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Summary 

S 
ome kinds of hydrophilic monomers such as acrylamide (AAm), N,N-Dimethylacrylamide 

(DMAAm), N-(3-dimethylaminopropyl) methacrylamide (DMAPMAAm), polyethylene glycol 

methylacrylate (PEGMA) and 2-methacryloyloxyethyl phosphorylcholine (MPC) were grafted onto 

preirradiated polymer substrates of polypropylene (PP) and cellulose acetate films. The effects of 

irradiation dose, solvent and co-solvent system, monomer concentration and reaction time on the 

yield of grafting were studied. The surface of the grafted films gave typical properties of hydrogels, 

which was measured by water contact angle method. The grafted samples were characterized by 

FTIR in ATR mode. The blood compatibility of the grafted samples was roughly evaluated by the 

platelet adsorption and thrombus tests, respectively and the results showed that the blood 

compatibility of the sample films was relatively improved. 
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INTRODUCTION 

Usually, when blood is in contact with a polymeric substrate, plasma proteins are rapidly 

adsorbed and subsequent adherence of platelets leads to thrombus formation. It is one of the 

main problems of the biomaterials[1, 2]. After proteins adsorb to the surfaces, platelets adhere and 

release α-granule contents (Figure 1), including platelet factor 4 (PF4) and β-thromboglobulin 

(βTG), and dense granule contents including adenosine diphosphate (ADP). Thrombin is 

generated locally through coagulation reactions catalyzed by procoagulant platelet surface 

phospholipids. Thromboxane A2 (TxA2) is then synthesized. ADP, TxA2, and thrombin recruit 

additional circulating platelets into an enlarging platelet aggregate. Thrombin-generated fibrin 

stabilizes the platelet mass[3].  

 

 

 

 

 

 

  

 

 

 

 

In the application of polymers as artificial vessels or implants, surface modification is 

very important in the prevention of protein adsorption and platelet adhesion[4, 5]. It was reported 

that polymers with hydrophilic surface have low adsorption of serum proteins and do not have 

strong interactions with cells[6-9].  

 

 

 
Fig.1. Schematic diagram of thrombus formation on artificial surfaces 
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There are several methods of surface modification as shown in Figure 2[3]. Among them, 

grafting copolymerization is one of the widely used methods. Grafting modification can be 

achieved by UV irradiation[10-14], plasma treatment[15], ionizing irradiation with EB and γ−ray, 

etc. [16-29].  

Radiation grafting by γ-ray or electron beam is a most widely used method for the bonding 

of hydrophilic monomers onto the surface of hydrophobic polymers[30-33]. Simultaneous radiation 

grafting and preirradiation grafting are the two common methods in grafting copolymerization[34-

38].  

I. Simultaneous radiation grafting 

In the simultaneous radiation grafting, the substrate materials are irradiated in the presence of 

monomers or monomer solutions. While grafted chain growing during the irradiation, 

homopolymerization sometimes takes place at the same time, and some inhibitors are usually 
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Fig. 2. Schematic representations of methods to modify surfaces
 



Chen et al.   Preirradiation Grafted Polymers 

 4 Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

needed for stopping the homopolymerization. The main reactions of simultaneous radiation 

grafting are illustrated as Figure 3. Where R• is radical of macromolecule A fraction or monomer 

B, which formed during irradiation. 

 

 

 

 

  

 

 

 

  

 

The advantages of simultaneous radiation grafting can be summarized as follows: easier 

operation, faster reaction and lower dose. And more, the presence of monomers can protect 

polymer substrates from degradation during irradiation. Usually, homopolymerization is a 

serious problem in simultaneous radiation grafting. It decreases the grafting efficiency and, the 

homopolymer anchored on the substrates is sometimes difficult to be removed. The following 

methods are commonly used for inhibiting homopolymerization and increasing the grafting 

yields: 

1) Adding inhibitors, such as Cu2+ and Fe2+. 

2) Absorbed dose is closely related to the density of substance. Therefore, the homopolymer 

is controlled by the dilution of monomer B. For example, to use the monomers gas, 

monomers vapor and monomers solution etc. 

3) Some solvent or mixture of solvents can not only inhibit the homopolymerization, but 

also control the depth of grafting. 
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Fig. 3. Schematic reactions of simultaneous radiation grafting. 
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II. Preirradiation grafting 

Preirradiation grafting is that the substrate irradiated firstly, and then the grafting reaction is 

performed by contacting preirradiated substrate with monomer (in gas, liquid or solution state) at 

a certain temperature with oxygen free in the system. In this method, monomer is not irradiated, 

so the homopolymerization is easier to be avoided. On the other hand, grafting reaction happens 

at the outside of irradiation source, so the grafting reaction can be performed in any place even if 

there is no irradiation source. 

