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ABSTRACT

A sensitive, rapid, and portable optical sensor for the determination of
gluten is fabricated. The sensing probe is composed of gold nanoparticles
encapsulated into hyper branched polycitric acid modified silica
nanoparticles Si-g-PCA/AuNPs. Portability is imposed by stabilizing
the as-prepared sensing probe on the triacetyl cellulose membrane as a
solid substrate. The sensing probe’s synthesis and immobilization were
thoroughly investigated by using spectroscopy and microscopy techniques
including FT-IR, UV-vis, SEM, EDX, AFM, and BET analysis. The as-
prepared sensor showed an increment at 530 nm in the presence of various
concentrations of gluten. Effective parameters, including pH and response
time on the sensor response, are precisely optimized, and a linear range
from 49.50 to 370.37 pgmL™" is obtained for gluten determination. The
present sensor was successfully applied for gluten detection into gluten-free
bread as a real sample. Moreover, the sensor showed multi-usage capability
in which sensing characteristics could be recovered in the presence of 55%

ethanol.
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INTRODUCTION

The wheat proteins are classified into two
groups, gliadins and glutenins, and they are called
glutens. The elasticity of gluten proteins is because
of glutenins. They are included low molecular
weight (LMW) and high-molecular-weight (HMW)
glutenins [1]. Gluten monomer sections are
gliadins and cause the viscosity of gluten proteins
that gliadins are dissolved in aqueous alcohols
[2]. The combination and amount of gliadin and
glutenin proteins are essential to wheat quality.
Total proteins of wheat grains include about 50 %
gliadins and 35 % glutenins [3]. Gliadin as the first
subfraction of gluten protein was studied in the
early 19th century, Its extraction and purification
were relatively more straightforward than the other
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glutenin subfractions [4, 5]. Wheat gluten, the by-
product protein of wheat starch, is considered as
a substitute protein to replace expensive animal
proteins due to its individual characteristics and
inexpensive [6]. Also, due to the widespread use
of gluten in the pharmaceutical and cosmetic
food industries as a flavor enhancer, thickener,
emulsifier, filler, and fortification ingredient, there
are hidden sources of gluten in the daily diet [7].
One of the most important global issues is
food safety, attracting extensive concern. Celiac
disease (CD) is a chronic autoimmune illness in
genetically susceptible persons, and it mainly
arises from gliadin proteins [8]. Chronic diarrhea,
weight loss, and abdominal distention (in 40-50%
of patients) are common symptoms of celiac
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disease [8-10]. Since 2004, the rapid development
of nanotechnology has offered a consequence
completion that nanosensors prospects to satisfy
applications in healthcare, homeland security,
and other critical fields because of the availability
of all methods of nanomaterials and improved
nanofabrication approaches, combined with
a greater understanding of nanoscales [11].
Advances in the age of nanotechnology are
moving towards the fabrication of nanosensors
that are flexible, specific, versatile, and sensitive.
The objective of nanosensors is to screen and
measure any chemical, mechanical and physical
changes related to a marker of interest [12].

The extract of gliadin proteins is harrowing
from wheat flour because of its complex mixture
of proteins. For that reason, the development of
a test that can correctly quantify gliadin content
in food is a challenge [2]. Recently, various
procedures are employed to study and measure
gluten polypeptides, including high performance
liquid chromatography [13-15], mass spectrometry
[16], one-dimensional electrophoresis [17-22],
two-dimensional electrophoresis [23-25], PCR
[26] and some immunoassay-based platforms. The
following are examples of the last two methods.

