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Preparation and characterizations of poly(2-

methyl-2-oxazoline) based antifouling coating 

by thermally induced immobilization 

Longchao Bai, Lin Tan, Lijuan Chen, Songtao Liu, Yanmei Wang * 

Poly(2-methyl-2-oxazoline) (PMOXA) has been proved to be a kind of potential antifouling 

coating material. In this work, a series of comb copolymers, poly[(2-methyl-2-oxazoline)-random-

glycidyl methacrylate] (PMOXA-r-GMA) with a variety of compositions were synthesized by free 

radical polymerization of oligo(2-methyl-2-oxazoline)methacrylate macromonomer and glycidyl 

methacrylate, then characterized and used to coat silicon/glass surfaces.  A one-step coating 

procedure by simple annealing protocol was used to yield covalent and cross-linked PMOXA-

based antifouling coating. The coatings were rigorously characterized in terms of the surface 

chemical composition, hydrophilicity, thickness and morphology using X-ray photoelectron 

spectroscopy (XPS), water contact angel (WCA) test, ellipsometry and atomic force microscopy. 

The results demonstrated that the PMOXA-r-GMA brushes could successfully be bonded onto 

the silicon/glass surfaces. Finally, the fouling resistance ability of the modified surface was 

evaluated by analyzing the adsorption of bovine serum albumin protein, bacterial cell attachment 

and platelet adhesion, which indicated that the modified silicon/glass surfaces had superior 

resistance to protein, bacterial cell and platelet adsorption, and the performance of fouling 

resistance was enhanced with the content of PMOXA segments in the copolymers. 

Introduction 

The antifouling property is highly desirable for numerous 

biomedical and biomaterial applications including biosensors, 

biomedical devices, and drug delivery,1-4 where the fouling is 

unfavorable for the performance of these surface-based devices. 

Such fouling can certainly limit the accuracy and precision of 

analysis and cause substantially increased energy consumption. 

Nonspecific protein adsorption is the focus of surface fouling 

due to the rapid adhesion of biomolecules such as protein 

adsorption is the first step of surface fouling. To date, 

significant amount of works dedicated to imparting high 

resistance to protein adsorption, are to build up a hydrophilic, 

highly hydrated, uncharged, polymer brush surface,5, 6 ascribed 

to theirs outstanding water-trapping property, which will create 

a highly hydrated surface and lead to the inhibition of protein 

adsorption onto surfaces. Some of the most widely used 

protein-repelling materials are poly(ethylene glycol),7, 8 

zwitterionic,9-12 and peptidomimetic polymers.13, 14  

Recently, poly(2-methyl-2-oxazoline) (PMOXA), a 

peptidomimetic polymer has received growing attention for 

their promising characteristics as antifouling coating 

materials.15-21 The water-soluble PMOXA resembles the poly 

(ethylene glycol) (PEG) in structure and shows similar or better 

properties to PEG (e.g. hydrophilicity, biocompatibility),22, 23 

while it might be less prone to degradation than PEG.18, 24, 25 

Additionally, PMOXA can be readily synthesized by living 

cationic ring-opening polymerization (CROP) with less labor 

demanding. Moreover, this allows for designing and 

constructing polymers with multifunctional, well-defined 

architectures by incorporation of functional initiators, terminal 

groups, and particularly functional groups.21, 26 On this account, 

PMOXA appears to be a promising candidate as antifouling 

coating material.  

A significant challenge in designing antifouling surface is 

developing a method which enables the polymer to be robustly 

anchored. Covalent attachment of polymer offers better stability 

compared to physisorption methods. Two main methods for 

covalent attachment have emerged, namely “grafting to” and 

“grafting from”. The CROP used for PMOXA polymerization 

must be performed strictly within an inert atmosphere as it is 

sensitive to oxygen and water. Thus, the most common used 

method for anchoring PMOXA polymer brushes is “grafting to” 

method.15, 16, 20, 27 On the other hand, the “graft to” method is 

convenient and simple to be implemented. We have prepared 

PMOXA brush coating using a multistep “graft to” method by 

immobilizing PMOXA onto various material surfaces 

(including silica, glass, and gold substrates) through 

polydopamine (PDA) anchored coating for the first time.15 

However, this multi-step approach is relatively complicated, 

and a more efficient and simple approach is highly desired. 

