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A spectrophotometric method based on the use of silver nanoparticles is presented for the determination of lipoxygenase activity
in cereal grains. The method involves the synthesis of prism silver nanoparticles with a maximum absorption at 752 nm, followed
by the abatement of the signal as a consequence of the oxidation produced by hydroperoxides generated in the enzymatic reaction.
The quantification of the hydroperoxides produced by reaction of lipoxygenase with linoleic acid allows the determination of the
enzyme activity in cereal grains. Under optimal conditions, the linear range of the calibration curve ranges from 1.0 to 5.0𝜇M, with
a limit of detection of 0.34 𝜇M. The method was validated comparing the results with those obtained by ferrous-xylenol orange
method. A relative standard deviation < 5.0% was obtained in all cases and no significant differences were observed (𝑝 < 0.05).

1. Introduction

In recent years, the use of nanoparticles (NPs) in instrumental
analysis has enormously increased due to their optic, electric,
and chemical properties, which are dependent on their
synthesis conditions, size, and shape [1, 2]. Silver nanopar-
ticles (AgNPs) have some unique optic properties caused by
collective excitation of the conduction band electrons of the
nanoparticle, producing an absorption in the visible region
with large values of molar absorptivity. As a consequence,
they can acquire different colors ranging from yellow to
blue when they are dispersed. The absorption spectrum is
attributed to the surface plasmon resonance [3].

Spectrophotometric assays based on the use of AgNPs
have been showed to be useful in the analysis of different type
of analytes. The main characteristics of these methods are
their simplicity, low cost, and high sampling rate without the
use of expensive equipment.Themethodologies proposed are
based on the changes of the AgNPs by two main principles:
the formation of AgNPs aggregates causing a color change in
the suspension [4, 5] and themodification of size and shape of
the AgNPs by the use of oxidizing or reducing analytes [6, 7].

One of the common processes in cereals is the lipid
oxidation as a consequence of the enzymatic activity of
lipoxygenase. This enzyme catalyzes hydroperoxidation of
polyunsaturated fatty acids containing cis bonds bymolecular
oxygen.The substrates involved in this enzymatic reaction are
mainly the linoleic, linolenic, and arachidonic acids [8].

The enzymatic activity can be measured determining
the lipid hydroperoxides generated during reaction. Lipid
hydroperoxides are strong oxidizing agents with high redox
potential [9]. Considering the effect of redox compounds in
the optical properties of AgNPs, the aim of the present work
was to evaluate the use of AgNPs in the quantification of
lipoxygenase activity in cereals grains.

2. Materials and Methods

2.1. Reagents and Chemicals. All solutions were prepared
by dissolving the respective analytical grade reagent in
deionized water with a resistivity not less than 18.0MΩ cm,
provided by aMilli-Q system (Millipore, Bedford,MA,USA).
Ascorbic acid, linoleic acid, lipoxidase from Glycine max
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Table 1: Factor levels of the central composite design optimization.

Factors Level
−1.7 −1.0 0.0 1.0 1.7

[AgNPs]seeds (𝜇M) 1.4 1.6 1.8 2.0 2.2
[Ag+] (𝜇M) 54.0 68.6 90.0 111.4 126.0
[AA] (mM) 1.0 1.2 1.5 1.8 2.0

(soybean), which is the enzyme commonly used to deter-
mine lipoxygenase activity, sodium borohydride, sodium
citrate tribasic dehydrate, silver nitrate, and Tween 20
were obtained from Sigma Aldrich (St. Louis, MO, USA).
Tris(hydroxymethyl)aminomethane and ammonia solution
(28–30%) were from J. T. Baker (Phillipsburg, NJ, USA).
Starch, maltose, sucrose, and glucose (Sigma-Aldrich) were
tested as interfering compounds in concentration of 1–3%
(w/w). Cereal samples (barley, rice, and wheat) were bought
in local markets in Pachuca de Soto (Hidalgo, Mexico).

2.2. Synthesis of AgNPs. AgNPs were synthesized in two
steps. In the first one, seeds AgNPs were obtained through
reduction of Ag+ using NaBH

4
. For that purpose, an aliquot

of 25mL of a solution containing AgNO
3
(0.72mM) and

sodium citrate (0.68mM) were transferred to a beaker.
AgNPs were formed by adding 0.6mL of NaBH

4
(0.01M)

while stirring until the solution became yellow. The solution
was prepared weekly and stored in dark conditions at room
temperature.