 

Irradiation in the absence of oxygen 

In non-oxygen irradiation, macromolecular substrates are irradiated in nitrogen atmosphere or in 

vacuum, then oxygen removed monomer is introduced. The free radicals in the polymer can be 

trapped and retained for a period of time, which may initiate the grafting reaction under certain 

conditions. The characteristics of this method are: 1) Relatively higher irradiation dose is needed 

and the degradation of the substrate sometimes is possible; 2) It needs relatively long life of free 

radicals or trapped radicals on the substrates. Usually trapped radicals in higher crystalline 

polymer, such as PE, PP etc. can be kept for a long time. In general, the lifetime of the trapped 

radicals is much longer at lower temperatures. Accordingly, irradiation at low temperature can 

increase the grafting yield. 

 

Irradiation in the presence of oxygen 

Radiation peroxidized polymers are formed by irradiating the polymer substrates in air. The 

diperoxides or hydroperoxides usually are stable at room temperature. Figure 4 shows the 

formation of diperoxides and hydroperoxides, as well as the main reactions during the grafting.  
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It shows the thermal dissociation of the hydroperoxide gives rise to an equivalent number of 

graft copolymer and homopolymer molecules. The latter one is from the initiation of the 

polymerization of monomer B by ·OH radicals. Usually the homopolymerization can be 

avoided to a large extent by decomposing the hydroperoxides at low temperature in a redox 

system, such as in the following example: 

  

 

Besides the substrate itself, there are also some factors that influence the preirradiation 

grafting reactions, such as absorbed dose, monomer concentration, additives, reaction 

temperature and reaction time etc. A new method of two or more times grafting reaction on the 

preirradiated polypropylene (PP) and polyethylene (PE) film were reported recently. Two 

different kinds of monomers were grafted on the preirradiated polymeric substrates respectively 

by the intermittent grafting method, and novel interpenetrate networks (IPN) hydrogels were 

obtained[39-41]. Three kinds of hydrophilic monomers were applied to modify the blood 

compatibility of the surface of PP and cellulose films.  
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Fig. 4. Schematic reactions of preirradiation grafting. 
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Acrylamide polymers and copolymers were studied earlier as biomaterials[42-45]. However, 

the mechanical strength of acrylamides hydrogels sometimes is not high enough for the 

application of blood-contacting implant. Some methods were reported on the modification of 

polymeric substrates by grafting of AAm, for preparing the new materials with good blood and 

bio-compatibility, as well as good mechanical strength[46-54]. Copolymerization of acrylamides 

with some other monomers was also an efficient method in the preparation of biomaterials and 

drug delivery system[55-58]. 

Polyethylene glycol methylacrylate (PEGMA) is widely used in medicine and pharmacy 

because it has a good biocompatibility and no toxicity[60, 61]. PEGMA sometimes is 

copolymerized for the preparation of hydrogel and drug delivery systems[62-66]. It can be used to 

endow the hydrophobic polymer with hydrophilic surface[ 67-71]. Many research works were 

reported on the graft of polyethylene glycol methylacrylate (PEGMA) polymeric substrate for 

the modification blood and biocompatibility[72-79]. 

The 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer having phospholipid polar 

group shows excellent blood compatibility. That suppression of platelet adhesion and activation 

was observed even when the MPC polymer contacted human whole blood without anticoagulant. 

This is due to the reduction of protein adsorption on the MPC polymer surface from human 

plasma[80, 81]. The MPC can be polymerized in water or grafted onto cellulose membrane surface 

even in a heterogeneous system. It was reported that the introduction of poly(MPC) chains on the 

membrane surface was effective in preventing platelet adhesion and activation[82-84]. Some 

methods have been reported on the introducing of poly(MPC) onto the surface of cellulose and 

chitosan membrane and other polymeric substrates[85-94]. The co-polymers of hydrophilic 

monomer (MPC) with hydrophobic monomers were reported on other applications such as 

biomaterial and drug delivery etc.[95-105] 

The above three types of hydrophilic monomers grafted onto preirradiated PP films and 

cellulose acetate films are introduced for the modification of blood compatibility, respectively. 

The modified surfaces were characterized by FTIR and water contact angle; The comparison of 

blood compatibility between the grafted and non-grafted sample substrates were made by 

evaluating the platelet adsorption, plasma protein adsorption and the amount of thrombus 

respectively.  
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EXPERIMENTAL STUDIES 

Materials 

Commercial polypropylene (PP) film with the thickness of 0.20mm and commercial cellulose 

acetate film with the thickness of 0.01mm from Hanjung Chemical Co. (Korea) were used as a 

substrate for the grafting reaction. These polymeric substrate films were cut into 2×5cm2 pieces 

and ultrasonically cleaned twice in methanol for 1h each time, and then dried in a vacuum oven. 

