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ABSTRACT: Poly(ethylene glycol) monomethyl ether (mPEG) was introduced into a glycidyl methacrylate-modified styrenic thermo-

plastic elastomer graft copolymer via a ring-opening reaction with the epoxy group. The chemical compositions of the samples were

confirmed by Fourier transform infrared spectroscopy, 1H-NMR spectroscopy, and gel permeation chromatography. X-ray photoelec-

tron spectroscopy, atomic force microscopy, and water contact angle measurement were used to investigate the surface properties.

The results show that the molecular weight of the mPEG monomer had a great effect on the surface properties of the modified sam-

ples. The platelet adhesion and protein adsorption of the samples modified with low-molecular-weight mPEG were reduced dramati-

cally relative to those of the virgin styrenic thermoplastic elastomer. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40518.
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INTRODUCTION

Because of its excellent clarity, good thermal stability, outstand-

ing mechanical performance, and radiation sterilization, styrenic

thermoplastic elastomers (TPSs) are used to fabricate medical

devices, such as catheters, transfusion bags, heart valves, sub-

strates for cell cultures, and stent drug-delivery coatings.1–4

TPSs derive excellent properties from their ability to form sty-

rene (hard-phase) and olefin (rubber-phase) domains with well-

defined morphologies. However, the inertness and hydrophobic

properties of their polyolefin backbone has limited the use of

TPSs in applications that require, for example, blood-

compatible surfaces.5 When blood makes contact with the

hydrophobic surface of polymers, the surface tends to adsorb

plasma protein at the initial stage; this is followed by platelet

adhesion and their activation and eventually clot or thrombus

formation.6

To improve the surface blood compatibility of a substrate, two

main methods have been reported: surface modification and

bulk modification. Surface functionalization is an efficient tech-

niques for improving the surface performance of existing poly-

mers without great changes to their bulk properties. Various

hemocompatible moieties have been used for surface modifica-

tion;7 these have included poly(ethylene glycol) (PEG) and

its derivatives,8–16 poly(vinyl pyrrolidone),17–22 zwitterionic

materials,23–27 heparin,28,29 chitosan,20–33 proteins,34–36 and

lysine.37 Furthermore, bulk modification is another method for

obtaining biocompatible surfaces. Generally, there are three con-

temporary methodologies that are used for bulk modification:

physical blending,38 copolymerization,39 and chemical grafting.40

The surface properties of the functionalized polymers via bulk

modification can still be maintained even after further process-

ing. For practical and economic considerations, melt grafting

based on free-radical polymerization is a particularly attractive

method among bulk modifications.41,42 However, the high tem-

perature during the process can result in a low grafting degree

(GD) of the monomer and even severe crosslinking or

degradation.

To enhance the GD or reduce side reactions, various reagents

have been used as coagents during melt-phase processing.43 It

was found that styrene can increase the GD of glycidyl methac-

rylate (GMA) better than single-monomer grafting. The mecha-

nism of the high GD was ascribed to styryl radicals, and GMA

can react with styryl radicals to form polymer-g-(GMA-co-

Styrene (St)).44,45 Previously, we reported that N-vinyl pyrroli-

done (NVP) is an efficient promoter for the grafting of GMA

onto the TPS backbone, and the maximum GD and grafting

efficiency we attained were 2.6 wt % and 87%, respectively.

The GDs were increased 7.5- and 2.5-fold compared to those of
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single GMA and styrene-assisted grafting, respectively.46 It is

known that GMA-functionalized copolymers can react further

with carboxyl, hydroxyl, and amine groups. Many researchers

have reported the use of GMA-grafted copolymers as a compati-

bilizer in polyester blends through the reaction between GMA

and the hydroxyl/carboxyl end groups of polyesters.47,48 The

functionalization of GMA-grafted copolymers is an attractive

method for expanding their application. PEG and its derivatives

were selected for their wide use in materials science and bio-

technology because of their low toxicity and good biocompati-

bility. These materials can prevent protein absorption and

cellular adhesion because of their low polymer–water interfacial

energy.49 Wesslen and Wesslen50 found that a water-soluble

polymer could be obtained through the grafting of poly(ethyl-

ene glycol) monomethyl ethers (mPEG) onto GMA copolymers.

After the reaction, no epoxy groups were found in the soluble

graft copolymer without crosslinking.

