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A B S T R A C T

A rapid and low cost photoluminescence (PL) immunosensor for the determination of low concentrations of
Aflatoxin B1 (AFB1) has been developed. This immunosensor was based on porous silicon (PSi) covered by thin
gold layer (Au) and modified by antibodies against AFB1 (anti-AFB1). PSi layer was formed on silicon substrate,
then the surface of PSi was covered by 30 nm layer of gold (PSi/Au) using electrochemical and chemical
deposition methods and in such ways PSi/Au(El.) and PSi/Au(Chem.) structures were formed, respectively. In
order to find PSi/Au the most efficiently suitable for PL-based sensor design, structure several different PSi/
Au(El.) and PSi/Au(Chem.) structures were designed while using different conditions for electrochemical or
chemical deposition of gold layer. It was shown that during the formation of PSi/Au structure crystalline Au
nanoparticles uniformly coated the surface of the PSi pores. PL spectroscopy of PSi/Au nanocomposites was
performed at room temperature and it showed a wide emission band centered at 700 nm. Protein A was
covalently immobilized on the surface of PSi/Au(El.) and PSi/Au(Chem.) forming PSi/Au(El.)/Protein-A and PSi/
Au(Chem.)/Protein-A structures, respectively. In the next step PSi/Au(El.)/Protein-A and PSi/Au(Chem.)/Protein-A
structures were modified by anti-AFB1 and in such way a structures (PSi/Au(El.)/Protein-A/anti-AFB1 and PSi/
Au(Chem.)/Protein-A/anti-AFB1) sensitive towards AFB1 were designed. The PSi/Au(El.)/Protein-A/anti-AFB1-
and PSi/Au(Chem.)/Protein-A/anti-AFB1-based immunosensors were tested in a wide range of AFB1 concentra-
tions from 0.001 upon 100 ng/ml. Interaction of AFB1 with PSi/Au(El.)/Protein-A/anti-AFB1- and PSi/
Au(Chem.)/Protein-A/anti-AFB1-based structures resulted PL quenching. The highest sensitivity towards AFB1
was determined for PSi/Au(El.)/Protein-A/anti-AFB1-based immunosensor and it was in the range of 0.01–
10 ng/ml. The applicability of PSi/Au-based structures as new substrates suitable for PL-based immunosensors
is discussed.

1. Introduction

Contamination of food by mycotoxins is one of the most actual
problems because the toxins are harmful to human and animal health.
Aflatoxins (AF), which belongs to a group of mycotoxins, are often
contaminating some food products such as cassava, corn, cotton seed,
millet, peanuts, rice, sorghum, sunflower seeds, tree nuts, etc [1].
Aflatoxin B1 (AFB1) is one of the most dangerous forms of aflatoxins
with significant toxic effects (e.g. teratogenicity, and carcinogenicity)
[2], and it has residual risk in the initiation of human cancer

(hepatocellular carcinoma (HCC)) [3]. Traditional methods for the
determination of AFB1 are based on chromatography [4–6], and
ELISA-Kits [7]. These methods are highly precise but long lasting
and expensive. Therefore, less sophisticated and cheaper methods for
the determination of toxin concentrations are required.

Some biosensors have been developed for the determination of
AFB1. For instance, nanomolar concentrations of AFB1 have been
precisely detected by electrochemical [8], field effect transistors (FET)
[9], and optical transducers based biosensors [10,11]. Among a
number of biosensors, the optical ones have some advantages such as
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portability, low dimensions and high sensitivity towards selected
analytes [12,13]. Sensitivity of optical biosensors can be improved by
increased both optical signal detection area and signal-to-noise ratio.
Therefore, the development of novel nanomaterials with high surface
area and well established optical signal (e.g. absorption, reflectance,
photoluminescence, etc.) might improve the performance of optical
biosensors. Among optical biosensing techniques, the most advanced
are fluorescence, surface enhanced Raman spectroscopy (SERS) and
surface plasmon resonance (SPR). However these techniques are quite
expensive and time consuming. In addition to mentioned techniques,
photoluminescence can be also used as analytical signal in optical
biosensors. Photoluminescence-based biosensors have higher sensitiv-
ity, they also are portable and less expensive than the other types of
optical biosensors and traditional techniques, which are used for the
determination of AFB1.

