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A b stract During storage, grain might be affected by
bacterial and fungal infections. Pathogens diminish the grain
quality through contamination with excrements and second meta-
bolites. It is very important to prevent grain from infections. Due to
their antimicrobial properties, silver nanoparticles can play the role
of an effective protector. The influence of nanoparticles on wheat
quality was studied. The gluten parameters and falling number did
not change after covering the grain with silver nanoparticles stabi-
lized by sodium citrate. Changes in the structure of starch and glu-
ten were investigated using Fourier-transform infrared spectroscopy.
Infrared spectra of the whole meal and starch have shown a slight
shift (from 1 000 to 995 cm™") of the band connected with the C—O—H
bending. This displacement is probably related to the changes in
sample moisture. Significant differences, corresponding to changes
in the protein secondary structure, have appeared in the gluten
spectra after covering. A decrease of absorbance in the amide and CH
and OH regions has been observed regardless of the covering time.

K ey w o rd s: silver nanoparticles, wheat, gluten, falling
number, FT-IR spectroscopy

INTRODUCTION

World production averages two billion of plant products
annually. Crops storage/transport in proper conditions is
crucial for avoiding heavy losses in yield and providing food
with substantial amounts of nutrients of the highest quality.
Post-harvest losses are due to bacterial and fungal infec-
tions, and insect pest infestations. The microorganisms and
insect pests contaminate the stored/transport crops with
metabolites and excrements. Among microbial metabolites,
mycotoxins are regarded as the most dangerous.

Mycotoxins are a group of toxins structurally related to
secondary metabolites produced mainly by the following
fungal species: Fusarium, Aspergillus, and Penicilium
(Narvankar et al., 2009). One of the research fields is seek-
ing a fast, non-invasive, cheap, and quantitative technique of
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mycotoxin detection in food products. The techniques in-
clude immunosensors (Li et al., 2009), sensors based on
nanoparticles (Khan and Dhayal, 2008; Tang et al., 2009),
acoustic methods (Juodeikiene et al., 2008), and analytical
methods (Binder, 2007). Other studies are connected with
the process of food decontamination. The aim of this process
is to reduce or eliminate toxic effects by destroying, modify-
ing, or absorbing mycotoxin. The mycotoxin detoxification
strategies are classified depending on the type of treatment —
physical, chemical, or microbiological. Unfortunately, these
methods only diminish the mycotoxin level and production
of conidia. Only gamma radiation can destroy the toxins
(Binder, 2007).

Generally, most mycotoxins are chemically stable so
they tend to survive storage and processing like cooking or
cereal extrusion. Mycotoxins are notoriously difficult to re-
move and the best method of control is prevention. Although
there are adequate regulations concerning the grain storage,
food is still contaminated by pathogens and their meta-
bolites. For this reason, an efficient protector is needed to
prevent the grain and other food products eg fruits, vegeta-
bles from development of pathogenic microorganisms.
Silver nanoparticles seem to be a good candidate for a pro-
tective substance due to their broad spectrum of antimicro-
bial properties.

Recently, silver nanoparticles (AgNPs) and their anti-
microbial properties are widely studied. This is connected
with their potential use in medicine to reduce infections as
well as to prevent bacterial colonization of medical equip-
ment (Maillard ez al., 2002). AgNPs can also be employed as
absorbent pads in food packaging to absorb moisture and
fluids exuded from meat and fish, keeping the products look-
ing fresh and creating an aesthetically attractive packaging.
Although the mechanism of the action of silver nanoparticles
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on fungal and bacterial cells is not recognized precisely,
different silver technologies have been approved by the
Food and Drug Administration (FDA) and the European
Food Safety Authority (EFSA).

The antimicrobial properties of AgNPs depend mainly
on their size. Fernandez et al. (2009) studied the anti-
microbial activity of silver microparticles and nanoparticles.
The studies have shown that nanoparticles conferred higher
antimicrobial potency in comparison with microparticles for
the same silver content. This is connected with the higher
surface-to-volume ratio of the AgNPs. Other researches also
confirmed that smaller silver nanoparticles show remark-
ably better antimicrobial properties (Guzman ef al., 2009).