In this study, mPEG was covalently immobilized onto a GMA-

modified copolymer (TPS-g-GMA) on the basis of an NVP-

assisted grafting procedure by means of a ring-opening reaction

with the epoxy group; this rendered the TPS graft copolymer

hemocompatible. The mPEG-grafted copolymers were charac-

terized by Fourier transform infrared (FTIR) spectroscopy, 1H-

NMR spectroscopy, gel permeation chromatography (GPC), and

differential scanning calorimetry (DSC). Their surface properties

were studied by atomic force microscopy (AFM), water contact

angle (WCA) measurement, X-ray photoelectron spectroscopy

Scheme 1. Synthesis of TPS-g-mPEG via a ring-opening reaction. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 1. Normalized FTIR spectra of (a) TPS, (b) TPS-g-GMA, (c) TPS-g-

mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. 1H-NMR spectra (400 MHz) of (a) TPS, (b) TPS-g-GMA,

(c) TPS-g-mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. 1H-NMR spectra (enlarged) of (a) TPS, (b) TPS-g-GMA,

(c) TPS-g-mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(XPS), and a biological assay of protein adsorption and platelet

adhesion.

EXPERIMENTAL

Materials

A TPS copolymer with 29 wt % styrene (Kraton G 1652) was

purchased from Shell Chemical Co., Ltd. mPEGs with number-

average molecular weights (Mns) of 5000, 1000, and 350 were

used as received (Aldrich). Sodium methoxide was purchased

from J&K Scientific, Ltd. (China). NVP was supplied by Shang-

hai Bangcheng Chemical Co., Ltd. GMA was obtained from

Shanghai Nuotai Chemical Co., Ltd. (China). Dicumyl peroxide

was purchased from Beijing Chemical Factory (China). Bovine

serum albumin (BSA) and sodium dodecyl sulfate (SDS) were

obtained from Dingguo Bio-Technology (China). Freshly pre-

pared phosphate-buffered saline (PBS; 0.1 mol/L, pH 5 7.4) was

used for protein adsorption and platelet adhesion. A Micro

bicinchoninic acid protein assay reagent kit was obtained from

Boster Biological Technology (AR1100, China). The other

reagents were analytical reagent grade, and all of the materials

were used as received directly without further purification.

Sample Preparation

The TPS copolymer (35.00 g), dicumyl peroxide (0.14 g),

NVP (1.75 g), and GMA (1.05 g) were premixed, and then,

the grafting reactions were carried out in a Haake internal

mixer at a desired temperature with a screw speed of 60 rpm,

as previously reported.46 After 5 min of grafting reaction, the

products were removed from the chamber and cooled at

room temperature. The grafted TPS (denoted as TPS-g-GMA)

was dissolved in xylene at room temperature for 24 h, pre-

cipitated by an ethanol/acetone mixture (volume ratio 5 1/4),

washed, filtered, and finally dried in a vacuum oven at 40�C
for 48 h.

The TPS-g-GMA was dissolved in toluene and dried by azeo-

tropic distillation. mPEG was dried similarly, and then, a suita-

ble amount of sodium methoxide was added to the mPEG

solution. The mixture was refluxed, and the formed methanol

was distilled off with toluene. The solutions of TPS-g-GMA and

mPEG–alkoxide were mixed and refluxed for 2 h under N2.

Then, the resulting products [denoted as TPS-g-mPEGN (where

N denotes molecular weight of mPEG)] were precipitated by an

ethanol/acetone mixture. After the evaporation of the solvent,

the products were then dried to a constant weight in a vacuum

oven at 40�C for 48 h.

Characterization

TPS, TPS-g-GMA, and TPS-g-mPEGN were hot-compressed

into a film at 130�C. The IR spectra of them were then tested

by a Bruker Vertex 70 FTIR spectrometer.

The 1H-NMR spectra were collected on a Bruker AV 400 M

NMR spectrometer with deuterated chloroform as the solvent

and tetramethylsilane (chemical shift in nuclear magnetic reso-

nance (NMR) spectroscopy (d) 5 0) as the internal standard at

room temperature.

The molecular weight and molecular weight distribution of the

sample was determined at 150�C by a PL-GPC220 type high-

temperature chromatograph equipped with three PL gel 10-lm

mixed-B light scattering (LS) type columns. 1,2,4-Trichloroben-

zene was used as the eluent at a flow rate of 1.0 mL/min.

