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A B S T R A C T

The precise and rapid detection of hazardous molecules, microorganisms, pollutants, and toxins currently re-
mains a global challenge. Aflatoxin B1 (AFB1) is a toxic and dangerous product of fungi that considered as
cancerogenic, mutagenic, and immunosuppressive for humans and animals. Therefore, the screening of AFB1 in
food and beverages plays an important role in preventing foodborne illnesses. In this study, AFB1 molecules
were detected in a microfluidic device with integrated polyacrylonitrile/zinc oxide (PAN/ZnO) nanofibers
fabricated via a combination of the electrospinning, and atomic layer deposition (ALD) techniques. The struc-
tural and optical analyses of PAN/ZnO nanofibers were performed and samples with the most suitable properties
were utilized for AFB1 detection. In order to obtain the biorecognition layer towards AFB1, PAN/ZnO samples
were modified by (3-Aminopropyl) triethoxysilane (APTES), and glutaraldehyde (GA), bovine serum albumin
(BSA) and monoclonal antibodies (Anti-AFB1). Subsequently, photoluminescence (PL)-based immunosensor was
integrated into a microfluidic cell and tested for AFB1 detection. The mechanism of PL changes caused by AFB1
& Anti-AFB1 complex formation was analyzed and developed. The proposed approach enables the detection of
AFB1 with the lowest concentration (LOD) of about 39 pg/ml, while the sensitivity range was evaluated as
0.1–20 ng/ml. The obtained values of LOD and sensitivity, as well as the simplicity of the detection method,
make this approach a prospect for further application.

1. Introduction

Mycotoxins are dangerous secondary metabolites produced by some
organisms from the kingdom fungi. Generally, they can be released to
the foodstuff during the fungi growth, especially in humid and warm
conditions [1,2]. Moreover, they have been classified as possible car-
cinogens and immunosuppressive agents [3,4]. Therefore, precise
control and detection of mycotoxins in human and animal rations can
help to avoid their negative influence on the general health.

Despite the thorough monitoring of mycotoxin levels in food and
beverages within the European Union, contaminated foodstuffs still
have been delivered to the customers. Adegbeye et al. have reported on
the current situation of foodstuff contamination by mycotoxins, and
indeed it takes place worldwide, especially in the developing countries
[5]. Furthermore, Global Climate Change could promote the spread of
mycotoxins in Europe [5].

Among different mycotoxins, Aflatoxin B1 (AFB1) has been found to
be one of the most food-contaminating toxins [6]. Being in the human
liver, AFB1 stimulates cellular metabolism to generate high levels of

reactive oxygen species (ROS) and free radicals. Such conditions lead to
cell death, hepatotoxicity and initiate human hepatocellular carcinoma
[7]. Based on the mentioned above, it is important to develop a high-
sensitive and simple approach for AFB1 detection.

Traditional approaches for AFB1 detection, such as chromatography
methods, have a high sensitivity and specificity, but they require an
expensive equipment and specially trained staff, which increase the
costs of analysis [8,9]. Moreover, AFB1 detection usually requires ad-
ditional secondary labeled antibodies that make this approach more
complicated and expensive [1]. Due to the small size of AFB1 mole-
cules, it can be even undetectable by the Surface Plasmon Resonance
based approach (SPR), which is considered to be the most sensitive
label-free techniques. In order to solve this problem the “weighting
agents” such as bovine serum albumin (BSA) has been used [10].
However, BSA weighting agents can adversely affect detection se-
lectivity; therefore, the use of highly selective receptors (for example,
nanobodies against AFB1) is preferred over the AFB1-BSA using [11].
Besides, a very limited number of studies represented a general me-
chanism for AFB1 detection that may clarify the behavior and response
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during the AFB1 binding. The well-studied mechanism of detection will
clarify the nature of the “detection platform-AFB1” interaction.
Therefore, the major challenge is to develop a high-sensitive biosensing
platform and/or a detection approach with a significantly reduced cost,
when compared to traditional methods, and with a relative simplicity
for application.

Among different types of biosensor transducers, the optical ones are
small size, portable, and high precision devices. Currently, optical
transducers have been successfully used in SPR, surface-enhanced
Raman spectroscopy (SERS), reflectance, and photoluminescence (PL)
biosensors [12]. Among optical transducers, PL - based biosensors are
considered to be one of the most promising approaches, but stable,
efficient and environment-friendly transducers are still required [13].
The change in the PL signal (e.g. relative PL intensity, the shape of PL
curve) of semiconductors, as a function of the analyte concentration,
can be used as an indicator for the detection of target molecules by the
probe. The PL of semiconductors is very sensitive to small modifications
of their surface (e.g. absorption of molecules on the surface) that en-
ables to distinguish analyte concentration changes [14–20].

Nanostructured zinc oxide (ZnO) is the one of most attractive ma-
terials for PL biosensors due to high active surface area, strong room-
temperature (RT) PL in the UV/VIS range [21], and high isoelectric
point/IEP (pH = 9) suitable for the direct immobilization of low IEP
acidic proteins or DNA via electrostatic interaction [22]. ZnO – based
PL biosensors have been successfully applied for the detection of Sal-
monella [23], Ochratoxin A [17], and for the protein–protein bior-
ecognition, etc. [19,21]. Recent discoveries show that the morphology
and structural properties of ZnO are crucial for the efficient biosensor
performance [24,25]. The comparison analysis of the ZnO surface to-
pography (nanoparticles (NPs), nanorods (NRs), nanosheets (NSs) and
nanobeams (NBs)) on the protein adsorption process showed that 1D
ZnO nanostructures provided a higher number of surface adsorption
sites [24,25]. Thus, to enhance the sensitivity of ZnO based biosensors,
a high surface-to-volume ratio, such as the one present in a 1D struc-
ture, is needed.