The aim of the current study was to determine the po-
tential influence of spherical silver nanoparticles stabilized
by sodium citrate on the quality of wheat grain by measuring
the following parameters: wet gluten, dry gluten, the gluten
index, and the falling number. Furthermore, the effects of
AgNPs on the structure of starch and gluten were studied
using FT-IR spectroscopy. The wheat grain was covered
with a thin layer of AgNPs, which can protect wheat grain
from development of pathogenic microorganisms and accu-
mulation of their toxic metabolites.

MATERIAL AND METHODS

The study was carried out on two winter varieties of
wheat (Triticum aestivum L.): Bamberka and Fregata. The
varieties studied belong to a bread category (cat. B). All the
varieties were obtained from the Strzelce Plant Breeding
Station, Poland. The mass, diameter, moisture content and
hardness index of the varieties studied are presented in Table 1.
The physical parameters were measured by the Perten
Single Kernel Characterization System (SKCS 4100, Perten
Instruments, Springfield, IL, USA).

Silver nitrate and trisodium citrate were purchased from
Sigma-Aldrich and used as received. Double-distilled water
was used.

Citrate-reduced and stabilized silver colloid was pre-
pared according to a modified procedure reported by Lee
and Meisel (1982). Briefly, 100 ml of ImM AgNO; was
brought to boiling. A solution of 1% sodium citrate (2 ml)
was immediately added under vigorous stirring. The solution

Table 1. Mean values of mass, diameter, moisture content, and
hardness index measured by the SKCS system for the varieties of
wheat studied

Wheat varieties

SKCS

parameter Bamberka (SD) Fregata (SD)
Mass (mg) 52.2(9.50) 41.8 (7.10)
Diameter (mm) 3.31(0.36) 2.99 (0.28)
Moisture (%) 11.10 (0.44) 10.50 (0.42)
Hardness index 70.7 (13.50) 51.7 (13.10)

SD — standard deviation.

was kept boiling and stirred simultaneously for ca. 10-15 min.
A change of the solution colour to yellow was a sign of
formation of spherical silver nanoparticles. This kind of
nanoparticles was chosen due to their high antimicrobial
activity (Guzman et al., 2009).

The absorption spectrum of the AgNPs obtained was
recorded on a Cary 300/Biomelt spectrophotometer (Varian
Pty, USA).

The size distribution of the colloidal silver nanopartic-
les was characterized by the use of the dynamic light scat-
tering (DLS) method (Pecora, 2000). Measurements were
performed on a ZetaSizer Nano ZS (Malvern Instruments
Ltd., UK) apparatus at 20°C (+0.1°C). The apparatus con-
tains a 4 mW He-Ne laser with a wavelength 632.8 nm and
the scattered light is detected at an angle 173° (Non-Invasive
Back-Scatter Technique). The refractive index (RI = 0.13;
Palik, 1985) and absorbance (A =0.11 at A = 632.8 nm) of
AgNPs were used for transformation of size distribution
from intensity to volume, based on the Mie theory. The ap-
propriate parameters for water as a dispersant were defined
by the apparatus software (RI=1.33 and=1.0031 cP). The
measurements were made with six repetitions by collecting
not less than twelve sub-runs for each one. The particle size
was determined by analysis of peak location.

100 g-samples of the wheat grain were covered with 30 ml
solution of AgNPs stabilized by sodium citrate. Solutions of
20, 30, 40, and 50 ml were also used in the covering pro-
cess, but a few millilitres of AgNPs were not absorbed by the
grain in the case of the 40- and 50-ml solutions. 20 ml of
solutions were insufficient to cover the grain properly due to
lack of solution excess after the covering process. For this
reason, solution of 30 ml was chosen as the most adequate.
For AgNPs, three times of covering were used: 10, 20 and
30 min—T10, T20, and T30, respectively. The covering time
below 1 h was chosen according to Wozniak (2004). The
time longer than 1 h promoted endosperm cracking and faci-
litated microbial infections. After covering, the wheat sam-
ples were air-dried for 24 h at the temperature of 22°C. Next,
the covered grain was milled and used for further tests.

Wet gluten (WG), gluten index (GI), and dry gluten (DG)
were measured using a Glutomatic 2200 washer (Perten
Instruments, Sweden) and Glutork 2020, respectively, ac-
cording to Approved Method 38-12 (AACCI, 2000).

