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Abstract—The interaction of plasma proteins such as albumin, y-globulin, and fibrinogen with the surface of
graft copolymers DMAA-G-PTFE, DMAA-G-PETFE, and DMAA-G-PE obtained by radiation graft polymeriza-
tion was studied. The adsorption of serum proteins was affected by the hydrophilicity of the graft copolymers.
Increased albumin adsorption and decreased fibrinogen and y-globulin adsorption with increasing grafting levels
was shown. A certain range of degrees of grafting showed an improved blood compatibility of the polymeric
surfaces due to the existence of a hydrophilic/hydrophobic balance on the polymers. The results suggest that the
DMAA-G-PTFE, DMAA-G-PETFE, and DMAA-G-PE graft copolymers can be used as biomaterials for long-
term use n cardiovascular systems.

Key words: Grafting; blood compatibility; plasma proteins; protein adsorption; polymerization; hydrogel:
hydrophilicity.

INTRODUCTION

The majority of implants used in medicine today are made from polymers [1, 2]. Polymeric
materials that are used in contact with biological fluids are known as biomaterials which
include biocompatible and functional polymers. The former include two kinds of poly-
meric materials: the hemocompatible (blood compatible); and the tissue-compatible (for
soft and hard tissues) polymers [3]. The pioneering work by Witcherle and Lim [4] showed
that hydrophilic gels, the hydrogels, can be used as biological materials. Hoffman [5] and
Williams [6] reported that the interaction between polymeric surfaces, as hydrogels, and
blood components, cells, and proteins, are the base for the design of hydrogels as anti-
thrombogenic materials.

Since hemocompatibility mainly depends on the surface properties of the material, the
use of the radiation grafting technique can be a convenient and effective way to produce
an antithrombogenic surface [7]. Okana e al. [8, 9] showed the necessity of the existence
of microdomains or hydrophilic and hydrophobic balance in polymeric interface and
biological fluids for the obtention of antithrombogenic surfaces.

The enormous potential of acrylic acid hydrogels [10] and their derivatives, poly-
(hydroxiethylmethacrylate) (PHEMA) [11], poly(methylmethacrylate}) (PMMA) [12], and
polyacrylamide [13] is well known for biomedical applications.
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Otsuhata et al. studied the graft parameters of the hydrophilic monomer NN'-
dimethylacrylamide (DMAA) onto poly(tetrafluoroethylene) (PTFE) and poly-
(ethylene-co-tetrafluoethylene) (PETFE) and made an attempt to determine the relation-
ship between antithrombogenicity and surface texture of the grafted copolymers [14].
Therefore, this work is not conclusive about the factor which can intrinsically contribute
to the hemocompatibility of these materials.

When a polymeric material is placed in contact with blood, the first event to occur is
the adsorption of proteins onto the surface. If the material is considered to have a micro-
phase separated structure composed of hydrophilic and hydrophobic microdomains, the
albumin and y-globulin (proteins of the plasma blood) are selectively adsorbed in the
regions described above [15].

Though many investigators have published the results of protein adsorption onto poly-
meric surfaces [16, 17], the factors influencing the adsorption are not documented in detail.
In the present paper we studied the adsorption of plasma proteins on the graft copolymers
poly(N,N'-dimethylacrylamide-grafi-tetrafluoroethylene) (DMAA-G-PTFE), poly(N,N'-
dimethylacrylamide-graft-tetrafluoroethylene-co-ethlene)  (DMAA-G-PETFE), and
poly(N,N'-dimethylacrylamide-graft-ethylene) (DMAA-G-PE) and its relationship with
grafting degree and antithrombogenicity.

EXPERIMENTAL
Materials

N,N'-dimethylacrylamide (DMAA) suplied by Wako Pure Chemical Industries Ltd was
used as received. Poly(tetrafluoroethylene) (PTFE), poly(ethylene-co-tetrafluoroethylene)
(PETFE), and low density polyethylene films (PE) of 100, 50, and 100 pm thickness,
respectively, were used in the graft polymerization after being washed with detergent,
rinsed with ethanol, distilled water, and dried under vacuum at room temperature.