 

Chemicals 

1. Acrylamides: acrylamide (AAm), from Junsei Chemical Co., Ltd. (Japan); N,N-

Dimethylacrylamide (DMAAm), from Aldrich Chemical Company, Inc. (USA); N-(3-

dimethylaminopropyl) methacrylamide (DMAPMAAm), from Tokyo Kasei Co. Ltd. (Japan), 

were used without further treatment. The structures of the monomers are as follows:  

       AAm   

 

           DMAAm   

 

 

           DMAPMAAm 

 

 

2. Monomers of polyethylene glycol methylacrylate (PEGMA) with different polyethylene oxide 

repeat units were supplied by the Nippon Oil & Fats Co.  The structure of PEGMA is as 

follows and the three kinds of PEGMA used in this experiment are shown in Table 1. 
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      Table 1. The Structure of PEGMA. 

Abbreviation Ethylene Oxide No (n) Molecular Weight 

PEO90 2 163~173 

PEO200 4-5 261~283 

PEO350 7-9 387~468 

  

2-methacryloyloxyethyl phosphorylcholine (MPC) (from Biocompatibles Ltd. UK) was used 

without further treatment. 

Structure of MPC 

 

 

 

Acetone, Methanol (MeOH), tetrahydrofuran (THF) and other chemicals were reagent grades 

and used without further treatment. Other chemicals were reagent grades and used without 

further treatment. 

 

EXPERIMENT 

1. Grafting procedure 

The gamma ray irradiation from Co-60 source was carried out at an exposure rate of 4.56kGy/h 

in the presence of air to a total dose of 10~60 kGy. The irradiated polymeric substrate films were 

stored in a refrigerator and kept at -130°C until the grafting reaction was performed. The grafting 

reaction was conducted in a Pyrex ampoule having a vacuum cock. Solvent or solvents mixture 

(e.g. acetone, THF/MeOH, THF/H2O or water) as the diluent was added first, followed by 

monomer. Irradiated sample film was immersed in the Pyrex ampoule containing 30ml monomer 

solution, and purged by bubbling nitrogen for 20min. The grafting reaction was carried out by 

placing the ampoule in a water bath at the designed temperature. After the grafting reaction, the 
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film was taken out of the monomer solution in the ampoule and washed with methanol and 

distilled water to remove the remaining homopolymer. The degree of grafting was determined by 

the following equation: 

 

                 Degree of grafting 
o

og

W

WW −
=(%) ×100 

  

Where Wg and Wo were the weights of the grafted and starting sample, respectively.  

 

2. FTIR Verification 

The grafted sample films were verified by Fourier transform infrared (FTIR) spectroscopy in the 

attenuated total reflectance mode (ATR). A Nicolet 5SXC spectrophotometer with a nominal 45 

degree attenuated total reflectance was used to examine the functional group of >C=O on the 

grafted PP films. 

 

3. Water Contact Angle Measurement 

The grafted polypropylene film surface was characterized by assessing water contact angle using 

an optical contact angle goniometer (Erma, Japan). Water contact angle for each sample was 

measured by a sessile drop method five times at room temperature. Drops of purified water (3µl) 

were dropped onto the grafted PP surface, and the direct microscopic measurement of the contact 

angles for polypropylene stored at room temperature during the 3 min after deposition was done 

with a goniometer. 

 

 

 

 

 

 

 
Before grafting  

After grafting 

Fig. 5. Schematic diagram of water contact angle 
measurement  
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4. Platelet Adhesion 

Human blood from healthy volunteers was collected with a polypropylene syringe containing a 

3.8% sodium citrate solution. Platelet rich plasma (PRP) having a 2.43×105 cell/µl concentration 

was obtained by centrifuging the human blood at 2300 rpm for 4 min at 4°C. Non-grafted control 

and grafted sample films were hydrated by soaking in phosphate-buffered saline (PBS, pH 7.4) 

filled polystyrene 24 wall vials five times for 10 min. Each hydrated film was transferred into a 

PRP pre-warmed to 37°C for 30 min. After incubation at 37°C, the samples were washed 

carefully with PBS to remove weakly adhered platelets. Platelets adhered on the sample surfaces 

were fixed with a 2.5% glutaraldehyde in PBS for 10 min at room temperature, and then were 

dehydrated in an ethanol-grade series (50, 60, 70, 80, 90, and 100%) for 10 min. after each was 

washed with PBS, and followed to dry on a clean hood at room temperature. The platelets 

attached on the sample films were examined by a scanning electron microscope (SEM, JSM-

840A, JEOL Co., Japan) with a tilt angle of 45 degrees after gold deposition in vacuum. 