There are two main methods for the fabrication
of gluten sensors: using the allergenic proteins
or their peptide fragments and identify specific
DNA sequences of the carrier cereals. Some of
the sensors that have developed to detect and
determine gluten so far based on these methods
is listed as follow: an electrochemical sensor was
designed based on aptamer targeting the gliadin
immunodominant peptide 33-mer that triggers
coeliac disease. The sensing layer created by
adsorption of streptavidin and subsequent peptide
immobilization on the surface of a screen-printed
carbon electrode (SPCE). A competition between
the peptide and gluten proteins from samples for
a defined biotinylated aptamer concentration is
recognized [27]. In another study, a microfluidic
ELISA platform was combined with a custom-
designed optical sensor to determine wheat gluten
proteins [28]. An electrochemical biosensor was
reported for gluten detection in food samples by
chronoamperometry. In this research, the carbon
electrode was modified with electrodeposition of
the Protease enzyme with fullerene nanoparticles
[29]. A label-free gliadin immunosensor was
developed based on changes in the frequency of
a quartz crystal microbalance (QCM) chip. They
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obtained a higher sensitivity by using 25 nm AuNP-
modified with chicken anti-gliadin antibodies (IgY)
to a bare QCM electrode [30]. An electrochemical
genosensor that expresses the gluten value in real
samples by detecting DNA concentration or DNA
copies was developed. PCR amplification was
combined with genosensor for more sensitivity.
Electrochemical genosensors are fabricated as
alternative systems to detect DNA. They react
with a hybridization recognition between two
extra DNA strands: the target and probe element
[31]. In another try for gluten study, a real-time
PCR assay precisely detects the DNA to illustrate
the presence of gluten from the cereals wheat,
barley, and rye in foods [32]. In a research, an
epitope chemical sensor was designed with a
molecularly imprinted polymer (MIP) device
to determine an immunogenic gluten octamer
epitope [33]. Most of these sensors are expensive
and require instruments and people with special
skills to determine the amount of gluten in food
samples, although they have good selectivity and
sensitivity.

An ideal sensor should be small, selective,
inexpensive to produce, short response time,
and customer-friendly to be used without time-
consuming or complex calibration or setup [34].
Optical chemical sensors are beneficial devices for
monitoring analyte concentration within a sample
matrix. They have many advantages such as small
size, the feasibility of miniaturization, without
electrical interference, inexpensive, safety, the
possibility of remote sensing; simple production,
reasonable sensitivity, and selectivity have been
recognized [35]. Gluten sensors provided in the
articles are complicated and expensive to produce.

In this work, gold nanocomposites (Si-g-PCA/Au)
was synthesized and immobilized on the surface
of triacetyl cellulose membrane to fabricate an
optical nanosensor for gluten detection and
determination. The kinetic absorption profiles
of membranes were monitored by measuring
the increase of nanosensor absorption at 530
nm, in the time range of 0-60 s after initiation
of the reaction with 1 s intervals. An untrained
operator without complex analysis devices can
use the fabricated nanosensor for real sample
determination.

MATERIALS AND METHODS

Instrumentation
Field emission scanning electron microscopy
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(FE-SEM, Mira3 Tescan, Czech Republic), equipped
with  energy-dispersive  X-ray  spectroscopy
(EDX, Mira3 Tescan, Czech Republic), was used
to observe nanocomposite and nanosensor
morphologies. Bio Atomic Force Microscope
(AFM, Ara-research, Iran) was used to investigate
the topography and morphology of the samples
as well as the roughness of the samples. Infrared
spectrums were obtained from Shimadzu FT-IR
160 spectrophotometer (Japan) using KBr pellets.
A BET surface analyzer (BEL, BELSORP MINI II) was
used to measure nitrogen adsorption-desorption
isotherm at 77 K, while before the measurement,
the samples were degassed using BEL PREP VAC Il
at 353 K for 2 h. The BET surface area, total pore
volume, and micropore area were obtained from
the adsorption isotherms. A Shimadzu Uv-Visible
spectrophotometer (model UV-1800) with 1-cm
glass cells was used for recording the absorption
spectra measurements.

