport to the surface which will presumably lead 

to reduced levels of platelet adhesion. 

4.5.2.3 Effect of Polyol Chain Length 

Variation of the polyol chain length employed in the polyurethane synthesis gave 

significantly different levels of sulphonation. Increasing polyol chain length was observed 

to result in decreasing sulphur content (Table 4.3). It was therefore expected that a 

dependence of platelet adhesion on polyol chain length would be observed. In general, 

however, such a dependence was not readily apparent. A small increase in platelet 

deposition is seen for the PTMO 650/BES compared to the PTMO 980/BES polymer at 

both 100 and 300 s·1 shear rate (Figure 4.29). However, no dependence of platelet 

deposition on polyol chain length is observed for the BDDS chain-extended polymers at 

either shear rate (Figure 4.28). Work by Okkema et al [1991] (using an ex vivo dog 

experiment) showed no difference in platelet deposition for two BES chain-extended 

polyurethanes of differing sulphur content. 

Therefore, it appears that the polyol chain length employed has little effect on the 

levels of platelet adhesion on sulphonated polyurethanes. The absence of any polyol 
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chain length dependence was also noted for the non-sulphonated polyurethanes (Section 

4.5.1.2). The dramatic dependence of platelet adhesion levels on the type of chain 

extender suggests that above a certain threshold the concentration of the sulphonate 

groups is less important for platelet adhesion than the other properties imparted to the 

polyurethane by the chain extender such as conformational mobility and hard segment 

domain structure. 

4.5.2.4 Scanning Electron Microscopy 

The morphology of adherent platelets is indicative of the reactivity of the surface 

in contact. For example, differences in platelet spreading may be indicative of differences 

in thrombogenicity of these surfaces [Goodman et al, 1989 ; Park et al, 1990]. Scanning 

electron microscopy performed on the sulphonated polyurethanes revealed adherent 

platelets which were generally in the early stages of activation and spreading (Figures 

4.30- 4.33). The adherent platelets exhibit pseudopod formation and some spreading, and 

appear to adhere singly to the polyurethane surfaces, generally displaying an absence of 

platelet-platelet interactions. 

The zero time adherent platelets on all four sulphonated polyurethane surfaces 

appear to be in the very early stages of spreading, exhibiting long, thin pseudopods and 

essentially spherical granulomere (Figures 4.30 - 4.33). As the exposure times are 

extended to 5 and 10 minutes the adherent platelets display pseudopods which have 

flattened and spread somewhat, in some cases merging to give a characteristic "fried egg" 

appearance [White and Gerrard, 1978]. As well, the central granulomere is easily 

distinguishable and relatively spherical in shape (Figures 4.30 - 4.33). This central 

clustering of the platelet granules is generally believed to be a precursor to granule release 

[White and Gerrard, 1978]. 

Therefore SEM appears to show adherent platelets which are in the early stages 

of the spreading reaction. The degree of spreading noted is consistent with the 

observations of Goodman et al [1989] who observed fully spread platelets on a PTMO-
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Figure 4.30 - SEM micrographs of platelets adherent to PTMO 650/BDDS at 
A) 0 min B) 5 min C) 10 min (100 s·1 shear rate) 
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Figure 4.31 - SEM micrographs of platelets adherent to PTMO 980/BDDS at 
A) 0 min B) 5 min C) 10 min (100 s·1 shear rate) 
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Figure 4.32 - SEM micrographs of platelets adherent to PTMO 650/BES at 
A) 0 min B) 5 min C) 10 min (100 s-1 shear rate) 
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Figure 4.33 - SEM micrographs of platelets adherent to P1MO 980/BES at 
A) 0 min B) 5 min C) 10 min (100 s·1 shear rate) 

162 



based polyurethane after 20 to 30 minutes of incubation in a Tyrodes buffer platelet 

suspension. It is quite possible that the platelets are interacting with the polyurethane 

surfaces in this system via an intermediary albumin layer. Park et al [1990] noted 

platelets obtained a fully spread morphology on albumin precoated glass within 

approximately 1 hour using a phosphate buffered saline platelet suspension. Thus, it 

seems reasonable to conclude that if the experimental times were extended in this system, 

a gradual progression to fully spread platelets would be observed. 

