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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
Ochratoxin A (OTA) has been developed. This immunosensor was based on porous silicon (PSi) and modified by
antibodies against OTA (anti-OTA). PSi layer was fabricated by metal-assisted chemical etching (MACE) pro-
cedure. Main structural parameters (pore size, layer thickness, morphology and nanograins size) and compo-
sition of PSi were investigated by means of X-Ray diffraction (XRD), scanning electron microscopy (SEM) and
Raman spectroscopy. PL-spectroscopy of PSi was performed at room temperature and showed a wide emission
band centered at 680±20 nm. Protein A was covalently immobilized on the surface of PSi, which in next steps
was modified by anti-OTA and BSA in this way a anti-OTA/Protein-A/PSi structure sensitive towards OTA was
designed. The anti-OTA/Protein-A/PSi-based immunosensors were tested in a wide range of OTA concentrations
from 0.001 upto 100 ng/ml. Interaction of OTA with anti-OTA/Protein-A/PSi surface resulted in the quenching
of photoluminescence in comparison to bare PSi. The limit of detection (LOD) and the sensitivity range of anti-
OTA/Protein-A/PSi immunosensors were estimated. Association constant and Gibbs free energy for the inter-
action of anti-OTA/Protein-A/PSi with OTA were calculated and analyzed using the interaction isotherms.
Response time of the anti-OTA/Protein-A/PSi-based immunosensor toward OTA was in the range of 500–700 s.
These findings are very promising for the development of highly sensitive, and potentially portable im-
munosensors suitable for fast determination of OTA in food and beverages.

1. Introduction

Mycotoxins are toxic secondary metabolites produced by some
fungal species. Among all mycotoxins, Ochratoxin A (OTA) has received
the most attention due to severe health effects of animals and human
(Liang et al., 2015; Malir et al., 2016). OTA is produced by Aspergillus
and Penicillium fungi (O’Callaghan et al., 2003). It has been classified as
a possible carcinogen for humans (Heussner and Bingle, 2015). OTA is a
mycotoxin, which has been found in foods of plant origin, in human and
animal tissues (Afsah-Hejri et al., 2013; Bittner et al., 2013; Jo et al.,
2016; Lippolis et al., 2016; Mishra et al., 2016). European Commission
(1981/2006 regulation) has recently set maximum tolerated levels
(MTL) (R. Liu et al., 2015) of OTA in cereals (5 µg/kg), cocoa (2 µg/kg),
beer and grape juice (2 µg/kg) (Covarelli et al., 2012; Quintela et al.,

2013). As OTA is present in a number of food products, a development
of novel, sensitive and low cost methods for the OTA detection is de-
manded for control of food quality and protection of human health.

Typically, OTA detection has been performed by various types of
chromatography methods (Dohnal et al., 2013; Entwisle et al., 2000;
Soleas et al., 2001), or ELISA method (Barna-Vetro et al., 1996). The
limit of detection (LOD) of the proposed methods is about 0.15 ng/ml.
However, the mentioned methods have some disadvantages. The
chromatography methods are time-consuming and expensive. They
require experienced and well trained personnel. Despite, ELISA method
is simple and reliable. However, the time consuming and the limited
sensitivity of ELISA require new alternative technique for OTA detec-
tion such as immunosensors.

With intense development of nano- and bio-technologies, a number
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of immunosensors for OTA detection has been developed. Recent ap-
proaches of OTA detection by electrochemical (LOD ~ 4.57 pM)
(Bougrini et al., 2016), electrical (LOD ~ 0.07 ng/ml) (Mishra et al.,
2016), and optical immunosensors (LOD ~ 0.01 nM) (McKeague et al.,
2014; C. Wang et al., 2015) have been reported. Aptamer-based bio-
sensing strategy based on an evanescent wave all-fiber (EWA) platform
have been developed with LOD values 0.4 nm/ml and 0.3 nM, respec-
tively (L. hua Liu et al., 2015; R. Wang et al., 2015). It was found that
the sensitivity to OTA was enhanced through tailoring of bioselective
layer, specific to OTA (Bianco et al., 2017; Bueno et al., 2016; Lu et al.,
2017). For instance, aptamer based optical sensors showed the highest
sensitivity towards OTA in the range of 0.1–10 ng/ml with LOD 0.2 ng/
ml (Bianco et al., 2017; Bueno et al., 2016; Lu et al., 2017).