Among many different nanomaterials, porous silicon (PSi) is known
as one of the most efficient material for the design of optical biosensors
[14–17]. PSi is biocompatible, it has high surface to volume ratio, high
reactivity of the surface, and good integration ability with a standard
silicon semiconductor technology. PSi structural properties can be
easily tuned according technical requirements and well adopted in
design of optical biosensors. The main challenge for PSi-based
biosensors is to prevent a degradation of surface due to oxidation in
oxygen containing environment (e.g. air) and contamination by
impurities [18]. The deposition of noble metal layers over PSi and
formation of PSi/(noble metal) structure can partially prevent PSi from
oxidation and contamination [18–20].

Recently, a number of papers have been published focusing on the
applications of PSi/Au nanostructures in biomedicine [21,22], photo-
voltaics [23,24], biosensors [25–27], and Li-ion batteries [28]. It was
shown, that surface plasmon resonance effects of layered PSi/Au
structure are much higher comparing to that of unmodified PSi [29–
31]. In addition PSi/Au structures demonstrated improved electrical,
optical and sensing properties. It was reported that PSi/Au structures
showed high rate of transfer of photogenerated charge carriers in Si/Au
interface, which was used for the enhancement of biosensor sensitivity
[27]. Due to well-developed methodology of covalent binding of
biomolecules on the Au surface, PSi/Au structures are even more
attractive for the design of biosensors. Au nanoparticles and/or Au-
based nanolayers can be deposited onto the Si surface by various
methods: electrochemical deposition [24], chemical reduction based
synthesis [21], deposition of gold nanoparticles from colloidal solution
[32] etc.

In this work, we report the structural and optical properties of
electrochemically and chemically formed PSi/Au(El.) and PSi/Au(Chem.)

structures. In order to design structures selective to AFB1 the surfaces
of the PSi/Au(El.) and PSi/Au(Chem.) were functionalized by protein A
(Protein-A), which was modified with antibodies against AFB1 (anti-
AFB1) in the next step. Then both types of PSi/Au(El.)/Protein-A/anti-
AFB1 and PSi/Au(Chem.)/Protein-A/anti-AFB1 structures were used in
the design of photoluminescence (PL) based immunosensors suitable
for the determination of AFB1 concentration. Sensitivity range and
limit of detection (LOD) of both PSi/Au(El.)/Protein-A/anti-AFB1 and
PSi/Au(Chem.)/Protein-A/anti-AFB1 structures towards AFB1 were cal-
culated.

2. Results and discussion

2.1. Structural properties of PSi and PSi/Au

PSi and PSi/Au structures were investigated by XRD and SEM
technique. Fig. 1 represents the XRD patterns of PSi, PSi/Au(Chem.) and
PSi/Au(El.) structures. Within a measured range of 2θ, a distinct peak at
2θ = 28,35° corresponding to Si(111) structure is present in all
patterns. In spectra of both (PSi/Au(Chem.

0.5
) and PSi/Au(Chem.

20
))

structures no peaks that are characteristic for gold-based crystals were

observed, due to amorphous nature of deposited Au layer. Differently
from previous two structures in spectra of both (PSi/Au(El.

50
) and PSi/

Au(Chem.
48

)) structures four XRD peaks (at: 2θ= 38,18°, 2θ= 44,36°, 2θ
= 64,62°, 2θ = 77,65°) were registered, these peaks are attributed to Au
(111), Au (200), Au (220) and Au (311), respectively [31]. The fact that
no peaks attributed to Au crystalline structures were observed in XRD
spectrum of the PSi/Au(El.

20
) sample leads to conclusion that the

potential of 20 mV vs Ag/AgCl(3 KCl) is not high enough to form Au
layer with well-defined crystalline structures.

In PSi/Au(El.
50

) and PSi/Au(Chem.
48

) structures a mean size of Au
nanocrystallites was determined from XRD data using Scherer's
equation [33]:

D λ
FWHM θ

= 0.94
⋅ cos( )

,
(1)

where D is the average size of nanocrystallites, λ – the peak maximum
of X-ray wavelength, FWHM – the width at half maximum of the XRD
peaks registered at θ degree.

Calculated average size values of Au nanocrystallites in the PSi/
Au(Chem.

48
) and PSi/Au(El.