Reagents
All of the solvents (ammonia, ethanol,
tetrahydrofuran (THF), ethylenediamine,

tetrachloroauric (Ill) acid trihydrate (HAuCl, .3
H,0) 99.5%, SiO, nanoparticles powder (15- 20
nm diameter), sodium chloride, Citric Acid-
Monohydrate (code: 100242) and other materials
were obtained from Merck company.

Preparation of sensing phase

Synthesize of Si-g-PCA/Au: Silica nanoparticles
functionalized and polymerized with poly citric
acid according to the reported procedure in
the literature [36]. In brief, the 0.050 g of Silica
nanoparticles were transferred to a polymerization
ampule, 2.5 g of citric acid was added, and were
sealed under vacuum. The mixture was heated
from 120 ° C to 160 ° C while stirring for 3 hours.
The obtained nanocomposite (Si-g-PCA) was
dissolved in THF, then filtered, and was allowed to

Table 1. The results of gluten powder analysis.

evaporate the solvent at room temperature.

An aqueous solution of Si-g-PCA
nanocomposites and HAuCl, with a ratio of 1: 0.2
was prepared and its pH was adjusted to 5.5. Then
the mixture ultrasonicated for 25 minutes and
stirred for 240 minutes at room temperature until
the solution color turned ruby red.

Immobilization of Si-g-PCA/Au

Triacetyl cellulose membrane surface applied as
a nanosensor substrate. The waste photographic
film tapes treated with commercial sodium
hypochlorite for several seconds and removed
colored gelatinous layers. The clean membrane
prepared with the size of 4x1 cm and put in
ethylene diamine for less than 3 minutes, and then
it was washed with distilled water for removing
the extra ethylene diamine. Next, it was placed
in gold nanocomposites solution for 24 hours at
ambient temperature. The nanosensor was rinsed
with distilled water and stored underwater when
not in use.

Gluten sample preparation

The chicken food powder was prepared from
“Ard Azin” in Isfahan, Iran. The powder was sent
to the Kermanshah Standard Office to determine
the amounts of gliadin and glutenin. The results
are shown in Table 1. The gliadin solution was
prepared using the following method and used as
a stock gluten source during measurements.

50 g gluten powder with 250 ml dimethyl
chloride was stirred for 30 min at room
temperature to prepare defatted gluten powder.
The grout was then filtered, and the residue was
placed under the frame hood for evaporating the
remained solvent.

37.5 g of gluten powder was dispersed in 150
mL of 0.4 M NaCl solution at room temperature
and was shaken for 30 min. This process was
repeated until the solution did not change the

Gliadins 44.6%
Proteins 79%
Glutenins 55.4%
Starch 20%
Other compounds 1%
Water absorption 100%
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color of Potassium lodide to remove starch and
the flour metabolic proteins, which are not
contained in the gluten structure. Then it was
centrifuged for 10 minutes at 6000 rpm at 20 °C.
The supernatants were discarded, and the pellet
was manually re-suspended three times in 200 mL
of a 55% ethanol-water solution to solute gluten
proteins. The dispersed solution was stirred and
centrifuged. The 55% ethanol-water solution
contains both gliadins and glutenins. Gliadins and
glutenins are separated by phase separation at
low temperatures. A solution enriched in gliadin
(up to 82%) was achieved from the solution after
one night of resting at 4 °C and centrifugation at
2 °C for 10 minutes at 20000 rpm. The sediment
was primarily involved in glutenin and was
discarded. The ethanol-water solution enriched in
gliadin was freeze-dried. The powder was stored
in the refrigerator when it was out of use. Since

gluten extraction was accomplished with wheat
gluten powder that its fat, starch, and metabolic
proteins have been removed, ethanol-water 55%
is the main procedure to gluten extraction, and
glutenins were separated by phase separation
at low temperatures, the residual solid contains
more than 90% gliadins. The obtained powder was
used to prepare a 55% ethanol-water gluten stock
solution [37].