In addition, it is apparent from the SEM micrographs of Figures 4.30 - 4.33 that 

some significant surface irregularities are present on the polymer surfaces. For example, 

the PTMO 980/BDDS polymer surfaces exhibit "humps" in the surface which are about 

10 IJ1ll in diameter. These "humps" are believed to be bubbles in the film that originated 

during the f:tlm casting procedure. Why the PTMO 980/BDDS films were the only ones 

to exhibit these structures is uncertain. The surfaces of the BES polymers appear to be 

"pitted" showing relatively large "craters". These features are believed to result from the 

existence of small air bubbles in the film casting solution as well as the some polymer 

degradation, due to the slight solubility of the polymers in ethanol, which is used in the 

SEM preparation. 

4.5.2.5 Concluding Remarks on Platelet Adhesion to Sulphonated Polyurethanes 

The relatively high level of platelet deposition on the sulphonated polyurethanes 

1s not in agreement with previously reported data [Grasel and Cooper, 1989]. 

Sulphonation of polyurethanes has generally been found to reduce the number of adherent 

platelets observed [Okkema et al, 1991 ; Ito et al, 1991]. In contrast, it is apparent from 

the work reported here that sulphonation results in greatly enhanced platelet deposition. 

Interest in incorporating sulphonate functional groups is potentially to impart 

heparin-like properties to the polyurethane surface rather than to influence directly platelet 

interaction properties [Grasel and Cooper, 1989]. Nonetheless, it is pertinent to consider 

knowledge of the interaction of heparin with platelets. Heparin is believed to bind to 
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platelets by an ionic interaction between the negatively charged sulphate groups of 

heparin and positively charged amino acids on the platelet membrane [Sobel and 

Adelman, 1988]. This mechanism is believed to play a role in heparin-associated 

thrombocytopenia [Sobel and Adelman, 1988 ; Greinacher et al, 1993]. Therefore, it 

appears that the ability of platelets to interact directly with sulphonate functional groups 

may be significant and is likely the mechanism responsible for the relatively high levels 

of platelet deposition observed on the sulphonated polyurethanes. 

The non-thrombogenic response previously noted for sulphonated polyurethanes 

[Grasel and Cooper, 1989 ; Ito et al, 1991] may be due to the nature of fibrinogen and 

thrombin binding to the sulphonated polymer surface. This binding is believed to 

interfere with fibrin formation and act in a heparin-like way to catalyze the inhibition of 

thrombin by ATIII [Silver et al, 1992]. As well, fibrinogen may bind to the sulphonated 

surface in such a way as to inhibit the ability of the molecule to interact with platelet 

membrane receptors, resulting in a surface which is somewhat passive towards platelet 

adhesion [Lindon et al, 1986]. The experimental system used by Okkema was an ex vivo 

dog shunt, i.e. non-anticoagulated whole blood. Ito et al used an in vitro experiment with 

a plasma medium. Therefore, the proposed non-thrombogenic action of the sulphonate 

groups via interactions with the plasma proteins presumably occurred before platelet 

arrival at the surface. The lack of significant quantities of plasma proteins other than 

albumin in the experimental system employed in this work could thus serve to alter 

significantly the platelet response observed. It appears that in the absence of these plasma 

proteins, platelets are able to interact strongly with sulphonate groups on the polyurethane 

surface. The presence of significant quantities of albumin in the platelet suspension 

medium does not appear to inhibit platelet adhesion to the sulphonated polymers. This 

suggests (a) that albumin does not readily adsorb to the sulphonated surfaces, or (b) that 

adsorption alters the conformation of albumin to render it platelet-reactive, or (c) that 

albumin does adsorb to the surfaces but is easily displaced allowing direct platelet-surface 

interaction to occur, or (d) that despite considerable albumin adsorption there is a strong 
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"see-through" effect of the sulphonate groups for platelet binding sites. Detailed studies 

of albumin adsorption to these surfaces would be required to decide among these 

possibilities, although it seems that options (c) and (d) are the most plausible. In general 

it has been found in this laboratory that sulphonated surfaces exhibit extensive protein 

binding [Santerre, 1990; Woodhouse, 1993]. Also, albumin binding on surfaces generally 

leads to profound passivation towards platelets adhesion (for example, in the present work 

as reported in Section 4.4.2), although Silver et al [1993c] have shown significant levels 

of platelet deposition on sulphonated polyurethanes precoated with albumin in a canine 

ex vivo shunt system. Thus, options (a) and (b) appear to be less likely than (c) and (d) 

to provide explanations for the high platelet reactivity of these materials in the present 

experimental system. 

In conclusion, it appears that the presence of sulphonate groups greatly increases 

the adhesive interactions between platelets in a flowing suspension and polyurethanes. 