Optical immunosensors are the most perspective among the others
(Tereshchenko et al., 2016). Optical technique provides precise detec-
tion of optical signal change, induced by adsorption of biomolecules
(Viter et al., 2016). Optical immunosensors are portable, compact and
compatible with computerized devices and are characterized by low
LOD. Therefore, they are suitable for the development Lab-on-Chip-
based bioanalytical systems (Viter et al., 2016). Photoluminescence
(PL) immunosensors, as a type of optical biosensors, are based on the
variation of PL-emission intensity during the interaction of immobilized
bio-receptors with target molecules (Jenie et al., 2016; Syshchyk et al.,
2015; Viter et al., 2014).

In the recent works we have demonstrated the action of nanos-
tructured PL immunosensors based on specific interaction between
antigens and antibodies suitable for the determination of various food
pathogens (Viter et al., 2017, 2014, 2012). Such PL immunosensors
demonstrated high sensitivity and selectivity towards: antibodies
against bovine leukemia viruses (Viter et al., 2012), Salmonella (Viter
et al., 2017), OTA (Viter et al., 2018) and aflatoxin (Myndrul et al.,
2017).

Porous silicon (PSi) is a well-known template, which is suitable for
the development of various biosensors (Dhanekar and Jain, 2013;
Roychaudhuri, 2015; Tong et al., 2016; Urmann et al., 2015). Unique
physicochemical properties of porous silicon, such as biocompatibility,
high surface to volume ratio, tailored surface stoichiometry and simple
surface functionalization procedure provide high response of PSi-based
biosensors to target analytes. Biosensors based on PSi have been applied
for the detection of bacteria (Mathew and Alocilja, 2005), viruses (Rossi
et al., 2007) and toxins (Benito-Peña et al., 2016). Stable photo-
luminescence signal of PSi in visible region is suitable for the devel-
opment of PL-based biosensors (Dhanekar and Jain, 2013; Jenie et al.,
2016; Syshchyk et al., 2015). PSi nanostructures can be fabricated by
metal-assisted chemical etching (MACE) (Iatsunskyi et al., 2015a).

In the present study, we report a low cost and sensitive OTA im-
munosensor based on PSi consequently functionalized with Protein-A,
antibodies against OTA (anti-OTA) and then by bovine serum albumin
(BSA) (anti-OTA/Protein-A/PSi). Structural and optical properties of
the prepared PSi were characterized with scanning electron microscopy
(SEM), X-Ray diffraction analysis (XRD) and Raman spectroscopy. Due
to high specificity of immobilized anti-OTA towards OTA molecules, the
anti-OTA/Protein-A/PSi-based PL-immunosensor showed good sensi-
tivity in a wide range of OTA concentrations 0.01–5 ng/ml with a de-
tection limit of 4.4 pg/ml. According to our best knowledge, this was
the first time of the application of anti-OTA/Protein-A/PSi-based PL-
immunosensor for the determination of OTA.

2. Materials and methods

2.1. Chemical and reagents

Anti-OTA monoclonal antibodies, OTA, Protein A, bovine serum
albumin (BSA) were purchased from Sigma Aldrich.