Recently, it was proposed a novel approach to produce 1D ZnO
nanostructures with a high surface architecture. This approach is based
on the combination of two experimental techniques: electrospinning
and atomic layer deposition (ALD) [26,27]. Electrospinning is a low-
cost powerful technique, which can produce 1D organic or polymer
nanofibers [28]. Electrospinning deposited 1D organic nanofibers, such
as collagen, polyacrylonitrile (PAN), polylactic acid (PLA), gelatin,
collagen, hyaluronic acid (HA) are widely used in tissue engineering
and medicine as 3D scaffolds for cell growing [29]. At the same time,
these nanofibers can be a template for PL biosensors via ALD coatings
with a photonic material (e.g. ZnO based coatings). It is known that,
ALD is one of the most versatile methods for fabrication of ZnO na-
nostructures [30]. It does not depend on the substrate geometry and can
be applied for both planar samples, and porous media at relatively low
temperatures [31,32]. This method provides a conformal coating of the
substrate and allows the control of thickness and chemical composition
of the deposited layers. In recent works, it was also demonstrated that
1D PAN/ZnO nanofibers produced by this approach can be used as an
effective PL biosensor for volatile organic compounds (VOC) [27].
However, there are still several questions need to be solved: (i)what are
the mechanisms for PL detection in ZnO; and (ii) is it possible to use this
nanocomposite for mycotoxin (AFB1) detection.

In the present study, we report on the development of PAN/ZnO
nanocomposites that can be applied for a low-cost, label-free and sen-
sitive PL biosensor (immunosensor) towards AFB1 as a model molecule.
The ZnO layer was produced by ALD technique. As a biorecognition
layer, the antibody towards AFB1 (anti-AFB1) has been chosen.
Structural and optical properties of the fabricated PAN/ZnO nano-
composites have been investigated by scanning electron spectroscopy
(SEM), transmission electron microscopy (TEM), X-Ray diffraction
analysis (XRD), Fourier-transform infrared spectroscopy (FTIR) and

confocal microscopy. The PL of PAN/ZnO nanocomposites functiona-
lized with the anti-AFB1, as well as the control samples (without anti-
AFB1), was measured for different concentrations of AFB1. It was found
that high surface to volume ratio of PAN/ZnO nanocomposites and high
affinity of immobilized anti-AFB1 to AFB1 give the possibility of de-
tecting AFB1 in a wide sensitivity range 0.1–20 ng/ml and with de-
tection limit (LOD) of 39 pg/ml. Furthermore, estimated values of
power coefficient, and change of Gibbs free energy indicate strong
electrostatic interaction between biosensor and the analyte (AFB1). The
general mechanism of the PL biosensor response change during the
PAN/ZnO/APTES/GA/Anti-AFB1&AFB1 complex formation was pro-
posed. Hereby, we propose a novel PL-based approach for AFB1 de-
tection on PAN/ZnO/APTES/GA/Anti-AFB1 structure.

2. Experimental section

2.1. Materials

Polyacrylonitrile PAN (Mw = 150,000), and dimethylformamide
(DMF) (ACS reagent, ≥99.8%) were purchased from Sigma Aldrich.
Diethyl zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-20-0), was
purchased from Sterm Chemical. Anti-AFB1 monoclonal antibodies
(1 mg/ml, mouse IgG1 isotype, № A9555), AFB1 (2 μg/ml in acetoni-
trile, analytical standard, №34029), Protein A (№ P3838), BSA, (purity
≥98.0%, № 05470), (3-Aminopropyl)triethoxysilane (APTES, purity
≥98%), and glutaraldehyde (GA, 50 wt% in H2O) were purchased from
Sigma Aldrich. Phosphate-buffered saline (PBS, pH 7.4) was used as the
diluent for AFB1 dissolution. Al biological components were diluted on
the day of the experiment (without additional storage in dissolvent).

The quartz microfluidic cell (useable optic range: 170–2700 nm,
v = 600 μl, w = 8 mm, d = 2 mm, h = 40 mm) was purchased from
Starna Cells. The diameter of the inlet and outlet tubes was 0.9 mm
(inner diameter: 0.36 mm).

2.2. PAN fiber fabrication

Polyacrylonitrile (10 wt% PAN) was dissolved in DMF. The polymer
solution was kept under stirring for 1 h with the following heating in an
oil bath at 80 °C for 10 min. A home-made electrospinning machine
with HPx 600 605 generator (physical instruments) and a KDS 100
syringe pump was used for the electrospinning deposition process. The
solution was electrospun under an applied voltage of 25 kV with a flow
rate of 3 mlh−1 using a 0.7 mm diameter syringe (connected to the
positive output of the generator) in ambient air atmosphere. The col-
lector, made of aluminum foil was fixed at the distance of 25 cm from
the tip of the syringe and was connected to the negative output of the
generator. The liquid was extruded from the spinneret to produce a
pendant droplet that followed the Taylor cone formation due to the
electrostatic repulsion among the surface charges upon electrification.
The charged jet underwent stretching and thinning under the whipping
instability and solidifies quickly into a fiber with tailored diameter.

