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Abstract The study deals with the optimization of reverse-
phase HPLC separation of cis-/trans- isomers of long-chain
unsaturated fatty acids by the assessment of the central com-
posite design (CCD) of response surface methodology
(RSM). The optimized conditions were also applied for the
analysis of fatty acids in functional cold-pressed oils. The data
obtained from experimental applications of CCD was used to
model the parameters that significantly affect separations. The
independent variables chosen were flow rate (X1), column
temperature (X2), and acetonitrile content in mobile phase
(X3). A second-order polynomial model was used to estimate
the impact of variables on separation efficiencies of the C30
and C18 stationary phases. The proposed CCD models were
also validated with the ANOVA. The predicted values were in
good agreement with experimental data, advising expert ap-
plication of CCD as an option to obtain maximum information
for the modeling of reverse-phase HPLC separation with little
number of experiments. The optimal values of method param-
eters for the efficient C18 and C30 column separations as part
of the k′ response value were found to be flow rate of 1.10 and
0.42mLmin−1, temperature of 3.6 and 9.4 °C, and acetonitrile
content in mobile phase of 100 and 77.4%, respectively.
ANOVA test results also illustrate that the CCD models can

be successfully used to predict the optimum method parame-
ters. To maximize both sensitivity and precision of the
methods, the validation procedure was also performed and
the higher correlation coefficients (r = 0.9149–0.9993) were
determined for all fatty acid methyl esters. Thus, the proposed
experimental designs were shown to offer considerable advan-
tages over traditional method optimization approaches.

Keywords Unsaturated fatty acids . Central composite
design . Optimization . Reverse-phaseHPLC

Introduction

Fatty acids (FAs) are the main components of most naturally
occurring lipids in both animals and plants. Being part of
almost all lipid molecules, FAs play crucial roles in living
organisms (Lima and Abdalla 2002; Chen and Chuang
2002; Makahleh et al. 2010). The FA contained in natural
samples are generally composed of a mixture of saturated
and unsaturated FAs in cis- or trans- forms, with chain lengths
varying from 4 to 28 carbon atoms. The variety of chain
length, degree of unsaturation, geometry, and position of dou-
ble bonds render their composition the most descriptive char-
acteristic of these lipids and their origin (Ruiz-Rodriguez et al.
2010; Li et al. 2011). Hence, the analysis of FA profiles is of
great importance in the control of industrial products, medical
diagnostics, and testing of purity, origin, or shelf life studies
(Makahleh et al. 2010; Bravi et al. 2006).

Due to the excellent separation power, chromatographic
techniques are capable of quantitatively analyzing FAs for fats
and oils, and have been in use for many decades. Most com-
monly used chromatographic techniques for the determination
of FA compositions are gas chromatography (GC) and high-
pressure liquid chromatography (HPLC) (Chen and Chuang
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2002; Makahleh et al. 2010; Ruiz-Rodriguez et al. 2010; Li
et al. 2011; Bravi et al. 2006; Bailey and Southon 1998). GC
has been the method of choice for separation and quantification
of FAs for a long time, usually after their derivatization. The use
of modern GC systems coupled with a flame ionization (FID)
or mass detector (MS) provides a high resolution for FA anal-
ysis (Rioux et al. 1999; Gutnikov 1995; Lacaze et al. 2007).
However, GC methods have some inherent limitations for FA
analysis. The first limitation is losing short-chain FAMEs when
refluxing the esterification medium due to their volatile proper-
ties. The second significant limitation is problems result from
potential thermal degradation and structural alteration of poly-
unsaturated FAs during their translation to methyl esters. The
most important limitation is impeding the FAs’ recovery for
further analysis because the FID or MS detection destroys.
The HPLC analysis of FAs, therefore, offers valuable opportu-
nities to GC analysis for accurate quantitative analysis where
authentication of peak characteristics is required (Chen and
Chuang 2002; Gutnikov 1995; Molnár-Perl 2000).

A great advantage of HPLC methods over GC methods is
that the eluted FAs are not destroyed during their detection. So,
HPLC methods make possible the collection of desired frac-
tions of FAs for further analysis (Lima and Abdalla 2002;
Ruiz-Rodriguez et al. 2010; Wang et al. 2009; Wu et al.
2016). HPLC methods also enable the lower temperature ap-
plication during analysis, which reduces the risk of isomeriza-
tion of unsaturated FAs, and they offer the advantages of speed,
resolution, high sensitivity, and specificity (Obert et al. 2007;
Funazo et al. 1989). In HPLC, to improve the ultraviolet or
fluorescence detectability of weakly chromophoric FAs, deriv-
atization with sensitive chromophoric groups (naphthacyl es-
ters, nitrobenzyl, and naphthaliminoethyl esters, or phenacyl,
phenylazophenacyl, and methyl esters) has been used (Rioux
et al. 1999; Obert et al. 2007; Funazo et al. 1989; Yasaka et al.
1990; Wood and Lee 1983; Vioque et al. 1985; Aveldano et al.
1983; Mansour 2005). The more frequently used methyl ester
derivatization procedure enhanced the sensitivity enough to
allow the detection of FAs. Due to the chemical characteristics
of FAs, the majority of FA derivative separations by HPLC are
reverse-phase (RP) systems. In RP-HPLC mode, both the re-
tention and the selectivity increase as the alkyl chain of the
bonded phase is lengthened (Wu et al. 2016; Mansour 2005;
Christie et al. 2007). In addition to RP-HPLC, other modes of
liquid chromatography such as argentation (Ag+-HPLC) and
ion-pair liquid chromatography (IP-HPLC) have also been
widely applied for the analysis of specific FAs (Winkler and
Steinhart 2001; Adlof 2004; Villegas et al. 2010; Delmonte
et al. 2008; Tsuyama et al. 1992). Until now, the RP-HPLC
in isocratic mode is still the most commonly used technique for
HPLC of FAs. However, gradient elution which offers a supe-
rior dynamic range than that of isocratic elution has become
popular for separating different groups of FAs. Although
these methods are particularly suitable for the separation of