2.2. The preparation and characterization of PSi

The PSi samples were fabricated from (111) oriented and highly
doped p-type Si (B-doped, ρ = 0.005 Ω cm) using MACE procedure
according to our previous report (Iatsunskyi et al., 2015a). Structural
properties of PSi were characterized using grazing incidence X-ray
diffraction (GIXRD) by BrukerD5000 from Bruker (Billerica, MА, USA),
high resolution field emission scanning electron microscopy (SEM) by
SU-70 from Hitachi (Hitachi, Japan) at accelerating voltage of 30 keV
and Raman spectroscopy by Renishaw micro-Raman spectrometer
equipped with a confocal microscope from Leica (Wetzlar, Germany)
and laser (λexcitation = 514 nm) from Modu-Laser (Centerville, USA).

2.3. The biofunctionalization of the PSi surface

PSi samples were cleaned in Piranha solution (H2SO4:H2O2 = 4:1),
then they were immersed into a 4% solution of APTES in toluene vapors
for 1 h at 70 °C. Then samples were removed from the solution and
rinsed with toluene and dried at 70 °C for 30 min. The APTES modified
PSi samples were washed in PBS and allowed to react with 10% glu-
taraldehyde in PBS (pH 7.4) for 20 min at room temperature. This was
followed by thoroughly rinsing the PSi with DI water to avoid non-
specific adsorption of the Protein A. The glutaraldehyde-activated sur-
face was then reacted with 5 μg/ml of Protein A solution in PBS buffer
at room temperature for 30 min to form a Protein A layer. Then 5 μg/ml
antibodies against Ochratoxin A (anti-OTA) were deposited on PSi
samples for covalent capturing by previously immobilized Protein A to
provide for the sensing layer the selectivity against OTA (Fig. 1). Fi-
nally, 5 μg/ml of BSA was added to block the remaining active sites
capable for adsorption of proteins (Fig. 1). As result, anti-OTA/Protein-
A/PSi-based structure was formed.

2.4. The evaluation of photoluminescence signal of immunosensor

PL measurements were performed according to the experimental
protocol, described in our previous researches (Myndrul et al., 2017;
Viter et al., 2018). The PL spectra were excited by UV laser from Ul-
traLasers, Inc. (Toronto, Canada) at output power of 5 mW (λ =
405 nm). The PL spectra were collected by fiber optic spectrometer
AvaSpec-ULS3648 from Avantes (Apeldoorn, Netherlands) in the range
of 550–900 nm. The PL spectrum was recorded every 15 s within
30 min of the immunosensor interaction with OTA probes. The sum-
marized experimental scheme of PL-immunosensor action is shown in
Fig. 2.

3. Results and discussion

3.1. Structural properties of PSi

Fig. 3a shows the plain-view SEM image of macroporous silicon
(macro-PSi) obtained by MACE. High-resolution SEM showed that the
surface of an individual macropore consists of a mesoporous silicon
(meso-PSi) with an average pore size ranged from 10 until 50 nm
(Fig. 3b). The average pore size is approximately 2–3 µm, and the
thickness of the PSi layer is about 130 µm (Fig. 3c). As it is seen from
Fig. 3d, the obtained PSi samples had a rough morphology of the inner
surface of the macropore. The microstructure of the obtained PSi
structures is affected by isotropic etching and high concentration of
holes in silicon (Iatsunskyi et al., 2015c).

XRD spectrum of PSi is shown in Fig. 3e. A strong peak at 2θ =
69,3° was assigned to the (400) plane of crystalline Si. A small peak at
around 2θ = 68,9° indicates the presence of PSi layer. The peak posi-
tion is shifted due to the crystal lattice expansion of PSi (Buttard et al.,
1998), which is related to interrelation between the deformation of PSi
crystal lattice (Δa/a) and porosity of PSi (Bellet and Dolino, 1996). We
have calculated the deformation Δa/a and this value was found as 14 ×
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10-3, which corresponds to the porosity of 85%. The mean size of Si
nanocrystallites was determined from the full width at half maximum
(FWHM) using Scherrer's equation (Iatsunskyi et al., 2015c):

=
⋅

D λ
FWHM θ

0.94
cos( )

,
(1)

where D is the average size of nanocrystallites, λ – the X-ray wavelength
(0.154184 nm). The average size of nc-Si was 32± 5 nm.