The Procedure

The appropriate concentration of the gluten
solution (1.19 — 370.37 ugmL™) was transferred
to a glass cell; then, the prepared nanosensor was
fixed within a cuvette using a particular frame. The
absorption kinetics profile of the reaction between
immobilized Si-g-PCA/Au and gluten proteins was
recorded at 530 nm.
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Fig. 1. FT-IR spectra of Si, Si-g-PCA, and Si-g-PCA/Au
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RESULTS AND DISCUSSION

The FT-IR spectrum of silica NPs, Si-g-PCA, and
Si-g-PCA/Au nanocompositesis shownin Fig. 1. The
FTIR spectra of the silica nanoparticles illustrate
the absorption band’s asymmetric vibration of Si-
0O-Siat 1105 cm™, asymmetric vibration of Si-OH at
817 cm™, and symmetric vibration of Si-O at 628
cm™. The absorption bands at 1629 and 3417 cm
!, were respectively allocated to the bending and
stretching vibrations of the -OH bond from Si-OH
and residual water.

In the FT-IR spectra of Si-g-PCA, the broadband
at 2700-3600 cm™ shows the presence of the
acidic functional groups because of polymerized
citric acid chains. Also, the band at 1724 cm?
arising from carbonyl groups and the two bands
at 1197 and 1406 cm™ indicate the existence

SEM HV: 15.0 kV/
View field: 1.60 pm Det: SE 500 nm

SEM MAG: 130 kx | Date(m/dly): 04/23/19 Performance in nanospace

SEM HV: 15.0kV

WD: 12.18 mm

View field: 2.44 pm Det: SE 500 nm
SEM MAG: 85.0 kx Date(midly): 04/23/119

Fig. 2. SEM image of a, b) Si NPs and c, d) Si-g-PCA/Au.

Performance in nanospace
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‘WD: 12.14 mm MIRA3 TESCAN| SEM HV: 15.0 kV

View field: 4.15 ym Det: SE 1pm
SEM MAG: 50.0 kx  Date(m/dly): 04/23/19

MIRA3 TESCAN  SEM HV: 15.0 kV
View field: 6.92 pm Det: SE 2pm
SEM MAG: 30.0 kx Date(m/dly): 04/23119

of C-O bonds and C=C bonds, respectively. The
epoxy adsorption band was removed here due to
polymerization processes. While the absorption
bands of asymmetric and symmetric vibration of
Si-O are still visible.

The FT-IR Spectra of Si-g-PCA/Au shows the
decrease in intensity and width in the acidic
functional groups and the asymmetric and
symmetric Si-O vibration because of encapsulated
gold nanoparticles in citric acid chains. Also,
the decrease in the intensity of C-O bonds and
C=C bonds absorption and the displacement
absorption of C-O bonds from 1197 to 1217 cm™
result from encapsulated gold nanoparticles in the
citric acid chains.

Fig. 2 represent the SEM images of Si NPs
(2a and 2b) and Si-g-PCA/Au (2c and 2d)

WD: 12.14 mm

MIRA3 TESCAN|

Performance in nanospace

WD: 12,18 mm | MIRA3 TESCAN|

Performance in nanospace
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nanocomposites. The polymeric shell of citric acid
formed on the surface of the silica nanoparticles
is illustrated in Fig. 2c. As shown in images 2c and
2d, gold nanoparticles are uniformly visible as
sparkling spots, which are placed at the surface of
the polymerized silica nanoparticles.

Fig. 3 shows the EDX map results for the Si-g-
PCA/Au nanocomposite. The EDX maps show the
presence of the silica, carbon, oxygen, and gold
elements in the Si-g-PCA/Au nanocomposites with
uniform dispersion and a significant percentage on

the surface of polymerized Si nanoparticles. The
results of the element analysis of EDX are shown
in Fig. 4.

