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Complement activation induced by segmented polyurethane and polyurethaneurea was 
studied. The polymers were synthesized from ABA-type triblock copolyether as a prepolymer, 
where A represents poly(ethylene oxide) (PEO) and B represents poly(tetramethylene oxide). 
The PEO contents in the triblock copolyethers were 0, 31 and 62 mol%. The whole 
complement in serum was activated via the classical and the alternative pathways. The 
contribution of the fourth complement component (i.e. the classical pathway) became larger 
with increasing PEO content in the polymers, due to the increased hydrophilicity of the 
polymer surface. The activation of the alternative pathway was affected by the concentration 
of NH groups and the degree of swelling of the polymer. 

1. I n t r o d u c t i o n  
The early rese~ch devoted to blood-compatible bio- 
medical materials was essentially concerned with the 
prevention of {hrombus formation, which was in- 
itiated by a direct contact of blood and the surface of 
materials. Recently, other adverse reactions on the 
interface have been found to be important with the 
development of various biomedical materials. Among 
them the activation of the complement system in 
blood on the surface of polymeric materials has been 
recognized to be one of the factors determining their 
biocompatibility. In the extracorporeal circulation the 
early reduction of leukocyte counts has been noted, 
since it was first described in 1960 [1]. This leukocyte 
reduction was demonstrated to be due to the comp- 
lement activation via an alternative pathway [2]. It 
was estimated that activated complement components 
produced intravascular granulocyte aggregates, which 
were entrapped in the lung. 

From these backgrounds, various polymers, which 
were used for extracorporeal circulation, were evalu- 
ated for their activation of complement system [3, 4]. 
In addition to these early results, several studies have 
recently disclosed the relationship between the chem- 
ical structure of the polymer surface and the activation 
mechanism of the complement system. For example, 
the effects of hydroxyl groups [5-8], ionic groups 
[9 13], crystallinity [14] and hydrophilic or hydro- 
phobic character [14, 15] of the polymer surfaces were 
investigated. The relationship between blood coagula- 
tion and complement activation was also discussed 
[6, 12, 16-18]. 

Among the polymers developed for biomedical uses, 
polyurethanes have been known to be useful for artifi- 

cial hearts and blood vessels, since Boretos and Pierce 
[19] reported in 1968 that a segmented polyurethane- 
urea showed a good thromboresistance as well as 
excellent mechanical properties. Segmented polyur- 
ethane and polyurethaneurea are among the thermo- 
plastic elastomers [20] with a general structure 
(A B),, where A is the hard segment and B is the soft 
segment, i.e. they are among multiblock copolymers. 
The soft segment is usually composed of a polyether or 
polyester chain having molecular weight between 600 
and 3000. The hard segments are formed from diiso- 
cyanate and diamine or diol, which aggregate to form 
glassy or semicrystalline domains in the soft segment 
matrix. Namely, micro-phase separation is observed. 
At a service temperature, the soft segment matrix is in 
a rubbery state and the hard segment domain exhibits 
two functions, i.e. as a thermally reversible cross-link 
and as a reinforcing filler. The micro-phase separation 
in multiblock eopolymers is schematically shown in 
Fig. 1. The isolated particles of hard segment domains, 
which are indicated by cyclic broken lines, are dis- 
persed in the continuous phase of soft segment matrix. 

A good thromboresistance and excellent mechan- 
ical properties of polyurethanes are explained in terms 
of their micro-phase separated structure [21-24]. 
Among biomedical materials, Biomer ® is the most 
well known, and it was used as,one of the raw mater- 
ials to fabricate the implantable artificial hearts [25]. 
Biomer® is chemically a segmented polyurethaneurea 
(SPUU) prepared from hydroxyl-terminated poly- 
(tetramethylene oxide) (HT-PT), 4,4'-diphenylmeth- 
ane diisocyanate (MDI) and ethylenediamine (ED). 
Pellethane® is a commercially available biomedical 
grade segmented polyurethane prepared from 

] 1 0 0022-2461/91 $03.00 4- .12 © 1991 Chapman and Hall Ltd. 