Glycidyl methacrylate (GMA) has attracted interest partly 

because of its reactive epoxide group, which can react with 

various functional groups (i.e., Si−OH, −NH2, −COOH) on the 

surfaces of various substrates, such as wood, paper, textiles and 

silica, glass plates.28-30 At the same time, GMA can serve as a 
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cross-linkable monomer, which can be thermally cross-linked 

into a stable thin polymer film on surfaces, when consist in a 

coating.30-33 Moreover, epoxy-modified polymers can be easily 

synthesized by copolymerization with GMA.34 Copolymers 

with GMA functional groups have been widely used as surface 

coating material, such as, Hailiang Zou et al. designed and 

prepared a novel functional diblock copolymer, poly(2, 2, 2-

trifluoroethylmethacrylate)-block-poly-(glycidylmethacrylate)28. 

Yan R. Hansen et al. developed a dually reactive block 

copolymer, poly(glycidylmethacrylate)-block-poly-(vinyl-

dimethyl azlactone).35 In these cases, the polymers could form 

stable coatings on silicon, cotton, or glass via annealing process. 

Hence, the usage of GMA to attach polymer brushes to surfaces 

is highly interesting. 

To meet the challenges for developing an antifouling surface 

by a simple, covalent approach, in this regard, a novel comb 

copolymer PMOXA-r-GMA with various compositions was 

designed and prepared. The synthesis of the comb polymers 

with an methacrylate backbone and PMOXA side chains 

involves the synthesis of a methacrylate end-capped oligo(2-

methyl-2-oxazoline) methacrylate macromonomer (PMOXA-

MA), followed by its copolymerization with GMA as the 

second step of the comb polymer synthesis (Scheme 1). In our 

comb polymer, the GMA segments can serve as an anchor by 

forming covalent bonds with the surfaces and self-crosslinking 

between GMA residues; whereas the long hydrophilic side 

chains composed of PMOXA segments can protrude into the 

aqueous medium and create a hydrated surface for preventing 

nonspecific adsorption of proteins. Ellipsometry, X-ray 

photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM) and water contact angle measurement (WCA) were used 

to characterize the feature of copolymers functionalized 

surfaces, and evaluate the accomplishment of copolymers 

coated silicon/glass surface. Antifouling properties of the 

PMOXA-based surface were evaluated by protein adsorption, 

bacterial cell attachment and platelet adhesion.  

Experimental  

Materials 

All water used in experiments was deionized water (LanLan 

Company, Hefei, China). 2-Methyl-2-oxazoline (MOXA, 99%, 

Sigma-Aldrich) was dried by refluxing over CaH2 and 

subsequently distilled prior to use. Glycidyl methacrylate 

(GMA, 97%, Aladdin) was passed through an activated basic 

alumina column to remove the inhibitor before use. Methyl 

trifluoromethanesulfonate (MeOTf, 98%, Sigma-Aldrich) was 

distilled under reduced pressure and stored under nitrogen. 

Acetonitrile (ACN), methacrylic acid (MAA), trimethylamine 

(TEA), isopropanol (IPA) and other reagents were obtained 

from Sinopharm Chemical Reagents (China). TEA was dried 

over potassium hydroxide and distilled before use. MAA was 

distilled under reduced pressure. 2, 2′-Azobis (2-

methylpropionitrile) (AIBN) was recrystallized from methanol. 

Labeled bovine-serum-albumin (BSA, Sigma-Aldrich) (FITC-

BSA) was prepared by mixing BSA and fluorescein 

isothiocyanate (FITC, Sigma-Aldrich) at a molar ratio of 1:1 in 

Na2CO3–NaHCO3 buffer for 2 h, followed by thorough dialysis 

in pH 7.4 phosphate-buffered saline (PBS, 10 mM) for three 

days. Escherichia coli ER2566 strain was kindly provided by 

Prof. Yangzhong Liu at the University of University of Science 

and Technology of China (Hefei, China). Silicon (111) wafers 

with a natural oxidized layer were received from Zhejiang 

Crystal Photoelectric Technology Co. (China).  

Synthesis  

 

Oligo (2-methyl-2-oxazoline) methacrylate macromonomer 

Oligo(2-methyl-2-oxazoline) methacrylate (PMOXA-MA) was 

synthesized in a manner analogous to that reported 

previously,36 obtained in a similar fashion. Briefly, MeOTf 

(0.83 mg, 5 mmol), MOXA (5.03 g, 59.0 mmol) and 10 mL 

ACN were added into a 10 mL dried glass tube equipped with a 

magnetic stir bar. The mixture was degassed via three freeze–

pump–thaw cycles. After the CROP was performed at 80 °C for 

22 h, the end-capping agents MAA (0.64 mL, 7.2 mmol) and 

NEt3 (1.4 mL, 10 mmol) were added, and the end-capping 

reaction was performed by heating the solution at 70 °C in an 

oil bath for 36 h. The mixture was then cooled to room 

temperature and the solvent was removed under reduced 

pressure. And then, the residue was dissolved in 20 mL of 

saturated NaHCO3 aqueous solution and stirred for 30 min. 