50
) structures were equal to 13.0 ± 2 nm and

13.7 ± 4 nm, respectively. The average size of Au nanocrystallites was
almost the same in both fabricated structures.

Fig. 2 represents the ‘top-view’ SEM images of the PSi/Au(Chem.)

and PSi/Au(El.) structures. Pores of 2 µm diameter are uniformly
distributed on the PSi surface is observed (Fig. 2a and b). The ‘cross-
sectional’ SEM view showed that the average thickness of the PSi layer
was about 130 µm (Fig. S1). Inner mesoporous structure of pores with
average pore diameter of 13–30 nm was revealed by high resolution
SEM based visualization (Fig. S1). Such mesoporous structure was
formed due to competitive vertical and sidewall isotropic etching of the
bulk Si substrate [19,34].

SEM images of PSi/Au(Chem.) structures are presented in Fig. 2c and
d, which both reveals that the PSi substrates were well covered by gold
layer that consisted of Au-based agglomerates of large surface with
average size of 150 nm were uniformly distributed on the PSi surface
(Fig. 2c and d). The SEM data are in good agreement with XRD data. In
order to get crystalline Au-based structures on PSi longer duration of
chemical deposition is required.

The formation of seed layer is a key factor of gold electrodeposition
on PSi surface [35]. Gold nanoparticle formation using HAuCl4, as an
oxidation agent, and tannin as an reducing agent for chemical
deposition process can be described by such chemical reaction [31]:

aq e[AuCl ] ( . ) + 3 ⎯ →⎯⎯⎯⎯⎯ Au + Cl .
Tannin

4
− − 0 − (2)

Complex ion of [AuCl4]
- due to interaction with tannin is reduced to

Fig. 1. The XRD patterns of PSi and PSi/Au structures.
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Au0 during chemical deposition (Fig. S2). The initial phase of chemical
deposition of Au layer is based on electrostatic interaction between
[AuCl4]

- ions and PSi surface. If additional electrical field is applied
during electrochemical deposition than the process of the gold nuclea-
tion/deposition is significantly facilitated by electrochemical reduction
of [AuCl4]

-.

2.2. Optical properties of Si, PSi and PSi/Au structures

The main optical properties of Si, PSi and PSi/Au structures were
studied by reflectance and photoluminescence (PL) spectroscopy.
Fig. 3a shows the absolute reflectance of fabricated PSi and PSi/Au
structures in the wavelength range of 400–850 nm. The optical
reflectance of PSi decreases significantly comparing to polished Si
surface. This result is consistent with that reported in previously
published works [36,37]. The reflectance of PSi decreased by approxi-
mately 15% within the entire range of wavelengths due to the enhanced
scattering and light absorption in the porous PSi. The total reflectance
of the PSi/Au structures was lower or almost similar to that of PSi
samples. While the reflectivity of PSi/Au structures increased especially
in the range of 600–800 nm due to the gold layer formed on the PSi
surface.

PL measurements were performed in order to assess the recombi-

nation ability of charge carriers at PSi/Au interface and to estimate the
average size of Si nanocrystallites. In PSi/Au structure Au-based
clusters are embedded within porous matrix of PSi therefore optical
properties of PSi/Au are different from that of PSi due to additional
scattering and/or SPR effect [24].

Fig. 3b shows PL spectra of PSi and PSi/Au structures registered at
room temperature. The PL emission band centered at 675 ± 5 nm
(1.84 eV) was observed for PSi and PSi/Au nanostructures (Fig. 3b). It
is clearly seen, that PL spectra had more than one emission line. The
deconvolution of PL spectrum into single peaks by Gaussian fitting,
which was performed using Origin 8.5 software, divided the PL
spectrum into four distinct peaks at 600, 675, 710 and 790 nm (Fig.
S3). Red emission of PSi is related to the quantum confinement of
electrons within Si nanocrystallites (nc) [38], therefore we suppose that
a size distribution of Si nanocrystallites (nc-Si) in the PSi layer was
significant. The average size of nc-Si was calculated by the following
equation [39]:

E eV E h
d m m

( ) = +
8

1
* + 1

* ,g
e h

2

2

⎡
⎣⎢

⎤
⎦⎥ (3)

where E(eV) = 1.84 eV, Eg = 1.12 eV, h – Planck's constant,
m m m m* = 0.19 ; * = 0.16e p0 0, m0 = 9.1 × 10−31 kg. The calculated average

Fig. 2. Top-view SEM images of (a and b) PSi (111) structure; (c) PSi/Au(Chem.
20

) structure, (d) PSi/Au(Chem.
48

) structure.
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diameter of nc-Si was in the range of 2,5 nm corresponding to the
values obtained by other authors [38,39].