The melting and crystallization behaviors of the samples were

determined on a PE DSC-7. Samples of about 5 mg were

annealed at 150�C for 3 min to erase the thermal history. Then,

the samples were cooled to 250�C at a rate of 10�C/min and

subsequently heated to 150�C at a rate of 10�C/min. The curves

Table I. Molecular Weights and Surface Energies of the TPS Samples

Sample Mw (g/mol) Mn (g/mol) Mw/Mn

Surface energy
(mJ/m2)

GDmPEG

(wt %)

TPS 107,049 96,892 1.10 17.1 —

TPS-g-GMA 108,358 93,660 1.16 15.0 —

TPS-g-mPEG350 107,268 89,679 1.20 43.1 1.3

TPS-g-mPEG1000 105,547 87,900 1.20 34.1 3.4

TPS-g-mPEG5000 106,971 91,430 1.17 29.4 9.7

Mw, weight-average molecular weight.

Figure 4. GPC elution curves of the samples: (a) TPS, (b) TPS-g-GMA,

(c) TPS-g-mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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were recorded, and the corresponding temperature (Tc) and

melting temperature (Tm) were determined.

Surface Performance

The films were prepared by the casting of 10% w/v solutions of

the TPS, TPS-g-GMA, and TPS-g-mPEGN in chloroform onto

clean glass slides in Petri dishes for 12 h at room temperature.

The as-prepared films were then dried in vacuo for 12 h at

room temperature to completely remove the solvent.

The surface morphology was examined with AFM in contact

mode (SPA300HV with an SPI 3800 controller, Seiko Instru-

ments Industry, Japan). The root mean square roughness

(RMS) was evaluated from the AFM images.

The WCAs of the TPS, TPS-g-GMA, and TPS-g-mPEGN mem-

branes were recorded with a drop-shape analysis instrument

(Kr€uss Gmbh). A 2-mL droplet of water was initially deposited

onto the member surface. The contact angle values used were an

average of five measurements on different areas of each sample.

Equation of state theory (Neumann) is a universal method for

calculating the surface free energy of polymers with the contact

angle value. The Neumann method is a transformation of

Young’s equation; it combines the basic assumption that the

surface energy of a solid–liquid interface (csl) depends on the

properties of the solid and measuring liquid:

Young’s equation:

csl5cs2clcos h
Equation of state:

csl5f ðcs; clÞ

csl5cs1cl22ðcsclÞ0:5exp f2b1ðcl2csÞ2g

Neumann equation:

ðcs=clÞ0:5exp f2b1ðcl2csÞ2g50:5ð11cos hÞ

where cs and cl represent the solid and liquid surface energy, respec-

tively, and h is the contact angle between the solid and liquid. The

coefficient b1 5 0.0001247 was determined experimentally.

The surface elemental compositions of the TPS films were

examined by XPS (VG Scientific ESCA MK II Thermo Advant-

age V 3.20 analyzer) with an Al/K (photons energy

(hm) 5 1486.6 eV) anode mono-X-ray source at a detection

angle of 90�. The spectra were collected over the range 0–1200

eV, and high-resolution spectra of the C1s, N1s, and O1s regions

were provided. The atomic concentrations of the elements were

determined by the peak area ratios.

Figure 5. (A) DSC cooling curves and (B) heating curves of (a) TPS, (b) TPS-g-GMA, (c) TPS-g-mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-

mPEG5000. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. DSC Data for the Samples

Sample Tc1 (�C) DHm (J/g) Tc2 (�C) DHm (J/g) Tm1 (�C) DHc (J/g) Tm2 (�C) DHc (J/g)

TPS 20.7 7.4 — — 14.4 10.3 — —

TPS-g-GMA 21.9 8.6 — — 12.9 7.3 — —

mPEG350 — — 220.3 88.7 — — 20.5 56.1

TPS-g-mPEG350 21.2 9.3 — — 10.0 7.6 — —

mPEG1000 — — 28.6 161.6 — — 43.2 166.6

TPS-g-mPEG1000 21.5 9.0 — — 14.4 9.1 36.5 0.6

mPEG5000 — — 39.1 182.2 — — 65.2 186.8

TPS-g-mPEG5000 21.0 7.5 20.1 9.9 15.0 6.4 47.2 9.5

DHm is melting enthalpy.
DHc is crystallization enthalpy.
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The surface atomic concentrations (Cs) of the elements were

determined by the peak area ratios. The N/C ratio was obtained

directly from the surface atomic concentrations of N and C.

