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ABSTRACT

Mycotoxin pollution remains one of the most significant environmental
problems. Dealing with this issue imposes providing proper detection
equipment. In this work, an approach to improve the performance of
optical biosensors is presented, particularly in terms of biosensitivity.
Plasmon-based biosensors are leading the way in this field; however, much
work remains to improve their performance. The LSPR chip uses metal
nanoislands on glass made by thermal annealing. Interaction of light with
these nanostructures causes resonance absorption at a specific wavelength.
This results in an absorption spectrum with a peak at a specific wavelength.
The resonant wavelength depends on the optical properties of the medium
around the metallic nanoparticles; binding of biomolecules causes a red
shift in the peak. Monitoring this shift is therefore the basis for sensing
target biomolecules. Because accurate monitoring of the absorption peak is
critical for biosensing. This work presents a method to improve the spectral
shape, enabling more accurate detection of biomolecule-induced changes.
The first thing engineers the setup to enhance the absorption peak. The
second replaces conventional receptors, such as Protein A-antibody, with
an aptamer-based thin bioreceptor layer, positioning the biomolecular
binding within the stronger evanescent field. The results demonstrated a
significant improvement in system performance over comparable systems,
with enhanced sensitivity and reliability.
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INTRODUCTION

Mycotoxins are naturally produced by certain
species of fungi and pose hazards to both
environmental and human health [1-3]. Aflatoxin
has been classified as one of the most potent
natural carcinogens. Therefore, environmental
and public health authorities have paid close
attention to mitigating this threat. One of the most
significant challenges in doing so is the difficulty
of detection, especially at low concentrations,
due to the small size of mycotoxin molecules. As a
* Corresponding Author Email: ghadeerhuseen75@gmail.com

result, there is a growing demand for easy-to-use,
portable devices capable of detecting low levels
within safe limits and overcoming the challenges
associated with this issue [4, 5].

In general, there are many trends in biosensing,
each one of them functions based on a different
sensing mechanism. The most commonly used
is an optical type because of their sensitivity,
specificity and fast response time [6, 7]. Local
surface plasmon resonance is a phenomenon
that has been employed for biosensing as optical
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biosensor and has vyielded ground breaking
results. However, many aspects of this technique
need development. This phenomenon occurs
when electromagnetic light waves interact with
nanoscale metal structures, where resonance
absorption occurs at a specific wavelength. The
optical properties of the medium surrounding
metallic nanostructures determine the resonant
wavelength. The presence of biomolecules within
that medium can change these optical properties
and thus shift the resonant wavelength. This
phenomenon is used for biomolecular sensing by
correlating the presence of target molecules to
changes in the resonant absorption wavelength
[8-10].

Metallic nanostructures are a key element in
the development of plasmonic excitation. These
nanostructures act as electrical dipoles Fig. 1, and
when the natural frequency of the electron cloud’s
vibration matches the wavelength frequency of
the incident light, resonant energy absorption
occurs. This oscillation of the free electric charge
called localized surface plasmon resonance (LSPR)
[11-13].

This causes a loss of the resonant wavelength
in the spectrum of the beam penetrating the
nanostructureandtheappearance ofanabsorption
peak Fig. 2. The induced vibration of these electric
charges generates an electromagnetic field called
a plasmon field that extends and vanishes in
both media surrounding the metallic structure.
This phenomenon is interpreted theoretically
by assuming; the metallic nanostructures are
geometrically spheres with dimensions much less
than the incident light wavelength (R<«A) [14].

According to this assumption, the electric field
of the electromagnetic wave can be considered
homogeneous through the assumed nanosphere,
in this case, the electro-static mode can be apply
for this condition.

The electric field of the light wave attempts to
polarize the free charge in the nanoparticles. Since
the electric field is oscillating, the electron cloud
will induce oscillation. During this interaction,
energy is transferred from the waves to the
electron cloud, and maximum energy transfer
reached when the wave frequency equals the
natural vibrational frequency of the electron cloud
[15,16].

The dipole system is characterized by a
polarizability which represents the response of
the dipole to an external electric field that can

5816

be mathematically determined using boundary
conditions.

The dipole system is characterized by a
polarizability a which represents the response of
the dipol to an external electric field, which can be
mathematically calculated using Laplace equation
and conceder the boundary condition [17, 18]:

(1)

Clearly, the value of polarizability a indicates
to ability of the nanostructure of absorbing
electromagnetic energy.