2.3. ALD of ZnO

ZnO thin layers were deposited over the PAN nanofibers by a home-
made ALD set-up at 100 °C and sequential exposures to diethyl zinc
(DEZ) and deionized water, separated by a purge with dry Argon (flow
rate of 100 sccm). The deposition protocol included the following steps:
i) 0.3 s pulse of DEZ, 30 s exposure and 50 s purge with dry Ar; ii) 2 s
pulse of H2O, 40 s of exposure, and 60 s purge with dry Ar. The growth
rate was generally 2.1 Å/cycle for ZnO. The ZnO thickness growth per
cycle was controlled by measuring the ZnO film's thickness on planar Si
substrates placed in the reactor and proved by transmission electron
microscopy on PAN nanofibers. After the ALD of ZnO over the PAN
nanofibers were obtained, samples with different ZnO thicknesses were
obtained: PAN/ZnO5nm, PAN/ZnO10nm, PAN/ZnO20nm, PAN/ZnO50nm.
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2.4. Characterization techniques

Morphology of the PAN/ZnO nanocomposite surface was in-
vestigated by scanning electron microscopy (SEM) (JEOL, JSM7001F)
with an energy dispersive X-ray (EDX) analyzer and transmission
electron microscopy (TEM) (JEOL ARM 200F) high-resolution trans-
mission electron microscope (200 kV) with an EDX analyzer. The
structural state of PAN/ZnO was analyzed by means of X-ray diffraction
(XRD) (PANalytical, X'pert3pro MRD diffractometer) working with a Cu
lamp (λ = 1.5418 Å). The Fourier-transform infrared (FTIR) spectra
were obtained with the Jasco FT/IR 4700 – Fourier Transform Infrared
Spectrometer. Photoluminescence was generated by a HeeCd laser
(325 nm) and the emission spectra were recorded in the range from 360
to 800 nm by Ocean Optics Spectrometer USB4000. Two-photon laser
fluorescence confocal microscopy (Zeiss LSM 780, the Coherent
Chameleon laser with an excitation wavelength of 700 nm) was used to
study the real-time PL during AFB1 adsorption.

2.5. The evaluation of PL signal of immunosensor

To prepare the biorecognition layer, the immobilization of anti-
bodies towards AFB1 (anti-AFB1) was accomplished by the protocol
described in the reference [14]. Briefly, the PAN/ZnO20nm samples were
functionalized by APTES, and then, after GA activation, anti-AFB1were
conjugated to the surface. Finally, the Bovine BSA PBS solution was
added to block the remaining active sites and to improve the selectivity
of the biosensor. As a result, PAN/ZnO20nm/APTES/GA/Anti-AFB1
structure was formed.

It also was supposed to add the Protein A (Prot.A) during the
functionalization process to achieve oriented Anti-AFB1 immobiliza-
tion, however, this step does not lead to the correct PAN/ZnO20nm/
APTES/GA/Prot.A/Anti-AFB1 assembly. The possible reason for the
incorrect assembly can be associated with the weak binding affinity of
Prot.A to anti-AFB1 antibodies [33].

Analytical characterization of the biosensor based on PAN/
ZnO20nm/APTES/GA/Anti-AFB1 structures was performed in a micro-
fluidic cell (Fig. 1a, b) with the analyte flow rate about 37 ml/min. The
cell was equipped with an inlet and outlet for analyte infusion. PL was
excited with HeeCd (λ = 325 nm) and collected by optical fiber
spectrometer using multimode optical fibers equipped with semi-
spherical lenses. An output laser power was around 1–2 mW. Before
measurements, 600 μl of buffer solution were pumped through the cell
by using a peristaltic pump. The PL spectra of the sample were collected
every 10 s. The sample was stored in a buffer solution until the PL signal

reached equilibrium. Then, 600 μl of various AFB1 concentrations were
subsequently infused to the cell via pumping. Biosensing tests were
performed in the concentration range of 0.1–100 ng/ml (AFB1 mole-
cules). Since all AFB1 concentrations were sequentially infused into the
microfluidic cell, we assume that it would lead to the accumulation of
AFB1 on the surface of ZnO.

3. Results and discussion

3.1. Structural and optical properties

In order to investigate the structure, surface morphology and optical
properties of fabricated PAN/ZnO nanofibers with different ZnO
thicknesses, SEM, TEM, XRD, EDX, and PL analysis were performed.
Fig. 2 shows SEM images of PAN/ZnO nanocomposites with different
numbers of ALD cycles (25 to 250) corresponding to different layer
thicknesses. It was confirmed that applying both techniques one was
able to produce PAN/ZnO nanofibers with tuned structural parameters
and optical properties [26]. Fig. 2(a–c) indicate the solid “spaghetti-
like” morphology with an average fiber diameter of 500 nm. Fig. 2(d–f)
show the crystalline structure of ZnO layers with the visually evaluated
crystallites with the size around 15–30 nm. Moreover, Fig. 2d indicates
the core-shell structure with a clear border between the core (PAN
polymer) and the shell (ZnO crystalline layer).

In order to confirm the ZnO conformal layer TEM experiments were
conducted. Fig. 3 shows the TEM images of PAN/ZnO nanofibers: PAN/
ZnO50nm (Fig. 3a, b, d) and PAN/ZnO20 nm (Fig. 3c, e, f). The TEM
image (Fig. 3a) shows a uniform fiber with the conformal ZnO layer.
TEM images (Fig. 3a–c) show the single fibers with an approximate
diameter of 400–500 nm. Fig. 3d–f shows the crystalline structure of the
ZnO layer over PAN fiber with an average crystallites size of about
10–15 nm. Besides, Fig. 3f represents (101) lattice plane with the in-
terplanar distance of 0.24 nm suggest the stabilization of the wurtzite
phase of ZnO. High-resolution TEM proves the polycrystalline nature of
produced ALD ZnO layers for all samples.

To confirm the crystalline phase of the obtained PAN/ZnO nanofi-
bers, XRD analysis has been also performed (Fig. 4a). The peaks at
2θ = 31.74° (001), 2θ = 34.42° (002), 2θ = 36.22° (101), and
2θ = 47.53° (102) confirm ZnO wurtzite structure [27]. The XRD peak
at 2θ = 17° directly corresponds to PAN fiber [27]. It is clearly seen
that the crystallinity of the PAN/ZnO5nm structure is weak and the ZnO
coverage which is attributed to the small amount of material, the miss
orientation of the fibers towards the Bragg-Brentano condition and the
polycrystallinity of the films [34]. With the growth of the ZnO layer

Fig. 1. (a) Photography of the experimental set-up, where (1) - microfluidic cell with tubes; (2) -AFB1 sample; (3) - peristaltic pump; (4) - AFB1 waste; (5) - laser; (6),
(7) and (8) - system of mirrors and lens, (9) - light collector. (b) Scheme of the experimental set-up for the PL – based AFB1 detection on PAN/ZnO20nm/APTES/GA/
Anti-AFB1 structure.
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from 10 to 50 nm, the crystallinity of the structure is increasing, which
allows to estimate the average size of ZnO nanocrystallites the De-
bye–Scherrer's equation [35].

