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ABSTRACT: Novel well-defined amphiphilic fluorinated diblock copolymers P(PEGMA-co-MMA)-b-PC6SMA were synthesized success-

fully by RAFT polymerization and characterized by FTIR, 1HNMR and GPC. For copolymer coatings, static contact angles, h, with

water (hwater� 109.5�) and n-hexadecane (hhexadecane� 68.9�) pointed to the simultaneous hydrophobic and lipophobic characteristics

of the copolymer surfaces. Dynamic contact angle measurements indirectly demonstrated that copolymer films underwent surface

reconstruction upon contact with water, which results in a surface with surface coverage of polar PEG units. Moreover, the distinct

nanoscale microphase segregation structures were proved by atomic force microscopy (AFM) images. Finally, using bovine serum

albumin (BSA–FITC) as the model protein, copolymers exhibited excellent protein adsorption resistance. It is believed that the com-

bination of surface reorganization and nanometer-scale microphase segregation structure endows the excellent protein resistance for

amphiphilic fluorinated copolymers. These results provide deeper insight of the effect of surface reconstruction and microphase segre-

gation on the protein adsorption behaviors, and these amphiphilic fluoropolymers can expect to have potential applications as anti-

fouling coatings in the field of marine and biomedical. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41167.
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INTRODUCTION

Biofouling caused by attachment of biomacromolecules or whole

organisms in aqueous environments, is a ubiquitous problem

that can lead to various adverse events.1,2 For instance, there are

thrombosis, microbial infections, and reduction in the perform-

ance of an engineering system like marine ship hulls, water filtra-

tion membranes, or food industries, etc.3–5 Therefore, it is

necessary to develop advanced low/nonfouling materials or anti-

fouling polymer surfaces for preventing unwanted accumulation

of bioadhesion and protein adsorption at surfaces.6–8

In recent years in order to improve the fouling-resistant proper-

ties, the modifications in hydrophobic or hydrophilic character

for the material surfaces have attracted a lot of attention. In

general, a hydrophobic surface with a low surface energy can be

obtained using fluorinated copolymers or silicone elastomers

due to their nonpolar character.9 For example, Krishnan et al.

designed comblike block copolymers with semifluorinated liquid

crystalline sidechains, which showed long-lasting hydrophobic

and obvious fouling-release performance to organisms.10 Even

though these hydrophobic surfaces can readily release most

macrofouling organisms, they cannot deter initial settlement or

colonization.11 In addition, hydrophilic modification of surfaces

using poly(ethylene glycol) (PEG) and zwitterionic polymers

were found to be promising candidates.4,7,12–14 However, it is

well-known that most microorganisms as well as proteins are

inherently amphiphilic; therefore, they operate by different

attachment mechanisms.15,16 Thus, in order to resist fouling

upon prolonged exposure to complex aqueous environments,

solely hydrophilic or hydrophobic surfaces are inadequate to

some extent. Therefore, there is increasing awareness for engi-

neering amphiphilic materials, which can restructure their surfa-

ces depending on the environment.17–19

Amphiphilic copolymers composed of hydrophilic and hydro-

phobic components, which endow the surface dual nature with

a compositional and morphological complexity. It is believed

that these amphiphilic surfaces have the potential to make it

energetically unfavorable for protein adsorption.20,21 For exam-

ple, Wooley et al. found a distinct phase segregation between

the fluoropolymer and hydrophilic domains took place in the

amphiphilic polymer networks with hyperbranched structure,

which results in a higher release of Ulva sporelings compared to

PDMS.22 More recently, Zhao et al. reported copolymer films

which were prepared by amphiphilic random copolymers. It is

found that these copolymers exhibited better antifouling prop-

erties for bovine serum albumin (BSA) and human plasma

fibrinogen (HFg) than the corresponding homopolymers.23
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Among of these amphiphilic polymer systems, amphiphilic

block copolymer is particularly popular due to its well-defined

structure. As mentioned previously, hydrophilic materials like

poly(ethylene glycol)(PEG) and zwitterionic materials have been

shown to be excellent protein repellency properties.4,7,12–14

Moreover, the excellent low surface energies of fluoropolymers

can significantly reduce the polar and hydrogen-bonding inter-

actions with the bioadhesives or cause the feasible release of the

fouling organisms from the coating surfaces.24,25 Furthermore,

many previous publications indicated that the fluorinated units

can effectively facilitate the surface coverage of a high-energy

hydrophilic groups (such as PEG), which results in excellent

fouling resistance for amphiphilic systems.26–31 Therefore, the

tailor-made amphiphilic fluorinated block copolymers would

have surprising performance in resisting the protein

adsorption.32

In this study, the copolymer films with compositional and mor-

phological heteroge- neities on the nanometer-scale were pre-

pared using novel amphiphilic fluorinated block copolymers

P(PEGMA-co-MMA)-b- PC6SMA. Our previous work has dem-

onstrated that PC6SMA with short perfluoroalkyl side chains

showing excellent hydrophobicity and low crystallizability.33

These well-defined block copolymers were prepared by RAFT

polymerization. As we all know, it is difficult to obtain the

diblock copolymers by polymerization of hydrophilic monomer

and hydrophobic fluorinated methacrylate due to their remark-

able immiscibility.34,35 Therefore, the random copolymer of

PEGMA and MMA was designed as the first block to ensure the

solubility of hydrophilic PEGMA and hydrophobic fluorinated

component. As far as we know, there have been no reports

about employing this type of amphiphilic fluorinated block

copolymers for antifouling application. Besides, in this work,

the effects of the dynamics surface wettability and microphase

segregation of amphiphilic copolymer films on protein resistant

properties were investigated in detail. The results would provide

an insight into the relationship between the antifouling per-

formance and the amphiphilic surface with compositional and

morphological heterogeneities.