 

5. Determination of the amount of thrombosis 

The amount of thrombus formed on grafted samples and non-grafted control sample was 

evaluated by an in vitro method following Imai and Nose[59] technique using ACD human whole 

blood which was supplied from Blood Bank of the Korea Red Cross. Before the clot test, the 

samples (1.5×1.5 cm2) were hydrated to constant weight in saline water (0.9% NaCl) and kept at 

37°C in a constant temperature water bath in watch glasses. ACD human blood (0.05 ml) was 

added to each sample. The reaction was then started by adding 0.1M calcium chloride (0.005 ml) 

to each sample of blood and the blood with calcium chloride solution were mixed at once by stir 

of a Teflon stick. After 30 min, distilled water (1 ml) was added to stop the reaction and separate 

the thrombus, which was formed on various samples. After 5 min, the thrombus formed was 

taken out of sample film with a spatula and was fixed by soaking in 37% formaldehyde (1 ml) 

solution for 5 min at room temperature, and then washed by soaking in water for 5 min. The 

fixed thrombus obtained was blotted between two pieces of cellulose based filter papers and 

weighed on a chemical balance. To obtain the exact data, the amount of thrombus formed on 

sample at the same condition was measured 3 times for each sample. The percentage of thrombus 

on PP films is relatively to the thrombus on glass, which is supposed as 100% at the same 

condition. 
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6. Plasma Protein Adsorption 

Human plasma protein (Sigma Chemical Co., St. Louis, MO, USA) was diluted with PBS to 

make a 1% solution. The non-grafted control and grafted PP films were hydrated in PBS 5 times 

at 37°C first, and then were placed to contact with the above plasma protein solution in 24 wall 

vials of polystyrene at the same temperature for 1 hr incubation. Then the samples were washed 

with PBS, followed by purified water to remove non-adsorbed proteins. After vacuum drying, 

the change in protein adsorption of the control and PEGMA grafted polypropylene surfaces were 

investigated by electron spectroscopy for chemical analysis (ESCA). The changes in the nitrogen 

1s peaks from the X-ray photoelectron spectroscopy survey scan spectra were examined. 

 

RESULTS AND DISCUSSION 

1. The effects of reaction conditions on the degree of grafting 

The effect of irradiation dose on the degree of grafting 

It is known that free radicals created by irradiation in solid polymers are immobilized, and may 

remain trapped for a period of time. In the preirradiation process, the polymeric material is 

irradiated, and subsequently the de-aerated monomer is contacted with the irradiated polymer. 

Virtually little homopolymer is produced by this method, and there is no limitation to any 

particular polymer/monomer combination since the monomer itself is not irradiated. Although 

preirradiation method has been successfully used for grafting of various vinyl monomers onto 

polymer, the grafting yield obtained by this method usually depends on the efficiency of the 

trapped radicals. The main factor governing the trapping of radicals is the physical state of the 

irradiated polymer. In the case of rubbery and non-crystalline polymers, the mobility of radicals 

is fairly significant, and their survival time after irradiation is not so long compared with the 

polymers having high crystallinity. The validity of the grafting method depends largely on the 

crystallinity of the polymer, and the relative reaction rates of the monomer with trapped radicals 

and the thermal decay of radicals at the required temperature for grafting. The crystallinity of 

polypropylene used in this experiment was about 48.6%, based on 147 Joule/mole of 

polypropylene having 100% crystallinity. 
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The effect of irradiation dose on the degree of grafting of DMAAm and DMAPMAAm on PP 

film was determined in the aqueous solutions of DMAAm and DMAPMAAm, respectively. 

Figure 6 shows that the degree of grafting of DMAAm and DMAPMAAm increased with the 

irradiation dose. Under the same reaction condition, the grafting yield of DMAAm was higher 

than that of DMAPMAAm.  

  

The effect of solvents on the degree of grafting 

i) The effect of solvents on the degree of grafting of acrylamides 

Acetone and water were used as the diluents for the grafting reaction, respectively. It was found 

that AAm and DMAAm were easier to be grafted onto PP films in both acetone and aqueous 

solution than that of DMAPMAAm. Figure 7 shows the effect of reaction time on the degree of 

grafting of AAm onto PP films. It shows that he higher grafting yield could be easily be obtained 

in acetone solution than that in aqueous solution. The authors attributed the behavior to the 

swelling of the polymer. It is also plausible that wetting solvent for polypropylene in this 

experiment leads to the enhanced access of monomers to the grafting sites in polypropylene. 

Therefore, acetone as the solvent is more favorable for grafting yield of acrylamide than water in 

this experiment.  
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Fig. 6. The effect of irradiation dose on the degree of grafting (Grafting reaction was 

performed in aqueous solution with 10% (v/v) monomer at 70°C for 3hr). 



