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Virus diagnostics Using Fabry-Perot Interference Films of Macroporous

Silicon
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In this paper, the possibility of detecting viruses, specifically influenza A virus, based on changes in the spectra of

total reflection from macroporous silicon (macro-pSi) films, is demonstrated for the first time. Macro-pSi films with

a pore diameter of about 100 nm were produced by electrochemical etching of crystalline silicon substrates. The

porosity of the macro-pSi, calculated using the Bruggeman effective medium model, was 75%. Electron microscopy

showed that such highly porous films adsorb of 50−100 nm in size viruses on their surface and inside the pores,

but the efficiency of adsorption significantly increases when the surface of the nanostructures is functionalized with

monoclonal antibodies, providing specific binding of viruses. The reflection spectra of macro-pSi films demonstrate

a series of interference fringes, the intensity of which dramatically changes upon virus adsorption. The results

obtained demonstrate the possibility of a simple and effective optical method for virus diagnostics using Fabry-

Perot interference in macro-pSi films.
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1. Introduction

Optical biosensorics has considerable advantages over

other analytical techniques, offering fine sensitivity, ease of

use, reproducibility, and reliability. Interferometry, surface

plasmon resonance, diffraction gratings of photonic crystals,

converters based on optical waveguides, ellipsometry, etc.,

may be used for signal conversion in optical sensors [1].

Thin porous silicon (pSi) films produced by electrochem-

ical etching of single-crystalline silicon have an enormous

surface area and are now used widely in the design of

various optical sensors [2]. Porous silicon is commonly

graded in accordance with IUPAC (International Union of

Pure and Applied Chemistry) criteria with the pore size

specifying the type of a porous material: micro-pSi (pores
≤ 2 nm in diameter), meso-pSi (pores 2−50 nm in diame-

ter), or macro-pSi (pores ≥ 50 nm in diameter) [3]. The

signal transmission mechanism may rely on such important

pSi parameters as the sensitivity of its photoluminescence

properties to the surface composition [4] (i.e., the variation

of lifetime and intensity of photoluminescence induced by

the adsorption of chemical [4,5] or biological [6] molecules).
It has been demonstrated recently that porous silicon

nanowires may be used as a sensing element of an optical

oxygen sensor [7].

However, the most common optical sensors are designed

around the interference of light in thin pSi films of various

morphology [8]. The operation of such sensors relies on

the fact that an interference pattern of Fabry−Pérot fringes

governed by the effective optical film thickness [8,9] forms

when white light incident on thin pSi films is reflected from

the medium–pSi and pSi–crystalline silicon (c-Si) interfaces.
The variation of the effective refraction index of a pSi

layer after adsorption of biological molecules and cells is

manifested as a shift of interference fringes and/or a change

in their intensity [8–12]. The capacity to isolate different

analytes by virtue of the morphological characteristics

of porous films is one of the major advantages of pSi

over planar optical transducers. While intact cells and

microorganisms do not enter pores and may be immobilized

only on the surface of pSi, small-sized molecules penetrate

into pSi pores [2]. The possibility of detection of biotin

molecules with quantum dots, which were introduced into

the pSi layer matrix, used as optical signal amplifiers has

also been demonstrated [13]. It has been found that thin pSi

films may serve as an optical transducer for monitoring the
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reflection spectrum variations induced by binding of certain

bacteria [14]. The use of oxidized pSi conjugated with

antibodies for optical detection of bacteria in
”
direct cell

capture“ tests has been reported in [14,15]. In addition, non-

specific binding of viruses to the surface of nanostructures

(silicon nanowire arrays) has already been demonstrated,

and potential practical applications of this effect in the

design of non-specific optical [16] and impedance [17]
sensors for diagnostics of viral diseases have been examined.

The aim of the present study was to evaluate the

potential for detection of viruses (with influenza A virus

serving as an example) via non-specific and specific binding

to nanostructured macro-pSi Fabry−Pérot films acting as

sensing elements. To that end, a method for fabrication

of macroporous silicon films with an approximate pore

diameter of 100 nm was developed, the morphology of

synthesized nanostructures was examined, a technique for

functionalization of films with monoclonal antibodies to

viruses was developed, and the variation of interference

spectra upon influenza A virus adsorption was analyzed.