The second step was the synthesis of prism AgNPs.
Experimental conditions were evaluated and optimized using
multivariate experimental design. A multilevel central com-
posite design was applied to generate an optimal and robust
response surface. The variables involved were the seeds
AgNPs concentration ([AgNPs]), the silver ion concentration
([Ag+]), and the ascorbic acid concentration (AA). The
response surface was mapped and explored using a rotatable
three-factor central composite design, with five levels of
each factor (𝛼 = 1.7). Table 1 shows the settings for each
control factor used in the optimization experiments. The
effects of these variables were examined using MINITAB
V15.1 software.

The optimized conditions to synthetize the prism AgNPs
were as follows: 10mL of water was mixed with 0.05 g of
sodium citrate, 250 𝜇L of seed AgNPs, 60 𝜇L of AgNO

3

(0.018M), and 150 𝜇L of ascorbic acid (0.1M). The mixture
became blue-green after 5min. This solution was prepared
before each analysis.

The UV-Vis spectra of the AgNPs (seeds and prism)
were recorded using a Lambda 40UV-Vis spectrophotometer
(Perkin Elmer) and quartz cells (1 cm). The morphologi-
cal analysis of AgNPs was performed using a JEOL JEM-
101 Transmission Electron Microscope (TEM, JEOL Inc.,
Peabody, MA, USA).

2.3. Synthesis of Hydroperoxides. Ammonium linoleate
(10.20mM) was prepared following the methodology
proposed by Pinto et al. [10]. A mixture of 0.0286 g of linoleic

acid, 76.5𝜇L of water, and 23.5 𝜇L of ammonia solution was
incubated for 30min at 60∘C. After that, 200𝜇L of Tween 20
was added and the volume was adjusted to 10mL with Tris
buffer (0.1M, pH 6.6).

Hydroperoxides from linoleic acid were obtained bymix-
ing 5mL of the solution of ammonium linoleate and 20𝜇L of
a solution containing 450U of lipoxidase from Glycine max
(soybean).The reactionwas stopped after 30min by adjusting
the volume to 10mL with methanol. The absorbance of the
solution was spectrophotometrically measured at 245 nm.
The concentration of hydroperoxides (mM) was determined
using Lambert-Beer expression where the molar absorptivity
had a value of 25mM−1 cm−1 [10]. Different standards of
hydroperoxides were prepared by dilution from the previous
solution in the range of 1.5–6.0 𝜇M.

2.4. Sample Analysis. An amount around 1.2 g of different
cereals (barley, rice, and wheat) was dehusked and the
lipoxygenase enzyme was extracted grinding them with a
mortar and pestle at 4∘C and 8mL of Tris buffer (0.1M,
pH 6.6) containing 0.1% (v/v) of Tween 20. The extract
was transferred to microcentrifuge tubes and centrifuged for
15min at 6000 rpm. The liquid phases were collected and
protein content was determined using the Bradford method
[11].

Lipoxygenase activity was determined using the prism
AgNPs suspension. For that purpose, 10mL of AgNPs was
mixed with 2mL of ammonium linoleate (10.2mM), pre-
pared as previously described, and 70 𝜇L of cereal extract.
After 5min, the visible spectrum was obtained in the range
of 300–1000 nm. The concentration of the hydroperoxides
producedwas obtained by interpolation in the calibration line
constructed using hydroperoxides from linoleic acid in the
interval range of 1.5–6.0 𝜇M.

2.5. Comparison Method. Lipoxygenase activity in the sam-
ples was also determined for comparative purposes using
the ferrous-xylenol orange method.The reagent for the assay
consisted of a solution containing FeSO

4
⋅7H
2
O (0.25mM),

perchloric acid (0.22M), and xylenol orange (37.5𝜇M) in
methanol : water (9 : 1, v : v). For each analysis, 1.0mL of the
reagent solutionwasmixedwith 1.0mL of Tris buffer (pH 6.6,
0.01M), 25 𝜇L of ammonium linoleate (10.2mM), and 25 𝜇L
of the cereal extract. After 5min of reaction, the absorbance
wasmeasured at 560 nm.The hydroperoxides generated were
determined by interpolation in the calibration line using
standards solutions of hydroperoxides of linoleic acid in the
range of 0.5 to 5 𝜇M, and were analyzed in equal conditions
compared to the samples [12]. Each analysis was performed
in triplicate.

