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HYBRIDS VIA SURFACE-INITIATED RAFT-MEDIATED PROCESS

JIAYOU JI, KEQIANG XIA, TINGTING LIU, AND LIANG LI*
School of Materials Science and Engineering, Wuhan Institute of Technology, Wuhan 430073, P. R. China

(Received: May 30, 2012 - Accepted: June 3, 2013)

ABSTRACT

A surface modification technique was developed for the functionalization of silicon surface with glucose oxidase (GOD). The silicon surface was first graft 
copolymerized with glycidyl methacrylate (GMA) via surface-initiated reversible addition-fragmentation chain-transfer (RAFT)-mediated process. GOD was then 
covalently immobilized through the ring-opening reaction between the amine groups of the GOD and the epoxide groups of the grafted GMA polymer chains. 
X-ray photoelectron spectroscopy (XPS) was used to characterize the surface-modified surface after each modification stage. Increasing the thickness of the 
polymer layer and the immobilization time could allow a great amount of GOD to be immobilized on the silicon surface. The GOD-functionalized silicon hybrids 
are promising candidates for the silicon-based glucose biosensors.
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INTRODUCTION

Silicon-based biomedical microdevices play an important role in biomedical 
engineering and biotechnology.1-4 It is of great importance to improve the 
biocompatibility of the silicon microdevices and to develop silicon surfaces 
with controllable cell adhesion. Immobilization of biomolecules on silicon 
substrates can be achieved via many methods such as adsorption, entrapment, 
covalent binding, etc. Functionalization of silicon surface with organics is a 
key in the development of new silicon-based biomedical devices. Tethering 
of polymer brushes on the solid substrate is an effective method of modifying 
the surface of the various substrates.5-6 The dense polymer brushes can alter the 
properties of the surface, supply excellent mechanical and chemical protection 
to the substrate, and indicate new pathways to the functionalization of silicon 
surfaces for molecular recognition and sensing.7-10

Recent progress in the techniques of polymer synthesis makes it 
possible to produce well-defined polymer chains on the surfaces of various 
substrates. Living free-radical polymerizations, such as nitroxide-mediated 
radical polymerization,11 atom transfer radical polymerization (ATRP)12 and 
reversible addition-fragmentation chain-transfer (RAFT)13 polymerizations, 
open up a promising way of designing and controlling macromolecular 
architecture under mild reaction condition. ATRP has been successfully 
used to synthesize the well-defined polymer-silicon hybrids.14-18 Reversible 
addition-fragmentation chain-transfer (RAFT)-mediated polymerization is an 
alternative method in the controlled free-radical polymerization. It involves 
a reversible addition-fragmentation cycle where the transfer of a dithioester 
moiety between the active and dormant species maintains the controlled feature 
of the polymerization process.19-21 Thus, it is expected that polymerization by 
the RAFT-moderated process can be used to produce well-defined side chains. 
The well-defined side chains with controlled length and chain architecture, 
and narrow molecular weight distribution, are particularly interesting for the 
field of biomedical polymers. Relatively few studies have been reported to the 
modification of silicon surfaces by the RAFT process and the application in 
biotechnology.13, 22, 23 

Herein, well-defined polymer-silicon wafer hybrids, tethered brushes of 
poly(glycidyl methacrylate) (PGMA) on a silicon wafer, were prepared  via 
surface-initiated RAFT living radical polymerization. Kinetics study on the 
surface-initiated RAFT of GMA revealed that the chain growth from the silicon 
surface was consistent with a “controlled” process. PGMA is a known surface 
linker and spacer for biomolecules.24,25 Then GOD was covalently immobilized 
on the modified silicon surface through the ring-opening reaction between the 
amine groups of the GOD and the epoxide groups of the grafted GMA polymer 
chains. The composition of the modified silicon surface was characterized 
by X-ray photoelectron spectroscopy (XPS). The dependence of the amount 
of immobilized GOD on the immobilized time and the thickness of grafted 
PGMA were also studied. The GOD-functionalized silicon hybrids could be 
promising candidates for the silicon-based glucose biosensors