Subsequently, the water in the mixture was extracted under 

reduced pressure, and 100 mL chloroform (CHC13) was added 

into the mixture and the mixture solution was stirred overnight. 

After that, the mixture solution was dried over sodium sulfate 

overnight, then filtrated, and concentrated under reduced 

pressure. The concentrated solution was added drop wise into 

the ice-cold diethyl ether to obtain the precipitation, and then 

the precipitation was dried in vacuo to give 4.3 g (76% yield) of 

white solid macromonomer (PMOXA-MA). 

PMOXA-r-GMA 

A series of PMOXA-r-GMA were synthesized via free radical 

polymerization with varied feed ratio of PMOXA-MA, GMA. 

As a typical example, PMOXA-MA (1 g, 1 mmol), GMA (35 

μL, 0.25 mmol), and AIBN (4.1 mg, 0.025 mmol) were mixed 

in 10 mL of isopropanol in a 20 mL dried glass tube equipped 

with a magnetic stir bar. The mixture was degassed via three 

freeze–pump–thaw cycles and placed in an oil bath at 70 °C for 

24 h with vigorous stirring. The polymerization was quenched 

by cooling the flask with cold water and exposure to air. 

Subsequently, the resulting viscous oil was diluted with 10 mL 

of chloroform, precipitated in cold diethyl ether, filtered off, 

and then dissolved in 10 mL of chloroform and precipitated 

again into diethyl ether. After that, the sample was dried in 

vacuum. Different mole ratios of PMOXA-MA (x) to GMA (y) 

(0.25–0.75) were used to synthesize three different copolymers 

denoted as PMOXA-rx/y-GMA with three different monomer 

ratios (x/y) of 1/3, 1/1, and 3/1. The molar ratio of the 
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PMOXA-MA segment to GMA segment was determined by 

using 1H NMR. 

Surface modification 

Silicon/glass wafers were cut into 1 × 1 cm2 pieces and cleaned 

by sonication in ethanol (15 min) and then in deionized water 

(15 min). Subsequently, the wafers were cleaned in piranha 

solution (7:3 v/v mixture of H2SO4 (95–98%) and H2O2 (30%)) 

for 60 minutes, rinsed extensively with water, ethanol, and then 

dried (Caution: Piranha solution reacts violently with many 

organic materials and should be handled with great care!). The 

procedure followed for the immobilization of PMOXA based 

copolymers on silicon/glass is showed in Fig 1. The procedure 

is similar to the strategy employed by Lokitz et al,30 thin 

polymer coatings were made by spin-coating (KW-4A, Institute 

of Microelectronics, Chinese Academy of Sciences) the 

PMOXA-r-GMA copolymers onto silicon/glass wafers (at 2500 

rpm for 12 s) from dilute CHCl3 solutions in concentrations 10 

mg/mL. Subsequently, the coatings were immediately annealed 

for 18 h in a preheated oven at 110 °C. After annealing, the 

modified wafers were allowed to cool to room temperature and 

sonicated in CHCl3 using an ultrasonic cleaner for 20 minutes 

to remove the physical adsorbed polymers from the surfaces, 

and then dried with a stream of dry N2. 

Characterizations 

NMR spectroscopy 

1H NMR spectra of PMOXA-MA and PMOXA-r-GMA were 

recorded on a Bruker DMX-300 instrument at 300 MHz. 

Spectra were acquired at room temperature using a deuterated 

chloroform solvent and referenced to an internal 

tetramethylsilane (TMS) standard.  

Water contact angle measurements (WCA) 

The water contact angles were measured with a CA system 

(SL200KB, USA KINO Industry Co., Ltd, USA) at ambient 

temperature. Static contact angles (θs) were measured by 2 μL 

water droplets being delivered to the surface using a microliter 

syringe. Advancing (θadv) and receding angles (θrec) were 

measured with the sessile drop method by depositing a droplet 

of 1 μL on the surface, then increasing the volume to 10 μL, 

finally decreasing it. Advancing angles were considered as the 

maximum angles observed during the droplet growth. Receding 

contact angles were measured in correspondence of the drop 

profile just before the contact surface reduction. Each sample 

was measured at three random locations on the functionalized 

silicon surface to check its uniformity. 

X-ray photoelectron spectroscopy (XPS) 

The XPS data were collected on VG ESCALAB MK II X-Ray 

Photoelectron Spectrometer (VG Scientific Instruments, 

England) with Al (Kα) X-ray source (1486.6 eV). All spectra 

were calibrated by setting the signal of the aliphatic C signal at 

284.7 eV (rather than 285.0 given the high proportion of 

aromatic carbon in the compounds). 

