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Abstract

In the development of biosensors, the immobilization of biomolecules at interfaces played a crucial role. The feasibility of
using 3-aminopropyltriethoxysilane (APTES) and glutaraldehyde (Glu) to modify silicon surface to immobilize covalently
protein for immunoassay with the biosensor based on imaging ellipsometry was investigated. The higher density and stability of
human IgG layer could be obtained on the silicon surface modified with APTES and Glu than that on the silicon surface
modified with dichlorodimethylsilane (DDS). The human IgG molecules immobilized covalently on APTES-Glu surface bound
more anti-IgG molecules than that on DDS surface, which indicated that the human IgG molecules could maintain higher
binding capability on APTES-Glu surface. Tween 20 was able to block the undesirable adsorption on APTES-Glu surface, and
also enhanced the recognition between human IgG and its antibody on both APTES-Glu and DDS surfaces. The combination of
this protein covalent immobilization and the biosensor has the potential to be developed into a fast, simple immunoassay

technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A concept of biosensor based on imaging ellipso-
metry was reported several years ago (Jin et al., 1995).
The principle of the biosensor is one kind of optical
imaging technique that is used to characterize thin
film with lateral thickness distribution. A high spatial
resolution of about 3 pm (laterally) and subnanometer
(vertically) can be achieved by the biosensor in
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bioaffinity-based sensing (Jin et al., 1996). It can
determine the amount of protein in an adsorbed layer
without any labeling like in fluorescence or radio-
immunological measurements, which avoids distur-
bances from conjugated markers or handling with
radioactive materials. This allows the application in
a broad range of various biological systems. The
detection mode with image makes the biosensor
possible to detect multiple analytes simultaneously
that is highly desirable in biological analysis.

In earlier reports describing the potential of imag-
ing ellipsometry in the field of biomolecular interac-
tions, the biomolecules attached to the surface has in
most cases simply been adsorbed to the silicon slides
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prior to measurements (Jin and Wang, 2002; Jin et al.,
1996; 1998, 2000; Wang and Jin, 2002).

The use of such attachment techniques involves
certain limitations. The immobilized proteins suffer
partial denaturation and tend to leach or wash off the
surface (Bhatia et al., 1989; Shriver-Lake et al., 1997).
In some cases, the adsorbed protein is displaced from
the surface by other more active protein, because of
the competitive adsorption of proteins (Vroman and
Adams, 1969; Vroman et al., 1980). To overcome
these problems, covalent immobilization is the pre-
ferred method of attaching proteins to silicon surface
due to the strong, stable linkage. We investigated the
feasibility of using 3-aminopropyltriethoxysilane
(APTES) to moditfy silicon surface and then activating
with glutaraldehyde to immobilize protein covalently
for the biosensor based on imaging ellipsometry as an
alternative to the direct physical adsorption. This
protein immobilization method has been used suc-
cessfully in other immunoassay techniques (Halliwell
and Cass, 2001; Lin et al., 1988; Yoshioka and Mukai,
1991; Yuan et al., 2001).

The silicon surface modified with APTES is hydro-
phobic, because the long aliphatic chains of APTES are
hydrophobic moieties and they could promote unde-
sirable adsorption on the surface. To deal with the
problem, non-ionic detergents such as Tween 20,
Triton X-100 and Nonidet P-40 are generally used as
block agents (Zampieri et al., 2000). In this paper,
Tween 20 was chosen as block agent, because it cannot
only reduce the undesirable adsorption, but also is a
potential renaturating agent to improve antigen—anti-
body binding (Zampieri et al., 2000). The effectiveness
of Tween 20 on resisting nonspecific adsorption of
proteins on silicon surface modified with APTES was
investigated and the renaturating effect of Tween 20 on
antigen—antibody interaction was also evaluated by the
biosensor in this study.

2. Materials and methods
2.1. Chemicals and materials

Chemicals used for the buffer (PBS, pH 7.4)
preparation were all of analytical grade or better.
Aminopropyltriethoxysilane (APTES) and dichlordi-
methylsilane were purchased from Acros Organics

(Belgium). Glutaraldehyde (50% aqueous solution),
Tween 20 and ethanolamine were purchased from
Sigma-Aldrich. Polished silicon slides were purchased
from General Research Institute for Nonferrous Met-
als (China). Water was obtained from a Millipore
Milli-Q ion exchange apparatus. Human immuno-
globulin G (IgG) and goat anti-IgG serum were
obtained from Sigma (USA). Fetal calf serum was
purchased from Hyclone (USA).