The falling number (FN) was determined according to
Approved Method 56-81B (AACCI, 2000) in 7g-samples
of whole meal using the Hagberg-Perten method. A Falling
Number 1900 apparatus (Perten Instruments, Sweden)
was used.

Gluten and starch samples obtained from the gluten
tests were freeze-dried and dried in a laboratory dryer, res-
pectively. Next, the dried samples were used for the Fourier-
transform infrared spectra (FT-IR) measurements. After dry-
ing, the moisture content (MC) of whole meal, starch, and
gluten were measured using the Dry Mass Determination
System (HD63 model, Mettler — Toledo, Poland).
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Fourier-transform infrared spectra of whole meal, starch,
and freeze-dried gluten were recorded with a Nicolet
6700 FT-IR spectrometer (Thermo Electron Corporation,
USA) with the Smart Orbit attachment with a diamond plate
(attenuated total reflectance mode). The IR spectra were re-
corded between 4 000 and 600 cm" at4 cm! intervals. Each
spectrum resulted from 128 scans which were averaged to
give absorbance values as a function of wavenumber (WN)
(cm'l). For each sample, 10 spectra were recorded and ave-
raged to obtain a better signal-to-noise ratio. The position of
the characteristic peaks for whole meal, freeze-dried gluten,
and starch was determined from the spectra.

The statistical analysis was carried out with
STATISTICA version 10 (StatSoft Inc., USA). Univariate
analysis of variance (ANOVA) was used to test the hypo-
thesis of time-related differences in the WG, DG, GI, and FN
values and the position of a few characteristic peaks in the FT-IR
spectra of whole meal (1 001, 1 533, 1 643 and 3 278 cm'l),
starch (860, 999 and 3 278 cm'l), and freeze-dried gluten
(1235,1519,1644,3062,3 200 and 3 276 cm'l). P-values
below 0.05 were considered significant.

RESULTS AND DISCUSSION

The ultraviolet-visible spectrocsopy (UV-VIS) spectrum
confirms the formation of silver nanoparticles. The absorp-
tion spectrum of silver nanoparticles stabilized by sodium
citrate is given in Fig. 1. It showed a surface plasmon reso-
nance (SPR) absorption band with a maximum of 413 nm
indicating the presence of spherical AgNPs with a diameter
of ca. 20 nm.

The AgNPs diameter has been confirmed by dynamic
light scattering (DLS) measurements (Fig. 2). For the analy-
zed samples, the size distribution by intensity was with peak
means at 1.5 nm (width of 0.3 nm, 4.3% of'the area), 29.8 nm
(width of 10.0 nm, 82.0% of the area), 331.4 nm (width of
144.3 nm, 10.8% ofthe area), and 4 764 nm (width of 2 348 nm,
2.9% of the area), respectively. By conversion into volume,
the peak at 331.4 nm disappeared, so the concentration of the
aggregates was low.

The size of silver nanoparticles is very important because
it is connected with their antimicrobial properties (Fernan-
dez et al., 2009). The UV-VIS spectrum and DLS measure-
ments confirm the formation of silver nanoparticles with
a diameter of ca. 20 nm and an SPR band at 413 nm. Citrate-
stabilized AgNPs were studied by MacCuspie (2011) and Li
et al. (2011) using UV-VIS spectroscopy and the DLS me-
thod. DLS measurements showed that the AgNPs size was
20 nm, but the SPR band was located at 390 nm. Similarly,
the absorption peak of AgNPs was produced at 389 nm in the
studies of Frederix et al. (2003). The size of citrate-stabi-
lized AgNPs, verified using transmission electron micro-
scopy (TEM), was found to be 21+ 9 nm. The red-shift of the
absorption band observed in the present study may be con-
nected with the presence of two fractions of bigger particles
(331.4and 4 764 nm). It is a well known fact that the position
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Fig. 1. Absorption spectrum of AgNPs stabilized by sodium citrate
in water. Concentration of AgNPs ¢ = ImM.
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Fig. 2. Mean AgNPs size distribution by light intensity obtained
from six measurements.

of the SPR absorption band depends strongly on the nano-
particle size. The absorption band is red-shifted for bigger
nanoparticles (Kelly ez al., 2003). It has to be noted that both
MacCuspie (2011) and Frederix et al. (2003) used sodium
borohydrate as a reducing agent. On the other hand, Guzman
et al. (2009) studied AgNPs stabilized and reduced by so-
dium citrate. Their size was determined by TEM as well as
UV-VIS spectroscopy. TEM photographs indicated that the
particles ranged in size from 15 to 48 nm with the average
size of about 30 nm, while the absorption spectrum had
a maximum at 412 nm. The colloidal solution of AgNPs
reduced and stabilized by sodium citrate is a mixture of
nanoparticles of different size. Moreover, the nanoparticles
size depends probably on the reducing agent used.