Ellipsometry  

Film thicknesses were measured using a variable angle 

spectroscopic ellipsometer (M-2000, Woollam Co., Inc., 

Lincoln, NE). The measurements were performed in the 

spectral range of 370-1000 nm at two different angles of 

incidence (65°and 75°). The analysis software CompleteEASE 

4.81 was used to analyze all data. Thicknesses reported are the 

average of measurements made from at least three spots on the 

polymer-modified wafer. To fit the ellipsometric data, the 

optical constants (refractive index, extinction coefficient) of Si 

(n=3.865, k=0.020) and SiO2 (n=1.465, k=0) were used to 

determine the SiO2 layer thickness of the freshly cleaned silicon 

surfaces.37 Each polymer layer was represented as a slab of 

uniform thickness having sharp interfaces and optical properties 

described by a Cauchy model (refractive index smoothly 

decaying with wavelength) assuming that the PMOXA-r-GMA 

layers had refractive indices of 1.45 at 632 nm.38 

Atomic force microscopy (AFM)  

The surface topology and surface roughness values of 

unmodified, and polymer-modified silicon surface was 

performed on a DI Multimode V atomic force microscope 

(AFM) from Veeco Instruments (Mannheim, Germany). The 

microscope was operated in tapping mode using Si cantilevers 

with a resonance frequency of 273 kHz, a driving amplitude of 

1.30V at a scan rate of 0.3 Hz. The AFM images were analyzed 

and post-processed using the NanoScope software (Version 

5.12). 

Antifouling 

Evaluation of protein adsorption by fluorescence imaging 

BSA conjugated with fluorescein isothiocyanate (FITC-BSA) 

was chosen as model protein for the evaluation of protein 

adsorption.39 A total of 0.5 mg/mL protein solution was 

prepared by dissolving FITC-BSA in PBS (pH 7.4, 10 mM). 

Bare and coated glass wafers were incubated in FITC-BSA 

solution in a dark condition for 2 h at 37°C, and then washed 

with PBS and deionized water for three times, respectively, to 

remove the weakly bound proteins. Fluorescence images of 

FITC-BSA adsorbed samples were examined using optical 

microscope Olympus BX81 (Olympus, Japan) equipped with a 

halogen lamp, filter U-MNG2 (λexit = 470-490 nm, λemit >510 

nm) and camera type DP72. Color intensity was measured 

using image J software and an average value was calculated.40 

The relative adhesion amount of FITC-BSA was determined 

qualitatively based on the color intensity of fluorescence 

images. 

Bacterial cell adhesion 

Escherichia coli ER2566 strain was grown overnight in Luria-

Bertani (LB) at 37°C on a rotary shaker (250rpm). Cells were 
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harvested by centrifugation at 4000 rpm for 10 min at 4°C. The 

bacterial cells were washed with PBS (pH 7.4) and resuspended 

in PBS at a concentration of 108  cells mL−1, as estimated from 

optical density (OD) at 600 nm (OD of 0.5 at 600nm is 

equivalent to ∼108 cells mL−1). The pristine and modified 

wafers were placed in a 6-well plate and covered with bacterial 

suspension (1 mL) at 37 °C for 4 h. All the samples were 

sterilized with UV irradiation for 1 h prior to the experiment. 

After the bacterial adhesion process, the wafers were washed 

thrice with PBS to remove the non-adherent bacteria. Gram-

stain method was used to analyze bacterial adhesion. The 

crystal violet, iodine solution, decolorizer and safranin solution 

were used in Gram-stain. After bacterial stain, specimens were 

dried and the bacterial adhesion was observed by optical 

microscope Olympus BX81 (Olympus, Japan). 

Platelet adhesion  

The platelet adhesion measurement was carried out according 

to the standard protocol as described briefly below.41, 42 Fresh 

whole blood was collected from healthy volunteers in a 5.0 mL 

vacuum tube containing sodium citrate (109 mM) as the anti-

coagulant (anti-coagulant to blood ratio, 1:9, v/v). The whole 

blood was then centrifuged at 1200 rpm for 15 min to obtain the 

platelet-rich plasma (PRP). The bare and modified surfaces 

were incubated with PRP for 2 h at 37 °C. After rinsing with 

PBS solution three times, the adhered platelets were fixed by 

2.5% glutaraldehyde (v/v, in PBS) for 30 min. The samples 

were rinsed again with PBS solution and dehydrated by 25%, 

50%, 75%, 90%, 100% ethanol solutions for 20 min each, in 

sequence. The samples were gold sputtered in a vacuum and 

then observed by scanning electron microscopy (SEM, JSM—

6700F, JEOL, Japan) at a 5 KV accelerating voltage. 