3. Results and Discussion

The morphological changes of AgNPs prepared were ana-
lyzed by transmission electronmicroscopy. Figure 1(a) shows
the image obtained for seed nanoparticles, where it can
be observed that the initial particles were spherical with
diameters ranging from 18 to 25 nm. Prism AgNPs were
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Figure 1: Transmission electron microscopy images showing the changes of AgNPs morphology. (a) Seed AgNPs and (b) prism AgNPs.

grown by the addition of ascorbic acid through reduction
of the Ag+ to Ag0, modifying its color from yellow to
green because of the dispersion.Themicrograph (Figure 1(b))
revealed that the obtained prisms AgNPs presented lengths
varying from 19 to 93 nm.

Morphology changes are also reflected in the visible
spectra. The spectra obtained for seed AgNPs exhibited a
peak at 395 nm (Figure 2(a)), corresponding to the plasmon
resonance of small spherical particles. The spectra obtained
for prism AgNPs showed a maximum at 752 nm; this signal
is assigned to the in-plane plasmon resonance, indicating
that prism nanoparticles were formed [13]. Lipids have large
values of molar absorptivity at 395 nm [14], and then the
sample matrix could interfere if the oxidation reaction at this
wavelength uses seed AgNPs. Prism AgNPs were therefore
selected for the analysis of hydroperoxides since the lipids do
not have significant absorption at 752 nm.

Once the AgNPs are selected, a central composite design
was used for the study of the synthesis variables of the prism
AgNPs.The control variables involved were the ascorbic acid
concentration (AA) and the silver ion concentration ([Ag+]),
which controls the size of the nanoparticles, and the seed
concentration (AgNPs) related to ensure the aggregation of
the nanoparticles [15]. The output variable was the peak
height at 752 nm (absorbance units, A.U.) obtained from the
synthesis of the AgNPs in the conditions from the design
matrix.The response surface wasmapped and explored using
a rotatable three-factor central composite design, with five
levels of each factor (𝛼 = 1.7). The experimental matrix used
during optimization is shown in Table 2. All experiments
were carried out randomly.

A statistically significant linearmodel accounting for 75%
of the variance fitted the data. The response surface fitted the
following equation (linear model):

Absorbance = 0.762 − 0.008 [AgNPs] + 0.185 [Ag+]

− 0.028 [AA] .
(1)

Analysis of variance of the results showed that concentration
of Ag+ was the only factor with a statistically significant effect
on the signal value (𝑝 < 0.05). Analysis of the residuals
from the regression model and the lack of fit test revealed
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Figure 2: Visible spectra of (a) seed AgNPs and (b) prism AgNPs.

that the linear model could be an adequate surface over the
experimental interval studied.

The response surfaces obtained at fixed [Ag+] of 54.0 and
126.0 𝜇M are shown in Figure 3. It is clear that absorbance
of the signal increased with [Ag+]. In contrast, the results
indicated that decreasing the concentrations of seed AgNPs
and AA hardly increased the peak height. This behaviour is
attributed to the influence of silver ions on prism AgNPs
growth and, also, to the effect of AA concentration. AA
concentrations higher than 1.0mM induced AgNPs aggrega-
tions through charge-charge interaction as a consequence of
the unstable surface state [16]. The combination selected as
optimum was as follows: [AgNPs], 1.41 𝜇M; [Ag+], 126 𝜇M;
and [AA], 1.0mM. Under these conditions a predicted signal
of 1.187A.U. (at 752 nm) was obtained, very close to the
experimental value (1.145A.U.).
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Table 2: Design matrix and responses for the central composite
design.

