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Immunosensor application based on Raman

spectroscopy of porous silicon
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Porous silicon (PS) suitable for optical detection of immunoreaction is fabricated. The structure of im-
munosensor is prepared by the following steps: oxidization, silanization, glutaraldehyde cross-linker, and
covalent binding of antibody. When antigen is added into the immunosensor, the Raman intensity is es-
timated to be linearly reduced according to the concentration of the surface protective antigen protein A
(spaA) of below 4.0 µg·ml−1. The ultimate detection limit is 1.412 × 102 pg·ml−1. Controlled experiments
are also presented with non-immune antigen of the spaA, and results show that the immunosensor has high
specificity. Compared with the conventional enzyme-linked immuno sorbent assay (ELISA), this method
is quick, inexpensive, and label-free.
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Various optical detection applications based on porous
silicon (PS) have attracted great attention due to their
remarkable optical properties and large functional sur-
face area[1,2]. The specific surface morphology of PS
makes it suitable for many different applications in var-
ious fields[3], including biosensing and optical detec-
tion of biomolecules[4−6]. Moreover, the optical behav-
ior of PS is extremely sensitive due to its large spe-
cific surface area[7,8]. Over the past decade, more and
more studies on immunosensor applications based on
PS have been reported in top international academic
publications[9,10]. Raman spectroscopy, particularly with
near-infrared laser excitation to avoid fluorescence, has
been applied successfully to extract significant biochem-
ical information. Thus, Raman spectroscopy can be an
effective and sensitive tool for monitoring the specific in-
teractions between antibodies and antigens. However,
there has been no report on immunosensor applications
based on Fourier transform (FT) Raman spectroscopy of
PS.

Erysipelothrix rhusiopathiae is a bacterium that causes
erysipelas in swine and a variety of diseases in other
animals, such as erysipeloid, which is a type of human
skin disease. The surface protective antigen protein A
(spaA) of erysipelothrix rhusiopathiae has been shown to
be highly immunogenic, and is a potential candidate for
vaccine against erysipelas[11,12]. Therefore, the rapid and
accurate determination of the concentration of the spaA
of erysipelothrix rhusiopathiae plays a significant role in
preventing and monitoring erysipelas in swine and a vari-
ety of diseases in other animals. Success in this endeavor
would be helpful for food safety and the human health.

Based on the principle that PS Raman intensity
changes after spaA immobilization, we have developed

a novel and rapid-detection immunosensor. This im-
munosensor has many advantages, such as being label-
free and inexpensive, and having high sensitivity com-
pared with the conventional enzyme-linked immuno sor-
bent assay (ELISA).

PS substrates were fabricated from polished N-type
(100) monocrystalline silicon wafers (resistivity of 0.01–
0.02 Ω·cm) using double-cell electrochemical etching
method in HF/ethanol (1:4) solution. The electrolyte
process was automatically and accurately controlled by a
computer at current density of 55 mA/cm2 for 150 s. Af-
ter the formation of porous layers, the chips were rinsed
in deionized water and ethanol, and subsequently blow-
dried with nitrogen[13].

After electrochemical etching, the fresh PS surface is
predominately hydride-terminated, which is slowly oxi-
dized in the air, indicating that the optical properties of
PS are unstable. In order to increase the characteristic
stability of PS, the surface of PS must be oxidized by hy-
drogen peroxide. Furthermore, the oxidization provides
the silanization required for the –OH bond. In this ex-
periment, the substrates were immersed into H2O2 (30%)
for 3 h at 55 ◦C, then subsequently dried with nitrogen.

The process of biofunctionalization and covalent bind-
ing of antibody (shown in Fig. 1) comprised the following
steps:

1) The PS substrates were immersed into 5% solution of
3-aminopropyltriethoxysilane (APTES) in water/ethanol
mixture (1:1) for 3 h, then thoroughly rinsed with ethanol
and deionized water. The samples were dried with nitro-
gen and baked in an oven at 100 ◦C for 10 min.

2) After silanization, the samples were immersed into
a solution of glutaraldehyde (3%) in phosphate buffer
silane (PBS, pH = 7.4) at 25 ◦C for 50 min. The samples
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Fig. 1. Biofunctionalization process of PS and covalent binding of antibody.

were then rinsed with water in order to remove all the
excess glutaraldehyde.

3) The spaA immune antibody was dropped onto the
treated samples at 37 ◦C for 3 h. Likewise, 30 µl of spaA
non-immunity antibody was dropped onto the treated
samples at 37 ◦C for 2 h. All samples were then thor-
oughly cleaned with PBS and water. Finally, in order
to prevent nonspecific adsorption, the substrates were
dipped into a 0.1% bovine serum albumin (BSA) solu-
tion at room temperature for 30 min.

After briefly rinsing with deionized water, all the sub-
strates were immersed into different concentrations of
spaA at 37 ◦C for 2 h. Then, the PS films were rinsed
thoroughly with PBS and deionized water. Antibod-
ies and antigen were prepared in the Key Laboratory
of Xinjiang Biological Resources and Gene Engineering,
College of Life Sciences and Technology, Xinjiang Uni-
versity, and were kept frozen until use.

