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Abstract Novel poly(ethylene–vinyl acetate) film with

fluorinated surface structure was prepared via sequential

surface reactions, which are alcoholysis reaction with

sodium ethoxide and located fluorination reaction with

2,3,3,3-tetrafluoro-2-[1,1,2,3,3,3-hexafluoro-2-(heptaflu-

oropropoxy)propoxy] propionyl fluoride, respectively. The

obtained novel film possesses ordered perfluoroalkyl ether

surface layer proved by detailed ATR-FTIR, XPS, and

contact angle measurement, which substantiates the suc-

cess of this new route to get better-tailored surface

meeting the biological needs. Hemocompatibility of the

resultant films was evaluated by hemolysis test and

platelet adhesion test. The results indicated that the

poly(ethylene–vinyl acetate) film surface displayed low

hemolytic activity and no platelet adhesion due to its

extremely low surface tension, which results from the

special micro-electric field of perfluoroalkyl ether layer.

The yielded transparent film with good properties exhibits

a promising application prospect in biology and medical

science in view of its flexible substrate and unique bio-

compatible surface.

Introduction

Intense effort has been being made on preparing biomed-

ical materials through centuries because of their extensive

and significant importance in biology and medicine science

[1]. Generally, two fundamental requirements are proposed

for biomedical materials by polymer and biology scientists

from standpoints of both scientific and practical consider-

ations. First, their physical properties such as flexibility or

rigidity, mechanical strength and transparency, etc., must

fulfill the purposes for multiple practices relating with

biological preference. Second, the design of biomedical

materials should aim at a perfect outer-layer, which could

effectively and efficiently leads to blood compatibility,

biocompatibility and bioactivity [2–4]. There is no doubt

that their physical properties mainly depend on the bulk

body structures, but their biology integrations are deter-

mined mostly by the surface structures and micro-electric

fields of the chemical groups toward outside [5, 6], espe-

cially when brought into contact with particular biological

elements. Hence, in the first place, a suitable polymer

should be prepared or found to meet the requirement of

desirable physical properties for biomedical use. Mean-

while, it is of much greater importance for scientists to

design and tailor the material’s outermost layer with vari-

ous functional chemical groups to favorably interact with

the biological elements of the organism.

Electronic supplementary material The online version of this
article (doi:10.1007/s10853-010-4268-z) contains supplementary
material, which is available to authorized users.

X.-W. Wen � S.-P. Pei � H. Li � F. Ai � H. Chen �
Y.-M. Zhang (&)

School of Chemistry and Chemical Engineering, Shanghai Jiao

Tong University, Shanghai 200240, People’s Republic of China

e-mail: ymzsjtu@yahoo.com.cn

K.-Y. Li

Shanghai First People’s Hospital, Shanghai 200092,

People’s Republic of China

Q. Wang

National Animal Medicine Research Center, Chinese

Academy of Agricultural Sciences, Shanghai 200232,

People’s Republic of China

123

J Mater Sci (2010) 45:2788–2797

DOI 10.1007/s10853-010-4268-z

http://dx.doi.org/10.1007/s10853-010-4268-z


Based on the very above considerations, poly(ethylene–

vinyl acetate), an increasingly important and widely used

thermoplastic resin, has been considered to be a good

candidate for biomedical materials [7, 8] due to its good

physical properties, ease of handling and processing, and

moderate biocompatibility. However, the material’s sur-

face would undergo unfavorable biological response when

contacting with living systems such as blood, cells, and

tissues [6, 9]. Several methods have been developed to

tackle this tough issue by modifying. The blood compati-

bility and biocompatibility of poly(ethylene–vinyl acetate)

is expected to be improved by physical [10–12] or chem-

ical [13–17] methods to fully explore its potential as

biomedical materials. Particularly, functional fluorinated

materials are emerging as important tools to achieve

enhanced performance and higher stability under a variety

of conditions in biology [18–23]. Direct chemical grafting

method with fluorine-containing compound was attempted

such as direct exposure materials to dangerous F2 gas [24],

fluorine-containing electrical discharges [25, 26], plasma

process [27, 28], and sputter deposition [29–32]. However,

some problems should be further and better resolved in

how to achieve the defined surface structure and how to

make the grafted groups stable on their locations. Mean-

while, continued trial to search for more effective fluorine-

containing groups attached to surface is still conducted by

researchers.