Eq. 2 indicates that when:

£1(w) = —2&a. (2)

The greatest energy absorption will be happen,
which represents the state of plasmon resonance.
The dielectric constant of a metal is a function
of wavelength; therefore, at a given wavelength,
the Eq. 2 will satisfy, and a surface plasmon will
be excited, this called Frolich condition. For most
noble metals, this resonance wavelength in rang
of visible spectrum. Therefore, noble metals
are proper material to establish the plasmon
phoneme [19]. Equation (1) shows that the
polarizability is affected by the dielectric constant
of the surrounding medium, which is related to
the refractive index n of the surrounding medium,
so that any change in the refractive index of the
medium within the evanescent field range leads
to modification of the polarizability and a shift
of the LSPR peak. Based on that, this system was
adopted to sense changes in the optical properties
of the surrounding medium.

For a specific system of nanostructures made of
a given metal, the polarizability a is a function of
the dielectric constant of the surrounding medium
[20].

&= Qeg) (3)
€ = n (4)
a= a(n) (5)

The correlation between the position of the
absorption peak and the optical properties of
the surrounding medium forms the basis for this
system’s operation as a sensor.The presence of
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biomolecules alters the surrounding environment,
leading to changes in the optical properties of
the medium around the nanostructures and,
consequently, to a shiftin the plasmonic resonance
wavelength.To link the change in plasmonic
resonance wavelength to specific biomolecules,
a bioreceptor layer is immobilized on the metallic
nanostructures. This layer selectively binds target
biomolecules, ensuring that only the targeted
analytes affect the sensing region.

The change in optical properties is reflected in
the change in the refractive index of the medium.
The relationship between the change in refractive
index and the resulting resonant wavelength shift
is modeled by the following expression [21, 22]:

AA = m(An)[1 — exp (_l—jd)] (6)

m is the refractive index sensitivity, An is
the change in refractive index induced by the
adsorbate, d is the effective adsorbate layer
thickness and | is the electromagnetic field decay
length (approximated as an exponential decay).

According to the equation, the magnitude
of the absorption peak shift depends on two
factors: 1) the change in refractive index, which
is determined by the type of bound biomolecule,
and 2) the thickness of the binding layer, which
corresponds to the density or concentration of
target molecules

One of the most important performance criteria
for sensors is sensitivity, defined as the ratio of
the change in the output signal to the change in
the measured quantity. An LSPR biosensor is an
optical-based sensor that detects biomolecules
by monitoring changes in their optical signature.
Therefore, to evaluate its biosensing performance,
optical sensitivity must first be assessed. Optical
sensitivity is defined as the absorption peak shift

(nm) per unit change in the refractive index of the
medium (RIU). Biosensitivity is then defined as the
absorption peak shift (hnm) per unit change in the
concentration of the target molecules [23, 24].

MATERIALS AND METHODS
Experimental LSPR biosensing
Fabrication of Au NPs platform

This experiment consists of three main
elements; spectrometer, LSPR chip and light
source. The LSPR chips were formed by depositing
a thin layer of gold on (20 X 20 mm) BK7 glass
substrates. The successful depositing of metallic
films onto glass slides requires deep and effective
pre-cleaning. For this purpose: first slides were
rinsed by distilled water to remove large particles
and dust, then, immersed in alcohol (high-purity
ethanol) for 15 min to remove organic impurities.
The acidity of final rinse water was tested to ensure
itisaround 7, otherwise, the rinse is repeated until
the acidity level is reached 7. Finally, the drying
process was carried out using flow of dry air. These
cleaned slides were coated with an initial 2 nm
thin layer of chrome as an adhesion layer. Then,
different thicknesses (10, 15, 20, 25 and 50 nm)
have been deposed using magnetron sputtering
technology (MTI Corporation GSL-1100X-SPC-
16M). Thickness was determined from deposition
time using a calibration curve.

To convert the flat gold thin films to Nano
islands, they subjected to heat treatments using
a convection furnace, they subject to gradually
heated up to 450 degrees for 5 hours, followed
by gradual cooling. The SEM (FEI-Nova, Nano SEM
200) images show that the flat gold thin films have
dewetted to form nano islands Fig. 2.

RESULTS AND DISCUSSION
Statistical checking suggests that thickness
20 nm exhibits the most homogeneity, produce
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Fig. 1. Evanescent field of LSPR.
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Nano-islands with dimensions of approximately
50 nm for approximately 50%. Therefore, 20 nm
thickness has been was adopted to establish the
plasmon phenomenon.

A nylon microfluidic cell Fig. 4. was designed and
implemented to contain the LSPR chip and making
it into contact with the liquid solutions. The cell
has a cavity equipped inlet and outlet micro piping
allow injection solutions using electric syringe to
ensure a rate controlled and smooth flow.