The Raman spectra of all the samples were recorded
using VERTEX 70-RAM II FT-Raman spectrometer
(Bruker Company, Germany) under the same conditions
(excitation wavelength of 1064 nm, laser power of 3 mW,
and temperature of 25 ◦C).

The surface of the fresh PS was observed using scan-
ning electron microscope (SEM), as shown in Fig. 2(a).
The average pore dimension is approximately 310 nm.
In this experiment, the diameter of the biomolecules is
less than 50 nm, making their immobilization into pores
of PS easy.

In addition, when excited by ultraviolet (UV) light with
wavelength of 370 nm, the PS emits bright fluorescence
at 581 nm, as shown in Fig. 2(b). The porosity of the
samples is determined to be 81% through the gravimetric
method. Hence, for sensor applications, the substrates
provide a large and often highly reactive surface area,
which effectively captures and detects molecules in large
quantities.

The stability of the samples was studied by measuring
the reduction in Raman intensity of the same chip every
5 d. The PS films remain stable for more than a month,

Fig. 2. (a) Top view of SEM image of PS formed in
55 mA/cm2 for 120 s; (b) PL intensity of PS. PL: photo-
lumine scence.

as shown in Fig. 3 (additional data not shown). After
being oxidized with H2O2, the PS surface was modified
with Si–OH and Si–O, causing it to become stable and
ready for immunosensor application.

Diffuse absorbance FT-infrared (IR) spectroscopy was
used to monitor the functionalization reactions of the
PS. As shown in Fig. 4, after functionalization of the
surface with APTES, the silanized wafers exhibit two
small bands at 1602 cm−1 and near 3310 cm−1, which
are attributed to –NH bonds[14,15]. Another small
band, at 2937 cm−1, can be attributed to –CH bonds.
Glutaraldehyde-activated samples do not show any bands
corresponding to –NH bonds. The distinct bands at
1580 cm−1 (imine –C=N) and 1710 cm−1 (–C=O of
aldehyde) correspond to glutaraldehyde-activated sam-
ple, denoting that the functionalization of the PS is
successful in immobilizing biomolecules.

To demonstrate specificity, Fig. 5(a) shows the Raman
intensity of samples with immune antibody after being
immersed into the spaA. A reduction in Raman intensity
was detected, which can be attributed to the specific
antigen-antibody reaction on the surface of PS. For sam-
ples with non-immune antibody, negligible reduction in
Raman intensity was detected after being immersed into
the spaA (Fig. 5(b)), which indicated that there was
specific absorption of spaA inside the pores of PS.

Fig. 3. Intensity of PS Raman stability for more than a
month.

Fig. 4. FT-IR absorbance spectra of PS after silanization and
treatment with glutaraldehyde.
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Fig. 5. Representing PS substrates can distinguish immune
and non-immune antibodies of erysipelothrix rhusiopathiae.
Raman intensity of PS with (a) immune antibody was re-
duced after being immersed into the spaA (10 µg·ml−1) and
(b) non-immune antibody was negligibly reduced after being

immersed into the spaA (10 µg·ml−1).

Fig. 6. Raman intensity reduction after the immersion of
samples into different concentrations of spaA. (a) ρ = 0–
10 µg·ml−1; (b) ρ = 0– 4.0 µg·ml−1.

The reduction in Raman intensity is shown in
Fig. 6(a). This reduction was determined by immersing
the PS wafers (after BSA blocking) into different spaA
concentrations. The Raman intensity decreased propor-
tionally to the concentration ρ of spaA (lower than 10
µg·ml−1). When the spaA concentration was greater
than 10 µg·ml−1, the reduction in Raman intensity be-
came much less, indicating that the surfaces of the chips
have become saturated with SpaA, as shown in Fig. 6(a).
The linear fit of the experimental data in Fig. 6(b) pro-
vides the sensitivity of the sensor, which is at 0.0708
a.u./(µg·ml−1). Given that the Raman intensity res-
olution of the FT-Raman spectrometer is 0.00001 a.u.,
the ultimate detection limit of the PS immunosensor is
ρ= 0.00001 a.u./(0.0708 a.u./(µg·ml−1)) = 1.412 × 102

pg·ml−1[16]. All the experiments in this letter were un-
dertaken in triplicate, and the obtained results were com-
pared.

The reduction in Raman intensity is presumably caused
by the antigen-antibody reaction on PS. The thickness,
pore size, and surface chemistry of PS are all subject to
change. Furthermore, the Raman intensity is likely ab-
sorbed by the biomolecules, and is thereby reduced.

In conclusion, PS chips are used for monitoring

antibody-antigen interaction. Raman spectroscopy pro-
vides a sensitive tool for monitoring the specific interac-
tion between antibody and antigen. The stability and
advantages of the immunosensor are discussed. The re-
sults demonstrate the successful detection of spaA by the
changes in Raman spectrum. The reduction in the Ra-
man intensity is estimated to be linearly related to the
concentration of the spaA of below 4.0 µg·ml−1, with
the ultimate detection limit being approximately 1.412 ×

102 pg·ml−1. Compared with ELISA, PS immunosensor
is quick, specific, inexpensive, and label-free. As a mea-
surement system, it is simple to operate and offers high
specificity. The experimental results can pave the way
for the development of PS immunosensor based on the
change in Raman intensity. The advantages of this PS
immunosensor can be applied in practice in many fields.
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