Based on our former work [33–35], in this study, we

developed a unique route to achieve the ordered biocom-

patible surface by specially selecting the 2,3,3,3-tetrafluoro-

2-[1,1,2,3,3,3-hexafluoro-2-(heptafluoropropoxy)propoxy]

propionyl fluoride (n-C3F7OCF(CF3)CF2OCF(CF3)CFO)

as the functional fluorinating reactant, and prepared the

surface functionalized poly(ethylene–vinyl acetate) film

with perfluoroalkyl ether groups through two-steps strategy.

The specially selected fluorinating agent is a kind of fluorine

end-capped compound with perfluoroalkyl ether linkage,

connecting the perfluoropropyl group toward outside,

which is greatly known for its rather low surface energy

and good oxygen compatibility [19, 36–38]. Through this

functional fluorination, perfluoroalkyl ether chains with a

high surface density and precise localization could be

covalently bonded to the poly(ethylene–vinyl acetate) film

surface, forming a new surface layer with a variety of new

functional properties including oxygen compatibility, low

surface energy, and exceptional chemical and biological

inertness while the substrate’s mechanical properties are

kept at the same time. Such newly yield material is expected

to present non-biofouling properties and improved blood

compatibility, accordingly. In addition, its preliminary

blood compatibility in vitro was further studied by hemo-

lysis test and platelet adhesion test.

Materials and methods

Materials

Poly(ethylene–vinyl acetate) was purchased from Hyundai

Co. Ltd (VS410, vinyl acetate content is 26 wt%), and

Table S1 (see supporting information) lists some of its

physical parameters provided by the supplier. 2,3,3,3-Tet-

rafluoro-2-[1,1,2,3,3,3-hexafluoro-2-(heptafluoropropoxy)

propoxy] propionyl fluoride (n-C3F7OCF(CF3)CF2OCF

(CF3)CFO) was kindly supplied by Dongyue Shenzhou

New Material Company. Toluene, ethanol, and acetone

were purchased from Sino-Pharm Chemical Reagent Co.

Ltd, and used as received without further purification.

Water used in experiments was purified using a Millipore

water purification system.

Methods

Preparation of the surface modified poly(ethylene–vinyl

acetate) films

Pure poly(ethylene–vinyl acetate) granular material was

cleaned by washing with purified water in an ultrasonic

washer, and dried at room temperature under vacuum

conditions before use. Pristine poly(ethylene–vinyl acetate)

substrate film was prepared by casting from 10 wt% tolu-

ene solution onto glass wafer under 40 �C, and then was

cut into 10 mm diameter circular disks for the follow-

ing preparation. The film thickness was approximately

500 lm. Before surface modification, the circular samples

were cleaned by washing with ethanol and purified water in

sequence, and dried in vacuum at 40 �C overnight.

Surface alcoholysis was conducted by immersing the

clean and dry poly(ethylene–vinyl acetate) samples into

0.588 mol/L sodium ethoxide ethanol solution under reflux

conditions at 40 �C for 7 h (Scheme 1, step 1). The sam-

ples were then fully rinsed with purified water to neutral,

and dried in vacuum at 37 �C for 12 h.

Surface alcoholysised poly(ethylene–vinyl acetate)

samples (referred to as ‘‘H-poly(ethylene–vinyl acetate)’’

below) were then placed into 15 g 2,3,3,3-tetrafluoro-2-

[1,1,2,3,3,3-hexafluoro-2-(heptafluoropropoxy)propoxy]

propionyl fluoride at 30 �C for 3 h to carry out the fluori-

nation reaction (by esterification), forming a functional per-

fluoroalkyl ether groups grafted surface. A small amount

(1–2 drops) of triethylamine was added into the reaction

tube at the onset of the reaction to neutralize hydrofluoric

acid that was generated during the reaction (Scheme 1,

step 2). The surface fluorinated samples (referred to as

‘‘F-poly(ethylene–vinyl acetate)’’ below) were washed

with acetone repeatedly to remove the excess unreacted
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fluorinating agent, followed by the final wash with purified

water for 1 h, then dried in vacuum at 37 �C for 24 h for

blood compatibility testing and other surface analysis.

