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The effect and interrelationship between [(trifluoroethoxy) (fluoroa1koxy)phospha- 
primary (segmental backbone) and secon- zene], PNF. The results indicate that 
dary (side chain) molecular motions on thrombogenesis for an amorphous hydro- 
thrombogenesis, independent of morpho- phobic polymer is sensitive and dependent 
logical order/disorder, crystallinity, and/or on the degrees and types of primary and 
associated water is elucidated using an secondary molecular motions at the polymer 
amorphous hydrophobic polymer of poly- interface. 

INTRODUCTION 

In defining and correlating the surface properties of polymeric materials 
to thrombogenesis, the critical surface tension, surface free energy, electrical 
conductivity, surface charge, surface topography, and surface chemistry have 
been proposed as important fact0rs.l The aspects of primary (segmental 
backbone) and secondary (side chain) molecular motions on thrombogenesis, 
however, have received limited a t t e n t i ~ n . ~ , ~  Merril12 originally postulated 
that molecular motions at the blood-material interface may influence the initial 
deposition of the blood plasma proteins. He likened these molecular motions 
"to a field of flowers blown by the wind." Barenberg3 subsequently presented 
evidence that there is an effect of restricted and unrestricted side chain motions 
on thrombogenesis. In the above studies and in other studies: however, the 
influence of the effect of molecular motions on thrombogenesis has been 
complexed by the presence of morphological order and/ or disorder, degree 
of crystallinity, and amount of associated water. To date, no studies have been 
presented that isolate the effects of primary and secondary molecular motions 
on thrombogenesis from the above complexing factors. 
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This article provides data on the effects and interrelationships between 
primary and secondary molecular motions on thrombogenesis, independent 
of morphological order and/ or disorder and/ or surface crystallinity. The 
polymer selected for this study was an amorphous hydrophobic polymer of 
poly[(trifluoroethoxy)(fluoroalkoxy)phosphazene], PNF,5,6 (Fig. 1). The sa- 
lient aspects of this polymer are as follows: 

(1) Onset of the secondary molecular motions occurs between -160 "C and 
-120 "C. 

(2) The side chain motion can be restricted by irradiation (ultraviolet, elec- 
tron beam, or gamma). 

(3) There is no apparent ultrastructure morphology. 
(4) The PNF can be der iva t i~ed ,~  
(5) The polymer can be readily coated onto our extracorporeal test shafts7 

and irradiated thereon to alter the primary and secondary molecular mo- 
tions. 

(6) The contact angle measurementsa indicate that the fluoroalkoxy pendant 
groups comprise the surface to be interfaced in the extracorporeal blood ad- 
sorption studies. 

MATERIALS AND METHODS 

The polymer used in this study was poly[(2,2,2 trifluoroethoxy)(telomer 
fluoroalkoxy)phosphazene], PNF, [CF3CH20-,CF2H(CF2),CH2OPN], supplied 
to us through the courtesy of Firestone Central Re~earch .~  

The polymer purification was accomplished by dissolving the PNF in Freon 
TA" followed by mixing in an equal volume of distilled deionized water, DDW, 
with the Freon polymer solution. The system was allowed to phase separate. 
The Freon layer was then eluted into hexane causing the polymer to precipitate 
out. The polymer was then vacuum dried. Solutions of the purified polymer 
(10% w/v)  were prepared in acetone. Isotropic films were solvent cast in a 
closed environment in order to retard the rate of solvent evaporation and re- 
duce surface contamination. 

Ultraviolet irradiation of the PNF was done with a Hanovia 616A high- 
pressure mercury vapor lamp with an output dosage of 70 pW/cmZ at a distance 
of 50 cm. The duration of exposure used in this study ranged from 0 to 30 
h. 

The dielectric measurements were performed on a automated difference 
dielectric system.lOJ1 Films of the polymers were coated directly onto the cell 
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Figure 1. Poly[(trifluoroethoxy)(fluoroalkoxy)phosphazene]; x = 3,5,7. 

* Miller Stephenson Chemical. 
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from acetone in a closed environment. The as-cast films were run, irradiated, 
and rerun. This then allowed us to observe the effects of irradiation on the 
same film. The temperature range investigated was from -200 "C  to 100 "C 
over a frequency range from 0.234 to 20.0 kHz. 