2. Experimental procedure

2.1. Synthesis of nanostructures

Macro-pSi films were fabricated by electrochemical etch-

ing of p-type c-Si substrates with crystallographic orienta-

tion (100) and a resistivity of 1−5m�·cm in a 1 : 3 solution

of fluoric acid (HF) and ethanol (C2H5OH) in a Teflon cell

at an etching current density of 50mA/cm2. The surface

oxide was removed from the initial c-Si wafers prior to

etching by immersing them into 5M HF. The method of

sacrificial etching was used to obtain uniform macro-pSi

films [18]: the first porous layer etched for 30 s was removed

from the c-Si surface by immersing the substrate with a

film for 2min into a 2M NaOH solution. To complete the

preparation of a macro-pSi film, the c-Si substrate was rinsed

with distilled water and etched again in a 1 : 3 HF:C2H5OH

solution for 2–3min.

2.2. Non-specific and specific binding of

influenza A virus to the surface of
nanostructures

Influenza A virus (New Caledonia/20/99(H1N1)) was

used. In experiments on non-specific binding of viruses

to macro-pSi, the samples were incubated for 1 h in a

physiological solution (PS; 0.9% solution of NaCl in water)
containing 50µg/ml of influenza A virus. The films were

then rinsed three times for 1min in a PS with 0.05% of

Tween 20 and dried in a Binder drying cabinet at 37◦C.

A method for functionalization of macro-pSi with mono-

clonal antibodies was developed for experiments on specific

binding of viruses. Monoclonal antibodies to H1 hemag-

glutinin of influenza A virus (IA139; HyTest, Moscow),
3-aminopropyltriethoxysilane (APTES; Sigma-Aldrich), and

glutardialdehyde (25%, Sigma-Aldrich) were used. Macro-

pSi samples were incubated in hydrogen peroxide (33%) for
30min, rinsed thoroughly three times with distilled water,

and incubated in a 10% solution of APTES in ethanol

overnight under vigorous stirring. Following cleaning of

porous films with ethanol (one time) and distilled water

(five times), they were incubated for 1 h in a 2.5% solution

of glutardialdehyde in PS at room temperature under stir-

ring. The samples were then rinsed thoroughly with distilled

water (five times) and incubated in a 15µg/ml solution of

specific monoclonal antibodies in PS (500µl/plate 5× 5

mm) for 1 h at room temperature under stirring. The

prepared samples were rinsed (three times in 650µl of

PS with 0.05% Tween 20/plate) and used to perform an

immunochemical specific virus reaction.

In experiments on specific virus binding, macro-pSi

samples functionalized with antibodies were incubated for

1 h in a PS containing 50µg/ml of influenza A virus. The

films were then rinsed three times in a PS with 0.05% of

Tween 20 and dried in a Binder drying cabinet at 37◦C.

In order to obtain microscopic images of the samples with

adsorbed viruses, they were dried for 5min in a Binder

drying cabinet at 37◦C and subjected to fixation in a 2.5%

solution of glutardialdehyde in PS (1.5 h) and a series of

50, 70, 80, and 96% aqueous alcohol solutions (10min in

each).

2.3. Examination of the morphology and optical
properties of samples

The structural properties of samples were examined with

a Carl Zeiss Supra 40 scanning electron microscope (SEM).
Total reflectance spectra of pSi in the 12000–20000 cm−1

spectral range were recorded with a Perkin Elmer Lambda

950 spectrometer fitted with an integrating sphere.

3. Experimental results and discussion

SEM images of a macro-pSi sample (top and side view)
are presented in Fig. 1. It is evident that the pore

diameter is on the order of 100 nm (see Fig. 1, a and

the inset in Fig. 1, b) and the pores themselves have the

form of channels with smooth walls oriented vertically in

crystallographic direction [100]. The porous layer thickness

is approximately equal to 2µm (Fig. 1, b).
The total reflectance spectra of macro-pSi (Fig. 2) reveal

Fabry–Pérot fringes associated with interference in thin

films upon reflection of two rays from air−macro-pSi and

macro-pSi−c-Si interfaces. The effective refraction index

(neff = 1.3) for the initial macro-pSi sample was calculated

in accordance with the following formula from [19]:

neff =
1

2L1k
, (1)

where L is the macro-pSi film thickness and 1k is the

distance between the interference peaks in Fig. 2 (curve 1).
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Figure 1. SEM images of a pSi sample: (a) top view and (b) side
view (an enlarged fragment is shown in the inset).