The BET surface area analysis technique was
used to examine the surface properties of the
Si-g-PCA/Au, such as surface area, total pore
volume, pore radius, and pore size. The surface
area is most often considered a critical property
of any material, which can disclose imperative
information about the adsorption properties. A
higher surface area is desired chiefly over a lower

SiKa

Aula 2

Fig. 3. EDX maps of the Si-g-PCA/Au nanocomposite.
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Fig. 4. The results of the elemental analysis (EDX) of Si-g-PCA/Au
nanocomposite.
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one because it offers high sorption capacity. A
higher number of small-sized pores has a high
surface area in a controlled volume. As a result
of nitrogen adsorption-desorption analysis, Si-g-
PCA/Au samples showed a wide hysteresis loop at
p/p_= 0.02-0.99 (Fig. 5A) compared to a bimodal

A

pore structure (Fig. 5B). The specific surface area
(S4;) value of the Si-g-PCA/Au was found to be
0.64011 m%g by the N, isotherms (Fig. 5A) [38-40].

Spectral characteristics
Fig. 6 (a, b) shows the ruby red color of the
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Fig. 5. Nitrogen adsorption isotherms (A) and pore size distribution (B) of Si-g-
PCA/Au nanocomposite.
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Si-g-PCA/Au nanocomposite solution and its Uv-
Vis spectra. Fig. 6¢c shows the Uv-Vis Spectra of
gluten solution. In Fig. 6b, gold nanocomposites
have a surface plasmon resonance peak at 530
nm [41], and the absorbance at 250 to 300 nm
belongs to polymerized Si-g-PCA nanoparticles
[36]. The absorbance peaks at the wavelengths of
230 and 280 nm in Fig. 6¢c belong to proteins in
gluten solution. Proteins solution has a maximum
absorbance at 200 and 280 nm. The absorbance
peak at the wavelength of 230 nm belongs to
transitions of m—>mn* in the Peptide bonds and
at 280 nm occurs because of amino acids with
aromatic rings [42]. Excitation of the surface
plasmon resonance in 530 nm and ruby red color
of gold nanocomposites represent the successful
synthesis of gold nanoparticles. The nanosensor
has 3 absorption peaks at 280 to 400 nm, 500 to
600 nm, and 600 to 790. The sensor absorption
of 530 nm with high intensity (Fig. 7a) shows
the immobilization of the gold nanocomposites
on the membrane. The smaller peak at about
700 nm belongs to gold nanoparticles, which
agglomerated. As shown in Fig. 7b, the absorption
of the nanosensor increases at all wavelengths

1.2

after exposure to the gluten solution. Fig. 8
shows nanosensor absorbance increases with
increasing gluten concentration from 0.0 to
370.37 pugmL?™. These absorption peaks show
an increase in absorbance due to the increase in
the gliadin concentration of gluten solution. The
carboxylated silica NPs are suitable adsorbents
for biomolecules such as proteins. Encapsulated
gold NPs in polymeric shells of Si-g-PCA interacted
with biomolecules such as proteins strongly. The
adsorption is established through electrostatic
interaction between the surface-terminated
anionic groups —COO~ on the nanoparticles and
the positively charged amino groups —NH,* of
the gliadin of the gluten proteins. Apart from the
electrostatic interaction, ionic/hydrogen bonding
between —NH,* and —COO-~ the functionalized
surfaceisalsopossible [41]. The shapeand the band
maxima of absorption spectra of the nanosensor
remain unchanged after reaction with gluten,
and no other absorption band of the nanosensor
towards the longer wavelength is noticed. This
observation suggests that the interaction between
nanosensor and gluten does not change the
absorption and spectral properties. Also, any

0.8

0.6

Absorbance

0.4

0.2

a

g

220 320 420

520 620 720

Wavelength (nm)

Fig. 6. a) Ruby red Si-g-PCA/Au nanocomposite solution, Uv-Vis spectra of b) Si-g-PCA/Au and c) gluten solution.
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Fig. 7. The absorption spectrum of nanosensor a) before and b) after reaction with 215.31 pgmL™? of gluten solution at pH 7.

chemical reaction may be discarded since no new
absorption peak appears at a longer wavelength
[43-46]. The conjugation of gliadin molecules to
encapsulated gold nanoparticles into polymeric
shell branches reduces the aggregation of gold
nanoparticles and the bonding of plasmon surface
bonds. Thus, the absorption of gold nanoparticles
by protein conjugation was increased. Therefore,
according to the given explanations, the increase
in absorption in Fig. 8 is related to the increase in
gluten concentration. So, all of the measurements
were done at 530 nm.