Surface analysis

To study the chemical compositions of modified

poly(ethylene–vinyl acetate) film surface, the attenuated

total reflectance Fourier transform infrared (ATR-FTIR)

spectra were obtained using single-beam spectrometer

(Bruker Tensor 27, Germany). Spectra were recorded at

4 cm-1 resolution and 32 scans were collected per trace.

XPS spectra for the F-poly(ethylene–vinyl acetate) film

samples were recorded using a VG ESCALAB MKII

multifunction spectrometer, with non-monochromatized

MgKa X-rays as the excitation source. The system was

carefully calibrated by Fermi-edge of nickel, Au 4f2/7 and

Cu 2p2/3 binding energy. Pass energy of 70.0 eV and step

size of 1.0 eV were chosen when taking spectra. In the

analysis chamber pressures of 1–2 9 10-7 Pa were rou-

tinely maintained.

Contact angle measurement was carried out on film

samples surface using a Contact Angle System OCA 20

(DataPhysics Instruments GmbH, Germany) in air at

ambient temperature. The static contact angles were

measured by the sessile drop method with a water drop

(3 lL) being placed on the films surface. Contact angle

values reported are the average of six measurements taken

at different positions on each sample. The contact angle

variability is within 2�.

Blood compatibility evaluation

Buffers and blood The phosphate-buffered saline (PBS)

contained 8.0 g sodium chloride (NaCl), 0.2 g potassium

chloride (KCl), 0.24 g potassium dihydrogen phosphate

(KH2PO4) and 2.9 g disodium hydrogen phosphate dodeca

hydrate (NaHPO4�12H2O), pH = 7.4. The glutaraldehyde

buffer contained 2.5% (v/v) glutaraldehyde in PBS, pH =

7.4.

The cleaned and dried surface modified samples were

soaked into physiological saline to be equilibrated for 24 h

before the blood compatibility testing. Fresh blood was

drawn from healthy adult volunteers by venipuncture into

acid citrate dextrose anticoagulant (ACD medium). Platelet

rich plasma was kindly supplied by the Shanghai Red

Cross Blood Center.

Hemolysis analysis Hemolytic activity was assessed by

determining hemoglobin release under static conditions

Scheme 1 Schematic

illustration of surface functional

fluorination on poly(ethylene–

vinyl acetate) films
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using the two phase hemolysis test (according to ASTM F

756-00). Blood testing solution was prepared by using

4 mL fresh human blood with an ACD medium and was

diluted with 5 mL of physiological saline. In the first

phase, each sample was incubated in 10 mL pure saline for

30 min at 37 �C. Then, diluted fresh human blood

(0.2 mL) was added and incubation went on for another

60 min in a shaker at the constant temperature of 37 �C.

Positive and negative controls were produced by adding

0.2 mL of diluted fresh human blood to 10 mL of purified

water and saline, respectively. After incubation, samples

were centrifuged at 2500 r/min for 5 min. Optical density

of the supernatant was measured at 545 nm by a spectro-

photometer. The hemolysis ratio was calculated according

to Eq. 1, in which Z represented the hemolysis ratio, Dt

represented the absorptance of test samples, Dnc and Dpc

represented the negative samples and positive samples,

respectively (ASTM F 756-00).

Z ¼ Dt � Dnc

Dpc � Dnc

� 100% ð1Þ

Platelet adhesion tests Pristine poly(ethylene–vinyl ace-

tate), H-poly(ethylene–vinyl acetate), and F-poly(ethylene–

vinyl acetate) samples were incubated with the platelet rich

plasma (PRP) for 1 h at 37 �C under static conditions.