EXPERIMENTAL

Materials
The silicon wafers were purchased from Unisil Co. (Santa Clara, CA, 

USA). The silicon wafers were cut into square chips of about 1.2 cm × 1.2 
cm in size. The monomer, GMA, was passed through inhibitor-removing 
columns and then stored under an argon atmosphere at -10 °C. The initiator 
a,a'-azobis(isobutyronitrile) (AIBN, 97%) was obtained from Kanto Chemical 
Co. (Tokyo, Japan) and was recrystallized in anhydrous ethanol. The silane 
coupling agent (3-(trimethoxysilyl) propyl methacrylate (TMSPM, 98%)) was 
obtained from Aldrich Chemical Co. (St. Louis, MO, USA). The chain transfer 
agent (CAT), 1-phenylethyl dithiobenzoate (PDB), was synthesized according 
to the published procedures.19 GOD (Type II, 15500 units g-1 from Aspergillus 
niger) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). 
Dulbecco’s phosphate buffer solution (PBS, pH=7.4) was freshly prepared. 
Bio-Rad dye reagent for protein assay (Catalog No. 500-0006) was obtained 
from BioRad (Hercules, CA, USA). The other reagents were of analytical 
grade and were used without further purification unless otherwise mentioned. 

Immobilization process
The process of surface functionalization of silicon was shown in Fig. 

1. Coupling of the RAFT initiator to the silicon wafer was first achieved by 
adding TMSPM (0.41 mmol), AIBN (0.23 mmol), and PDB (0.46 mmol) at 
a molar ratio of 1.8:1:2 into 5 mL of dry DMF in a Pyrex tube containing 
the silicon chip. After purging the mixture with argon for 30 min, the surface 
coupling reaction continued at 60 °C for 24 h under an argon atmosphere. After 
the reaction, the modified substrate was washed with CH2Cl2 and then with an 
ethanol/water mixture.

Fig. 1. Schematic diagram illustrating the process for the functionaliztion 
of the silicon surface.

For the preparation of PGMA brushes on the silicon wafer, the reaction 
conditions were as follows: [monomer]:[AIBN]:[PDB] molar feed ratio of 
200:1:2 in 3 mL of dry DMF in a Pyrex tube containing the modified silicon 
chip. The solution was purged with argon for about 30 min to remove the 
dissolved oxygen. Then the tube was sealed and put in an oil bath at 60 °C for 
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a predetermined period of time. After the reaction, the polymer-silicon wafer 
hybrids were extracted with THF, subsequently immersed in a large volume of 
their respective solvent system for 48 h to remove completely the adhered and 
physically adsorbed polymer. 

The covalent immobilization of GOD onto the GMA grafted silicon 
surface was facilitated by the activation of the epoxide groups grafted on the 
surface.14 The Si-PGMA hybrids (1 cm × 1 cm) were transferred to 3 mL of 
the 0.1 M PBS (pH 7.4) containing GOD at a concentration of 4 mg/ml. The 
immobilization was allowed to proceed under stirring at room temperature for a 
predetermined time. Then the reversibly bound GOD was desorbed in copious 
amounts of PBS for 24 h at room temperature. 

 
Characterization
XPS analysis of the composites was carried out on a Kratos AXIS HSi 

spectrometer (Manchester, UK) with a monochromotized Al Ka X-ray source 
(1486.7 eV photons) and procedures similar to the reports before.26 The static 
water contact angles of the pristine and functionalized Si-H surfaces were 
measured at 25 °C and 60% relative humidity on a telescopic goniometer 
(Rame-Hart model 10000-230, Moutain Lake, NJ, USA). For each angle 
reported, at least four measurements from different surface locations were 
averaged. The angle reported was reliable to ±3°. The thickness of the polymer 
brushes grafted on the silicon substrate was determined by ellipsometry. The 
measurements were performed on a variable angle spectroscopic ellipsometer 
(M-vase, Woollam Inc., Lincoln, NE, USA) at incident angles of 70° and 
75° in the wavelength range 200-1000 nm. For each sample, the thickness 
measurements were made on at least three different surface locations. 

The amount of GOD immobilized on the surface was determined by the 
modified dye-interaction methods27,28 with the BioRad protein dye reagent. 
For the preparation of the dye solution, the Bio-Rad stock dye solution was 
diluted five times with doubly-distilled water. GOD solution (100 mL) of 
known concentration was added to 5 mL of the dye solution. The GOD-dye 
solution was kept for 3 h and then centrifuged. The GOD-dye complexes were 
precipitated and the free dye remained in the upper layer. The absorbance of the 
supernatant at 465 nm was used for the standard calibration. For the quantitative 
determination of immobilized GOD, the dye solution (5 mL) was added to a 
test tube containing the Si-PGMA-GOD chip. After 3 h of reaction, the chip 
was removed and the absorbance of the dye solution was measured at 465 nm. 
The amount of GOD immobilized on the chip was calculated based on the 
standard calibration. The activity of the immobilized GOD was deduced from 
the consumption rate of the b-D-(+)-glucose (1.8 wt%) as the assay medium. 
The enzymatic reaction was initiated by the introduction of a Si-PGMA-
GOD chip (1 cm × 1 cm) into the glucose solution at room temperature with 
agitation. The concentration of the b-D-(+)-glucose solution was measured on 
a biochemistry analyzer (YSI model 2700, Yellow Springs, OH, USA). The 
test was carried out 3 times for each sample.