This interaction is most likely a direct ionic interaction between the platelet membrane 

and sulphonate groups. Additionally, the level of adhesion on the sulphonated 

polyurethanes is dependent on the exact identity of the sulphonated chain extender 

employed, suggesting that the physical characteristics of the polymer imparted by the 

chain extender may also significantly influence the tendency of platelets to adhere to the 

polymer surface. The physical characteristics likely to be affected by the chain extender 

are the conformational mobility of the polymer, the hard segment domain structure and 

the hydrophilicity of the polymer. These physical properties have been implicated 

previously as determinants of polyurethane thrombogenicity [Merrill, 1987]. 

The interaction of platelets and polymer surfaces thus appears to be dependent on 

a number of physical and chemical properties of the polymer. It is evident that in the 

absence of plasma proteins (other than albumin), platelets adhere extensively to 

sulphonate-containing polyurethanes. This supports the hypothesis that the reduced 

platelet adhesion noted in plasma or blood-based systems is a result of the interaction of 

plasma proteins with the sulphonated polymer surface. 

165 



5.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary of Research 

1) A novel cone-and-plate experimental flow system was developed to study the 

interactions of platelets with any type of surface which can be fabricated in the form of 

a flat film. The device was designed to allow extensive experimental data to be gathered 

using relatively small volumes of blood since the availability of human blood is limited 

and donor to donor variation is significant due to diet, lifestyle and other differences. 

2) A series of polyurethane elastomers which were believed to have potentially 

good blood-contacting properties were synthesized and characterized. Four sulphonated 

and two non-sulphonated polyurethanes were synthesized. These polymers were 

extensively characterized both physically and chemically. In addition, the platelet 

adhesion response to these surfaces was investigated using the cone-and-plate apparatus. 

Sulphonate ion incorporation was found to have a profound effect on many of the 

physical characteristics of the polymers as well as to increase the level of platelet 

adhesion dramatically compared to analogous non-sulphonated polyurethanes. 

3) The experimental reproducibility and reliability of the cone-and-plate device 

was investigated by measuring the platelet adhesion response to control surfaces for which 

the platelet response has been documented. The control surfaces employed were collagen­

coated PVC/PMMA copolymer as a highly adhesive surface and an albumin-coated 

polymer as a minimally adhesive surface. A reproducible and predictable dependence of 

platelet adhesion on such parameters as fluid shear rate, time and hematocrit was 

demonstrated using these control surfaces, suggesting that the device may be employed 

as a reliable tool for the study of platelet-surface interactions. 

4) Effective platelet diffusion coefficients were calculated using the adhesion data 

for the collagen test surfaces. These calculations were made assuming a diffusion-limited 
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adhesion mechanism to the highly reactive collagen test surfaces. The subsequent 

regression analysis yielded diffusion coefficients which were shear rate dependent as 

expected and of the same order of magnitude as those calculated previously by other 

researchers. This provides additional evidence that the experimental device is able to 

generate reliable platelet adhesion data. 

5) Microscopic techniques were employed to examine the degree of activation of 

the adherent platelets. This type of experimental observation enables one to determine 

better the platelet reactivity of the various surfaces by observing the morphology of the 

adherent platelets. In general, the adherent platelets showed similar morphological 

responses on all of the polymer surfaces studied with respect to pseudopod formation and 

spreading which is typical of the early stages of platelet activation. 

5.2 Conclusions 

1) A series of sulphonated polyurethanes were synthesized and characterized. The 

molecular weights of the polymers were analyzed by GPC and ranged from 35,000 to 

50,000, large enough to impart satisfactory mechanical properties to the polymers. 

Elemental and XPS analyses showed an increasing sulphonate content with decreasing 

PTMO molecular weight as expected due to an increasing contribution of the sulphonate­

containing hard segment to the polymer chain. 

2) Differential scanning calorimetry provided some insight into the structural 

morphology of the polymers. Polyol chain length affected both the glass transition 

temperature (T
8

) and the hard domain crystalline melt temperature (Tm). An increase in 

phase-mixing of the PTMO 650 polyurethanes was evident from the elevated T
8 

values 

observed for these polymers. As well, the crystalline melt temperature was observed to 

decrease with decreasing PTMO molecular weight indicating less efficient hard segment 

packing. In addition, the BES chain-extended polymers showed decreased values of Tm 

in comparison to the analogous BDDS polymers. This is likely to be due to the 

disruption of hard segment packing as a result of the pendant side chain group of BES. 
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3) All of the sulphonated polyurethanes displayed significant water absorption 

when measured over a 20 day period. The degree of water absorption displayed by the 

sulphonated polymers appears to be an indicator of bulk sulphonate content with relatively 

small increases in sulphur content resulting in large differences in the water uptake 

responses. 