EXPERIMENTAL

Materials

The chemical structures of poly(ethylene glycol) methyl ether

methacrylate (PEGMA), methyl methacrylate (MMA), [N-

methyl-perfluorohexane-1-sulfonamide] ethyl methacrylate

(C6SMA), and 2-(2-cyanopropyl) dithiobenzoate (CPDB) are

shown in Figure 1. Poly(ethylene glycol) methyl ether methacry-

late (PEGMA, �300 g mol21, Aldrich) and methyl methacrylate

(MMA, 99.9%, Aldrich) were filtered through a basic alumina

column to remove the radical inhibitor. [N-methyl-perfluoro-

hexane-1-sulfonamide] ethyl methacrylate (C6SMA, purity

>95%) was synthesized according to the literature.33 The RAFT

agent, 2-(2-cyanopropyl) dithiobenzoate (CPDB) was synthe-

sized and purified according to literature procedures.36 2, 20-
Azobisiso-butyronitrile (AIBN, Aldrich) was recrystallized from

ethanol. Diphenyl ether, petroleum ether (60–90�C), diethyl

ether and butyl acetate were obtained from Sinopharm Chemi-

cal Reagent and used as received. Bovine serum albumin labeled

with fluorescein isothiocyanate (BSA–FITC) was purchased

from WAKO. The PBS buffer solution was prepared in distilled

water, and a pH of about 6.9 at 25�C (ionic strength was about

140 mM). n-hexadecane and d-chloroform (CDCl3, 99.8%)

were purchased from Aladdin and used as received. Polystyrene-

b-poly (ethylene-co-butylene)-b-polystyrene (SEBS) triblock

thermoplastic elastomer (Kraton G1643M) was generously pro-

vided by Kraton Polymers.

Polymer Synthesis

A series of amphiphilic fluorinated block copolymers

P(PEGMA-co-MMA)-b-PC6SMA were prepared by RAFT

polymerization.37 The synthetic procedure was illustrated in

Scheme 1. In a typical polymerization, PEGMA, MMA, RAFT

agent CPDB, initiator AIBN, and diphenyl ether were added

into a flask (50 mL) equipped with a mechanical stirrer, and a

reflux condenser. Before the reaction started, the flask was

purged with nitrogen for 30 min in order to remove the oxygen,

then placed the flask in a constant temperature oil bath at 70�C
and reacted for 3–4 h. Polymerization was carried out under a

nitrogen atmosphere and was stopped by the cooling of the sol-

utions in an ice bath. The crude product was precipitated in the

petroleum ether (60290�C) for three times, and the random

copolymer P(PEGMA-co-MMA) was obtained after being dried

in vacuum oven at 40�C for 24 h. The recipes of polymerization

were summarized in Table I.

Subsequently, P(PEGMA-co-MMA)-b-PC6SMA diblock copoly-

mers were synthesized by chain extension of P(PEGMA-co-

MMA) macro-CTA with C6SMA (Table II). Macro chain trans-

fer agent P(PEGMA-co-MMA), fluorinated monomer C6SMA

Figure 1. Chemical structures of hydrophilic monomer PEGMA, hydro-

phobic monomer MMA, hydrophobic/lipophobic monomer C6SMA, and

RAFT agent CPDB.
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and initiator AIBN were dissolved in butyl acetate, degassed by

bubbling nitrogen for 30 min, then placed the flask in a con-

stant temperature oil bath at 80�C and reacted for 24 h. The

reaction was stopped by the cooling of the solution in an ice

bath. The crude product was precipitated in the diethyl ether.

Finally the amphiphilic fluorinated block copolymer P(PEGMA-

co-MMA)-b-PC6SMA was obtained after being dried in oven at

80�C for 24 h.

Characterization

Fourier transforms infrared spectroscopy (FTIR) and 1HNMR

measurements were used to identify the prepared amphiphilic

fluorinated block copolymers. GPC analysis was conducted to

determine the molecular weight (Mn) and polydispersity index

of random copolymers and diblock copolymers prepared by

RAFT polymerization. Contact angle measurements, X-ray pho-

toelectron spectroscopy, AFM imaging and BSA protein adsorp-

tion testing were employed to determine the surface wettability

properties and composition, morphological features, and protein

adsorption resistance of amphiphilic fluorinated copolymers.

Copolymers Film Preparation

Copolymers film for contact angle measurements, X-ray photo-

electron spectroscopy, AFM imaging, and BSA protein adsorp-

tion testing were prepared on silicon wafers/ glass slides by

spin-coating 1% (w/v) solutions of P(PEGMA-co-MMA)-b-

PC6SMA in THF at 2500 rpm using a Cee model 100CB spin

coater. These samples were allowed to evaporate at room tem-

perature for 2h in order to remove the solvent. SEBS control

surface was prepared in an analogous fashion using THF as

solvent. All coatings were annealed in a vacuum oven at reduced

pressure at 130�C for at least 12 h followed by slow cooling to

room temperature.

