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Abstract In this assay, headspace single-drop
microextraction (HS-SDME) coupled with gas chromatog-
raphy–mass spectrometry (GC–MS) as a simple, low-cost
and rapid method has been developed and validated for
determining volatile oxidation compounds including
hexanal and heptanal in mayonnaise. The main
microextraction variables affecting the HS-SDME proce-
dure such as extraction temperature and time, stirring rate,
and amount of NaCl were optimized by response surface
methodology employing a central composite design.
Obtained results demonstrated that higher yield of extracted
analytes could be achieved under the following optimal
conditions: extraction temperature of 45 °C, extraction time
of 16 min, stirring rate at 700 rpm, and addition of 2 g NaCl.
The optimized HS-SDME/GC–MS method was validated
for oxidized mayonnaise samples (50 °C/48 h) by calculat-
ing analytical parameters (linearity, precision, accuracy, and
sensitivity). Good linearity (R2>0.99) was observed by
plotting calibration curves of extracted hexanal and heptanal
over the concentration range of 0.025–10 μg g−1, and the
repeatability of the method, expressed as relative standard
deviation, were found to be 4.04 % for hexanal and 3.68 %
for heptanal (n=7). After the microextraction process of
spiked mayonnaise sample, high levels of relative recovery

were obtained for hexanal (107.33 %) and heptanal
(91.43 %). The detection limits were 0.008 ng g−1 and
0.021 ng g−1 for hexanal and heptanal, respectively, while
quantification limits of hexanal and heptanal were calculat-
ed to be 0.027 ng g−1 and 0.071 ng g−1, respectively. The
possibility of the HS-SDME followed GC–MS to determine
and quantify volatile oxidation compounds such as hexanal
and heptanal was confirmed by analyzing commercial fresh
mayonnaise stored at 4 and 25 °C during 3 months.

Keywords Headspace single-drop microextraction . Gas
chromatography–mass spectrometry . Volatile oxidation
compounds . Mayonnaise . Response surface methodology

Introduction

Mayonnaise is an oil-in-water emulsion which contains high
amounts of oil and therefore is highly sensitive to autoxida-
tion and rancidity. Traditional mayonnaise comprises about
70–80 % edible oil while unsaturated fatty acids consist the
major fraction of lipid phase which can participate in oxi-
dation reaction so easily (Depree and Savage 2001). Lipid
oxidation has been recognized as the main cause of quality
deterioration in food emulsions (Coupland and McClements
1996). Development and production of undesirable off-
flavors (rancidity) and toxic compounds occur during oxi-
dation of oils and fats (Halliwell et al. 1995). Foods with
high amount of oil such as mayonnaise are sensitive to
rancidity, and this is due to the resulting oxidation of their
lipid portion. Hydroperoxides are primary oxidation prod-
ucts derived from oxidation process of unsaturated fatty
acids; these compounds are highly reactive and unstable
that decompose quickly and produce a complex mixture of
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non-volatile and volatile products such as hydrocarbons
(ethane, pentane), acids, alcohols, aldehydes (propanal,
pentanal, hexanal, heptanal, and 2-octenal), and ketones,
which significantly affect the sensory and quality properties
of foodstuffs (Frankel 1983, 1993; Sanches-Silva et al. 2004).
Volatile oxidation compounds (VOCs), also mentioned as
secondary oxidation products, can deteriorate the taste and
odor in foods. Actually, for a very long time lipid oxidation
has been identified as the main reason of quality deterioration
in fatty foods, and it is mostly the definitive agent in recog-
nizing the shelf-life of food products and production of
undesirable odors, destroying the texture and decline of nu-
tritional value and can eventually shorten the storage time of
oils and lipid-containing foods (Lozano et al. 2007).

The food industry is intensively interested in the preven-
tion of lipid oxidation and also in the primary discovery of
oxidation changes in order to gain economical benefits that
result from the growth of sales and consumers’ acceptance.
So, determination and quantification of an indicator that
could investigate the status of lipid oxidation have gained
enormous attention (Mallia et al. 2008).

Aldehydes are specifically significant due to flavor alter-
ation and from a toxicological viewpoint (Frankel 1993).
Among studied aldehydes, hexanal has been referred to as a
prominent oxidation marker that is being recognized as the
major product of oil oxidation, and its concentration in-
creases during storage time. It is mainly produced from
oxidation of linoleic acid through 13-hydroperoxide, and
its odor is defined as “grassy” which results in off-flavors
owing to its low odor threshold in water (4.5 μg kg−1)
(García-Llatas et al. 2007).