2.2. Cleaning of silicon slides

The silicon slides were cut into 5 x 20 mm? pieces
and cleaned with a mixture of 30% hydrogen perox-
ide (H,O,) and concentrated sulfuric acid (H,SO,)
(1:3 v/v) for 30 min. After thoroughly rinsed with
water and pure ethanol, the slides were stored in pure
ethanol before use.

2.2.1. Silanization of cleaned silicon slides surfaces
with DDS

The cleaned slides were rinsed three times in
trichlorethylene and then placed in a solution of 1%
v/v dichlorodimethylsilane (DDS) in trichlorethylene
for 5 min at room temperature. After rinsed three
times with trichlorethylene, followed by three rinses
in ethanol, the slides were stored in pure ethanol until
use. This procedure rendered the slides hydrophobic,
with a water advancing contact angle of 80°.

2.3. Silanization of cleaned silicon slides surfaces
with aptes

The cleaned slides were reacted with a fresh
ethanol solution of 3-aminopropyltriethoxysilane
(APTES) (5% APTES, 5% water and 90% pure
ethanol) for 2 h at room temperature, followed by
rinsing with water three times and pure ethanol three
times, and then stored in pure ethanol. This procedure
also rendered the surface hydrophobic, with a water
advancing contact angle of 50°.

2.3.1. Physical adsorption of human IgG on DDS
surface

The DDS surface was dried in flowing nitrogen
and incubated with 0.1 mg/ml human IgG solution for
various lengths of time at room temperature, and the
time necessary to saturate the surface was obtained.
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The surface was then rinsed with water and dried in
nitrogen before measured with the biosensor.

2.4. Covalent immobilization of human IgG

The surface silanized with APTES was reacted
with a 2.5% solution of glutaraldehyde in PBS buffer
for 2 h, followed by rinsing with PBS buffer. The
glutaraldehyde surface was then reacted with 0.1 mg/
ml human IgG solution at room temperature until the
saturated human IgG layer was obtained. The surface
was washed with PBS buffer and the remaining
aldehyde groups on the surface were deactivated with
1 M ethanolamine for 30 min.

2.5. Immobilized human IgG binding with anti-IgG

Silicon slides coupled with human IgG were placed
into 0.1 mg/ml anti-IgG solution with and without the
addition of Tween 20 and allowed to incubate for 30
min at room temperature, followed by rinsing with
water and dried with nitrogen.

2.5.1. Blocking nonspecific adsorption with Tween 20

Silicon slides coupled with human IgG were incu-
bated with fetal calf serum without and with the
addition of 0.01%, 0.05%, 0.1%, 0.5%, 1%, 1.5%
and 2% Tween 20 for 30 min, respectively. The fetal
calf serum was used directly without dilution. After
rinsed with water and dried in flowing nitrogen, the
surface was measured with the biosensor to determine
the amount of nonspecific adsorption.

2.6. The biosensor setup

The experiments were carried out with a biosensor
based on imaging ellipsometry developed in our
laboratory (Jin et al., 2000). The basic experimental
setup used in this study was a conventional polarizer-
compensator-sample-analyzer null exllipsometer. The
source was a Xenon lamp, and a specific collimating
system was used to provide an expanded parallel
probe beam with a diameter of about 25 mm. The
beam passed through a polarizer and a compensator (a
quarter wave plate) and finally onto the sample at an
incident angle of 75°. An optical filter at 633 nm
wavelength was placed in the incident optical passage
to select wavelength in order to increase the ellipso-

metric contrast of image. The refection beam passed
through an analyzer and an imaging lens with a spatial
filter located at its focus plane, and then the ellipso-
metric image was focused on the sensing area of a
CCD camera. A digital image was grabbed by and
stored in a computer with a grayscale format (8 bits,
0-255 grayscale) for further evaluation by an image
processing program. The relationship between the
intensity (/) and the thickness (d) of the layer is
I=kd’, here k is a constant (Jin et al., 1995).