The main peak of PL in PSi/Au structures remains at the same
position 675 ± 5 nm (Fig. 3b). This picture illustrates that the PL
intensity of PSi/Au structures decreases gradually depending on the
thickness of deposited Au layer. Such decrease of PL according to de la
Mora et al. [30] is based on three main factors: porosity, chemical
surface modification, and plasmonic effects. All these factors are
increasing the efficiency of PL quenching in PSi/Au nanocomposites
compared to that of PSi and pristine Si substrate. Moreover it is well
known that the oxidation of PSi leads to an increase of intensity and a
blue shift of the PL peak [40]. In the observed PL spectra of PSi and
PSi/Au structures both the PL peak position and the shape of spectra
are very similar. Therefore, the oxidation and chemical modification of
the surface can be excluded from possible reasons, which are inducing
changes in PL spectra. Thus, the most probably that in PSi/Au
structures the PL quenching is mostly effected by surface plasmon
resonance of Au nanolayer [28,38]. The PL spectra of fabricated
samples correlate with that reported in other researches where
separated Au-nanoparticles were deposited on the PSi surface [41].

2.3. Determination of analytical characteristics of biosensors

During the evaluation of performance of biosensors based on PSi/
Au(Chem.

48
)/protein-A/anti-AFB1 and PSi/Au(El.

50
)/protein-A/anti-AFB1

structures the PL signal permanently decreased with an increase of the
analyte concentration (SI, Fig. S4). If 100 ng/ml of AFB1were present in the
cell, then the PL intensity decreased almost twice. There is a relationship
between the PL intensity (I) and the logarithm of AFB1 concentrations,
which is expressed as a linear calibration curves (Fig. 8): IPSi/Au(Chem.48) = 0.8

− 0.03 lg(C), and IPSi/Au(El.50) = 0.74 − 0.08 lg(C), respectively. The limit of
detection (LOD) was determined using equation [42]:

LOD σ b= 3.3 / , (4)

where σ is the standard deviation in the presence of ‘negative control’ and b
is the slope of the calibration curves (Fig. 4a). The calculated values of LOD
were about 2.7±0.11 pg/ml and 2.1±0.11 pg/ml for immunosensors based
on PSi/Au(Chem.

48
)/protein-A/anti-AFB1 and PSi/Au(El.

50
)/protein-A/anti-

AFB1 structures, respectively. These estimated values of LOD were much
better than that for previously reported electrochemical biosensors based on
DNA-aptamers [43].

The immunosenor signal was normalized and the sensor response S
was calculated according to this equation [44]:

S C I C( ) = 1 − ( ),eq (5)

where Ieq is normalized signal value after the reaching of steady-state
conditions at particular concentration (C) of AFB1.

The isotherms of interaction of AFB1 with PSi/Au(Chem.
48

)/protein-
A/anti-AFB1 and PSi/Au(El.

50
)/protein-A/anti-AFB1 are plotted in the

Fig. 4b. The isotherm of PSi/Au(El.
50

)/protein-A/anti-AFB1 sample has
been saturated at high values of AFB1 concentrations. The isotherm of
PSi/Au(Chem.

48
)/protein-A/anti-AFB1 sample tended to increase in all

range of the measured AFB1 concentrations. We suppose that the
interaction of AFB1 occurred according to the first order kinetics,
which is the most probable in the case when dissolved materials are
adsorbing on the surface of interphase and/or interacting with specific
molecules (in this particular case such molecules are anti-AFB1)
immobilized on this surface [45,46]:

Fig. 3. (a) Reflectance spectra of Si, PSi and PSi/Au structures; (b) The PL spectra of PSi
and PSi/Au structures.

Fig. 4. (a) The dependence of PL intensity and (b) PL response of PSi/Au(Chem.
48

)

/protein-A/anti-AFB1 and PSi/Au(El.
50

) /protein-A/anti-AFB1 structures on the loga-
rithm of AFB1 concentration.
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dN
dt

k c N N k N= ⋅ ⋅( − ) − ⋅ ,a s d (6)

where N, ka, kd, Ns and C are a number of adsorbed molecules,
association constant, dissociation constant, number of adsorption sites
and concentration, respectively.

