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Protein-Patterning on Functionalized, Non-Biofouling 
Poly[N-acryloxysuccinimide-co-oligo(ethylene glycol) methyl ether 
methacrylate] Film-Coated PET Surfaces

Abstract: We successfully fabricated poly(ethylene terephthalate) (PET) surfacesthrough a perfluoroaryl azide-based photochemical reaction, and subsequently formedan intrinsically activated, non-biofouling poly[N-acryloxysuccinimide-co-oligo(ethyleneglycol) methyl ether methacrylate] on the surface through surface-initiated, con-trolled radical polymerization. The grafted copolymer film on PET facilely generateda protein pattern using a microcontact printing technique without employing bothan activation step to introduce an active functional group (e.g., succinimidyl ester)and a passivation process for minimizing non-specific adsorption. Consequently, wecharacterized the functionalized PET surfaces by using various methods includingcontact angle measurement, X-ray photoelectron spectroscopy (XPS), scanning probemicroscopy (SPM), field-emission scanning electron microscopy (FE-SEM). In addition,we evaluated the non-biofouling efficacy of the protein-patterned copolymer film onPET by confocal laser scanning microscopy.
Keywords: organic polymer substrate, copolymer coating, biopatterning, surface-initiated controlled radical polymerization, photo-chemical reaction.
1. IntroductionPoly(ethylene terephthalate) (PET) has been commonly usedas a type of thermoplastic polyester in domains such as foodand textile industry, and electrical devices due to its high trans-parency, low weight, good thermal and UV resistance, eco-nomic feasibility, toughness, high stress crack resistance, andexcellent processability and moldability.1-4 In particular, theseunique characteristics, for example, make it desirable for appli-cations requiring reliable performances such as electricalencapsulation, photovoltaic panels, and energy components.5-7In addition, PET has received attention as a synthetic materialfor implantable medical devices.8-10 Thus, it has been utilizedfor fabrication of surgical mesh, sewing cuffs for heart valves,vascular grafts, prosthesis, shunt, and sutures.11,12 However,improving the biocompatibility of PET is still a critical issue if itis to be used for human implantation.13-16 For example, PET fab-

rics and fibers used as synthetic ligaments have caused severeinflammation in the operated knee joint mainly because of thenonspecific adsorption of biological entities (e.g., protein, cell,and bacteria) on the surface resulting in undesirable biologicalresponses such as host responses.17,18Recently, minimizing biofouling on inorganic substratessuch as Si/SiO2 and gold has been actively investigated byintroducing a non-biofouling polymer film on these substratesusing immobilization of an initiator, followed by surface-initi-ated controlled radical polymerization (SI-CRP).19-22 However,few studies have been conducted on the use of organic poly-mer substrates due to the limited synthetic methodology forchemically functionalizing the plastic surfaces.23-25 These limitsare mainly result of a lack of chemically functional groups onthese surfaces and certain undesirable chemicals effects onplastics. In this respect, the developing synthetic methodsapplicable to functionalizable plastics play an important role,and we have previously attempted a photochemical immobili-zation of perfluoroaryl azides on a cyclic olefin copolymer (COC)substrate, consisting of saturated hydrocarbons.26-28 This strat-egy employed a simple fabrication and pattern generation, andprovided a strong covalent bond of perfluoroaryl azide com-pounds with the surface when compared with conventionalapproaches such as chemical oxidation29,30 and physical graft-
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Macromolecular Research ing.31 Moreover, we successfully demonstrated a non-biofoul-ing performance of biotin-terminated copolymer films on goldsurfaces without employing the passivation and activation pro-cesses.32 On the other hand, we wondered whether our approachescould be applied to versatile organic polymer substrates. There-fore, we demonstrate a functionalized, non-biofouling poly-mer-coated PET surface using the photochemical reaction withan initiator terminated-perfluoroaryl azide compound, andsubsequently with SI-CRP. In addition, we adopt a copolymersystem, consisting of two different monomers, where oligo(eth-ylene glycol) methyl ether methacrylate is used as a non-bio-fouling material, and N-acryloxysuccinimide is employed as areactive compound bearing a highly reactive functional group(i.e., succinimidyl ester).32 This copolymer system is envi-sioned to replace old-fashioned processes (i.e., activation andpassivation) after polymerization on the PET surface.
2. Experimental