Different dielectric measurements were obtained by placing the unirradiated 
PNF spectra in the memory of the dielectric system and subtracting the unir- 
radiated spectra from the irradiated. 

Tensile stress measurements were performed on solvent-cast (10% w /v) films 
using an Instron Tensile Testor. 

The amount of bound water associated with the PNF was measured using 
a Perkin-Elmer DSC I1 equipped with a subambient stage. The samples were 
scanned from 227 K to 303 K at 10 K/min under dry nitrogen. The heats of 
fusion of the sorbed water were calculated relative to the heats of fusion of 
indium.12 

Mass spectroscopy of the gaseous by products produced from irradiating 
the PNF was performed using a Finnigan 4000 Mass Spectrometer. 

Critical surface tension and attenuated total reflectance infrared spectros- 
copy, ATR, of irradiated and unirradiated solution cast PNF films were done 
in conjunction with Dr. Robert Baier.8 

Angular resolved ESCA of the irradiated and unirradiated PNF surfaces was 
done in conjunction with Dr. Buddy Ratner.13 

Morphological studies of the PNF were done on thin films of the polymer 
as cast from acetone (10% w/v)  onto carbon-coated glass slides. The poly- 
mer-carbon thin films were floated off the glass slides in DDW and placed on 
either nylon (for x-ray dispersion studies) or copper grids, depending on the 
analysis to be performed. 

Thin films of the polymer were cast from acetone onto carbon-coated glass 
slides. The films were placed in contact with isotonic saline for 4 h and then 
washed in DDW. A carbon film was subjected to the above saline wash 
treatment to serve as the experimental control. 

Conventional and scanning transmission electron microscopy (CTEM and 
STEM) was done on a J.E.O.L. 100 C electron microscope. The scanning 
(secondary emission) electron microscopy was done on a J.E.O.L. U3 electron 
microscope. 

The x-ray dispersion analysis was done on a J.E.O.L. 100 C equipped with 
a Princeton Gamma Tech detector and Nuclear Data software. The count times 
were on the order of 20 min at magnifications of 20,000, 30,000, and 
50,OOOX. 

The extracorporeal  shaft^,^ 303 stainless steel and polypropylene, were 
prepared by dip coating the shafts into 10.0% (w/v) solutions of the polymer 
and allowing the excess to drip off. The shafts were inverted and placed in 
a closed system to retard the rate of solvent evaporation. This technique re- 
sulted in an isotropic coating of the polymer. 

The animals used in these studies were conditioned male dogs of mixed 
breed. Access to the animals' circulatory system was accomplished via an acute 
shunt surgically implanted into the neck of the dog. The shunt was con- 



304 REICHERT, FILISKO, A N D  BARENBERG 

structed of '7/16 inch Silastic tubing anastomosed (via a silastic-coated stainless 
steel stint) to the carotid artery and jugular vein. Blood flow through the shunt 
was on the order of 1 Llmin. 

Twenty four hours prior to an experiment, 150 mL of blood was collected 
from the animal into a sterile Fenwal(450 mL) blood bag containing citrate- 
phosphate-dextrose. The platelet-rich plasma supernatant was then centri- 
fuged at 1000 g for 15 min. The platelet-poor plasma was transferred, leaving 
a residual of 2 mL with each platelet pellet. The platelets were resuspended, 
to which 300-400 pC "lIn (Diagnostic Isotropes) was added. The system was 
incubated at ambient temperature for 60 min after which 10 mL of platelet poor 
plasma was added and centrifuged at 1000 g for 15 min. The platelets were 
resuspended in platdet-poor plasma and reinfused into the animal. Addi- 
tionally, human lZ5I labeled fibrinogen was injected into the animal 24 h prior 
to the experiment. The peak fibrinogen radioactivity after infusion was ap- 
proximately 1 X lo4 cpm/mL. No anticoagulants were used prior or during 
the experiments. 

The PNF-coated shafts were assembled into the test  chamber^.^ The test 
chambers were flushed with isotonic saline in order to displace the air inter- 
face. The blood flow through each of the chambers was adjusted to 200 
mL/min using a Ward's doppler. flow ultrasound cuff. The rotation of the 
shafts were maintained at 200 rpm. Under these conditions a laminar flow 
regime was maintained with a shear rate of 150 s-l. Experiments were carried 
out for time periods of 60 min. After completion of each experiment, the 
chamber was flushed with isotonic saline. 