FTIR, 1HNMR, and GPC analysis

FTIR spectra of the block copolymers cast as films from THF

solution on KBr disks (KBr crystal plates) were collected using

a Nicolet 5700 FTIR instrument. 1HNMR (vs TMS) spectra of

the block copolymers were recorded using a Bruker 500MHz

nuclear magnetic resonance spectrometer (Advance DMX500)

and were carried out with a 5 wt % solution in CDCl3 at room

temperature. The number average molecular weight and poly-

dispersity index of copolymers were measured by Waters 1525/

2414 gel permeation chromatography (GPC) system consisting

of a Waters 1525 binary high-performance liquid chromatogra-

phy pump, a Waters 717 plus auto-sampler, three Waters Styra-

gel columns (Styragel HR2, HR3, and HR4), and a Waters 2414

refractive index detector. THF was used as the eluent at a flow

rate of 1.0 mL min21 at 35�C. Polystyrene standards [(4.0 3

102) 2 (4.0 3 105) g/mol] were used for calibration.

Contact Angle Measurements

The static and dynamic contact angles were measured by a

CAM200 optical contact angle meter (KSV Co., Ltd.) at room

temperature. The static contact angles of water and n-hexade-

cane were measured on SEBS control and block copolymer

surfaces using the sessile drop technique. The surface tension of

the copolymer films was calculated from the static contact

angles referring to the so-called Owens-Wendt-Kaelble

approach.38,39 The dynamic contact angles were measured using

an inclinable plane.33 On an inclinable plane, a sample on a

stage was tilted until a 50 lL water droplet began to slide down

Scheme 1. Synthesis of amphiphilic fluorinated diblock copolymer (PEGMA-co-MMA)-b-PC6SMA via RAFT polymerization.
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onto the sample. Subsequently, an advancing contact angle (ha),

a receding contact angle (hr), and contact angle of hysteresis

(hh,5ha2hr) were determined.

XPS Analysis

X-ray photoelectron spectroscopy (XPS) spectra were recorded

with a VG ESCALAB MARK II spectrometer with a standard

Mg Ka X-ray source (1253.6 eV) operating at 300 W. The work-

ing pressure was less than 1027 Pa. Extended spectra (survey)

were collected in the range 0–1060 eV (50 eV pass energy).

Detailed spectra were recorded for the following regions: C(1s),

O(1s), and F(1s) (50 eV pass energy). The standard deviation in

the BE values of the XPS line was 0.10 eV. To take into account

charging problems, the C(1s) peak was considered at 284.8 eV

and the peak BE differences were evaluated.

AFM Imaging

AFM experiments were performed with a Nanoscope III scan-

ning probe microscope from Digital Instruments. The surface

morphologies and topographies were investigated in the tapping

mode with a Digital Instruments Bioscope instrument (dimen-

sion head and G scanner) under ambient conditions, with a sili-

con tip (160 lm, 325 kHz) with a nominal spring constant of

40 N/m.

BSA Protein Adsorption Testing

Totally, 50 lL of bovine serum albumin (BSA) labelled with fluo-

rescein isothiocyanate (BSA–FITC) solution in PBS was diluted

in 10 mL of PBS solution, and the concentration of the resulting

solution was 0.05 mg/mL. Amphiphilic fluorinated block copoly-

mers were spun-coat on silicon wafers. Additionally, an uncoated

silicon wafer, cleaned for 2 min with a Harrick PDC-32G oxygen

plasma cleaner, was used as a control. These silicon wafers were

then incubated in BSA–FITC solution in a dark room for 1 h

and rinsed with deionized water thoroughly afterwards. Fluores-

cence microscopy was performed using an Olympus BX61W1-

FV1000 upright microscope with a 40 3 UPlan Fluorite 40 3

dry objective (NA 0.75). Images were acquired using a Roper

CoolSnap HQ CCD camera and Image Pro image acquisition

and processing software. Fluorescein and FITC were observed

with a 450 nm excitation and 550 nm emission filter set.

RESULTS AND DISCUSSION

Polymer Synthesis and Characterization

In this work, a series of amphiphilic fluorinated block copoly-

mers P(PEGMA-co-MMA)-b-PC6SMA with different hydrophilic

PEGMA and fluorinated PC6SMA compositions were prepared

by RAFT polymerization. A two-step synthesis was used to pre-

pare these copolymers. In the first step, random copolymer

P(PEGMA-co-MMA) was synthesized with CPDB as the chain

transfer agent, since CPDB has recently been successfully used

in the RAFT polymerization of methacrylate.40,41 Subsequently,

P(PEGMA-co-MMA)-b-PC6SMA) diblock copolymer was syn-

thesized by chain extension of P(PEGMA-co-MMA) macro-CTA

with C6SMA.