cis-/trans- isomers, simultaneous separation of FAs with dif-
ferent chain lengths and unsaturation in addition to cis-/trans-
isomers is difficult (Lima andAbdalla 2002; Chen and Chuang
2002; Makahleh et al. 2010; Bravi et al. 2006; Rioux et al.
1999). In this regard, there is a great need for improving
reverse-phase separation of FAs, which can also make possible
the recovery of each FA’s fraction for further analyses.

The present study deals with improving the separation,
identification, and quantification of cis-/trans- isomers of
long-chain unsaturated FAs in the RP-HPLC mode. The study
involves the detailed optimization study of most effective
method parameters such as %acetonitrile content in mobile
phase, temperature, and flow rate by the evaluation of the
response surface methodology (RSM) based on central com-
posite design (CCD). It is well known that the CCD has sev-
eral advantages over the classical Bone-factor-at-a-time opti-
mization experiments,^ since the factors involved in an exper-
iment are being simultaneously altered. Therefore, by
performing fewer experiments, the CCD provides more infor-
mation along with individual as well as interactive effect of all
the experimental parameters involved in the study (Walia et al.
2015; Lee et al. 2015; Ahmed et al. 2011; Trevisan and Arêas
2012). The optimized and validated conditions were also ap-
plied for the analysis of FAs in functional cold-pressed oils
after the fatty acid methyl ester derivatization procedure.

Experimental

Chemicals, Standards, and Samples

HPLC-grade acetonitrile and methanol were purchased from
VWR International (Poole, UK) and Sigma-Aldrich (St.
Louis, USA). Deionized water (> 18 MΩ cm) was obtained
from aMilli-Q system (Millipore, Brussels, Belgium). All other
chemicals and reagents were of analytical grade and obtained
from Sigma-Aldrich (St. Louis, USA) and Merck (Darmstadt,
Germany). The certified fatty acid (FA) reference material,
Supelco 37 Component FAME Mix, was obtained from
Sigma-Aldrich (St. Louis, USA). A total of 14 cold-pressed
oil samples [walnut oil (WO), black seed oil (BSO), pumpkin
seed oil (PSO), poppy seed oil (PO), safflower oil (SFO), hemp
oil (HO), wheat germ oil (WGO), linseed oil (LSO), pomegran-
ate seed oil (PGSO), grape seed oil (GSO), coriander oil (CO),
sesame oil (SSO), fig seed oil (FSO), and nettle seed oil (NSO)]
were purchased from local drugstores in Konya, Turkey.

Derivatization of Fatty Acids

Stock solutions of fatty acid methyl ester standards were pre-
pared in acetonitrile at a concentration of 0.2 μg μL−1 and
stored at −20 °C before analyses. The injection volumes
of standards and samples were changed from 5 to 45 μL in
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order to obtain the appropriate concentrations. FAs of cold-
pressed oils were converted to fatty acid methyl ester (FAME)
derivatives before analysis, and their relative content was cal-
culated as a percentage of the total FAs. FAMEswere prepared
according to the Annex XA of EEC 2568/91 procedure by
some modifications (EEC 2568/91 1991). Briefly, 0.01 g of
the oil sample was weighed into a centrifuge tube and dis-
solved in 10 mL of acetonitrile. Then, 0.10 mL of 2 N potas-
sium hydroxide solution prepared by methanol was added and
the tube was shaken for 60 s. This solution was subjected to
centrifugation for 5 min at 4000 rpm, and the upper layer of
t h e s amp l e w a s f i l t e r e d t h r o u g h a 0 . 4 5 -μm
polytetrafluoroethylene membrane filter. The solutions were
transferred to a HPLC vial to determine the fatty acid profiles
of cold-pressed oils.

Instrumentation

The fatty acid composition analyses were performed on the
Agilent 1200 Series HPLC system (Agilent Technologies Inc.,
USA) consisting of a G1311A model quaternary pump, a
G1328B model standard auto-sampler, a G1316A model
thermostatted column compartment, and a G4212B model
photodiode array detector (DAD). Different lengths of flexible
peek tubing and connection components were used to provide
connections among the system parts. The system was con-
trolled by Agilent Chemstation 2001 software, and data were
recorded using a data processor.

The analyses were performed by using Develosil C30
(250 × 4.6 mm, 5 μm; Phenomenex Inc., USA) and Nova-
Pak C18 (150 and 300 × 3.9 mm, 4 μm in series; Waters Inc.,
USA) stainless-steel columns. The mobile phases were
acetonitrile/water (A) and acetonitrile (B) used through the
following gradient: 0–25 min: acetonitrile/water and 25–
110 min: acetonitrile, was optimized according to the central
composite design (CCD) study (Mansour 2005). Also, the
temperature of the column compartment and flow rate param-
eters were optimized as reported in BResponse Surface
Methodology Study Based on Central Composite Design.^
The optimum injection volume of cold-pressed oil samples
was 25 μL, and injections were carried out at least three times.
The derivatives were detected spectrophotometrically at 200
and 210 nm using a photodiode array detector. Detection of
the FAs was accomplished by comparing retention times with
that of approved commercial standards of FAME, and results
were calculated as percentage of FAs.