At completion of the test, the test shafts were removed and the relative ra- 
dioactivity of each of the shafts was determined in a Nuclear Chicago Well 
counter. The shafts were fixed by placing them into buffered glutaraldehyde, 
sucrose, and sodium cocadylate in distilled deionized water, followed by 
staining in a 1.0% solution of buffered osmium tetroxide. Afterwards they 
were rinsed in distilled water, solvent exchanged, and critically point dried. 
The shafts were coated with a 20-nm layer of gold using a pulsatile sputterer; 
this prevented any local heating of the sample and surface charging of the 
sample during electron microscopy. 

RESULTS 

The PNF polymer morphology, Figure 2(a), as cast from acetone exhibited 
a homogeneous morphology with no apparent indication of any form of ul- 
trastructure, i.e., no nodules or microdomains. The x-ray dispersion map, 
Figure 2(b), of the unirradiated PNF exhibited a homogeneous distribution 
of phosphorus with no apparent signs of aggregation or other impurities. The 
morphology of the I-h and 24-h irradiated PNFs, as those above, also exhibited 
homogeneous morphologies.12 The x-ray dispersion maps of the irradiated 
PNFs indicated no change in the phosphorus distribution. These results in- 
dicate that the blood-interfacing surface of the PNF was homogeneous with 
respect to ultrastructure morphology and surface chemistry. Additionally, 
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(b 1 
Figure 2. 
Phosphorus x-ray dispersion map of Fig. 2(a). 

(a) Electron photomicrograph of PNF as cast from acetone. (b) 

the PNFs were morphologically clean at the scale investigated, i.e., there were 
no residual catalysts, salts, etc. 

When the polymers were exposed to isotonic saline and washed it was found 
that the PNF sequestered ions.14 The degree and amount is currently under 
investigation.lz 

The molecular motions of the PNF, Figure 3, (i.e., primary and secondary 
molecular relaxations) were documented by dielectric and dynamic (Rheovi- 
bron) mechanical rneasurements.l0J2 The -160 "C relaxation has been as- 
cribed to the combined onset of the trifluoroethoxy, @', and fluoroalkoxy, /3", 
side chain m o t i ~ n s . l ~ J ~ , ~ ~  The -50 "C relaxation has been ascribed15 to the 
glass transition (segmental backbone) of the PNF. 

In order to study selectively the effect of primary and secondary molecular 
motions on thrombogenesis, the PNF was subjected to low dose ultraviolet 
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irradiation, the same dose rate used in the extracorporeal studies. It was an- 
ticipated that this low dose treatment would selectively crosslink intramo- 
lecularly the pendant side chains followed at higher dose rates by intra- and 
intermolecular crosslinking. 

As can be observed in Figure 4, the magnitudes of the a and ,8 relaxations 
increased at 1 h ultraviolet irradiation followed by a decrease in magnitude 
at 30 h irradiation. The difference dielectric spectra, Figure 5, indicates that 
the two side chains were not equally affected by the ultraviolet light. At low 
exposures to UV irradiation (less than 6 h), the fluoroalkoxy side chains were 
selectively altered photochemically, while the trifluoroethoxy side chains 

T (deg. C )  
Figure 4. Dielectric spectra as a function of irradiation time. Note initial 
increase of p relaxation at 1-h irradiation followed by decrease at higher ex- 
posure levels. 
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Figure 5. 
tion time minus the  unirradiated control. 

Difference dielectric spectra of the  PNF as a function of irradia- 

remained relatively unaffected. Upon further irradiation (greater than 6 h) 
Figure 5, the pendant side chains underwent an intra- and intermolecular 
crosslinking as evidenced by the @ decrease and a shift in the difference di- 
electric spectra. This is also supported by swelling studies12 which show the 
30-h irradiated sample swelling in acetone while the 0- and 1-h irradiated 
samples do not. It is therefore apparent that the pendant side chain motions 
are affected by ultraviolet irradiation and become restricted as a function of 
irradiation. 

The results of the contact angle measurements (Table I), ATR and mass 
spectroscopy1* of the irradiated and unirradiated PNFs indicate that there is 
no change in the surface chemistry, per se, nor is there irradiation-induced 
chain scission. 