Figure I Micro-phase separation in segmented multiblock 
copolymers. Dotted circles: the hard segment domains. 

HT-PT, MDI and 1,4-butanediol [25]. Moreover, 
quite a few polyurethanes were reported to show a 
good blood compatibility: segmented polyurethane- 
ureas from poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) [26], polyurethanes 
from poly(tetramethylene oxide) (PTMO) and poly- 
(ethylene oxide) (PEa) blends [27], PEa-grafted 
polyurethanes [28-30] and heparin-PEO-grafted 
polyurethanes [28, 293, to name a few. In many cases, 
the introduction of P E a  units was found to improve 
the biocompatibility. 

Recently, we reported syntheses and properties of 
segmented polyurethanes [31-33] and polyurethane- 
ureas [32-37] that displayed very good blood com- 
patibility and excellent mechanical properties as an 
elastomer. In the preparation of our segmented poly- 
urethane (SEU) and segmented polyurethaneurea 
(SEUU), ABA-type triblock copolyethers were em- 
ployed as prepolymers, where A is PEa,  and B is 
PTMO. These SEU and SEUU are more hydrophilic 
than PTMO-based polyurethanes. A catheter, artifi- 
cial blood vessel and drug delivery matrix [33] are 

among potential applications of these biocompatible 
polyurethanes. In the preliminary communication 
[36], it was reported that SEUU activated the com- 
plement system and the degree of activation became 
more with the increase of P E a  content. In this report 
the complement activation pathways by SEU and 
SEUU, and the effect of the introduction of P E a  units 
on the activation mechanism of complement system 
are described. 

2. Mater ia ls  and m e t h o d s  
2.1. Materials 
SEU and SEUU were prepared by the prepolymer 
method,, as described in previous papers [31, 34]. Seg- 
mented polyurethane (SPU) and polyurethaneurea 
(SPUU), whose soft segment was PTMO, were used as 
control samples. The chemical structures of segmented 
polyurethane and polyurethaneurea are shown in 
Fig. 2 with those of their starting materials. The anti- 
thrombogenicity of these polyurethanes and some 
properties are summarized in Table I [31,35]. 
Swelling (%) in Table I was measured by equilibrating 
the polymer films in 0.1 M phosphate buffer solution 
(pH = 7.4) at 37 °C, and calculated from Equation 1 

Swelling (%) 

wt of wet sample - w t  of dry sample 
= x t00 (1) 

wt of dry sample 

where wt stands for weight. 

2.2. In vitro measurement  o f  platelet adhesion 
Sample film was put in contact with whole human 
blood for 1.5 min, then rinsed with buffer solution, and 
fixed by glutaraldehyde solution, followed by drying 
using the critical-point drying method. The surface of 
the film was subjected to observation by scanning 
electron microscopy. 

- R-C-N-m/-O-~cH2 -('-6X/-N-C-O-CH2-CH2-O-C-N -X/-6X/-CHz-<"O-~N-C-O ~ 
II I ~ ~ I II II I w ~ I II I 
OH H a  OH H a  "X 

Soft segment Hard segment 

Segmented polyurethane 

f R-C-N @ CH2 ~ N-C- N- CH2-CH2-N-C- N ~ CH2~N- C-O ~-- 
II I ~ ~ I II I I II I ~ "-"-" I II I 

OH H O H  H O H  H a  ~Y 

Soft segment Hard segment 
Segmented polyurethaneurea 

R" -(CH2-CH2-CH2-CH2-O-)- n (SPU or SPUU) 
-(CH2-CH2-O~--~CH2-CH2-CH2-CHz-O)-~CH2-CH2-O)-n- n (SEU or SEUU) 

Prepolymer : HO-(-CHz- CHz-CHz-CHz-O~mH (HT-PT) 
HO-(-CHz-CHz-O~-CHz-CHz-CHz-CH2-O)m)~CH2-CHz-O-~nH (HT-ETE) 