The CCAO/C ratios were calculated from the following equation

after nonlinear Gaussian fitting of the C1s spectra:

CC 2O

C
5

AC286:0

ACtotal

2
N

C

� �
3100%

where AC286.0 is the peak area corresponding to CCAO and

CCAN after the fitting of the C1s spectrum and ACtotal is the total

peak area of the C1s spectrum.

Protein Adsorption

The TPS and TPS-g-mPEGN films were immersed in PBS (pH

7.4) for at least 12 h to equilibrate the surfaces. Then, the films
were dipped into a PBS solution containing BSA (1.0 mg/mL)
for 2 h at 37�C. After several rinsings with fresh PBS, the sam-
ples were immersed in an aqueous solution of 1.0 wt % SDS
and subjected to shaking for 60 min at room temperature to
remove the proteins adsorbed on the surfaces. The protein con-
centration in the SDS solution, on the basis of the bicinchoninic
acid protein assay kit method, was determined with a micro-
plate reader (Tecan Sunrise, Switzerland), and the amount of
proteins adsorbed on the surfaces was calculated.

Platelet Adhesion

The films were incubated in a tissue culture plate with PBS for

2 h. Fresh blood collected from a healthy rabbit was immedi-

ately mixed with a 3.8 wt % sodium citrate solution at a dilu-

tion ratio of 9:1. The platelet-rich plasma was obtained from

the fresh rabbit blood by centrifugation at 800 rpm for 10 min.

Then, fresh platelet-rich plasma (20 lL) was dropped onto each

film and incubated for 60 min at 37�C. After they were washed

with PBS, the adhered platelets on the films were fixed by 2.5

wt % glutaraldehyde for more than 10 h at 4�C. Finally, the

films were washed with PBS several times and dehydrated with

a series of ethanol/water mixtures (30, 50, 70, 90, and 100 vol

% ethanol). The samples were observed with field emission

scanning electron microscopy (SEM; XL 30 ESEM FEG, FEI

Co.). The number of adhered platelets on the films was calcu-

lated from several SEM pictures of the same films at a magnifi-

cation of about 20003.

RESULTS AND DISCUSSION

Characterization of the Samples

Scheme 1 depicts the covalent immobilization of mPEG onto

TPS. Step 1 involved the formation of epoxy groups on TPS via

the NVP-assisted melt grafting of GMA in a Haake internal

mixer. In step 2, mPEG was coupled to the epoxy group of

TPS-g-GMA by a ring-opening reaction.

The samples were examined by IR spectroscopy as described in

the Experimental section. As shown in Figure 1, all of the spec-

tra were normalized by the peak area at 1500 cm21, which was

assigned to the AC@CA stretching of PS. The strongest absorp-

tion peaks at 1378 and 1461 cm21 were assigned to the CAH

bending vibrations of the CH3 and CH2 groups of the ethylene

and butylene block in SEBS (EB) block, respectively.51 The two

bands observed at 700 and 762 cm21 were representative of the

@CAH bending vibrations associated with the phenyl group in

the styrene block. The absorption peak of ACAOA at about

1110 cm21 (the ester bond in mPEG) verified the occurrence of

the grafting reaction of mPEG. In contrast, the spectra of TPS-

g-mPEG350, TPS-g-mPEG1000, and TPS-g-mPEG5000 at 1110

cm21 [Figure 1(c–e)] demonstrated that the GD of mPEG was

obviously enhanced with the increase of the molecular weight.

Samples c, d, and e presented additional peaks at 3.6 and 3.4

ppm; these were attributed to the protons of mPEG in
1H-NMR curves (Figures 2 and 3). With increasing mPEG

molecular weight, the relative intensities of the peak at 3.6 ppm

gradually increased. The GDs of mPEG were calculated from
1H-NMR spectroscopy and are shown in Table I. When the

molecular weight increased, the GD increased from 1.3 wt %

(TPS-g-mPEG350) to 9.7 wt % (TPS-g-mPEG5000).