Bovine serum albumin (BSA), y-globulin, and fibrinogen were purchased from Sigma
Co. The fibrinogen was 95% clottable, the albumin was 99% pure and they were used
without further purification. Other chemicals were reagent grade and used without further
purification.

Graft polymerization

The direct radiation grafting method was used as a technique. A glass ampoule containing
the DMAA in ethylacetate (30% v/v) and polymeric films (PTFE, PETFE, PE) (4 X 4 cm)
was connected to a vacuum system and was evacuated by a freeze—thaw cycle which was
repeated five times. The glass ampoules were then subjected to y-rays from a *’Co source
at a dose rate of 0.468 kGy h™' and a total dose of 0.4-6.0 kGy.

The grafted films were washed throughly with hot distilled water and soaked overnight
in water to extract the residual monomer and the homopolymer occluded in the films. The
films were then dried under vacuum at room temperature for 24 h and weighed. The degree
of grafting was determined by the percentage increase in weight as follows:

W, — W,
Degree of grafting (%) = —= " 2% 100
0

where W, and W, represent the weights of grafted and initial films, respectively.
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Surface characterization

Water sorption. Known weights of the clean and dry grafted films were immersed in
distilled water at 25°C until equilibrium was reached (24 h in most cases). Then the films
were removed, blotted quickly with absorbent paper to remove the water attached on its
surface and weighed. The water-uptake percent was calculated as follows:

Wow — W
Water uptake (%) = —W-;‘q' X 100

wel

where W,., and Wy, represent the weights of wet and grafted films, respectively.

Contact angle. The grafted and virgin films were conditioned at the equilibrium
humidity of the instrument. The water contact angle was measured by putting a sessile drop
of bidistilled and deionized water on air-side surface of the polymeric films. Each value
was taken as the average of five readings.

Photoelectron spectroscopy. The graft copolymers were analysed by X-ray photo-
electron spectroscopy (XPS). X-ray photoelectron spectra were obtained using an ESCA-
36 spectrophotometer (McPherson Co) using AIK, X-radiation. The base pressure in the
sample chamber was of the order of 107 '~10"° Torr. The curve fitting was carried out
using a nonlinear least-squares-curve fitting program with a Gaussian/Lorentzian product
function. The Cls binding energy was taken as 284.6 eV for calibration purposes.

In vitro tests

Protein adsorption. In order to quantify the surface concentrations of albumin (BSA),
y-globulin, and fibrinogen adhering to the samples, the proteins were labeled with | by
the chloramine T method [18]. The radioactivity of the labeled proteins was
30 uCimg ™",

In order to perform equilibrium experiments, pre-equilibrated samples were introduced
into teflon tubes which contained 4 ml sodium phosphate buffer (pH 7.4, ionic
strength = 0.01 M) (PBS) at 37°C, before being exposed to the protein solution. Any air
bubbles which would adhere to the sample were removed by allowing the samples to cross
the air/buffer interface several times. Aliquots (4 ml) of the labeled BSA or fibrinogen
solution were then introduced into the tubes.

After the protein solution had remained in contact with the samples for 2 h at room
temperature, the adsorption was terminated by dilution of the labeled protein into the tubes
with PBS (in order to avoid contact of the samples with the protein solution/air interface
where some denaturation can take place). The samples were further gently rinsed until the
radioactivity of the surface remained constant. The amount of adsorded proteins was
determined by gamma radiation counting, using a gamma counter (Beckman Gamma
4000).

Blood compatibility assessment. Blood compatibility of the grafted and ungrafted
polymers was evaluated by the open-static platelet adhesion test with whole human blood
[19]. The test was performed by depositing 2 ml of fresh blood onto each of the five test
surfaces. After contact times of 180 s, the surfaces were washed with saline under carefully
controlled conditions to remove all of the blood components which did not adhere.