4) X-ray photoelectron spectroscopy and water contact angle measurements were 

carried out to investigate the surface properties of the polyurethanes. Contact angle 

analysis showed an increased hydrophilicity for the BES in comparison to the BDDS 

polymers despite the fact that the bulk sulphur contents measured by elemental analysis 

were very similar. No simple correlation between bulk sulphur content and water contact 

angle was evident. The data obtained by XPS agreed broadly with the elemental analysis 

concerning bulk sulphur content A trend of decreasing nitrogen and sulphur content at 

the surface was evident and indicative of soft segment enrichment at the polymer surface 

as expected for the vacuum environment of the XPS experiment. 

5) The experimental cone-and-plate apparatus developed to study platelet-surface 

interactions was tested under varying experimental conditions using collagen and albumin 

coated polymers as test surfaces. Using the collagen-coated surfaces, a dependence of 

adhesion on time and shear rate, which was predictable from previous research reported 

in the literature, was observed. Increasing time led to increasing levels of adhesion to a 

plateau value and increasing shear rate resulted in increasing adhesion as well. In the 

absence of shear, very little platelet adhesion was observed over the range of times 

observed. 

6) The presence of red cells in the platelet suspension was also investigated. In 

the absence of red cells, very little adhesion was observed over the time of study. In fact, 

the level of adhesion in the absence of red cells was similar to that observed for the static 

experiment, thus highlighting the ability of red cells to increase effective platelet diffusion 

in shear flow. 

7) The adhesion data obtained using the collagen-coated materials was used to 
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calculate effective platelet diffusion coefficients. A trend of increasing diffusion 

coefficient with increasing fluid shear rate and a reasonably good agreement of the 

diffusion coefficient values with those obtained by other researchers was apparent 

indicating that the apparatus yields reliable platelet adhesion data. 

8) The use of an albumin coated test surface resulted in essentially no adherent 

platelets at even a high rate of shear (300 s·1
). This indicates that the device does not 

serve to activate platelets to the extent that they will bind to normally non-adhesive 

surfaces. 

9) Microscopic techniques were employed to characterize the adherent platelets. 

SEM showed platelets in the early stages of activation with pseudopod formation and 

spreading apparent. Light microscopic analysis showed an essentially uniform layer of 

adherent platelets over the sample disk surface as expected since the fluid shear rate is 

expected to be constant across the sample. 

10) Very high levels of platelet adhesion were observed for the sulphonate­

containing polyurethanes. The non-sulphonated analogs exhibited very little adhesion at 

any time or shear rate tested while the sulphonated polymers showed a characteristic 

increase with time and shear rate. 

11) Platelet adhesion to the sulphonated polyurethanes was dependent on shear 

rate and type of chain extender. The BES chain-extended polymers displayed greater 

levels of adhesion than the BDDS polymers even though the bulk sulphur contents were 

similar. Increasing levels of adhesion were observed with increasing shear rate; however, 

this trend was less dramatic for theBES polymers. 

12) Scanning electron microscopy showed adherent platelets in the early stages 

of activation. Pseudopod formation, some initial spreading and granulomere formation 

were observed on all of the polyurethane surfaces. 
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5.3 Recommendations for Future Study 

1) The use of a more physiological platelet suspension medium to perform the 

platelet adhesion experiments would be desirable. A platelet suspension containing some 

or all of the plasma proteins would yield more immediately relevant results since protein 

adsorption is believed to precede platelet-surface interactions. If possible, it would be 

most desirable to use a whole blood system with the use of an anticoagulant such as 

PPACK or heparin, which is compatible with normal calcium ion concentrations to more 

closely mimic the in vivo system. 

2) An in-depth study of the flow field in the cone-and-plate device using flow 

visualization techniques would be of benefit in assessing the range of cone rotational 

speeds and cone angles which are practical for use. Study of the possible onset of vortex 

formation at high rotational speeds would enable the experimenter to define better the 

actual flow field and the areas of turbulent and laminar flow. 

3) An investigation of red blood cell damage (lysis) caused by the apparatus 

would also be useful in determining the safe operating range of the device. For example, 

red cell damage would be more likely to occur at higher rotational rates, thus limiting the 

use of the device to slower rotational speed studies. Additionally, the level of platelet 

adhesion to the cone and well surfaces should be studied and the most platelet passive 

materials should be utilized for cone and well fabrication. 