In the last decade, some aldehydes including pentanal,
hexanal, and heptanal have been evaluated and quantified in
different food samples by employing various sample prepa-
ration techniques and analyzing methods (García-Llatas et
al. 2007; Gromadzka and Wardencki 2010; Panseri et al.
2011; Sanches-Silva et al. 2004).

Sample preparation step for isolation and pre-
concentration of organic compounds from food matrix is
the most challenging and time-consuming task in analytical
methods (Buldini et al. 2002). Headspace techniques have
been extensively applied for extraction, determination, and
quantification of volatile components (Pillonel et al. 2002;
Zhao et al. 2004). The most common method for extraction
of secondary oxidation products is headspace sampling due
to their high volatility. Recently, the most outstanding head-
space sampling methods employed for analyzing the volatile
fraction of foods are static headspace sampling (SHS) and
dynamic headspace sampling (DHS) (van Ruth et al. 2002).

SHS is a simple, rapid, and solvent-free sample preparation
method for analyzing volatile compounds. The main disad-
vantage of this technique is lacking enough sensitivity; hence,
it is not able to determine very low amounts of analytes in

samples (Frankel 1993; Frankel et al. 1989; Mohammadi and
Alizadeh 2006). Determination of pentane, hexanal, and
propanal as oxidation markers of polyunsaturated fatty acids
(PUFAs) in some biological samples have been done exten-
sively by SHS method (Frankel 1993; Frankel et al. 1989).

The drawbacks of static headspace can be overcome by
the employment of dynamic headspace sampling, recog-
nized as “purge and trap”. The DHS provides greater sensi-
tivity than the SHS, but breakthrough of volatile compounds
can happen during the sampling process (Irwin et al. 2004).
The analysis of aroma components in fish oils or fish-oil-
enriched emulsions has been widely performed by using
DHS (Hartvigsen et al. 2000).

Solid-phase microextraction (SPME) is described as a
rapid, sensitive, and solvent-free sampling method which
has been developed to eliminate many mentioned draw-
backs of discussed methods above (Arthur and Pawliszyn
1990). In recent years, HS-SPME has been noticeably ap-
plied for extraction of volatile to semi-volatile components
from headspace of various samples (del Mar Caja et al.
2011; Vandendriessche et al. 2012; Verzera et al. 2010; Ye
et al. 2012). There are also many published data about
application of HS-SPME for analyzing volatile compounds
in some kinds of foods including oils (Beltran et al. 2011;
Steenson et al. 2006), infant formula (García-Llatas et al.
2007), oil-in-water emulsions (Beltran et al. 2005), and
mayonnaise (Iglesias et al. 2007).

Nowadays, much attention has been devoted to
microextraction into a solvent drop as an alternative to the
conventional liquid–liquid extraction (Asensio-Ramos et al.
2011; Pena-Pereira et al. 2010; Xu et al. 2007b). Among the
proposed headspace techniques, liquid-phase microextraction
(LPME) has opened valuable perspectives for analyzing volatile
compounds. In LPME technique, extraction usually happens
between several microliters of a water-immiscible solvent
(known as acceptor phase) and an aqueous phase (also known
as donor phase) which includes the analytes. LPME is a minia-
turized sample preparation method, which is rapid and low-cost,
with minimum usage of organic solvents (Theis et al. 2001;
Asensio-Ramos et al. 2011). Two reports have been recently
published about the application of headspace LPME (HS-
LPME) method for determining furanic compounds in coffee
(Chaichi et al. 2012) and baby food samples (Habibi et al. 2012).

Single-drop microextraction (SDME) is one of the modes
of LPME, using commonly about 1–3 μL of an organic
solvent. In headspace SDME (HS-SDME), diffusion of
analytes from sample solution (aqueous phase), into head-
space and finally to suspended microdrop of solvent at the
tip of a microsyringe, constitutes foundation of this method.
HS-SDME is one of the most useful methods of
microextraction with solvent which can be used to deter-
mine volatile analytes without any interference of sample
matrix because there is no connection between the sample
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and drop of extraction solvent (Asensio-Ramos et al.
2011;Sarafraz-Yazdi and Amiri 2010). The HS-SDME
method has gained many attentions in the field of investi-
gating volatile or semi-volatile compounds by suspending a
microdrop of organic extraction solvent in the headspace of
sample solution (Theis et al. 2001). The importance of this
technique is due to its simple and low-cost procedure, rapid
analysis, and minimal usage of solvent. Highlighted superi-
ority of HS-LPME, HS-SPME, and HS-SDME toward con-
ventional extraction techniques is the integration of sample
preparation and extraction and pre-concentration of analytes
into a single step. One of the supposed disadvantages for
LPME and SDME methods is transience of solvent
microdrop at higher microextraction temperatures.
Therefore, choosing the best range of temperature can solve
this problem (Xu et al. 2007a).