2.1. MaterialsPoly(ethylene terephthalate) (PET, KIMOTO Co., Ltd., Japan),
N-acryloxysuccinimide (NAS, 90%, TCI), oligo(ethylene gly-col) methyl ether methacrylate (OEGMEMA, Mn~300, Aldrich),copper(II) bromide (CuBr2, 99.999%, Aldrich), 2,2’-bipyridyl(99%, Aldrich), phosphate buffered saline (PBS, pH 7.4,10 mM, Aldrich), L-ascorbic acid (99%, Aldrich), (+)-biotinyl-3,6,9-trioxaundecanediamine (biotin-TEG-NH2, Thermo FisherScientific), rhodamine-conjugated streptavidin (lyophilized pow-der from protein in buffered saline solution, Thermo Fisher Sci-entific), dimethyl sulfoxide (DMSO, 99.5%, Aldrich), andnitromethane (99.9+%, Aldrich) were purchased and usedwithout further purification. 2-(2-(2-(4-azido-2,3,5,6-tertrafluoro-benzamido)ethoxy)ethoxy)ethyl 2-bromo-2-methylpropanoate(initiator-terminated perfluoroaryl azide) was synthesized by ourreported method.26 Deionized water (pure water, 18.3 M ·cm)from the Human Ultra Pure System (Human Corp. South Korea)was used.
2.2. Preparation of initiator-anchored PET surfacesBare PET substrates were sonicated with ethanol for 1 min andthen dried in a stream of argon. The washed substrates wereoxidized using an oxygen-plasma cleaner (Harrick PDC-002)for 1 min at medium strength. Following this, the oxidized sub-strates were coated with the initiator-terminated perfluoro-aryl azide (0.5% w/v in nitromethane) using a spin-coater for30 s at 2,000 rpm. The resulting substrates were baked in anoven at 60 oC for 20 min, and irradiated with UV light (254 nm,Emerson Electric Co.) for 1 h.33 The UV-exposed substrates werethen washed with nitromethane to remove the physicallyadsorbed perfluoroaryl azide and dried in a stream of argon,producing the initiator-immobilized PET substrates.
2.3. Formation of biotinylated-copolymer film on PET
surfacesWe employed N-acryloxysuccinimide (NAS) and oligo(ethylene

glycol) methyl ether methacrylate (OEGMEMA) to synthesizean activation-free, bioactive poly(NAS-co-OEGMEMA) film. Twodifferent stock solutions were initially prepared (stock solu-tion I: 2 mM CuBr2 and 4 mM 2,2’-bipyridyl in pure water, andstock solution II: 20 mM ascorbic acid in pure water). 50 L ofstock solution I and 50L of stock solution II were added into aconical tube, containing NAS (33.8 mg, 0.2 mmol), OEGMEMA(228L, 0.8 mmol), pure water (56L), and DMSO (626L).The resulting pale-brown solution was vigorously stirred for10 min, and surface-initiated, activators regenerated by elec-tron transfer atom transfer radical polymerization (SI-ARGETATRP) was initiated by transferring the mixture solution to thetube with the initiator-anchored substrate. After a reactiontime of 2 h at room temperature, the polymerization was ter-minated by removing the substrate. The poly(NAS-co-OEG-MEMA) film-coated PET was thoroughly washed with pure waterto remove any physisorbed polymers, and then dried in a streamof argon. The copolymer film-coated substrate was immersedinto an ethanolic solution of biotin-TEG-NH2 (0.1 mg/mL) for1 h at room temperature, before the resulting substrate waswashed with ethanol and pure water, and then dried in a streamof argon.
2.4. Generation of protein pattern on copolymer film-
coated PET substratesPolydimethylsiloxane (PDMS) stamps were prepared, accord-ing to the literature method.34 Briefly, a micropatterned siliconwafer used as a master was developed with a negative photore-sist (SU8-50, MicroChem) and photolithography technique.Following this, the master was coated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane under a vacuum for 2 h.To cast the PDMS stamp, the master was placed in a petri dishand covered with PDMS oligomers. After curing for 6 h at 60 oC,the PDMS stamp was peeled off, cleaned, and oxidized using theoxygen plasma cleaner for 1 min at medium strength. The pat-terned-PDMS stamp (50m lateral lines separated by 100m)was inked with the PBS buffer solution of biotin-TEG-NH2 (0.1mg/mL) using the spin-coater. The inked stamp was brought intocontact with the poly(NAS-co-OEGMEMA) film-coated PET for60s. The stamp was carefully peeled off, and the biotin-patternedsubstrate was immersed in the buffer solution of rhodamine-labeled streptavidin (1 mg/mL) for 30 min at room tempera-ture. The protein patterned image was obtained using a confo-cal microscope (LSM 700 META, Carl Zeiss) after the samplewas washed several times with the buffer solution and distilledwater, and then dried in a stream of argon.
2.5. Cell culture and cytotoxicity testHeLa cells were cultured as adherent cells in DMEM (Dulbec-cos’s modified eagle medium, Invitrogen, custom order). TheDMEM was supplemented with 10% fetal bovine serum dia-lyzed with a cut-off of 10 kDa (Invitrogen, 26400-044), 100 U/mL penicillin/streptomycin, 4 mM L-Glutamine. Cells wereplated at a density of 150 cells/mm2. 
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2.6. Characterizations