After some time, when steady-state conditions are achieved, then
the equation becomes valid:

dN
dt

= 0.
(7)

The adsorption isotherm was analyzed using Langmuir (Eq. (8))
and Langmuir-Freundlich (Eq. (9)) equations:

θ B C
K C

= ⋅
+

,
D (8)

θ B C
K C

= ⋅
+

,
n

D
n n (9)

where θ = N
Ns

is surface coverage, K =D
k
k

d
a

– affinity dissociation

constant and n – power coefficient, pointing to interaction between
AFB1 and surface (n < 1). The analysis of the adsorption isotherms (SI,
Fig. S5) better fitted when Langmuir-Freundlich equation was applied
for the evaluation of the data. The calculated values of n and KD are
shown in the Table 1. According to here presented calculations, the
power coefficient n for the interaction of AFB1 with PSi/Au(El.

50
)/

protein-A/anti-AFB1 structures was determined to be around 0.5. Such
low power coefficient could be related to limited diffusion of AFB1
within advanced surface structures of PSi/Au surface. The power
coefficient for the interaction of AFB1 with PSi/Au(Chem.

48
)/protein-

A/anti-AFB1structure was equal 0.25. Such relatively low power
coefficient most probably is related to more limited diffusion of AFB1
within advanced surface structures of PSi/Au(Chem.

48
) surface.

The interaction between AFB1 and anti-AFB1 and/or surface could
be estimated by calculation of the Gibbs free energy (ΔG) using this
equation [45,46]:

ΔG R T K= − ⋅ ⋅ ln( ),D0 (10)

where T and R are absolute temperature and universal gas constant,
respectively. The value of KD0 was calculated as:

K K
C

= ,D
D

0 (11)

where C is an AFB1 concentration equal to 1 M.
According to the data, reported in Table 1, the toxin molecules

showed more efficient adsorption onto the surface of PSi/Au(Chem.
48

)/
protein-A/anti-AFB1 in comparison to PSi/Au(El.

50
)/ protein-A/anti-

AFB1 structures. The binding energy between AFB1 and to PSi/
Au(El.

50
)/ protein-A/anti-AFB1 surface was lower in comparison with

that of between AFB1 and PSi/Au(Chem.
48

)/protein-A/anti-AFB1.
Sensitivity of the biosensors was calculated as derivative of sensor

signal (S) versus natural logarithm of the toxin concentration (C).
According to Eq. (9), a dimensionless value of sensitivity was obtained
after differentiation. The obtained results are shown in the Fig. 5. The
sensitivity of PSi/Au(El.

50
)-based samples showed maximum in the

range of AFB1 concentrations 0.1–1 ng/ml. The sensitivity of PSi/
Au(Chem.48)-based samples showed minimum in the range of AFB1

concentrations 0.1–1 ng/ml and contentious increase at higher AFB1
concentrations. Analysis of the sensitivity was performed via estima-
tion of full width of half maximum of the obtained curve. PSi/Au(El.

50
)

/protein-A/anti-AFB1 structures showed the highest sensitivity to
AFB1 in the range of 0.01–10 ng/ml. We have not performed testing
of PSi/Au(Chem.

48
)/protein-A/anti-AFB1 structures towards higher con-

centrations of AFB1. However, we can suppose that the lower
sensitivity limit of PSi/Au(Chem.

48
)/protein-A/anti-AFB1 structures

starts in the range 1–5 ng/ml and the upper limit is over 100 ng/ml
of AFB1 concentration. It is worth to mention that an average value of
response time, which was calculated when 95% saturation of
the analytical signal was observed, significantly decreased for PSi/
Au(Chem.

48
)/protein-A/anti-AFB1 (21 min) and PSi/Au(El.

50
)/anti-AFB1

(18 min) structures. Thus, the deposition of Au layer within pores of
PSi by electrochemical method resulted in the increase of sensitivity
and the reduction of response time of PSi/Au(El.

50
)/anti-AFB1 immu-

nosensors to AFB1 molecules.