In the last few years, some researchers have published
their findings about application of SDME for analyzing
certain compounds in several environmental, biological,
and food samples (Batlle and Nerı ́n 2004; Deng et al.
2007; Tankeviciute et al. 2001; Xiao et al. 2008). But there
is not any available data until now about using the HS-
SDME method for extraction and determination of VOCs
in complex food emulsions such as mayonnaise.

Many factors (variables) exist which influence the effi-
ciency of HS-SDME technique. Response surface method-
ology (RSM) is a famous and beneficial statistical method
for optimizing variables and can also be performed by fewer
experiments, in comparison to one variable at a time, as a
time-consuming and deficient design due to dissembling of
the interaction of variables. RSM has been considered as an
applicable and suitable method used for investigating the
individual and interactive effects of numerous variables to
obtain a favorable response (Bezerra et al. 2008).

The first purpose of this study was the optimization, devel-
opment, and validation of the HS-SDME technique followed
by GC–MS as a rapid, sensitive, and simple method for
extraction and quantification of VOCs including hexanal and
heptanal as secondary oxidation components in thermally
oxidized mayonnaise. RSM via central composite design
(CCD) mode was applied for optimizing the microextraction
conditions (temperature and time of extraction, stirring rate,
and amount of NaCl). Capability of the proposed method for
evaluating oil oxidation changes during storage of a commer-
cial fresh mayonnaise was proposed as the second purpose.

Materials and Methods

Chemical and Reagents

Hexanal, heptanal, methanol, n-dodecane, and sodium chlo-
ride were purchased from Merck (Darmstadt, Germany).

2,5-Dimethylfuran was provided by Sigma-Aldrich Chemie
GmBH (Steinheim, Germany). Individual stock solutions of
hexanal and heptanal were prepared in methanol to achieve
the concentration of 1 mg mL−1. These stock standard solu-
tions were diluted with methanol weekly to make a mixed
working solution with a concentration of 2 μg mL−1 for each
compound. In order to investigate the extraction efficiency
under various conditions for optimization purposes, the
model solutions containing the desired amount of each
analyte in the concentration range of 0.025–10 μg g−1

were prepared daily by diluting the mixed working
solution with distilled water. A methanolic solution of
2,5-dimethylfuran, with a concentration of 1 mg mL−1,
was prepared and utilized as the internal standard (IS).
N-Dodecane containing a constant amount of 2,5-
dimethylfuran (1 mg L−1) as IS was used as the extrac-
tion solvent. The stock and working solutions and the
extraction solvent were stored at 4 °C in darkness. All
chemicals and solvents were of analytical reagent grade
or HPLC grade with purity more than 99 %.

Sample Oxidation Treatment

Fresh commercial mayonnaise samples were collected from
one manufacturer immediately after production. Mayonnaise
samples in a sealed glass flask were placed into an oven with
the temperature set at 50±2 °C for about 48 h in order
to accelerate the oxidation process. Oxidized mayon-
naise samples were stored at room temperature for fur-
ther analysis.

Apparatus

A hot-plate magnetic stirrer was purchased from Heidolph
Company (Heidolph, Germany) and equipped with a
temperature-controlling probe for heating and stirring the
sample solution simultaneously. In microextraction proce-
dure, a 10-μL GC microsyringe with a bevel needle tip
(Hamilton, Switzerland) was employed.

Gas chromatography analysis was performed using a
7890A GC system purchased from Agilent Technologies
(Palo Alto, CA, USA) equipped with a split/splitless in-
jector and a 5975 inert MSD network mass selective
detector with quadrupole analyzer. A HP-5 MS capillary
column (30 m×250 μm ID, 0.25 μm film thickness) was
used to separate some of the volatile oxidation compounds
(hexanal and heptanal) under the split mode (1:50 ratio).
The oven program temperature was as follows: initial
temperature was set at 40 °C (2 min hold), then the
temperature increased to 80 °C at 5 °C/min (1 min hold)
in ramp 1, and finally increased to 280 °C at 30 °C/min
(5 min hold) in ramp 2; the temperatures of interface and
injector were set at 280 °C. Helium with a constant flow
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rate of 0.8 mL min−1 was employed as a carrier gas.
Selected ion monitoring (SIM) mode was applied to
quantify extracted compounds. The following ions were
used for quantification: the selected m/z were 56 and 57
for hexanal and 55 and 70 for heptanal, respectively.
Data acquisition and integration were carried out with
the ChemStation chromatography software.