Raman spectra of PSi and Si wafer are presented in Fig. 3e. The main
Raman peak (LTO) of PSi was shifted to lower wavenumbers
(517± 1 cm−1) with consistent increase of its FWHM (11± 1 cm−1)
comparing to the Si wafer. The Raman shift and the broadening of the
LTO peak could be attributed to phonon confinement in quasi-spherical
Si nanocrystallites (Iatsunskyi et al., 2015b). This can be used to esti-
mate the average size of nc-Si (Iatsunskyi et al., 2015b). Average value
of crystalline size in PSi was calculated using the equation (Iatsunskyi
et al., 2015b):

Fig. 1. Functionalization of PSi sample surface by APTES and
glutaraldehyde, which is followed by (i) immobilization of
Protein A and antibody against OTA and (ii) blockage of surface
by BSA.

Fig. 2. Experimental setup for OTA detection by PSi-based immunosensor using PL-
spectroscopy.

Fig. 3. (a)–(d) SEM images; (e) XRD peak and (f) Raman spectra of PSi (100) sample.
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where Γ0 is the natural line width for Si wafer at room temperature,

= − ( )ω ω 120 q
q0

2

0
, ω0 is the position of the Si wafer Raman peak. The

estimated values of crystalline size in PSi were about 3–4 nm. Proper-
ties of obtained structure will be evaluated in correlation with optical
properties in the next section.

3.2. The evaluation of PSi photoluminescence during OTA determination

In order to simplify calculations, the PL signal before and after OTA
injection was normalized towards PL spectrum of anti-OTA/Protein-A/
PSi-based structure before OTA determination. Fig. 4a shows the PL
spectrum of PSi with two distinct PL bands, centered at about
675±5 nm (1.84 eV) and 700±5 nm (1.77 eV). The main mechanism
of the red emission in PSi is explained by the quantum confinement of
electrons from Si nanocrystallites (Bisi et al., 2000). We have calculated
the average size of nanocrystallites in the PSi samples using previously
reported equation (Myndrul et al., 2017; Salman et al., 2011):

= + ⎡
⎣⎢

+ ⎤
⎦⎥

E E h
d m m

(eV)
8

1
*

1
*

,g
e h

2

2 (3)

where E(eV) =1.84 / E(eV) = 1.77 eV, Eg = 1.12 eV, h – Planck׳s
constant, = =m m m m* 0.19 ; * 0.16e p0 0 effective mass electrons and holes
in Si, m0 = 9.1 × 10−31 kg. The calculated average size of nc-Si was

about 2.7± 1 nm, which corresponds to the values obtained from
Raman spectroscopy.

Fig. 4a shows that the PL intensity of anti-OTA/Protein-A/PSi-based
structure was quenched by OTA, which specifically bounded to the
immobilized anti-OTA. The saturation of analytical signal occurs in
OTA concentration range of 5–10 ng/ml (Fig. 4a). Fig. 4b shows the PL
intensity of anti-OTA/Protein-A/PSi-based structure at 675 nm, which
is plotted in logarithmic scale of OTA concentration. The PL intensity of
the immunosensor versus the OTA concentration can be interpolated by
the following equation:

= − ⋅I C0.77 0.06 lg( ),675 (4)

where C is OTA concentration.
The limit of detection (LOD) was determined using formula (Liu

et al., 2016; Myndrul et al., 2017):

= ⋅LOD σ b3.3 / , (5)

where σ is the standard deviation of negative control and b is the slope
of the curve. The calculated value of LOD was approximately 4.4 pg/ml.
This calculated value of LOD is almost the same as it was previously
obtained for high-sensitive aptamer-based SPR-polarization platform
(Zhu et al., 2015).