4) In addition, other experimental responses could be studied in relation to 

platelet-surface interactions using the experimental apparatus. These include platelet 

release reactions, platelet microparticle formation, and specific platelet receptor-ligand 

binding. As well, the addition of an inverted microscope to the apparatus would allow 

for real-time adhesion observation. 

5) With regard to polyurethane development, a wider range of sulphonate ion 

incorporation would be useful to ascertain better the effect of this functionality on the 

platelet adhesion response to these surfaces. Although the range of sulphonate 

incorporation is limited by materials considerations such as water solubility and material 
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flexibility, it is possible to achieve a wider range of sulphonate concentrations than was 

synthesized here while still retaining the desirable mechanical properties associated with 

polyurethanes in general. 

6) It would be of interest to examine the adsorption profiles of several plasma 

proteins (fibrinogen, albumin, antithrombin III, etc.) to the polyurethanes synthesized. In 

particular, the adsorption characteristics of albumin would be of interest since albumin 

is the only plasma protein present in the platelet suspension medium and albumin-coated 

surfaces have been shown to be anti-adhesive towards platelets. Indeed it is possible that 

some of the differences in adhesion observed among the surfaces are due to differences 

in albumin adsorption. 

7) Finally, it would be of interest to investigate the surface chemistry of the 

polyurethanes developed in the hydrated state using cold stage XPS [Silver et al, 1993]. 

It is widely held that the hydrated surface chemistry of polyurethanes is significantly 

different from the non-hydrated form, with the presence of the high energy hard domains 

being favoured at the surface. Since, the sulphonate groups in the polymers produced 

here are present in the hard segment, it is possible that a significant increase in the 

surface concentration of these groups would occur in the hydrated state. As well, since 

the platelet suspension medium is an aqueous solution, it would be more relevant to study 

the surface chemistry of the polymers in the hydrated form. 
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APPENDIX A 

* The following preparations were obtained from D. W. Perry. 

TYRO DES BUFFER PREPARATION 

Stock Solution I 

* 

NaCl 
KCl 
NaHC03 

NaH2P04 

160 g 
4g 

20 g 
1 g 

Make up to 1.0 Litre with deionized, distilled water. 

Stock Solution II 

* 

0.1 M Mol. Wt.=203.31 

Dissolve 20.33 g in 900 mL of deionized, distilled water. Bring to a total volume 
of 1.0 L. 

Stock Solution III 

* 

0.1 M Mol. Wt.=219.09 

Dissolve 21.91 gin 900 mL of deionized, distilled water. Bring to a total volume 
of 1.0 L. 
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PLAIN TYRODES 

To 50 mL of Stock Solution I, add deionized water to make 1.0 L. Adjust pH to 
7.35. 

TYRODES ALBUMIN 

To 50 mL of Stock Solution I, add 750 mL of deionized water, 10 mL of Stock 
Solution II, and 20 mL of Stock Solution III. Dissolve 3.5 g of Bovine albumin (obtained 
from Boehringer Mannheim - fatty acid free) and 1.0 g of dextrose. Dilute to 1.0 L, 
adjust pH to 7 .35, mOs 290. 

ACID CITRATE DEXTROSE PREPARATION 

* 

Trisodium Citrate 
Citric acid 
Dextrose 

25 g 
14 g 
20 g 

(or citric acid monohydrate 15 g) 

Dissolve in 1.0 L of deionized water, adjust pH to 4.5, mOs 450. Use 1 part ACD 
solution plus 6 parts whole blood. 
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ACETIC ACID SOLUBLE COLLAGEN PREPARATION 

1) 

2) 

3) 

4) 

5) 

6) 

* 

Add 12 mL of glacial acetic acid to 388 mL of distilled water. 

Add 1 g of Sigma bovine tendon collagen and allow to hydrate overnight at 4 oc. 

Homogenize collagen solution at full speed for 30 min in ice using 1 quart 
container of Sorvall omninex homogenizer. 

Centrifuge homogenate at 2500g for 15 min at room temperature. Pellets formed 
should be very small, if any. 

Pool all collagen (buttons and supematent) and mix by stirring. Suspension should 
appear silky. If suspension looks granular, rather than silky, repeat steps 3,4 and 
5. 

Store collagen in aliquots at 4°C. Do not freeze. 

Dilutions should be made in cold, unbuffered media, preferably 0.9% NaCl. 

Collagen 
pH 
mOs 
Acetic acid 
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0.25% 
2.8 
540 
0.522 M 



APPENDIX B: NMR Spectra of Polyurethanes 
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