HS-SDME Procedure

First, different amounts of NaCl (0–3 g) and 0.2 g of the
oxidized mayonnaise sample (50 °C/48 h) were weighted
into a 17-mL glass vial containing a 0.5-cm magnetic stir-
ring bar and 10 mL of distilled water; then the vial quickly
was capped with a silicon/PTFE septum and crimped firmly
with an aluminum seal to avoid the evaporation of analytes
from the vial during the microextraction procedure. The
sample vial was introduced into a temperature-controlled
water bath (30–50 °C) placed on a magnetic hot-plate stirrer.
The sample solution was equilibrated for 10 min at a stirring
speed of 100–700 rpm.

After the equilibrium time, 3 μL of extraction solvent (n-
dodecane) containing a constant concentration (10 mg L−1) of
2,5-dimethylfuran as IS was pulled into the GC microsyringe.
During the extraction process, the microsyringe was fixed
above the sample vial with a clamp. The needle of
microsyringe pierced the septum and passed through it, while
the end of needle was located about 1 cm above the surface of
the sample solution. Then the plunger was pressed down and a
microdrop was formed on the needle tip and exposed to the
headspace of the sample vial. After the microextraction time
(5–20 min), the drop of extraction solvent was retracted back
into the needle of the microsyringe and injected directly into
the GC–MS injection port for further analysis.

Results and Discussion

Selecting the Organic Solvent

It is a necessary step to discover a suitable organic solvent
for HS-SDME method. Some fundamental specifications
such as high boiling point, low vapor pressure, excellent
purity, high chromatographic behavior, and effective
partitioning coefficient of the analyte in the solvent need
to be considered and are highly recommended when
selecting an appropriate extraction solvent for the
microextraction process. Based on previous literature, three
different organic solvents including 1-octanol, n-decane,
and n-dodecane were examined to be applied as extraction
solvents for HS-LPME headspace microextraction tech-
nique (Chaichi et al. 2012; Habibi et al. 2012). Their results
indicated that n-dodecane had the most compatibility with

microextraction conditions and showed a desirable gas chro-
matographic manner. Consequently, n-dodecane was select-
ed as the extraction solvent for our study. 2,5-Dimethylfuran
was employed as an internal standard (IS) to modify differ-
ences in injection volumes of solvent.

Selecting the Volume of Organic Solvent

As demonstrated in the theory of single-drop microextraction,
the amount of extracted analyte increases with the increasing
volume of the organic solvent drop. Unfortunately, the max-
imum drop volume for a normal 10-μL microsyringe is about
2–3 μL. When the size of the drop is more than 3 μL, it
becomes unstable and detaches from the needle. It must be
kept in mind that even organic solvents with high boiling
temperatures have partial volatility and some water-
immiscible solvents really show limited solubility in water.
As a result, a part of the solvent microdrop may be evaporated
and/or dissolved in the sample solution, specifically when
high extraction temperatures, lengthy extraction times, and
speedy stirring rates of the microextraction procedure are
applied (Asensio-Ramos et al. 2011; Jeannot et al. 2010;
Sarafraz-Yazdi and Amiri 2010). Based on previous studies
(Chaichi et al. 2012; Habibi et al. 2012), we selected 3 μL as
an appropriate volume of extraction solvent for the HS-SDME
procedure.

Headspace Single-Drop Microextraction

In the HS-SDME method, distribution of the analytes hap-
pens among three phases: (1) aqueous phase or sample
solution, (2) headspace, and (3) single drop of organic
solvent. During the extraction process, mass transfer of
analyte from the aqueous phase to the drop of solvent has
been proposed as the rate-determining step which affects the
extraction performance (Theis et al. 2001). Accordingly,
microextraction conditions including stirring speed, addition
of salt, temperature, and time of extraction are crucial pa-
rameters that determine analyte mass transfer among men-
tioned phases in the HS-SDME method.

Experimental Design and Statistical Analysis

From a statistical view, the central composite design (CCD)
has been proposed as one of the most employed response
surface designs, which is composed of several factors
(Ribeiro et al. 2010). Usually, CCD comprised 2k factorial
runs with 2k axial runs and C0 center points. The total
number of experimental points needed (N) is determined:
N=2k+2k+C0, where k is the number of variables to be
optimized and C0 is the number of center points (Stalikas
et al. 2009). So, we selected the CCD with four independent
variables in five levels (−2, −1, 0, +1, and +2) as a design
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for performing the RSM. The CCD was applied to optimize
the most significant parameters (extraction temperature, ex-
traction time, stirring rate, and amount of NaCl) on HS-
SDME performance. This design includes 30 treatments
overall: 16 in the factorial points, eight in the axial
points, and six central points. Independent variables
(microextraction parameters) and their limited areas are
shown in Table 1, which were selected based on previ-
ous studies and preliminary experiments.