Preliminary analysis of the ESCA results13 from irradiated and unirradiated 
PNF shows that the nitrogen-carbon and the phosphorus-carbon ratios remain 
relatively constant in the 0-, 1-, and 24-h irradiated samples. However, the 
fluorine-carbon ratio increases continuously (0 < 1 < 24) and the oxygen- 
carbon ratio of the 0- and 1-h irradiated samples are essentially the same, but 
slightly smaller than the 24-h irradiated sample. A more detailed analysis 

TABLE I 
Critical Surface Tension of the PNF as a Function of UV Irradiation 

Critical Surface Tension 
UV Irradiation Time (h)  (dyn/cm2) 

0 16.5 
1 14.4 

24 15.6 
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TABLE I1 
Amount of Water as a Function of UV Irradiation 

UV Irradiation Time (h) mg bound waterlmg polymer 

0 0.01 
1 0.01 

24 0.05 

of this data, as well as FTIR analysis of the PNFs will be presented in a collateral 
article.11 

The tensile stress strain measurements,12 not presented, indicate that the 
PNFs are becoming crosslinked upon irradiation as evidenced by the increase 
in the ultimate tensile properties. 

Differential scanning calorimetry, DSC, was undertaken in order to ascertain 
the degree, if any, of bound water associated with the PNF polymer, As can 
be observed in Table 11, the virgin PNF contained 0.01 mg bound water/mg 
polymer which increased to a maximum of 0.05 mg bound water/mg polymer. 
The reasons for the increase in bound water content as a function of irradiation 
is currently under investigation.12 This change may be tied to the oxidation 
level of the polymer. 

When the PNF polymer was exposed to canine blood for 60 min (Figs. 6-8, 
Table 111), as a function of irradiation time dose, the relative thrombogenic 
responses were quite distinct. The virgin unirradiated PNF developed a large 
thrombus (Fig. 6 )  with no apparent signs of becoming limited. In contrast, 
the l-h irradiated PNF developed a limited thrombus, such that in given island 
areas some platelet and leukocyte adhesion could be noted. The 24-h irradi- 

Figure 6. 
to canine blood for 60 min. 

Scanning electron photomicrograph of unirradiated PNF exposed 
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Figure 7. 
posed to canine blood for 60 min. 

Scanning electron photomicrograph of 1-h irradiated PNF ex- 

ated PNF also exhibited morphologically a limited thrombogenic response 
like that of the 1-h irradiated sample. The labeled studies (Tgble 111), however, 
indicated that the thrombogenic response of the 24-h irradiated PNF polymers 
was greater than that of the 1-h irradiated samples. The amount of fibrin and 
platelets, (Table 111), of the 24-h irradiated polymer increased relative to the 
1-h irradiated samples. Additionally, as can be observed in Table 111, when 
the polymers were irradiated at all, the amount of labeled fibrin and platelets 
on the surface of the PNF polymers decreased substantially. 

This decrease and subsequent increase in fibrin and platelet deposition 
appears concurrently with the observed changes in the interfacial secondary 

Figure 8. 
posed to canine blood for 60 min. 

Scanning electron photomicrograph of 24-h irradiated PNF ex- 



310 REICHERT, FILISKO, AND BARENBERG 

molecular motions associated with the PNF polymers. This apparent inter- 
relationship will be addressed below. 

DISCUSSION 

The results of the difference dielectric measurements, in conjunction with 
the morphological and x-ray dispersion observations, contact angle mea- 
surements, ATR (not presented), and ESCA measurements, indicate that in 
the extracorporeal studies the blood is exposed to essentially the same surface. 
The only apparent change is the difference in degrees and types of surface 
molecular motions. The surface molecular motions of the unirradiated PNF 
consisted of both the trifluoroethoxy and fluoroalkoxy side chains in the un- 
restricted state, whereas the surface molecular motions in the 1-h irradiated 
PNF consisted of the trifluoroethoxy side chains in the dynamic state with the 
fluoroalkoxy side chains partially restricted. In the case of the 24- and 30-h 
irradiated samples, the surface molecular motions of both the trifluoroethoxy 
and fluoroalkoxy side chains were partially restricted. 