3.3. Analysis of adsorption isotherms

Adsorption isotherms are providing some information on mechan-
isms of interaction between the immunosensor surface and target mo-
lecules (Viter et al., 2018). Fig. 5a shows a representative time-resolved
changes of PL intensity of anti-OTA/Protein-A/PSi-based im-
munosensor vs several OTA concentrations. The sensor response S was
calculated according to formula:

= −S C I C( ) 1 ( ),eq (6)

where Ieq and C are the normalized PL signal value of anti-OTA/Protein-
A/PSi-based structure in steady state conditions and OTA concentra-
tion, respectively.

The adsorption isotherm of OTA interaction with anti-OTA/Protein-
A/PSi-based immunosensor is shown in Fig. 5b.

Calculations reveals that the interaction of the analyte (OTA) oc-
curred according to the first order kinetics (Ratautaite et al., 2015):

= ⋅ ⋅ − − ⋅dN
dt

k C N N k N( ) .a s d (7)

At steady state conditions when the = 0dN
dt , the isotherm of analyte

(OTA) interaction was analyzed using Langmuir (8) and Langmuir-
Freundlich (9) equations (Myndrul et al., 2017; Viter et al., 2018):

= ⋅
+

θ B C
K C

,
D (8)

= ⋅
+

θ B C
K C

,
n

D
n n (9)

where =θ N
Ns

is surface coverage, =KD
k
k

d
a
is affinity constant and n is

power coefficient.
Power coefficient ‘n’, which was calculated using Eqs. (8) and (9), is

lower than 1 (n< 1). Therefore, such value of power coefficient is
pointing the significant interaction between OTA, which is present in
solution, and anti-OTA, which is present on the interphase of anti-OTA/
Protein-A/PSi-based immunosensor. The analysis of the adsorption
isotherms showed better fitting using Langmuir-Freundlich equation
(Fig. 5b). The obtained values of n and KD are shown in the Table 1. It
points to the limitation of protein adsorption by high surface area of the
anti-OTA/Protein-A/PSi-based immunosensor and additional diffusion
process of the OTA molecules within the pores of modified PSi.

The interaction between OTA, which is present in the sample, and
anti-OTA, which is present in anti-OTA/Protein-A/PSi-based

Fig. 4. Photoluminescence spectra of anti-OTA/Protein-A/PSi-based immunosensor after
incubation in different OTA concentrations (from top to bottom) containing samples after
the reaching of steady state conditions; (b) the dependence of immunosensor signal vs
OTA concentration, measured at PL peak position (λ = 675 nm).
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immunosensor can be estimated by the calculation of Gibbs free energy
(ΔG) according to equation:

= − ⋅ ⋅ΔG R T Kln( ),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 the OTA concentration, which in this calculation was equal
to 1 M.

Decrease of the Gibbs free energy point to a strength of interaction
between the surface and the target biomolecule. It was reported, that
ΔG value for OTA molecules varies in the range of −28 to −38 kJ/mol
(Barna-Vetro et al., 1996; Soleas et al., 2001). The present calculations
points to even stronger interaction (ΔG=−53.1 kJ/mol) between OTA
and anti-OTA/Protein-A/PSi-based immunosensor surface. The ob-
tained ΔG values correlate with the ones reported in (Myndrul et al.,
2017; Viter et al., 2018). We suppose that the increase of ΔG value

might be related to better orientation of anti-OTA due to applied Pro-
tein A based layer, which was deposited on the PSi surface and is
specifically binding antibodies via Fc-region, which is in the ‘tail’ of
antibody. Therefore in such way immobilized anti-OTA antibodies be-
come uniformly and properly oriented on the surface of designed im-
munosensor's (Makaraviciute et al., 2015).

Sensitivity of the immunosensors was calculated as a derivative of
the sensor signal S to the natural logarithm of OTA concentration C
(Fig. 5c) (Myndrul et al., 2017; Viter et al., 2018). In addition, a dif-
ferentiated data plot of fitted Sigmoid function was built for the com-
parison with experimental data. Analysis of the sensitivity showed, that
anti-OTA/Protein-A/PSi-based immunosensor showed the sensitivity
towards OTA in the range of 0.01–5 ng/ml (Fig. 5c). This shows sen-
sitivity towards OTA, even better than the ELISA method, reported
previously (Jodra et al., 2015; Viter et al., 2018; Yang et al., 2015).