Chen et al.   Preirradiation Grafted Polymers 

 14Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

ii). The effect of solvent mixture on the degree of grafting of PEGMA 

Figure 8 shows the effect of different co-solvent systems on the grafting yield of PEGMA. It 

shows that the samples grafted in the co-solvent system of THF/MeOH (2:1, v/v) gave higher 

grafting yield than that of MeOH/H2O (1:1, v/v) under the same reaction condition. It may be 

attributed that the good wetting and swelling properties of the solvent mixture for polypropylene 

film enhanced the yield of grafting. 
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Fig. 7. The effect of reaction time on the degree of grafting of AAm onto PP film with the comparison of 

different grafting solution (Dose 20kGy; Temp. 60°C for acetone solution and 70°C for aqueous solution). 
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Fig. 8. The comparison of grafting yield at different co-solvent system. (Grafting condition: PEGMA 

concentration: 20% v/v; Temperature: 70°C; Time: 5h; Dose: 20kGy) 
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iii) The effect of H2O fraction in MeOH/H2O on the degree of grafting of PEGMA and MPC. 

Distilled water and co-solvent system of MeOH/H2O were used as diluents for MPC and 

PEGMA. Figure 9 shows that the grafting yield of MPC/PEGMA and PEGMA increased with 

the increase of H2O fraction in the co-solvent system. In the MPC grafting, the higher grafting 

yield was obtained when the composition of the MeOH/H2O co-solvent was about 60/40 (v/v). 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of reaction time on the degree of grafting 

i) The effect of reaction time on the degree of grafting of AAm on to PP film 

Figure 7 can be used to explain the effect of reaction time on the degree of grafting of AAm onto 

the γ-ray pre-irradiated PP film in acetone and water. It shows that the degree of grafting of 

AAm increased with the reaction time in this experiment condition. 

 

 

 

 

H
2
O in MeOH (%)

0 20 40 60 80 100

D
e
g
re
e
 o
f 
g
ra
ft
in
g
 (
%
)

0

10

20

30

40

50

60

MPC 2.5%

MPC 2.5%/
PEGMA2.5%

PEGMA 2.5%

 
Fig. 9. The effect of H2O fraction in MeOH/H2O on the degree of grafting of various 
monomer system (grafting reaction was performed at 70

o
C for 5h). 

 



Chen et al.   Preirradiation Grafted Polymers 

 16Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

ii) The effect of reaction time on the degree of grafting of MPC 

Figure 10 shows the effect of reaction time on the degree of grafting of MPC when the grafting 

reaction was performed in MeOH/H2O (1:1, v/v) co-solvent system. It shows that the degree of 

grafting increased with the reaction time. It means that the extension of reaction time is a useful 

method for getting the higher grafting yield when other grafting conditions were fixed. 

 

The effect of monomer concentration on the degree of grafting 

Figure 11 is the effect of monomer concentration on the degree of grafting of MPC and 

MPC/PEGMA onto preirradiated cellulose acetate film. It shows that the grafting yield increased 

very fast with the increase of monomer concentration, when the grafting reaction was performed 

in MeOH/ H2O (1:1, w/w) co-solvent system with the monomer mixture of MPC/PEGMA (1:1 

w/w). In the case of aqueous solution, the grafting yield of MPC increased slowly with the 

increase of MPC at first and then went to terminate when the monomer concentration of MPC 

was above 3%.  
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Fig.10. The effect of reaction time on the degree of grafting (Grafting reaction was performed in MeOH/ 
H2O 1:1 solution system with 1% MPC at 70

o
C) 
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2. Verification of surface properties 

The FTIR spectra 

i) The FTIR spectra of AAm DMAAm grafted PP films 

Carbonyl peak of each grafted film was checked by FTIR spectroscopy in the attenuated total 

reflectance (ATR) mode when AAm and DMAAm were grafted onto PP film in acetone solution 

and in aqueous solution, respectively (Figure 12 and 13). The sample grafted in aqueous solution 

gave much stronger carbonyl (>C=O) peak than that of the sample grafted in acetone. 

Monomer concentration (%, w/w)

0 1 2 3 4 5 6

D
e
g
re
e
 o
f 
g
ra
ft
in
g
 (
%
)

0

20

40

60

80

100

MPC

MPC/PEGMA 1:1

0 2 4 6 8 10 12

MPC

MPC+PEGMA

 
Fig.11. The effect of monomer concentration on the degree of grafting (Grafting reaction was 
performed in: a. aqueous solution of MPC with 1.0x10

-3
M FeSO4 and b. MPC+ PEGMA MeOH/ H2O 

1:1 70
o
C for 5h) 
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Fig.12. The FTIR-ATR spectra of AAm grafted PP film with the comparison of 
different grafting solution.   
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Fig.13. The FTIR-ATR spectra of DMAAm grafted PP film with the comparison 
of different grafting solution. 
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ii) The FTIR spectra of PEGMA grafted PP samples 

When the grafting reaction was carried out in MeOH/H2O solution system, the stronger carbonyl 

(>C=O) peak on FTIR spectra appears even though the grafting yield is much lower than that of 

the sample grafted in THF/MeOH solution system (Figure 14).  