SEM and AFM analysis

Fig. 9 (a, b, c) depicts the triacetyl cellulose
membrane before (9a) and after (9b, c) interaction
with  Si-g-PCA/Au  nanocomposites. As these
figures show, the spherical nanocomposites have
immobilized entirely and uniformly on the surface
of the membrane.

Fig. 10 illustrates the SEM images of the
nanosensor after reaction with gluten solution.
These images clearly show the reaction between
gliadin and nanosensor that has led to appear the
star shape of the gliadin proteins on the surface
of the nanosensor. Meanwhile, the spherical

482

nanocomposites are still recognizable in the
background. This issue confirms the reaction of
the gold nanocomposites and gliadin proteins.

Surface imaging studies were done using
atomic force microscopy (AFM) to evaluate surface
morphology. Fig. 11 (a, b) shows the topographic
images, (c) and (d) 3D topographic images, and
(e) and (f) height profile of nanosensor before,
and after exposure to gluten, respectively. The
darker matrix in topographic images, Figs. 1la
and 11c, depict polymerized silica nanoparticles
and the bright spots depict encapsulated gold
nanoparticles, which are recognizable on the
surface of the nanosensor. Significant increases in
the presence of peaks (Fig. 11f compress of Fig.
11e) and increase in the roughness (nm) of the
nanosensor surface profile (Table 2) occur after
the reaction with gluten. Ra, Rz and Rq are average
surface roughness, the average square root of
heights, and the average difference between the
highest peak and the deepest hole, in Table 2.
Response Time

The important parameter that must be
evaluated for each sensing phase is the response
time of the fabricated nanosensor; which is
controlled by the time required for the analyte
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Fig. 8. The absorption spectrum of nanosensor in the presence of the different concentration of gluten solution: 0, 49.50, 73.89,
93.04, 145.63, 169.08, 192.31, 215.31, 238.09, 260.66, 283.02, 327.10, 348.84 and 370.37 ugmL™* at pH 7.

MIRA3 TESCAN| SEMHV: 15.0kV | WD:1494mm i MIRA3 TESCAN|

View fleid: 1.34 pm | Det: SE 200 nm
SEM MAG: 155 kx | Date(midly): 04114119 Performance in nanospace

| wo: 1607 mm MIRA3 TESCAN| SEM HV: 15.0 KV WD: 14.94 mm
View field: 2.08 um Det: SE 500 nm
SEM MAG: 150 kx | Date(midiy): 0820117 Lorestan University SEM MAG: 100 kx _ Date({midly): 04114119

SEM HV: 15.0 kv

View fleid: 1.38 um } Det: SE 200 nm
Performance in nanospace:

Fig. 9. SEM images of triacetyl cellulose membrane and b, c) membrane after coating with the Si-g-PCA/Au nanocomposite.
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MIRA3 TESCAN  SEM HV: 15.0kV
View flald: 10.4 pm Det: SE
SEM MAG: 20.0 kx _ Date(m/diy): 0717119
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SEM HV: 15.0 KV WD: 15.80 mm
View fisid: 20.8 pm Det: SE

SEM MAG: 10.0 kx  Date(m/dly): 0717/19 Performance in nanospace
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Performance in nanospace Performance in nanospace

Fig. 10. SEM images of the nanosensor after reaction with gluten.

Table 2. The changes of nanosensor surface roughness (nm) before and after reaction with gluten.