RESULTS AND DISCUSSION

For the preparation of polymer brushes on the silicon surface, a uniform 
monolayer of initiators immobilized on the silicon surface is indispensable. 
Uniform silane layers can be coupled on SiO2 surfaces.29 Coupling of the 
RAFT initiator was achieved via a one-step process in the SiO2 region of the 
pristine Si wafer from reactions with a mixture of TMSPM (bearing a terminal 
double bond), AIBN, and PDB. The corresponding S 2p core-level spectra of 
the pristine (oxide-covered) Si wafer and the PDB-Si surface were shown in 
Fig. 2. The S 2p core-level spectrum of the PDB-Si surface consisted of the S 
2p3/2 and S 2p1/2 peak components at the BE of about 163.9 and 165.1 eV, 
respectively,30 which indicated the presence of the RAFT initiator on the silicon 
surface. The static water contact angle increased from about 22o for the pristine 
Si surface to about 57o for the PDB-Si surface, which was consistent with the 
result of coverage of the Si surface by RAFT initiator by XPS. 

Fig. 2. S 2p core-level spectra of (a) the pristine (oxide-covered) Si wafer 
and (b) the PDB-Si surface.

Fig. 3. C 1s and N 1s core-level spectra of (a, b) the Si-PGMA surface 
obtained at RAFT time of 20 h and (c, d) the Si-PGMA-GOD surface obtained 
at the GOD immobilized time of 5 h.

The physicochemical properties of the silicon surface can be controlled 
and tuned by the choice of different vinyl monomers. In this work, glycidyl 
methacrylate (GMA) was chosen because its corresponding polymer is well-
known potential linkers for biomolecules.24,25,31 As shown in C 1s core-level 
spectra of the Si-PGMA surface (Fig. 3a), the presence of the grafted polymer 
on the silicon surface was ascertained by XPS analysis. The C 1s core-level 
spectra can be curve-fitted into three peak components with BE at about 284.6 
eV for C-H species, 286.2 eV for C-O species and 288.5 eV for O=C-O species, 
respectively.29,32 The [C-O]/[O=C-O] ratio obtained by XPS is about 3.1:1 and 
in agreement with its respective chemical structure of PGMA. In addition, 
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when the silicon surface was grafted with PGMA, the water contact angle 
was tuned to 68o. The kinetics of PGMA growth from the Si-PDB surfaces via 
RAFT polymerization was investigated. An approximately linear increase in 
thickness of the grafted PGMA brushes on the surfaces with polymerization 
time was observed, as shown in Fig. 4. The results suggested that the chain 
growth from the Si-PDB surface was consistent with a "controlled" process. 

Fig. 6. Dependence of the amount of immobilized GOD on the thickness 
of the grafted PGMA (GOD immobilization time 5 h). The starting surface 
corresponds to the Si-PGMA surface with the different thickness of PGMA.

The amount of immobilized GOD can be determined as the weight of 
immobilized GOD per area of the Si-PGMA-GOD surface, which is measured 
using the protein-dye interaction method.27,28 The amount of immobilized 
GOD (Fig. 5) also increased with the GOD immobilization time. When 
the immobilization time reached about 4-5 h, the surface concentration of 
immobilized GOD leveled off. It could be ascribed to the reaction between 
GOD and the epoxide groups in the top surface layer of the PGMA and the 
complete coverage of the Si-PGMA surface by GOD after about 4 h. The 
further increase in the amount of immobilized GOD probably involved the 
immobilization of the enzyme in the subsurface region.14 As shown in Fig. 6, 
the amount of immobilized GOD increased with the increase in the thickness 
of the grafted PGMA layer on the Si-PGMA surface. Though steric hindrance 
from the thicker PGMA chains on the silicon surface increased, a large 
amount of GOD can be readily immobilized because of the high density of 
epoxide groups on the Si-PGMA surface, compared to the amount of GOD 
immobilized on polymer films via amide linkage,33 adsorption,34 and reversible 
immobilization.35