Design Expert software 7.0.0 was used to investigate the
effects of microextraction parameters and their interaction
on extracted hexanal and heptanal by analysis of variance
(ANOVA) in order to determine the significant parameters
and efficiency of models. Multiple linear regression was
applied for fitting the experimental results on a quadratic
polynomial equation mentioned as follows:

Y ¼ Ck0 þ
X4

i¼1

Ckixi þ
X4

i¼1

Ckiix
2
iþ

X4

i< j¼2

Ckijxix j ð1Þ

where Y is the predicted response variable, Ck0 the con-
stant coefficient, Cki the coefficient of linear effect, Ckii

the coefficient of squared effect, and Ckij the coefficient
of interaction effect; xi and xj are the coded independent
variables.

For optimizing microextraction parameters which affect
the efficiency of the extraction method, the sum of relative
peak areas of extracted hexanal and heptanal to IS was
expressed as GC response. In the optimization step of the
extraction procedure, all of the experiments were done with
oxidized mayonnaise sample.

Optimization of HS-SDME Method

Optimizing the most important parameters on the perfor-
mance of HS-SDME procedure was done by using CCD.
Analysis of variance (ANOVA) was carried out to investi-
gate the suitability of recommended models and to check the
significance of every parameter and their interactions
(Table 2). A quadratic polynomial model was fitted on
generated data of microextraction process; this model has
the ability to predict response at every point, even those that
have not been placed in the design. The model equation of
applied RSM is illustrated in coded forms of independent
variables in Eq. (2):

R ¼ þ16:91þ 1:01X 1 þ 0:28X 2 þ 0:38X 3

þ 1:35X 4−1:10X 1X 2−0:22X 1X 3

þ 0:12X 1X 4 þ 0:16X 2X 3 þ 0:071X 2X 4

þ 0:067X 3X 4−1:88X 2
1−1:68X

2
2−2:08X

2
4

ð2Þ

Table 1 The independent variables and their levels selected for central
composite design

Independent variables Variable levels

−2 −1 0 +1 +2

X1, temperature (°C) 30 35 40 45 50

X2, extraction time (min) 5 8.75 12.50 16.25 20

X3, stirring rate (rpm) 100 250 400 550 700

X4, salt (g) 0 0.75 1.5 2.25 3

Table 2 Analysis of variance
(ANOVA) for response surface
quadratic model

X1=temperature, X2=time, X3=
stirring rate, X4=salt amount
aDegrees of freedom
bTest for comparing model vari-
ance with residual (error)
variance
cProbability of seeing the ob-
served F value if the null hy-
pothesis is true

Source Sum of squares dfa Mean square F valueb p value cprob>F

Model 262.90 14 18.78 19.94 <0.0001 Significant
X1 16.71 1 16.71 17.75 0.0008

X2 1.34 1 1.34 1.42 0.2521

X3 2.39 1 2.39 2.54 0.1319

X4 30.13 1 30.13 32.00 <0.0001

X1X2 19.43 1 19.43 20.63 0.0004

X1X3 0.80 1 0.80 0.85 0.3722

X1X4 0.22 1 0.22 0.23 0.6369

X2X3 0.41 1 0.41 0.44 0.5179

X2X4 0.080 1 0.080 0.085 0.7749

X3X4 0.072 1 0.072 0.076 0.7866

X1
2 0.59 1 0.59 0.63 0.4406

X2
2 0.47 1 0.47 0.50 0.4897

X3
2 0.029 1 0.029 0.031 0.8636

X4
2 0.72 1 0.72 0.77 0.3947

Residual 14.12 15 0.94

Lack of fit 12.05 10 1.21 2.91 0.1247 Not significant
Pure error 2.07 5 0.41
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where R (the GC response) is the sum of relative peak areas
for extracted analytes (hexanal and heptanal) as a function
of X1 (extraction temperature), X2 (extraction time), X3

(stirring rate), and X4 (amount of NaCl).
Employing CCD in response surface methodology gave

us this opportunity to evaluate the linear, quadratic, and
interaction effects of four independent variables (extraction
temperature and time, stirring rate, and amount of salt) on
the response.

The ANOVA confirmed acceptability and qualification of
the quadratic regression model which had excellent ability
in predicting responses by considering very low probability
(p value <0.0001) of the F value 19.94. The “lack of fit
(LOF) p value” of 0.1247 indicates that the LOF is not
significant relative to the pure error.

According to ANOVA results, it can be concluded
that linear effects of extraction temperature (X1) and
amount of salt (X4) were significant on obtained re-
sponses. Additionally, the interactive effect of extraction
temperature and extraction time (X1X2) on response was
also significant.