Roughness (nm) Ra R. Rq
Before reaction 21.00 289.80 165.40
After reaction 25.66 345.20 205.30
Table 3. Analytical figures of merit for the proposed sensor.
Dynamic range LOD" LoQ” Response time

Analyte Calibration Curve
(ngmL?) (ngmL?) (ngmL?) (s)
A=0.0011C + 0.4201
Gluten 49.50-370.37 12.14+0.03 40.58+0.06 60
R%=0.9918
*n=6

to diffuse from the bulk of the solution to the
membrane interface and associate with the
nanoreagent. For this purpose, the changes in
the absorbance of the nanosensor were recorded
versus time at 530 nm using selected experimental
conditions for 121.95 and 260.1 pgmL™ of gluten
solutions. The obtained response curves for both
concentrations of gluten are shown in Fig. 12. As
can be seen, the absorbance increases until one
minute and then remains constant. The membrane
reached 95% of the final signal at 1 min. Therefore,
1 minute is considered as the response time of the
nanosensor.

Analytical figures of merit
The calibration graph was obtained as a

484

function of gluten concentration by plotting
absorbance changes at 60 s. The absorbance
measurements are expressed as the absorbance
difference, defined as the difference between the
absorbance of nanosensor in reaction solution in
the absence and presence of gluten. As shown in
Fig.13, the absorbance changes versus the gluten
concentration plot exhibit a linear range over
49.50 to 370.37 pugmL™ at pH 7 for a fixed time
of 1 min. The regression equation is A=0.0011C
+ 0.4201 with a correlation coefficient of 0.9918,
where Cis the sample concentration in ugmL™. The
limit of detection (LOD) and limit of quantification
(LOQ) were calculated using three and ten times
the standard deviation of the blank divided by the
slope of the calibration curve was 12.14 and 40.58
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Fig. 11. The 2D and 3D topographic nanosensor AFM images, (a) and (c) before,
(b) and (d) after reaction with gluten. (e) and (f) the corresponding height profiles
images.
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Fig. 12. Response time curve at 530 nm as a function of time in the presence of gluten with concentrations of (a)
121.95 and (b) 260.1 pgmL™ at pH 7.

Table 4. Inter- and intra-day reproducibility of the nanosensor for determination of gluten.

RSD%"

Sample
Inter-day Intra-day
Gluten
(160.1 pgml) 3.63 4.58

‘n=5

ugmL? respectively. The analytical figures of merit
for the determination of gluten are shown in Table
3.

Regeneration of the sensing phase

For confirmation of nanosensor reversibility,
the used nanosensor was placed in a gluten
solvent (55% ethanol) to investigate membrane
regeneration. The sensing phase has a short
regeneration time (1 min), and this process can
be repeated 5 times. Gluten is reacted with
the immobilized Si-g-PCA/Au on the surface of
nanosensor. Then it was placed in gluten and
regenerating solutions subsequently, and the
on-use permanence of the sensing phase was
obtained.
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Reproducibility and reversibility

The  nanosensor’s  reproducibility and
reversibility in the determination of the gluten were
checked out by repeatedly exposing the sensing
phase to a gluten solution. The repeatability was
evaluated by performing 5 determinations with
the same standard gluten solution (Fig. 14). The
inter-day and intra-day relative standard deviation
(R.S.D.) for the response of one membrane
towards a 169.1 pgmlL?! gluten solution was
3.63% and 4.58% respectively. Table 4 shows the
results of the accuracy and precision of the gluten
determination with this nanosensor. The results
show that the reproducibility is satisfactory, and
the nanosensor could be regenerated easily by
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Fig. 14. Regeneration of sensing probe over five times in the presence of 169.1 ugmL* of gluten.

using a 55% ethanol solution.