Briefly, after 1 h incubation, the samples were rinsed

carefully three times with PBS buffer. The adherent

platelets were fixed using 2.5% glutaraldehyde in PBS for

at least 1 h, dehydrated in a graded series (50%, 60%, 70%,

80%, 90%, 95%, and 100%, v/v) of ethanol, and dried

under vacuum at 37 �C overnight [10, 13]. The samples

were then sputter coated with a thin layer of gold and

observed using a field emission scanning electron micros-

copy (FE-SEM, JEOL JSM-7401F). Ten fields of vision in

random were investigated to obtain the morphology and

statistical result of the adherent platelets.

Results and discussion

Synthesis and surface analysis of fluorinated

poly(ethylene–vinyl acetate) films

In all attempts to achieve the useful biocompatible materi-

als, the key strategy is how to realize a surface with the

desirable surface structure on the desirable substrate

through elaborate design and implementation. In our study,

we focused on producing a perfluoroalkyl ether outermost

layer which is covalently bonded to the flexible poly(eth-

ylene–vinyl acetate) substrate. The outside extending-

OCF2CF2CF3 groups form an ordered and packed layer

which exhibits a weak micro-electric field and consequently

shows very weak interactions with the contacted living

organism.

Our efforts to functionalize poly(ethylene–vinyl acetate)

film surface with perfluoroalkyl ether groups were based on

the following approach which was conceived to be a pre-

cisely located fluorination compared with the previous

methods since the as-used substrate’s chemical structure

and reactant unit are definite. The chemistry used here is

illustrated in Scheme 1. The general idea was that a surface

alcoholysis reaction of poly(ethylene–vinyl acetate) was

first conducted to completely convert the surface structures

from vinyl acetate (VA) units to vinyl alcohol (VOH) units

to a controlled deepness, and thus created hydroxyl groups

sites to carry out the following reaction for functional

perfluoroalkyl ether groups’ immobilization.

The ATR-IR spectra of poly(ethylene–vinyl acetate)

samples subjected to the chemistry in Scheme 1 aptly

illustrates the synthesis process. As can be seen in the IR

spectra in Fig. 1a of poly(ethylene–vinyl acetate), there is

neither hydroxyl nor perfluoroalkyl ether group on

poly(ethylene–vinyl acetate) surface (Fig. 1a: aliphatic

C–H 2705–3035 and 1466 cm-1, ester C=O 1737 cm-1,

C–O–C stretch 1238 and 1025 cm-1) [39]. However, after

the alcoholysis treatment (Fig. 1b), the significant decrease

of the vinyl acetate ester unit related peaks (1737, 1238,

and 1025 cm-1) and the appearance of a new broad band at

3010–3700 cm-1, which is attributed to OH stretching

vibration of vinyl alcohol hydroxyl unit, confirmed the

presumed first step conversion. Compared to Fig. 1a, b,

Fig. 1c is the spectrum of fluorinated poly(ethylene–vinyl

acetate), where the OH broad band disappears and new

peaks appear due to the location of perfluoroalkyl ether

structures (Fig. 1c: ester C=O 1779 cm-1, CF3 stretch

1340 cm-1, CF2 stretch 1230 and 1280 cm-1, CF stretch

1150 cm-1, CF2–O–F stretch 1033 and 993 cm-1) [37,

40].

As we aimed to obtain a high density of functional

perfluoroalkyl ether groups, the two processes illustrated in

Scheme 1 were controlled by reaction time based on the

conversion extent measured by surface investigation

results discussed below (ATR-IR, XPS, and contact

angle measurement). The strong and characteristic band at

1737 cm-1 in Fig. 1a, b and 1779 cm-1 in Fig. 1c corre-

sponding to the carbonyl stretching (The wavenumber shift

is due to the chemical structure and environment changes

for fluorine atoms’ stronger electronegativity.) allows a

quantitative determination of the residual acetates in the

first acoholysis step as well as the grafted perfluoroalkyl

ether in the second fluorination step [41, 42]. Normalized

IR spectra of modified poly(ethylene–vinyl acetate) at

different stages for different treatment time were analyzed.