The results of GPC analyses of P(PEGMA-co-MMA) Macro-

CTA and the corresponding P(PEGMA-co-MMA)-b-PC6SMA

copolymers are shown in Table III and Figure 2. In comparison

with P(PEGMA-co-MMA) Macro-CTA, the molecular weight of

block copolymers have a significant increase and still remain

relatively low polydispersity index (PDI<1.26). These results

clearly suggest that a successful chain extension producing well-

defined amphiphilic fluorinated P(PEGMA-co-MMA)-b-

PC6SMA copolymers. The solution of block copolymers in THF

foamed strongly upon shaking, which confirmed indirectly the

formation of fluorinated copolymers.42

The chemical composition of block copolymers can be identified

by 1H NMR and FTIR spectra. Figure 3(a) shows the 1HNMR

spectra of P(PEGMA-co-MMA)-b-PC6SMA copolymers(A, B, D,

and E), and the characteristic peaks and relative chemical shift

are very similar. The characteristic peaks of P(PEGMA-co-

MMA) block can be clearly seen at �3.38ppm (Peak c) and

Table I. Recipe for Random Polymerization of PEGMA and MMA at 70�C

Ingredient Material

PEGMA/MMA wt/wta

Expt1 20/80 Expt2 40/60 Expt3 50/50 Expt4 60/40 Expt5 80/20

monomer PEGMA 4.0 g 8.0 g 10.0 g 12.0 g 16.0 g

MMA 16.0 g 12.0 g 10.0 g 8.0 g 4.0 g

RAFT agent CPDB 0.688 g 0.688 g 0.688 g 0.688 g 0.688 g

solvent diphenyl ether 46.67 g 46.67 g 46.67 g 46.67 g 46.67 g

initiator AIBN 0.102 g 0.102 g 0.102 g 0.102 g 0.102 g

a The weight ratio of PEGMA and MMA monomers in feed.

Table II. Recipe for Synthesis of Block Copolymers P(PEGMA-co-MMA)-b-PC6SMA

Ingredient Material Expt1 Expt2 Expt3 Expt4 Expt5

macro-CTA P(PEGMA-co-MMA) 2.0 g 1.5g 1.0 g 1.5 g 2.0 g

monomer C6SMA 3.33 g 2.367 g 1.621 g 2.046 g 2.93 g

initiator AIBN 0.011 g 0.008 g 0.005 g 0.007 g 0.010 g

solvent Butyl acetate 15.99 g 11.601 g 7.861 g 10.638 g 14.79 g
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� (3.55–3.66)ppm (Peak b) due to protons of methoxy

(AOCH3) and methylene (AOCH2CH2A), respectively. Addition-

ally, signals at �4.1 ppm (Peak a) are assigned to -CH2 protons

of the PEG side chain in P(PEGMA-co-MMA) block next to

AOC@O. Signals d at �3.17 ppm originate from the ACH3 pro-

tons of -NCH3 in PC6SMA block. The signals at �(0.84–2.03)

ppm (Peak e) are assigned to the backbone (ACH2A) and ACH3

protons of methacrylate in P(PEGMA-co-MMA)-b-PC6SMA).

1HNMR (400MHz, CDCl3, d/ppm) : A : d4.09 (s, a,-OCH2-),

d3.55–3.66 (m, b, -OCH2CH2-), d3.38 (s, c, -OCH3), d3.17 (s,

d, -NCH3), d0.85-2.03 (m, e, C-CHX); B : d4.10 (s, a,-OCH2-),

d3.59–3.66 (m, b, -OCH2CH2-), d3.38 (s, c, -OCH3), d3.17(s, d,

-NCH3), d0.84-2.03(m, e, C-CHX); D : d4.10 (s, a,-OCH2-),

d3.60–3.66(m, b, -OCH2CH2-), d3.38(s, c, -OCH3), d3.16 (s, d,

-NCH3), d0.84-2.04 (m, e, C-CHX); E : d4.10(s, a,-OCH2-),

d3.56–3.66 (m, b, -OCH2CH2-), d3.38 (s, c, -OCH3), d3.16 (s,

d, -NCH3), d 0.85–2.03 (m, e, C-CHX).

The FTIR spectra of P(PEGMA-co-MMA) -b-PC6SMA) diblock

copolymers(A, B, D, and E) are shown in Fig. 4(a). As seen

from the Fig. 4(a), the characteristic absorptions of C5O

(1731cm21), aliphatic C-H stretch (2850� 2960cm21), and C-F

stretch (1147.9� 1239.2 cm21) are clearly visible. Meanwhile,

the characteristic stretching of double bond at frequencies of

1630 cm21 disappeared. This confirms that the monomers have

been polymerized. Fig. 4b shows the FTIR spectra of random

copolymer P(PEGMA-co -MMA), C6SMA, and corresponding

diblock copolymer (D). The spectrum of diblock copolymer

include the characteristic peaks of P(PEGMA-co-MMA) and

C6SMA. Thus, the formation of fluorinated diblock copolymers

by RAFT solution polymerization was confirmed by 1HNMR

and FTIR characterization.