Stability study 

To investigate their stability, the PMOXA-r-GMA–modified 

silicon/glass surfaces were preserved in a physiological buffer 

(PBS, pH=7.4, 10mM) solution at ambient environment for 

three weeks. The coating stability was monitored by three 

different surface characterization techniques, i.e. water contact 

angle (CA), X-ray photoelectron spectroscopy (XPS) and 

Fluorescence Imaging. CA allows for a determination of 

surface hydrophilicity. XPS provides chemical information of 

the studied surfaces. Fluorescence Imaging was used to monitor 

the non-fouling properties of the copolymer films before and 

after stability test. All the tests followed the procedures 

described above. 

Results and discussion 

Preparation and characterization of PMOXA-r-GMA 

In this work, the initial step in the comb copolymers synthesis 

was the preparation of the oligo(2-methyl-2-oxazoline) 

methacrylate macromonomer (PMOXA-MA) with a degree of 

polymerization (DP) of 11 by direct end-functionalization of 

the cationic oxazolinium species present after the CROP of 

MOXA. The CROP was terminated by addition of a 

methacrylate nucleophile, which was formed in situ by 

deprotonation of MAA with TEA, as depicted in Scheme1. The 

successful end functionalization is confirmed by 1H NMR 

spectroscopy, clearly showing the presence of the two vinylic 

protons of the methacrylate end group at 5.62 and 6.10 ppm as 

well as the methylene protons next to the ester functionality at 

4.29 ppm (Fig. 2 A). Comparison of the peak integrals derived 

from the vinylic protons with the α-terminal methyl group 

signal at 3.05 ppm reveals a degree of functionalization of 100% 

and additionally confirms the targeted DP of the 

macromonomer by integration of the PMOXA backbone signal 

around 3.46 ppm. PMOXA-r-GMA copolymers were 

synthesized via conventional radical polymerization method 

with AIBN as the initiator. The feed molar ratio of the 

PMOXA-MA in copolymers ranges from 25% to 75%. The 

route of synthesis is depicted in Scheme 1. Fig. 2 B is the 
1HNMR spectra of the PMOXA-r-GMA copolymers with 

different monomer feed ratio together with the assignment 

Table. 1. Copolymers composition 

Polymer 

abbreviation a 

Monomer feed ratio 
[PMOXA-

MA]/[GMA] 

Polymer composition b 

[PMOXA-MA]/[GMA] 

PMOXA-r3/1-
GMA 

1:0.33 1: 0.51 

PMOXA-r1/1-

GMA 
1:1 1:1.35 

PMOXA-r1/3-

GMA 
1:3 1: 2.85 

a: the numbers in subscript represent the monomer ratio of [PMOXA-

MA]/[GMA]. 

b: the values determined by using 1H NMR. 
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of the spectrum. The peaks of resonance at 2.63, 2.84 and 3.24 

ppm were assigned to the protons of methylene and methine of 

GMA epoxide group, individually; and the signals of protons 

for the methylene connected to epoxide groups was detected at 

3.98 and 4.30 ppm. In addition, the peak of resonance at 2.07 

ppm was ascribed to methyl protons connected to amide group 

and the signal of resonance at 3.45 ppm was attributed to the 

protons of methylene in the main chain of PMOXA side chain. 

Thus, the 1H NMR spectroscopy indicates that the resulting 

copolymer combined the structural features from GMA and 

PMOXA sections. Chemical composition of the copolymers 

was also verified by 1H NMR. The peak at 2.63, 2.84 

representative of GMA decreased from PMOXA-r1/3-GMA to 

PMOXA-r3/1-GMA with the feed molar ratio of the GMA 

decreasing. Relative areas of the two peaks corresponding the 

PMOXA side chains (a, δ≈3.05) and GMA groups (d, δ≈2.63 

and δ≈2.84) were used to determine the molar percentage of 

PMOXA-MA and GMA in each copolymer. The polymer 

compositions determined by 1H NMR are presented in Table 1. 

The compositions of resulting copolymers were close to the 

feed molar ratio. From PMOXA-r3/1-GMA to PMOXA-r1/3-

GMA, the GMA contents in the copolymers were continuously 

increased, while the PMOXA contents were continuously 

decreased. 

 

Surface characterization of modified substrates 

The three random copolymers listed in Table 1 were coated on 

glass/silicon by spin-coating, followed by annealing and 

washing, as described in Experimental. The resulting coated 

surface was transparent and uniform in all cases. The coating 

thickness evaluated with an ellipsometer is shown in Fig. 3. As 

we can see, the thickness increased with the increment of GMA 

content. GMA can induce self-cross-linking among PMOXA-r-

GMA chains when annealing the coating. Therefore, the 

copolymers with higher content of GMA segments allowed 

more chains farther from the silicon/polymer interface to be 

incorporated into the film, resulting in thicker coatings. 