Interference Study

The selectivity of the fabricated nanosensor
was tested with several cations and anions as
found chiefly in gluten extract solution such as
Na‘, NH, CI, K, PO*, NO,, SO,*, Citrate at
concentrations up to 100 times of the analyte, in
the presence of 145.63 ugmL? of gliadin and pH

J Nanostruct 12(3): 474-490, Summer 2022

7. Results are summarized in Table 5; the ions do
not interfere with gluten measuring. The resulting
relative error is defined as RE (%) = [(A, — A )/A ] x
100 (absorbance before (A ) and after (A,) addition
of potentially interfering ions).

Real Sample analysis

The analytical efficiency of the developed
nanosensor was evaluated in real sample analysis,
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Table 5. Influence of interfering species on the determination of 145.63 pgmL* gluten.

Absorbance .
Interference change RE (%) Eif:lzzf)jzi] x 100
AA= A - A1

Na* 0.00745 1.35
NHs* 0.00818 1.48
cr 0.00266 0.484
K* 0.00701 1.27
POs* 0.00381 0.693
NOs 0.00569 1.03
Norty 0.00363 0.66
citrare 0.00272 0.49

Table 6. Determination of gluten in real samples at the optimum conditions.

Sample Added (ugmL?

Measured (ugmL?)" Recovery %"

"Celino Kalleh" gluten free

. 73.1
white toast bread 145.6
neali " 0
Celino kalleh" gluten free
lavash bread 73.1
145.6

<LOD
72.43%0.31 99.1 %
147.71+0.45 101.45 %

<LOD
73.34+0.64 100.34 %
149.59+0.35 102.74 %

*n=3

and two glutens-free bread from “Kaleh Company”
were tested. One of the complicated issues in the
food industry is the extraction of heat-treated
gluten from food that has developed based on
several extraction solutions in recent years. In the
most of these protocols, the food sample is first
treated with 0.5 M NaCl to remove albumins and
globulins and then use alcohol-water solutions to
extract the gluten [47, 48]. As mentioned before,
gluten extraction was accomplished with wheat
gluten powder that its fat, starch, and metabolic
proteins have been removed after treatment
with dimethyl chloride and NaCl solution. Gluten
proteins was extracted with ethanol-water 55%
and glutenins were separated by phase separation
at low temperatures. Therefore, it is expected
that only the remaining metabolite in the
solution to be gliadin. [37]. The standard addition
recovery method apply for fabricated nanosensor
assessment. A standard solution with a certain
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amount of gluten (73.1 and 145.6 pugmL?) was
added to real samples, and the measurements
were repeated 3 times. The results are shown
the excellent reliability and reproducibility of
the method for determining the gluten in flour
solutions (Table 6).

CONCLUSION

This work investigates the nature of the
interaction between Si-g-PCA/Au nanosensor
and gluten. Si-g-PCA/Au nanocomposite was
synthesized using sonochemical method, first silica
NPs polymerized with Poly citric acid and then
Au NPs encapsulated in polymeric shell. In the
next step, this nanocomposite was immobilized
on triacetyl cellulose membrane to fabricate an
optical nanosensor. Gluten proteins enormously
increase the absorbance of the sensing phase. The
experimental results indicate that the probable
reaction mechanism of nanosensor with gluten

J Nanostruct 12(3): 474-490, Summer 2022
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is electrostatic interaction. The unchanged shape
and the band maxima of absorption spectra of the
nanosensor without appearing a new absorption
peak after reaction with the gluten suggest
that the interaction between the nanosensor
and gluten does not change the absorption and
spectral properties or any chemical reaction
between them. The as-prepared sensor showed
an increment at 530 nm in the presence of various
concentrations of gluten. The nanosensor had
a linear range from 49.50 to 370.37 pgmL? for
gluten determination, with LOD and LOQ 12.14
and 40.58 ugmL?, respectively. The present sensor
determined the gluten in gluten-free real samples
quickly. Furthermore, the sensor showed that it
can be recovered in the presence of 55% ethanol
and has a multi-usage capability. The proposed
sensor has a long lifetime and faster response
time than previously reported sensors for gluten
determination. This nanosensor is easy to use and
requires no special skills or instruments.
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