=D 0, 9
cos( )

,
(1)

where β, θ, and λ are full width of half maximum, diffraction angle, and
x-ray wavelength (λ = 0.154 nm), respectively. The calculated average
size of ZnO nanocrystallites was about 9 ± 2 nm for all samples what

in agreement with the TEM measurements.
Furthermore, EDX mapping of a single PAN/ZnO nanofiber (Fig. 4b)

indicate the oxygen and zinc content and distribution on the ZnO shell,
while the carbon content attributed the PAN fiber, remains at the fiber's
core. Besides, this mapping confirms that Zn and O are homogeneously
dispersed.

The PL spectra of PAN/ZnO nanofibers are shown in Fig. 5a. The
narrow peak in the ultraviolet (UV) region (375 ± 5 nm) corresponds
to the near band emission (NBE) [27,36]. This band can also be

Fig. 2. SEM images of PAN/ZnO nanofibers: (a–c) PAN/ZnO50 nm top-view with different magnifications; the core-shall structure of single nanofibers (thickness
~50 nm) (d); the crystalline structure of PAN/ZnO20 nm nanofibers (e–f).

Fig. 3. TEM images of PAN/ZnO nanofibers: ZnO layer 20 nm (c, e, f); ZnO layer 50 nm (a, b, d).
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interpreted by the emission (3.34 eV) of free excitons (FE) in the
bandgap of ZnO nanocrystallites [23]. The broad peak in the visible
range around 565 nm corresponds to the deep defect levels (DLE) such
as zinc vacancies (Zni ++), single (Vo+) and double (Vo

++) ionized
oxygen vacancies, neutral oxygen vacancies (Vo), and oxygen inter-
stitials (Oi) [37]. The deconvolution of DLE emission (Fig. 5b) reveals
three general types of defects involved in the green-blue PL process:
Vo

+ (2,45 eV), Vo++ (2,23 eV), Oi (2 eV) (inset Fig. 5b) [36,38]. The
peak around 785 nm attributes to the residual PL emission of PAN
nanofibers. The decrease of PL in the visible region upon increasing the
thickness of the ZnO layer can be explained by the improvement of the
crystallinity of semiconductor and thus, the reduction of defect con-
centration [39]. However, the low UV emission and high DLE to NBE
ratio indicate the high defects concentration within the ZnO structure
[23,36].

Taking into account the findings from PL analysis, and to achieve a
stable, reliable, and repeatable results for the developed PL biosensing
platform, it was decided to use PAN/ZnO nanofibers with an oxide layer
of 20 nm that is capable of providing the conformal coverage over the
PAN, relatively high PL emission and the stable biorecognition layer.

3.2. The evaluation of PAN/ZnO PL-based immunosensor

3.2.1. Biofunctionalization
It is important for biosensors to detect selectively the target mole-

cules while the remaining molecules must not affect the sensor's re-
sponse. In order to achieve the selective adsorption of AFB1 to the PAN/
ZnO surface, the bioselective (biorecognition) layer containing Anti-
AFB1 was formed along the step-by-step biofunctionalization process
(Fig. 6a). The blank PAN/ZnO20nm nanofibers during the silanization
(APTES treatment) process and GA activation were prepared for con-
jugation with the Anti-AFB1. The detailed biofunctionalization protocol
was as follows: i) to achieve the thin APTES layer which acts as a
coupling agent between the PAN/ZnO20nm and Anti-AFB1, nanofibers
were treated by 10 μl of 2% APTES solution in Ethanol (99.9%) at room
temperature (RT) for 10 min. Then the sample was gently washed with
Ethanol (99.9%) with the following drying on a hot plate at 85 °C for
1 h. ii) At the next step, PAN/ZnO20nm/APTES samples were immersed
in a 1% GA water solution (at RT for 1 h) to activate APTES modified
surface. Subsequently, the PAN/ZnO/APTES/GA was rinsed with DI
water to avoid non-specific adsorption of the Anti-AFB1. iii) The GA-
activated surface was then reacted with 10 μl of 50 μg/ml Anti-AFB1
solution in PBS buffer (pH 7.4) at RT for 30 min to form a bioselective
layer of anti-AFB1. Then, PAN/ZnO/APTES/GA/Anti-AFB1 was rinsed

Fig. 4. XRD spectra of the obtained PAN/ZnO nanofibers (a) and EDX mapping of the single nanofiber with ZnO layer thickness 20 nm (b).

Fig. 5. PL spectra of PAN/ZnO nanofibers with different thicknesses of ZnO layer (a) and (b) PL deconvolution with Gaussian function; inset - possible optical
transitions and their energies in ZnO nanostructures, where free excitons (FE), single ionized oxygen vacancies (Vo

+), double ionized oxygen vacancies (Vo
++), and

oxygen interstitials (Oi).
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with PBS to wash out non – conjugated antibodies. iv) 10 μl of 5 μg/ml
of BSA was added to block the remaining active sites that enable adsorb
proteins. v) As a result, PAN/ZnO20nm/APTES/GA/Anti-AFB1 was
formed.