After subtracting backgrounds, aliphatic C–H peaks at

2750–3050 cm-1 was chosen as a calibration, and the
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integrated intensity (referred to as A) of the peaks in the

1680–1780 cm-1[H-poly(ethylene–vinyl acetate)], 1750–

1820 cm-1 [F-poly(ethylene–vinyl acetate)], and 2750–

3050 cm-1 (C–H) regions were calculated and analyzed.

AH-poly(ethylene–vinyl acetate)c=o/AC–H and AF-poly(ethylene–vinyl acetate)c=o/

AC–H versus treatment time were plotted in Fig. 2a, b,

representing the conversion extent in step one and graft

density in step two, respectively. Graph in Fig. 2a shows

that AH-poly(ethylene–vinyl acetate)c=o/AC–H ratio reaches a con-

stant value after treatment of approximately 270 min, and

the similar tendency is observed in Fig. 2b demonstrating

that AF-poly(ethylene–vinyl acetate)c=o/AC–H ratio reaches the con-

stant value after treatment of approximately 180 min.

Accordingly, the surface functional fluorination was oper-

ated to achieve the highest perfluoroalkyl ether grafting

density.

XPS spectroscopic studies of the F-poly(ethylene–vinyl

acetate) surfaces further confirm the IR results. These

results are listed in Table 1 and show that the poly(ethyl-

ene–vinyl acetate) surface after functional fluorination has

reasonable elemental composition and ratio corresponding

to the covering perfluoroalkyl ether structure. XPS survey

scans (Fig. 3, 30� take-off angle) show that fluorine, car-

bon, and oxygen are present on the F-poly(ethylene–vinyl

acetate) surface as expected based on their binding energy

signatures. The surface concentration of fluorine is

31.7 at.%, that of carbon is 56.6 at.%, and that of oxygen is

11.2 at.%, respectively. To further quantify and identity the

changes in the F-poly(ethylene–vinyl acetate) surface,

detailed analysis of the high-resolution XPS spectra were

carried out. Figure 4 shows the results for carbon, and

Table 1 summarizes the numerical values. There were two

Fig. 1 ATR-FTIR spectra of

pristine poly(ethylene–vinyl

acetate) (a), H-poly(ethylene–

vinyl acetate) (b) and

F-poly(ethylene–vinyl acetate) (c)

Fig. 2 a Integrated peak intensity ratio from ATR-IR spectra of C=O

(1680–1780 cm-1) to C–H (2750–3050 cm-1) versus reaction time;

b Integrated peak intensity ratio from ATR-IR spectra of C=O (1750–

1820 cm-1) to C–H (2750–3050 cm-1) versus reaction time
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dominant carbon peaks at the binding energies of 288.1 and

295.6 eV with a split peak at 293.2 eV, which are assigned

to ethylene carbon and fluorinated carbon on the

F-poly(ethylene–vinyl acetate) surface, respectively. The

high-resolution XPS carbon signals in Fig. 4 can be asso-

ciated with different species. The strongest component at

288.1 eV is assigned to the CH2 groups, which are

poly(ethylene–vinyl acetate) backbone carbon, while the

components at 296.2, 295.2, and 293.2 eV are assigned to

CF3, CF2, and CF groups (fluorinated carbon), respectively

[43, 44]. The additional minor carbon-containing compo-

nents at 289.4 eV correspond to ester carbon connected to

the poly(ethylene–vinyl acetate) backbone. Hence, the

resolved C1s peaks of the F-poly(ethylene–vinyl acetate)

surface evidently explain the detailed surface chemical

structures, which are consistent with the IR spectra.