Wet gluten, dry gluten, gluten index, and the falling
number are the parameters which determine the quality of
wheat grain. The mean values of the parameters for the con-
trol and covered samples of the varieties studied are pre-
sented in Table 2. The correlation between the WG pa-
rameter and the covering time is significant for Bamberka
(p=0.0001), while wet gluten of Fregata is statistically
insignificant (p = 0.08). Similarly, dry gluten of Bamberka
(p <0.0001) shows a significant correlation with the co-
vering time, while it is insignificant for the Fregata variety
(p=0.068). On the other hand, the activity of the a-amylase
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Table 2.Mean values of GI and FN for the wheat varieties
studied (Bamberka and Fregata). Wheat was covered by sodium
citrate-stabilized AgNPs

Covering time

(min) Bamberka Fregata
Wet gluten (s.d.) (%)
TO 30.2(0.1) 30.1(0.4)
T10 30.5(0.3) 29.6 (0.2)
T20 30.4 (0.2) 30.0 (0.4)
T30 30.9 (0.2) 30.0 (0.2)
Dry gluten (s.d.) (%)
TO 30.2 (0.1) 30.1 (0.4)
T10 30.5(0.3) 29.6 (0.2)
T20 30.4 (0.2) 30.0 (0.4)
T30 30.9 (0.2) 30.0 (0.2)
Gluten index (s.d.) (%)
TO 90.6 (1.2) 93.7 (0.5)
T10 89.0 (0.7) 90.6 (0.4)
T20 91.4 (0.5) 90.7 (0.4)
T30 92.7 (0.5) 90.3 (0.4)
Falling number (s.d.) (s)

TO 90.6 (1.2) 93.7 (0.5)
T10 89.0 (0.7) 90.6 (0.4)
T20 91.4 (0.5) 90.7 (0.4)
T30 92.7 (0.5) 90.3 (0.4)

enzyme described by the falling number is significant for
the Fregata variety (p <0.0001), whereas the FN values of
Bamberka show no significance (p = 0.21). A significant
correlation between the gluten index and the covering time
are observed for both varieties (Bamberka—p <0.0001 and
Fregata — p <0.0001).

The values of wet gluten, dry gluten, and the gluten
index (Table 2) indicate that the quality of wheat grain does
not change after covering it with silver nanoparticles stabi-
lized by sodium citrate. The values of GI (89 +93%) indicate
high strength of wet gluten, which does not diminish after
applying AgNPs. The values of the falling number do not
change significantly for Bamberka variety either, but the FN
of Fregata decreases by ca. 100 s. Although the parameter
decreases after AgNPs covering, its value still indicates low
amylase activity, which is characteristic for sound wheat
(Operating Manual of Falling Number 1900).

The infrared spectra of whole meal, starch, and freeze-
dried gluten obtained from uncovered wheat grain of the
Fregata variety are presented in Fig. 3. The spectra of the
other variety are similar. All the spectra show oscillations in
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Fig. 3. FT-IR spectra of: a—whole meal, b —starch, ¢ — freeze-dried
gluten obtained from uncovered wheat.

two regions: 600-1 750 cm™ and 2 900- 4 000 cm!. Table 3
represents dependence of the selected bands (position and
absorbance) of whole meal, starch, and gluten on the
covering time.

The FT-IR spectrum of whole meal contains peaks that
can be assigned to starch (853, 1 001 and 1 147 cm'l),
proteins (1245, 1533 and 1 643 cm™), lipids (1 739 em™),
and water (3 279 cm'l). The IR band centred at 3279 cm™ is
connected with the O-H stretching in water molecules (Ait
Kaddour et al.,2008). However, Andreani et al. (2009), who
studied FT-IR spectra of gluten powder and wheat gluten
microspheres, claimed that this band resulted from an over-
lap of the stretching vibration of the N-H and O—H groups.
This peak and the peak at 2 923 em’! are present in all the
spectra shown in Fig. 3. The band located at 2 923 emlis
assigned to stretching vibrations of the C—H group in starch
and protein molecules (Irudayaraj and Yang, 2002).