The GDs of mPEG in these materials were determined by
1H-NMR from the following equation:

GDmPEG5
A3:63MmPEG3530:29

APh31043ð4n22Þ 3100%

where A3.6 denotes the sum of the areas under the peaks corre-

sponding to the methylene protons in the mPEG, APh denotes

the sum of areas under the peaks corresponding to the

Figure 6. (A) DSC cooling curves and (B) heating curves of (a) mPEG350,

(b) mPEG1000, and (c) mPEG5000. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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TPS–phenyl protons (6.3–7.2 ppm), 0.29 denotes the weight

percentage of the PS block in TPS, 104 is the molecular

weight of styrene, MmPEG denotes the average molecular

weight of the mPEG monomer, and n denotes the number of

ethylene glycol repeating units in the mPEG. The molecular

weights of the samples changed slightly after the reactions

(Figure 4 and Table I); this suggested no apparent degradation

or crosslinking, which absolutely meets the requirements of

practical applications.

Thermal Behaviors of the Samples

It was of great interest to investigate the effect of mPEG on the

crystallization and melting behavior of TPS after modification.

To determine the effect of mPEG incorporation, all of samples

were analyzed with DSC according to the conditions described

in the Characterization section. The nonisothermal crystalliza-

tion curves of the TPS and mPEG-functionalized TPS during

the cooling process are shown in Figure 5(A), and the corre-

sponding data are illustrated in Table II. We observed that the

Figure 7. AFM images of (a) TPS, (b) TPS-g-GMA, (c) TPS-g-mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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crystallization temperatures of the mPEG-functionalized TPS

samples were lower than those of the virgin TPS; this indicated

that mPEG disordered the crystallization of TPS. Figure 6(A)

shows the nonisothermal crystallization curves of mPEG350,

mPEG1000, and mPEG5000. It was clear that the TPS disordered

the crystallization of mPEG (Table II). The virgin TPS showed

one peak at 20.7�C, which was due to the crystallization of

A(CH2ACH2)n in the PEB block. Also, there was only one peak

in the samples of TPS-g-mPEG350 and TPS-g-mPEG1000,

whereas TPS-g-mPEG5000 had two peaks at 21.0 and 20.1�C,

and the appearance of a new peak at 20.1�C was attributed to

mPEG.

The Tm of the mPEG-functionalized TPS samples increased with

increasing molecular weight of mPEG [Figure 5(B) and Table

II]. The melting points of mPEG were 220.3�C (mPEG350),

43.2�C (mPEG1000), and 65.2�C (mPEG5000), respectively [Fig-

ure 6(B) and Table II]. Similar to the behavior that Ganguly, A

reported,52 the melting curve of TPS provided one major melt-

ing peak at 14.4�C, and the TPS-g-mPEG350 presented one

Table III. Atomic Concentrations of the TPS and mPEG-Modified TPS

Sample

Atomic concentration (%)

C1s O1s N1s CCAO/C Theoretical CCAO/C

TPS 91.07 8.93 0 0 0

TPS-g-mPEG350 81.09 17.44 1.48 15.95 0.79

TPS-g-mPEG1000 82.26 16.66 1.08 15.96 2.04

TPS-g-mPEG5000 87.15 12.4 0.45 7.70 5.62

Figure 8. XPS spectra of (A) C1s and (B) N1s of TPS and TPS-g-mPEG350 and high-resolution C1s fitting curves of (C) TPS and (D) TPS-g-mPEG350.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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melting peak at 10.0�C. In particular, TPS-g-mPEG1000 and

TPS-g-mPEG5000 exhibited additional melting peaks at 36.5 and

47.2�C, respectively; this was attributed to the melting of

mPEG.

The GDs of mPEG had a great effect on the crystallization and

melting behaviors of mPEG-modified TPS. The TPS-g-mPEG350

had a slight effect on the PEB block in TPS, whereas the TPS-g-

mPEG1000 and TPS-g-mPEG5000 changed the crystallization and

melting behaviors of TPS.

Surface Morphology, Composition, and Wettability

Figure 7 shows the AFM surface topography of the TPS sam-

ples. The virgin TPS illustrated a rough surface with an RMS

value of about 2.8 nm over the 50 3 50 lm2 scanning area

[Figure 7(a)]. TPS-g-GMA showed an increase in the surface

roughness (6.7 nm). After the grafting of mPEG, the surface

roughness values of TPS-g-mPEG350, TPS-g-mPEG1000, and

TPS-g-mPEG5000 increased further to 10.0, 10.1, and 17.8 nm,

respectively.