The surface chemical compositions of the silicon surface 

before and after the modification using PMOXA-r-GMA with 

different feed compositions were also studied with XPS. A 

comparison of the survey spectra for an unmodified silicon 

surface and PMOXA-r3/1-GMA-modified surfaces illustrated 

changes in carbon (C1s, 287 eV), nitrogen (N1s, 400.5 eV), 

oxygen (O1s, 533 eV), and silicon (154 eV for Si2s and 103 eV 

 

Table 2. The atomic percentage of elements on the bare and three copolymer modified surfaces based on XPS and corresponding static, advancing and 

receding water contact angle 

 Element mole percent (atom %) N/C Contact angle (°) 
a
 

  O（1s） N（1s） Si（2s）  θs θadv θrec △θ 

bare silicon wafer 7.36 53.47 0 39.15 0 67.7±3.3 80.9±1.4 57.1±1.7 23.8±1.6 

PMOXA-r3/1-GMA -silicon wafer 56.14 23.66 10.76 9.44 0.192 23.4±1.3 31.3±1.8 10.2±1.4 21.1±1.6 

PMOXA-r1/1-GMA -silicon wafer 66.52 22.14 9.77 1.58 0.146 45.1±1.2 50.4±2.2 17.9±1.7 32.6±2.0 

PMOXA-r1/3-GMA -silicon wafer 68.34 23.65 7.48 0.53 0.109 59.2±1.9 80.1±2.6 27.9±3.1 52.2±2.9 

a: Data are expressed as mean ± SD (n = 3). 
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for Si2p) composition is shown in Fig 4 A. There were sharp 

increases in the N1s (400.5 eV) and the C1s (287 eV) peaks, 

and a decrease in the Si 2p peak for the PMOXA-r3/1-GMA 

modified surface compared to bare silicon surface, indicating 

the successful formation of PMOXA-based coating. Besides, 

Fig. 4 B shows the C 1s core-level spectra of PMOXA-r3/1-

GMA modified wafer. The peak C1s can be resolved into five 

components for the carbon. The peaks of 285.0, 285.6, 286.2, 

288.2 and 288.8 eV are mainly attributed to C−C/C−H, C−N, 

C−O, N−C=O and C=O groups, respectively.43, 44 The 

appearance of the peak assigned to C–N bonds at 285.6 eV, 

stemming from PMOXA side chains of the polymer brushes, 

indicates the introduction of the PMOXA-r-GMA polymer 

brush on the surfaces. We also did the same XPS analysis for 

bare silicon surface and the other two copolymers 

functionalized surfaces, and the results are summarized in 

Table 2. The surface of the bare silicon after “piranha” solution 

treatment was mainly composed of O and Si derived from 

surface oxides. These results were in good agreement with 

those reported in the literature.45 From the data of the modified 

surface (PMOXA-r3/1-GMA, PMOXA-r1/1-GMA and PMOXA-

r1/3-GMA), we could find that the nitrogen (N) concentration 

increased with the increment of PMOXA content in copolymers, 

revealing that the density of the hydrophilic PMOXA brushes 

on the surface was increasing  from PMOXA-r1/3-GMA to 

PMOXA-r3/1-GMA. The coverage degree of silicon (Si) signal 

improved with the increase in GMA content was consistent 

with the results of coating thickness, which also increased with 

the increment of the content of GMA. Furthermore, the N/C 

value increased from 0.120 to 0.192 with the increase of 

PMOXA contents from PMOXA-r1/3-GMA, PMOXA-r1/1-

GMA to PMOXA-r3/1-GMA, indicating that the PMOXA 

contents increased on the surfaces. All these results indicated 

that the surface was covered with the PMOXA based 

copolymers and the PMOXA brushes on the PMOXA-r3/1-

GMA-coated surface were the richest. 

To further characterize the grafting of PMOXA-based 

polymers on the surface, the surface morphology was studied 

by tapping-mode AFM and the corresponding three-

dimensional images are shown in Fig. 5. It was noticed that the 

surface morphology had been altered with coating of the three 

PMOXA-r-GMA copolymers with different compositions, 

compared with the bare silicon surface. In the case of the bare 

silicon surface, a smooth surface morphology was observed 

with root-mean-squares (RMS) roughness of 0.230 nm (Fig 5A). 

While the images Fig 5B-D indicate an increase in roughness 

with the RMS values increasing to 0.315nm, 0.384nm, 0.518 

nm, respectively, after subsequent grafting of the three 

copolymers, revealing the presence of the copolymer layer on 

the surface.  