System Validation

Based upon International Conference on Harmonization (ICH)
principles of validation (Validation of analytical procedures
2005), the data was validated using optimized method

conditions. The most significant parameters, system suitability,
precision, linearity, and accuracy, were assessed.

Response Surface Methodology Study Based on Central
Composite Design

In response surface methodology (RSM), the most commonly
used experimental design to assess a second-order polynomial
estimate of response in a particular region is a CCD. The CCD
can be used to optimize the chromatographic separation of
long-chain fatty acid isomers and to assist the development
of better understanding of interactions between several exper-
imental factors affecting separation quality. In this study, im-
portant experimental parameters of the RP-HPLC/DADmeth-
od were optimized by the evaluation of CCD. The selection of
these factors was made on the preliminary experimental stud-
ies and prior researches from literature as well as system lim-
itations, such as pressure, temperature,... etc. The factors se-
lected for optimization were flow rate (mL min−1) (X1), tem-
perature (°C) (X2), and acetonitrile content in mobile phase
(%acetonitrile) (X3). Each factor was studied at five levels
(−1.68, −1, 0, +1, +1.68) and the range and levels of these
variables are presented in Table 1.

A total of 23 experiments, 14 possible combinations of both
independent factors and 9 central points, were performed.
RSM calculations were performed using the experimental de-
sign matrixes generated by Excel database (Microsoft, 2010)
and Design-Expert v9 (Stat-Ease Corporation, USA). The re-
sponse surface plots were also originated using MATLAB
R2007b (MathWorks, USA) software. The relationship be-
tween the responses and levels of each factor could be illus-
trated by expressing the second-order polynomial equations
via the figure of three-dimensional (3D) surface plots.

Method Validation

The validation of the method was performed and calibration
data including retention time, linearity with the correlation
coefficient of the calibration curves, limits of detection
(LOD) and quantification (LOQ), and precision as a relative
standard deviation (RSD) were presented. The validation pro-
cedure was performed for both stationary phases, Develosil
C30 and Nova-Pak C18 columns, by using optimized param-
eters. The validation experiments were performed in 5 days
(n = 5), and recovery studies were performed at three different
mass fraction levels. The calibration was carried out by
injecting the set of FAME standards in triplicate, on each
day (n = 5). Calibration curves were created by plotting the
peak area versus the mass fraction ratios for detected fatty
acids. Stock solutions of FAME standards were prepared in
acetonitrile at a concentration of 0.2 μg μL−1, and the injec-
tion volumes of standards were changed at five different target
mass fraction levels from 5 to 45 μL. The values were selected
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taking into account both the method sensitivity and different
fatty acid contents for refined or cold-pressed oils. The linearity
of each calibration curve was estimated by the residual plots
and calculation of the correlation coefficients. To calculate the
LOD and LOQ of the proposed methods, on each of the 5 days
of the validation, FAME standards were spiked at a level relat-
ed to the lowest point of the calibration curve. LOD and LOQ
values were calculated as 3 and 10 times, and the standard
deviation of the signal was declared in absorbance units.

Statistical Analysis

The software used for data acquisition was Agilent Chemstation
2001. The software MATLAB R2007b (MathWorks, USA),
Design-Expert v9 (Stat-EaseCorporation,USA), Excel database
(Microsoft, 2010), and OriginPro 8 (OriginLab, USA) were ap-
plied to design and analyze the data. Analysis of variance,
ANOVA, was used to assess the statistical significance and val-
idation of models via Design-Expert v 10 and Excel database.
The relationships between the response values and coded level
variables could be demonstrated by expressing the polynomial
equations and 3D surface plots.

Results

Optimization by Response Surface Methodology (RSM)
Based on Central Composite Design (CCD)

The optimization study by using RSM based on the CCD was
employed for identifying the simple and interactive effects of
experimental variables of RP-HPLC/DAD for separation of
FAs. The proposed optimization methodology comprises the
following five major steps: (i) performing the statistically de-
signed experiments, (ii) estimating the coefficients in second-
order polynomial mathematical models, (iii) predicting the
response values and comparing these values with experimen-
tal data, (iv) visualizing of the inter-relationships between fac-
tors via response surface plots, and (v) validating the proposed
model statistically (Brereton 1997; Lundstedt et al. 1998).

In the present study, by using the Bone-factor-at-a-time
approach,^ the preliminary experiments were performed to
achieve a more realistic CCD model (data not presented).
Based on these experiments, three independent variables were

chosen for the CCD optimization study and the variables were
set within the limit values given in Table 1. CCD includes the
planer full factorial design (FFD) along with an additional
central point in such a way that 2f = N (f = number of fac-
tors/variables). In this way, CCD is composed of 2f + 2f + 1
experiments along with some additional central points (n = 7)
to guess the experimental error. A total of 23 experiments
were performed; response values (Rs, N, α, and k′ values)
are the mean value of three results, and relative standard de-
viation (RSD %) is lower than 0.5 (Tables 2 and 3).