In the plot of predicted responses versus actual re-
sponses, it is evident to see that most points of predicted
and actual values intercept in 45 °C line which demon-
strates qualification of the quadratic model for response
prediction (Fig. 1).

The objective of many experiments and empirical models
is to discover an optimum condition for obtaining the max-
imum response. In this way, response surface plots have
been applied to understand the optimum range of parameters
in regards to improving the response. The response surface

is graphed by two independent variables while the others
have been stabilized at their center points (zero levels in the
CCD matrix).

Figure 2a is the response surface plot showing the effects
of extraction temperature and time on the response at the
fixed center values for stirring rate (400 rpm) and amount of
salt (1.5 g). Among the interaction terms of extraction
parameters, the largest coefficient was dedicated to interac-
tion effect of extraction temperature and extraction time
(X1X2) in the model equation. As can be seen, the extraction
efficiency (GC response) increased with the simultaneous
increase in temperature and time up to around 45 °C and
16 min, respectively. Thus, the extraction temperature had a
positive effect on the performance of the extraction, and by
increasing the temperature from 30 to 45 °C, the response
increased due to enhancing vapor pressure of analytes.
Furthermore, temperature induces a decline in the viscosity
of the sample solution (aqueous phase) and an increase in
mass transfer from the aqueous phase to headspace; there-
fore, it resulted in enhancement of analytes absorption into
the solvent drop and induced an increase in extraction
efficiency. A slight decline occurred at a higher temperature
(above 45 °C) that could be a result of reduction in partition
coefficient of analyte between the headspace and the extrac-
tion solvent. On the other hand, we observed that when
increasing the extraction time to more than 16 min, a reduc-
tion in the volume of solvent drop occurred or the drop was
no longer touching the needle, and consequently the re-
sponse decreased. These obtained results are in agreement
with previous studies (Chaichi et al. 2012; Habibi et al.
2012; Tankeviciute et al. 2001); they have proved that

Fig. 1 The predicted responses
against the actual responses
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higher values of temperature and time resulted in a decre-
ment of extraction performance because the volume of the
extraction solvent decreased or the drop became detached
from the needle and fell down.

The combined effect of extraction temperature and stir-
ring rate on the response has been displayed in Fig. 2b,
while the extraction time and salt amount maintained a
steady position in their center points (12.5 min and 1.5 g,
respectively). As can be seen, with the concurrent increase
in extraction temperature and stirring rate, the performance

of the microextraction process was enhanced. The maxi-
mum response was obtained at 45 °C temperature and
700 rpm stirring rate. In headspace analysis, the synergistic
effect of temperature and stirring rate on increasing mass
transfer of analytes into headspace for obtaining higher
response has been confirmed (Mohammadi and Alizadeh
2006).

We observed that by increasing the stirring rate from 100
to 700 rpm, the response enhanced continuously. Based on
documented findings, it is demonstrated that using stirring
rate above 800 rpm for HS-LPME technique may result in
instability of solvent drop (Zhao et al. 2004). In our prelimi-
nary experiments, it was observed that higher stirring rate
produced turbulence in the sample solution and detaching of
the drop occurred.

The stirring of sample solution may speed up the analyte
mass transferring from the aqueous phase and creating con-
vection in the headspace. An equilibration between the
aqueous and vapor phases can be reached more quickly by
stirring the aqueous sample. In headspace sampling, it is
necessary to achieve a linear correlation between the
amounts of analytes in the sample solution and in the vapor
phase.

The response surface plot of extraction time against amount
of salt is given in Fig. 2c. This plot indicates that 16 min of
extraction time and addition of 2 g salt can provide the best
microextraction conditions to achieve a favorable response.
As can be seen, the efficiency of the extraction process in-
creases with the increase in the amount of salt up to 2 g. The
addition of salt to the sample solution can reduce the solu-
bility of analytes in the sample matrix as a result of the
salting-out effect, so more analytes can transfer into the
headspace, and the extraction efficiency can be en-
hanced greatly (Xu et al. 2007a; Zhao et al. 2004).

From the mentioned plot, it is also obvious that higher
values of NaCl (more than 2 g) bring about a decline in
extraction performance. According to Eq. 2, it can be un-
derstood that the coefficient of squared term for NaCl (X4

2)
is negative with a high level, indicating an inverse effect of
high amounts of salt on response. This event can be de-
scribed in this way that higher amounts of salt cause an
increase in viscosity of sample solution. Moreover,
dissolved ions of NaCl may make complexation with ana-
lyte molecules and induce hurdles for releasing analytes
from sample phase to headspace; eventually, a reduction in
vapor pressure of analytes in the headspace would occur.
This finding is in accordance with some published results
(Habibi et al. 2012; Xu et al. 2007a).