The surface chemical composition of the TPS samples was char-

acterized with XPS measurement, and the results are listed in

Table III. A large amount of oxygen was detected in both the

virgin and modified samples. The phenomena was reported by

our group and another research group that the oxygen contami-

nation of the TPS surface was hardly prevented.42,46,53 After the

introduction of mPEG, the oxygen content of the samples

increased from 8.93 to 17.44% (TPS-g-mPEG350), 16.66% (TPS-

g-mPEG1000), and 12.4% (TPS-g-mPEG5000). Compared to the

virgin TPS, a new peak of N1s appeared in the spectrum of

TPS-g-mPEG350; this indicated the presence of a coagent NVP

moiety [Figure 8(B)]. The high-resolution C1s spectra of the

TPS membrane had only one peak [CAC; Figure 8(C)], whereas

that of the TPS-g-mPEG350 membrane could be resolved into

two peaks by a Gaussian peak-fitting algorithm at binding ener-

gies of 284.6 eV (CAC peak) and 286.2 eV [CAOAC peak;

Figure 8(D)]. As shown in Table III, the CCAO/C ratios of

TPS-g-mPEG350 and TPS-g-mPEG1000 were higher than that of

TPS-g-mPEG5000. XPS usually provides the statistical atomic

composition of the surface and near surface down to a depth of

10 nm. Thus, although TPS-g-mPEG350 and TPS-g-mPEG1000

exhibited dissimilar surface performances, their XPS CCAO/C

ratios were similar, that is, 15.95 and 15.96%, respectively.

When annealing in the air, low-energy groups (AF, ASi) tend

to migrate toward the air/polymer interface, whereas high-

energy groups (AOH, ACOOH, ANH2) migrate toward the

polymer surface when they are annealed in water vapor.54 The

mPEG-modified TPS samples were dissolved in chloroform, and

then cast onto glass in covered Petri dishes. The CCAO/C ratios

were calculated after the fitting of the C1s spectra (Table III).

Compared with the theoretical values, we found that the chloro-

form vapor provoked the enrichment of the high-energy mPEG

segment onto the polymer surface.

The wettability of the biomedical material surface plays an

important role in governing hemocompatibility. Although many

factors influence the hemocompatibility of materials, it is

believed that a hydrophilic surface can reduce the adsorption of

proteins and cells. As shown in Figure 9 and Table I, the virgin

TPS surface had an initial WCA of approximately 110�. After

the incorporation of GMA, the WCA increased to 113�. The

WCAs of the mPEG-modified TPS were lower than that of the

virgin TPS. The different molecular weights of the mPEGs

showed different WCAs. The WCAs of TPS-g-mPEG1000 (82�)

and TPS-g-mPEG5000 (89�) changed a little with respect to

the that of the virgin TPS. As for TPS-g-mPEG350, the

value decreased to 68�. These results were consistent with our

previous report in which low-molecular-weight PEG was

prone to moving toward the air interface during film

formation because the PEG segment had a higher solubility in

chloroform than the poly[styrene-b-(ethylene-co-butylene)-b-

styrene] (SEBS) backbone.

Srinivasarao et al.55 found that the high vapor pressure of the

solvent and the velocity of air across the surface drove solvent

evaporation and rapidly cooled the surface. They measured this

cooling to be as much as 25�C below room temperature; this

resulted in an evaporating polymer surface of near 0�C. In

Figure 9. WCAs of the samples: (a) TPS, (b) TPS-g-GMA, (c) TPS-g-

mPEG350, (d) TPS-g-mPEG1000, and (e) TPS-g-mPEG5000. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Amount of adsorption of BSA onto the virgin and mPEG–

modified TPS. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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our experiment, the evaporation of chloroform also led the