To confirm the biofunctionalization of PAN/ZnO20nm nanofibers by
APTES, GA, and Anti-AFB1 a series of FTIR measurements were per-
formed (Fig. 6b). The peak at 480 cm−1 is attributed to an electronic
transition to deep surface states that originated from defects (oxygen
vacancies) in the ZnO layer [40].The significant changes have appeared
in the FTIR spectrum when the silanization process is done. Peaks from
the Si-O-C (777 cm−1), Si-O-Si (1078 cm−1), NH2 (1529 cm−1), NH3

(1596 cm−1), O-Si-H (2341 cm−1), and, CH2 (2878–2931 cm−1) and
CH3 (2977 cm−1) groups indicate the formation of APTES layer. The
GA-activation of APTES modified nanofibers results in appearing of
peaks at 1635–1690 cm−1 which can be attributed to the C]O or/and
C]C stretchings of GA molecule [41]. Afterward, Anti-AFB1 were
added to form a layer selective to AFB1 molecules. The aldehyde groups
on the surface react with amino groups of antibodies and proteins for
covalent immobilization by an amide bond formation. The peaks in the
range of 1226–1666 cm−1 can be associated with the amide I
(1642–1660 cm−1), amide II (1450–1535 cm−1) and amide III
(1226–1233 cm−1) bonds. Additionally, one can assume that peaks in
the range of 3005–3730 cm−1 correspond to the amide A and amide B
bonds, on the other hand, such a broad peak can appear due to the OeH
stretching.

3.2.2. Aflatoxin B1 PL detection
Quantitative analysis of the interactions between PAN/ZnO20nm/

APTES/GA/Anti-AFB1 structure and AFB1 molecules was performed in
the concentration range of 0.1–100 ng/ml (target AFB1). To simplify
the calculation of the main biosensors parameters (LOD, sensitivity
range, etc.), PL signals of PAN/ZnO20nm nanocomposite were normal-
ized as follows:

=I I
I

,Cn
C

Cmax (2)

where ICn is the normalized PL signal for each concentration as shown
in the Fig. 7, IC is the non-normalized PL signal for each AFB1 con-
centration, and ICmax – maximum PL signal (CAFB1 = 118.1 ng/ml).

Fig. 7a shows that the PL signal increases while the AFB1 molecules
bind to the PAN/ZnO20nm/APTES/GA/Anti-AFB1 surface. One may
observe the 25% increasing of the PL intensity for the concentration of

AFB1 around 100 ng/ml. The saturation of the analytical PL signal is
observed in the range of 20–100 ng/ml what imposes an upper limit for
the AFB1 detection (Fig. 7a). The saturation can be explained con-
sidering that the great majority of antibodies (anti-AFB1) are bonded to
the AFB1 molecules. Besides, no significant changes in the PL were
identified for control samples. Fig. 7b shows the sensor signal (response
curve) of PAN/ZnO20nm/APTES/GA/Anti-AFB1 structure vs the con-
centration of AFB1. The linear fitting (dark blue line) of the experi-
mental data (bright blue spots) can be expressed by the formula:

=I Log C0.489 0.385· ( ),PL565,2 (3)

where C is the AFB1 concentration.
Considering the Eq. (3), the LOD was calculated using the formula:

=LOD n
b

3.3 , (4)

where σ is the standard deviation of the negative control at small
concentrations, n – number of tests, b is the slope of the curve, extracted
from Eq. (3). The calculated value of LOD was around 39 ± 1 pg/ml,
which is significantly lower than the acceptable levels of AFB1 in
human foods and beverages (European Commission, No 401/2006).
The calculated LOD value for PAN/ZnO PL-based biosensor is com-
parable with results obtained elsewhere [15,42,43] or even lower than
that reported by Alshannaq et al. and Moon et al. [44,45]. This result
shows that the studied nanostructures and the detection approach could
be further applied for the development of efficient immunosensors and
novel biosensors with other types of biorecognition agents (e.g. en-
zymes, DNA). A comparison of typical optical (label-free) biosensors for
AFB1 detection is presented in the Table 1, in which the LOD of current
immunosensor is at a low level, with the sensitivity range similar to the
others.

3.2.3. The mechanism of PL biosensing
To gain further insights regarding the mechanisms of PL detection,

we decided to develop a model that could explain the PL changes in
semiconductors during the adsorption of molecules. According to the
theory of PL in semiconductors, the changes of PL signal can be asso-
ciated with the bandgap modification (e.g. band bending) under addi-
tional external forces that could be caused by the adsorption of the
proteins which will affect the surface band bending. Those forces
mostly initiate the surface potential ψs changes resulting in expanding
or constriction of the space charge region (SCR) and/or energy band

Fig. 6. Step by step biofunctionalization process (a) and (b) FTIR spectra of the following biofunctionalization stages: dark blue – bulk PAN/ZnO20nm sample; bright
blue line – PAN/ZnO20 nm/APTES; green – PAN/ZnO20nm/APTES/GA; red line – PAN/ZnO20nm/APTES/GA/Anti-AFB1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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bending. The existence of a surface potential barrier that needs to be
overcome by the photogenerated carriers and the value of SCR strongly
affects the recombination processes, and as a consequence, the PL in
semiconductors.

Being in liquids/electrolytes, semiconductor experience a sig-
nificant influence of ions and the surface potential ψs depends on the
total charge of all ions at the defined distance from the surface (Debye
length) [54]. Besides, if the liquid contains macromolecules, such as
proteins (antibodies, antigens, etc.), they will induce an additional ef-
fect on φD. It means that the PL signal is defined by the ψs, which is
determined by the total electrostatic potential of both ions in the liquid
and protein charges near the semiconductor surface.

There are two hypotheses of the electrostatic influence of protein
charges which penetrate the diffuse layer (Helmholtz layer) to the
semiconductor interface [55]. The first hypothesis is based on the
Debye model, which defines the thickness of diffuse-charged layers by
the distance (Debye length) where the electrostatic field has dropped to
1/e of its initial value. However, the Debye length in a physiological salt
solution is limited to be around 0.8 nm [55]. It means only that the
charge density changes comparable to the value of a Debye length can
be detected. As we deal with proteins, such as antibodies and antigens,
with an average size (> 10 nm) much bigger than the Debye length, one
may conclude that their charges will be “not seen” for the detection
platform [55].