The starch spectrum shows a very strong peak at 999 cm” 1,
which is due to C—O—H bending. Weak bands located at 760,
856, and 927 cm’! are connected with the a-configuration of
the glycosidic bridge, which is typical for starch molecules
(Capek et al., 2010). Absorbance at 1076 and 1147 emlis
also assigned to oscillations of the glycosidic bridge (Xie
et al.,2006). The weak band centred at 1 642 cm!is related
to C=C stretching (Irudayaraj and Yang, 2002).
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T able 3. Mean values of moisture content (MC), wavenumber (WN) and absorbance (Abs) of selected bands for the Bamberka and

Fregata varieties

Bamberka Fregata
Parameters Covering time
TO T10 T20 T30 P TO T10 T20 T30 P
Whole meal
MC (%) 9.56 8.60 8.35 8.54 9.32 8.73 9.11 8.94
WN (cm™) 1001 995 996 996 <0.0001 1000 995 995 995 <0.0001
Abs 0.0788 0.1249 0.956 0.0710 0.61 0.0698 0.0720 0.0755 0.0730 0.56
WN (cm™) 1533 1542 1539 1539 <0.0001 1534 1 540 1536 1538  <0.0001
Abs 0.0152 0.0130 0.0171 0.0134  <0.0001 0.0136 0.0137 0.0137 0.0136 0.99
WN (cm™) 1643 1 646 1 646 1646  <0.0001 1643 1643 1 644 1 645 0.03
Abs 0.0231 0.0510 0.0264 0.0202 0.19 0.0209 0.0207 0.0212 0.0205 0.96
WN (cm™) 3278 3279 3279 3280 0.02 3279 3280 3279 3279 0.59
Abs 0.0206 0.0159 0.0211 0.0179 0.0002 0.0175 0.0184 0.0189 0.0184 0.68
Starch
MC (%) 5.41 7.12 7.52 8.84 7.06 8.37 7.13 8.86
WN (cm™) 860 859 859 859 0.18 862 860 859 859 <0.0001
Abs 0.0395 0.0437 0.0443 0.0472  <0.0001 0.0417 0.0819 0.0411 0.0459 0.37
WN (cm™) 999 998 998 998 0.39 1 000 998 997 998 <0.0001
Abs 0.1231 0.1526 0.1570 0.1690 0.0006 0.1410 0.1598 0.1422 0.1673  <0.0001
WN (cm™) 3278 3275 3276 3276 0.10 3279 3274 3277 3275 0.01
Abs 0.0201 0.0255 0.0261 0.0287  <0.0001 0.0235 0.0282 0.0239 0.0284 < 0.0001
Freeze-dried gluten
MC (%) 2.23 2.47 2.57 4.71 2.77 4.72 5.00 4.63
WN (cm™) 1235 1234 1234 1235 0.009 1234 1235 1234 1235 0.25
Abs 0.0271 0.0207 0.0211 0.0231  <0.0001 0.0286 0.0225 0.0211 0.0223 < 0.0001
WN (cm™) 1519 1519 1519 1520 0.03 1519 1519 1521 1519 0.06
Abs 0.0424 0.0319 0.0325 0.0351  <0.0001 0.0444 0.0339 0.0323 0.0342  <0.0001
WN (cm'l) 1 644 1 644 1643 1642 <0.0001 1 645 1641 1 642 1643 <0.0001
Abs 0.0567 0.0415 0.0427 0.0455  <0.0001 0.0587 0.0437 0.0414 0.0443  <0.0001
WN (cm™) 3062 3062 3065 3065 0.250 3060 3064 3062 3065 0.01
Abs 0.0082 0.0060 0.0062 0.0077 0.0004 0.0084 0.0075 0.0073 0.0071 0.03
WN (cm’l) 3200 3202 3202 3210 <0.0001 3198 3204 3205 3201 0.0003
Abs 0.0120 0.0088 0.0092 0.0114 0.0003 0.0123 0.0109 0.0108 0.0103 0.03
WN (em™) 3276 3279 3277 3277 0.004 3278 3278 3278 3279 0.32
Abs 0.0132 0.0099 0.0103 0.0126 0.0006 0.0135 0.0121 0.0119 0.0113 0.04