Based on obtained results of the optimization experi-
ments, the optimum conditions for extraction of hexanal
and heptanal from mayonnaise samples were selected as
follows: extraction temperature of 45 °C, extraction time
16 min, stirring rate at 700 rpm, and 2 g of NaCl.

Fig. 2 Obtained response surfaces of microextraction variables relying
on a central composite design: a extraction temperature vs. extraction
time (stirring rate = 400 rpm, salt = 1.5 g); b extraction temperature vs.
stirring rate (extraction time = 12.5 min, salt = 1.5 g); c extraction time
vs. salt amount (extraction temperature = 40 °C, stirring rate =
400 rpm)
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Validation of the HS-SDME Method

After optimization procedure for microextraction condi-
tions, the analytical parameters of the method (linearity,
precision, accuracy, and sensitivity) were calculated in
order to validate the usefulness of the HS-SDME/GC–MS
method for the determination of hexanal and heptanal in
oxidized mayonnaise samples. The results are displayed in
Table 3.

Nine-point calibration curves were figured by relative
peak areas of hexanal and heptanal versus their concentra-
tions over the range of 0.025–10 μg g−1. Good linearity was
found for extracted analytes with the acceptable square of
correlation coefficient (R2>0.99) (Table 3).

Repeatability was calculated from seven replicate extrac-
tions of the thermally oxidized mayonnaise sample and is
shown as relative standard deviation percentage (RSD%).
As Table 3 represents, the values of RSD were 4.04 % and
3.68 % for hexanal and heptanal, respectively.

Relative recoveries of hexanal and heptanal were obtained
by spiking four mayonnaise samples with the mixed working
solution to achieve a final concentration of 5 μg L−1 for each
aldehyde. The relative recovery of each analyte was deter-
mined for the HS-SDME procedure by comparing the amount
of analyte added to a mayonnaise sample with the concentra-
tion found after the procedure. As shown in Table 3, the values
of relative recovery using the proposed method were
107.33 % and 91.43 % for hexanal and heptanal, respectively.
A similar value has been reported for hexanal (106.6 %) in
infant formulas with HS-SPME method (García-Llatas et al.
2007), but lower value (97.37 %) for extracted hexanal from
butter samples (Panseri et al. 2011).

According to the American Chemical Society guidelines
(1980), the limit of detection (LOD) and limit of quantifi-
cation (LOQ) were defined as signal three and 10 times the
height of the noise level, respectively (MacDougall and
Crummett 1980). In this study, the calculated LOD and
LOQ (0.008 and 0.027 ng g−1, respectively) for hexanal
were lower than reported values in infant formulas, butters,
and potato crisps employing the HS-SPME technique
(García-Llatas et al. 2007; Panseri et al. 2011; Sanches-
Silva et al. 2004). The estimated LOD and LOQ for heptanal
(0.021 and 0.071 ng g−1, respectively) were also lower than
the limits obtained by Gromadzka and Wardencki (2010) for
edible oils using the SPME method (Gromadzka and
Wardencki 2010).

Comparing the results of isolation and determination of
hexanal and heptanal by applying the optimized HS-SDME
as a novel technique in this study with previous data using
the other methods (Chitsamphandhvej et al. 2008; García-
Llatas et al. 2007; Gromadzka and Wardencki 2010; Iglesias
et al. 2007; Panseri et al. 2011) indicated that the
recommended technique is similar or superior for analysis
of volatile oxidation compounds in foodstuffs (Table 4).

Application to Real Sample

With the purpose of checking the suitability of the proposed
method for measuring hexanal and heptanal as the major
volatile oxidation compounds, commercial fresh mayon-
naise samples were stored at two different temperatures (4
and 25 °C) during a 3-month storage time. Extraction was
done by HS-SDME under optimized conditions as described
above. Concentrations of hexanal and heptanal were

Table 3 Figures of merit for volatile oxidation compounds using the HS-SDME/GC–MS method

Analyte Regression equation R2 RSD (%) Recovery (%) LOD (ng g−1) LOQ (ng g−1)

Hexanal y=0.063 (±0.002)x+2.032 (±0.21) 0.992 4.04 107.33 0.008 0.027

Heptanal y=0.232 (±0.004)x+2.155 (±0.288) 0.998 3.68 91.43 0.021 0.071

y=analyte area/IS area, x=analyte concentration, R2 =square of correlation coefficient for the linear range of 0.025–10 μg g−1

Table 4 Merit figures of headspace microextraction methods for analyzing volatile oxidation compounds

Method RSD (%) Recovery (%) LOD (ng g−1) LOQ (ng g−1) Foodstuffs Ref.