2.6.1. Contact angle goniometryStatic contact angle of a pure water droplet (approximately,5L in volume) was measured by Phoenix 300 apparatus (Sur-face Electro Optics Co. Ltd., Gyunggido, South Korea) equippedwith a video camera. Reported values represented the aver-ages of at least 3 independent measurements. 
2.6.2. X-ray Photoelectron spectroscopy (XPS)XPS analysis was performed using a VG Scientific ESCALAB 250spectrometer (UK) with a monochromatic Al K X-ray source.A multichannel detector was used to measure emitted photo-electrons at a take-off angle of 90o relative to the surface.During the process, the base pressure was 10-9-10-10 Torr. Sur-vey and high-resolution spectra were obtained at a resolutionof 1 eV from three scans and of 0.05 eV from 5 to 20 scans,respectively. All binding energies were determined with the C1s peak at 284.6 eV as a reference.
2.6.3. Scanning probe microscopy (SPM)SPM experiments were carried out using an NX20 (Park Sys-tems Co., Suwon, South Korea) in a non-contact mode (tip type:PPP-NCHR) at a scan rate of 1.0 Hz. 
2.6.4. Field-emission scanning electron microscopy (FE-SEM)All samples were fractured with two tweezers in liquid nitro-gen at room temperature. The fractured samples were plati-num/palladium (thickness: 1.6 nm) coated in an ion sputter(Hitachi E-1010, Japan). The SEM images were obtained usinga Hitachi S-4800 with a magnification of 70 k (acceleratingvoltage: 3 kV). (e) Phase contrast microscopy. Phase contrastmicroscopy was conducted under an inverted microscope(IX71, Olympus, Japan) equipped with a CCD microscope cam-era (DP71, Olympus).
3. Results and discussionPoly(NAS-co-OEGMEMA) film was chosen as a coating poly-mer for fabricating PET substrates as it does not necessary anactivation process for immobilizing bioactive ligands, owing toits intrinsically activated functional group (i.e., succinimidylester).32 Furthermore, the biotin-terminated, poly(NAS-co-OEGMEMA) film displayed low biofouling levels against non-target proteins as well as a high signal-to-noise ratio (SNR) tothe target protein (i.e., streptavidin) without employing a back-filling process. Figure 1 showed a general procedure for thesynthesis of a biotinylated, poly(NAS-co-OEGMEMA) film onPET substrates. Briefly, an initiator (1) was spin-coated on anoxidized PET substrate, and the sample was then baked at60 oC for 20 min, followed by UV exposure for 1 h at room tem-perature. The initiator-anchored substrate was washed, and SI-ARGET ATRP was carried out with NAS (0.2 mmol) and OEG-MEMA (0.8 mmol) to graft the activation-free, bioactive poly(NAS-co-OEGMEMA) film on PET surfaces. Biotin-TEG-NH2 (4)was immobilized on the copolymer film using an amide cou-pling reaction, producing in a biotin-terminated, poly(NAS-co-