There is no OH band detected in Fig. 2c after fluorina-

tion indicating the complete grafting on the surface since

no possible reactive site remains. In comparison with the

ATR-IR method, XPS investigation is much more surface

sensitive. To better investigate the surface chemistry in

different depth, the same F-poly(ethylene–vinyl acetate)

film was studied using XPS at three different take-off

angles, which representing three depths of penetration in

the range of approximately 5–10 nm [45]. Table 1 lists the

element concentration of F-poly(ethylene–vinyl acetate)

film. The expected fluorine concentration of the perfluo-

roalkyl ether surface is approximately 30.2%, and the

observed real fluorine concentration is 20.5% with the take-

off angle of 90�. However, the surface shows a fluorine

concentration of 31.7% with the take-off angle of 30�
exceeding the fluorine concentration of perfluoroalkyl ether

agent, which might be due to the immigration of

OCF2CF2CF3 end groups from the subsurface to the sur-

face. The observation that the F/C at.% ratio decreases as

the detect depth increases has given an evidence of such

immigration as well. Moreover, analysis of XPS spectra at

three different take-off angles yielding high-resolution XPS

spectra were carried out. Results are also listed in Table 1

and indicate a relatively more rapidly increasing tendency

of the species concentration of CF3 than that of CF2 and

that of CF from the subsurface to the surface. The func-

tional fluorine groups might have a tendency to occupy the

F-poly(ethylene–vinyl acetate) surface [35] and thus

express the effective surface properties of hydrophobicity

and water repellence, which were confirmed by the contact

angle measurements.

The above ATR-IR and XPS results successfully define

the outermost fluorinated layer on poly(ethylene–vinyl

acetate) substrate in both structure and depth. Distinctively,

the combination of very strong C–F bonds and relatively

weak micro-electric field surrounded [38] makes it possible

Table 1 Carbon, fluorine, and different fluorinated species content

with different take-off angles in XPS analysis

Take-off angle

30� 50� 90�

Element (at.%)

F 31.7 25.9 20.5

C 56.6 62.9 68.0

F/C 0.56 0.41 0.30

Species

Binding energy (eV)/area%

CH2 288.1/73.8 286.1/81.1 285.9/86.1

CF 293.2/6.4 291.8/3.2 290.2/2.6

CF2 295.2/6.9 293.0/3.3 291.7/2.1

CF3 296.2/8.0 294.8/5.7 294.4/3.5

Fig. 3 XPS survey spectrum of the F-poly(ethylene–vinyl acetate)

Fig. 4 Results from high resolution XPS spectra of carbon
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for the fluorinated layer to exhibit attractive anti-biofouling

and bio-inertness properties, which is responsible for the

extremely outstanding biocompatibility and blood com-

patibility that could never achieve through the sole

poly(ethylene–vinyl acetate) substrate.

Contact angle analysis data (ha, water contact angle) of

modified poly(ethylene–vinyl acetate) samples are listed in

Table 2, which show that the material’s surface hydro-

philicity is changed as expected after different treatments.

The data is consistent with the change of property and

structure of the poly(ethylene–vinyl acetate) film surface,

as the IR, XPS, and wettability results show. As shown in

Table 2, the ha value depends on the surface chemistry of

poly(ethylene–vinyl acetate) films. Modified poly(ethyl-

ene–vinyl acetate) has a ha value of 57 ± 1.5� after the

alcoholysis reaction and a ha of 121 ± 1.5� after the

functional fluorination. The increased hydrophilicity and

hydrophobicity seen from these results mirror the conver-

sion according to the chemistry shown in Scheme 1.

To analyze the influence of functional perfluoroalkyl

ether groups on surface hydrophobicity from contact

angles, a graph is plotted as ha value versus fluorination

time in Fig. 5, which shows that the F-poly(ethylene–vinyl

acetate) surface hydrophobicity reaches a constant level

after reaction with the fluorinating agent of approximately

120 min. Evidently, the immigration tendency and ther-

modynamic driving force would bring the functional per-

fluoroalkyl ether chains to the material’s surface and

meanwhile keep a stable state to express related surface

properties [44, 46]. Furthermore, we examined the stability

in PBS buffer of this hydrophobicity expressed by func-

tional perfluoroalkyl ether groups through contact angle

measurements. Results demonstrate that incubation in PBS

buffer for 1 day at 37 �C leads to no detectable changes in

hydrophobicity of these films within the experimental

error, and indicate the relatively stable surface chemical

and physical environment after the fluorination treatment.