 

iii) The FTIR spectra of MPC grafted cellulose acetate films 

Figure 15 and Figure 16 are the FTIR-ATR spectra of MPC grafted cellulose acetate films, 

which were grafted in MeOH/H2O co-solvent system and aqueous solution, respectively. 

Compared with the peak of ~1650 (cm-1), the strength of carbonyl group (>C=O) peak with the 

wavenumber of ~1720 (cm-1) increased with grafting yield. When the grafting reaction was 

carried out in aqueous solution (Figure 16), the carbonyl peak on the FTIR spectra (wavenumber 

~1720 cm-1) is relatively stronger compared to the similar grafting yield, which was carried out 

in MeOH/H2O (Figure 15). 

Figure 17 shows FTIR-ATR spectra of MPC/PEGMA grafted cellulose acetate films. It 

shows that the carbonyl group (wavenumber ~1720 cm-1) peak is clearly appeared after the 

grafting of MPC/PEGMA. It also shows that the strength of the carbonyl peek with 1720cm-1 

increased with grafting yield. 
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Fig.14. The comparison of carbonyl (>C=O) group on FTIR-ATR spectra of 
PEGMA grafted PP films from two different co-solvent systems. 
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Fig. 15. The FTIR spectra of MPC grafted cellulose acetate films (Grafting reaction was performed in 
MeOH/ H2O co-solvent system with 2.5% w/w MPC at 70

o
C for 5h; Dose: 30kGy) 
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Fig.16. The FTIR spectra of MPC grafted cellulose acetate films (Grafting reaction was performed in 

aqueous solution in the presence of 1×10
-3
M FeSO4 at 70

o
C for 5h; Dose: 30kGy) 
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The water contact angle 

i) The water contact angle of AAm grafted PP films 

Figure 18 is the relationship between grafting yield and the water contact angle. It shows that the 

water contact angle of AAm-grafted sample is lower than that of DMAPMAAm. It can be 

attributed to the higher hydrophilicity of AAm than that of DMAPMAAm. Regardless of the 

monomer of DMAPMAAm, AAm and DMAAm, water contact angle of PP samples grafted in 

the presence of water was lower than that in the presence of acetone (Figure 19). For example, 

water contact angle of the surface of AAm-grafted PP film with the yield of 1.08% was around 

20o when the grafting yield was carried out in aqueous solution of AAm. However, the water 

contact angle of AAm-grafted PP film with the yield of 1.05% was around 90o when the grafting 

yield was carried out in acetone solution of AAm. 
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Fig. 17. FTIR spectra of MPC/PEGMA grafted cellulose acetate films (Grafting reaction was performed in 
MeOH/ H2O co-solvent system with MPC 2.5% /PEGMA 2.5% at 70

o
C for 5h; Dose: 30kGy) 
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Figure 20 shows the schematic illustration of the grafted surface property when the grafting 

reaction was performed in aqueous solution system and acetone solution system, respectively. 

Acrylamides (used in this experiment) are consisted of hydrophilic and hydrophobic groups. 

During the grafting process, the hydrophilic group of acrylamides is greatly oriented to the 

outside surface of grafted PP in the presence of water, because it is more compatible with water 

than acetone. Therefore, either hydrophobicity or hydrophilicity was greatly influenced by the 

type of solvent in grafting reaction. 
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Fig.18. The relationship between grafting yield and water contact angle (Grafting reaction was performed 
in aqueous solutions). 
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 Water is a good solvent not only for hydrophilic monomer AAm, but also for the 

homopolymer of PAAm. When the grafting reaction was performed in aqueous solution of 

AAm, the concentration of PAAm is relatively higher on the surface of PP film. Crosslinking 

reaction could easily take place between the well-extended grafting sections of PAAm in water. 

In this way, PAAm was mostly coated on the surface. Therefore, many of the carbonyl groups 
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Fig.19. The comparison of water contact angle of acrylamides grafted PP films at 
different solution 

Fig. 20. Schematic illustration of the grafted surface property when the grafting reaction was 
performed in different solution system. 
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were detected by FTIR spectrometer. The acetone is relatively hydrophobic and not a good 

solvent for AAm, but it is relatively a good solvent for PP film. On the other hand, homopolymer 

of PAAm is not dissolved in acetone. During the grafting reaction of AAm in acetone solution, 

the monomer diffused easily to the surface of PP film due to the precipitation of PAAm. This 

reaction condition seems beneficial for the growing of grafting chain but not for crosslinking 

reaction between the grafted chains. In our experiment, the crosslinked homopolymer of AAm 

was not found in acetone solution after grafting reaction. Therefore, the grafted surface may be 

comb like but not well coated. The trend of inner part grafting may also be relatively greater 

when the grafting reaction was performed in acetone solution. Some carbonyl groups may be 

covered and not detected by FTIR spectrometer.  