Surface Wettability and Surface-Free Energy

The fouling resistance performance of copolymer films is

strongly dependent on its surface properties, such as wettability,

morphology, and interfacial characteristics. Therefore, prior to

protein adsorption studies, detailed surface characterization was

performed. To explore the wettability and surface energy of

amphiphilic copolymer films, the static and dynamic contact

angles of water and n-hexadecane on the copolymer surfaces

and the SEBS control were measured using the sessile drop

technique.29 Additionally, The measured values of dynamic con-

tact angles (ha, hr and average contact angle h) were then used

Table III. The GPC Results of Random Copolymers and Block Copolymers

P(PEGMA-co-MMA) P(PEGMA-co-MMA)-b-PC6SMA

Expt PEGMA wt % Mn (g/mol)c PDI
Copolymer
sampled Mn (g/mol)c PDI

Feeda Copolymerb

1 20 18.9 5997 1.26 A 9750 1.24

2 40 38.9 6277 1.22 B 8200 1.15

3 50 48.2 6171 1.26 C 8158 1.17

4 60 56.0 7138 1.22 D 11804 1.23

5 80 72.0 6638 1.25 E 9535 1.22

a The weight fraction of PEGMA in feed materials.
b Calculated from the characteristic proton integrals of 1HNMR spectra.
c Against polystyrene standards.
d Block copolymers with different compositions.

Figure 2. GPC traces of P(PEGMA-co-MMA) Macro-CTA and P(PEGMA-

co-MMA)-b- PC6SMA block copolymers in THF, (a) and(b) represent

Experiments 2 and 4, respectively.
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to extract the surface tension of the polymer films referring to

the Owens-Wendt-Kaelble approach.38 According to Fowkes,43

the surface tension (c) can be resolved into a dispersion compo-

nent (cd) and a polar component (cp) [eq. (1)].

c5cd1cp (1)

Where c is the total surface tension, cd is the dispersion compo-

nent, and cp is the polar component. The total surface-free energies

of the coatings were computed as the sum of the cd and cp terms.

Owens et al.38extended this concept and proposed the following

semiempirical equation:

cL 11 coshð Þ 52 cs
dcL

d
� �1=2

1 2 cs
pcL

pð Þ1=2
(2)

In eq. (2), subscript “L”, “S” refers to the wetting test liquid

and the solid, respectively, and h is the contact angle. The sur-

face tension of the solid surface cs, cd
s , and cp

s can be deter-

mined by eq. (2) and two different liquids whose surface

tension (cL), dispersion (cd
L), and polar components (cp

L) are

known. Water (cd
L 5 21.8 mN/m; cp

L 5 51.0 mN/m) and hexade-

cane (cd
L 5 27.5 mN/m; cp

L 5 0 mN/m) were used in this work

as the test liquids to measure the surface tension. The contact

angles of water and hexadecane measured for block copolymers

(A, B, C, D, and E) are shown in Table IV.

As seen in Table IV, the SEBS control surface shows both hydro-

phobic and lipophilic characteristics. However, the amphiphilic

fluorinated copolymers (A–E) turned out to be both excellent

hydrophobic and lipophobic character at the same time, being

hwater� 109.5� and hhexadecane� 68.9� (static contact angles in

Table IV). This is due to the low surface energy fluorinated seg-

ments migrated to the polymer-air interface after annealing

treatment. The dynamic contact angles (advancing and receding

contact angles, ha and hr) for copolymers and SEBS control are

also given in Table IV. For the surface of homopolymer, the

static contact angle hs is commonly used for surface calcula-

tions, however, for amphiphilic surfaces, the receding contact

angle (hr) or the average contact angle (h, cosh5(cosha

1coshr)/2) are probably more reasonable for estimating the sur-

face energy parameters.44

In this work, the surface tensions cS calculated with all three

angles ha, hr, and h are presented in Table V. Additionally, the

surface energy of the SEBS was also estimated for comparison.

In general, the values of surface energy would be influenced by

the surface concentrations of the polar (PEG segments,

Figure 3. (a) 1HNMR spectra of amphiphilic fluorinated diblock copoly-

mers in CDCl3, A, B, D, and E are shown in Table III. (b) The protons

type of diblock copolymers.

Figure 4. (a) The FTIR spectra of amphiphilic fluorinated diblock copoly-

mers, (A, B, D, and E are shown in Table III). (b) The FTIR spectra com-

parison of P(PEGMA-co-MMA) (Expt 4), C6SMA, and corresponding

diblock copolymer (D).
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hydroxyl, amide, and ester groups, etc.) and nonpolar groups

(such as perfluoroalkyl segments, etc.)26 As seen from Table V,

the total surface energies of amphiphilic copolymers, deter-

mined with the ha values, were remarkably lower than that

of the SEBS control and polytetra fluoroethylene (PTFE)

(18 mJ/m2).31,33 Previous publication proved that the fluo-

roalkyl segments can effectively lower the surface energy, even

when small numbers of the groups were fluorinated.24 Hence,

the relatively low surface energy, calculated with ha, was attrib-

uted to the fluoroalkyl segments enriched on the outmost sur-

face. The ha values were mainly influenced by the highly

nonpolar perfluoroalkyl groups in the amphiphilic fluorinated

copolymers.

On the other hand, the surface energy parameters calculated

with hr are also shown in the Table V. It is evident that the total

surface energy values are higher than that determined with the

ha values. However, the hydrophobic SEBS homopolymer had

nearly the same surface energy, regardless of whether ha or hr

was used for the surface energy calculation. Thus, for the surfa-

ces of the amphiphilic copolymers consisting of both polar and

nonpolar groups, ha was influenced primarily by the nonpolar

segments (such as the perfluoroalkyl groups), whereas hr was

determined with the polar groups (PEG segments, etc.) at the

surface. For homopolymer surfaces, which only have one polar-

ity, both the contact angles resulted in similar values of surface

energy.