3. Conclusion

Novel PSi/Au structures were formed by chemical and electroche-
mical methods and they were applied in the design of PL-based
immunosensors dedicated for the detection of AFB1. The morphology,
chemical composition and optical properties of PSi and PSi/Au
structures were evaluated. We observed clear decrease of the PL
intensity PSi/Au/protein-A/anti-AFB1 structures with the increase of
AFB1 concentration in samples. Such PL change has been used as
analytical signal. Analytical characteristics of biosensors based on
several different PSi/Au/protein-A/anti-AFB1 structures were evalu-
ated and partially optimized. The calculated values of LOD were about
2.5 ± 0.5 pg/ml. Langmuir-Freundlich isotherms were plotted for the
interaction of AFB1 with PSi/Au/protein-A/anti-AFB1 structures and
some aspects of interaction mechanisms were determined. We have
shown that formation of Au-based structures within pores of PSi by
electrochemical method resulted in increase of sensitivity and decrease
of response time of the immunosensors. Analytical performance of the
Au/PSi immunosensor showed very good characteristic with maximal
sensitivity range within 0.01–10 ng/ml. Comparing to the standard
ELISA method, here proposed Au/PSi immunosensor has about 100
lower concentration range. PSi/Au/protein-A/anti-AFB1 structures
show very promising properties suitable for PL-based immunosensors.

Table 1
Registered characteristics of interaction between AFB1 and different structures.

Sample abbreviation n KD, M ΔG, J/mol

PSi/Au(Chem.
48

) /protein-A/
anti-AFB1

0.25 ± 0.04 3.1·10−10 ± 0.22·10−10 54601 ± 231

PSi/Au(El.
50

) /protein-A/
anti-AFB1

0.47 ± 0.07 1.1·10−10 ± 0.15·10−10 51532 ± 202

Fig. 5. Sensitivity of PSi/Au(Chem.
48

) /protein-A/anti-AFB1 and PSi/Au(El.
50

) /protein-A/
anti-AFB1 structures towards different concentrations of AFB1.

V. Myndrul et al. Talanta 175 (2017) 297–304

301



4. Experimental section

4.1. Materials

The biological samples (antigens (Ag) and antibodies (Ab) of aflatox-
ine B1, protein A, bovine serum albumin (BSA)) and reagents (3-
Triethoxysilylpropylamine (APTES), 11-Mercaptoundecanoic acid (11–
MUA), N-Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC)), Si wafers and chemical materi-
als were purchased from Sigma Aldrich.

Table 2
Parameters applied in formation of different structures.

Sample abbreviation Method Deposition
parameters

PSi/Au(Chem.
0.5

) Chemical deposition 30 min deposition
PSi/Au(Chem.

20
) 20 h deposition

PSi/Au(Chem.
48

) 48 h deposition
PSi/Au(El.

20
) Electro-chemical

deposition
20 mV vs Ag/AgCl(3 M KCl)

PSi/Au(El.
50

) 50 mV vs Ag/AgCl(3 M KCl)

Fig. 6. (a) Sequence of procedures applied for the functionalization PSi/Au surface and immobilization of antibody against AFB1 (anti-AFB1); (b) The scheme of photoluminescence
measurement based cell used for the evaluation of AFB1 and anti-AFB1 interaction kinetic.
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4.2. Fabrication of PSi samples

The PSi samples were fabricated from highly doped p-type Si wafers
(B-doped, ρ= 0.005 Ω cm) with (111) orientation utilizing metal
assisted chemical etching (MACE) [34]. The silver particles were
deposited on pre-cleaned Si samples by immersion in 0.2 M HF and
10−3 M AgNO3 aqueous solutions. The duration of incubation in this
solution was 60 s. Then, the samples were etched in aqueous solutions
containing HF (40%), H2O2 (30%), and ultrapure H2O at a ratio of 20/
80/80H2O2/H2O/HF for 60 min. After etching, the samples were
incubated in HNO3 solution to remove the silver particles for 10 min
and then incubated in 5% HF solution to remove an SiO2 layer from the
Si wafer surface. During the final step, the samples were cleaned with
deionized water and then dried in nitrogen flow. All mentioned
procedures were performed at room temperature.

4.3. Fabrication of PSi/Au nanocomposites

PSi/Au nanocomposites were fabricated by chemical and electro-
chemical deposition and two different structures PSi/Au(Chem.) and
PSi/Au(El.) were formed, respectively (Table 2).