After fixation with glutaraldehyde, platelet counts were performed by SEM. The average
number of adhered platelets was obtained from five photographs of different surface areas
(1 em®) of the same sample.
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Figure 1. Effect of grafting degree on the contact angle of the PTFE, PETFE and PE films.

RESULTS AND DISCUSSION

The hydrophilicity of the samples after the grafting process was measured using the contact
angle (Fig. 1) which decreased with the grafting degree, indicating the appearance of
hydrophylic regions on PTFE, PETFE, and PE which were originally hydrophobic. The
PTFE, PETFE, and PE unmodified surfaces showed minor contact angles of 100 deg.
Figure 2 shows the Ols spectra of the ungrafted and grafted films. The presence
of the oxygen peak with binding energies of 532.8 eV for the ungrafted PTFE, PETFE,
and PE films is characteristic of the C=0O groups on the polymeric surfaces and
indicates a probable oxidation process of the films during their industrial manufacturing.
The presence of oxygen on PTFE, PETFE, and PE matrices was not observed for
other analytical techniques such as attenuated total reflectance infrared spectroscopy
(ATR-IR).

The grafting of DMAA onto PE was found to be easier than that onto PTFE and PETFE
(Table 1). This is due to the higher radiation-chemical yield of radicals derived from C—H
bonds [20].

The swelling behavior of grafted films are presented in Fig. 3. All samples show a degree
of swelling which increases with an increase in percent grafting. The plateau attained for
PE at a higher grafting degree may indicate the cross-linking of the grafted polyDMAA
chains.

The distribution of the grafted polyDMAA chains in the region near the surface was
investigated by XPS.

As can be seen in Fig. 4 the values of the ratios of the CO/CF and CN/CH peaks of
different grafting degrees were calculated and plotted against the degree of grafting. It can
be seen that ratios of the CO/CF and CN/CH peaks increased with the degree of grafting
and level off at a certain grafting degree. This means that the distribution of grafted chain
in the surface increased with increasing degrees of grafting. At a saturated level of CO/CF
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Figure 2. 01s XPS spectra for the ungrafted and grafted PTFE, PETFE and PE films. (%): grafting degree.

Table 1.
Influence of the polymeric matrix on the degree of grafting

Polymer Grafting attained (%)
PTFE 9.85
PETFE 90.56
PE 326.70

Graft conditions: DMAA concentration, 35% in ethyl acetate;
[rradiation  dose, 0.44 kGy;  irradiation dose rate,
0.055 kGy h™'
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Figure 3. Effect of grafting degree on the water content of DMAA-G-PTFE, DMAA-G-PETFE and DMAA-G-
PE hydrogels.

and CN/CH ratios, the distribution of grafted chain may be interpreted as becoming
homogeneous on the surface of the polymeric matrices [21].

The hydrophilic character of the graft copolymers, promoted a differentiation in the
adsorption of plasma proteins. In Figs 5-7 an adsorption of albumin and a diminution of
adsorption degree are observed. That behaviour indicated that the surface of PTFE,
PETFE, and PE were effectively covered by the hydrophilic polymer layer, polyDMAA,
through which its hydrophilicity increased. However, the adsorption of the y-globulin
would not only be related to the hydrophobicity or hydrophilicity of the polymeric matrix
but also to the chemical structure of the copolymer [22].

The blood compatibility of the polymeric materials is a complex problem. On the one
hand, protein adsorption is known to be the first stage of blood/surface interaction. Figure
8 represents the main events that take place during the interaction of a polymeric material
with blood, and establishes the role of protein adsorption [23].