The second hypothesis can be described by the so-called Donnan
model [56]. This model enables to consider the influence of charge
density changes caused by antibodies and antigens at the distances
comparable to the Debye length. The main idea of this model based on
the assumption that there are two phases (s and m) at the interface
semiconductor/electrolyte, in which ions can freely diffuse to the sur-
face until the electrostatic equilibrium state is achieved. Phases m and s
represent the protein layer on the semiconductor surface and the

volume of the electrolyte, respectively. The total electrostatic potential
of the surface φD caused by ions and proteins in the Helmholtz layer
(phase m) can be described by the equation [57]:

=
+ ++ +RT

F
C C C

C
ln

4
2

,D
p s p

s

2 2

(5)

where R, T, F are the universal gas constant, temperature, and Faraday
constant respectively, while Cp+ and Cs are the concentration of pro-
tein-fixed positive charges and the ion concentrations in phase m [55].
As seen from the Eq. (5), the Donnan potential (potential arises between
two phases) mostly depends on the ion equilibrium concentrations in
phase m. It worth to mention that there is a smooth transition between
the φD and the surface potential (ψs) of semiconductor [58], which
means that the changes of φD caused by ions transfer between m and s
phases will influence on the surface potential ψs(φD). Taking into ac-
count that the value of SCR is proportional to the square root of ψs, it
becomes obvious that the changes of φD will affect the SCR as well [59].

One may consider two different cases: (i) the surface potential of
ψs1(φD1) for the surface functionalized by antibodies, and (ii) the sur-
face potential of ψs2(φD2) for the surface with antibody-antigen com-
plexes. While the n-type semiconductor (e.g. ZnO) possesses the posi-
tive ψs (bending up), the binding of the positively-charged proteins (e.g.
AFB1) induces a downward band-bending and decreasing of ψs
(ψs1(φD1) > ψs2(φD2)) due to the ion concentrations change in the
phase m [60]. Such antibody-antigen interaction will promote de-
creasing of the semiconductor ψs and the value of SCR. This will pro-
mote an increase of charge carrier concentration and, as a consequence,
it will enhance the radiative recombination from the bulk defect states.

Based on this analysis, one may present the mechanism of PL
changes in PAN/ZnO nanostructures after the adsorption of ABF1 mo-
lecules. Taking into account that we deal with the n-type semiconductor

Fig. 7. Photoluminescence spectra of PAN/ZnO20nm/APTES/GA/Anti-AFB1 biosensor after incubation in different AFB1 concentrations (from bottom to top) con-
taining samples after the reaching of steady state conditions; (b) the response curve, measured at PL peak position (λ = 565 nm).

Table 1
Representative results of recent label-free optical biosensors for AFB1 detection.

Biosensor performance Transducer Sensitivity range LOD Reference

Polarized optical microscopy Liquid crystal 0.1–1 ng/ml 0.1 ng/ml [46]
Fluorescence g-C3N4 + Fe3O4 0.01–0.5ng/ml 0.002ng/ml [47]
Fluorescence TPE-Z + GO – 0.25 ng/mL [48]
Fluorescence MIP-membrane 14–500 ng/ml 14 ng/ml [49]
Plasmonic ELISA AuNRs 0.0031–0,15 ng/ml 0.0125 ng/ml [50]
Localized SPR AuNPs 1–10 ng/ml 0.36 ng/ml [51]
Colorimetric G-quadruplex signal reporter 1 pM-100 nM 1pM [52]
Electrochemiluminescence Printed bipolar electrode 0.1–100 ng/ml 0.033 ng/ml [53]
Photoluminescence PAN/ZnO 0.1–20 ng/ml 0.039 ng/ml This work
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and positively charged AFB1 molecules [61], the bandgap diagrams of
PAN/ZnO20nm/APTES/GA/Anti-AFB1 in PBS solution before and after
the adsorption of AFB1 molecules are shown in Fig. 8a and b, respec-
tively. Let us assume that only one type of defects (see Fig. 8, Ed level)
in ZnO defines the radiative recombination and the PL intensity.
However, the radiative recombination of photogenerated holes and
electrons will take place only when the defect level energy lies below
the Fermi level (EF) of ZnO. This condition will only be met for the bulk
region called here the PL active region (Fig. 8). It is clearly seen that the
width of the PL active region is modulated by the value of SCR and the
ψs, which values strongly depend on the concentration of adsorbed
AFB1 molecules and the ion concentrations in the Helmholtz layer.

Fig. 8a shows the upward band bending with the surface potential
ψs1(φD1) and the SCR (d1), for PAN/ZnO20nm/APTES/GA/Anti-AFB1.
The PL intensity is determined by radiative transitions 1 → 2 → 3
(Fig. 8). The expanding of SCR (increasing of ψs) will subsequently lead
to the constriction of the PL active region and it will decrease the
probability of radiative transitions 1 → 2 → 3. On the other hand, the
reducing of SCR will have an opposite effect and, as a result, increasing
PL intensity. After positively charged AFB1 molecules interact with
antibodies (Anti-AFB1), it should downward the band bending
(Fig. 8b). This downward band bending is associated with the lower
value of ZnO surface potential ψs2(φD2) and it promotes constriction of
the SCR to the value d2. Thus, the probability of radiative transitions
1 → 2 → 3 in the PL active region increases, while the probability of
non-radiative transitions (transition 4) and the charge carriers separa-
tion (transition 5′-5″) becomes lower. This condition promotes in-
creasing of PL intensity for PAN/ZnO20nm/APTES/GA/Anti-AFB1/BSA
&AFB1 nanostructures after the adsorption of positively charged AFB1
molecules on the surface.