3. Results and discussion
3.1. Surface modification

There are many methods capable of covalently
immobilizing proteins on silicon surface, but it was
found that the method used here was very convenient
and efficient to perform, since the reaction conditions
were very mild with the entire immobilization carried
at room temperature. The silicon surface was first
activated with APTES, leaving a primary amine group
on the surface. Glutaraldehyde (Glu) was subsequent-
ly used to react with amine group, yielding an
aldehyde that could form an imine linkage with the
primary amine group on proteins. In order to compare
with physical adsorption, surface modified with DDS
was also prepared. The procedures of surface modifi-
cation rendered the slides hydrophobic, with an ad-
vancing contact angle of about 80° on DDS surface,
50° on APTES-Glu surface. Catherine M. reported
that polymerization of APTES on silicon surface can
occur, which leads to heterogeneous surface (Halli-
well and Cass, 2001). In this study, the surface
modified with APTES was as homogeneous as that
modified with DDS measured by the biosensor
(images not shown). The polymerization of APTES
did not affect the biosensor measurement.

3.2. Immobilization of human IgG

The two surfaces used to immobilize the human IgG
were the DDS and APTES-Glu surfaces. The DDS
surface was more hydrophobic where there are no
functional groups available on the surface to immobi-
lize covalently human IgG, and human IgG was
immobilized on the surface by physical adsorption.
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Hydrophobic interactions were major interactions that
resulted in the adsorption of human IgG. The human
IgG was covalently immobilized on the APTES-Glu
surface by imine linkage formed between the aldehyde
group on surface and the primary amine on the human
IgG. The human IgG saturated layers on the DDS and
the APTES-Glu surfaces were shown in Fig. 1. To be
seen easily, the images of the human IgG saturated
layer recorded in grayscale format by computer were
translated into three-dimensional images according to
the relationship between the intensity and the thickness
of the layer. The saturated layer of human IgG on
APTES-Glu surface was thicker than that on DDS
surface. The absolute thickness of the human IgG
saturated layer on APTES-Glu surface was 5.05 nm,
and 4.30 nm on DDS surface measured by ellipsometer.

In order to evaluate the stability of bound human
IgG on the two kinds of surfaces, the two surfaces
with bound human IgG were placed into PBS buffer
and allowed to incubate for 1 h. The results were
shown in Fig. 2. About 10% of the human IgG
desorbed from the DDS surface into PBS buffer.
The human IgG immobilized covalently on the
APTES-Glu surface was stable in PBS buffer (image
not shown). This indicated that the human IgG layer
immobilized covalently on APTES-Glu surface was
indeed more stable than that immobilized by physical
adsorption on DDS surface.

3.3. Human IgG binding capacity

The activity of proteins immobilized on solid sur-
face sometimes depends upon the immobilization
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IgG layer thickness (nm)

after immersion in

before immersion in
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Fig. 2. Stability of immobilized human IgG layer on the DDS
surface. About 10% of the human IgG desorbed from the DDS
surface during an immersing in PBS for 1 h.

mode. The interaction between proteins and surfaces
may result in protein denaturation. To compare conve-
niently, the two surfaces coated with human IgG were
incubated into the same concentration anti-IgG solu-
tion for the same time. The results were shown in Fig. 3.

Compared with the thickness of the immobilized
human IgG layer, the binding of anti-IgG with human
IgG caused 1.7 times increase in thickness on APTES-
Glu surface, and only about 1.0 time on DDS surface.
The result indicated that the binding capacity of human
IgG immobilized covalently on APTES-Glu surface
was larger than that of human IgG immobilized on
DDS surface by physical adsorption. One of the main
reasons for the reduction of binding activity of human

Fig. 1. The saturated monolayers of human IgG on the DDS and the APTES-Glu surfaces. The thickness of human IgG saturated layer on

APTES-Glu surface was thicker than that on DDS surface.
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Fig. 3. Layer thickness of human IgG () and IgG/anti-IgG
complex (E) on DDS and APTES-Glu surface. The amount of anti-
IgG bound with human IgG immobilized on APTES-Glu surface
was higher than that on DDS surface.