Surface Reorganization

The advancing and receding contact angles of water, summar-

ized in Table IV, upon the SEBS control and the amphiphilic

copolymer films were determined using an inclinable plane.33

The advancing contact angles (ha) of water on the copolymer

films and the SEBS control were similar to those of static con-

tact angles, which were affected by the composition of fluori-

nated components and hydrophilic PEG segments in these

copolymers. The receding contact angles (hr) of water, summar-

ized in Table IV, reflected slightly hysteresis of contact angle

(hh5 ha2hr) upon all of the amphiphilic fluorinated copolymer

films (A-E). The water contact angle hystereses were 11.5, 25.0,

22.1, 25.8, and 25.0, for the copolymer surfaces with PEG wt %

of 12.3, 30.6, 37.8, 36.3, and 55.7%, respectively. In general,

contact angle hysteresis is caused by factors such as surface

roughness, chemical heterogeneity, and surface reconstruction of

the copolymer films after contact with the aqueous environ-

ment.16, 21, 22, 45 In the present work, the investigated amphi-

philic copolymer films showed a fairly low AFM roughness

(Root Mean Square, rms � 1nm) and its effect on hysteresis

would be negligible. Therefore, the experimentally observed val-

ues of hh are most likely due to a combination of surface com-

positional heterogeneity and surface reconstruction.21

In the present work, the hydrophilic segments PEG possess low

polymer–water interfacial energy and the hydrophobic segments

PC6SMA just possess low crystallinity.33 Therefore, these

Table IV. hs, ha, and hr (�) Values of Different Probe Liquids on the Surfaces of the Amphiphilic Fluorinated Block Copolymers and the SEBS Control

Sample
PC6SMAa

(wt %)
P(PEGMA)b

(wt %)

WAc HDc

hS
a ha

a hr
a hh

a hs ha hr

SEBSd 110.3 115.2 103.5 11.7 38.1 39.3 26.3

A 38.5 12.3 114.1 122.1 110.6 11.5 73.7 72.6 62.7

B 23.5 30.6 109.5 110.0 85.0 25.0 68.9 70.3 60.3

C 24.4 37.8 114.5 116.5 94.4 22.1 73.3 72.4 61.8

D 39.5 36.3 112.0 115.8 90.0 25.8 71.4 72.5 63.4

E 30.4 55.7 113.1 113.2 88.2 25.0 71.1 72.0 63.5

hs, static contact angle; ha, advancing contact angle; hr, receding contact angle; hh, the water contact angle hysteresis.
a The weight fraction of PC6SMA block in block copolymer.
b The weight fraction of PEGMA component in block copolymer.
c WA, water; HD, hexadecane.
d The control surface.

Table V. Surface Energies (mJ/m2) of the Amphiphilic Fluorinated Block Copolymers and the SEBS Control Calculated with OWK Model

Sample

cd
s cp

s cs

With ha With hr With h With ha With hr With h With ha With hr With h

SEBS 21.6 24.7 23.2 0.0 0.4 0.1 21.6 25.1 23.3

A 11.6 14.6 13.1 0.0 0.6 0.2 11.6 15.2 13.3

B 12.3 15.4 13.8 1.1 8.9 4.1 13.4 24.3 17.9

C 11.7 14.9 13.2 0.3 4.8 1.9 12.0 19.7 15.1

D 11.6 14.4 13.0 0.4 6.8 2.7 12.0 21.2 15.7

E 11.8 14.4 13.0 0.7 7.7 3.3 12.5 22.1 16.3

ah, average angle calculated with cosh5(cosha 1coshr)/2.
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amphiphilic copolymers would have responsive ability for the

wetting environment. In the dry state, because of the low sur-

face energy, the fluorinated segments would readily migrate to

the polymer-air interface and being enriched at the interface.

However, once the copolymer surfaces contacting with water, in

order to reduce the interfacial energy, the flexible PEG chains

would stretch out and the fluorinated segments tended to be

segregated in the bulk of the film. As a result of the surface

reconstruction, the copolymer surfaces became more enriched

in the hydrophilic PEG units. Martinelli et al. have observed

similar behaviors for polystyrene block copolymers carrying an

amphiphilic polyoxyethylene-polytetra-fluoroethylene chain side

group.21 In brief, The contact angle hysteresis of these copoly-

mer films was mainly caused by the surface reconstruction,

which may be have a great influence to the protein adsorption

resistance behavior.

XPS Analysis

The quantitative analysis of the surfaces composition was per-

formed by X-ray photoelectron spectroscopy (XPS) measure-

ments on the copolymers films. As seen in Figure 5, the survey

spectrum of block copolymers showed the signals due to the

elements constituting the repeat units: C(�290eV), O(�532eV),

F(�688eV), N, and S. The results agree with the chemical com-

position of amphiphilic fluorinated block copolymers

P(PEGMA-co-MMA)-b-PC6SMA. Furthermore, Figure 6 shows

a high-resolution XPS spectrum of C(1s) of the block copoly-

mer D. The C(1s) of the block copolymer D could be resolved

into five peaks at binding energies of 284.2, 285.5, 287.9, 291.0,

and 293.4 eV, which were attributed to CAC, CAO(CAN, and

CAS), C@O, CF2, and CF3, respectively.