Diisocyanate : OCN@CH2-~NCO (MD[) 
Chain extender : HO-CHz-CH2-OH (EG) 

HzN-CH2-CH2-NH 2 (ED) 

Figure 2 Chemical structures of segmented polyurethanes, polyurethaneureas and starting materials for their preparations in this study. 
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TAB L E I Properties of segmented polyurethanes and polyurethaneureas 

Sample Prepolymer 
code 

Mn a Mw/Mn b PEO content ° (mol %) 
CTI d 

Swelling 
(%) 

NH c 

(wt %) 

SPU-2 1830 1.5 0 
SEU-3 2490 1.5 31 
SEU-6 4040 1.3 62 
SPUU-2 1830 1.5 0 
SEUU-3 2490 1.5 31 
SEUU-6 4040 1.3 62 

3.5 
4.4 
4.9 
3.6 
4.9 
4.3 

1 
8 

59 1 
7 

32 

2.5 
2.0 
1.3 
3.7 
2.9 
2.0 

"Determined by vapour pressure osmometer. 
b Determined by gel permiation chromatography. 
c Determined by 1H-NMR spectroscopy. 
e Coagulation time index measured by the Lee-White method (in vitro test) [31, 35]. 
° NH g~'oup content from the feed composition. 

2.3. In vitro measurement of complement 
activation 

The glass beads coated with the sample polymer were 
used for the in vitro measurement of complement 
activation [14, 36]. Glass beads (meshed, and collec- 
ted beads between 48 and 60 mesh, diameter 

270 lam) were soaked in the polymer Solution 
(0.50 wt % polymer in N,N'-dimethylacetamide 
(DMAc)). After filtration, the beads were kept at 60 °C 
to evaporate the solvent. This coating procedure was 
repeated three times and finally the coated beads were 
subjected to drying under a reduced pressure at room 
temperature. The beads were immersed in gelatin 
veronal buffer (GVB) for 2 h at room temperature, and 
1.0 ml normal human serum (NHS) was added. The 
mixture (the ratio, surface area of the beads/NHS 
= 200cmZm1-1) was incubated at 37°C for 1 h. CHso, 
i.e. 50% haemolytic unit of complement, of the serum 
after the contact with polymer-coated beads was as- 
sayed according to the Mayer's method [38]: 3.0 ml 
GVB solution of the reacted NHS and the sheep 

erythrocytes which optimally sensitized with whole 
rabbit antiserum (EA) were incubated for 1 h at 37 °C. 
The absorbance at 541 nm of the supernatant solution 
was measured to assay 50% lysis. The outline of this 
measurement is shown in Fig. 3. As a reference, CH5o 
of the serum without mixing with the beads (CHso 
(ref.)) was measured, and the decrease in CHso is 
calculated as follows 

Decrease of CHso (%) 

CHso(ref.) - CHso 
= × 100 ( 2 )  

CHso(ref.) 

The larger the decrease of CHso, the more active is the 
polymer for the activation of the complement system. 

Haemolytic activity of the fourth complement (C4) 
was determined by the method of Gaither et al. [39]: 
3.0 ml GVB solution of the reacted NHS, EA and 
C4-deficient sera were incubated at 37 °C for 1 h. After 
the termination by the buffer solution containing 
disodium ethylenediaminetetraacetate (EDTA), the as- 

/•G 
/ S G V B  / u/f~ NH5 / / " ~  reacted NHS / / / " /  

VB / / / /sampling 
/ / incubation / / centrifugation> / . ~  6mr ~ / / / /  / /  after 