Tables 2 and 3 present the factorial design matrix along
with response values related to the tested variables on RP-
HPLC/DAD of FAs for Develosil C30 and Nova-Pak C18
columns, respectively. The results obtained from the CCD
were also fitted with a second-order polynomial expression
model with linear, polynomial, and cross terms. This model
can be described as Eq. (1):

y ¼ β0 þ β1 � X 1 þ β2 � X 2 þ β3 � X 3 þ β11 � X 1
2 þ β22

� X 2
2 þ β33 � X 3

2 þ β12 � X 1 � X 2 þ β13 � X 1 � X 3

þ β23 � X 2 � X 3 þ β123 � X 1 � X 2 � X 3 ð1Þ

where y represents the response value; β0 is a constant which
shows where the line intersects the y-axis and allows the av-
erage impact of the factors; β1, β2, and β3 are regression co-
efficients; and β12, β13, β23, and β123 are the regression coef-
ficients for the interaction of variables (Brereton 1997). Thus,
this model has been utilized to find out the way in which the
factors should be varied to optimize the RP-HPLC/DAD pa-
rameters for long-chain FA separation. In this direction, by
using the response values (Rs, N, α, and k′ values) and the
coded values, an empirical relationship between the response
and independent variables was achieved and the obtained co-
efficients were expressed by the second-order polynomial
equations. To evaluate the outcome of CCD experiments, the
Rs, N, α, and k′ values of certain peaks (FAME C22:6 and
C18:3) were used (Coleman et al. 2001).

Optimum Conditions for Reverse-Phase Develosil C30
HPLC Column

A number of reverse-phase HPLC methods have been report-
ed for the separation of cis-/trans- isomers of long-chain

Table 1 Coded and actual levels
of variables for CCD matrix Factors (variables) Symbol, Xi Levels of the factors

−1.68 −1 0 +1 +1.68

Flow rate (mL min−1) X1 0.332 0.4 0.5 0.6 0.668

Column temperature (°C) X2 6.6 10 15 20 23.4

ACN content in mobile phase (%) X3 66.6 70 75 80 83.4
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unsaturated FAs. They are mostly based on C18 columns
and various solvent systems, including acetonitrile
(Juanéda 2002; Christie et al. 2007), acetonitrile/water
(Mansour 2005), methanol/water (Bravi et al. 2006), aceto-
nitrile/dichloromethane/propionitrile (Rezanka 2000a, b),
and others. Most of the methods use acetonitrile in the mo-
bile phase, which makes them potentially appropriate for
the layout of the double bonds (DBs). Thus, we have im-
proved the separation, identification, and quantification of
cis-/trans- isomers of long-chain unsaturated FAs in RP-
HPLC mode by using two kinds of column, Develosil C30
(25 cm × 0.46 cm, 5 μm) and Nova-Pak C18 (15 and
30 cm × 0.39 cm, 4 μm in series) stainless-steel columns.
The detailed optimization study for most effective method
parameters was performed, by the evaluation of RSM based
on the CCD. The separations were optimized using a standard
containing 37 unsaturated FAMEs with an even and odd num-
ber of carbons and up to 6 double bonds.

Four important chromatographic parameter Rs,N, α, and k′
were selected as a response value in proposed models. By
using this response and the coded values, an empirical rela-
tionship between the response and independent variables was
attained. The obtained coefficients for each response value by
using the Develosil C30 column were described by the fol-
lowing second-order polynomial Eqs. (2–5).

y ¼ Rs value ¼ 0:995293398−0:235034648

� X 1−0:478877069 � X 2−0:061695617

� X 3 þ 0:206385561 � X 1
2

þ 0:141172551 � X 2
2 þ 0:103350324

� X 3
2−0:119916828 � X 1 � X 2

þ 0:085243383 � X 1 � X 3

þ 0:001373215 � X 2 � X 3

þ 0:043530492 � X 1 � X 2 � X 3 ð2Þ

y ¼ N value ¼ 120; 065:6204þ 26; 995:57957 � X 1

þ 26; 661:95359 � X 2−3088:305738 � X 3

þ 10; 626:96531 � X 1
2 þ 13; 492:92659

� X 2
2 þ 273:7174098 � X 3

2

þ 36; 993:94385 � X 1 � X 2

þ 25; 438:97429 � X 1 � X 3

þ 10; 571:13331 � X 2 � X 3

þ 21; 448:06637 � X 1 � X 2 � X 3 ð3Þ

y ¼ α value ¼ 1:014991722−0:004860423

� X 1−0:008358815 � X 2−0:000132047

� X 3 þ 0:003149595 � X 1
2

þ 0:001805005 � X 2
2 þ 0:002216149

� X 3
2−0:002930107 � X 1 � X 2

þ 0:000206191 � X 1 � X 3

þ 7:17856E−05 � X 2 � X 3−6:65288E−05

� X 1 � X 2 � X 3 ð4Þ

y ¼ k
0
value ¼ 3:469368711þ 0:242571715 � X 1

þ 0:084514934 � X 2 þ 0:068655387

� X 3−0:025466158 � X 1
2−0:04464955

� X 2
2−0:114823422 � X 3

2

þ 0:229502131 � X 1 � X 2−0:052153639

� X 1 � X 3−0:000577329 � X 2 � X 3

þ 0:011520223 � X 1 � X 2 � X 3 ð5Þ

To compute the coded optimum points from the proposed
model, the partial derivatives of this model were taken to zero,
and by executing the matrix functions for each response value,
the obtained optimum values were X1 (flow rate) = 1.27, X2

(temperature) = 2.24, and X3 (%ACN content) = −0.24 for the
Rs response value;X1 = 1.31, X2 = −3.30, and X3 = 3.60 for the
N response value; X1 = 2.98, X2 = 4.74, and X3 = −0.19 for the
α response value; and X1 = −0.81, X2 = −1.13, and X3 = 0.48
for the k′ response value. Afterwards, these coded values were
converted to actual values which correspond to X1 (flow
rate) = 0.63 mL min−1, X2 (temperature) = 26.2 °C, and X3

(%ACN content) = 73.8% for the Rs response value;
X1 = 0.63 mL min−1, X2 = 1.15 °C, and X3 = 93.0% for the
N response value; X1 = 0.80 mL min−1, X2 = 38.7 °C, and
X3 = 74.1% for the α response value; and X1 = 0.42mLmin−1,
X2 = 9.4 °C, and X3 = 77.4% for the k′ response value
(Table 4).