IgG on DDS surface may be due to the interaction
between IgG molecules and surface. Protein molecules
adsorbed on the surface undergo various transforma-
tions caused by the interactions between surface and
molecules, which results in the reduction of the bio-
logical activity of the protein molecules (Brash and
Horbett, 1995). The DDS surface was highly hydro-
phobic and the hydrophobic interaction between the
hydrophobic areas of IgG molecules and surface may
result in unfolding of molecules. Some active sites on
the IgG molecule could be denatured during the pro-
cess. Another possible reason is attributed to steric
hindrance of the IgG molecules on the DDS surface.
Some active sites on human IgG molecule were cov-
ered because the human IgG molecule was immobi-
lized directly by physical adsorption. The APTES-Glu
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surface was more hydrophilic than the DDS surface, so
the influence of hydrophobic interaction between IgG
molecule and surface on the unfolding of IgG mole-
cules was less than that on DDS surface. In addition, the
APTES molecule has long aliphatic chain and can serve
as a spacer arm for the immobilized human IgG
molecule, thus the steric hindrance was also less than
that on the DDS surface.

3.4. Blocking nonspecific adsorption with Tween 20

The APTES molecule has long aliphatic chain that
can promote undesirable adsorption on the surface. In
order to overcome the problem, Tween 20 was used as
blocking agents. The amount of Tween 20 to block the
undesirable adsorption was experimentally deter-
mined. The result was shown in Fig. 4. There was
indeed some undesirable adsorption on the APTES-
Glu surface coated with human IgG after incubating
with fetal calf serum for 30 min without Tween 20,
but the undesirable adsorption was almost inhibited
with the addition of 1% Tween 20.

3.5. Enhancement of anti-IgG binding by Tween 20

Some authors have reported that Tween 20, in
particular, has a renaturalizing effect on antigens,
resulting in improved recognition by specific antibod-
ies (Brash and Horbett, 1995). We have introduced
Tween 20 into the interaction between human IgG and
anti-IgG in order to estimate this phenomenon. The

Tween 20 concentration (%)

Fig. 4. Blocking with Tween 20 to reduce undesirable adsorption on APTES-Glu surface. The thickness increase was nearly zero when 1%,

1.5% and 2% Tween 20 were used.
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Fig. 5. Layer thickness of IgG (E]) and IgG/anti-IgG complex (&) on
DDS and APTES-Glu surfaces. Tween 20 (1%) was added to the
buffer during the binding between human IgG and anti-IgG. Tween
20 could improve the recognition between human IgG and its
antibody on both surfaces, the enhancement of anti-IgG binding by
Tween 20 was more effective on DDS surface.

APTES-Glu surface and the DDS surface coated with
human IgG were incubated into the anti-IgG solution
(0.1 mg/ml) with the addition of 1% Tween 20 for 30
min. The results in Fig. 5 showed the binding of the
anti-IgG with human IgG caused about 1.9 times
increase in layer thickness on APTES-Glu surface
and about 1.6 times on the DDS surface. Compared
with the results obtained without Tween 20, the amount
of the anti-IgG bound with human IgG was increased
more on DDS surface than that on APTES-Glu surface.
The enhancement of anti-IgG binding by Tween 20
might be partly due to the Tween’s effect on the surface
tension of the dilution buffer, thus decreasing hydro-
phobic interactions between protein molecule and
surface and protein molecule tending to regain its
native conformation. The enhancement of anti-IgG
binding by Tween 20 was more effective on the human
IgG immobilized on the DDS surface by physical
adsorption, which suggested that the human IgG mol-
ecule conformation was changed larger on highly
hydrophobic DDS surface than on the APTES-Glu
surface.

4. Conclusions

The results above demonstrated the feasibility of
using APTES and glutaraldehyde to modify silicon
surface to immobilize covalently protein for immuno-
assay with the biosensor based on imaging ellipsom-

etry. The higher density and stability of human IgG
layer could be obtained on the silicon surface modi-
fied with APTES and glutaraldehyde than that on the
silicon surface modified with DDS. The human IgG
molecules immobilized covalently on APTES-Glu
surface bound more anti-IgG molecules than that on
DDS surface, which indicated that the human IgG
molecules could maintain their conformation well on
APTES-Glu surface. Tween 20 could be used not only
as an effective blocking agent to inhibit the undesir-
able adsorption on APTES-Glu surface, but also as an
agent to improve the recognition between antigen and
antibody on both APTES-Glu and DDS surfaces.

The biosensor based on imaging ellipsometry is
sensitive enough to detect small changes of biomo-
lecular layer in subnanometer. No need to label
protein with fluorescence or enzyme, samples can be
measured directly. The combination of this protein
covalent immobilization and the biosensor has the
potential to be developed into a fast, simple and
sensitive immunoassay technique.
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