Chemical deposition method included following steps: (i) solution A,
which consisted of 10 ml of H2O and 0,25 ml of 1% HAuCl4, was heated up
to 60 °C, and solution B, which consisted of 2 ml of 1% aqueous solution of
trisodium citrate, 8 ml of H2O, 15 μl of Tannin, was also heated up to
60 °C; then solutions A and B were mixed and heated up to 95 °C and after
that PSi samples were incubated in this mixed solution for 0.5, 20, and
48 h, and three different structures (PSi/Au(Chem.

0.5
), (PSi/Au(Chem.

20
), PSi/

Au(Chem.
48

)) were formed, respectively.
Electrochemical deposition of gold onto PSi samples was performed

with a computerized potentiostat PGSTAT 30/Autolab from
EcoChemie (Utrecht, The Netherlands) controlled by GPES 4.9 soft-
ware in cyclic voltamperometry mode. The deposition was performed
within 20 cycles with the potential −0.6 − 0 V vs Ag/AgCl(3 M KCl). The
scanning rate was 20 mV/s and 50 mV/s for two groups of samples,
referred as PSi/Au(El.

20
) and PSi/Au(El.

50
), respectively. The electrolyte

solution was prepared by the same method as for the chemical
deposition. The electrodeposition of Au onto the PSi was carried out
with a three-electrode cell. Platinum and Ag/AgCl(3 M KCl) from
Metrohm AG (Herisau, Switzerland) were used as an auxiliary and
reference electrodes, respectively.

4.4. Characterization of PSi and PSi/Au nanocomposites

Fabricated PSi and PSi/Au structures were evaluated by a high
resolution field emission scanning electron microscope (SEM) SU-70
(Hitachi, Japan) at accelerating voltage 30 keV. Structural properties of
PSi and PSi/Au structures were characterized using Grazing Incidence
X-ray Diffraction (GIXRD; BrukerD5000). Photoluminescence (PL),
reflectance and PL biosensing tests were measured using high-resolu-
tion fiber optic spectrometer AvaSpec-ULS3648 from Avantes
(Apeldoorn, Netherlands). The excitation of the PL was performed by
solid state laser (405 nm, 1000 Hz, 10 mW).

4.5. Formation of self-assembled monolayers on PSi/Au structures
and immobilization antibody against of aflatoxine B1

Clean PSi/Au samples were incubated in 1 mM solution of 11-
Mercaptoundecanoic acid (11 MUA) in ethanol at room temperature for
18 h. Then carboxyl groups of 11-MUA were activated using a mixture
containing 0.1 M of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and 0.1 M of N-Hydroxysuccinimide (NHS) for 300 s. The activated
PSi/Au was incubated in 10 mM sodium acetate buffer, pH 4.5, containing
5 μg/ml of protein A for 1000 s and in such way PSi/Au/protein-A
structure was formed. The deactivation of not reacted activated carboxyl
groups was performed by incubation in 1 M ethanolamine, pH 8.5, for

900 s. Then PSi/Au/protein-A samples were incubated in 6.7 μg/ml water-
based solution of anti-AFB1 to form complex of anti-AFB1 with protein A,
formed structure is indicated as PSi/Au/protein-A/anti-AFB1. The princi-
ple scheme of these modifications is shown in the Fig. 6a.

4.6. Immunosensor testing

Analytical characteristics of biosensors based on PSi/Au(El.)/pro-
tein-A/anti-AFB1 and PSi/Au(Chem.)/protein-A/anti-AFB1 structures
were performed in a homemade experimental cell (Fig. 6b), which
was made of Teflon. A cavity, which was dedicated for a sample, was
isolated by optical quartz glass to provide an excitation by laser light
and PL signal collection. The cell was equipped with inlet and outlet for
biomolecules probes. Photoluminescence was excited with solid state
laser (λ = 405 nm) and collected by optical fiber spectrometer using
multimode optical fibers equipped with semispherical lenses. Before
measurement, 200 microliters of buffer solution were injected into the
cell. The PL signal of the sample at fixed wavelength (λ = 700 nm) was
collected every 5 s. The sample was stored in buffer solution until the
PL signal reached equilibrium. Then, 200 microliters of aliquots, which
contained different concentrations of AFB1, were subsequently injected
into the cell.
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