The impacts of the three different variables on response
values for the Develosil C30 RP-HPLC column were visual-
ized in 3D response surface plots (Fig. 1 and Supplementary
Fig. 1), which show the interactive effects of two factors on
chromatographic separation parameters. From the 3D re-
sponse surface plots, the optimal values of the independent
variables could be monitored, and the interaction between
the pair of each independent variable can be simply under-
stood. It can be revealed from Fig. 1 that the k′ response value
varies considerably with the variation of each variable in its
range with non-linear relationship between response and
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Table 4 Optimum coded and actual values of the RP-HPLC/DAD method for responses

Factors Optimum coded and actual values of the RP-HPLC/DAD method for responses

Rs N α k′

Coded Actual Coded Actual Coded Actual Coded Actual

Nova-Pak C18
column

Flow rate (mL min−1), X1 3.20 0.82 mL min−1 2.81 0.78 mL min−1 2.09 0.71 mL min−1 5.97 1.10 mL min−1

Temperature (°C), X2 5.28 41.4 °C −2.12 4.4 °C 2.73 28.7 °C −2.29 3.6 °C

ACN in mobile phase (%), X3 −1.41 67.9%ACN −2.06 64.7%ACN −1.06 69.7%ACN 5.23 101.2%ACN

Develosil C30
column

Flow rate (mL min−1), X1 1.27 0.63 mL min−1 1.31 0.63 mL min−1 2.98 0.80 mL min−1 −0.81 0.42 mL min−1

Temperature (°C), X2 2.24 26.2 °C −3.30 1.5 °C 4.74 38.7 °C −1.13 9.4 °C

ACN in mobile phase (%), X3 −0.24 73.8%ACN 3.60 93.0%ACN −0.19 74.1%ACN 0.48 77.4%ACN

RSM graphs for the optimization of RP-HPLC/DAD separations by Develosil C30 column

a b

c d

%ACN & column temperature (response; k') flow rate & column temperature (response; k')

flow rate & %ACN (response; k') Normal probability of internally studentized residuals (response; k')

Fig. 1 RSM graphs for the optimization of RP-HPLC/DAD separations
byDevelosil C30 column on k′ response value estimated from the CCD by
plotting of (a) %ACN content versus temperature, (b) temperature versus

flow rate, (c) flow rate versus %ACN content (d) normal probability of
internally studentized residuals
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variables as the surface plots illustrate the curves.
Figure 1a illustrates the variation in response to the
change of %acetonitrile content in mobile phase (66.6–
83.4%) and column temperature (6.6–23.4 °C); it reveals
a trend in which with the increasing %acetonitrile content
and temperature the response value increases and reaches
its maximum at %acetonitrile 77.4% (code +0.48) and
temperature 9.4 °C (code −1.13) and again decreases with
the increase in values of corresponding variables. These
findings can be described by the fact that, at low acetoni-
trile content of the mobile phase, the migration rate of
FAs on a column takes a very long time, and thus, there
is a greater possibility for FA isomer separation, while at
77.4% acetonitrile, the separation of FAs reaches the de-
sired condition; hence, any further increase in acetonitrile
causes a decrease in separation efficiency. On the other
hand, the shape of the horizontal oval seems to be on
center (Fig. 1a) which reveals that the acetonitrile content
in the mobile phase and temperature have an equal effect
on the k′ response value. Whereas, Fig. 1b presents the
effect of column temperature and flow rate of the mobile
phase on the k′ response value which represents the in-
crease in the k′ response value with temperature and
reaches the maximum point at temperature 23.4 °C (code
+1.68) and decreases with a decrement in temperature,
whereas with the increase in flow rate, the k′ response
value also increases and becomes maximum at
0.668 mL min−1 (code +1.68) and decreases with a dec-
rement in temperature between variables. These results
can be explained by the fact that the separation of FAs
has an identical effect on the k′ response value and the
retention factor of FA isomers is considerably affected by
both variables. Figure 1c illustrates the effect of %aceto-
nitrile content in mobile phase and flow rate on the k′
response values which represent the increase in response
value with temperature and reaches the maximum point at
%acetonitrile content 77.4% (code +0.48) and decreases
with any further change in acetonitrile, whereas with the
increase in flow rate, the response value also increases
and becomes maximum at 0.42 mL min−1 (code −0.81)
with no significant effect between mentioned variables.

The effects of experimental factors were also adopted to
evaluate the adequacy of the preferred CCD model. To eval-
uate the effects of the flow rate of the mobile phase, temper-
ature, and acetonitrile content in the mobile phase, normal
probability plots were drawn and given in Fig. 1 and
Supplementary Fig. 1.

The elution order of the FAMEs on the Develosil C30
column used in this study was not much different from that
known for the shorter-chain C18 columns (Fig. 2) (Bravi et al.
2006; Juanéda 2002; Rezanka 2000a, b). As can be seen from
Fig. 2b, the retention time increased with the chain length
and decreased with the increasing number of double bonds.