 

ii) The water contact angle of PEGMA grafted PP films 

The water contact angle of the samples grafted in the MeOH/H2O was clearly lower, 

compared with the non-grafted film sample, while ones grafted in THF/MeOH was almost not 

change (as shown in Figure 21). For example, water contact angle of the surface of 4.5% 

PEGMA (PEO90)-grafted PP film was around 65° when the grafting yield was carried out in 
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Fig. 21. The comparison of water contact angle of PEGMA grafted PP films at different co-solvent 
system (Grafting yield of PEO90: ~3%, PEO200: ~1%). 
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MeOH/H2O as the solvent. However, the water contact angle of 6.2% PEGMA (PEO90)-grafted 

PP film was around 92° when the grafting yield was carried out in THF/MeOH. This 

phenomenon may be explained as follows: PEGMA molecule consists of hydrophilic and 

hydrophobic groups. During the grafting process, the hydrophilic group of PEGMA is greatly 

oriented to the surface of grafted layer when MeOH/H2O was used as the solvent, because 

hydrophilic group of PEGMA is more compatible with MeOH/H2O than that of THF/MeOH. 

Therefore, it is possible to explain that the stronger carbonyl (>C=O) peak identified by FTIR 

spectra in MeOH/H2O system is related with the arrangement of PEGMA molecule during 

grafting reaction, depending on the type of solvent.  

 

3. Blood compatibility of the samples 

3.1. Platelet adhesion 

i) Platelet adhesion to AAm, DMAAm and DMAPMAAm grafted PP films  

Figure 22 is the scanning electron microscope (SEM) pictures of non-grafted control and grafted 

PP samples after platelet adhesion test. It shows that the AAm, DMAAm and DMAPMAAm 

grafted samples have lower platelet adsorption compared with non-grafted control sample. 

Among them, the samples grafted with AAm (b), or DMAAm (d) in aqueous solutions show the 

lowest platelet adsorption and the shape of the hangover platelet was well kept. In the case of 

AAm grafted PP films, the platelet adsorption on the surface of the sample grafted in aqueous 

solution (b) was much lower than that in acetone solution (c). 

 
a. non grafted control 

 
b. AAm grafted in aqueous solution 

(grafting yield: ~0.21%) 
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ii) The platelet adsorption of PEGMA grafted PP films 

Figure 23 shows the SEM pictures of platelets which adhered to the non-grafted control and the 

grafted samples. The samples were grafted in the co-solvent system of THF/H2O. It shows that 

the PEGMA-grafted samples have lower platelet adsorption. There is almost no platelet 

adsorption on the PEGMA (PEO200 and PEO350)-grafted sample. Compared with the control 

sample, there is less amount of platelet on the PEO-90 grafted sample. 

 
d. DMAAm grafted in aqueous solution 

(grafting yield: ~0.77%) 

 
e. DMAPMAAm grafted in aqueous solution 

(grafting yield: ~0.44%) 

 
c. AAm grafted in acetone 
(grafting yield: ~4.68%) 
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a. control  

b. PEGMA(PEO-90) grafted PP film (grafting 
yield: ~3%) 

 

 
c. PEGMA(PEO-200) grafted PP film 

(grafting yield: ~3%) 

 
d. PEGMA(PEO-350) grafted PP film 

(grafting yield: ~0.4%) 

Fig. 23. The SEM picture of platelet adhesion on the PP films in the comparison of grafted 
and non-grafted samples. (grafting reaction was performed in THF/H2O solution) 
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iii) Platelet adsorption of MPC MPC/PEGMA grafted cellulose acetate films 

Figure 24 is the scanning electron microscope (SEM) picture of MPC and MPC/PEGMA grafted 

samples after interacted with PRP. It shows that the adhesion of platelet on the MPC and 

MPC/PEGMA grafted sample was much decreased compared to the control sample. There is 

almost no platelet adhesion on the MPC grafted cellulose acetate films with the yield of 13.45% 

carried out in aqueous solution (b) and 10.49% carried out in MeOH/H2O (c). There is almost no 

platelet on the sample of MPC/PEGMA grafted cellulose acetate film with the yield of 4.58% 

(d). 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control 
 

b. MPC grafted sample 
(grafting yield: ~13.45% in H2O) 

 
c. MPC grafted sample 

(grafting yield: ~10.49% in 
MeOH/H2O) 

 

 
d. MPC grafted sample 

(grafting yield: ~4.58% in H2O) 
  

Fig. 24. The SEM picture of platelet adhesion on the cellulose acetate films of MPC and 
MPC/PEGMA grafted sample. 
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3.2 The thrombus formed on the surface of the samples 

i) The thrombus formed on the sample surface of non-grafted control and acrylamides grafted 

PP films 

Figure 25 is the thrombus formed on the sample surface of non-grafted control and acrylamides 

grafted PP films in the comparison of different solutions. It shows that the thrombus formed on 

the acrylamides-grafted sample is lesser than that of control sample. On the other hand, the 

thrombus formed on the samples grafted in aqueous solution was relatively lesser than that of in 

acetone solution. 