After the adsorption of proteins onto the polymeric surface, the next event is the
adhesion of platelets (blood cell) [24]. Thus, platelet adhesion is promoted when fibrino-
gen is adsorbed from the blood onto foreign surfaces [25]. The adhesion of platelets in
these cases can be explained by assuming that the adsorbed glycoprotein fibrinogen
interact with platelets. In the model of Lee and Kim, a glycosyl transferase enzyme located
in the platelet membrane form a complex with a glycorprotein containing incomplete
heterosaccharides (e.g., fibrinogen) when adsorbed on a foreign surface [26]. On the other
hand, reduced platelet adhesion has been reported for polymers which adsorb relative
amounts of albumin [27].

From the thrombus formation curves in Fig. 9, the blood compatibility of
DMAA-G-PTFE, DMAA-G-PETFE, and DMAA-G-PE was found to be better than the
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Figure 4. (a) CO/CF ratio for DMAA-G-PTFE, DMAA-G-PETFE systems and (b) CN/CH ratio for DMAA-G-
PE, obtained from XPS spectroscopy.
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Figure 5. Effect of the grafting degree on albumin adsorption to the graft copolymers: (a) DMAA-G-PTFE, (b)
DMAA-G-PETFE and (c) DMAA-G-PE.
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Figure 6. Relationship between the y-globulin adsorbed onto polymeric surfaces and grafting degree.
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Figure 7. Effect of grafting degree on the fibrinogen adsorbed onto DMAA-G-PTFE, DMAA-G-PETFE and
DMAA-G-PE hydrogels.
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Figure 8. The role of protein adsorption in the blood compatibility of the polymeric surface.

unmodified films until a certain degree of grafting. Above this degree of thrombus,
formation on the polymeric surfaces occurred sooner than those nongrafted surfaces
(Fig. 9b, c).

There is a range of grafting level for which the coagulation time is higher than others
observed for the highest grafting levels. The thrombus formation is increased with the
grafting degree. Thus, the thrombogenicity of the copolymers at high graft levels of
polyDMAA may be due to a conformational change in the adsorbed BSA (Fig. 10), caused
by the diminution on their molecular mobility, plus associated interactions with water
molecules on hydrogel [28].

The SEM photographs of DMAA-G-PTFE, DMAA-G-PETFE, and DMAA-G-PE films
are showed in Fig. 11. As can be seen in the pictures, the number of adhered platelets or
the fibrin formation was decreased compared to that PTFE, PETFE, and PE ungrafted
films.

CONCLUSION

It was shown that the nature of polymer surface controls protein adsorption. However the
grafting degree of poly(N,N'-dimethylacrylamide) onto PTFE, PETFE, and PE surfaces
was an important factor for the adsorption process of plasma proteins such as albumin, a-
globulin, and fibrinogen. The diminution on the fibrinogen adsorption and increased
adsorption of albumin for copolymerized samples as well as the existence of a certain
range of degrees of grafting for an improved hemocompatibility, hints that it must due to
the surface composition, molecular mobility of the grafted chains, and interaction of the
plasma proteins with water in polyDMAA hydrogels. However, the precise reason for such
an enhancement in the hemocompatibility of a certain range of degree of grafting is still
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Figure 10. Conformational change on plasma proteins by interaction with polymeric surface. A: free BSA, P:
Adsorbed BSA, D: denaturated BSA. P-G-DMAA.: Graft copolymers (DMAA-G-PTFE, DMAA-G-PETFE and
DMAA-G-PE).
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y

Figure 11. Scanning electron micrographs of polymer surfaces after incubation with human blood at 37°C for
3 min. (a) Virgin PTFE, (b) DMAA-G-PTFE (grafting degree: 9%), (c¢) Virgin PETFE, (d) DMAA-G-PETFE
(grafting degree: 9%), (¢) Virgin PE, () DMAA-G-PE (grafting degree: 19%). Original magnifications of Figures
#1000,
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open to discussion. A more detailed study is now in progress and the results will be
reported in the future.
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