All of the above results indicate that perfect poly(eth-

ylene–vinyl acetate) film with perfluoroalkyl ether out

layer surface was successfully prepared. After the func-

tional fluorination on poly(ethylene–vinyl acetate) film,

some changes in surface oriented biological properties

should accrue to the F-poly(ethylene–vinyl acetate) film.

Accordingly, we conducted the hemolysis test and platelet

adhesion test to evaluate its biocompatibility and blood

compatibility.

Blood compatibility

Hemolysis

Hemolysis of the blood is an extremely serious problem

associated with the bio-incompatibility of materials faced

by biomaterials researchers. Red blood cells may hemolyze

when contacting with implant materials and thus cause

eventually failure [4, 47]. Therefore, in evaluating blood

compatibility and biocompatibility, it is of vital importance

to investigate the hemolysis ratio of the material. Here,

surface modified poly(ethylene–vinyl acetate) films at dif-

ferent stages were selectively chosen to explore there

hemolytic activity.

Results obtained from hemolysis test of ACD blood with

H-poly(ethylene–vinyl acetate) and F-poly(ethylene–vinyl

acetate) are shown in Table 3. According to the related

standard (ASTM F 756-00), permissible hemolysis ratio of

biomaterials should be at least lower than 5%. Therefore,

first, the hemolysis ratio of 0.55% with pristine poly(ethyl-

ene–vinyl acetate) makes it suitable as the substrate material.

As to the alcoholysised surface, a slightly less hemolysis rate

was obtained in consistence with the observation by many

other researchers since it is accepted that a hydrophilic sur-

face would improve the material’s compatibility to a certain

extent when contacting with biofluids [48–51]. More

importantly and promisingly, a key finding here is the fact

that functional fluorinated surface with perfluoroalkyl ether

groups is much less hemolytic than the pristine one and the

Table 2 Water contact angles (ha) of the poly(ethylene–vinyl ace-

tate) films

Material surface Contact angle (degrees)

As

obtained

After PBS

incubation

Pristine poly(ethylene–vinyl acetate) 86 ± 1.5 86 ± 1.0

H-poly(ethylene–vinyl acetate) 57 ± 1.5 56 ± 1.5

F-poly(ethylene–vinyl acetate) 121 ± 1.0 122 ± 1.0

Fig. 5 Contact angles versus fluorination time on poly(ethylene–

vinyl acetate) film surface
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alcoholysised one as well according to its attractive lower

hemolysis ratio of 0.06%. Therefore, leading to no damage of

red blood cells, the F-poly(ethylene–vinyl acetate) film

exhibits desirable blood compatibility. Previous studies [19]

have also found that acute toxicity of the fluorinated sub-

stance is not more than and in fact sometimes lower than that

of hydrogenated analogs.

Platelet adhesion tests

Embolic problems caused by clotting, which could result in

failure of blood contacting biomedical materials, are also

tough issues to be tackled among biomaterials research.

During the blood clotting process, platelets (also named

thrombocytes) are plasma membrane-possessed megak-

aryocyte fragments that play a pivotal role [4, 52].

Accordingly, in order to pursue a blood-compatible mate-

rial surface, the primary responsibility is to resist platelet

adhesion so as to hinder the thrombogenic cascade. In this

study, in vitro platelet adhesion experiment was conducted

to evaluate the blood compatibility of both pristine and

modified poly(ethylene–vinyl acetate) films. Figure 6 dis-

plays scanning electron micrographs of the pristine

poly(ethylene–vinyl acetate), H-poly(ethylene–vinyl ace-

tate), and F-poly(ethylene–vinyl acetate) after exposure to

platelet-rich plasma for 1 h, and the adhered platelets were

assessed, accordingly.