 

 

ii) Thrombus formed on the sample surface of non-grafted control and PEGMA grafted PP 

films 

 
Figure 26 shows the thrombus percentage formed on the surface of various PP samples. The 

thrombus is clearly decreased with the grafting of PEGMA on the PP film. There is only around 

40% thrombus on the PP surface with the grafting yield of 3% (PEO200), while about 80% 

T
h
ro
m
b
u
s
 (
%
)

0

20

40

60

80

100

120

control AAm

~2.25%
acetone

~2.17%
 water

DMAAm

~2.17%
acetone

~0.91%
 water

~0.67%
 water

DMPMAAm

 
Fig. 25. The comparison of thrombus percentage on acrylamides grafted PP 
films at different solutions 
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thrombus was formed on the control sample. Among the grafted samples, the PEO-350 grafted 

sample shows the lowest thrombus percentage. 

iii) Thrombus formed on the sample surface of non-grafted control and MPC, MPC/PEGMA 

grafted PP films 

Figure 27 shows the thrombus percentage formed on the grafted cellulose acetate film compared 

to the control sample. Relatively, the thrombus percentage of MPC, MPC/PEGMA grafted 

cellulose acetate films were much lower due to the phospholipid polar group on the grafted 

sample surface. 

 
3.3 Plasma protein adsorption 

It is known that proteins are complex macromolecules with molecular weight ranging from 

thousands to millions and that they adsorb on practically all interfaces during the first few 

minutes of blood or biological fluid exposure[3]. Generally, the adsorption process results in 

platelet adsorption and follows the thrombus formation. The surface that repels all proteins is the 

desirable blood compatibility. In this experiment, the human plasma protein adsorption on the 

non-grafted control and PEGMA grafted PP film samples were detected by ESCA (Figure 28). 

The nitrogen peak (N-1s: 399.3eV) on the control PP film surface was obviously higher than that 
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Fig. 26. Comparison of thrombus percentage on PEGMA grafted PP films 
with different PEO repeat units and the non-grafted control 
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of the PEGMA-grafted polypropylene surface, indicating a large amount of protein adsorption on 

the control surface. It may be explained that this is due to the hydrophobic interaction of protein 

molecules with the hydrophobic polypropylene film surface. The sample with higher grafting 

yield had the lower plasma protein adsorption. As shown in Figure 28, when the grafting yield 

was about 1.15%, no N-1s peak was found. That means there is almost no plasma protein 

adsorption on the surface of this grafted substrate. 

 

CONCLUSIONS 

 

1. Pre-irradiation grafting technique was used for the modification of polypropylene and 

cellulose acetate films. Three kinds of acrylamides monomers and PEGMA with three 

different polyethelene oxide repeat units were grafted onto preirradiated PP films in different 
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Fig. 28.  ESCA survey scan spectra of (a) control,  (b)  0.69%  and   (c)  1.15% of PEGMA (PEO200) 
grafted PP surface after plasma protein adsorption (Grafting reaction was performed in 10% PEGMA in 

MeOH/H2O solution at 70°C for 5h; Dose: 20kGy). 
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co-solvent system, respectively; MPC and MPC/PEGMA were grafted onto cellulose acetate 

films in both aqueous solution and MeOH/H2O co-solvent system, respectively. 

2. The degree of grafting was affected by irradiation dose, monomer concentration, solvents, 

reaction time etc. 

3. Hydrophobic or hydrophilic property of the grafted sample surface is greatly influenced by 

the property of solvent in grafting reaction. For example, the water contact angle of the PP 

film grafted with AAm, DMAAm and DMAPMAAm in aqueous solution is much smaller 

than that of the samples grafted in acetone. 

4. The blood compatibility of the PP films and cellulose acetate films were improved, related to 

the platelet adhesion, plasma protein adsorption and thrombus, by the grafting of 

acrylamides, PEGMA and MPC respectively. 

5. Pre-irradiation grafting is a good method and easier to be performed for the modification of 

polymeric surface. It can be applied in the preparation and modification of biomaterials and 

tissue engineering scaffolds etc. 
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