The atomic composition data for the surfaces and the corre-

sponding values calculated from the known stoichiometric

ratios of block copolymers are summarized in Table VI. For all

of the three block copolymers, the high-resolution XPS spec-

trum of F(1s), C (1s), and O(1s) and were also determined. The

block copolymer A was used as a typical example, the atomic

composition data showed in the Table VI were calculated from

the following method. First, the area of high-resolution XPS

spectrum of F(1s), C(1s), and O(1s) were integrated separately,

and the results were 9593.0, 3142.0, and 2493.5, respectively.

After that, these areas were divided by corresponding sensitivity

factors (1.000, 0.278, and 0.780, respectively), and then the

atomic compositions of F, C, and O for block copolymer A

were calculated for 39.8%, 46.9%, and 13.3%, respectively. It

was found that the elemental composition of the copolymer

samples had a significant difference between the outer surface

and theoretical values calculated from the known composition

after annealing at 130�C for 20 h. Take block copolymer D for

example, the surface content of F was significantly higher than

that of theoretical value, e.g., decreased from 35.9% to 15.5%,

while the C, O percentage followed the opposite trend, increas-

ing from 50.6%, 13.5% to 60.3%, 24.2%, respectively. Further-

more, the experimental F/C ratio (0.71) was much higher than

the theoretical one (0.26). Meanwhile, the atomic composition

of block copolymers A and E had the same trend as those of

the block copolymer D.

These findings demonstrated that the outermost surface of

amphiphilic block copolymers was enriched in fluorine with

Figure 5. XPS survey spectra for block copolymers A, D, and E (Table

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

wileyonlinelibrary.com.]

Figure 6. Area-normalized C(1s) XPS signals for block copolymer D after

annealing at 130�C.

Table VI. XPS atomic Compositions for Block Copolymers A, D, and E

After Annealing at 130�C

Polymer film

Atomic compositions

F (%) C (%) O (%) F/C

A Experimentala 39.8 46.9 13.3 0.85

Stoichiometricb 15.0 61.3 23.7 0.24

D Experimental 35.9 50.6 13.5 0.71

Stoichiometric 15.5 60.3 24.2 0.26

E Experimental 34.5 49.3 16.2 0.70

Stoichiometric 11.8 62.1 26.1 0.19

a The experimental values were determined based on the XPS
measurement.
b Calculated on the basis of the known composition of the block
copolymers.
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respect to the bulk,21 and the enrichment of fluorinated groups

can significantly lower surface free energy. In addition, isother-

mal annealing for block copolymer films promoted enrichment

in fluorinated chains at the outermost surface, owing to their

low surface free energy. Thus, the XPS results explain the phe-

nomenon that the excellent hydrophobic and lipophobic charac-

teristics of the target block copolymers in the dry state. Many

other examples have been reported in the literature about the

selective segregation of semifluorinated chains of a polymeric

structure at the polymer-air interface.46,47 However, the fluori-

nated segments in the block copolymers herein became easier to

separate as a consequence of having less constraint by the other

segments, which resulted in a much higher content of fluorine

at the topmost surface.

Surface Morphology

The block copolymers containing hydrophilic PEG segments

and hydrophobic fluorinated segments have significantly differ-

ent polarities, which would lead to mutual chemical incompati-

bility. AFM analysis was used in this article to investigate the

microphase structure and morphological features of the amphi-

philic fluorinated co-polymer films after annealing treatment.

For block copolymers A and E, both of the copolymer surfaces

exhibited distinct microphase separation structure between

hydrophilic PEG and hydrophobic fluorinated domains, which

was resulted from the thermodynamically induced phase

segregation.48

As shown in Figure 7, the dark area in the images represents

the soft segments of PEG domain and the bright area demon-

strates the aggregation of fluorinated chains with high glass

transition temperature and low crystallinity.33 The AFM images

show that the surfaces of the block copolymer films are mainly

composed of the bright areas, which further confirms the

enrichment of fluorinated groups on the surface. As seen from

Fig. 8, the film surfaces of block copolymers A and E exhibit

low surface roughness values (Root Mean Square, rms � 1nm),

which supports the inference presented previously that contact

angle hysteresis (hh) is most likely due to a combination of sur-

face composition heterogeneity and surface reconstruction. In

addition, it is found that the surface roughness is independent

of the chemical composition of the amphiphilic block

copolymers.

The microphase separation structure indicates that incompati-

bility of the two segments in the amphiphilic copolymers would

lead to self-assembled heterogeneous structure composed of

hydrophilic PEG and hydrophobic fluorinated domains. The

microphase separation structure depends on the amphiphilic

copolymer composition. With the weight ratio of PEGMA/

PC6SMA increasing from 0.32 to 1.55(block copolymers A and

E, respectively), the microphase separation structure transfers

from lying cylinders to spherical domains. It is also found that

the phase separation scale for these samples is in the range of

20–30 nm which is near the common protein scale such as

BSA, and thus such nanostructures would play a unique role for

protein adsorption resistance.