Apparently, many fully spread and partially activated

platelets adhere to the untreated poly(ethylene–vinyl ace-

tate) film surface as shown in Fig. 6a, b. Some platelets

even aggregated to form thrombus on the pristine

poly(ethylene–vinyl acetate) surface. However, both H-

poly(ethylene–vinyl acetate) and F-poly(ethylene–vinyl

acetate) films show promising results in platelet adhesion.

Platelets are less attached and keep their conformation

better on the hydroxyl-containing surface shown in Fig. 6c,

d, which is consistent with other studies [48–51]. Never-

theless, of the three sorts of materials, both outstanding

antifouling property and blood compatibility can be clearly

seen in Fig. 6e, f illustrating a much cleaner and smoother

surface of F-poly(ethylene–vinyl acetate) compared with

the above couples. Figure 6e, f revealed that grafted per-

fluoroalkyl ether layer functions for minimizing platelet

adhesion on the modified poly(ethylene–vinyl acetate)

surfaces, which consequently exhibits a favorable non-

coagulant property.

To further discern the nature of the perfluoroalkyl ether

structures on the F-poly(ethylene–vinyl acetate) surface for

the successful non-coagulant property, several aspects

should be taken into considerations. First, it is well-known

that fluorocarbon groups are hydrophobic. So the much

lower surface tension and work of adhesion would con-

tribute to the non-fouling of platelets [28, 46, 53], which

has been confirmed by the above experiments and discus-

sions. Furthermore, recently, the polar hydrophobicity

concept of fluorinated compounds is developed and such

nature is responsible for the improved surface activity in

biological applications [54]. Second, perfluoroalkyl ether is

known for its good oxygen solubility and perfluropolye-

thers have been widely used in cosmetics [55]. Besides, the

molecular orbital calculations in quantum chemistry have

reported the specific interactions between carbon dioxide

and the fluorinated substituent’s groups [56, 57]. Therefore,

the specific affinity to oxygen and carbon dioxide, which

are critical delivering components by human blood, might

impart the perfluoroalkyl ether grafted poly(ethylene–vinyl

acetate) film surface with specific functions and properties.

Since few studies were found associating with the bioac-

tivity of perfluoroalkyl ether related structures, the above

promising blood compatibility results highlight the detailed

investigation to further exploit the materials application

potentials.

Conclusions

A unique route was accomplished to improve the flexible

poly(ethylene–vinyl acetate) material into non-coagulant

functional film with outstanding blood compatibility via

the strategy of two steps surface reactions. A thickness-

controlled surface alcoholysis was successfully conducted,

followed by the located fluorination. Hence, an outer-layer

surface consisting of the ordered, covalently immobilized

perfluoroalkyl ether was obtained. The surface layer with

this structure was surrounded by a weak micro-electric

field and accordingly showed very weak interaction with

related living organism. Surface properties of this novel

poly(ethylene–vinyl acetate) film has been characterized

and correlated with the ATR-IR, XPS, and contact angle

investigation. Results illustrate that the surface located

fluorination is successfully conducted achieving highly

ordered and densely packed perfluoroalkyl ether units,

thus conferring an oxygen compatible, chemical inert,

hydrophobic, non-fouling, and slippery surface layer on

Table 3 Hemolytic activity of surface modified poly(ethylene–vinyl

acetate)

Sample Optical density

at 545 nm

Hemolysis

ratio (%)

Water 0.8180 100.00

Saline 0.0050 0.00

Pristine poly(ethylene–vinyl acetate) 0.0095 0.55

H-poly(ethylene–vinyl acetate) 0.0090 0.49

F-poly(ethylene–vinyl acetate) 0.0055 0.06
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poly(ethylene–vinyl acetate) film, which exhibits an

amazing improvement of blood compatibility in the fol-

lowing hemolysis activity test and platelet adhesion test.

Such novel material with the biocompatible surface and

flexible substrate could be a choice candidate for implanted

biomaterial, such as artificial blood vessels in the body and

blood transporting vessels outside the body. The agreeable

micro-electric field of the perfluoroalkyl ether groups sur-

rounding the outermost layer could explain the unique

antifouling properties of the material, providing a guide

prospective in designing new biocompatible materials in

the future.
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