The extracorporeal results indicate that the initial adsorption of the plasma 
protein(s) and/or cellular elements onto the surface of the PNF polymers was 
mediated, in part, given the supra, by the relative degrees of surface molecular 
mobility associated with the fluoro pendant side chains. Specifically, when 
the PNF consisted of both the trifluoroethoxy and fluoroalkoxy side chains 
in an unrestricted state, coupled with the backbone motion, a large thrombus 
was observed (Fig. 6). When, however, the PNF was irradiated for 1 h, re- 
sulting in the partial restriction of the trifluoroethoxy molecular motion, a 
limited thrombogenic response was observed (Fig. 7). Upon further irradia- 
tion of 24 hours, where both the molecular motions of the trifluoroethoxy and 
the fluoroalkoxy side chains became restricted, a limited thrombogenic re- 
sponse was observed (Fig. 8). The radiolabeled studies (Table III), however, 
indicated an increased thrombogenic response for the 24-h irradiated sample 
relative to the 1-h irradiated PNF, but still substantially decreased relative to 
the unirradiated PNF. The reason for the variance in the thrombogenic re- 
sponse between the 1- and 24-h irradiated samples may be attributed to the 
increased amount of associated water in the 24-h irradiated sample. It has been 
s h ~ w n l ~ - * ~  in studies on hydrophilic and hydrophilic/ hydrophobic polymers 
that the degree and type of associated water influence hemocompatibility and 
platelet consumption. In this study it  is possible that we are observing the 
initial thrombogenic effects attributed to the presence of structured/bound 

TABLE 111 
Amount of Labeled Fibrin and Platelets on PNF-Coated Shafts after 60-min Exposure to 

Canine Blood as Function of UV Irradiation 

UV Irradiation Time (h) Fibrin/Clot (mg/clot) Platelet/Clot x 10-8 

0 2.3 63 
1 0.1 7 

24 0.2 20 
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water in conjunction with the variation in surface molecular mobility. It 
should also be noted that the presence and increase in the bound water as a 
function of irradiation time would tend to infer that the PNF is undergoing 
chain scission as a function of irradiation, exposing the carbonyl groups and 
thusly changing the surface chemistry of the surfaces being exposed in the 
extracorporeal studies. This does not, however, appear to be the case because 
the infrared resultss do not show a carbonyl band nor do the mass spectroscopy 
results12 indicate any low-molecular-weight chain scission products being 
formed upon irradiation. Additionally, the ESCA studies13 suggest that the 
surface may be oxidized by ultraviolet irradiation for only the 24-h irradiated 
samples, and not for the 0- and 1-h samples. This oxidation may then explain 
the change in the bound water content. The steady change in the fluorine- 
carbon ratio as a function of exposure length indicates that the side chains on 
the surface are being effected by the ultraviolet irradiation. The above, in 
conjunction with the swelling studies,12 indicates that the PNFs are undergoing 
intra- and intermolecular crosslinking as a function of irradiation in opposition 
to chain scission. Additionally, it should be noted that in both the virgin and 
1-h irradiated samples the amount of bound water (Table 11) was approximately 
the same, but the thrombogenic response (Figs. 6-8, Table 111) was different. 
This then would imply that the observed decrease in thrombogenicity between 
the virgin and 1-h irradiated samples was independent of water content but 
dependent on the variation in molecular mobility of the surfaces. In the 24-h 
irradiated PNF, however, the bound water content increased to 0.05 mg bound 
water/mg polymer, suggesting we could be observing the initial effects of 
bound water on thrombogenesis, complexed with the variation in molecular 
mobility between the 1- and 24-h irradiated samples. 

Therefore, in conclusion, the above results indicate that there is an initial 
effect of molecular motions on thrombogenesis independent of morphological 
orderidisorder, crystallinity, and/or associated water (at the 0.01 mg bound 
water/mg polymer level). Whereas at higher levels of bound water (0.05 mg 
bound water / mg polymer), the effect of molecular motions on thrombogenesis 
is complexed by the presence of the bound water, as evidenced by the increased 
thrombogenic response. 

This work was supported by a grant from N.I.H./N.H.L.B.I. 1 R01 HL 23288. Addi- 
tionally, the authors wish to thank Richard Sicka and Firestone Research for their cooper- 
ation. 
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