HS-SPME/GC–MS 6.1–15.7 76.1–119.6 0.12–3.62 – Milk Iglesias et al. 2007

HS-SPME/GC–MS 5–14.7 54.1–116.6 0.24–6.58 – Mayonnaise Iglesias et al. 2007

HS-SPME/GC–MS 4.94 97.37 1.02 3.4 Butter Panseri et al. 2011

HS-SPME/GC–MS 2.87 – 3.63 – Infant formulas Garcia-Llatas et al. 2007

SPME/GC–MS 3.9–9.3 – 162–346 486–1,038 Edible oils Gromadzka and Wardencki. 2010

HS-SPME/GC–FID 0.5–4 77.3–80.9 <1 10 Food samples Chitsamphandhvej et al. 2008

HS-SDME/GC–MS 3.68–4.04 91.4–107.3 0.008–0.021 0.027–0.071 Mayonnaise This study
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determined with the regression equations which were ac-
quired from the calibration curves. Analysis of each may-
onnaise sample was done in triplicate and results expressed
as average values. The analytical results, verified by stan-
dard addition method, are represented in Table 5.

According to the obtained results, the concentration of
hexanal was higher than heptanal in mayonnaise samples.
The mayonnaise samples that were stored at 25 °C
showed higher amounts of hexanal and heptanal during
storage time. In this study, the levels of hexanal in
mayonnaise stored at 25 °C ranged between 915 and
3,990 ng g−1, while Panseri et al. reported lower levels
of hexanal in butter samples stored at 4 °C during
6 months of storage (15.12–86.25 ng g−1) (Panseri et
al. 2011). Amounts of heptanal in mayonnaise stored at

4 °C were in the range of 360–1,054 ng g−1; similar
amounts of heptanal (190–720 ng g−1) were reported for
fried pork skin (Capmoo) during 14 weeks of storage in
their study (Chitsamphandhvej et al. 2008).

These results confirmed that HS-SDME/GC–MS is a
reliable and sensitive method for monitoring hexanal and
heptanal at very low concentrations in a commercial may-
onnaise. The obtained chromatogram by HS-SDME/GC–
MS method under SIM mode for a mayonnaise sample is
shown in Fig. 3, which demonstrates good separation with-
out presence of sample-matrix interference. Peak splitting
was clearly observed in hexanal and heptanal peaks. This is
probably due to the formation and partial separation of
hexanal and heptanal isomers in oxidized mayonnaise
samples.

Table 5 Analytical results of
hexanal and heptanal (average ±
standard deviation) in mayon-
naise samples stored at 4 and
25 °C during 3-month storage
time

a±Standard deviation (n=3)

Storage Concentration of volatile oxidation compounds (VOCs) in mayonnaise

Hexanal (ng g−1) Heptanal (ng g−1)

Mayonnaise 25 °C Mayonnaise 4 °C Mayonnaise 25 °C Mayonnaise 4 °C

Month 0 1,363±39.5a 1,194±68.7 420 ± 13.9 399±16.9

Month 1 2,428±21.7 1,534±34.9 667±20 532±19

Month 2 3,990±224.3 3,600 ± 128.9 1,054±50.4 974±26.8

Month 3 1,450±83.7 915±21 360±22.8 407±18.7

Fig. 3 A selected ion monitoring (SIM) chromatogram resulted from
HS-SDME/GC–MS for a mayonnaise sample based on optimum
microextraction conditions. Peaks: IS internal standard, 1 hexanal, 2

heptanal. The m/z chosen were 56 and 57 for hexanal and 55 and 70 for
heptanal, respectively
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Conclusion

In the present study, a rapid, simple, sensitive, and reliable
headspace microextraction technique was developed and
validated for the determination of hexanal and heptanal as
lipid oxidation products in commercial mayonnaise.
Optimization of microextraction variables was done by
RSM using central composite design to achieve maximum
efficiency of the extraction method. The ANOVA deter-
mined the interactive and quadratic effects of variables
when choosing the most efficient microextraction conditions
with the least experiments and amount of time. Minimal
consumption of organic solvent (about 3 μL per sam-
ple), integration of sample preparation and extraction
into a single step, simple analysis procedure, no inter-
ference of sample matrix, and high sensitivity (lower
values of LOD and LOQ) with good precision and
accuracy are the main highlighted properties of the
HS-SDME/GC–MS method as a good alternative for
other headspace analytical techniques. The results
obtained in this study confirmed the capability of HS-
SDME coupled with GC-MS for extracting and quanti-
fying hexanal and heptanal in mayonnaise.
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