The proposed mechanism of optical biosensing is based mostly on
the photoluminescence studies and the theory of semiconductor sur-
faces. In order to prove the reliability of the proposed mechanism to
other types of biosensors (e.g. FET biosensors), more specific techniques
should be applied, such as Electrochemical Impedance Spectroscopy
(EIS), EIS microscopy, THz spectroscopy etc.

3.2.4. Kinetic and thermodynamic aspects
Kinetic and thermodynamic analysis may provide important in-

formation on biomolecular interactions between antibody and antigen.
Moreover, kinetic analysis offers insights concerning the relationships
between structure and biochemical activities. The basis of kinetic and
thermodynamic analysis is adsorption isotherm interpretation, which
allows calculating some important biosensor parameters, such as ad-
sorption affinity constant, Gibbs free energy change, and power coef-
ficient. Fig. 9a presents the time-resolved PL intensity changes of the
PAN/ZnO20nm/APTES/GA/Anti-AFB1 sample vs different AFB1 con-
centrations. The immunosensor response time to the different AFB1
concentrations was in the range of 15–20 min. The dashed lines indicate
the steady-state conditions for each concentration. The total AFB1
concentration interacted with the PAN/ZnO20nm/APTES/GA/Anti-
AFB1 surface was calculated as the sum of all infused concentrations
during the test. Biosensor responses vs various ABF1 concentrations
(Fig. 9b) were calculated using the formula [15]:

=S C I C( ) ( ) 1,eq (6)

where Ieq and C are the normalized PL signal value of the PAN/
ZnO20nm/APTES/GA/Anti-AFB1 sample in steady state conditions and
the value of AFB1 concentration, respectively.

Adsorption isotherm indicates a pseudo-first-order interaction be-
tween AFB1 and PAN/ZnO20nm/APTES/GA/Anti-AFB1 structure as
shown in Fig. 9b. This type of interaction can be described by the first
order kinetic equation (Langmuir equation) obtained from the fitting
(dark blue curve) [62]:

=dN
dt

k C N N k N· ·( ) · ,a s d (7)

where N, ka, kd, Ns and C are a number of adsorbed molecules, an as-
sociation constant, a dissociation constant, a number of adsorption sites
and the concentration, respectively.

In this particular case, the number of adsorbed molecules has
maximum value, while the sensitivity is highest. It means that those
parameters are proportional Ns~Smax, and N is proportional to the
biosensor sensitivity (N~S, where S < Smax).

Fig. 8. Sketch of the energy band diagram of the ZnO nanolayer with two types of surface modifications: PAN/ZnO20nm/APTES/GA/Anti-AFB1/BSA (a) and PAN/
ZnO20nm/APTES/GA/Anti-AFB1/BSA&AFB1 (b). The transition 1 is the excitation of the electron-hole pair under UV light irradiation, 2 – non-radiative transition of
the electron to the defect level, 3 is the radiative transition, which is the PL in the visible region, 4 – non-radiative transition in the space charge region (SCR), 5′
indicates the electron migration from the surface to the volume of ZnO, 5″ indicates the holes migration from volume to the ZnO interface.
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It should be noted, that after adding of AFB1 into the microfluidic
cell, the PL intensity increases until its saturation, which indicates the
steady-state conditions between PAN/ZnO20nm/APTES/GA/Anti-AFB1
and AFB1. Thus, the rate of AFB1 adsorption is equal to zero =( )0 ,dN

dt
and the Eq. (7) can be rewritten as follows:

=k C S S k S· ·( ) · 0.a max d (8)

After some additional calculations, the Langmuir Eq. (8) is trans-
formed to the Eq. (9), while fitting parameters are taken from the Eq.
(10) (inset, Fig. 9b):

=
+

S
S

K C
K C1 ·

,
max

A

A (9)

=
+

y
a

b x
b x

·
1 ·

,
n

n (10)

where = =b K ,A
k
k

a
d

is the affinity constant, x = C – concentration,
n = 1 − c is the power coefficient (c-fitting parameter from the inset
table of Fig. 9b), y, a are S and Smax respectively.

The affinity dissociation constant KD = 0.96 ± 0.11 ng/ml was
calculated as the reversed value of KA and allows one to estimate the
change in Gibbs free energy (∆G) of PAN/ZnO20nm/APTES/GA/Anti-
AFB1 & AFB1 complex formation:

=G RT Ln K ,D
0 (11)

where R and T are the universal gas constant and the absolute tem-
perature, respectively. The value KD0 = KD/C, in this case, C is the

standard reference concentration of 1 M.
The obtained value of the change in Gibbs free energy

∆G = − 44.6 ± 1.4 kJ/mol indicates the thermodynamically favor-
able reaction of the chemical adsorption [63] for the PAN/ZnO20nm/
APTES/GA/Anti-AFB1&AFB1 complex formation [64]. One can con-
clude that a strong electrostatic chemical bonding occurs between the
PAN/ZnO20nm/APTES/GA/Anti-AFB1 and AFB1 molecules. The calcu-
lated ∆G is in good agreement with the value obtained in our previous
research [15] and higher than recently reported for the AFB1 physi-
sorbed onto the detection platform [65].

The calculated power coefficient n = 0.95 ± 0.01 indicates a fa-
vorable sorption process (n < 1) of the analyte onto the PAN/
ZnO20nm/APTES/GA/Anti-AFB1 structure [66] and the fast diffusion of
AFB1 molecules to the developed nanofibers structure [17]. Besides,
such value of the power coefficient (0.5 < n < 1) can be additionally
explained by the partially negative cooperative adsorption [67]. The
negative cooperative adsorption indicates the decreasing of affinity
while the molecule covalently binds with the binding site. Taking into
account that the structure of antibodies assumed to be bivalent [68],
because of V regions of the two heavy and light chains, it offers two
identical antigen-binding sites [69]. Therefore, it can be supposed that
binding affinity (capability) of Anti-AFB1 towards AFB1 becomes lower
after the first Anti-AFB1&AFB1 binding and tends to the zero value after
the second Anti-AFB1&AFB1 binding.