The isomers varying in the DB geometry, such as C18:1n−9c/
C18:1n−9t; C18:2n−6cc/C18:2n−6tt, separated from each
other; the cis-isomers had lower retention times. The isomers
differing in the positions of the DBs such as C18:3n−3/
C18:3n−6; C20:3n−3/C20:3n−6 were also separated, but with
lower resolution.

Optimum Conditions for Reverse-Phase Nova-Pak C18
HPLC Column

ACCD optimization study was also performed (Table 1) for
the Nova-Pak C18 HPLC column, which is known to pro-
vide an excellent resolution for lipids (Kofroňová et al.
2009; Lísa and Holčapek 2008; Vrkoslav et al. 2010).
When compared to the chromatographic performance with
a C30 column, C18 systems were roughly equally efficient
and provided symmetrical peaks (Fig. 2). However, the C30
column offered a substantially better resolution of the
FAME peaks; the FAMEs eluted in 15 peaks within
65 min (Fig. 2). The alteration of the column temperature
selectivity is another way to affect chromatographic sepa-
rations; thus, we attempted to get better peak-to-peak reso-
lution of FAME isomers using the Nova-Pak C18 column
(Fig. 3). It is well known that the retention of compounds in
chromatography columns varies with changed column tem-
peratures, and the retention time of FA peaks is highly de-
creased with an increment in the column temperature. Thus,
the excellent isomeric separation of FA isomers and an im-
provement for the Nova-Pak C18 column were observed at
lower-column-temperature applications.

The separations were optimized using a mix of the un-
saturated FAME standards, and the coded values, an empir-
ical relationship between the response and independent var-
iables was also attained by using the Rs, N, α, and k′ re-
sponse values. The obtained coefficients for each response
values were described by the following second-order poly-
nomial Eq. (6–9).

y ¼ Rs value ¼ 1:905921078−0:331056873

� X 1−0:435111891 � X 2−0:1839091

� X 3 þ 0:093679881 � X 1
2

þ 0:076066281 � X 2
2 þ 0:072492411

� X 3
2−0:066824019 � X 1

� X 2−0:059342459 � X 1 � X 3

þ 0:109506802 � X 2 � X 3

þ 0:082784886 � X 1 � X 2 � X 3 ð6Þ
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y ¼ N value ¼ 144; 937:3947−6190:14752

� X 1−9191:679909 � X 2−34; 563:43978

� X 3−1823:230921 � X 1
2 þ 1890:003777

� X 2
2−2466:691104 � X 3

2

þ 190:9785404 � X 1 � X 2−5466:274231

� X 1 � X 3−4074:348497 � X 2

� X 3−322:7036346 � X 1 � X 2 � X 3 ð7Þ

y ¼ α value ¼ 1:026902511−0:005069786

� X 1−0:005305839 � X 2 þ 0:001092383

� X 3 þ 0:001804188 � X 1
2

þ 0:001805005 � X 2
2 þ 0:002121993

� X 3
2−0:001221817 � X 1

� X 2−0:000799308 � X 1 � X 3

þ 0:001863543 � X 2 � X 3 þ 0:00127256

� X 1 � X 2 � X 3 ð8Þ

y ¼ k
0
value ¼ 3:246366623þ 0:342644715

� X 1−0:000174387 � X 2 þ 0:069340864

� X 3−0:040455322 � X 1
2−0:008828491

� X 2
2−0:075097318 � X 3

2

þ 0:102693343 � X 1 � X 2 þ 0:071919692

� X 1 � X 3−0:124981842 � X 2

� X 3−0:114869713 � X 1 � X 2 � X 3 ð9Þ

To calculate the coded optimum points from the proposed
model, the partial derivatives of this model were taken to zero,
and by executing the matrix functions for each response value,
the obtained values for the Nova-Pak C18 column are given in
Table 5. The effects of the three different variables on the
response values for the Nova-Pak C18 RP-HPLC column
were visualized in 3D response surface plots (Fig. 4 and
Supplementary Fig. 2). To evaluate the effects of experimental
factors, normal probability plots were also drawn and given in
Fig. 4 and Supplementary Fig. 2.

Figure 4a presents the effect of %acetonitrile content and
temperature on the k′ response values which represent the
increase in response value with temperature, and arrive

Fig. 2 Comparison of the Develosil C30 and Nova-Pak C18 column separations for the FAME-37 standard mixture
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at the maximum point at %acetonitrile content 101.2%
(code +5.23) and decreases with any further change in ace-
tonitrile, whereas with the increase in temperature, the re-
sponse value also increases and becomes maximum at
3.6 °C (code −2.29) without any significant effect between

revealed variables. These can be expressed by the fact that
at low %acetonitrile content of the mobile phase, the elution
of FAs takes a long time, and therefore, there is a greater
possibility for separation. Besides, the shape of the horizon-
tal oval seems to be on the cross corners of the graph which

Fig. 3 RP-HPLC/DAD chromatograms of the FAME-37 standard mixture separated using Nova-Pak C18 column by using different column
temperature applications

Table 5 ANOVA test for validating and confirming the studied CCD model for the k′ response value

Nova-Pak C18 column ANOVA test for validating and confirming the experimental design model for k′ response value

Degree of freedom Sum of squares Mean squares Fexperimental P value

Model 9 2.1396 0.2377 17.37* P < 0.0001

Residual 13 0.1779 0.0137 F value > F critical
Lack of fit 5 0.1469 0.0294

Pure error 8 0.0310 0.0039

Total 22 2.3175

P = 0.05; df1/df2 = 9/13Fcritical = 2.71*

Develosil C30 column ANOVA test for validating and confirming the experimental design model for k′ response value