OEGMEMA) film-coated PET surface (Figure 1).We characterized the PET surface after each step by contactangle goniometry, X-ray photoelectron spectroscopy (XPS),scanning probe microscopy (SPM), and field-emission scanningelectron microscopy (FE-SEM). Figure 2 showed the graph andimage on static contact angle of pure water after each process.After plasma cleaning of the bare PET, the contact angle changedto < 5o from 76o (Figure 2(b)-(c)), which indicated the genera-tion of oxygen-bearing functional groups including alcohol, epox-ide, ketone, and carboxylic acid.29,30,35 Subsequently, immobilizinginitiator (1) onto the PET surface increased the water contactangle to 16o (Figure 2(d)). The initiator-immobilized PET wasfurther confirmed by SI-ARGET ATRP with NAS and OEG-MEMA; the contact angle was measured with 40o for the copo-lymer film after the washing process (Figure 2(e)). We assumethat succinimidyl ester groups of the copolymer film make itmore hydrophobic than that of initiator-anchored PET sur-faces. After biotinylation, the contact angle was similar withthat of the copolymer film, and this result suggested that thebiotin group did not considerably change the contact angle ofthe copolymer film.XPS analysis confirmed the successful functionalization ofthe PET surface at each step as shown in Figure 3. In the wide-scan XPS spectra, the O 1s and C 1s peaks of intact PET sub-strate were observed at 532 and 285 eV, respectively (Figure3(a)). After immobilizing of initiator (1), the characteristicpeaks of (1) were sharply detected at 686.8 (F 1s), 399.3 (N 1s),183.0 (Br 3p), and 69.7 eV (Br 3d). These results indicated thatthe initiator (1), consisting of the perfluorophenyl ring andATRP initiator moiety, was successfully anchored on the intactPET substrate (Figure 3(b)). The formation of copolymer filmon PET decreased the peak intensities of F 1s, Br 3d, and Br 3p,

Figure 1. Schematic procedure of the formation of a biotinylated,poly(NAS-co-OEGMEMA) film on PET.
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Macromolecular Research and increased the peak intensity of C 1s. The peak of N 1s in thesuccinimidyl ester group weakly appeared at 400.6 eV (Figure3(c)). After biotinylation, the peak intensity of N 1s was increasedslightly. To further support, we also analyzed the XPS high-res-olution scan of the N 1s peaks at each step. The amide group ofthe initiator (1) was observed at 398.7 eV (Figure 3(e)), and anew peak appeared at 400.5 eV, originated from succinimidylester (Figure 3(f)); the difference of binding energy was approxi-mately 1.8 eV, which was consistent with the previously obtainedvalue.36,37 The peaks of N 1s in the biotinylated, copolymer filmon PET were deconvoluted at 401.4, 399.5, and 398.5 eV,respectively. We assigned the peaks based on the literature:38the ureido moiety (401.1 eV), the amide group of biotin ligandin the copolymer film (399.5 eV), and the amide groups ofATRP initiator (398.5 eV) (Figure 3(g)). In addition, we monitored surface morphology before andafter the fabrication of PET substrate using scanning probe micros-copy (SPM) and field-emission scanning electron microscopy(FE-SEM). In SPM height images obtained in non-contact mode,the copolymer-coated PET exhibited a smooth surface, com-pared with the oxidized surface and the initiator-anchored sur-face (Figure 4(a)-(c)). As a result, root-mean-square (RMS) roughnessof the whole surface area was 3.43 nm for the plasma-cleaned

Figure 3. XPS survey-scan spectra of (a) intact PET, (b) initiator-anchored PET, (c) poly(NAS-co-OEGMEMA) film-coated PET, and (d) bioti-nylated, poly(NAS-co-OEGMEMA) film-coated PET. XPS high-resolution spectra of N 1s in (e) initiator-anchored PET, (f) poly(NAS-co-OEGMEMA)film-coated PET, and (g) biotinylated, poly(NAS-co-OEGMEMA) film-coated PET.