Fluorescence Microscopy of BSA–FITC Incubated Samples

Protein adsorption behavior of a given material depends mainly

on surface free energy and chemical functionality.49 It is well-

known that hydrophobic surfaces have evidenced a tendency to

adsorb proteins at elevated levels as hydrophobic effect. How-

ever, hydrophilic surfaces such as poly(ethylene glycol) (PEG)

and zwitterionic polymers possess excellent resistance to protein

adsorption and cellular adhesion.50, 51 Amphiphilic copolymers

Figure 7. AFM two-dimensional phase image (a), (c), and three-

dimensional phase image (b), (d) for block copolymers A and E, respec-

tively, taken in air (tapping mode). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 8. The surface roughness (Root Mean Square) of block copolymer

films A (a) and E (b). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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contain both hydrophobic and hydrophilic moieties, thus the

protein adsorption behavior of the amphiphilic copolymers is of

great interest, and is also the focus of our research.

As shown in Figure 9, the amount of adsorbed protein on these

amphiphilic copolymer films are significantly less than that on

the hydrophilic Si/SiO2 (silicon wafer) surface and hydrophobic

SEBS control surface (the SEBS control was normalized to 100).

The findings indicated that the amphiphilic fluorinated block

copolymer has excellent protein adsorption resistance properties

for bovine serum albumin (BSA). However, considering the sur-

face properties of amphiphilic copolymer discussed previously,

i.e., the copolymer surfaces after annealing in the dry state

showed a strong hydrophobicity, the finding is surprising. Many

previous studies showed that within a given system, as the

increase of hydrophobicity of the coating, its ability to resist

nonspecific adsorption decreases.52 In the case of P(PEGMA-co-

MMA)-b-PC6SMA, which has high hydrophobicity, it is clear

that its ability to resist protein adsorption is due to the presence

of fluorinated side chains. One likely explanation to the efficacy

of copolymers in resisting nonspecific protein adsorption is the

increased surface coverage of the PEG functionality, which is

aided by the low surface energy of the fluorinated side chains.

While this is not directly evident from the wetting experiments

performed on copolymers, the hysteresis of the surface indicates

surface reorganization. Although the high water contact angle of

copolymers is indicative of a large concentration of fluorinated

side chains on the surface, they can reorganize when immersed

in hydrophilic media (such as water) to expose the PEG func-

tionality on the surface. This results in a surface with high sur-

face coverage of PEG units. Furthermore, as we all know,

protein is inherently amphiphilic (both poessess polar and non-

polar components), thus fluorinated functionality could lead to

a repulsive effect against both polar and nonpolar (lipophilic)

components of the protein.31 Therefore, both the PEG and fluo-

rinated functionalities on the surface resulted in the excellent

protein resistance in this paper.

In fact, bioadhesion is a very complex process, since many factors

such as surface chemistry, surface morphology, and surface

charge play important roles.3 Therefore, the surface phase segre-

gation with nanometer-scale pattern would affect the protein

adsorption also. While a typical protein has areal dimensions of

10–1000 nm2, such as BSA is soft and globular with the dimen-

sions of 4 nm 3 4 nm 3 14 nm, the initial areas for end-on and

side-on adsorption would be 56 and 16 nm2, respectively.53 In

this study, the surface phase segregation pattern on nanometer-

scale (20–30 nm) near the size scale of BSA is believed potentially

disrupt the adsorption event and therefore enhance resistance to

protein adsorption.54 In brief, the combination of surface reor-

ganization exposing the PEG functionality on the surface and

nanometer-scale phase segregation structure imparts the excellent

protein resistance for amphiphilic fluorinated copolymers.

CONCLUSIONS

In this work, we have designed a novel amphiphilic fluorinated

block copolymers composed of hydrophilic, hydrophobic, and

fluorinated monomers, and then the adsorption behaviors of

BSA-FITC on the copolymer surfaces were investigated. Surpris-

ingly, the amphiphilic fluorinated surfaces exhibited excellent

protein resistance compared with the hydrophilic silicon wafer.

Figure 9. Fluorescence microscopy intensity results of BSA–FITC incubated samples. B and D represent block copolymers B and D, respectively; The bar

graph gives the relative fluorescence intensity of the four samples when the SEBS control was normalized to 100. Scar bar: 60 lm. [Color figure can be

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

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4116741167 (10 of 12)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Detailed surface characterization showed that the amphiphilic

fluorinated block copolymer surface is dynamic to some extent.

In the dry state, the fluorinated segments migrated to the

polymer-air interface, resulting in a strongly hydrophobic sur-

face. However, when amphiphilic fluorinated block copolymers

were immersed in a hydrophilic media such as aqueous envi-

ronment, the PEG units would readily to expose on the surface.

Besides, it was believed that the phase segregation pattern on

nanometer-scale (20–30 nm) near the size scale of BSA strongly

affected the adsorption behaviors of protein. In brief, the excel-

lent protein adsorption resistance of the amphiphilic coatings

was mainly due to the surface reorganization of PEG units and

the phase segregation pattern on nanometer-scale (20–30 nm).

This study provides an insight into the relationship between the

antifouing performance and the corresponding amphiphilic sur-

face with compositional and morphological heterogeneities.
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