Degree of freedom Sum of squares Mean squares Fexperimental P value

Model 9 1.6577 0.1842 4.39* P < 0.05

Residual 13 0.5450 0.0419 F value > F critical
Lack of fit 5 0.5140 0.1028

Pure error 8 0.0310 0.0039

Total 22 2.2028

P = 0.05; df1/df2 = 9/13Fcritical = 2.71*
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reveals that the variables have an equal effect on the re-
sponse. Figure 4b illustrates the impact of temperature
and flow rate variables on the k′ response value, which
represents the increase in the response value with tempera-
ture and reaches to a maximum point at temperature 27.7 °C
(code +1.68) and decreases with a decrement in tempera-
ture, while with the increase in flow rate, the k′ response
va lue a l so inc reases and becomes maximum at
1.10 mLmin−1 (code +5.97). These results can be explained
by the fact that the separation of FAs has an identical effect
on the k′ response value and the retention factor of FA
isomers is considerably affected by both variables. Also,
Fig. 4c presents the effect of %acetonitrile content and flow
rate on the k′ response value which represents the increase

in response value with temperature and reaches the maxi-
mum point at %acetonitrile content 101.2% (code +5.23)
and decreases with any further alteration in acetonitrile.
With the increase in flow rate, the response value also in-
creases and gets maximum at 1.10 mL min−1 (code +5.97)
without any remarkable impact between the variables.

Discussion

Model and Method Validation

To check the adequacy and significance of proposed CCD
models, ANOVA tests were performed for Develosil C30

RSM graphs for the optimization of RP-HPLC/DAD separations by Nova-Pak C18 column

a
%ACN & column temperature (response; k') flow rate & column temperature (response; k')

flow rate & %ACN (response; k') Normal probability of internally studentized residuals (response; k')

b

c d

Fig. 4 RSM graphs for the optimization of RP-HPLC/DAD separations
by Nova-Pak C18 column on k′ response value estimated from the
CCD by plotting of (a) %ACN content versus temperature, (b)

temperature versus flow rate, (c) flow rate versus %ACN content (d)
normal probability of internally studentized residuals
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and Nova-Pak C18 columns. The ANOVA table of the model
for k′ and other response values are presented in Table 5 and
Supplementary Table 1, respectively. Analysis of variance
partitions the total variation in the data into variation due to
the factors and those due to the random factors. These com-
ponents of variation were then used to calculate Fexperimental

values. The calculated Fexperimental values are compared with
the tabulated F distribution to designate at which probabilities
(P value) the variables are significant. If Fexperimental is greater
than the tabulated value of Fcritical, this point is a good predic-
tor of the experimental results (Asadollahzadeh et al. 2014).
From the ANOVA of the empirical second-order polynomial
model for the k′ response value (Table 5), theFexperimental value
for the model is 17.37, indicating that the model is highly
significant. This information reveals that the proposed CCD
model for all response values is also significant and adequate
with experimental conditions (Supplementary Table 1).

The accuracy of the CCD model, which compares the pre-
dicted and experimental values for k′ response values, is present-
ed in Fig. 5a. It can be revealed from these figures that the
predicted values match the experimental values sensibly justify-
ing the significance of the proposed models. The plots of resid-
uals versus predicted responses are also given in Fig. 5b. As can
be seen from these graphs, the divisions of residuals are casual
without any trends. The results obtained show that the fitted
models provide a high-quality approach to the relationship be-
tween the variables and k′ response; in other words, they are
adequate to evaluate the effect of selected variables by RSM.

To achieve separation of studied fatty acids and to maxi-
mize both sensitivity and precision of the methods, the vali-
dation procedure was performed. Fatty acid methyl esters
were identified according to their tR, and the statistical param-
eters calculated from least-square regression are presented in
Table 6.

Fig. 5 Comparison of theoretical and experimental data (a) and residual plots (b) for optimization study by Develosil C30 and Nova-Pak C18

columns, for k′ response value
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As can be seen from Table 6, the higher correlation co-
efficients (r) were determined for all fatty acid methyl esters
(0.9149–0.9993). The LODs and LOQs of each analyte
were calculated by spiking three blank oil samples at the
lowest level of the working range for each fatty acid. The
LOD was theoretically estimated as 3 times the standard
deviation, while the LOQ was estimated as 10 times the
standard deviation obtained from analyses of independent
samples at the lowest calibrated level. The repeatability and
intermediate precision values in the study stated as RSD
were calculated between 2.9 and 6.5%. Thus, the validation
results present the good accuracy of the proposed method-
ologies and so its suitability for the characterization of ref-
erence fatty acid materials.

Fatty Acid Profiles of Cold-Pressed Oils
by RP-HPLC/DAD

The normalized percentages of the myristic (C14:0), palmitic
(C16:0), cis-/trans-palmitoleic (C16:1), heptadecenoic
(C17:0), cis-10-heptadecenoic (C17:1), stearic (C18:0), cis-/
trans-oleic (18:1), cis-/trans-linoleic (18:2), cis-/trans-
linolenic (C18:3), arachidic (C20:0), cis-11-eicosenoic
(C20:1), cis-11,14-eicosadienoic (C20:2), heneicosanoic
(C21:0), behenic (C22:0), tricosanoic (C23:0), and lignoceric

(C24:0) acids in the commercial 14 cold-pressed oils are pre-
sented in Table 7.