The IR spectrum of freeze-dried gluten shows characte-
ristic bands at 1 644, 1 519, and 1 235 cm™, related to the
band frequency of amide I, amide II and amide II1, respecti-
vely. The amide I band results from C=0 stretching and C—-N
and N-H stretching. Band frequency of amide II is con-
nected with the N—H bending and C-N stretching, whereas
N-H bending and C-H stretching compose the amide III
band. Amide I and II bands are considered for the study of
modifications in the secondary protein structure (Ait Kad-
dour ef al., 2008). The band at 1439 cm’! is located in the
region of C—H bending modes (Carbonaro and Nucara,

2010). This spectrum contains also a weak peak located at
1 744 cm'l, which is connected with oscillations of lipid
functional groups. This band is present in the spectrum, as
compounds soluble in water have only been removed during
gluten washing.

In the whole meal spectrum, the most noticeable is the
shift to shorter wavenumbers of a band centred at 1 000 cm™!
(p <0.0001) after the covering process. Changes in the same
band are also observed in the starch spectrum. This band is
very sensitive to the water content and these vibrations in-
volve water — starch interactions (Varatharyan et al., 2010).
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Fig. 5. FT-IR spectrum of: a — amides, b — CH and OH region for the Fregata variety.

For this reason, the peak absorbance increases, and its maxi-
mum shifts with the increasing moisture content of the sam-
ple studied. Similarly, differences in absorbance and/or the
peak position are observed for the band located at 3 278 em’™.
As mentioned above, this band is connected with oscillation
in water molecules and thus can change with the moisture
content. The FT-IR spectra of starch and whole meal ob-
tained from wheat grain covered by AgNPs do not show any
new bands in comparison with the spectra of control samples
indicating interactions between starch functional groups and
silver nanoparticles or sodium citrate molecules. Xie et al.
(2006) studied FT-IR spectra of starch citrates that exhibited
anew band at 1724 cm™". The band can be attributed to the
ester group from citric acid.

However, the most important are changes in the gluten
spectrum due to its role in the bread dough mixing. Changes
in the structure of gluten were investigated by analysis of the

position and absorbance of amide I, IT and III bands (1 150-
1750 cm’l) and bands from the OH region (2 700-3 700 cm'l).
The IR spectra of these regions are presented in Figs 4 and 5
for the Bamberka and Fregata variety, respectively. The
covering process, regardless of its length, causes significant
changes in band intensity in both regions. Only absorbance
(Abs) of the OH region in the T30 spectrum of the Bamberka
va- riety is higher in comparison with the T10 and T20 spectra.
Its intensity is similar to the intensity of the control sample
(TO0). This can be connected with the higher value of sample
moisture (Table 3). Probably, for the same reason, a shift of
the band at 3 200 cm’! is observed (3200to 3210 cm'l).
Although the statistical analysis has shown a significant cor-
relation between the position of the band and the covering
time, the change in wavenumber of 2-3 em!is insignificant
in spectroscopy. Mejri et al. (2005) studied solubility of
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wheat gluten in the presence of additives by FT-IR spectro-
scopy. Analysis of spectra reveals a decrease in the intensity
of the whole amide region. Thus, it can be assumed that
important changes in the secondary structure have occurred
as a result of the effects of additives on the protein.
Furthermore, changes in the band shape in the OH region
were also observed. Changes in both regions were also obser-
ved after formation of gluten microspheres (Andreani et al.,
2009). There was a shift to a shorter wavenumber in the OH
region (3 300 to 3 286 cm'l) in the microsphere spectrum due
to formation of hydrogen bonds between gluten molecules.
No displacement was observed in the amide I band, but the
amide II band was shifted to a shorter wavenumber.

CONCLUSIONS

1. Covering of wheat grain by silver nanoparticles
stabilized by sodium citrate does not change its qualitative
parameters (wet gluten, dry gluten, gluten index, and falling
number).

2. FT-IR spectroscopy indicates a decrease in band
absorbance of the amide and OH region. This decrease
suggests that the covering process can affect the secondary
structure of gluten.

3. Further research should be carried out to elucidate the
nature of the changes and their cause (influence of the
solvent and/or free stabilizer).
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