/ / r 2h 7 / ~~// 17h*C ~ oom temp. 
b~ad~o 0 cm 2 wet beads L ' ~ J  b~a--d~0 ~ wet bee 

reacted NHS ] 3 
C4-deficient sera (10 ~ 50 pl) 1 mt 

in the case of C4 measurementJ / /  sampling 
/ / after 

incubation3?oclh ~ ~ c e n t r i f u g a t i o n  

Figure 3 Experimental procedure for the complement activation in normal human serum by the beads method. 
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say of 50% lysis was conducted by ultraviolet spectro- 
metry. The larger the decrease of C4 activity, the 
greater is the classical pathway activated. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Activation of the whole complement 

system 
CHso is an indicator which shows the activation of the 
whole complement system by the polymer covering 
the glass beads. The decreases of CHso for segmented 
polyurethanes and polyurethaneureas are shown in 
Fig. 4. In both the segmented polyurethanes and the 
polyurethaneureas, it is noted that the decreases of 
CHs0 in serum become larger with increasing PEO 
content. However, it is also noticeable that the de- 
creases observed for all the present polyurethanes 
were much smaller than those for ethylene-vinyl alco- 
hol copolymer having 32% ethylene (EVAL-32) and 
cellulose. 

The increase of PEO content is associated with the 
increase of hydrophilicity of these polymers. The 
complement system is considered to be activated by 
the enhancement of the hydrophilicity of soft segment 
matrix. The results of this study is in accord with the 
general trend [14, 15], i.e. the hydrophobic surface did 
not activate the complement system, while the hydro- 
philic one did. The decrease of CHs0 by the segmented 
polyurethane was less than that by segmented poly- 
urethaneurea when compared with the same PEO 
content samples° The reason for this difference and the 
observed applicability of the general trend are dis- 
cussed in the next section in relation to the mechanism 
of complement activation. 
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Figure 4 Decrease of CHso for segmented polyurethanes and 
polyurethaneureas. The results for EVAL-32 and cellulose are taken 
from [14]. 

3.2. Mechanism of complement activation: 
experimental results 

It is well known that the complement activation takes 
place via two routes, i.e. the classical and the altern- 
ative pathways [40], which are depicted in Fig. 5. In 
this study, the haemolytic activity of C4 was measured 
by Gaithers' Method in order to elucidate the mech- 
anism of complement activation. The cleavage of C4 
by the activated C1 is specific for the classical path- 
way. The results of the measurement of C4 activity are 
shown in Fig. 6. The activation of C4 became more 
predominant with increasing PEO content both in the 
segmented polyurethane and in the segmented poly- 
urethaneurea. The result showed that the larger the 
PEO content, the greater the activation via the classi- 
cal pathway. 

In Fig. 7, the activation of the whole complement 
system against PEO content is shown together with 
the contribution of each pathway. The change of the 
activation of the classical pathway showed the same 
tendency as that of the whole complement system. The 
dotted line in this figure shows the contribution of the 
alternative pathway to the whole complement activa- 
tion, which was obtained from the difference between 
the decrease of CHso and the decrease of C4. The 
activation of the classical pathway by SPU-2 and 
SPUU-2 was not detected. In other words, only the 
alternative pathway worked if liydrophilic PEO units 
were absent in the polymers. However, both classical 
and alternative pathways were activated in the poly- 
mers containing PEO units. 

3.3, Mechanism of complement activation: 
discussion 

The results in Fig. 7 indicate that the hydrophilicity of 
the polymer was very influential on the mechanism of 
complement activation. This effect is interpreted by 
considering three factors: the adsorption of V- 
immunoglobulin G (IgG), the reaction of NH groups 
with C3, and the effect of swelling of the polymers. 
Each factor is explained in detail. 