The PL quenching of anti-OTA/Protein-A/PSi-based immunosensor,
was induced by OTA interaction with immobilized anti-OTA. The PL
quenching mechanisms can rely on several factors: (i) energy transfer
between PSi and anti-OTA/Protein-A/PSi-based structure, which is in-
teracting with OTA, (ii) charge transfer, (iii) Fermi level shift during
OTA interaction with Protein-A/anti-OTA&BSA-based structure, (iv)
and change of dielectric constant of the surrounding media during in-
crease of OTA concentrations (Chvojka et al., 2004; Dhanekar et al.,
2010; Harper and Sailor, 1997; Syshchyk et al., 2015). However, we
have no facilities to measure additional parameters of the

Fig. 5. Dependence of PL peak maximum (at λ= 675 nm) vs OTA
concentration; (b) the isotherm of analyte (OTA) interaction with
anti-OTA/Protein-A/PSi-based immunosensor; and (c) calculated
sensitivity of anti-OTA/Protein-A/PSi-based immunosensor to-
wards OTA.

Table 1
Calculated parameters of OTA adsorption.

n KD, ng/ml KD, M ΔG, kJ/mol

0.4± 0.02 0.22± 0.03 5.4·10-10± 0.3·10–11 −53.1±2.7
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immunosensor (conductivity, work function, etc.) simultaneously with
PL measurements. But based on previously reported results and general
knowledge about in this experiment used proteins we can exclude en-
ergy and charge transfer between PSi and anti-OTA/Protein-A/PSi-
based structure as a possible mechanisms of PL quenching
(Tereshchenko et al., 2016; Viter et al., 2018, 2017). We suppose that
Fermi level shift during analyte adsorption and change of dielectric
constant of the media, which is in close proximity to PL-sites of PSi, is
the most plausible mechanisms of PL quenching in here reported
system. Hence, the PL is quenched due to changes of local electric field
near PSi surface through the interaction of OTA molecules with anti-
OTA, which is present in the anti-OTA/Protein-A/PSi-based structure.
Actually, understanding of the mechanisms of PL quenching still re-
quires more experiments and analysis. It will be a topic for next re-
search paper.

4. Conclusions

The investigation of optical properties of PSi showed that it is very
promising material for the development of PL-based immunosensors. PL
spectroscopy based immunosensor for the determination of OTA was
developed using step-by-step modification of PSi surface with Protein A,
anti-OTA and BSA. Developed anti-OTA/Protein-A/PSi/ structure
showed good sensitivity towards OTA. The anti-OTA /Protein-A/PSi-
based immunosensor was integrated within portable fiber optics based
measurement system. In this research reported design of immunosensor
is suitable for direct and real time detection of toxins and other ana-
lytes, which could be used in the monitoring of food quality. It was
shown that the decrease of the PL-intensity of anti-OTA /Protein-A/PSi-
based structure is observed with the increase of OTA concentration in
the samples used for investigations. Therefore, this decrease of PL was
interpreted as analytical signal. The response time of the immunosensor
to different OTA concentrations was in the range of 500–700 s. The
developed immunosensor showed good sensitivity towards OTA in
concentration range of 0.01–5 ng/ml with detection limit of 4.4 pg/ml.
Langmuir-Freundlich isotherms were plotted for the interaction of OTA
with anti-OTA /Protein-A/PSi-based structure, and some aspects of
interaction mechanisms and PL quenching mechanisms are discussed.
Further investigations will be focused on the evaluation of im-
munosensor performance and better understanding of interactions be-
tween analytes and biological recognition and signal transduction parts
used in immunosensor design.
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