Finally, the sensitivity of PAN/ZnO20nm/APTES/GA/Anti-AFB1 was
calculated as the derivative of the sensor signal response S to the nat-
ural logarithm of AFB1 concentration C (Fig. 10c). Analysis of the

Fig. 9. Dependence of PL peak maximum (at λ = 565 nm) vs AFB1 concentration; (b) the isotherm of analyte (AFB1) interaction with PAN/ZnO20nm/APTES/GA/
Anti-AFB1 structure; and (c) calculated sensitivity of PAN/ZnO20nm/APTES/GA/Anti-AFB1 structure towards AFB1.

V. Myndrul, et al. Materials Science & Engineering C 118 (2021) 111401

9



sensitivity indicates, that the PAN/ZnO20nm/APTES/GA/Anti-AFB1
biosensor shows the sensitivity towards AFB1 molecules in the range of
0.1–20 ng/ml. However, the upper limit can achieve higher values than
20 ng/ml of AFB1 concentration, if more Anti-AFB1 would be im-
mobilized on the PAN/ZnO20nm/APTES/GA structure.

All analytical parameters and kinetic constants of the PAN/
ZnO20nm/APTES/GA/Anti-AFB1&AFB1 complex are presented in
Table 2.

3.2.5. Microscopy visualization
In the final stage of the research, the two-photon PL microscopy was

used to visualize immunosensor response during PAN/ZnO20nm/
APTES/GA/Anti-AFB1&AFB1 complex formation. Fig. 10(a, b) de-
monstrate the PL emission from PAN/ZnO20nm and PAN/ZnO20nm/
APTES/GA/Anti-AFB1, respectively. It is clearly seen the more intense
PL emission for the sample with immobilized antibodies that proves the
mechanism provided in Section 3.2.2. This means that after im-
mobilization of Anti-AFB1 to the surface of the PAN/ZnO20nm sample,
the downward band-bending and decreasing of ψs lead to increasing of
PL intensity. Besides, the uniform PL emission from PAN/ZnO20nm/
APTES/GA/Anti-AFB1 nanofibers proves the conformal functionaliza-
tion of the ZnO surface. Then, the probe of AFB1 with a concentration
of 10 ng/ml was injected into the cell with the PAN/ZnO20nm/APTES/
GA/Anti-AFB1 and the control sample. The PL images/frames have
been recorded every 5 min until signal saturation. Fig. 10c shows the
time-dependent average intensity of PL for the PAN/ZnO20nm/APTES/
GA/Anti-AFB1&AFB1. It is seen that the PL intensity progressively in-
creases over time. The PL images were analyzed using ImageJ software.
The inset image indicates the change in average PL intensity during the
APTES/GA/Anti-AFB1&AFB1 complex formation. The average PL in-
tensity was about (~ 26%), and has a good agreement with the value
(~ 25%) from PL-based real-time measurement for AFB1 10 ng/ml
concentration (Fig. 9b). A control experiment was also conducted on

the PAN/ZnO20nm sample. No significant non-specific adsorption of
AFB1 was observed. The results confirm that the produced im-
munosensor provides a sensing capability with a high signal-to-noise
ratio and diminished non-specific adsorption.

4. Conclusions

In conclusion, PAN/ZnO nanofibers prepared by electrospinning
and ALD was successfully examined as a PL-based platform for AFB1
detection. The intensity of the PL emission of PAN/ZnO20nm modified
by APTES/GA/Anti-AFB1 is seen to be dependent on the AFB1 con-
centration, evidencing an increase of PL with increasing concentration
of the analyte. PAN/ZnO20nm/APTES/GA/Anti-AFB1 samples were in-
tegrated into the microfluidic cell, which showed high sensitivity to-
wards AFB1 molecules in the range of 0.1–20 ng/ml, and the LOD was
evaluated as 39 pg/ml. The immunosensor response time to the dif-
ferent AFB1 concentrations was in the range of 15–20 min. The cal-
culated values of kinetic constants and thermodynamic parameters in-
dicate favorable AFB1 adsorption to the PAN/ZnO20nm/APTES/GA/
Anti-AFB1 immunosensor as well as high electrochemical interaction
between immunosensor and AFB1 due to the Anti-AFB1&AFB1 complex
formation. The results obtained by the two-photon PL microscopy
confirm that the developed immunosensor is capable to detect AFB1
with a high signal-to-noise ratio and diminished non-specific adsorp-
tion. Besides, the model of semiconductor – analyte interaction and its
effect on PL emission was proposed and analyzed. The obtained results
indicate the suitability of our materials and detection approach to be
employed in the fabrication of biosensing devices for probing other
relevant analytes. In the future researches, it is planned to develop the
immunosensor prototype based on ZnO nanofibers and on this detection
approach (PL detection scheme) towards different types of mycotoxins
presented in the products.

Fig. 10. The images obtained via fluorescent confocal microcopy: (a) bulk PAN/ZnO20nm nanofibers (b) and PAN/ZnO20nm/APTES/GA/Anti-AFB1 structures. (c) the
time-resolved PL intensity of PAN/ZnO20nm/APTES/GA/Anti-AFB1, concentration of AFB1–10 ng/ml.

Table 2
Calculated parameters of real – time AFB1 detection and adsorption.

LOD, pg/ml S, ng/ml n KD, ng/ml KD, M ∆G, kJ/mol

39 ± 1 0.1–20 0.95 ± 0.01 0.96 ± 0.11 29.5·10−10 ± 2.2·10−11 −44.6 ± 1.2
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