Effective permittivity (εeff) of samples was calculated as

εeff = n2
eff. (2)

The Bruggeman effective medium model [20] was used to

calculate the porosity of samples:

f air

εeff − εair

εeff + l(εair − εeff)
+ f Si

εeff − εSi

εeff + l(εSi − εeff)
= 0 (3)

where εair = 1 is the permittivity of air, εSi = 11.8 is the

permittivity of silicon, l = 0.5 is the depolarization factor

for a cylinder (pores in macro-pSi may be regarded as

cylinders), f air is the air fill factor (macro-pSi porosity), and
f Si is the silicon fill factor. Relation f air + f Si = 1 holds

true in this case. The macro-pSi film porosity calculated in

accordance with the presented model was 75%.

The fast Fourier transform (FFT) of the obtained inter-

ference spectra is shown in the inset of Fig. 2, where

effective optical thickness (2Ln) of the sample and the signal

amplitude are plotted on the abscissa and ordinate axes,

respectively [21]. It is evident that the signal amplitude

decreases slightly following non-specific virus adsorption.

This may be attributed to the scattering of light off virus

particles introduced into the porous macro-pSi matrix.

Figure 3 shows the total reflectance spectra of a macro-

pSi film functionalized with antibodies before (1) and

after (2) virus adsorption.
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Figure 2. Total reflectance spectra of a macro-Psi film before (1)
and after (2) non-specific adsorption of influenza A virus. The fast

Fourier transform of interference spectra is shown in the inset.
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Figure 3. Total reflectance spectra of a macro-pSi sample

functionalized with antibodies before (1) and after (2) adsorption

of influenza A virus. The FFT of interference spectra is shown in

the inset.

Note that the effective optical thickness of samples

remains the same after the adsorption of viruses with non-

specific and specific binding to the macro-pSi surface. This

may be attributed to the fact that neff of the macro-pSi

film remains unchanged following the adsorption of viruses,

since the refraction indices of viruses (1.5 [22]) and the

porous film are close. However, the signal amplitude in

the FFT spectra of macro-pSi films functionalized with

antibodies decreases by a factor of 2.2 after virus adsorp-

tion. This is likely related to the efficient interaction of

viruses with the porous surface of samples coated with

antibodies.
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Figure 4. SEM images (top view) of macro-pSi films in

experiments on non-specific (a) and specific (b) binding of

influenza A virus.

macro- Sip

c-Si

macro- Si@p

antibody

c-Si

Figure 5. Schematic diagram of optical readout of sensor

response as a variation of amplitude of interference spectra of

macro-pSi films upon non-specific and specific binding of viruses

to the surface of nanostructures.

Figure 4 shows the SEM images (top view) of macro-pSi

samples in experiments on non-specific and specific binding

of influenza A virus to the film surface.

In the case of non-specific binding, only a few isolated

virus particles are seen on the surface and in pores of

macro-pSi films; after specific binding, almost the entire film

surface is covered with these particles. This is attributable to

the fact that virus particles in experiments on non-specific

binding interact with the surface of porous films via van der

Waals forces [23], and most of them are washed away when

the sample is rinsed. In the case of specific adsorption, the

virus forms strong covalent bonds with antibodies on the

macro-pSi surface, and only a minor fraction of its particles

are removed in the course of rinsing. Figure 5 presents a

schematic diagram of the above-described non-specific and

specific binding of viruses to the macro-pSi surface and the

mechanism of optical sensor response readout.

4. Conclusion

A method for fabrication of macroporous silicon films

with a pore diameter on the order of 100 nm and a

technique for functionalization of film surfaces with mon-

oclonal antibodies to influenza A viruses were developed.

It was demonstrated that a series of interference fringes

(with their amplitude changing after virus adsorption) forms

in the total reflectance spectra of samples. The poros-

ity of samples calculated using the Bruggeman effective

medium model was 75%. SEM images revealed that this

nanostructure morphology enables efficient non-specific and

specific adsorption of viruses. Non-specific binding may

be supported by interactions between the developed porous

surface of nanostructures and the surface of virus particles.

Functionalization with monoclonal antibodies ensures tight

virus binding, which is evidenced by a sharp drop in

amplitude of the FFT of interference spectra of porous

films. The presented sensing systems based on macroporous

silicon are potentially universal in nature and may be used

to construct sensors for various types of viruses.

The obtained results open up potential for macro-pSi

films to be used as efficient interference optical sensors for

diagnostics of viral diseases.
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