The IgG-coated surface is known to activate the 
complement in a manner very similar to the activation 
by the immune complex [41, 42]. The deposition of 
IgG on to a foreign surface may create a "pseudo 
antigen-antibody" complex which activates the classi- 
cal pathway [71. The molecule of IgG is Y-form and 
consists of an Fab part and an F~ part. F,b relates to the 
antigen-antibody reaction and F c is responsible for 
the reaction with complement or the cell which has an 
F c receptor. It is anticipated that the Fau part is 
hydrophilic, but F~ is hydrophobic [43]. With the 
increase of hydrophilicity of the present polymer sur- 
face by the introduction of the PEO segment, IgG 
would become adsorbed on the polymer surface, in 
such a manner that its hydrophilic Fau would orient 
towards the polymer surface and its hydrophobic Fc 
would orient towards the blood, as shown in Fig. 8 
[44]. As the results of its selective orientation of IgG, 
the classical pathway of complement might be acti- 
vated on SEU or SEUU as illustrated in this figure. 
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Classical 
pathway C1 

C4+C2 ~ C4b,2a complex 
I f 

Alternative C3 ~ C3a*C3b 
pathway ................... i l 
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C5a÷15b ;C5b-9 

complex 

Figure 5 Mechanism of the activation of complement system: the classical and alternative pathways. 
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Figure 6 Decrease of C4 activity for segmented polyurethanes and 
polyurethaneureas. 

It was also reported [17] that the protein in serum, 
tended to physically and weakly bond to the surface of 
segmented polyurethaneurea having a PEO segment, 
and was more liable to desorb from it compared with 
that without a PEO segment. The deformation of 
protein becomes difficult on the hydrophilic poly- 
urethane. Therefore, the IgG receptor for the com- 
plement activation is not considered to be appreciably 
deformed on the hydrophilic SEU or SEUU surface. 
This will also be one of the factors for the activation 
of C4. 

The complement activation via the alternative path- 
way involves substances which are able to bind dir- 
ectly to the third component of complement (C3), and 
this reaction occurs through a transesterification of 
the protein fragment C3b with a nucleophilic group, 
like sugar or primary amine [45]. 

In the case of polyurethane, NH groups are present 
in their hard segments. Therefore, its NH group may 
activate the alternative pathway. Fig. 9 shows our 
estimation of how NH groups activate the alternative 
pathway. It is estimated that the larger the concentra- 
tion of free NH groups on the surface, the greater is 
the activation via the alternative pathway. Hence the 
alternative pathway is speculated to be more activated 
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Figure 7 The complement activations as a function of the PEO 
content in the segmented (©, [], A) polyurethanes and (O, n, A) 
polyurethaneureas. 

by the segmented polyurethaneurea than by the seg- 
mented polyurethane (see Table I for the NH group 
contents). In fact, the segmented polyurethaneureas 
showed a higher activation of the alternative pathway 
than the segmented polyurethanes, when compared 
with the same PEO content samples (see Fig. 7). How- 
ever, the effect of hard segment content did not seem 
to affect linearly its activation, as seen in Fig. 7. 

To explain this non-linearity, the effect of swelling is 
taken into account: the degrees of swelling of SEU-6 
and SEUU-6 were larger than those of SPU-2 and 
SPUU-2, although the weight percentages of NH 
groups in SEU-6 and SEUU-6 were smaller than 
those of SPU-2 and SPUU-2. The NH groups in the 
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l;Ygure 9 The mechanism of initiation of the complement activation 
via the alternative pathway on SEU and SEUU. 

highly swollen polymer surface became free from hy- 
drogen bonding among hard segments, and resulted in 
hydration. Thus the concentration of these free NH 
groups affected the activation via the alternative path- 
way. 

3.4. The relationship between 
antithrombogenicity and 
complement activation 

The relationship between the thrombus formation and 
the activation of complement system was recently 
discussed by several researchers [6, 12, 16-18]. Yet, 
none of the discussions seemed to be conclusive 
enough to establish a final relationship. Through these 
studies it is recognized as a trend that the complement 
activation was suppressed on the surfaces of anti- 
thrombogenic hi©materials. 