The percentage distributions of each FA for the studied
oils were clearly different, allowing oil kind identification
and detection of adulteration by peak area comparisons.
FA profiles are within the official ranges for cold-pressed
oils specified in the Codex Alimentarius (Joint FAO/
WHO Report 2001); therefore, the results obtained do
not need any further comments. It is well known that
FAs, which constitute a major portion of the saponifiable
material in oils, are found in all fats and oils; their composi-
tion is characteristic of each cold-pressed oil, and it can be
considered as a fingerprint (Van Ruth et al. 2010; Siang
et al. 2010; Benitez-Sanchez et al. 2003). As can be seen in
Table 7, fig seed (FSO) and nettle seed oils (NSO) were clear-
ly distinguished by their FA profiles due to their far greater
∑SFA contents (35.14 and 40.9% values) than in the other
oils. It is noteworthy that except these three kinds of oil, all
cold-pressed oil varieties contain small amounts of SFAs
(4.05–18.05%), whereas ∑PUFA range between 18.46 and
88.22%. The cold-pressed oils studied in this work also con-
tain small amounts of ∑trans FAs (0.03–1.47%), and the con-
tent of ∑MUFA is relatively high (5.60–74.21%). The calcu-
lated values of RSD ranged between 0.001 and 0.21% indi-
cating reasonable repeatability of the official methods for de-
termination of FA composition.

Table 6 Working range and calibration equations of the FAMEs (n = 5) and performance characteristics of the proposed method

Working range and calibration equations of the FAMEs (n = 5) and performance characteristics of the proposed methods

FAMEs tR,
min

Injection,
μL

Concentration,
μg

Calibration %RSD LOD LOQ

Equation r

Develosil C30
column

Linolenic acid (C18:3, n3) 35.079 5–45 1–9 y = 15,740x + 91,524 0.9943 5.1 2.0 4.3

Ginkgolic acid (C15:1, n5) 35.798 5–45 1–9 y = 14,488x + 12,541 0.9883 4.3 2.3 4.4

Arachidonic acid (C20:4, n6) 36.765 5–45 1–9 y = 72,411x + 15,785 0.9993 3.6 2.0 4.1

Palmitoleic acid (C16:1, n7) 39.899 5–45 1–9 y = 93,501x + 14,579 0.9947 4.7 6.0 9.7

Linoleic acid (C18:2, n6) 40.948 5–45 1–9 y = 25,110x + 21,821 0.9926 5.3 3.9 9.4

Eicosatrienoic acid (C20:3, n6) 42.495 5–45 1–9 y = 15,418x + 14,271 0.9891 5.7 3.1 10.3

Linoleic acid (C18:2, tt6) 44.071 5–45 1–9 y = 85,311x + 12,245 0.9986 6.5 5.3 17.7

Eicosatrienoic acid (C20:3, n6) 44.907 5–45 1–9 y = 94,641x + 17,871 0.9958 2.9 4.1 13.7

Heptadecenoic acid (C17:1, n7) 45.917 5–45 1–9 y = 69,323x + 21,673 0.9981 3.7 2.7 9.0

Nova-Pak C18
column

Docosahexaenoic acid (C22:6, n3) 33.854 5–45 1–9 y = 86,251x + 84,367 0.9948 6.1 3.8 12.7

Ginkgolic acid (C15:1, n5) 35.979 5–45 1–9 y = 83,496x + 24,756 0.9892 5.3 3.3 11.0

Arachidonic acid (C20:4, n6) 36.736 5–45 1–9 y = 54,763x + 24,763 0.9478 4.2 2.6 8.7

Palmitoleic acid (C16:1, n7) 39.959 5–45 1–9 y = 88,563x + 24,531 0.9149 5.4 6.7 18.9

Linoleic acid (C18:2, n6) 40.673 5–45 1–9 y = 95,763x + 15,473 0.9977 6.1 4.3 14.3

Eicosatrienoic acid (C20:3, n6) 41.812 5–45 1–9 y = 73,546x + 16,723 0.9711 6.4 4.8 16.1

Heptadecenoic acid (C17:1, n7) 45.025 5–45 1–9 y = 99,476x + 21,463 0.9843 4.0 3.2 10.7

r correlation coefficient, LOD limit of detection, LOQ limit of quantification, RSD relative standard deviation, SD standard deviation, tR retention time
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Conclusion

The reverse-phase HPLC separation of the cis-/trans- isomers
of long-chain unsaturated fatty acids was optimized for
Develosil C30 and Nova-Pak C18 columns, by the assessment
of central composite design. The best separations were finally
observed for the Develosil C30 column. The proposed
second-order polynomial model, regression analysis, and 3D
response surface plots pointed out 100 and 77.4% acetonitrile
in mobile phases, 1.10 and 0.42 mL min−1 flow rates, and 3.6
and 9.4 °C temperatures as optimum for the effective Nova-
Pak C18 and Develosil C30 column separations for the k′
response value. Besides, Fexperimental values calculated from
ANOVAwere greater than the Fcritical values at P = 0.05, sug-
gesting that the proposed model is significant and adequate
with experimental conditions. When compared to the chro-
matographic performance with the Develosil C30 column,
the Nova-Pak C18 column was approximately equally effi-
cient and provided symmetrical peaks; however, the
Develosil C30 column offered a substantially better resolution
of the FAME isomers. Regression analysis with R2 values
showed a good agreement between the experimental results
and predicted values. Thus, by performing fewer experiments,
CCD provides more information along with individual as well
as interactive effect of all the experimental parameters in-
volved in this study for a satisfactory separation of FAMEs.
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