Figure 2. Static water contact angle measurement of (a) summary, (b)intact PET, (c) plasma-cleaned PET, (d) initiator-anchored PET, and (e)poly(NAS-co-OEGMEMA) film-coated PET.
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PET, 9.23 nm for the initiator-anchored PET, and 1.44 nm forcopolymer-coated PET. The line profile, which was indicativeof surface roughness along the red line in the image, also repre-sented the smoothness of each PET surface as shown beloweach SPM image. The RMS line roughness was 7.1 nm for theoxidized PET (maximum height difference: 35 nm), 9.8 nm forthe initiator-anchored PET (maximum height difference: 65nm),and 1.5 nm for the copolymer-coated PET (maximum heightdifference: 9 nm). The cross-section FE-SEM image correspondedwith the SPM image at each step (Figure 4(d)-(f)). After polym-erization, the copolymer film-coated PET surface was consid-erably flatter than the oxidized and the initiator-anchored PETsurfaces. Because of the uniform growth rate of the polymerchain via SI-CRP, the overall surface morphology of the polymerfilm on the surface was fairly smooth.39 Huck research groupand we also demonstrated that the surface roughness wasaffected by the anchored initiator density on the surface.40,41Thus, we assume that the flatter copolymer film surface, obtained inthis work, resulted from the closely packed monolayer of theinitiator, anchored on the PET surface.We evaluated the functionality and non-biofouling perfor-mances of the biotinylated, copolymer film-coated PET surfaceusing protein patterning. Figure 5(a) depicted the process ofthe protein patterning on the copolymer film-coated PET sur-face. The biotin-patterned copolymer film was generated usinga microcontact printing technique based on a PDMS stamp. Thestamp having relief features of 50m lateral lines separated by100m had been inked with biotin-TEG-NH2 (1 mg/mL in eth-anol). The inked stamp was in conformal contact with the

Figure 4. SPM images of (a) plasma-cleaned PET, (b) initiator-anchored PET, and (c) poly(NAS-co-OEGMEMA) film-coated PET; The red line isindicative of the line roughness profile. FE-SEM images of (d) plasma-cleaned PET, (e) initiator-anchored PET, and (f) poly(NAS-co-OEGMEMA)film-coated PET.

Figure 5. (a) Schematic procedure of the generating protein patternand (b) confocal laser scanning microscopy image of rhodamine-con-jugated streptavidin on the biotin-patterned poly(NAS-co-OEGMEMA)film-coated PET. The scale bar is 200 m.
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copolymer film for 1 min, and the resulting substrate was care-fully washed with ethanol and the PBS buffer solution. Withoutemploying a passivation step, the biotinylated, patterned sub-strate was incubated in the buffer solution of rhodamine-labeled streptavidin (0.1 mg/mL) for 2 h at room temperature.After washing with the buffer solution, the protein-patternedcopolymer film was characterized by confocal laser scanningmicroscopy (Figure 5(b)). The red vertical lines resulting fromthe dye-labeled streptavidin were contrasted with the background.The SNR [(average signal intensity–average background inten-sity)/standard deviation of background intensity] was approx-imately 4.7. Consequently, we confirmed the coating of non-biofouling poly(NAS-co-OEGMEMA) films on a PET surface andsuccessfully generated a protein-patterned copolymer film using asoft lithography technique. In addition to the protein patterning,the biocompatibility of copolymer film-coated PET was evalu-ated with HeLa cells. The copolymer-coated PET was conju-gated with poly-L-lysine, and HeLa cells were plated with a densityof 150 cells/mm2. Figure 6 showed that the cells adhered,spread, grew, and proliferated normally on the film, which indi-cated that the PET film itself, and the polymer grown on top ofit did not have negative effects on cellular growth. 
4. ConclusionsIn summary, we have functionalized PET surfaces using a per-fluoroaryl azide-based photochemical reaction, and subse-quently synthesized a functionalized, non-biofouling copolymerfilm on the substrate through SI-CRP with NAS and OEGMEMA.This copolymer system made it easy to generate a protein pat-tern on the PET surface assisted using a microcontact printingtechnique with neither post functionalization or passivationprocess. Owing to its reproducibility and versatility, we believethat this strategy, employed in this work, will improve biocom-patibility and bioactivity of PET substrate, and widen the appli-cations of organic polymer substrates; thus, these materialscan be used in human implantation.
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