[AgNPs]seeds [Ag+] [AA] Resp (A.U.)
−1.0 −1.0 −1.0 0.717
1.0 −1.0 −1.0 0.501
−1.0 1.0 −1.0 1.080
1.0 1.0 −1.0 0.884
−1.0 −1.0 1.0 0.580
1.0 −1.0 1.0 0.634
−1.0 1.0 1.0 1.043
1.0 1.0 1.0 0.896
−1.7 0.0 0.0 0.545
1.7 0.0 0.0 0.777
0.0 −1.7 0.0 0.422
0.0 1.7 0.0 1.048
0.0 0.0 −1.7 0.872
0.0 0.0 1.7 0.660
0.0 0.0 0.0 0.734
0.0 0.0 0.0 0.806
0.0 0.0 0.0 0.696
0.0 0.0 0.0 0.766
0.0 0.0 0.0 0.919
0.0 0.0 0.0 0.807
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Figure 3: Optimal response surfaces (as peak height, A.U.) at [Ag+]
of −1.7 (54.0 𝜇M, red) and 1.7 (126.0 𝜇M, blue).

After establishing the optimal concentration to pro-
duce the prism AgNPs, the calibration plot for hydroper-
oxides from linoleic acid was obtained (Figure 4). Three
replicate measurements of each standard solution were
made and the mean values were used for calculations.
A lineal dependence (Absorbance = 0.024(±0.034) −
0.118(±0.009)[hydroperoxide]) between the peak height and
the hydroperoxide content was found in the range 1.02–
5.20𝜇Mwith a detection limit of 0.37 𝜇M.The detection limit
was calculated according to the IUPAC criteria, that is, 3.29
times the value of se/𝑏

1
, where se is the square root of the
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Figure 4: Visible spectra of prismAgNPs suspensions for increasing
hydroperoxides concentrations from 1.0 to 5.0 𝜇M.

residual variance of the standard curve and 𝑏
1
is the analytical

sensitivity [17].
The intermediate precision of the procedure, expressed

as the relative standard deviation of three determinations
made on different AgNPs on a 3.0 𝜇M standard solution of
hydroperoxides, was 4.3%.The repeatability of the signal was
below 5% RSD for all standard solutions and samples.

The presence of carbohydrates can be a potential inter-
ference [18]. In this way, the effect of glucose, maltose,
sucrose, and starch, carbohydrates usually present in cereal
grains extracts, was studied. Absorbance of prism AgNPs
suspensions containing a hydroperoxides concentration of
3.0 𝜇M and the potentially interfering element at 1% (w/v)
were analyzed. The added element was considered an inter-
ferent when a variation in the signal greater than ±5%
comparing to the response without the carbohydrate was
observed. The results showed that starch interfered in the
determination of the hydroperoxides at this concentration.
Sample amounts and extracts were calculated in order to
minimize the interference of starch.

The proposed method was used to determine lipoxy-
genase activity in cereal grains. Table 3 shows the results
obtained. In order to validate the results, the activity of the
enzyme in the extracts was also determined by the ferrous-
xylenol orange method. The results obtained by both meth-
ods were compared using a 𝑡-test. The values of calculated
𝑡 were then compared to a critical value for 4 degrees of
freedom at the 95% confidence level (𝑡crit = 2.78). No
significant differences were seen between the results obtained
with each method. The values obtained for lipoxygenase
activity in rice grains were in the same order compared to
those obtained for similar samples [12].

4. Conclusions

In the present work, a methodology for determination of
the activity of lipoxygenase in cereal grains based on the
oxidation of prism AgNPs was proposed.The best conditions
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Table 3: Lipoxygenase activity (mean and relative standard deviation 𝑛 = 3) in cereal grains after 12 minutes of reaction (expressed in
𝜇Mhydroperoxides min−1mg−1protein).

Sample Lipoxygenase activity (𝜇Mhydroperoxides min−1mg−1protein) 𝑡calc
Prism AgNPs Ferrous-xylenol orange

Barley 0.08 (3.38) 0.07 (5.53) 2.19
Rice 1.32 (2.60) 1.31 (2.28) 0.27
Wheat 0.07 (3.11) 0.08 (3.78) 2.41

for the synthesis of prism AgNPs were [AgNPs], 1.41 𝜇M;
[Ag+], 126 𝜇M; and [AA], 1.0mM.

Thus, the proposed spectrophotometric methodology is
an alternative to the analysis of analytes with oxidant prop-
erties in the food industry because of its analytical precision
and accuracy which are similar to other methodologies.
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