In addition, the cell was equipped with
two opposing quartz windows to allow light
transmission through the cell, the nanostructured

(a)

60

50

Abundance (%)
w IN
o o

N
o

20

| m .
30 40 50 60 70 80 90

film, and the solution. lllumination was provided
by a broadband light source (tungsten lamp, 20W)
coupled by optical fiber covering spectral range of
300-800 nm. Transmitted light was collected using
an Ocean Optics FLAME-S-XR1 spectrometer,
and absorption spectra were acquired and
processed using OceanView software. Localized
surface plasmon resonance was excited with this
configuration, and the corresponding LSPR spectra
were recorded as depicted in Fig. 5. The resulted
spectrums were characterized by specific peaks
for each thickness that confirm the phenomenon
of local plasmon resonance has been happen.

(b)

Fig. 2. Gold thin films before and after annealing (a), SEM image (b).
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Fig. 3. Size distribution of the Au thin film Nanostructure.
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To enhance sensing resolution, the FWHM of beam through the plasmonic structure three
the absorption peak must be minimized. Here, times, effectively replicating the excitation. This
an event-repetition strategy was adopted to resulted in a 30% reduction in FWHM.” Fig. 7.
improve LSPR spectral quality, using a suggested The optical performance of the system was
arrangement shown in Fig. 6. evaluated by measuring its response to changes in

A reflector system was used to pass the incident the refractive index of the medium using standard

LSPR Chip

Outlet
i

Fig. 4. Microfluidic cell.
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Fig. 5. LSPR Spectrum.
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Fig. 6. LSPR setup utilizing multiple reflections to induce more than one plasmon event.
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Fig. 7. LSPR plasmon spectrum using multi event set up.
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refractive index solutions. The results showed the
refractive index sensitivity (RIS) of the system in
range of 529nm/RIU Fig. 8. This value was deemed
sufficient to move forward with employing the
system for biosensing.

To overcome the shortcomings of previous

works, which were due to the limited of LSPR
evanescent field (<50 nm), aptamer was employed
as a bioreceptor. The immobilization was carried
out by mixing the original solution (100 uM)
with 2 mM of 1,4-Dithiothreitol in HEPES buffer,
to remove the protection group and release the
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Fig. 9. Aptamer immobilization via thiol group (self-assembled
monolayers).
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Fig. 10. LSPR peak shift as a function of aflatoxin concentration.

aptamers, 2mM of MgCl2 was supplement. The
aptamers were functionalized with thiol group
(C3-SH) to obtain strong binding to gold Fig. 9.

Biosensing

Aflatoxin B1 (AFB1) stander solution (1mg/
mL) was diluted in acetonitrile. Further dilutions
in PBB buffer were made to prepare several
concentrations. All working concentration of
0.01 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and
1 ug/mL have been prepared and kept at 5 °C
until they were time to use them in the sensing
test. Intermediate washing of the cell by inject it
with 1 mL of PBB solution was done after each
concentration measurement in order to remove
non-specifically bind toxin molecules.

The spectrums were recorded after binding of
AFT B1to their specific aptamer which take time
approximately 20 min to complete the binding.

The shift in the absorption peak position in the
spectra was detected, as the result shown in Fig.
10. When AFB1 molecules were embraced by the
receptor the Rl near Au nanostructure changes,
resulting in shifting of the peak position as shown
in Fig. 10, the relationship between AA and AFB1
concentration is non-linear. After logarithmic
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transformation of the concentration values, an
initial linear response was observed, followed by
the onset of saturation. This saturation is attributed
to the occupancy of all available receptor binding
sites.

The sensing response had a linear range
of 0.01 to 1 ppb, the LOD was determined by
linear extrapolation of the linear fitting of linear
part down to three times the noise level. The
intersection point corresponds to the limit of
detection of the sensor, which was 0.003 ppb. The
results show that the lowest detectable increment
is @ 0.003 ng/mL. Which indicates the sensing chip
is exhibited proper sensitivity.

CONCLUSION

A set up of local surface plasmon resonance
chip with a microfluidic cell and an optical
coupling platform were developed for Aflatoxin B1
detection. Metal nanostructures were prepared
by depositing thin film of gold on glass and then
convert it to Nano-island structure by specific heat
treatment. The optical performance test showed
a high degree of refractive index sensitivity which
encourage to employed it to the detect small
biomolecules. Utilization of plasmonic event
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repetition has been successfully enhanced the
spectrum curve, thus developing the bio sensitivity
and limit of detection, which is as sensitive as
100ng and 100 gm respectively. In conclusion, work
has demonstrated this simple approach based
on repeating LSPR has enhanced performance
in mycotoxin detection. Further development is
possible to meet the global demand in this issue.
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