temperature of the polymer surface to be 0�C. Combining the

results of DSC, we concluded that the temperature of the poly-

mer surface during film formation was crucial. The crystalliza-

tion temperatures of mPEG350, mPEG1000, and mPEG5000 were

220.3, 28.6, and 39.1�C, respectively. During film formation,

mPEG1000 and mPEG5000 were prone to crystallization. This

confined the surface enrichment and reorganization of mPEG in

the TPS-g-mPEG1000 and TPS-g-mPEG5000 films and ultimately

affected the wettability of the films. Furthermore, when the

environment was changed from a polymer–air interface to a

polymer–water interface, the mPEG segment of TPS-g-mPEG350

was easier to reorganize, whereas the longer backbone and crys-

tallization of mPEG in the TPS-g-mPEG1000 and TPS-g-

mPEG5000 films both confined the surface enrichment and reor-

ganization of mPEG and, thus, affected the wettability of the

Figure 11. (a–d) SEM images of platelet adhesion on surfaces of TPS, TPS-g-mPEG350, TPS-g-mPEG1000, and TPS-g-mPEG5000, respectively, and (e) sta-

tistical number of adherent platelets. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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samples. Combining the results of DSC, XPS, and WCA, we

concluded that the surface enrichment of mPEG on the surface

of TPS-g-mPEG350 was higher than those of TPS-g-mPEG1000

and TPS-g-mPEG5000.

Protein Absorption

The interaction between the protein and polymer surface is crit-

ical for many medical applications.56 Fouling due to protein

adsorption is thought to be the key factor in determining subse-

quent responses, such as platelet adhesion and their activation

and blood coagulation. PEG has been widely used for the prep-

aration of antifouling surfaces. Many methods, including the

self-assembling of monolayers of alkane thiolate terminated oli-

go(ethylene glycol)57 and PEG brushes grafted from a sub-

strate,11,58 have been used to reach this goal. Although the

antifouling mechanism is still unclear, the antifouling surface

can be obtained by the immobilization of PEG.

Herein, BSA was used to study the antifouling properties of the

virgin and mPEG-modified TPS films as model proteins. It is

commonly accepted that the amount of protein adsorbed on vir-

gin TPS is high because of its hydrophobic backbone. The anti-

protein adsorption of TPS-g-mPEG1000 and TPS-g-mPEG5000 was

improved a little, although these samples had a high GD of

mPEG, although the amount of adsorbed BSA decreased from 1.5

lg/cm2 for the virgin TPS substrate to 1.0 lg/cm2 for the TPS-g-

mPEG350 sample (Figure 10). The improvement in the antifouling

of the protein adsorption of TPS-g-mPEG350 was consistent with

the WCA measurement. As for the TPS-g-mPEG1000 and TPS-g-

mPEG5000 samples, the density of the PEG chain on the surface of

these samples was lower than that of TPS-g-mPEG350 because of

the high molecular weight. Both experiment and simulation con-

firmed that the density of the PEG chain had a bigger effect on

antiprotein than the chain length.59

Platelet Adhesion

Platelets, anuclear disk cells produced in bone marrow, have a

diameter of 3–4 lm. They change in shape with their activation

level during activation. There are five morphological change

stages of activated platelets: discoid, dendritic, spread-dendritic,

spreading, and fully spreading.60,61 To our knowledge, the plate-

let adhesion and activation is one of the crucial factors in evalu-

ating the hemocompatibility of materials.

As shown in the morphologies of the platelet of different films in

Figure 11, the quantity and morphology of the platelet on the

sample were distinct from each other. The statistical number of

adherent platelets is shown in Figure 11(e), with numerous plate-

lets distributed on the surface of the virgin TPS [Figure 11(a)] per-

forming as adhesion, spreading, and aggregation. Because of the

lower surface free energy, the antiplatelet adhesion properties of

TPS-g-mPEG1000 and TPS-g-mPEG5000 were nearly unenhanced.

However, the TPS-g-mPEG350 sample had few platelets on the sur-

face. The excellent platelet-repelling ability of TPS-g-mPEG350 was

consistent with the results of WCA and protein adsorption.

CONCLUSIONS

A series of TPS-g-mPEG graft copolymers was successfully pre-

pared via the ring-opening reaction with the epoxy group. We

found that the molecular weight of mPEG had a great effect on

the properties of the modified samples. The low-molecular-

weight mPEG (TPS-g-mPEG350) had a slight effect on the crys-

tallization and melting behaviors of TPS. In comparison with

that of virgin TPS, the WCA of TPS-g-mPEG350 decreased to

68�. Furthermore, the antiplatelet and antifouling properties of

TPS-g-mPEG350 were improved greatly. The GMA-

functionalized TPS is expected to be useful in improving the

hemocompatibility of TPS via the reaction of GMA and blood-

compatibility monomers with carboxyl, hydroxyl, and amine

groups.
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