Hydrophilicity of the copolymer coatings 

Water contact angle measurement is the most convenient way 

to assess the hydrophilicity and wettability of solid surface, and 

the hydrophilicity is a commonly used parameter to determine 

the antifouling properties of the surface. From the results 

presented in Table 2, it was seen that the bare silicon wafer 

after annealing had a static contact angle of 67.7° and the 

values of the modified wafers have been found to consistently 

decreased to 59.2°, 45.1° and 23.4° for PMOXA-r1/3-GMA, 

PMOXA-r1/1-GMA and PMOXA-r3/1-GMA brushes, 

respectively. The apparent increase in hydrophilicity can be 

attributed to the introduction of hydrophilic PMOXA brushes 

on the surfaces, and the results are in good agreement with the 

conclusion of XPS, in which it was found the amount of the 

hydrophilic PMOXA brushes increased from PMOXA-r1/3-
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GMA, to PMOXA-r1/1-GMA and PMOXA-r3/1-GMA-modified 

surface. Meanwhile, measurements of the advancing and 

receding contact angles were conducted for the copolymer-

modified surfaces (as shown in Table 2). The increase of high 

surface energy PMOXA segments caused a drop in the receding 

angle from 27.9° to 10.2°. The small hysteresis (△θ, 21.1°) 

indicates a smooth and chemically homogeneous surface of the 

PMOXA-r3/1-GMA surface,46 consistent with the above AFM 

results. Additionally, the result is particularly striking that 

PMOXA-r3/1-GMA coating exhibited the best hydrophilic 

property. Herein, it can be speculated that PMOXA-r3/1-GMA-

modified wafer has promising fouling resistance ability because 

more hydrophilic surfaces is less prone towards fouling.47  

Antifouling properties of the modified surfaces 

To qualitatively assess the protein adsorption, a fluorescence 

test was performed using FITC-BSA as a model protein 

according to the procedure described by Ciampi et al.48 BSA 

was chosen due to its strong adsorption characteristics on 

various types of materials as previously described.49 Fig 6(A-D) 

shows the surface images by fluorescence microscopy after 2 h 

of immersion in the fluorescein-labelled BSA protein solution 

(BSA–FITC). The bar graph is a relatively quantitative analysis 

of the fluorescence intensities in the corresponding images in 

Fig. 6. Intense fluorescence (appearing green) was observed in 

the non-modified glass surface, confirming that the BSA was 

efficiently adsorbed on the bare surface, whereas the modified 

samples showed substantially reduced fluorescence. It can be 

concluded that the presence of hydrophilic PMOXA chains on 

the surface was responsible for the reduction in protein 

adsorption. On the other hand, we can find from Fig 6(A-D) 

that the amount of the adsorbed BSA–FITC dramatically 

decreased with the increasing of the PMOXA content that was 

consistent with the hydrophilicity sequence of PMOXA-r-GMA 

coating obtained from water contact angle measurements. As 

expected, the lowest fluorescence intensities were observed on 

PMOXA-r3/1-GMA modified surface (Fig 6D), indicating high 

resistance to BSA adsorption, corresponding to the hydrophilic 

nature of its surface. In order to reflect the antifouling 

performance more clearly, the half PMOXA-r3/1-GMA-

modified glass wafer (Fig 6E) was prepared, and we can find 

that the right half with PMOXA-r3/1-GMA coating showed 

obvious improved protein resistance ability. 

Bacterial attachment is the first prerequisite for biofilm 

formation. Therefore, we tested the attachment of the gram 

negative bacterium Escherichia coli ER2566. Fig 7 shows 

representative microscopic images of the stained bacteria 

attached to the unmodified and modified glass surfaces. A 

strong decrease in bacteria density at the surface (Fig 7 B-D) 

was observed with the increasing of the PMOXA content, 

indicating a clear inhibitory effect on bacteria attachment of the 

PMOXA brushes. Our results show that the coating of 

PMOXA-r3/1-GMA confers effective antifouling characteristics 

to the surface. 

When materials contact with blood, proteins were first 

adsorbed instantaneously onto surfaces and deformed; then 

platelets were adsorbed, activated, and aggregated.50 Thus, 

platelet adhesion on a substrate is another important tool for 

evaluating the protein repellent ability. Besides, a study on 

platelets adsorption was important to evaluate the blood 

compatibility of materials. Fig. 8 shows SEM images of 

platelets that adhered to the surfaces by contact of the prepared 

substrates with PRP solution for 120 min at 37 ℃ . A 

diminishing trend could still be found in platelet adhesion. Fig. 

8A shows that there was significant adhesion of platelets on the 

bare silicon surface. In contrast, the PMOXA-r3/1-GMA, 75 

mol % PMOXA modified surface (Fig. 8D) had excellent 

resistance to platelet adhesion. The resistance of platelet 

adhesion was ascribed to the improved hydrophilicity and 

antifouling property after PMOXA-r3/1-GMA immobilization. 