The storage stability is an important advantage of immobilized enzymes 
over the free enzymes, because the free enzymes lose their activities quickly. 
The stability of the immobilized GOD on the Si-PGMA-GOD surfaces, 
obtained from 25 h of RAFT polymerization and subsequently 5 h of GOD 
immobilization, was examined after the Si-PGMA-GOD substrates were stored 
at 4 °C for 14 days in air and in PBS solution, respectively. The relative XPS 
intensities of the nitrogen signal ([N]/[C] ratios) on the two surfaces remained 
almost unchanged compared to that of the freshly prepared Si-PGMA-GOD 
surface. And the water contact angles of the above two surfaces were about 
53o and 52o, respectively, which were comparable to that of the as-prepared 
Si-PGMA-GOD surface. The immobilized GOD molecules and the free GOD 
molecules from the commercial preparation retained about 90.5±3.1% and 
80.2±2.8% of their original activity under both storage conditions, respectively. 
The result indicated that the immobilized GOD showed an improved stability 
than the free enzyme. Because the active conformation of the enzyme through 
covalent immobilization is stabilized by multipoint bond formation between 
the substrate and the enzyme molecules, covalent immobilization often result in 
the highest stabilization effect on enzyme activities.36,37 Moreover, the stability 
of immobilized GOD also depends on the coupling method. For example, the 
stability of the immobilized enzyme via a 1,3-bifunctional aromatic coupling 
agent was reduced, which may results from the conformation deformation 
of the active enzyme and the loss in the multipoint binding ability of the 
enzyme.37,38 As presented in this work, such a problem can be avoided to a 
large extent through the direct coupling between nucleophilic -NH2 groups of 
GOD with the epoxide groups of PGMA.

CONCLUSIONS

In summary, well-defined functional polymer brushes of GMA have been 
successfully grafted from silicon surface by surface-initiated RAFT-mediated 
process. The kinetic study revealed an approximately linear increase in thickness 
of the grafted PGMA brushes on the surfaces with polymerization time, which 
indicated that chain growth was consistent with a controlled process. GOD 

Fig. 4. Dependence of the grafted polymer film thickness on the RAFT 
polymerization time for the Si-PGMA surfaces. RAFT reaction conditions: 
[monomer]:[AIBN]:[PDB] = 200:1:2 in dry DMF at 60 °C on chain transfer 
agent immobilized Si surface.

Fig. 5. Dependence of the amount of immobilized GOD and static water 
contact angle of the Si-PGMA-GOD surface on the immobilization time. The 
starting surface corresponds to the Si-PGMA surface obtained from 25 h of 
RAFT polymerization.

GOD was then covalently immobilized through the ring-opening reaction 
between the amine groups of the GOD and the epoxide groups of the grafted 
GMA polymer chains. After the removal of the reversibly bound GOD on 
the Si-PGMA-GOD surfaces, the C 1s and N 1s core-level spectra of the Si-
PGMA-GOD surfaces were compared to those of the Si-PGMA surface in 
Fig. 3. It was observed that the C 1s and N 1s spectra of the Si-PGMA-GOD 
surfaces were significantly different from the corresponding spectra of the Si-
PGMA surface. The C 1s core-level spectra of the Si-PGMA-GOD surfaces 
obtained at the GOD immobilization time of 5 h (Fig. 3c) can be curve-fitted 
with five peak components having BE at about 284.6, 285.5, 286.2, 287.8, and 
288.5 eV, attributable to the C-H, C-N, C-O, O=CNH, and O=C-O species, 
respectively.30 The C-N peak component is associated with the linkage in 
GOD and the linkage between PGMA and GOD as well. The O=CNH peak 
component is associated with the peptide bonds in GOD itself. The appearance 
of N 1s signal at the BE of about 399.2 eV (Fig. 3d) also indicated that GOD 
had been covalently immobilized on the Si-PGMA surface. The Si-PGMA 
surface became more hydrophilic after GOD immobilization and the contact 
angle of the Si-PGMA-GOD surface decreased gradually to 53o (Fig. 5) with 
the GOD immobilized time. 
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could be covalently immobilized on the modified silicon surface through the 
ring-opening reaction between the amine groups of the GOD and the epoxide 
groups of the grafted GMA polymer chains. The GOD-functionalized silicon 
hybrids could be used in silicon-based glucose biosensors
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