Fig. 10 shows the relationship between the coagula- 
tion time index (CTI) [31, 35] and the decrease of 
CHho of segmented polyurethanes and polyurethane- 
ureas used in this study. This figure suggests that the 
more antithrombogenic the polymer (the larger CTI), 
the greater is the activation of complement (the larger 
the decrease of  CHho ) with the exception of SEUU-6. 
This tendency seems to be contrary to the above- 
mentioned trend. In order to explain this difference, it 
is necessary to take the effect of serum protein adsorp- 
tion into account. Among the many kinds of serum 

SEUU-3 

0 ~ 1 1  3 ~  SEU'6 

~EUU-6 

SPU -2 

3 I I 
0 10 20 

Decrease of 0H50 (o/o) 

Figure lO The relationship between antithrombogenicity and 
complement activation of segmented (©, ~, ~ ) polyurethanes and 
(O, m, A) polyurethaneureas. (©, O) 0re©l% PEO content, 
(~, II) 31 tool % PEO content, (ZX, &) 62 mol % PEO content. 

protein the amount of albumin is the largest (~  60%), 
followed by IgG and fibrinogen. As these three kinds 
of protein comprise 70% of the serum protein, it is 
important to consider their interaction with the poly- 
mer surface. 

The adsorption of the Fab part of IgG on the 
hydrophilic surface on SEU or SEUU caused the F c 
part of IgG to orient towards blood, which activated 
the complement system as weviously mentioned. It 
can be considered that the Fc part Simultaneously 
activated platelets, because the F~ part has a sacchar- 
ide segment and the specific reactions between F~ and 
complement orplatelet occurred. Their specific reac- 
tions are not reported when the Fab part of IgG 
oriented towards blood [46]. The degree of whole 
complement activation on the hydrophilic SEU or 
SEUU was under 20%. Therefore it would be ex- 
pected that the platetet activation on these polymer 
surfaces by the F~ part was also not very important, 
because the concentration of IgG in serum protein is 
lower than that of albumin. 

Generally it was reported that the polymer surface, 
on which albumin was liable to be adsorbed, showed 
good antithrombogenicity [47]. In the report on 
micro-phase separated polymer surfaces, albumin was 
found to be selectively adsorbed on the hydrophilic 
domain [44]. Therefore, in our study it was assumed 
that the improvement of antithrombogenicity on SEU 
or SEUU by the introduction of hydrophilic PEO 
units was brought about by the adsorption of al- 
bumin, which exists in serum, protein as the major 
fraction. The effect of the F, part for the platelet 
activation would be much lower than that of albumin. 
In relation to this explanation, the adsorptions and 
the deformations of platelets on SEUU-3 and on 
SPUU-2 are shown in Fig. 11. On the surface of more 
hydrophilic SEUU-3, both the adsorption and the 
deformation of platelets were found to be less than on 
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Figure 11 Scanning electron micrographs of platelets adhered to the surfaces of (a) SPUU-2 and (b) SEUU-3. 

SPUU-2. This result is also explained by the selective 
protein adsorption. The lowering of antithromboge- 
nicity of SEUU-6, as shown in Fig. 10, is not explained 
by the discussions so far. At present we may only point 
out a probable reason as follows: the polymeric mater- 
ials which induce many C3b fragments (i.e. the greater 
the activation of the complement system) were re- 
ported to promote the thrombus formation mediated 
by leukocytes [18]. This mediation resulted in the 
lowest antithrombogenicity of SEUU-6 because 
SEUU-6 showed the highest decrease of CHs0 (i.e. the 
highest activation of the complement system) among 
the polymers examined in this report. 

4. Conclusion 
The activation of the complement system on the antit- 
hrombogenie segmented polyurethanes and polyur- 
ethaneureas having PEO-PTMO-PEO as the soft 
segment became larger with increasing hydrophilicity 
of the polymer surface. This trend was due to the 
activation via the classical pathway. The activation of 
the alternative pathway was affected by the concentra- 
tion of NH groups and swelling of the polymers. As 
shown in Fig. 4, the complement activations induced 
by SEU and SEUU were lower than that by EVAL-32 
[14], which is now utilized in a dialyser. Therefore, it 
seems to be justifiable to say that the extent of com- 
plement activation by SEU and SEUU is not so great 
as to annul their good blood compatibilities for use as 
biocompatible materials. 
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