Thus, the platelet adhesion test revealed that surfaces modified 

by the PMOXA based copolymer could improve protein 

resistance property and biocompatibility upon direct exposure 

to plasma environment when compared with the original silicon 

wafer, and the coating could be useful in blood contacting 

surface. 

In addition, it should be mentioned that during the reported 

coating method the unreacted GMA segments are able to bind 

proteins.51-53 While the fact that PMOXA-r3/1-GMA modified 

surface inhibited protein and platelets adhesion suggests that 

PMOXA chains have completely covered the surface and 

shielded the effect of unreacted GMA residues. 

Stability of PMOXA based coating 
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The stability and durability of the PMOXA-based coating are 

examined by incubating the modified surfaces in PBS (pH=7.4, 

10 mM) at the room temperature for 3 weeks in this work. The 

PBS was replaced weekly. Firstly, we investigated the changes 

of static water contact angle of each sample, which is presented 

in Fig. 9A. A slight change in static water contact angle is 

observed for the three samples after continuously incubating in 

PBS for 3 weeks, For example, the static water contact angle  

increased from 23.6° to 25.6° for PMOXA-r3/1-GMA modified 

surface; from 44.3° to 44.9° for PMOXA-r1/1-GMA modified 

surface and decreased from 59.1° to 58.2° for PMOXA-r1/3-

GMA modified surface suggesting good stability for all 

samples, due to the covalent anchoring and cross-linking of the 

GMA residues. In addition, we did further study for the stability 

of the PMOXA-r3/1-GMA modified surface (with best protein-

repellent properties). Seen from Fig. 9B as well as Fig. S1 (in 

the ESI, Electronic Supplementary Information), there is no 

obvious change in XPS wide spectra and the high-resolution 

C1s spectra of PMOXA-r3/1-GMA-coated surface before and 

after incubating. This means few polymers can be removed 

from the coating during stability test. Furthermore, protein 

repellent properties (Fig. 6F) of PMOXA-r3/1-GMA-coated 

surface also did not change much, with only a minor 

fluorescent signal observed after incubating in PBS for 3 weeks. 

In order to further illustrate the antifouling ability of PMOXA-

r-GMA, poly(ethylene glycol) methyl ether methacrylate-

random-glycidyl methacrylate (PEGMA-r3/1-GMA) as a control 

polymer was prepared (as described in the ESI, Fig S2.) and 

used to coat on glass/silicon surface with the same method. We 

found that an obvious increase in fluorescent signal of BSA–

FITC was observed on PEGMA-r3/1-GMA modified surfaces 

after incubating in PBS only one week, as presented in the ESI 

Fig S3B, for PEG is prone to degradation compare to PMOXA 

as previous reported18, 24, 25. In effect, some fluorescent signal 

was observed (ESI, Fig S3A.) on the fresh PEGMA-r3/1-GMA 

modified surfaces after BSA–FITC adsorption, for the typically 

elevated temperature during the annealing process probably 

lead to the oxidative degradation of PEG. All results implied 

that the PMOXA-r-GMA coatings possess a good stability for 

long-term and a better long-term anti-fouling property in 

physiological environment, which was attributed to the covalent 

anchoring and cross-linked structure.  

Conclusion 

In this paper, a series of comb-like copolymers of PMOXA-r-

GMA with different PMOXA/GMA molar ratios were prepared 

by combination of living cationic ring-opening polymerization 

(CROP) and free-radical polymerization method. PMOXA we 

proposed here have many advantages such as good 

hydrophilicity, biocompatibility and high stability. An 

alternative approach was developed to covalently immobilize 

the PMOXA-r-GMA copolymers on silicon/glass wafers. The 

immobilization is carried out by a simple spin-coating and 

annealing procedure, and the results of XPS, AFM and water 

contact angle measurement confirmed that the PMOXA-r-GMA 

copolymer was successfully immobilized onto silicon/glass 

surface, and the improved hydrophilicity of the PMOXA-r-

GMA copolymer modified silicon/glass surface was also 

demonstrated. The antifouling tests showed that the bio-fouling 

adsorption decreased with the increasing content of PMOXA in 

the copolymers. The PMOXA-r3/1-GMA, with 75 mol % 

PMOXA surface demonstrated efficient resistance to single 

protein adsorption (BSA) as well as bacteria cell and platelets 

adsorption from human blood. In addition, the copolymer 

coating exhibited long-term stability against PBS. The process 

can be readily applied to the fabrication of where the covalently 

immobilized polymer brushes serve as the fouling-resistance 

surface. 
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